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TICs: tumor initiating cells

TMPRSS2: Transmembrane Protease,

Serine 2

TNM: tumor, node and metastasis
TOP: terminal oligopyrimidine
TSL: transcript support level

TZ: transition zone

U

uPA: urokinase-type plasminogen activator
uPAR: receptor of uPA

UTR: untranslated terminal region
\%

V: volts

VSMCs: vascular smooth muscle cells

VWA: von Willebrand factor A
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Cathedral of Murcia.

“The Cathedral of Murcia dates back to 1394 and continued to grow until the 18" century. It is an
imposing building in a range of Gothic and baroque styles. With three naves, a restored choir and 23
side chapels, it is filled with treasures and artworks. The belltower rises up for four floors and, with
its weathervane on top, is the tallest campanile in Spain. The fagade is truly resplendent with carved
detail on every surface. Highlights include the Door of Apostles, the polygonal Velez Chapel and the

Door of Chains....”
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1. Natural history, genetic alterations and current treatments of primary

and metastatic prostate cancer

1.1 Anatomy and histology of the normal prostate

The human prostate is a glandular organ of the male reproductive system situated
beneath the bladder and just in front of the rectum. The base of the prostate is in
continuity with the bladder and the prostate ends at the apex before becoming the striated
external urethral sphincter. The most important function of the prostate is the production
of a milky fluid that makes up around 20 to 30 percent of the semen, together with sperm
cells from the testicles and fluids from other glands. The muscles of the prostate also
ensure that the semen is forcefully pressed into the urethra and then expelled outwards
during ejaculation. The prostate is enclosed by a capsule composed of collagen, elastin

and large amounts of smooth muscle and is composed of 3 different anatomical zones [1]:

- The central zone (CZ), which is the area that surrounds the ejaculatory ducts, is
about 25% of the prostate volume. Only a very small percentage of prostate
cancers begin here.

- The peripheral zone (PZ) that is located at the posterior of the gland, closest to the
rectal wall, and represents the 70% of the prostate volume. The PZ is the area that
is palpated on digital rectal examination (DRE) and the majority of prostate
intraepithelial neoplasias (PIN) and prostatic carcinomas originate from this
region.

- The transition zone (TZ) represents about 5-10% of the prostate volume. TZ is
directly below the bladder and surrounds the transitional urethra. The epithelium
consists of transitional cells similar to bladder epithelium. Most of benign
prostate hyperplasia (BHP) occurs in this region and 20-30% of prostate cancers
begin in this zone [2].

- Anterior fibromuscular stroma is located anterior to the urethra and extends into

the transition zone.

23

Chapter 1




-
]
L
N
=%
<
=
®}

Chapter 1: Introduction

Seminal Viskties

“ Verumantanum

Caronal

(R

Figure 1. Anatomy of the normal prostate. Image from Geneva Foundation for Medical Education and
Research.

Histologically, the prostate is composed of epithelial acini arranged in a
fibromuscular stromal network [3]. The tubuloalveolar gland have pseudostratified
columnar epithelium. Prostatic epithelium is composed of different cell types, including
basal, luminal, neuroendocrine and intermediate cells that share properties of both
luminal and basal cells. Luminal cells directly surround the lumen and produce secretory
proteins such as prostate specific antigen (PSA), express cytokeratin 8 (KRT8), KRT18,
and high levels of the androgen receptor (AR). The basal cells are aligned between the
luminal cells and the basement membrane and express markers such as KRTS5, KRT14
and p63 but express AR at low or undetectable levels. Neuroendrocrine cells are less
common and secrete neurotrophic factors. Intermediate cells express both the basal and
luminal lineage markers. Each gland is surrounded by connective tissue and smooth
muscle. The stroma accounts for about 70% of the prostate mass. During ejaculation, the
smooth muscle contracts and leads to the expulsion of the glandular content. The
prostatic secretion is slightly acidic (pH 6.4) and forms about 20% of semen volume. It
contains factors that contribute to motility of sperm cells and uterus stimulation, as well
as Zn’", citrate, phosphatases and proteases which are responsible of liquefaction of the
semen and crucial for the molecular synchronization of the functional cascade triggered
by ejaculatory stimuli [4].

The development, maturation and maintenance of the prostate require regulation by
androgens [5]. Testosterone, the principal androgen secreted by the fetal and adult testes,
can undergo irreversible Sa-reduction to dihydrotestosterone (DHT) which mediates
many of the differentiating, growth-promoting and functional actions of androgens. The 5

a-reductase enzyme is necessary for proper prostate development and survival. In
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individuals lacking a functional 5 a-reductase gene, the prostate is small or undetectable
[6]. In addition, chemical castration results in a loss of 70% of the prostate secretory

epithelial cells with no affectation of basal epithelia and stromal cell populations [6].

1.2 Prostate Cancer

1.2.1 General concepts and risk factors

Prostate Cancer (PCa) is the most common male malignancy and the second major
cause of cancer deaths in men of EEUU, and the third one in Spain. However, its
incidence differs among Countries due to coverage of prostate-specific antigen (PSA)
screening [7]. PCa incidence is increasing mainly because of population ageing and the
widespread introduction of the PSA screening test [8]. The majority of PCa are
adenocarcinomas derived from the gland cells of the prostate. Other unusual types of PCa
include sarcomas, small cell carcinomas, neuroendocrine tumors and transitional cell

carcinomas [9].

The most important risk factors for PCa are: age, ancestry, family history and genetic

changes [10].

- Age: PCa is rarely seen in men younger than 40 years, but the chance of having PCa
rises rapidly after age 50. Approximately 10% of PCa cases are diagnosed in men

younger than 56 years and about 6 out of 10 cases are found in men older than 65.

- Ancestry: The risk of developing and dying from PCa is higher among African-
American men than in men of other races. The risk is lowest among Asian men. The

reasons for these racial/ethnic differences are not clear.

- Family history: PCa has a heritable component. Inherited gene changes cause about 5 to
10% of PCa cases. Risk also increases when a first-degree relative is diagnosed with PCa
before age 65 years. Several inherited mutated genes have been linked to hereditary
prostate cancer, including mutations in genes related with normal development of the
prostate gland (HOXB13) and mutations in several tumor suppressor genes such as

HPC1, BRCA1 and BRCA2 [10].

- Acquired genes mutations: the majority of gene mutations related to prostate

carcinogenesis seem to develop during a man’s life rather than having been inherited.
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Somatic alterations arise in prostate cells including activation of oncogenes and loss of
function of tumor suppressor genes. Genetic alterations will be discussed in detail in a

subsequent section.

Other potential modifiers of PCa risk are endogenous hormones, including both
androgens and estrogens. It has been reported that individuals with castrated levels of
testosterone before puberty do not develop PCa [11]. In addition, genetic variations in

androgen biosynthesis and metabolism have been linked to prostate carcinogenesis [12].

1.2.2 Natural history of prostate cancer

So far, two premalignant lesions are considered as precursors of prostatic
adenocarcinoma: the high grade prostatic intraepithelial neoplasia (HGPIN) and the
atypical adenomatous hyperplasia (AAH) [13]. PIN is predominantly located in the
peripheral zone of the prostate, the area in which most clinically important prostate
cancers are found, and PIN, like PCa, is often multifocal. PIN is classified in two grades
according to architectural and cytological characteristics: low grade- (grade I) and high
grade- (grade II and III) PIN. At the histological level, PIN is characterized by the
appearance of luminal epithelial hyperplasia, reduction in basal cells, enlargement of
nuclei and nucleoli and nuclear atypia. In HGPIN, the basal cell layer is disrupted or
fragmented as demonstrated by high-molecular-weight cytokeratin immunolabeling,
whereas in PCa there is a complete loss of the basal cell layer (Figure 2). PIN and PCa
share several nuclear properties, such as amount of DNA, chromatin texture, chromatin
distribution, nuclear perimeter, diameter, and nuclear abnormalities. AAH can be
diagnosed throughout the prostate, but it is most often located in the transition zone of the
prostate in intimate association with benign nodular hyperplasia. AAH is a lesion
characterized by a proliferation of small acinar structures that mimics adenocarcinoma
because of histological similarities.

Prostate carcinogenesis is mediated by the accumulation of genetic and epigenetic
aberrations. These molecular changes can result from altered AR transcriptional activity,
changes in chromatin architecture, error-prone DNA repair or defective cell division that
can be inherited. All together, these processes confer survival and growth advantage to
the transformed cell. PCa preferably metastasizes to bones, where it forms characteristic
osteoblastic lesions rather than osteolytic lesion, although other common sites of

secondary metastasis are lung, liver and pleura. Molecular and cytogenetic analyses of
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multiple metastases in the same patients show that they are clonally related, suggesting
that metastatic PCa may arise from individual clones during cancer progression [14].

PCa presents two important features that directly affect its study and clinical
management: it is a heterogeneous and multifocal disease. Within the tumor can coexist
different benign glands, PIN and neoplastic foci of different grade of malignancy. In
addition, different neoplastic foci can present distinct molecular and clinical features, and
are often genetically distinct [15]. About 80% of radical prostatectomy specimens
showed separate foci of cancer and in addition, around of 70% also present PIN lesions

[16].

Normal Prostatic Adeno- Adeno-
G =3 intraepithelial ————J carcinoma -———Jp carcinoma -———J» Metastasis
epithelium . o
neoplasia (PIN) (latent) (clinical)
Initiation Progression | | Treatment

Figure 2. Stages of progression of prostate cancer. Figure adapted from Shen et al. [17]

1.2.3 Genetic and epigenetic alterations in prostate cancer

PCa is a clinically and genetically heterogeneous disease. Next-generation
sequencing has allowed the characterization of the clonal hierarchy of genomic lesions in
prostate tumors, providing information about carcinogenesis. From initiation of hormone-
naive PCa to its progression towards therapeutic resistance and death, various
combinations of genetic and epigenetic events occur. A number of important somatic
alterations have been identify as gains or losses of chromosomal regions, including gains
at 8q and losses at 3p, 8p, 10q, 13q and 17p [17]. The most frequent molecular subtypes
of localized PCa present ETS gene rearrangements, most commonly as TMPRSS2-ERG,
in association with mutations of 7P53 (Figure 3). Less frequent are subtypes with
mutations in SPOP/CHDI genes, and several other smaller subtypes [18]. Deletions at
10924 region including PTEN locus and gains at 8q24 region including MYC have been
shown to promote further disease progression. Of note, several of these genetic
alterations, such as MYC overexpression, have also been observed in HGPIN lesions

supporting the precursor relationship of these lesions [19, 20]. ETS-rearranged tumors are
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prone to be enriched in genomic alterations in the PI3K and p53 signaling pathways,
whereas other genomic alterations predominate in SPOP-mutant cancers. Deletions at the
TP53 locus are very frequent (25% to 40%) in PCa samples, with point mutations in 5%
to 40% of cases [21]. These alterations have been reported in 25% to 30% of clinically
localized cancers, suggesting that dysregulation of 7P53 may occur relatively early in the
disease timeline.

The mutations in the SPOP gene, that encodes for the substrate-recognition
component of a Cullin 3-based E3-ubiquitin ligase, have been identified as a key genomic
event involved in the natural carcinogenesis of hormone naive PCa without any androgen
driven gene fusions [18]. Mutations in SPOP occur in up to 15% of PCa and are mutually
exclusive with TMPRSS-ERG fusions and other ETS rearrangements. SPOP mutations are
found in HGPIN adjacent to adenocarcinoma, and likely represent early events in the
natural history of PCa. In addition, SPOP mutant tumors generally lack lesions in the
PI3K pathway (PTEN) or in TP53 and are associated to deletions of CHDI at 5q21, a
chromodomain helicase DNA-binding protein. SPINKI, a secreted serine peptidase
inhibitor, is overexpressed in a subset of E7S-negative cancers (10%) including SPOP-
mutant cancers (Figure 3). Therefore, SPOP mutations are considered as a driver lesion
restricted to E7S negative tumors.

Metastatic tumors show a significant de novo activity of androgen signaling, that
involves AR gene point mutations, alteration in its splicing, gene amplifications, mostly
observed in cancers treated with androgen deprivation therapy (Figure 3). These
alterations are found in association to E7S rearrangements and PTEN deletions, but are
not detected in tumors with CHDI/SPOP alterations [19, 20]. Metastatic tumors also
show a significant increase in PTEN lesions and other PI3K pathway components besides
an overall increase in genomic aberrations.

Epigenetic modifications are also believed to represent important contributing
factors in prostate carcinogenesis [22]. Some of the earliest molecular events commonly
reported in human primary PCa are the CpG island promoter methylation of GSTPI gene
[17]. Additionally, trimethylation of lysine residue 27 of histone H3 (H3K27-me3) have
been associated with prostate carcinogenesis through the repression of tumor suppressor

genes such as DAB2IP, a member of the Ras GTPase family.
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Figure 3. Genetic landscape of localized and advanced prostate cancer. Genes with common genomic
lesions (including mutation, rearrangement, or copy number alteration) are shown. Solid arrows designate a
temporal relationship between events; presumptive “early” lesions are at the top, with “later” lesions below.
From Barbieri et al. [21].

1.2.4 Early detection, prognosis and risk stratification of prostate cancer

Today, the early detection of PCa is based in the screening with the prostate-
specific antigen (PSA) blood test, followed by digital rectal examination (DRE) or
transrectal ultrasound (TRUS) [8]. PSA is a kallikrein-related serine protease that is
produced in normal prostate secretions, but is released into the blood as a consequence of
the disruption of the normal prostate architecture. However, a definitive diagnosis
depends on histopathologic verification and requires a prostate biopsy. Following biopsy,
histopathological grading of prostate tissue is performed by Gleason scoring which
classifies tumors from most to least differentiated. In addition, patients are also diagnosed
according to the TNM classification that records the primary and regional nodal extent of

the tumor and the absence or presence of metastases.

A. Histopathological grading prostate cancer: Gleason system
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The Gleason system, introduced in 1966 by Donald F. Gleason, is one of the most
worldwide accepted grading systems used as predictors of prognosis in patients with PCa
[23]. Five grades were proposed based on architectural features and not on cytological
atypia, cell counts or mitotic rates as most tumor grading systems (Figure 4).

- Pattern 1 was defined as very well-differentiated, closely packed, small, uniform
glands in circumscribed masses.

- Pattern 2 had less well-circumscribed masses consisting of well-differentiated
glands, variable in size and shape. A ‘‘mild degree’’ of cribriform patterning was
permitted.

- Pattern 3 showed diffuse penetration of the stroma by malignant well-
differentiated glands. This included variable cribriform patterns, single cells and
cords or masses of cells.

- Pattern 4 consisted of tumors with a diffuse growth of large polygonal cells
resembling clear cell carcinoma of the kidney.

- Pattern 5 was restricted to undifferentiated carcinoma with little or no glandular

differentiation resembling small cell carcinoma of the lung or carcinoma simplex.

Due to the heterogeneity of PCa, the biopsy Gleason score (GS) consists of the
Gleason grade of the most extensive pattern plus the highest pattern, regardless its extent
[8]. The original Gleason grading system has suffered some modifications so far. Some of
the most important changes are that grade 4 criteria were expanded to include poorly
formed glands. It has been found that any cribriform morphology in PCa is associated
with a less favorable outcome. This has led to the concept that all cribriform cancer and
glomeruloid structures should be graded as pattern 4. It was recommended for needle
biopsies that the secondary pattern, if of higher grade, had to be included in the score
even if this was less than 5% of the tumor volume. The original Gleason system had
scores ranging from 2 to 10, but with the 2005 modifications, needle biopsy scores could
only range from 6 to 10. This meant that the lowest score that could be reported for well-
differentiated tumors was 6, giving an incorrect message to patients that their cancer was
moderately differentiated. In an attempt to address this, there was consensus at the 2014
International Society of Urological Pathology (ISUP) conference that GSs should be
replaced by five grades: grade 1 (GS 3+3 or <6), grade 2 (GS 3+4), grade 3 (GS 4+3),
grade 4 (GS 4+4, 3+5 and 5+3) and grade 5 (GS 9-10). Grade groups can now be
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reported in addition to the overall or global Gleason score of a prostate biopsy or radical

prostatectomy [8].

Well
1. Small, uniform glands. @ierentiated
2. More space (stroma)
between glands.
Moderately
3. Distinctly infiltration of dWierentisten

cells from glands at margins.

Poorly differentiated
Anaplastic

4. Irregular masses of neoplastic
cells with few glands.

§. Lack of or occasional glands,
sheets of cells.

Figure 4. Gleason grading system.

B. Anatomic classification of prostate cancer: TNM system

TNM classification is based in anatomic disease extent. T category describes the
primary tumor site, from organ-confined to fully invasive (T1-4). N category describes
the regional lymph node involvement (NO or 1) and M category describes the presence or

otherwise of distant metastases (MO and 1 a-c) [24] (Tabla 1).
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Stage Definition
Primary tumor
TX Primary tumor cannot be assessed
ToO Mo evidence of primary tumor
Tl Clinically, the tumor is neither palpable nor visible with imaging
Tla Tumeor is an incidental histologic finding in 5% or less of tissue resected
T1b Tumor is an incidental histologic finding in more than 5% of tissue resected
Tlc Tumor identified with needle biopsy (eg, because of an elevated PSA level)
T2 Tumor confined within the prostate
T2a Tumor involves one-half of one lobe or less
T2b Tumor involves more than one-half of one lobe but not both lobes
T2c Tumor involves both lobes
T3 Tumor extends through the prostate capsule
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumor invades seminal vesicle(s)
T4 Tumor is fixed or invades adjacent structures other than seminal vesicles: bladder neck,

external sphincter, rectum, levator muscles, and/or pelvic wall
Regional lvmph nodes

NX Regional lymph nodes were not assessed
NO Mo regional lvmph node metastasis
N1 Metastasis in regional lvimph node(s)
Distant metastasis
MX Distant metastasis cannot be assessed (not evaluated with any modality)
MO No distant metastasis
Mi Distant metastasis
Mla Nonregional lymph node(s)
Mlb Bone(s)
Milec Other site(s) with or without bone disease

Table 1. TNM classification of prostate cancer.

A combination of TNM classification for staging of PCa and the European
Association of Urology (EAU) risk group classification, based on grouping patients with
a similar risk of biochemical recurrence after local treatment, are used to classify low-

risk, intermediate-risk of high-risk PCa (Table 2).

Low-risk Intermediate-risk High-risk
Definition
PSA < 10 ng/mL PSA 10-20 ng/mL PSA > 20 ng/mL any PSA
and GS <7 or GS 7 or GS >7 any GS
and cT1-2a or cT2b or cT2c cT3-4 or cN+
Localised Localised Localised Locally advanced

GS = Gleason score; PSA = prostate-specific antigen.

Table 2. EAU risk groups for biochemical recurrence of localized and advanced prostate cancer. From
Mottet 2017 [8].

1.2.4.1 Biomarkers for early diagnosis of prostate cancer

Screening for PCa remains one of the most controversial topics in the urologic
literature. Since PSA screening has been widely implemented for PCa detection, the
incidence of locally advanced PCa, metastasis and death have dramatically decreased.

However, the presence of PSA in serum is sensitive but not specific for PCa, especially
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when levels are moderately elevated between 4 and 10 ng/mL. A number of benign
conditions (e.g. prostatitis and BPH) can increase PSA levels. In addition, PSA blood
screening is also associated with overdiagnosis and overtreatment of low-risk cancers that
are unlikely to progress. Therefore, in order to discern indolent and aggressive disease
PCa screening requires tools that improve the limited specificity and risk stratification of

PSA test and have a higher specificity for clinically significant disease [25].

A. Serum biomarkers

A growing armamentarium of novel biomarkers for risk prediction in the detection
and prognosis of PCa has emerged in recent years due to recognized limitations of
conventional biomarkers, such as the determination of total blood PSA levels. With this
aim, several derivatives of PSA have been evaluated for their presence in serum,
including age-specific total PSA cutoffs, total PSA density (PSA levels divided by the
volume of the prostate transition zone), total PSA velocity (the total of PSA evaluation in
one year), isoforms of PSA-messenger RNA, and PSA doubling time (PSADT) (the time
over which a man’s PSA level doubles) [25]. Additionally, different forms of PSA such
as free PSA and bound PSA (complexed to a2-macroglobulin, al-protease inhibitor or
al-antichymotrypsin), and [-2]pro-prostate-specific antigen, a proform of PSA, can be
measured [26, 27]. The determination of these three forms of PSA constitute the
Prostate Health Index, or phi score, calculated as follows: ([-2]proPSA/free
PSA) * (Ntotal PSA). It is useful for distinguishing PCa from benign prostatic condition
in men with PSA in the 4-10 ng/mL range and negative digital rectal examination. In
addition, other diagnostic biomarkers used in the pre-biopsy setting are included in the
4Kscore Test (total PSA, free PSA, intact PSA, and human kallikrein protein 2) [26].
The main utility of the 4Kscore is to find clinically significant PCa and to minimize
unnecessary biopsies in previously undiagnoses patients.

Additional proteins measured in serum have emerged as promising PCa
biomarkers. Early prostate cancer antigen (EPCA) and EPCA-2 are integral elements of
the nuclear matrix that were demostrated to be upregulated in PCa patients and, in the
case of EPCA-2, able to differentiate men with non-organ-confined PCa from those with

organ-confined disease and may therefore be helpful to identify aggressive PCa [28].
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B. Tissue biomarkers

Diagnosis of PCa may be supported by elevated immunostaining for a-methylacyl-
CoA racemase (AMACR) combinated with the absence of p63 staining (a basal cell
marker) to diagnose inconclusive cases [29]. Methylation status of the enzyme
glutathione S-transferase 1 (GSTP1) have been shown to accurately detect PCa. GSTP1
was unmethylated in normal human tissues and BPH but was hypermethylated in PCa
specimens [30].

Due to the heterogeneity of PCa, a combination of biomarkers may provide a better
predictive value. More recently, several genomic signatures such as oncotypeDX
Genomic Prostate Score (GPS) have been validated to predict the subsequent risk of
adverse oncologic outcome following treatment with radical prostatectomy [26, 31].
These biopsy-based assays are based on detection of different genes associated with PCa
aggressiveness before treatment of patients (Table 3). This test is commonly used for an
appropiate selection of men for active surveillance and it is useful for patients who have a

diagnosis of PCa but the aggressiveness of the tumor is not known.

Stromal Group | Cellular Organization Group | Androgen Group | Proliferation | Reference Genes

BGN FLNC FAMI3C TPX2 ARF1
COLIAI GSN KLK2 ATPSE
SFRP4 TPM2 AZGP1 CLTC
GSTM2 SRD5A2 GPS1

PGK1

Table 3. OncotypeDX GPS. The aggregate expression of 5 reference genes is used to normalize the
expression of the 12 cancer-related genes. Individual group scores are calculated (stromal, cellular
organization, androgen and proliferation score) and algorithmically combined to calculated the GPS. A
negative coefficient in the calculation of the GPS is associated with better outcome whereas a positive
coefficient is associated with poorer outcome. Figure adapted from [31].

C. Urine biomarkers

Prostate cancer antigen 3 (PCA3), a non-coding prostate specific mRNA, is
overexpressed at high levels in PCa tissues compared with benign prostate tissue. The
PCA3 assay is based on a PCR nucleic acid amplification test that measures the ratio of
the concentration of PCA3 to PSA mRNA in post-DRE first-catch urine samples. The
PCA3 test combined with other genetic data, such as TMRPSS2-ERG fusion, is a
potential way to improve accuracy for PCa diagnosis when the two markers are combined

[32].
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1.2.4.2 Biomarkers for disease progression and post-treatment risk stratification

Identification of appropriate biomarkers to predict patients’ prognosis and treatment
success is of dire need. Today, some tests are available to predict disease progression in
men with advanced disease and to determine which men have the highest risk of cancer
recurrence after definitive therapy.

Some classical parameters such as PSA and PSADT have been shown to be
independent prognostic factors for overall survival (OS) in metastatic castration resistant
prostate cancer (CRPC) [33]. In addition, reduction in PSA velocity (half-life dynamics)
with docetaxel-based therapies is indicative of favorable prognosis over time. However,
rapid PSA kinetics in men with asymptomatic metastatic CRPC is a poor prognostic
factor and may suggest a need for aggressive therapy such as docetaxel to prevent the
onset of symptomatic disease [33]. It is important to consider that some prostate cancers,
particularly those with neuroendocrine features, produces little or any PSA and thus other
biomarkers should be explored.

Additionally, tests based in a genomic signature have emerged in recent years to
predict the likelihood of clinical disease recurrence. The Decipher test uses a gene-
expression panel of 22 genes involved in cell proliferation, migration, tumor motility,
androgen signaling and immune system evasion to determine a genomic classifier (GC)
risk score [32]. It predicts the likelihood of disease recurrence at 5 years after
prostatectomy in men with adverse pathological conditions, such as seminal vesicle
invasion or extracapsular extension, on final post-prostatectomy pathology.

In recent years, the release of circulating tumor cells (CTCs) and cell-free DNA
from the primary tumor site or from metastasis into the circulation have emerged as
promising PCa biomarkers of cancer progression for non-invasive characterization of
disease and molecular stratification of patients [34]. For instance, the AR splice variant
ARV7, a truncated form of the AR lacking the ligand binding domain, was isolated from
patients with no response or lower response rates to AR-directed therapies (abiraterone
and enzalutamide) although no evidences suggest its role in resistance to taxanes
chemotherapies. The CellSearch CTC test analyzes the expression of specific epithelial
cell-adhesion markers to discern CTCs from normal blood cells [32]. However, the lack
of specificity of epithelial cell-adhesion markers or inadequacies in cell recovery restricts

the widespread use of this kit.
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Despite significant progress in the research of PCa biomarkers for prostate cancer
management, a number of patients are still overdiagnosed with indolent PCa while others
die from aggressive disease diagnosed too late or barely respond to current therapies.
Therefore, future effort is required for the identification of new biomarkers that provide

better predictive value and improve personalized PCa therapy.

1.2.5 Treatment options for prostate cancer

An early diagnosis and treatment of PCa is associated with better outcomes. The
majority of newly diagnosed localized (80%) or regional tumors (12%) are successfully
treated by surgery (radical prostatectomy) or irradiation, and their 5-year survival is
nearly 100% (Figure 5) [8, 35, 36]. For men with metastatic PCa at the time of diagnosis,
their 5-year survival is only 28.2% [36]. The first-line therapy for patients with both
metastatic hormone-naive PCa and high-risk localized disease is androgen deprivation
therapy (ADT) [37]. The initial response to ADT is very effective in reducing PCa and
metastatic growth. The deprivation of serum testosterone leads to reduced levels of
dihydrotestosterone (DHT) and the androgen-dependent tumor cells undergo apoptosis.
However these responses are seldom sustained in the long term and eventually the disease
recurs and progresses to a castration-resistant prostate cancer (CRPC) in most cases
(Figure 5) [38, 39]. CRPC is defined by castrate serum testosterone levels less than 50
ng/dL or 1.7 nmol/L plus biochemical progression (three consecutive rises in PSA >2
ng/mL one week apart) or radiologic progression (appearance of new metastatic lesions)
[40]. The median survival of men with metastatic CRPC ranges from 15 to 36 months
[41]. Kirby and cols determined that approximately 9.5% to 53% of men with advanced
PCa will develop CRPC within 5 years. However, considering those studies that defined
CRPC in terms of a rise in PSA levels following castration, the prevalence ranges from
10% to 20% and around 84% of those will have metastases at the time of CRPC
diagnosis. Of those with no metastases present at time of CRPC diagnosis, 33% likely
will develop metastases within 2 years [41].

Until 2010, the gold standard treatment in US for CRPC patients was docetaxel
chemotherapy, 75 mg/m? in three weekly doses combined with prednisone 5 mg twice a
day up to 10 cycles [40, 42]. Docetaxel is a taxol that prevents microtubule de-
polymerization and mitotic division. Microtubules are components of the cellular

cytoskeleton which are fundamental for separating chromosomes during mitosis, for the
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control of intracellular trafficking of proteins, organelles and vesicles, and are very
important structures for cell proliferation and migration [43]. In the last three years, the
use of docetaxel has been introduced in the clinics in combination with androgen
suppression with the aim to enhance the effects of androgen deprivation in eliminating
the cancer cell populations with more proliferative capacities [44]. Results from this
combined-therapy are still scarce, however it appears to be more efficient and patients
ameliorate their survival free from CRPC [44-46]. In addition, the findings that tumors in
men with CRPC are still largely dependent on AR signaling, upregulate its expression,
constitutively activate AR splice variants, or re-activate AR signaling via alternative
pathways, have stimulated the development of more specific anti androgen drugs [47].
These include the androgen biosynthesis inhibitor abiraterone and the AR antagonist
enzalutamide and ARN-509 (apalutamide), a newer antagonist with higher activity
currently in Phase IIl Clinical Trial [37, 48-51]. Additional new drugs have been
approved over the past few years, including second-generation taxols such as cabazitaxel,
immunotherapeutic sipuleucel-T or alpharadin (also known as radium-223) and multiple
new compounds are under evaluation [52-54] (Figure 5). Despite the moderate increase
in therapeutic options, resistance to therapies in CRPC remains a critical point in the
clinical management of patients as evidenced by the modest survival benefits offered by

each of these treatments.

37

Chapter 1




—
S
i
N
(=
<
=
]

Chapter 1: Introduction

Surgery/ Androgen Deprivation Therapy
Radiation
I |

Alpharadin
Apalutamide ‘
A Enzalutamide
.:‘g Abiraterone |
s Androgen Death
© deprivation Chemothrapy
o3
1) ; 4
g Therapies after /
r Local therapy LHRH Agonist and /
3 :
) f Antlmdmy Postchemotherapy
E x
| sipuleuceT | | Docetaxel | | Cabazitaxel
Time >
Asymptomatic Symptomatic
Castration sensitive Metastatic

Castration sensitive Castration resistant

“This diagram represents typical disease progression. Some patiens are metastatic at diagnosis and are thus still
castration sensitive

Figure 5. Disease progression and current therapies in prostate cancer.

1.2.6 Mechanisms of therapeutic resistance to docetaxel treatment in CRPC

Several strategies are deployed by cancer cells to overcome the lack of androgen,
that consequently induce a progression of the cancer to CRPC, including molecular
adaptations of the AR, ligands, and AR signaling regulators as well as tumor
microenvironment modifications [39]. The therapeutic impact of taxanes based
chemotherapies (docetaxel and cabazitaxel) on patient survival is still essential in the
management of advanced PCa for patients who failed AR-targeting strategies.

Docetaxel prevents microtubule de-polymerization and results in apoptosis and
G2/M cell cycle arrest. Recent data suggest that taxanes can also affect AR signaling by
inhibiting ligand-induced AR nuclear translocation and downstream transcriptional
activation of its target genes, confirming a role for microtubules in AR trafficking to the
nucleus [55]. However, AR nuclear translocation and signaling was not inhibited in cells
with acquired B-tubulin mutations that prevent taxanes-induced microtubule stabilization
[56, 57]. Mechanistically, the resistance to docetaxel has been associated to

overexpression of ATP-binding cassette (ABC) transporter molecules, altered expression
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of alternative B-tubulin isoforms and survival factors, diminishing docetaxel efficacy [35,
58-60].

Docetaxel resistance has also been associated with Epithelial-Mesenchymal
transition (EMT) induction [61-63], a process associated with invasive, migratory tumor
cells and metastasis. EMT is characterized by changes in gene expression profile,
including decreased expression of epithelial genes such as CDHI and increased
expression of mesenchymal genes such as SNAII, CDH2 and VIM [64-66]. Three major
families of transcription factors control EMT: ZEBI/ZEB2, zinc finger SNAII / SNAI2,
and basic helix-loop-helix families (e.g. TWISTI). These transcriptional factors repress
the expression of CDHI and other epithelial markers and induce the expression of
mesenchymal markers. Upregulation of ZEBI and its repression action on CDHI in
docetaxel resistant prostate cancer cells was shown to be a driver of EMT and docetaxel
resistance [62]. The exposure of docetaxel sensitive PCa cells to TGFB1, an EMT inducer
in PCa, increased their survival in the presence of docetaxel. In CRPC patients treated
with docetaxel, the expression of E-cadherin was decreased in patients not responding to
therapy compared to control, suggesting that EMT process might be a major player in the
establishment and maintenance of resistance to docetaxel [62]. In addition, JUN, SNAII,
and NOTCH?2 / SHH (sonic hedgehog) signaling pathways have been implicated in the
development of resistance to docetaxel or paclitaxel [67-69]. However, despite the
intense research, the mechanisms of PCa resistance to docetaxel are not completely
understood and more investigations are required to design targeted therapies able to

overcome the insurgence of resistance.
2. Prostate Tumor Overexpressed-1 (PTOV1)

PTOV1 is a conserved adaptor protein overexpressed in PCa. Since its discovery by
our group, the number of binding partners and associated cellular functions has increased
and helped to identify PTOV1 as regulator of gene expression at transcription and
translation levels. Increasing evidence demonstrates the oncogenic role of PTOV1 in
different types of cancer [70-72]. However, the function of this protein and the molecular
mechanisms by which influences the initiation, maintenance and progression of neoplasia

have not been sufficiently explored.

2.1 The gene structure

39

Chapter 1




-
]
L
N
=%
<
=
®}

Chapter 1: Introduction

Prostate Tumor Overexpressed-1 (PTOV1) was first described as gene and protein
overexpressed in prostate tumors and preneoplastic lesions of HGPIN [73]. The gene was
assigned to chromosome 19q13.3 by FISH analysis on human metaphase chromosomes.
This region harbors a large number of androgens modulated and PCa related genes,
including the proteases prostate specific antigen, kallikrein 1 (KLK1), kallikrein related
peptidase 2 (KLK2) [74], the apoptotic regulator BCL2 associated X (BAX) [75],
kallikrein related peptidase 11 (TLSP) [76] or kallikrein related peptidase 6
(Zyme/Neurosin) [77].

The gene PTOV1 spans 9.51 Kb and includes 12 exons of which exons 3 to 6 code
for the first PTOV homology block, or A domain, and exons 7 to 12 for the second block,
or B domain [73] (Figure 6A). At least three transcripts with transcript support level
(TSL) 1, supported by at least one non-suspect mRNA, resulting from differential
splicing have been described [78]. The first and second one include 1,587 bps
(NM_017432) and 1,577 (NM_001305105) bps, respectively, and both translate for a
protein of 416 residues [78]. Variant number three includes 1,443 bps (NM_001305108)
and initiates translation at an alternate start codon. This variant translates for a shorter
protein of 374 amino acids that has distinct N- and C-termini. These differences likely
affect the function of the final product.

PTOV1 gene has two antisense transcripts, known as PTOVI-AS1 and PTOVI-AS2
transcribed from the opposite strand that were initially classified as transcriptional noise
[79]. More recently, they have been classified as a class of long non-coding RNAs
(IncRNAs), a set of RNAs with important functions in transcriptional and post-
transcriptional gene regulation. Antisense transcripts compete with microRNAs
(miRNAs) for binding to target mRNA and thus act as miRNA competitive inhibitors or
‘miRNA sponges’. Very recently, PTOVI-AS1 has been involved in cancer proliferation
via inhibition of the function of miR-1207-5p [80]. PTOVI-AS1 suppresses heme
oxygenase-1 (HO-1) expression by increasing the enrichment of HO-1 mRNA in miR-
1207-5p-mediated miRISC.

A related gene containing one PTOV-domain, identified as PTOV2, was discovered
on the same chromosome, 14 Kb upstream from the putative first exon of PTOVI [73].
PTOV2 was later found to correspond to the subunit 25 of the Mediator complex,
MED25, composed of up to thirty proteins, a transcription coactivator essential for the
eukaryotic RNA polymerase II complex regulation of transcription in all eukaryotes [81-

83]. This coactivator is also referred to as the vitamin D receptor interacting protein
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(DRIP) or as the thyroid hormone receptor-associated proteins (TRAP) [84]. The
Mediator is required for the transcription of most class II genes in yeasts and mammals
and acts as a bridge between the RNA polymerase Il and the activating transcription
factors [84]. MED25 was also previously identified as p78/Arc92 /ACID1 [82, 85]. In
this thesis, we will refer to PTOV2 as MED?25.

I Coding region
9.51 Kb D UTRregion
Regulatory
ARE element
5 3
spl AP2 1 2245 6 789 10 11 12
1 a8 234 253 396
eAl-hook
|::> i | 416 aa

Figure 6. Gene and protein structure of PTOVI1. (A) The gene includes 12 coding exons and two
untranslated regions (UTR). In the putative promoter region, the localization of regulatory sites for ARE
(Androgen Responsive Element), SP1 (Specificity protein 1), and AP2 (Activator protein 2) are shown (not
in scale). (B) Protein organization showing the A and B domains, the Nuclear Localization Sequences
(NLS1 and NLS2) and the extended AT-hook (eAT-hook) motif (not in scale). The three-dimensional
structure of the A and B domains based on the Swiss Model, is shown in color [86].

The orthologous PTOV1 gene in Drosophila melanogaster (acc. AC013074) shows
a similar modular arrangement, but a lower degree of similarity between the two domains
A and B (33% identity; 57% similarity) [73]. The orthologous MED25 gene, found on
chromosome 3R at 3Mb from PTOVI, was also predicted to encode a protein with a

single PTOV block embedded within an 863-amino acid protein.
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The putative promoter region of PTOVI reveals the presence of consensus
sequences for transcription factors SP1 and AP2 and a putative Androgen Responder
Element (ARE), similar to those observed in the PS4 gene. In agreement with these
observations, PTOV1 expression is androgen-responsive [73]. This has been confirmed in
vascular smooth muscle cells (VSMCs) where the gene was suggested to play a critical
role in androgen related atherogenesis in the human aorta through the regulation of

proliferation of neointimal VSMCs [87].

2.3 The protein structure

PTOV1 is an adaptor, conserved in vertebrates (mammals and fish) and in
arthropods (insects), although not in fungi (yeasts). The protein interacts with a number
of factors both in the nucleus and the cytoplasm to regulate gene expression at
transcription and post-transcriptional levels and to promote cancer cell proliferation and
motility.

The predicted protein, 416 aminoacids long, reflects the structure of the gene and
presents two highly homologous domains arranged in tandem, identified as A domain
(146 amino acids) and B domain (143 amino acids), that show 66% identity and 79%
similarity among each other [73, 86] (Figure 6B). The protein presents two putative
nuclear localization signals (NLS), one in the A domain and the second in the B domain.
NMR technology revealed the structure of the PTOV domain of MED25 [88-90] (Figure
7A). This domain (391-543) exhibits high sequence identity with the A and B domains of
human PTOV1 (81% and 73%, respectively) (Figure 7B and C). The secondary structure
of MED25 forms a seven-stranded [B-barrel framed by three a-helices [89, 90] and
presents two different positively electrostatic charged regions that appear to be important
for its binding to the transactivation domain (TAD) of the RNA Polymerase II (Figure
TA).
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Figure 7. PTOV domain in MED2S5 exhibits high sequence identity with the A and B domains of human
PTOVI1. (A) Ribbon diagram of the lowest-energy conformer of MED25(391-543): a-helices 1, II and III
are shown in red and yellow, f-strands A to G are shown in cyan, and other polypeptide segments are
shown in gray. (B) Ribbon diagram of the homology model of the PTOV1 N-terminal domain. Residues
which are conserved in both ACID domains as well as MED25 (391-543) are depicted in grey. Residues
which are conserved in the two PTOV1 ACID domains are shown in red, while residues which are not
conserved in the two ACID domains are shown in blue. Substitutions among the following groups of
residues are considered as being conserved: (i) Leu, Val, Ile, Ala, Phe, Met; (ii) Glu, Asp; (iii) Arg, Lys;
(iv) Ser, Thr, Cys. (C) Same as (b) but for the homology model of the PTOV1 C-terminal domain.
(D) Sequence alignment of human MED25 and PTOV1 fragments comprising the ACID domains. The
regular secondary structure elements of MED25 (391-543) are indicated above the alignment. The figure
was generated with the program Chroma v1.0 (http://www.llew.org.uk/chroma/) using its default coloring
scheme: negative (red), positive (dark blue), charged (magenta), polar (light blue), Ser/Thr (cyan), tiny
(light green), small (dark green), aliphatic (grey on yellow), aromatic (blue on yellow), big (violet on pale
yellow), hydrophobic (black on yellow). Figure adapted from Eletsky, Ruyechan et al. [89].

The PTOV domain in MED25 shares structural similarity with the B-barrel domains
of the Spen paralog and ortholog C-terminal (SPOC) domain of SMRT/HDACI-
associated repressor protein (SHARP) and Ku70/Ku80 heterodimer [88-90]. These
proteins are involved double-stranded DNA break repair, transcriptional activation and
repression by interaction with histone deacetylase complexes. For instance, SHARP has
been identified as a component of the Notch co-repressor complex [91].

Very recently, an extended (e¢)AT-hook motif was identified in PTOV1, suggesting
a function as nucleic acid binding protein (Figure 6B) [92]. Classical AT-hook motifs in
proteins can bind nucleic acids at AT-rich sequences in the minor groove of the DNA,

and are characteristics of proteins associated with chromatin remodeling, histone
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modifications, insulator functions and proposed to anchor chromatin-modifying proteins
[93, 94]. However, the (e)AT-hook discovered at the first N-terminal 43 amino acids of
PTOVI is a new functional AT-hook-like motif that differs in the basic amino acid
patches from the canonical G-R-P (glycine-arginine-proline) core. This motif showed

higher RNA binding affinity compared to DNA [92].

2.4 PTOV1 expression in cancer tissues

Most functions of PTOV1 have been surmised in pathological conditions, such as
cancerous cells and tissues, although its expression has also been detected in normal
tissues [73, 87, 95, 96]. However, scarce information is available about its function at
those sites.

In HGPIN lesions associated with prostate carcinomas, PTOV1 expression is
increased compared to the normal prostate epithelium [71, 97]. This higher expression
was found helpful to discriminate those premalignant lesions associated with cancer,
suggesting the potential value of PTOV1 detection in the early diagnosis of PCa [71]. Of
interest, the proportions of Ki-67 positive nuclei and the levels of PTOV1 in HGPIN
areas adjacent to cancer lesions are higher than those found in HGPIN areas away from
the cancer, supporting the concept of field cancerization or field effect in prostatic
carcinogenesis [97, 98]. More recently, the expression of PTOV1 in AAH, a proliferative
lesion of the transition zone of the prostate that morphologically resembles low grade
carcinoma, has been associated with PCa [99].

In prostate adenocarcinoma 71% of T2 and T3 stages overexpressed PTOV1 [72].
This overexpression was limited to the cytoplasm in 59% of samples whereas a strong
expression was detected both in the nucleus and the cytoplasm in the remaining samples,
with a small proportion of tumors showing a strong nuclear staining and weak
cytoplasmic staining. More recently, metastatic primary tumors and metastatic lesions
were shown to express significantly higher levels of PTOV1 compared to non-metastatic
tumors [100, 101]. PTOV1 stained intensely in the nucleus of local and distal (bones)
metastatic cells [101]. This high expression of PTOV1 significantly associated to the
Ki67 index suggesting its participation in an active proliferative status. Remarkably, this
relationship was stronger in tumors with nuclear PTOV1 staining. These findings are
supported by observations in vitro, where in quiescent PCa cells, PTOV1 localized in the

cytoplasm but after serum stimulation it partially translocated to the nucleus at the
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beginning of the S phase [72]. The transfection of PTOV1 forced PC3 cells to enter the S
phase with a subsequently increase in the levels of cyclin DI, indicating that the
overexpression of PTOV1 can directly increase the proliferation of PCa cells.

More recently, numerous reports have described the overexpression of PTOV1 in
different types of tumors. These included tumors of the breast, pancreas, liver, colon,
kidney, bladder, laryngeal, cerebral gliomas and ovary [96, 99, 102-105]. The association
between its overexpression and high grade of malignancy was strong in primary
hepatocellular carcinoma, epithelial ovarian cancer, breast cancer and clear cell renal
carcinomas, where PTOV1 expression was closely correlated with the clinic-pathological

characteristics and tumor aggressiveness [70, 96, 102, 103, 105].

2.5 PTOV1 transcriptional regulatory functions

Homology models of PTOV domain in MED25 and human PTOV1 have shown
that amino acid residues involved in TAD binding in MED25 are generally conserved in
PTOV1, suggesting that both domains may serve as activator-binding modules [90]. In
contrast to MED25, PTOV1 did not interact with the Mediator complex [85]. The
differential biological activities of PTOV in MED25 and PTOV1 were suggested to be
due to modulation of protein-protein interactions patterns by some amino acid residues
which are differently grouped peripherally around the charged surface region [88, 89].
The retinoic acid (RA) was shown to activate the response of its receptor (RAR) through
MED?2S5 that, through its VWA domain, interacts with the Mediator and, through the
PTOV domain, binds to the activators (histone acetyltransferase CBP) [106]. These
observations suggest a role for the PTOV domain of MED25 in chromatin remodeling
and pre-initiation complex assembly to recruit activators to the basal transcriptional
machinery [85]. Additional evidences confirmed that the PTOV domain of MED25 is
responsible for binding the TAD domain of several transcription factors, including ETV5
(ERM), a PEA3 member of ETS-related transcription factors [107], the nuclear receptor
Hepatocyte Nuclear Factor 4 alpha [108], the transcription factor ATF6 alpha [109], a
master regulator of endoplasmic reticulum (ER) stress response genes, the retinoic acid
receptor (RAR) [110], STAT6 and chromatin remodelers [111]. Because PTOV1, in
contrast to MED25, did not interact with the Mediator complex [85], its action may
plausibly modulate, or hamper, the MED2S5 activator-binding PTOV module in those

cells where it is overexpressed, as described below for the RAR. In agreement with the
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above observations, PTOV1 was recently identified as a regulator of transcription of

several genes including the RAR, HESI, HEY 1, and Dickkopf-1.

2.5.1 The Retinoic Acid Receptor promoter

Retinoids are promising chemotherapeutics that inhibit cell growth by inducing
apoptosis, senescence and differentiation of cancer cells [112, 113]. Unfortunately,
intrinsic or acquired resistance to these agents frequently occurs after cancer therapy
[114]. The formation of the complex MED25-RAR and RA, induces the stimulation of
RAR promoter activity [106]. PTOV1 was shown to suppress the MED25-enhanced RAR
activity by binding the activator CREB-binding protein (CBP) [110]. Thus, the
expression of PTOV1 prevented CBP binding to MED25 inducing a repression of the
RAR promoter. CBP belongs to a family of large multifunctional transcriptional
coactivators that through their acetyl transferase action modify histones and other
proteins, regulating a large number of transcription activators and cellular functions
[115]. Both PTOV1 and MED25 proteins interact with the acetyl transferase CBP
through the PTOV domain [100, 110]. Chromatin immunoprecipitation (ChIP) assays
showed that PTOV1 itself is not recruited to the RA-responsive RARS2 promoter.
Instead, the increased PTOV1 expression inhibited CBP chromatin binding by forming a
chromatin-free PTOV1-CBP interaction that sequesters away CBP from MED25 [110].
In this context, in response to RA the LIM family member Zyxin was shown to interact
and cooperate with PTOV1 in RAR repression, by forming a ternary complex with CBP
and PTOV1 that antagonized with MED25 for CBP binding [116]. These data suggest a

potential molecular mechanism for PTOV1 in RA resistance.

2.5.2 The HES1 and HEY1 promoters

Notch is an evolutionarily conserved signaling pathway that regulates cell fate,
tissue homeostasis, cell differentiation, proliferation and growth [117]. Activation of the
receptor induces the intracellular Notch (ICN) receptor to enter the nucleus where it acts
as a transcription factor for numerous targets, including HESI and HEY1 genes, two well
known downstream regulators of the pathway [118, 119]. In the absence of ICN, a
transcriptional repressor complex, that include SMRT/NCoR and HDACI, is formed on
target promoters [120].
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Aberrant Notch signaling has been detected in different types of cancer to suppress
or activate cancer progression depending on the cell context and tumor type [121-123]. In
PCa, its role in progression has been studied in vitro and in vivo with contradictory results
[124-126]. In metastatic prostate tumors PTOVI1 is significantly overexpressed and
represses the transcription of the downstream targets of Notch, the HESI! and HEYI
genes, by interacting with SMRT, RBP-Jk, NCoR, HDACI1 and HDAC4 [100]. PTOV1
is bound to the chromatin of these promoters when Notch is inactive. Its repressive
action was reverted by trichostatin A (TSA), an HDAC inhibitor, indicating the
requirement for the activity of HDACs. Interestingly, the repression by PTOV1 was
abolished by the overexpression of CBP, in agreement with previous reports showing that
HES]I transcription was activated by CBP [127]. PTOV domain shares structural
similarity with the SPOC domain of SHARP, a known component of the Notch repressor
complex [91, 128], and thus PTOV1 may be a facultative additional Notch co-repressor
restricted to cancerous events. Additional in vivo evidence supports the role of PTOV1 as
a negative regulator of the Notch pathway [100]. In the Drosophila melanogaster wing
model, the expression of the human PTOV1 exacerbated Notch deletion mutant
phenotypes and suppressed the effects of constitutively active Notch. In human tissues,
the normal prostate epithelium revealed high levels of expression of HES1 and HEY1
proteins, supporting activated Notch signaling, whereas metastatic samples expressed
significantly lower levels of these proteins, suggesting a Notch repressed state [100]. In
contrast, the expression of PTOV1 in the normal prostate epithelium was mostly absent,
but the protein was significantly overexpressed in metastatic samples. In human PCa cell
lines, the downregulation of PTOV1 induced an upregulation of the endogenous HEY!
and HESI genes, and reciprocally, the ectopic expression of PTOV1 in PCa cells and
HaCaT keratinocytes, where Notch acts as tumor suppressor, caused the inhibition of
expression of HEYI and HESI genes [129, 130]. All together, these observations support
a pro-oncogenic role for PTOVI1 as a negative regulator of Notch signaling in PCa
progression. They also support a tumor-suppressor function of Notch in PCa, similarly to

previous reports in skin, myeloid leukemia, and cervical carcinoma cells [121, 129, 131].

2.5.3 The Dickkopf-1 promoter

Aberrant activation of Wnt/B-catenin signaling was reported in breast cancer and

strong evidence point to a possible epigenetic silencing of negative regulators of Wnt,
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although the regulatory mechanisms underlying these epigenetic changes are poorly
understood [132]. Very recently, PTOV1 expression was shown to activate Wnt/B-catenin
signaling in breast cancer [133]. In the canonical Wnt pathway, binding of Wnt ligand to
frizzled receptors and lipoprotein receptor-related protein-5 or 6 (LRP5/6) co-receptors
initiates a cascade, which results in the B-catenin activation, its nuclear translocation and
the transcription of target genes [134]. Dickkopf-1 (DKK1) is a negative regulator of Wnt
signaling. Silencing its expression was tightly associated with DNA hypermethylation
and histone deacetylation [135, 136]. DKKI methylation has been reported in 27% of
breast cancer cell lines and 19% of breast cancer patients [137].

In human breast carcinoma, high levels of PTOV1 expression correlated with high
levels of nuclear B-catenin and low levels of DKK1 [133]. The overexpression of PTOV1
in breast cancer cell lines induced the nuclear translocation of B-catenin and increased [3-
catenin/TCF  transcriptional activity. PTOV1 overexpression repressed DKK]I
transcription via the recruitment of HDACs to the promoter and a concomitant decrease
of histone acetylation [133]. Treatment with TSA reverted the repression of DKK. These
findings suggest a role for PTOV1 as a novel epigenetic regulator of the Wnt/B-catenin

pathway in breast tumorigenesis.

2.6 PTOV1 interactions and regulation of other cellular functions

PTOVI1 has been detected at different subcellular locations, including sub-
membrane sites, lipid rafts, cytoplasm, especially the perinuclear region, and in the
nucleus. These locations are likely associated with different interacting proteins involved
in several cellular processes [138]. It is not clear how each interaction contributes to a
role of dysregulated PTOV1 expression in cancer progression. Figure 8 summarizes the
interactions of PTOV1 with other proteins in relationship with the functions described for
each protein. Groups including transcriptional regulation and DNA replication, cell cycle
regulation-mitotic functions contain numerous interactors. Similarly, groups including
protein synthesis, ubiquitination and membrane trafficking functions contain at least three
interactors. Together, these observations indicate that PTOV1 participates in different

cellular events at different subcellular locations.
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Figure 8. Scheme representing interactions of PTOV1 with other proteins in relationship with the
functions described for each protein.

2.6.1 BUZ/Znf-Ubp domains of the histone deacetylase 6, HDACG6

The BUZ (binder of ubiquitin zinc finger) domain, also known as the Znf-UBP
(zinc finger-ubiquitin-specific processing protease domain), is present in a subfamily of
ubiquitin-specific processing proteases (USPs), the E3 ubiquitin ligase BRCAI-
associated protein 2 (BRAP2) and in the histone deacetylase 6 (HDAC6) [139, 140]. The
BUZ domain is a sequence-specific protein-binding module that recognizes the free C-
termini of proteins. Through its C-terminal sequence (RGMGG), PTOV1 interacts with
the BUZ domain of HDAC6 with a low KD value, that means a high-affinity interaction,
that required the Gly-Gly motif present at the C-terminal of HDAC6 [141]. HDAC6
although it has been detected in the nucleus, it is mostly a cytoplasmic deacetylase that
catalyzes the cleavage of the acetyl group of e-amino groups of lysines and can regulate

growth factor-induced chemotaxis by association with the cytoskeleton [142]. The role of
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HDACSG6 in tumor progression is controversial. Some evidences suggest an oncogenic role

[143-147] whereas several reports suggest a tumor suppressor-like function [148, 149].

2.6.1 Flotillin-1

PTOV1 was shown to interact with the lipid-raft-associated protein Flotillin-1 [150]
a protein that belongs to the Reggie/Flotillin family. Lipid rafts play a central role in
membrane trafficking and signaling [151]. Flotillin-1, localized to non-caveolar lipid-
rafts [152], has been involved in neuronal regeneration [153], and in insulin signaling in
adipocytes, where it generates a signal crucial in the regulation of glucose uptake in
adipocytes [154]. In PCa cells, Flotillin-1 interacts with the B domain of PTOV1, as
expected the two proteins colocalized in lipid rafts and, surprisingly, in the nucleus [150].
After a mitogenic stimulus, Flotillin-1 entered the nucleus concomitantly with PTOV1
shortly before the beginning of the S phase. The overexpression of Flotillin-1 caused a
significant increase in cell proliferation, and both PTOV1 and Flotillin-1 are required for
PCa proliferation. However, while the presence of PTOV1 and an intact carboxy
terminus of Flotillin-1 are required for its nuclear entry, the depletion of Flotillin-1 did
not affect the nuclear localization of PTOV1 [150]. In additional work, Flotillin-1 was
shown to be required for the stability and function of the Aurora B kinase in mitosis
[155]. These data suggest that PTOV1 may drive PCa progression in part through the
regulation of expression and nuclear localization of Flotillin-1 necessary to support
Aurora B kinase mitotic function.

Additional recent reports confirmed the pro-oncogenic effects of increased
Flotillin-1 levels in tumors [156-158] and its action in promoting invasion and metastasis
through EMT, activation of NF-kB, Wnt/B-catenin and TGF-B pathways [156, 157].
Flotillin-1 is an important regulator of H-ras activation and invasion in triple-negative
breast cancer and its expression inversely correlates with patient disease-free survival
rates [158]. In gastric cancer, Flotillin-1 overexpression was shown to be the result of
miR-485-5p downregulation that correlated with poor prognosis [159]. These findings
suggest that the interaction of PTOV1 with Flotillin-1 might amplify its action in tumor

progression.

2.6.3 Receptor of Activated protein C Kinase, RACK1
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PTOV1 was shown to interact with RACKI, also known as guanine nucleotide
binding protein beta polypeptide 2-like 1, GNB2L1 [101]. Data from our group
demonstrated that PC3 cells stimulated with IGF-1 or phorbol esthers, showed PTOV1
and RACKI1 colocalized at membrane ruffles [101]. RACKI1 interacted with full-length
PTOV1 and with the B domain, but not with the A domain, suggesting un-equivalent
functions between the two PTOV1 domains. The PTOVI1-RACK interaction was
localized on 40S ribosomes by polysome profiling experiments in PC3 cells.
Significantly, PTOV1 failed to co-sediment with the 40S ribosomal subunit in RACK1
knockdown cells, indicating that RACK1 is necessary for the association of PTOV1 with
ribosomes [101]. In addition, PTOV1 co-immunoprecipitated and colocalized with the
ribosomal protein S6 (RPS6) corroborating its interaction with ribosomes. The
overexpression of PTOV1 caused a significant stimulation of c-Jun protein synthesis
without affecting its mRNA levels.

Although RACKI1 was first described to interact with Protein Kinase C (PKC)
isoforms [160, 161], also interacts with numerous proteins and is involved in a diverse
array of cellular processes. These include apoptosis regulation of insulin receptor and
IGF-1R signaling, cell spreading, cell proliferation, STAT3 activation, and UV radiation
[162-164]. In addition, it is now known that RACK1 is a part of the 40S small ribosomal
subunit and localized at the head of the 40S subunit close to the mRNA exit channel
[165], suggesting that it may function as a molecular link connecting cell signaling with
the protein translation machinery. RACK1 was described to recruit active PKCII on
ribosomes to phosphorylate eukaryotic initiation factor 6 (eIF6) that allows the assembly
of the 80S ribosome on the pre-initiation mRNA complex [166, 167]. RACKI1 has been
described as an adaptor required for the PKC-mediated phosphorylation of Ser129 of
JNK [168]. More recently, the recruitment of JNK by RACKI1 has been identified as part
of a mechanism underlying the quality control of newly synthesized proteins under stress
conditions [169]. After stress induction, RACKI1 recruits activated JNK to 40S on
actively translating ribosomes to phosphorylates the elongation factor eEF1A2, which in
turn promotes the ubiquitination and degradation of damaged newly synthesized
polypeptides [169].

RACKI1 overexpression has been reported in different tumors and it was found to
be a differential diagnostic biomarker and predictor for poor clinical outcome in breast
and pulmonary carcinomas [170-172]. In hepatocellular carcinoma it promotes

chemoresistance and tumor growth by localization on ribosomes and phosphorylation of
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eukaryotic initiation factor 4E (eIF4E), preferential translation of cyclin D1, Myec,
survivin and Bcl-2 [173]. These findings indicate that the increased expression of
PTOV1 in cancer and its ability to bind to RACK1 on ribosomes and to increase protein
synthesis, especially c-Jun translation, may be an efficient way for this protein to promote

cancer progression.
3. mRNA translation regulation in prostate cancer

A growing body of evidence supports the idea that deregulation of translational
control plays a central role promoting cellular transformation and tumor development.
Aberrant regulation of key oncogenic pathways induces rapid and dramatic translational
reprogramming both by increasing overall protein synthesis and by modulating specific
mRNA networks. However, further investigation is needed to explore novel mechanism
of translational control during cancer progression and development of resistance to

current treatments.
3.1 Regulation of mRNA translation

The process of protein synthesis is tightly controlled in eukaryotic cells mostly at
the initiation of translation and it is a key point in cancer development and progression.
Tumors have developed different strategies to satisfy their rapid proliferation and growth
requirements, including the deregulation of this initial step of mRNA translation to obtain
increased rates of protein synthesis and eventually tumor progression [174-176]. In the
canonical initiation of translation, numerous hormones and growth factors may induce
phosphorylation of PI3K with the consequent activation of downstream AKT and mTOR
kinases that trigger the synthesis of proteins (Figure 9). mTOR protein is found in two
different complexes, mMTOR complex 1(mTORCI1) and TOR complex 2 (mTORC?2). The
activation of mTORC1 mediates the phosphorylation of eIF4E-BP1, ribosomal protein S6
kinase 1 (S6K1) and elF4G. Hyperphosphorylation of eI[F4E-BPs, the substrate with the
most recognised impact on translation, release eIF4E that can bind to mRNAs and
activate cap-dependent translation [177]. Conversely, in adverse growth conditions
mTORCI is inhibited and the consequent decrease in 4EBP phosphorylation reduces
translation. PDCD4 inhibits translation initiation through interaction with translation
initiation elF4A and blocks its incorporation into the eukaryotic translation initiation

factor 4F (elF4F) complex [178].
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The majority of cellular mRNAs initiate translation by a mechanism called ‘cap-
dependent’ that depends on the recognition of the 7-methylguanosine-triphospho-5’
ribonucleoside, also called ‘cap’, located at the 5' end of most mRNAs. The 5' cap
structure of the mRNA is recognized by elF4F complex, which contains the mRNA
5’cap-binding protein elF4E, the ATP-dependent helicase elF4A, and elF4G, a large
scaffolding protein (Figure 9). This complex is directed to the 5’ end of the mRNA via
elF4E, elF4A and elF4B, a RNA binding protein which functionally interacts with e[F4F
and elF4A potentiating their RNA helicase activities [179]. Together, the eIF4F complex
with elF4A and elF4B participate in melting the mRNA 5’ secondary structure to
facilitate ribosome binding. eIF4G then recruits the 40S small ribosomal subunit to the
mRNA through binding to the eIF3 complex, that is associated with elF2/Met-
tRNA/GTP, forming the 43S initiation complex. This complex scans the mRNA in a
5'—3' direction until it recognizes the AUG start codon. Then, the complex is joined by a

60S subunit to form an elongation-competent 80S ribosome [180, 181]
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Figure 9. Numerous hormones and growth factors and oncogenic signaling pathways can activates mRNA
translation at the initiation and elongation steps. Translation initiation is the main rate-limiting step of
protein synthesis and typically relies on the ability of the elF4F complex to bind to the 5° 7-
methylguanosine cap present on mature mRNAs. elF4F complex comprises cap-binding protein eIF4E, the
scaffolding protein e[F4G and the helicase eIF4A. The elF4F complex drives translation initiation through
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the ability of e[F4E to bind to the 5’ cap and interact with eIF4G, which recruits the 43S ribosomal pre-
initiation complex (comprising a 40S ribosomal subunit, the eIF2-GTP-Met-tRNAi Met ternary complex,
elF3 and several additional accessory factors). Upon recruitment of the 43S complex to the 5’ untranslated
region of mRNA, it scans in the 5’ to 3’ direction until reaching a start codon, a process facilitated by
elF4A helicase unwinding of secondary structures and promoted by ribosomal protein S6 kinase (S6K)-
dependent stimulation of eIF4A activity through inhibition of programmed cell death protein 4 (PDCD4)
and activation of el[F4B. Image adapted from Truitt ez al. [182].

3.2 Translation deregulation in cancer

As mentioned above translation initiation might be significantly modulated in
cancer cells. In 1990 it was put into evidence for the first time a link between translation
initiation and cancer by showing that the overexpression of eIF4E in rodent fibroblasts
induced their transformation [183]. Since then, many evidences for the deregulation of
translation initiation in cancer have emerged. Table 4 illustrates the numerous elFs,
ribosomal proteins and other factors that are being found with increasing frequency

associated with aberrant translation of human cancers.

Factor U/D effect Human cancer Reference
eIF4B upregulation Diffuse large B-cell lymphoma [184]
elF4E upregulation Breast Cancer, Node-positive breast cancer | [185],[186],[187] [188],
patients, Gastric cancer, Acute myeloid
; . [189]
leukemia, Nasopharyngeal carcinoma
pelF4E upregulation Penile squamous cell carcinoma [190]
elF5A upregulation Colorectal cancer [191]
elF5A2 upregulation Bladder Cancer [192]
elF3e downregulation | Glioblastoma [193]
(Int6)(p48)
elF3i upregulation Colon Cancer, Hepatocellular carcinoma [194], [195]
elF3c upregulation Colon Cancer [196]
p4EBP1 upregulation Breast Cancer, Lung Cancer, Laryngeal [197], [198], [199]
carcinoma
RPL39L upregulation Hepatocellular carcinoma [200]
RPL22 downregulation | T-acute lymphoblastic leukemia [201]
RPMPS-1/S27 | upregulation Breast Cancer, Melanoma [202]
RPL6 upregulation Gastric cancer [203]
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Table 4. Eukaryotic initiation factors and ribosomal proteins altered in cancer.

In cancer cells, the activation of PI3K/AKT/mTOR mostly derives from
mutations/deletions in the tumor suppressor PTEN, a negative regulator of PI3K/AKT
function very frequently deleted in several types of human cancers, including
lymphomas, metastatic breast cancer, colorectal cancer and prostate cancer [204-206]. In
PCa, a key role for the PI3K-AKT-mTOR signaling axis in the development and
maintenance of this neoplasia is put into evidence by the frequent rate of point mutations
and loss of expression of PTEN, in primary PCa. Data from genomic profiling of PCa
specimens identified the activation of the PI3K pathway in nearly half of primaries and
all metastatic lesions examined, with loss of PTEN function primarily through copy-
number loss rather than point mutation although the PI3KCA oncogene was not
commonly mutated [19-21]. Intense investigation is ongoing to identify specific, ATP-

competitive inhibitors of mTOR to use in metastatic drug-resistant tumors [207, 208].

3.3 From transcriptome to proteome: focusing on the translatome

The need to understand the mechanisms implicated in the establishment of cancer,
has stimulated a great effort to develop precise technologies of analysis. The majority of
efforts focused in the study of gene expression by measuring separately RNA and
proteins. With the blooming of —omic era and the development of high-throughput
methods for measuring mRNA expression (e.g. microarrays, RNA-sequencing), tools for
analyzing mRNA expression have become widespread. It is commonly considered as a
general yardstick that changes in mRNA abundance are proportional to changes in
protein synthesis, but numerous exceptions are known which are partly due to the
regulation of translation. A study carried out in yeast comparing proteomic and
transcriptomic data showed that the correlation was insufficient for prediction of protein
expression levels from mRNA transcript analysis, with differences in some genes of more
than 20-fold [209]. In addition, no correlation between mRNA and protein expression
was observed within the same human lung adenocarcinomas samples [210]. Ingolia et al.
[211] using a new high-throughput technique called “Ribo-seq” demonstrated that in
response to starvation in yeast some genes were transcribed but not translated. The results
from our studies also support that changes in mRNA abundance are not always
proportional to changes in protein synthesis. As explained above, PTOV1 interacts with

RACK1 and ribosomes and stimulates the expression of the oncogene c-Jun by
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promoting its translation without affecting its mRNA levels [101]. The above evidences
illustrate that protein levels are not always a faithful reflection of mRNA concentrations
and implementing additional direct analyses of mRNA translation can provide a more
accurate and complete measure of gene expression. As mentioned above, control of
translation appears to be a major regulatory step in normal and abnormal cell growth, cell
proliferation, cancer initiation, and metastasis. Understanding the molecular basis of
translational deregulation in cancer will hopefully contribute to the development of novel

anticancer therapeutic strategies.

The technological gap between our abilities to quantify the transcriptome and the
proteome has been solved with the emergence and readjustment of new approaches that
provide genome wide information on protein synthesis. It is now possible not only detect
RNA and protein molecules in the cell but determine which protein molecules are being
synthesized in the cell at any given moment. These new approaches, including polysome
profiling and ribosome profiling, take advantage of the recent advances in sequencing

technology, to provide global measurements of translation.

3.3.1 Polysome profiling

The polysome profiling (PolyPro) is based on the principle that actively translating
mRNAs are typically associated with multiple ribosomes, forming polysomes. In
constrast, translationally inactive mRNAs are sequestered as messenger ribonucleoprotein
(mRNP) particles or associated with a single ribosome (monosome). The ribosome
density is used here as a predictor of protein levels. It is well known that ribosomes are
characterized by their sedimentation properties in sucrose density gradients and the
pioneering studies using this technique dates back to 1960’s [212, 213]. Depending on the
density of polysomes, it means the number of ribosomes bound to a transcript, they can
be separated in a linear sucrose gradient by ultracentrifugation according to the number of
ribosomes they contain (Figure 10). However, the resurgence of the PolyPro as a high-
throughput method for simultaneosly monitoring the translation state and level of
individual mRNAs is not described until many years later [214-217]. Combining sucrose
gradient centrifugation with differential screening using arrays or coupled to next
generation of sequencing (NGS) enables simultaneous analysis of both transcriptional
(total RNA) and translational regulation (polysome-bounded RNA) as a tool for obtaining

wide-genome information.
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3.3.2 Ribosome profiling

The ribosome profiling, or Ribo-seq, is an innovative technique for monitoring
translation in vivo worked up in the laboratory of Jonathan Weissman at University of
California, San Francisco [211]. The ribosome profiling start out from the well known
ability of ribosomes to protect mRNA fragments from nuclease digestion [218] and
coupled this one with the emerged sequencing technology: the deep sequencing of these
ribosome protected mRNA fragments generated after nuclease digestion (Figure 10). A
translating ribosome encloses a ~30 nt portion of the mRNA template and protects it from
nuclease digestion. Therefore, it is possible to obtain a pool of fragments of mRNA after
nuclease digestion of ribosomes from living cells. These fragments are the so-called
ribosome protected fragments or footprint (RPFs) and provide information about the
specific position of ribosomes in the mRNA copies of a cell population. This information
is rewarding because the association of a RNA transcript with a ribosome does not
necessarily mean that the transcript is being translated. In certain situations, the ribosome

could be stalled or associated with the 5S’UTR [219-221].
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Figure 10. Techniques for monitoring protein translation.
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Mar Menor y La Manga

“The Mar Menor lagoon is one of the most important ecological singularities in the Mediterra-
nean area. The Mar Menor is -in spite of its name- Europe's biggest salt water lagoon, and it is
separated from the Mediterranean Sea by La Manga, a strip of land which is 22km long. At the
same time, it is an area where many economic and industrial activities meet. The sum of the
impacts of mining, agriculture and urban development in the surroundings to the lagoon during
the last decades has affected its ecosystem....”



Hypothesis

Metastatic PCa is a deadly disease. Patients that progress to a castration-resistant
status are usually treated with docetaxel, and eventually develop resistance to the
medication. Therefore, one major question is to identify the mechanisms responsible for
this resistance and discover specific targets to improve present therapies. In addition, to
know in advance which patients will not benefit from the docetaxel therapy, will avoid

useless toxic treatments of non-responders.

Previous evidences from our group and new findings from others support an
important role for PTOV1 in the progression of different types of cancer to a metastatic
disease with poor prognosis [100, 102, 104]. The overexpression of PTOV1 in castration
resistant prostate cancer cells increases proliferation, cell migration and invasion.
Mechanistically, we have shown that PTOV1 interacts with RACKI1 and ribosomes and
promotes selective translation of mRNAs, including the oncogene JUN. Both RACK1
and c-Jun are proteins associated to invasion, EMT and chemoresistance in different

types of tumors [173, 222, 223].

In addition, as highlighted in the Introduction section, the mRNA translation
process is decisive in prostate cancer progression and the metastatic process. However,
little information is available about the role of the deregulation of translation in

chemoresistance.
According to our previous observations, we formulated the following hypotheses:

1) The widely observed overexpression of PTOV1 in aggressive tumors and in
metastatic prostate cancer, its promoting activity on the expression of
oncogenic proteins and pathways, suggest a relevant role for this protein in
driving prostate cancer progression and chemotherapy resistance.

i1) Specific mRNAs are selectively translated during the progression of cancer to
the development of the resistant tumor. Analyzing the translatome (genome-
wide pool of translated mRNAs associated with polysomes) in drug resistant
prostate cancer cells, in comparison with the transcriptome, may identified

differentially translated proteins critical for the process of resistance.
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Bando de la Huerta

“Bando de la Huerta is a tradition dating back to 1851 that remains alive and kicking today.
Bando de la Huerta, declared Festival of International Tourist Interest in 2012, is a celebra-
tion of countryside traditions, which are deeply rooted in the history of this city. Murcians take
on to the streets that day dressed with the traditional costume in an explosion of color and
joy. Everyone participates in this festival, either as part of the parade or simply enjoying the

vibrant vibe of every city corner...”
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Objectives

One main objective of this thesis is to study PTOV1 function in prostate cancer
progression and its role in the development and maintenance of resistance to current
therapies, mainly chemotherapy with taxanes. A second main objective is to study the
role of translation deregulation in aggressive prostate cancer, in particular in the cells that

become resistant to most conventional therapies in metastatic prostate cancer.

Specific objectives:

(1) Analyze the role of PTOV1 as an inductor of the epithelial-mesenchymal
transition and in tumorigenesis in prostate cancer and identify the molecular
mechanisms mediating this capacity.

(11) Analyze the specific role of PTOV1 in promoting docetaxel resistance in
metastatic prostate cancer and identify the molecular mechanisms and
signaling pathways involved, using two docetaxel-resistant PCa cell lines with
gain of function or knockdown of PTOV1 in vitro.

(iii)  Analyze the status of mRNA translation in androgen-independent and
docetaxel-resistant prostate cancer cells using the polysome profiling
approach coupled to RNA-sequencing to identify new markers for diagnosis

and novel players involved in the establishment of resistance.
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The Roman Theatre museum —Cartagena (Murcia)

“The Roman Theatre of Cartagena was built at the end of the 1% Century BC when Cartagena
was a Roman colony, in the era of Emperor Augustus. The theatre was not discovered until 1987
and many of the finds are in the Archaeological Museum. The terraced seats were built into the
northern side of La Concepcion hill which had been excavated to create seating for 6000. Santa
Maria La Vieja Cathedral was built in the 13th Century from materials taken from the Roman
theatre. By the sixteenth century, however, the theatre had been lost to fire and its remains built
over. Well hidden by the town of Cartagena as it grew over the ruins it was not discovered again
until 1987. The town was asked to vote as to whether or not, the buildings standing there in 1987
should remain, or be torn down to find the ruins. The town voted in favor of the excavation and
reconstruction of the Roman Theatre...”



Chapter 4: Material and Methods

1. Cellular cultures

1.1 Cell lines

All cells lines were purchased from the American Type Culture Collection,

Manassas, VA, USA.

a) HEK293T: is an epithelial cell line derived from human embryonic kidney 293
cells. This cell line expresses the oncogenic T antigen of the SV40 virus and is
competent to replicate vectors carrying the SV40 region of replication. It is widely
used for retroviral production, gene expression and protein production.

b) MDCK: is an epithelial cell line derived from a kidney of a normal adult female
canine.

c) RWPE-1: is a non-neoplastic cell line derived from adult human prostatic
epithelial cells from a white male donor immortalized with human papillomavirus
18 (HPV-18) encoding the oncogenic E7 proteins. RWPE-1 cells neither grow in

agar nor form tumors when injected into nude mice.

Chapter 4

d) LNCaP: is a human prostate epithelial cell line isolated in 1977 from a needle
aspiration biopsy of a left supraclavicular lymph node of a 50-year-old Caucasian
male with metastatic prostate carcinoma. The cells express the androgen receptor,
estrogen receptor and PSA and are androgen responsive. Cells also express KRTS,
KRT18, and KRT20, wild type (WT) p53 and PTEN inactivation. Of note, this
cell line contains a T877A mutation in the AR coding sequence that gives it
promiscuous binding affinity to many steroid compounds. It is a slow growing
cell line with a population doubling time (PDT) around 60-72 hours and has a
karyotype of 33 to 91 chromosomes (modal of 76-91). LNCaP xenografts shows
a modest 50% success rate with a tumor doubling time of 86 hours [224].

e) Dul4S5: is a human epithelial prostate cancer cell line derived from a metastasis in
the brain. The cells do not express PSA and are androgen non-responsive. PDT is
approximately 29 hrs. It is a highly rearranged cell line containing 58 to 63
chromosomes per metaphase spread (modal of 64). Structural abnormalities
include rearrangements to approximately 70% of the 22 different autosomal
chromosomes including the t(11ql12q), del(11)(q23), 16q+, del(9)(pll) and
del(1)(p32). Dul45 cells form grade II adenocarcinoma and metastasize to a

variety of organs, including spleen, lung, and liver.
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f) PC3: is a human epithelial prostate cancer cell line derived from a bone
metastasis of a grade IV prostate adenocarcinoma from a 62-year-old Caucasian
male. This cell line is similar to Dul45 cells in that it is hormone insensitive and
presents no AR or PSA mRNA/protein, and forms adenocarcinomas in nude mice.
The line is highly aneuploid with a near-triploid with a modal number of 62
chromosomes and a doubling time of approximately 33 hours. It expresses
aberrant p53 with a C deletion in codon 138 causing a nonsense codon at 169

(causing a loss of heterozygosity) and is PTEN deficient.

The docetaxel-resistant cellular models Dul45 and PC3 were kindly provided by
Dr. Begofia Mellado (Laboratory and Medical Oncology Department, Hospital Clinic in
Barcelona). DR-Dul45 and DR-PC3 were selected by culturing cells with docetaxel in a
dose-escalation manner using 72h exposures during 1 year and 6 months, respectively.
Initial culture was 5 nM docetaxel. Surviving cells were cultured and concentration of
docetaxel was increased to 10, 25, 50, 100 and 250 nM. In parallel, parental Dul45 and

PC3 cells were exposed to DMSO (vehicle solution) in the same dose-escalation manner.

LNCaP andogen independent (Al) and androgen dependent (AD) were obtained
from the Anna C. Ferrari’s laboratory at the Division of Neoplasic Diseases, Department
of Medicine, Mount Sinai School of Medicine, New York. Briefly, the androgen-
independent subline LNCaP Al was derived over a period of 6 months by continuous
culture of the LNCaP cells in RPMI medium deprivated of androgens, containing 10%
charcoal stripped heat-inactivated FBS.

Although Dul45 and PC3 cell lines were originally described to be androgen-
receptor (AR) negative, recent studies reported expression of the AR protein in both cell
lines and its induction after DHT treatment [225]. However, the upregulation of AR
protein did not activate AR-reponsive reporter genes and the authors proposed Dul45 and
PC3 cell lines should be considered as “androgen non-responsive” instead of “AR-

negative”.

1.2 Cell culture methods and reagents

Cells were cultured at 37°C in an atmosphere of 5% CO,. MDCK were cultured in
the Eagle's Minimum Essential Medium (BioWest, Nuaillé, France), HEK293T were
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cultured in DMEM (BioWest), Dul45 cells and LNCaP cells were cultured in RPMI-
1640 (BioWest) and PC3 were cultured in F12K nutrient mixture medium (Thermo
Fisher Scientific, Waltham, MA, USA). Media were supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U of penicillin/mL, 100 pg of streptomycin/mL,
and 0.1 mM non essential amino acids (all from BioWest). LNCaP Al subline was
cultured in RPMI-1640 containing 10% charcoal-stripped (Sigma Aldrich USA), heat-
inactivated FBS and above supplements. Docetaxel resistant cell lines were kept with 2.5
nM of docetaxel (Sigma-Aldrich, St. Louis, MO). Wnt3a conditioned medium was kindly
provided by D. Arango (Vall d’Hebron Institut of Research, Barcelona). Briefly, mouse
L1-Wnt3a (ATCC® CRL2647™) cells were cultured in DMEM supplemented with 10%
FBS and 0.4 mg/ml G418. After 4 days, medium was collected, filtered and store at 4°C.
Fresh medium was added to cells and cultured for another 3 days. Medium was collected,
filtered and mixed with the first batch of medium. For long storage, Wnt3a-conditioned
medium was store in aliquots at -20°C. To activate Wnt signaling pathway, Dul45 cells
were cultured for 24 h with Wnt3a-conditioned medium diluted 1:1 with supplemented
RPMI medium. Where indicated, cells were treated for 24 h with 30 uM JNK inhibitor II
(Calbiochem) or 60 uM iCRT14 (Tocris Bioscience).

For cryopreservation, two million cells were frozen slowly in 1 mL of cold FBS
plus 10% DMSO and they were immediately placed on ice. Cells were stored 1 day at -
20°C, then stored at -80°C for a few days and for long storage, vials were transferred to a
liquid-nitrogen freezer to maintain temperatures below -160°C. For the recovery of
cryopreserved cells, frozen vial was thawed rapidly in a 37°C water bath and immediately
diluted in pre-warmed complete culture medium. Cells were centrifugated at 400 xG for 5

min, resuspended in complete culture medium and seeded into an appropriate flask.

1.3 Production of lentiviral vectors and cellular transduction

Lentiviral vectors (LV) are a kind of retroviruses derived from human
immunodeficiency virus (HIV). Lentiviruses are transmitted as single-stranded, positive-
sense, envelope RNA viruses. Upon entry into the target cell, the viral RNA genome is
reverse transcribed into double-stranded DNA that integrates into the genome.
Lentiviruses are widely used for the efficient delivery and stable integration of transgenes
or interference RNA sequences. The latter allows for the long-term knockdown of the

targeted host mRNA by sequence-specific degradation (RNA interference, or RNA1)
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[226]. We have used virally produced vectors to knockdown the expression of PTOV1 in
several prostate cancer cell lines. In this method of RNAi the production of LV is
achieved by transient transfection of a plasmid set into HEK293T cells, which contain the
SV40 T-antigen that increases efficiency for vector production. Three different
components included in different plasmids are used to build replication-defective

recombinant chimeric lentiviral particles (Figure 11):

i.  The transfer vector contains the plasmid encoding the insert of interest. This
sequence is flanked by long terminal repeats (LTRs) that facilitate host genome
integration. To improve safety, transfer vectors are all replication incompetent.

ii.  The packaging vector: codes for the internal structural and enzymatic protein. In
our laboratory we used 2™ generation system, in which five of the nine HIV-1
genes were eliminated leaving the gag and pol frames, which encode for the
structural and enzymatic components of the virion, respectively, and the tat and
rev genes, fulfilling transcriptional and post-transcriptional functions.

iii.  Envelope vector: codes for the envelope glycoprotein. The G protein of the
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Figure 11. Second generation lentiviral vectors. Lentiviral genome is edited down and distributed across
three plasmids: envelope, packaging and transfer plasmid. For viral production, plasmids are transfected
into HEK293T cells.

The protocol used for the production of LV was the following:

Four millions HEK293T cells were seeded in a 10 cm culture dish in complete DMEM
medium. Twenty-four hours later, cells were transfected using CaPO, precipitation

method. Two tubes were prepared:

e Tube A: Transfer plasmid (12 pg), packaging plasmid (8 pg), envelope plasmid (4
ng), 60 uL 2.5 M CaCl2, and sterile water were added to complete a final volume
500 pL. Mix well.

e Tube B: 500 puL of 2 times concentrated (2X) Hepes Buffered Saline (HBS)
solution pH: 7 (280 mM NaCl, 1.5 mM PO4, 50 mM HEPES) were added to a 50

mL falcon tube.

The content of tube A was added to tube B, drop wise and slowly while constantly
bubbling the solution in tube B. The mixture was incubated 20 minutes at room
temperature (RT). One mL of the transfection mixture was added to cells in drops. Plates
were swirled and incubated 6 h at 37°C. Then the medium was removed, 10 mL fresh
complete medium were added and plates were incubated O/N at 37°C. The first harvest of
supernatant was collected and 6 mL fresh complete medium were added to cells. Cells
were incubated O/N at 37°C. Supernatants from 4 plates were pooled, filtered through a
0.22 pm filter and concentrated by ultracentrifugation 1.5 h at 89,000 xG at 4°C. Pellets
containing viral particles were resuspended in 1 mL of suitable cell medium and stored at
-80°C for long storage. Next day, a second harvest of supernatants was collected and

processed as above.

For cells transduction, 700,000 cells were seeded in a 10 cm culture dishes the day
before transduction. The vial containing concentrated LV was resuspended in 7 mL of
appropriate medium (depending on the cell line) plus 10 pg/mL of polybrene, to facilitate
transduction, and added to cells. After 24 h, complete fresh medium was added.

Transduced cells were selected by treatment with 1 pg/mL puromycin for 4 days.

1.4 Cell transfections
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The transfection is a powerful tool used to deliver DNA or RNA into eukaryotic
cells for the study and control of gene expression. In transient transfections, many copies
of the exogenous gene are present in the cytoplasm that lead to high levels of the
expressed protein. The expression of the transfected gene is usually analyzed between 24
and 96 hours after the transfection. For transient transfections, we used X-tremeGene 9
DNA transfection reagent (Roche) and OptiMEM Reduced Serum Medium
(ThermoFisher Scientif) as DNA diluent. The protocol used was the following:

Cells were seeded the day before transfection in their appropriate media to an 80%
confluence on the day of transfection (Table 5). Twenty-four hours later, the plasmid
DNA was added with the diluent in a sterile tube and vortexed. The X-tremeGENE 9
transfection reagent was added and mixed by vortexing (Table 5). After incubation for 20
min at RT, the medium was removed and an appropriate amount of diluent added. The
transfection complex was added to the cells in a dropwise manner. Plates were incubated
for 4 h at 37°C after which the transfection complex was removed and fresh medium was

added.

Type of Number Diluent | DNA Ratio Transfection | Final Volume
plate of cells (nL) (ng) reagent: DNA | Reagent (uL) | (Diluent,mL)
12 well 100.000 100 1.5 3:1 4.5 1
200.000
(LNCaP)
6 well 400.000 200 4.5 3:1 13.5 2
800.000
(LNCaP)

Table 5. Information about transient transfection conditions with X-tremeGene 9 DNA transfection
reagent.

2. Functional assays

2.1 Proliferation assay

One simple method to determine differences in proliferation or the indirect
quantification of cell death is the staining of attached cells with crystal violet dye, which
binds to proteins and DNA. Adherent cells that undergo cell death lose their adherence

and are subsequently lost from the plate. For these assays cells (4x10° cells/well) were
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seeded on collagen-coated 96-well plates in sextuplicates. At the indicated time points,
cells were fixed in 4% formaldehyde solution, washed with PBS and stained with 0.5%
crystal violet. Crystals were dissolved with 15% acetic acid and optical density was read

at 590 nm.
2.2 Cytotoxicity assay

Cells (4x10° cells/well) were seeded on collagen-coated 96-well plates in
sextuplicates. After 24 h, cells were treated with solvent (control) or the drug at different
concentrations for 48 h for Dul45 cells and 72 h for PC3 cells. Fresh medium with the
drug was replaced every day. At the indicated time points, cells were fixed, washed with
PBS and stained with 0.5% crystal violet. Crystals were dissolved with 15% acetic acid
and optical density was read at 595 nm. Docetaxel (Sigma-Aldrich) and Cabazitaxel
(kindly provided by D. Begofia Mellado, Hospital Clinic, Barcelona) were diluted in
DMSO at 1 mg/mL and aliquots were store at -202C. Doxycycline, minocycline
hydrocloride and methacycline hydrocloride (Sigma-Aldrich) were diluted in sterile water

at 10 mg/mL and store at -20°C.
2.3 Viability assay: trypan blue exclusion test

The Trypan blue exclusion test is used to determine the number of viable cells
present in a cell suspension. It is based on the principle that live cells possess intact cell
membranes that exclude certain dyes, such as Trypan blue. Therefore, it allows a direct
identification and quantification of live (unstained) and dead (blue) cells in a given
population. Briefly, 24 h after transduction with lentiviral particles, cells were seeded
(5%10* cells/well) on 24-well plates in triplicates. After 72 h, cells were collected and
stained with Trypan blue to identify dead cells by cell counting. Cell viability was

calculated as the number of viable cells divided by the total number of cells.
2.4 Clonogenic assay

Clonogenic assay, or colony formation assay, is an in vitro cell survival assay
based on the ability of a single cell to grow into a colony (macroscopically visible or with
at least 50 cells). The assay essentially tests every cell in the population for its ability to

undergo "unlimited" divisions. Briefly, cells were seeded at low concentration (3x10°
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cells/well) in 6 wells plates in triplicates. After 7 days, cells were fixed in 4%

formaldehyde solution and stained with 0.5 % crystal violet, photographed, and scored.
2.5 Spheres formation assay

The use of sphere-forming assays provides a widely recognized in vitro method
for the identification and characterization of tumor initiating cells (TICs), also called
cancer stem cells (CSCs) [227]. A tumorsphere is a solid, spherical formation developed
from the proliferation of one cancer stem/progenitor cell. Cells are grown in serum-free,
non-adherent conditions in order to enrich the cancer stem/progenitor cell population as
only cancer stem/progenitor cells can survive and proliferate in this environment. The

protocol is detailed below:

Cells were seeded (4x10° Dul45 cells/well or 2x10° PC3 cells/well) in 24-well
ultra low attachment culture plates (Corning Costar, Cambridge, MA) in triplicates in 1
mL of serum free medium. The medium was prepared from DMEM-F12 (Invitrogen)
containing 1 % methyl cellulose, 60 pg/mL glucose, 1 uM hydrocortisone, 1 pg/mL
putrescine, 10 pg/mL transferrin, 3 nM sodium selenite, 2.5 pg/mL insulin, 10 ng/mL B-
FGF, 20 ng/pl, EGF 5 U.L/mL, heparin (Sigma-Aldrich), and 0.4 % B27 (Invitrogen).
Cells from 24-well plates were fed with fresh media every three days and allowed to
grow for 8 days. The number of spheres (> 50 cells/sphere) were then counted from the
24 well plates and expressed as ratio of spheres/1000 plated cells (Sphere Forming
Efficiency, SFE).

2.6 Cell cycle analyses

Cell cycle analysis by flow cytometry was used for the quantification of the DNA
content using propidium iodide (PI). Cells in G2 phase contain double DNA compared to
cells in G1, thus they take up proportionally more dye and will be approximately twice as
bright as cells in G1. In most cases, cells must be fixed or permeabilized to allow entry of
the dye which is otherwise actively pumped out by living cells. In addition RNase A was
included to decrease the background given by PI binding to RNA. The protocol is

described below:
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One million cells were collected by trypsinization and washed twice with PBS.
After centrifugation 5 min at 300 xG, pellets were resuspended and fixed in 70% cold
ethanol and stored O/N at 4°C. Next, cells were centrifuged, washed twice with cold PBS
and resuspended in staining solution (1 mM sodium citrate, 15 pg/mL propidium iodide
and 300 pg/mL DNAse free RNase A) and incubated 4°C O/N. Approximately 20,000

cells (counts) were analyzed by flow cytometry with a BD FacsCalibur.

Data were analyzed by FlowJo software using univariate analysis of cellular DNA
content that reveals the distribution of cells in three major phases of the cycle (G1 vs. S
vs. G2/M). In more detail, the forward scatter (FSC, X axis) and side scatter (SSC, Y
axis) was measured to identify single cells. Cell doublets or clumps were excluded from
the analysis by pulsed shape analysis achieved using pulse area vs. pulse width. We
combined both gates and apply to the PI histogram plot, plotting FL2-Area (X axis)
versus Counts (Y axis). To quantify the percentage of cells in each cell cycle phase the

software used an algorithm which attempt to fit Gaussian curves to each phase.

2.7 Polysomal profiling and fraction analysis

During polysome profiling mRNAs are stratified in a linear sucrose gradient by
ultracentrifugation on the basis of the number of bound ribosomes, which corresponds to
their translational efficiency [214] (Figure 12). After ultracentrifugation, the fractionated
polysomes can be analyzed using a density gradient fractionation system that allows the
recovery of the different fractions containing the free mRNA, monosomes, light and
heavy polysomes through the monitorization of absorbance at 254 nm of the nucleic acids

(RNAs) with an UV detector (Figure 12).
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Figure 12. mRNAs are stratified in a linear sucrose gradient by ultracentrifugation. Fractionated polysomes
are analyzed by monitorization of absorbance at 245 nm with an UV detector and recovered by a fraction
collector. Adapted from Del Prete et al. [228].

Briefly, cells grown at 80% confluence were incubated for 5 min at 37 °C with
100 pg/mL of cycloheximide, CHX (Applichem, Darmstadt, Germany). Twenty
million cells were collected per condition, washed in PBS and lysated in polysome buffer
(PB) containing 10 mM TRIS-HCL pH 7.4, 100 mM KCL, 10 mM MgCl,, 1% TRITON-
X100, 2.5 U/mL Turbo DNAse (Ambion, Carlbad, CA), 2 mM Dithiothreitol, 10 U/mL
RNAse inhibitor (Promega) and 100 pg/mL CHX. All buffers were prepared in DEPC-
treated water. Equal amount of cytoplasmic extracts were loaded onto a linear 10-50%
sucrose gradient prepared in PB using an automated gradient maker (Gradient Master,
Biocomp). Polysomes were separated by 2.5 h centrifugation at 37,000 rpm using a
Beckmann SW41Ti rotor. Gradients loaded on a BR-188 Density Gradient Fractionation
System (Brandel) were monitored by following absorbance at 254 nm with the software
TracerDaq with a flow of 1.5 mL/min and a scan rate of 10 Hz. Fourteen fractions of 800
uL were collected using a fraction collector (BioRad). Samples were immediately frozen

in dry ice. RNA was extracted from each fraction as described in RNA manipulation part.

2.8 Immunofluorescence
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Cells (2 x 10°) were seeded in sterilized glass coverslips in 24 wells plates. The
day after, cells were washed twice with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde for 30 minutes. Cells were incubated for 30 min with blocking
buffer consisting of 3% BSA-PBS and 0.1% saponine to permeabilize cells. Cells were
washed twice with PBS and incubated 1.5 h in a humidified dark chamber with 5 pg/ml
of PTOV1 antibody prepared in blocking buffer. Cells were washed three times with PBS
and incubated 1 h in a humidified dark chamber with 4 pg/mL of fluorophore-conjugated
secondary antibody Alexa Fluor 488 (Invitrogen). Negative control was prepared in
parallel without adding the primary antibody. Each coverslip was placed on the mounting
medium ProLong Diamond Antifade Mountant with DAPI (ThermoFisher) with the cell-

side face down.

3. RNA manipulation

3.1 Total RNA extraction

Total RNA was extracted with the RNeasy mini kit (QIAGEN, Valencia, CA)
following instructions supplied by manufacturer protocol. This procedure is designed to
isolate total RNA (longer than 200 bases) from small quantities of starting material from
animal cells and/or tissues. This method is based on selective binding properties of the
silica-gel-based membrane. A specialized high-salt buffer system allows up to 100 pg of
RNA longer than 200 bases to bind to the RNeasy silica-gel membrane. Biological
samples are first lysed and homogenized in the presence of a highly denaturing guanidine
isothiocyanate-containing buffer which immediately inactivates RNases to ensure
isolation of intact RNA. Ethanol is added to provide appropriate binding conditions and
the sample is then applied to a mini spin column where the total RNA binds to the
membrane and contaminants are efficiently washed away. High-quality RNA is then

eluted in 50 pL of water.
3.2 Extraction of polysomal-bound mRNA

The phenol-chloroform based TRIZOL procedure was used to purify polysomal-
bound mRNA and total RNA. The procotol used was the following:

A. Phase separation. Fractions containing heavy polysomes (=3) were pooled in a 15 mL

tube and supernatant was distributed in aliquots of 400 puL each in eppendorf tubes. One
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mL TRIZOL Reagent (Ambion) was added and incubated 5 min at RT. Then, 0.2 mL of
chloroform were added. Samples were vortexed vigorously and incubated at RT for 3
minutes. Samples were centrifuged at 12,000 xG for 15 minutes at 4°C. Upper aqueous

phase was carefully transferred without disturbing the interphase into a fresh tube.

B. RNA precipitation. 0.5 mL of isopropyl alcohol were added to samples to precipitate
the RNA from the aqueous phase. Samples were incubated for 10 minutes at RT and

centrifuged at 12,000 xG for 10 min at 4°C.

C. RNA wash. RNA pellet was washed twice with 1 mL 75% ethanol and centrifuged at

7,500 xG for 5 minutes at 4°C. Leftover ethanol was removed.

D. Redissolving RNA. The RNA pellet was air-dried for 5 minutes. Then, it was
dissolved in 40 uL of DEPC-treated water.

3.3 Quantitative real time polymerase chain reaction (qRT-PCR)

gRT-PCR is a very sensitive technique for mRNA detection and quantification of
changes in gene expression. In this method, RNA is first transcribed into complementary
DNA (cDNA) by reverse transcriptase from total RNA or messenger RNA (mRNA).
Then, the cDNA is used as the template for the qPCR. For retrotranscription, the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used following the
manufacturer’s protocol in a final volume of 20 pL. Samples were incubated for 10 min
at 25°C, 2 h at 37°C and 5 min at 85°C. cDNA was diluted 1:5 in water and kept at 4°C

until its utilization or at -20°C, for long storage.

Real time qPCRs were performed using the Universal Probe Library System
(Roche, Penzberg, Upper Bavaria, Germany) on a LightCycler 480 RealTime PCR
instrument (Roche). Data were analyzed with the LightCycler 480 SW 1.5 software. The
Universal Probe Library System is based on only 165 short hydrolysis probes, labeled at
the 5' end with fluorescein (FAM) and at the 3' end with a dark quencher dye. The
sequences of the 165 UPL probes detect 8- and 9-mer motifs that are highly prevalent in
the transcriptomes, ensuring optimal coverage of all transcripts in a given transcriptome.
In order to maintain the specificity and melting temperature that hybridizing qPCR
probes require, Locked Nucleic Acids (LNA, DNA nucleotide analogues with increased

binding strengths compared to standard DNA nucleotides) are incorporated into the
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sequence of each UPL probe. Each PCR reaction was performed as follows: 2.5 pL
cDNA, 1 pL UPL-probe, 0.1 pL forward primer (20 pM), 0.1 pL reverse primer (20
uM), 5 uLL UPL Master Mix and 2.2 uLL water.

The thermocycler PCR conditions were:

Cycles | Temperature | Hold Ramp rate
°Cl/s
Preincubation | 1 95°C 5 min 4.4
Amplification | 40 95°C 10 sec 4.4
60°C 30 sec 2.2
72°C 1 sec 4.4
Cooling 1 40°C 10 sec 1.5

Table 6. Cycling conditions for RT-qPCR.

To estimate relative transcript levels we used the comparative Ct method. The
Threshold cycle (Ct) is the cycle number at which the fluorescence signal crosses the
threshold. It is also called Cp (Cross point cycle) for LightCycler terminology. The Ct
value is obtained by comparing the samples of interest with a control, or calibrator, such
as a non-treated sample or RNA from normal tissue. The Ct values of both the calibrator
and the samples of interest are normalized to an appropriate endogenous housekeeping

gene:
AACt = ACt, sample - ACt, reference

where ACt, sample is the Ct value for any sample normalized to the endogenous
housekeeping gene and ACt, reference 1is the Ct value for the calibrator also normalized
to the endogenous housekeeping gene. To calculate the expression change in fold, it is

necessary to calculate the value of 2 24" .

3.4 Primers

Primers (Table 7) were designed using the Universal ProbeLibrary Assay design

center (htips.//qpcr.probefinder.com/organism.jsp).

3.5 mRNA-Seq library generation
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In order to proceed with massively parallel sequencing of cDNA produced from
total RNA and polysomal-bound RNA (RNA-seq) we generated a RNA-seq library. The

protocol consists of the following steps:
RNA was extracted with TRIZOL as described above:

1. Purification of mRNA by PolyA Selection. A hundred and fifty pL of oligo-dT

DynaBeads were collected and washed twice in 100 pL of 2 times concentrated (2X)
binding buffer (20 mM Tris-HCI1 pH 7.5; 1.0 M LiCl; 6.7 mM EDTA). A hundred pg
total RNA were diluted in 50 pL. with DEPC-treated water and heated 2 min at 80°C.
One pL. SUPERaseln was added. After removing the binding buffer from the beads,
the RNA was added and beads were incubated 5 min at RT in the thermomixer at 400
RPM. Beads were washed twice in 100 pL wash buffer (10 mM Tris-HCI1 pH 7.5; 0.15
LiCl; 1 mM EDTA) to remove non-specific binding, and resuspended in 40 pL of 10
mM Tris-HCI pH 7.0. The RNA was eluted from the beads by heating 2 min at 80°C
and placing the tube on magnet for 30 seconds. The eluted RNA suspension was

transferred to a new non-stick tube on ice.
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Gen UPL probe Forward primer 5° > 3° Reverse primer 5’ > 3°
ABCB1 #17 (CAGCTCCT) TGTGGGA A GA AGA GCACAGTGG TTTATTTCTTTGCCATCAAGCA
ALDHI1A1 #34 (AGAGGCAG) GCTCTCCACGTGGCATCT GCCCCATAACCAGGAACAAT
CCNG2 #55 (GGAGAGGA) GGGGGTTGTTTTGATGAAAGT TTGATCA CTGGGA GGA GAGC
CD133 #86 (GCAGTGGA) GGAAACTAAGAAGTATGGGAGAACA CGATGCCACTTTCTCACTGAT
CDH-1 #35 (AGAAGAGGA) CCCGGGACAACGITTATTAC GCTGGCTCAAGTCAAAGTCC
CDH-2 #15 (TCCTGCTC) TGCACAGATGTGGACAGGAT CCACAAACATCAGCACAAGG
JUN #19(CTCCAGCC) CCAAAGGATAGTGCGATGITT CTGTCCCTCTCCACTGCAAC
EIF4E #76 (TGGCTGTG) TTTTGGGCTCTGTACAACCA CCCACATAGGCTCAATACCATC
EIF4EBP1 #52 (GGGAGGAG) GCGCAATAGCCCAGAAGATA TCATAAGGCCTGGCTGGT
EIF4EBP2 #12 (CTCCTTCC) TTCTGTGACCCTTTCGCTTT ACAGCCCCAGGACAGGTAG
EIF4EBP3 #52 (GGGAGGAG) AACGCCAGGCGGTTACTT GGCAGCTAGTGGACGTTGA
HMBS #26 (CAGCCCAQG) TGTGGTGGGAACCAGCTC TGTTGAGGTTTCCCCGAAT
KLF4 #82 (CAGAGGAG) GCCGCTCCATTACCAAGA TCTTCCCCTCTTTGGCTTG
KLF9 #76 (TGGCTGTG) CTCCGAAAAGAGGCACAAG CGGGAGAACTTTTTAAGGCAGT
KRT18 #85 (GACCTGGA) GA GGTTGGA GCTGCTGAGAC ACCTCCCTCAGGCTGITCTC
LEF1 #31 TGAATCAGGTACAGGTCCAA CGTTGGGAATGAGCTTCG
LIN28A #23 (GGGCTGGQG) GAAGCGCAGATCAAAAGGAG GCTGATGCTCTGGCAGAAGT
MYC #34 (AGAGGCAGQG) CACCAGCAGCGACTCTGA GATCCAGACTCTGACCTTTTGC
NANOG #69 (CTTCCTCC) ATGCCTCACACGGAGACTGT AGGGCTGTCCTGAATAAGCA
PDCD4 #10 (CCACCTCC) TGGAAAGCGTAAAGATAGTGIGTG AATATTCTTTCAGCAGCATATCAATC
POUSF1 #52 (GGGAGGAG) GTGCCTGCCCTTCTAGGAAT GGCACAAACTCCAGGTTTTCT
PTOV1 #9 (CATCACCA) GCTTCGTCAGTGCCATCC TGAGTTGACACCACCAGGTC
SNAIl #11 (CTTCCAGC) GCTGCAGGACTCTAATCCAGA ATCTCCGGA GGTGGGATG
SOX2 #19 (CTCCAGCC) ATGGGGTTCGGTGGTCAAGT GGA GGAAGAGGTAACACAGG -
TBP #87 (CTGCCACC) GAACATCATGGATCAGAACAACA ATAGGGATTCCGGGAGTCAT =
TUBB2B #78 (AGCTGGAG) TTGACCCCACTGGCAGTTAC GATGGGCCCGAGGAACATA é
TUBB4A #55 (GGAGAGGA) GGGGCAGTGACCTGCAA GGGGACATAATTTCCTCCTGT 6
TWIST1 #6 (TTCCTCTG) GGCATCACTATGGACTTTCTCTATT GGCCAGTTTGATCCCAGTATT
VIMENTIN #16 (GGAGGCAG) AAAGTGTGGCTGCCAAGAAC AGCCTCAGAGAGGTCAGCAA
ZEB1 #3 (CTGCTGGG) GGGA GGAGCAGTGAAAGAGA TTTCTTGCCCTTCCTTTCTG
B-ACTIN #11 (CTTCCAGC) ATTGGCAATGAGCGGTTC CGTGGATGCCACAGGACT

Table 7. Primers used in RT-gPCR.

2. mRNA alkaline fragmentation. Forty pL of 2X alkaline fragmentation solution (100
mM NaCO3 pH 9.2; 2 mM EDTA) were added to mRNA and incubated 20 min at
95°C. Then 0.56 mL stop/precipitation solution (0.3M NaOAc pH 5.5; Glycoblue 50

pg/mL) and 0.75 mL isopropanol were added and mixed well. Samples were frozen
O/N at -80°C. Then samples were spun 30 min at 20,000 xG to pellet nucleic acids and
pellet was washed in 0.75 mL 80% ice-cold ethanol. Samples were spun 5 min at
20,000 xG. Ethanol was removed and pellet was resuspended in 10 pL. 10 mM Tris-
HCI pH 7.0.

In order to test if fragmentation worked, fragmented samples were run on 10% TBE
Urea gel (Novex, Invitrogen). Ten pL of fragmented RNA sample plus 10 uL 2X Urea
sample loading buffer (Novex, Invitrogen) were denatured 80°C for 2 minutes and

loaded in the gel. Gel was run at 200 V for 50 min. Gel was stained with 6 pL. SYBR
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Gold in 60 mL 1X TBE for 5 min. Fragments of 30-80 nucleotides in size were

quickly visualized under U.V. lamp and excised.

3. mRNA Gel extraction. A 21-gauge needle was used to pierce the bottom of 0.5 mL

tubes that were placed inside a non-stick 1.5 mL tube. The gel slices containing the
desired RNA fragments were excised, placed into 0.5 mL tubes and spun 3 min at
20,000 xG to force the gel through the needle hole. 500 uL 10 mM Tris pH 7.0 were
added to gel pieces and incubated 10 minutes at 70°C in the thermomixer at 1,400
RPM. Gel mixtures were transferred to Costar Spin-X column (Sigma), centrifuged 3
minutes at 20,000 xG and the eluted mixtures were recovered in a new non-stick tube.

Two pL glycoblue plus 65 pL. 3M NaOAc were added.

4. mRNA Precipitation. 0.6 mL isopropanol were added, mixed well and samples were

store at -80°C O/N. Samples were then spun 30 min at 20,000 xG at 4°C to pellet
nucleic acids. Pellets were washed twice in 0.75 mL 80% ice-cold ethanol and spun 5

minutes at 20,000 xG at 4°C. Ethanol was removed and samples were resuspended in

25 uL 10 mM Tris-HCI pH 7.0.
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5. T4 Polynucleotide Kinase (PNK) 3’ dephosphorylation. T4 PNK (New England

BioLab) catalyzes the removal of 3’ phosphoryl groups from 3’-phosphoryl
polynucleotides, deoxynucleoside 3’-monophosphates and deoxynucleoside 3’-
diphosphates increasing the efficiency of the subsequent ligation. All 25 pL of gel
extracted RNAs were denatured for 2 minutes at 80°C on thermomixer without
shaking. 22.5 uL of PNK reaction mix (5 pL 10X PNK buffer, 1.25 pL SUPERaseln
(20 U/ pL), 16.25 DEPC water) plus 2.5 pL T4 PNK (10 U/ pL, New England
BioLab) were added to samples and incubated at 37°C for 1 h, then at 75°C for 10 min
to inactivate the enzyme. 450 uL. DEPC-treated water, 56 pL 3M NaOAc, 2 uL
glycoblue were added to reaction tube and mixed. Precipitation step was carried out as
previously described in step 4. Pellet was resuspended in 9 pL 10 mM Tris-HCI pH
7.0.

6. Small RNA Bioanalysis. One pL of PNK treated sample plus 4 pL. DEPC water

were denatured 2 minutes at 75°C. Bioanalysis was performed following Agilent
Small RNA bioanalysis protocol. Peaks should correspond to expected sizes between
30 and 80 bp (ideally 50 nt). Bioanalyzer provides concentration as pg/uL. To

calculate concentration of sample in pmol we assume for the average 30 bp fragment a
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molecular weight of 9133 g/mL (9133 pg/pmol). Take into account the dilution factor

of the sample in water (*5):

pmol/uL= (X pg/uL (what bioanalyzer provides)*5 / 9133 pg/pmol (average
molecular weight of 30 bp fragment)

7. Adapter ligation. 10 pmol of dephosphorylated RNA (but not more than 5 pL total

volume) was used for ligation. In addition, a fifth to the same amount of
dephosphorylated RNA was taken as unligated control sample for further use. The rest
of sample was frozen at -80°C. Samples were denatured for 2 minutes at 80°C and
placed immediately on ice. 8 L 50% PEG (MW 8.000), 2 uL DMSO, 2 uL 10X RNA
ligase buffer, 1 uL SUPERaseln (20U/ uL), 1 pL Linker-1 1 pg/ uL (Table 8), 1 uL
Truncated T4 RNA ligase 2 (NEB M0242L) were added and mixed well. Samples
were incubated at 37°C for 2 hours, and precipitated with 450 uL DEPC water, 56 pL
3M NaOAc and 2 pL glycoblue. Pellets were resuspended in 8 pLL 10 mM Tris-HCI
pH 7.0 and samples were added with 8 pL 2X TBU denaturing buffer. Ligated
products and unligated control were loaded in 10% TBE-urea gel and ran at 200 V for
50 minutes. Gel was stained with SYBR gold and the ligated fragments (around 70 nt)
were cut out. Gel extraction and precipitation of RNA was performed as previously

described. Samples were resuspended in 10 puLL 10 mM Tris-HCI pH 7.0.

8. Reverse transcription (RT). 3.28 uL 5X First Strand Buffer, 0.82 pLL ANTPS 10 mM
each and 0.5 pL of the primer 0225-link1 at 20uM (Table 8) were added to 10 puL of

ligated RNA. Samples were denatured 5 minutes at 65°C in the thermomixer and
placed immediately on ice. 0.5 pL SUPERaseln (20U/ uL), 0.82 uL 0.1M DTT and
0.82 uL Superscript III were added to samples and incubated 30 minutes at 50°C. To
destroy RNA, 1.8 uL 1M NaOH were added to samples and incubate 20 minutes at
98°C. Nineteen pL 2X TBU denaturing loading buffer were added to samples. Also
the 10bp ladder and 0225-link1 was used for loading reference. Denatured samples
were loaded on a 10% TBU gel. Each sample was split between two lanes (19 pL
each). The gel ran at 200V for 65 minutes and was stained with SYBR gold. The band
corresponding to the elongated product was cut out to carefully avoid mixing it with
the primer band. Gel extraction and precipitation were carried out as above. Pellets

were resuspended in 15 uL of 10 mM Tris-HCI pH 7.0.
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9. Circularization. Samples were circularized using CircLigase (Epicentre, Madison,

Wisconsin). Two pL 10X Cire buffer, | pL ImM ATP, 1 pL 50 mM MnCl,, 1 pL Circ

Ligase (Epicentre) were added to the 15 uL of RT product and mixed well. Samples
were incubated at 60°C for 60 min. As Circ Ligase shows some base bias, preferring to
ligate 3> A’s and T’s over G’s and C’s, 1 pL Circ Ligase was added again and
incubated at 60°C for 60 min. Then, samples were incubated at 80°C for 10 minutes to
heat inactive the enzyme. Put tube on ice to proceed with rRNA subtraction or store at

-20°C.

10. Subtractive hybridization to remove rRNA-derived fragments. Streptavidin CI

DynaBeads (Invitrogen) were prepared as follows: for each sample, 40 pL of beads
were aliquoted into a microcentrifuge tube and washed three times in 1X My One C1
dynabead B&W buffer (5 mM Tris-HCI pH 7.5; 0.5 mM EDTA; 1M NaCl and 0.01 %
Tween). Equilibrated beads were resuspended in 20 puL of of 2X My One C1 dynabead
B&W buffer (10mM Tris-HCI1 pH 7.5; 1 mM EDTA; 2 M NaCl and 0.01 % Tween).
To 5 pL circularized cDNA the following were added: 2 pL. 20x SSC (Ambion), 11
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pL nuclease-free water, and 2 uL of a 70 puM mixture of the biotinylated

oligonucleotides (Table 8). Samples were denatured for 2 minutes at 95°C and
annealed for 20 minutes at RT. 20 uL of equilibrated beads were added to 20 uL
hybridized samples. The mixture was incubated 20 min at RT in the thermomixer with
shaking (400 RPM). Beads were then separated on a magnetic manifold (Invitrogen)
and the supernatant recovered to a new 1.5 mL non-stick tube. cDNA was precipitated
by adding 60 pL 10 mM Tris-HCI pH 7.0, 7 uL 5 M NaCl and 2 pL glycoblue, 150
pL isopropanol and incubated O/N at -80°C. Precipitation was performed as described

above. Pellets were resuspended in 10 pLL 10 mM Tris pH 7.0.
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Oligo Purpose Sequence
Linker-1 3' cloning adaptor for RNA fragments App/CTGTAGGCACCATCAAT/3ddC
0225-link1 Primer for reverse transcription 5'/5phos/GATCGTCGGACTGTAGAACTCTGAACCTGTCGGTGGTCGCCGTATCATT/isp18/
CACTCA/ISP18/CAAGCAGAAGACGGCATACGAATTGATGGTGCCTACAG
oNTI298 Subtractive hybridization of rRNA-derived /5Biosg GGGGGGATGCGTGCATTTATCAGATCA
fragments
oNTI299 Subtractive hybridization of rRNA-derived /5Biosg TTGGTGACTCTAGATAACCTCGGGCCGATCGCACG
fragments
oNTI300 Subtractive hybridization of rRNA-derived /5BiosgflGAGCCGCCTGGATACCGCAGCTAGGAATAATGGAAT
fragments
oNTI301 Subtractive hybridization of rRNA-derived /5Biosg TCGTGGGGGGCCCAAGTCCTTCTGATCGAGGCCC
fragments
oNTI302h Subtractive hybridization of rRNA-derived /5Biosg GCACTCGCCGAATCCCGGGGCCGAGGGAGCGA
fragments
oNTI303m Subtractive hybridization of rRNA-derived /5Biosg GGGGCCGGGCCGCCCCTCCCACGGCGCG
fragments
oNTI303h Subtractive hybridization of rRNA-derived /5Biosg GGGGCCGGGCCACCCCTCCCACGGCGCG
fragments
oNTI304m Subtractive hybridization of rRNA-derived /5Biosg CCCAGTGCGCCCCGGGCGTCGTCGCGCCGTCGGGTCCCGGG
fragments
oNTI305 Subtractive hybridization of rRNA-derived /5Biosg TCCGCCGAGGGCGCACCACCGGCCCGTCTCGCC
fragments
oNTI306 Subtractive hybridization of rRNA-derived /5Biosg AGGGGCTCTCGCTTCTGGCGCCAAGCGT
fragments
oNTI307m Subtractive hybridization of rRNA-derived /5Biosg GAGCCTCGGTTGGCCCCGGATAGCCGGGTCCCCGT
fragments
oNTI307h Subtractive hybridization of rRNA-derived /5Biosg GAGCCTCGGTTGGCCTCGGATAGCCGGTCCCCCGC
fragments
oNTI308 Subtractive hybridization of rRNA-derived /5Biosg TCGCTGCGATCTATTGAAAGTCAGCCCTCGACACA
fragments =
oNTI309 Subtractive hybridization of rRNA-derived /5Biosg TCCTCCCGGGGCTACGCCTGTCTGAGCGTCGCT i
fragments g
NG30h Subtractive hybridization of rRNA-derived /5Biosg CCCAGTGCGCCCCGGGCGGGTCGCGCCGTCGG _g
fragments @)
NG31h Subtractive hybridization of rRNA-derived 5Biosg/ CCGCCGGTGAAATACCACTACTCTGATCGTTTTTTC
fragments

Table 8. Cloning oligos used in this thesis.

11. PCR reaction. Circularized libraries were amplified by 11 PCR cycles using the

reverse primer oNTI231 and any of the indexing primers (Table 8) using Phusion
High-Fidelity (HF) DNA polymerase (Finnzymes by ThermoScientific). Indexed
primers are unique synthetic oligonucleotide index sequences added to forward primer
sequence in order to distinguish samples after sequencing. Each sample amplified with
a unique set of these indexed primers. PCR master mix (16.7 uL 5X HF buffer; 1.7 uL
dNTPs 10 mM each; 0.4 uLL oNTI231 primer at 100 uM; 50.6 uL DEPC water and 0.8
pL Phusion polymerase) and 4 pL indexed primer (10 uM) were added to 10 pL
circularized subtracted sample (Table 9). Samples were mixed and split in 5 PCR

tubes, 16.7 uL per tube. PCR was performed as following:

a) 98°C, 30 sec
b) 98°C, 10 sec
c) 60°C, 10 sec
d) 72°C, 5 sec
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e) Repeat b-d 11 cycles
f) 4°C, 0

Each PCR tube was added with 3.4 uL 6X loading dye and samples (20 puL per lane)
were ran on a 8% TBE gel 60 minutes at 180V. Gel was stained with SYBR gold and
amplified products (around 160 pb) were cut out. Gel extraction was performed by
adding 400 uL DNA gel extraction buffer (SM NaCl; IM Tris pH 8.0; 500 mM
EDTA). Samples were kept in dry ice for 30 min and shaked O/N at 4°C. 50 pL of 5SM
NaCl and 0.1 pL of Glycoblue were added to precipitate samples. Pellet was
resuspended in 10 uL 10 mM Tris-HCI pH 7.0.

12. Check library quality by Bioanalyzer. High Sensitivity DNA chip (Agilent) was

used for checking DNA quality following manufacturer’s protocol. Note that peaks

must correspond to the expected size (160 nt), no other bands should be present.

Oligo Sequence 5'-3'

0231 CAAGCAGAAGACGGCATACGA

0CJ30 (TruSeq Index 1) AATGATACGGCGA CCA CCGA GATCGGA A GA GCACA CGTCTGA ACTCCAGTCACATCACGCGA CAGGITCAGAGITC

0CI31 (TruSeq Index4) AATGATACGGCGA CCA CCGA GATCGGA A GA GCACA CGTCTGA ACTCCAGTCACTGACCACGA CAGGTITCAGAGITC

0CJ32 (TruSeq Index 7) AATGATACGGCGA CCA CCGA GATCGGA A GA GCACA CGTCTGA ACTCCAGTCACCAGATCCGA CAGGTITCAGAGITC

0CJ33 (TruSeq Index 6) AATGATACGGCGA CCACCGA GATCGGA A GA GCACACGTCTGAACTCCAGTCACGCCAATCGACAGGITCAGAGITC

0CJ35 (TruSeq Index 5) AATGATACGGCGA CCACCGA GATCGGA A GA GCACACGTCTGA ACTCCAGTCACACAGTGCGACAGGITCAGAGITC

0CJ38 (TruSeq Index 8) AATGATACGGCGA CCACCGA GATCGGA A GAGCACACGTCTGAACTCCAGTCACACTTGACGA CAGGTTCAGAGITC

0CJ39 (TruSeq Index9) AATGATACGGCGA CCACCGA GATCGGA A GA GCACACGTCTGA ACTCCAGTCA CGATCAGCGA CAGGTITCAGAGITC

0CJ40 (TruSeq Index 10) AATGATACGGCGA CCACCGA GATCGGA A GA GCACA CGTCTGAACTCCAGTCACTAGCTTCGA CAGGTTCAGAGITC

0CJ41 (TruSeq Index11) |AATGATACGGCGA CCACCGA GATCGGA AGA GCACACGTCTGA ACTCCAGTCACGGCTACCGACAGGTTCAGAGITC

Table 9. Indexed primers for PCR amplification.
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Alkaline fragmentation and ¥ — i
fragment size selection (50 5 3p ;
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3" Ligation of adaptor and
Reverse Transcription

D' 3'ddC
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Figure 13. Schematic of mRNA-seq library generation.
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3.6 RNA interference to study gene function

The use of RNA interference (RNA1) has emerged as a powerful tool for the study
of gene function in mammalian cells. The mechanism is based on the sequence-specific
degradation of host mRNA through the cytoplasmic delivery of double-stranded RNA
(dsRNA) complementary to the target sequence. Degradation of target gene expression
involves the endogenous RNA-induced silencing complex (RISC) with the assistance of

Argonaute (Ago) proteins [229].

A form of RNAI involves the use of short hairpin RNAs (shRNAs) synthesized
within the cell by DNA vector-mediated production. shRNAs may be transfected as
plasmid vectors encoding shRNAs transcribed by RNA Pol III or modified Pol II
promoters, but can also be delivered into mammalian cells through infection of the cell
with virally produced vectors. sShRNAs are capable of DNA integration and consist of
two complementary 19-22 bp RNA sequences linked by a short loop of 4-11 nt similar to
the hairpin found in naturally occurring miRNA. Following transcription, the shRNA
sequence is exported to the cytosol where it is recognized by an endogenous enzyme,

Dicer, which processes the shRNA into short interfering RNA (siRNA) duplexes.

Lentiviral vectors carrying short-hairpin RNA to PTOV1 were obtained from
Sigma’s MISSION shRNA Library (Table 10).

shRNA ID PTOV1 target sequence
PTOV1 TRCN0000143905 CCTGTACTCTTCAGAGAAGAA
PTOV1 TRCN0000140104 GTTCCACTTCACCAACAGAGA
PTOV1 TRCNO0000139737 CCTGTACTCGTCCAAGAAGAA

Table 10. ShRNA sequences used for stable knockdown of PTOV1

Tet-on inducible systems provide induced expression of a given sequence (gene,
shRNA) in the presence of doxycycline (Dox) by two main components: i) the
tetracycline response element (TRE) and 1ii) the transactivator [230, 231]. The
transactivator binds to and activates the TRE promoters in the presence of doxycycline.
In this vector the presence of Dox also drives the expression of a Red Fluorescen Protein

(RFP) reporter to easily observe expression from the TRE promoter (Figure 14).
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Figure 14. Schematic and features of the pTRIPZ Inducible Lentiviral sShRNA vector. TRE, Tetracycline-
inducible promoter; tRFP, TurboRFP reporter for visual tracking of transduction and shRNA expression;
shRNA, microRNA-adapted shRNA (based on miR-30) for gene knockdown; UBC, Human ubiquitin C
promoter for constitutive expression of rtTA3 and puromycin resistance genes; rtTA3, Reverse
tetracycline-transactivator 3 for tetracycline-dependent induction of the TRE promoter; PuroR; Puromycin
resistance permits antibiotic-selective pressure and propagation of stable integrants; IRES, Internal
ribosomal entry site allows expression of rtTA3 and puromycin resistance genes in a single transcript.

pTRIPZ™ Inducible Lentiviral shRNA to inhibit PTOV1 expression were purchased
from ThermoScientific (Alcobendas, Madrid, Spain) (Table 11).

shRNA ID PTOV1 target sequence

PTOV1 V2THS 154353 CTGTACTCTTCAGAGAAGA: sense
Mature Antisense: TCTTCTCTGAAGAGTACAG

PTOV1 V3THS 346191 AGAGACTGCGACTCGCTCA:sense
Mature Antisense: TGAGCGAGTCGCAGTCTCT

PTOV1 V3THS 346196 GCGTGCACTTTTCCTACAA sense
Mature Antisense: TTGTAGGAAAAGTGCACGC

Table 11. pTRIPZ inducible lentiviral ShRNA sequences used for inducible knockdown of PTOV 1.

4. DNA manipulation
4.1 Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) assay is a powerful method for
studying interactions between specific proteins and a genomic DNA region. This assay
can be used to determine whether a transcription factor interacts with a candidate target
gene sequence. ChIP was performed using EZ ChIP TM Kit (Millipore) following
manufacturer’s instructions. Briefly, 3x10° cells were seeded on 15 cm diameter plates.
Two plates were used for ChIP. The following day, cells were fixed with 1%
formaldehyde and incubated 10 minutes at RT to crosslink proteins and DNA. Next, 1
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mL of 1.25M Glycine was added to quench unreacted formaldehyde and cells were
incubated for 5 min at RT. Cells were washed in PBS and spun at 700 xG for 5 minutes.
Cell pellets were resuspended in 1 mL SDS Lysis Buffer (1% SDS, 10 mM EDTA, 50
mM Tris pH 8.1) containing Protease Inhibitor Cocktail II. Supernatant was aliquoted
(400 pL) and cross-linked chromatin was sonicated to generate smaller DNA fragments.
Twenty pL of protein G magnetics beads (Invitrogen) were used for each
immunoprecipitation (IP). Magnetic protein G beads (Invitrogen) were prepared for IP by
washing them in dilution buffer and incubation overnight with the desired antibody. For
PTOVI1 immunoprecipitation the rabbit PTOV1 antibody (4 pg) was used. Positive
controls were antibodies to total RNA-Polymerase II (1 pg) and phosphorylated RNA-
Polymerase II (1 pg). Negative controls were mouse IgG and rabbit IgG (1 ug each).
Extra beads bound to unspecific antibodies (IgG mouse or IgG rabbit) were prepared to
prewash cell supernatants before the IP. Supernatants were incubated with IgG
mouse/rabbit coated-beads 3 h at 4°C for prewashing. Then, 1% supernatant was taken as
Input and stored at -20°C for further use. Supernatants were incubated with appropriate
antibody-coated beads O/N at 4°C with rotation. Any DNA sequences associated with the
target protein will co-precipitate as part of the cross-linked chromatin complex. After IP,

beads were washed twice in each of the following buffers:

- Low salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl)

- High salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NaCl)

- LiCl immune complex wash buffer (0.25M LiCl, 1% IGEPAL-CA630, 1%
deoxycholic acid (sodium salt), 1 mM EDTA, 10 mM Tris-HCI pH 8.1)

- TE buffer (10 mM Tris-HCI, 1 mM EDTA pH 8.0)

To elute Protein/DNA complexes 100 pL of Elution buffer (EB) (10 uL 20% SDS,
20 uL IM NaHCOs and 170 pL dH,0) was added to antibody/beads complex. For input
tubes, 200 pL of EB were added. Samples were incubated for 15 min at RT. One
hundred pL of EB was added again to antibody/beads complexes and samples were
incubated 15 more min. To reverse crosslinking and to free the DNA, samples were
added with 8 uLL 5M NaCl followed by O/N incubation at 65°C. Next, all samples were
added with 1 pL of RNAse A (10 mg/ml) and incubated for 30 minutes at 37°C. Then, 4
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pL 0.5M EDTA, 8 uL IM Tris-HCl and 1 pL Proteinase K (10 mg/mL) were added and
samples were incubated at 45°C for 2 hours. Finally, the DNA was purified using Illusta
GFX PCR DNA Purification kit and it was eluted in 50 uL of EB and stored at -20°C for
further use. This DNA was used as template for PCR reactions with specific primers
(Table 12) using the Hot-Start 7ag polymerase (Platinum PCR master mix, Invitrogen).
Reactions were as follows: 25 pL Platinum mix, 1 pL Forward primer (10 uM), 1 pL
Reverse primer (10 uM) and 2 pL of desired DNA. The amplification cycles were as

follows:

Initial denaturation 94°C 5 min

Denature 94°C 20 sec

Anneal 57°C 30 sec repeat for 37 cycles
Extension 72°C 30 sec

Final extension 72°C 2 min

A

E

E Gene Forward primer 5°>3’ Reverse primer 5°>3’

° ABCBI promoter 1 AAGGTCTTCCCAGTAACCTACCA | GGCAGGCTTGAAAGCACTAAT
ABCBI promoter 3 CTCTGCCTTCGTGGAGATGC CGGTCCCCTTCAAGATCCAT
ALDHIAI promoter TGGAGCGTGCCGTCCTTTAT TAACCCAAAACTCCGCTCACC
CCNG?2 promoter GAGCGTGACATTCCCCCAA AAAGTCCGCCCAAAGTAGCC
LIN284 promoter GAGGGGGTGTCAAACCTCAA AAGGCAAAGGGTTGGTTCGG
NANOG promoter CCATTCCTGTTGAACCATATTCCT ACTGACCCACCCTTGTGAAT
TUBB2B promoter CCTCCATCGTTCCCATCCG CCGGCTGACGTAATGCTCC

Table 12. Primers used for ChIP experiments.

Samples were loaded in an acrylamide gel prepared as follows:

Reagent Volume (mL)
30% Acrylamide mix 2

TBE buffer 2

ddH,0 6

APS 10% 0.060
TEMED 0.0075

Table 13. Preparation of acrylamide gel for ChIP assays.
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Gel was stained with SYBR SAFE and visualized with a Molecular Imager Gel
Doc™ XR system (BioRad).

4.2 Vectors and constructions
All plasmid vectors employed in this thesis are listed below:

HA-PTOV1
Full length human PTOV1 ¢cDNA was obtained from clone IMAGE ID 5928807

and subcloned into EcoRI and Xhol sites of pCMV-HA (Clontech Laboratories,

Mountainview, CA) to generate pHA-PTOV1[101].

SV4D SOfSA

HA o

PCMV'HA tag

38kb V40
poly A5~

GFP-PTOV1
Constructs for the expression of chimeric GFP-PTOV1 were generated in pEGFP-

N1 (Clontech) by placing the full-length PTOV1 ¢cDNA in frame and downstream with
GFP, either at the amino or the carboxyl termini of PTOV1 [73] .
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pLucire-HA-PTOV1
The lentiviral pHA-PTOV1-IRES-GFP plasmid was generated by replacing the

Luciferase sequences from pRRL-Luc- IRES-EGFP (a gift from D. Luis Alvarez-Vallina,
Hospital Universitario Puerta de Hierro, Madrid, Spain) with the N-terminal HA-tagged

human full-length PTOV1[101].
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c-Jun-HA

c-Jun full length cDNA placed in frame with HA tag in the p-CMV-HA vector
(Clontech), was kindly provided by D. Bohmann, (University of Rochester Medical
Center, Rochester, NY).

P
CMVIE Xba | (gz5)

V4D sn_-sn\f
pCMV-HA [ ==MCS
3.8kb SVaD
poly A 3
D

Xba

[1125)
= puc on__

pCMV-TAM67
The mutant c-Jun TAM-67 [232] was cloned as an EcoRI fragment then blunted

and ligated into the Notl site of the pCMV-P expression vector replacing the P-
galactosidase gene. The TAM-67 plasmid was kindly provided by D. Landazuri (Instituto

de Investigacion La Princesa, Madrid, Spain).

PRRL-Luc-IRES-EGFP

Vector was a generous gift of D. Luis Alvarez-Vallina (Unidad de Inmunologia
Molecular, Hospital Universitario Puerta de Hierro, Madrid, Spain). pRRL-Luc-IRES-
EGFP vector drives the expression of luciferase and for its construction, the Nhel/Xbal
fragment derived from the plasmid pGL3 Basic Vector (Promega, Madison, WI, USA)
was ligated into the Xbal digested backbone of plasmid pRRL-IRES-EGFP.

4.3 Preparation of competent bacteria

To increase the DNA transformation efficiency of the bacteria and make them
more susceptible to uptake the plasmid DNAs, we generated competent cells. We used a
protocol based in the use of the alkali metal halid rubidium chloride (RbCl). Escherichia
coli, streak DH5a, were treated with a hypotonic solution containing RbCl expand. As a
result of this treatment, the expulsion of membrane proteins from the bacteria allows

negatively charged DNA to bind. The protocol used is detailed as follows:

Cell strain to be made competent was plated on LB-agar without antibiotics and

incubated O/N at 37°C. A single colony was picked from the plate and inoculated in 30
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mL of LB with 300 uL Mg~ (MgCl, IM + MgSO, 1M). Flasks were shaken O/N at
37°C. Eight mL of the O/N culture were inoculated into a flask containing 200 mL of LB
plus 2 mL of Mg++. Flask was shaken at 37°C until an ODssg of about 0.45-0.55 (about 2
hours). The culture was collected into four sterile 50 mL conical tubes and chilled rapidly
on ice for 15 minutes. Then, cells were pelleted by centrigugation at 2,700 xG for 10 min
at 4°C. The supernatant was discarded and pellets were resuspended gently in 16 mL of
Transformation Buffer 1 (100 mM RbCl, 50 mM MnCl,-4H,0, 30 mM KAc pH 7.5, 10
mM CaCl,-2H,0, 15% Glycerol 99% v/v) and incubated on ice for 15 minutes. After a
second centrifugation at 2,700 xG, the supernatant was discarded and cells were
resuspended in 4 mL of Transformation Buffer 2 (10 mM MOPS, 10 mM RBCI, 75 mM
CaCl,-2H,0, 15% Glycerol). Cells were collected into one conical tube and incubated in
RF2 on ice for 15 min. Then, cells were aliquoted (100 puL each) into chilled 1.5 mL

eppendorf tubes, frozen on dry ice, and stored at -80°C.
4.4 Bacterial transformation, growth and plasmid DNA isolation

We used a standard heat-shock transformation method of chemically-competent

bacteria. The protocol details are below:

One pL of DNA (usually 10 pg to 100 ng) was added to 50 uL of competent
bacteria in a microcentrifuge tube, gently mixed and placed on ice for 30 minutes. The
tube was placed at 42°C for 60 seconds and put it back on ice for 37°C. Two hundred pL
of LB media without antibiotic were added and 60 min at 37°C in a shaking incubator.
Thirty pL of the transformation were plated onto a 10 cm LB agar plate containing the
appropriate antibiotic and plates were incubated O/N at 37°C. A portion of an isolated
colony was scraped with a sterile pipette tip, immersed in a sterile culture tube containing
LB media (3 mL) supplemented with the appropriate antibiotic (100 pug/mL) and shaked
in an orbital shaker at 37°C for 2 h. For plasmid DNA preparation, 3 mL of culture were
placed into a sterile flask (500 mL) containing approximately 100 mL of LB media plus
the appropriate antibiotic and shake in an orbital shaker O/N at 37 °C (no more than 17
h). On the next day, for plasmid DNA isolation we used the Nucleobond AX PC 100 kit
(Macherey-Nagel Gmbh, Diiren, Germany), following the manucfacturer’s instructions.
Briefly, the bacterial cells were lysed by buffers based on the NaOH/SDS alkaline lysis.
After equilibration of the column, the entire lysate was loaded by gravity flow and
simultaneously cleared by column filters. The silica resin consists of hydrophilic,
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macroporous silica beads functionalized with methyl-amino-ethanol that provides a high
overall positive charge density under acidic pH conditions that permits the negatively
charged phosphate backbone of plasmid DNA to bind with high specificity. Plasmid
DNA was bound to the silica resin and after an efficient washing step with ethanol 70%
the DNA was eluted, precipitated with isopropanol, dissolved in water and stored at -

20°C for further use.

5. Protein manipulation

5.1 Protein extraction

Cells and tissues were lysed in a lysis buffer containing 50 mM Tris pH 7.5; 200
mM NaCl; 5 mM EDTA; 0.1% Triton X-100, proteases inhibitors (Proteases Inhibitor
Cocktail from Sigma-Aldrich; 1:200) and phosphatases inhibitors (1 mM Sodium
Fluoride). The protocol is detailed below:

Cells were washed twice with cold PBS and ice-cold lysis buffer was added
(approximately 100 puL per 1x10° cells in 10 cm dish). Adherent cells were collected
using a cell scraper, transferred into a pre-cooled microfuge tube, vortexed and kept on
ice for 30 min. Lysates were centrifuged 15 min at 12,000 xG at 4°C. Supernatant was

collected in a new tube kept on ice and it was stored at -20°C for later use.
5.2 Determination of protein concentration

To determine protein concentration we used the Bradford method. Bovine serum
albumin (BSA) was used as standard. This method can determine the total protein
concentrations in solutions depending on the change in absorbance based of the bound
dye Coomassie Blue G-250 to proteins. A set of BSA (Panreac) standards was created
from a stock of 2 mg/mL (0, 0.25, 0.5, 0.75, 1, 1.5, 1.75 and 2 mg/mL). Five pL of
standards, or sample, were added to a 96 well plate. Then, 200 pL of Bradford solution
(Panreac) was added and plate was incubated for 15 min at RT. Absorbance was
measured at 595 nm in an Epoch™ Microplate Spectrophotometer (BioTek). The values
obtained for the BSA standards were used to construct a standard curve used to compare

the samples values to know their concentration.
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5.3 Protein analysis by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and Western blotting

Western blotting is a widely used technique used in research to separate and
identify proteins. In denaturing SDS-PAGE, a mixture of proteins is separated based on
molecular weight, and not by intrinsic electrical charge of the polypeptide, through gel
electrophoresis. These results are then transferred to a membrane producing a band for
each protein. Later, the membrane is incubated with labels antibodies specific to the
protein of interest [233].

Protein samples 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. The concentrations of all the components of the polyacrylamide gels
used in this thesis are shown in Table 13. Generally, at least 30 pg of protein lysate was
added to sample wells at the top of the gel. One well was loaded with molecular weight
markers to help in the identification of the protein sizes and to monitor electrophoretic
run. 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.

Stacking gel | Resolving gel | Resolving gel | Resolving gel
5% (10mL) 8% (10 mL) | 10% (10 mL) | 12% (10 mL)
ddH,O0 6.8 mL 4.6 mL 4 mL 3.3mL
Acrylamide: Bisacrylamide 1.7mL 2.7mL 3.3 mL 4 mL
(29:1)
Tris-HCI 1M 1.25mL 2.5mL 2.5mL 2.5mL
(pH 6.8) (pH 8.8) (pH 8.8) (pH 8.8)
10% SDS 100 pL 100 L 100 pL 100 pL
10% APS 100 pL 100 L 100 pL 100 pL
TEMED 10 pL 6 uL 4 uL 4 uL

Table 14. Preparation of acrylamide-bisacrylamide gels for Western blotting.

After the electrophoresis, the separated proteins were transferred onto a solid
support matrix. Electrophoretic wet transfer was used to immobilize proteins onto
polyvinylidene difluoride (PVDF) membranes. PVDF were previously pre-wetted with
methanol prior to submersion in transfer buffer (25 mM Tris-HCI pH 8.3; 192 mM
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glycine; 20% (v:v) methanol). The gel and PVDF membrane were submerged under
transfer buffer in tanks where they were sandwiched between buffer-wetted filter papers
that were in direct contact with flat-plate electrodes. The electric field strength makes
negatively-charged proteins travel towards the positively-charged electrode, but the
membrane stops them, binds them, and prevents them from continuing on. The

electrophoresis conditions for transference were the following:

- For large proteins (>100 kD) the transference was performed slowly O/N at 60
mA/h.
- For small proteins (<100 kD) the transference was run for 2 h at 400 mA/h.

To visualize the transferred proteins, membranes were stained with Ponceau S for 5 min.

Specific proteins in the membranes were detected by incubation with antibodies.

Antibody Origen | Dilution | Reference
Actin I-19 Goat 1/500 Santa Cruz Biotechnology

< Annexin II Mouse 1/500 BD Transduction laboratories

E c-Jun (H79) Rabbit 1/500 Santa Cruz Biotechnology

E c-Myc (9E10) Mouse 1/500 Santa Cruz Biotechnology

° Cyclin B1(V152) Mouse 1/1,000 Abcam
E4-BP1 (53H11) Rabbit 1/1,000 Cell Signaling Technology
E-cadherin (clone 36) Mouse 1/8,000 BD Transduction laboratories
elF4E (C46H6) Rabbit 1/1,000 Cell Signaling Technology
Fibronectin Goat 1/500 Sigma-Aldrich, polyclonal
HA.11 (16B12) Mouse 1/500 Covance
Keratin 18 (CD10) Mouse 1/500 NeoMarkers
N-cadherin (clone 32) Mouse 1/500 BD Transduction laboratories
p-AKT (Ser473) Rabbit 1/500 Cell Signaling Technology
PARP-1(H-250) Rabbit 1/500 Santa Cruz Biotechnology
PDCD4 Rabbit 1/500 Cell Signaling Technology
phospho-E4-BP1 (Thr37/46) Rabbit 1/1,000 Cell Signaling Technology
phospho-eIF4E (Ser209) Rabbit 1/1,000 Cell Signaling Technology
phospho-SAPK/JNK Mouse 1/500 Cell Signaling Technology
(Thr183/Tyr185)
PTOV1 Rabbit 1/500 Made in our laboratory
Puromycin (12D10) Mouse 1/10,000 Millipore
Ribosomal protein S6 (5G10) Rabbit 1/1000 Cell Signaling Technology
SAPK/JNK Rabbit 1/1000 Cell Signaling Technology
Snaill (Sn9H2) Rat 1/500 Abcam
Vimentin (VI-10) Mouse 1/2,000 Abcam
Zeb-1 (H3) Mouse 1/1,000 Santa Cruz Biotechnology

Table 15. Primary antibodies used in Western blotting assays.
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First, membranes were blocked to prevent non-specific binding of the antibodies.
Blocking solution was 5% not-fat milk or BSA solution prepared in Tris Buffer Saline
Tween (TBST) buffer (50 mM Tris-Cl pH 7.5; 150 mM NaCl; 0.1% Tween) for 30 min
incubation. Primary antibodies, prepared in the same solution, were diluted according to
the datasheet information (Table 14) and incubated O/N at 4°C. Membranes were washed
several times in TBST and incubated with secondary antibodies 1 h at RT. Horseradish
peroxidase (HRP)-conjugated secondary antibodies diluted 1:2000 in blocking buffer
were used (Table 15). Finally, ECL Western Blotting Detection reagent (Amersham, GE
Healthcare) was used to reveal the specific proteins on the membranes. This is a light

emitting nonradioactive method for detection of immobilized specific antigens with HRP-

labelled antibodies.

Antibody 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

Table 16. Primary antibodies used in Western blotting assays.

5.4 Analysis of protein stability

In order to determine the half-life of a given protein we utilized the cycloheximide
chase assays. This is a popular method employed to compare protein stability in
eukaryotic cells based in the action of cycloheximide (CHX) as an inhibitor of protein
translational elongation [234]. Briefly, 24 h after seeding cells (3x10° in 6 well plates),
the media was changed to fresh media containing 100 pg/mL CHX. At time t=0, control
cells were lysed (50 mM Tris pH 7.5; 200 mM NaCl; 5 mM EDTA; 0.1% Triton X-100
and proteases inhibitors) and stored at -80°C. Lysates were collected at different time

points and protein extraction was as described above.
5.5 Analysis of protein synthesis

5.5.133S Methionine labeling

Metabolic labeling of cells with low-energy beta-emitting radioisotopes such as

3°S-Methionine is often used to follow the biosynthesis, maturation and degradation of
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proteins in vivo. Labeling of methionine-containing proteins in cells relies in the use of
methionine-free culture media supplemented with a radiolabeled source of *°S. Then, the
neosynthesized protein will be quantified or identified by using a scintillation counter or
by separation on two-dimensional SDS-PAGE gel and autoradiography. Cells (3.5 x 10*
cells/well) in quintuplicates in 6-well plates were incubated for 2 h with Methionine-
Cysteine-free medium supplemented with 10% dialysed serum at 37°C and pulse-labeled
(30 min) with 20 uCi/ml [*°S]-Methionine (EasyTag Perkin Elmer *°S Express Protein
Labeling Mix, NEG772). At the indicated times, cells were lysed in lysis buffer
containing 50 mM Tris pH 7.5; 200 mM NaCl; 5 mM EDTA; 0.1% Triton X-100; and
proteases inhibitors at 4°C and proteins were quantified as described above. Equal
amounts of proteins per condition (20 pg) were precipitated by adding cold ethanol (9
times the volume of the sample). Tubes were incubated 60 min at -20°C and centrifugated
for 15 min at 13,000 xG. Supernatant was discarded and dried-air pellet was redissolved
in 30 pL Tris-HCI 100 nM pH 7.4. Five mL of scintillation fluid was added to samples
and the incorporated radioactivity was quantified on a LS6500 Multi-Purpose [-
Scintillation Counter (Beckman Coplter, Brea, CA).

5.5.2 Surface sensing of translation (SUnSET)

SUNSET is a nonradioactive method to monitor protein synthesis [235]. It is based
in the use of low amounts of puromycin, a structural analog of aminoacyl tRNAs, which
is incorporated into the nascent polypeptide chain preventing elongation. mRNA
translation can be analyzed by Western blotting using a monoclonal antibody to

puromycin. Briefly, the protocol is:

Cells (3 x 10°) were seeded in 6 well plates. Twenty-four hours later cells were
treated with 10 pg/mL puromycin for 10 minutes. Non treated cells were the negative
control. Positive control cells were treated with 10 pg/mL puromycin and 10 pg/mL
cycloheximide for 10 minutes. Cell lysates were collected and analyzed by Western

blotting. Monoclonal puromycin antibody was prepared 1:10,000 in 5% BSA in TBST.
6. In vivo tumorigenic assays

The firefly luciferase gene was integrated into the genome of PC3 cells by

lentiviral transduction of pRRL-Luc-IRES-EGFP. PC3 shControl and PC-3 shPTOV1
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cells (3x10°) in 100 uL of PBS:Matrigel (1:1) were inoculated subcutaneously in the right
flank of 6-week old male SCID-beige mice (n=6 for PC3 shControl; n=4 for PC3
shPTOV1) (Charles River Laboratories, Barcelona, Spain). All animal experimental
procedures were approved by the Vall d’Hebron Hospital Animal Experimentation Ethics
Committee. Tumor growth was monitored twice a week by calliper measurements (D x
d*2, where D is the major diameter and J the minor diameter) and in vivo
bioluminescence imaging (BLI). BLI intensity was quantified in photons per second
(ph/s) using the IVIS Spectrum Imaging System equipped with the Living Image 4.0
software (Caliper Life Sciences, Hopkinton, M). After reaching 1.5 cm in diameter,
tumors were excised, weighted and tumor/control (T/C) weight ratio calculated by
dividing the median value of the tumor weight of the test tumors with respect to the
control group and imaged by ex vivo BLI. Mice were monitored for metastatic growth
after tumor excision to detect secondary metastases by in vivo bioluminescent imaging of
the animals using the IVIS Spectrum. Experimental end-point was metastasis detection
after which mice were euthanized and selected tissues analyzed by ex vivo BLI and then

processed for histopathology.

7. Analyses of genetic alterations in human samples

The mRNA expression of several genes was analyzed from published datasets of
different human primary prostate tumors (GSE46691, n=545; GSE29079, n=95) and
breast tumors (GSE28844, n=61), and gene base survival analysis were performed using

the R2 bioinformatics platform (http:/r2.amc.nl). The most informative probeset,

according to its average present signal (APS) and average value (Avg) was selected in
every dataset and the details of probeset genome location was verified for each gene.
Copy number alterations and mutational profile of a subset of genes in metastatic prostate
tumors were analyzed using cBioPortal platform [236, 237]. Additional analyses of

microarray data were carried out with GEO's DataSet Analysis Tool, GEO2R.
8. Statistics

Results are expressed as the average + standard deviation of the mean. ICs, values
for docetaxel treatments were determined by non-linear regression. For statistical
analysis, depending on whether data were sampled from a Gaussian distribution or not,

the unpaired t-test or Mann-Whitney U test were used to compare two groups. For
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multiple comparisons, ANOVA followed by the Dunnett method or the alternative non-
parametric method (Kruskal-Wallis followed by Dunn method) were employed. To
quantify the association between two quantitative variables, the Spearman correlation was
used for statistical analysis. The Fisher’s exact test was employed to determine whether a
non-random association of co-occurrence between two categorical variables was
significant. A p value < 0.05 was taken as the level of significance. These analyses were

performed using GraphPad Prism 5 software.
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Part of these results was included in this publication:

Regulation of protein translation and c-Jun expression by prostate tumor overexpressed . N.
Marqués*, M. Sesé*, V. Canovas, F. Valente, R. Bermudo, I. de Torres, Y. Fernandez, I.
Abasolo, P.L Fernandez, H. Contrera, E. Castellon, T. Celia-Terrassa, R. Méndez, S. Ramén y
Cajal, T.M. Thomson and R. Paciucci. Oncogene, 2014. 33(9): p. 1124-34.*Equal contribution
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Puente de los Peligros-Murcia (Literally, Brigde of Dangers)

One of the most emblematic structures of Murcia the Puente de los Peligros, also known as
Puente Viejo (Old Bridge), which has been one of main ways to cross the River Segura since it
was completed in 1740 by Toribio Martinez. To build it, a part of the old Church of los Peligros
was removed. Thus, as a reminder of the existence of the sacred place, the Virgen of Los Peli-

gros was kept in its niche close to Brigde for centuries (right picture).
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Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

1. PTOV1 induces a partial epithelial-mesenchymal transition through the

upregulation of c-Jun, snaill and vimentin in prostate cancer cells

In prior studies of our group PTOV1 was shown to be associated with more
advanced stages of several types of cancer [104] and promoted motility and invasive
properties of prostate cancer cells [101]. Its overexpression activated the expression of
the oncogene c-Jun at translation levels but not at mRNA levels. Given this association,
we studied whether the increased motility and invasion induced by PTOV1 was mediated
by an epithelial-mesenchymal transition (EMT) through c-Jun expression. Thus, we
analyzed PC3 cells overexpressing PTOV1, Jun-HA or PTOVI1 plus Tam67 (T), a
truncated form of c-Jun that blocks its activity, for the expression of genes involved in
EMT (Figure 15A).

The overexpression of PTOV1 or c-Jun caused a significant upregulation of Snaill,
Vimentin , N-cadherin and Annexin A2 proteins (Figure 15B), well-characterized
effectors of epithelial-mesenchymal transition and involved in migration and metastasis
[64-66, 238]. However, no significant modulation of other EMT transcription factors
such as Fibronectin, or the cell-cell adhesion protein E-cadherin, known target of Snaill
were observed in PC3 cells [66].Co-transfection with Tam67, abrogated Snaill, Vimentin
and Annexin II upregulation observed by PTOVI1 overexpression, indicating that

PTOV1-promoted EMT requires c-Jun (Figure 15A and B).
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Figure 15. Expression of PTOVI1 induce a partial epithelial-mesenchymal transition through the
upregulation of c-Jun, Snaill and Vimentin in PC3 cells. (A) Microscopic images of PC3 cells transfected
with GFP-PTOV1, Jun-HA, GFP-PTOV1 plus Tam67 (PTOV1-T), Jun-HA plus Tam67 (Jun-HA-T) or
Tam67 alone (T). Fluorescence microscope images were acquired at 4X with an inverted microscope
(BX61, Olympus). (B) Cells transfected as in (a) were analyzed by Western blotting for expression of: c-
Jun, E-Cadherin (E-cad), snaill, vimentin (Vim), fibronectin (FN), N-cadherin (N-Cad), c-Myc, Annexin I1
and B-catenin (B-cat). Actin signal was used to monitor protein loading.

In epithelial non transformed MDCK cells the overexpression of PTOV1 or Jun-
HA provoked similar increased levels of Snaill and Vimentin (Figure 16A and B),
effects that were abrogated by Tam67 mutant. As observed in PC3 cells, no significant
modulation of E-cadherin or fibronectin was observed in MDCK cells (Figure 16B).
These data suggest that PTOV1 induces a partial epithelial-mesenchymal transition
through the upregulation of c-Jun.
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Figure 16. Transfection of PTOV1 or Jun-HA induces an upregulation of Snaill and Vimentin in MDCK
cells. (A) Microscopic images of MDCK cells transfected with GFP-PTOV1, Jun-HA, GFP-PTOV1 plus
Tam67 (PTOV1-T), Jun-HA plus Tam67 (Jun-HA-T) or Tam67 alone (T). Fluorescence microscope
images were acquired at 4X with an inverted microscope (BX61, Olympus) (B) MDCK cells transfected as
in (a) were analyzed by Western blotting for expression of: E-Cadherin (E-cad), Snaill, vimentin (Vim),
fibronectin (FN), N-cadherin (N-Cad). Actin signal was used to monitor protein loading.

To further explore whether PTOV1 was required for transcriptional activity of c-
Jun, PC3 cells knockdown for PTOV1 were transfected with the c-Jun responsive
collagenase promoter or a construct bearing AP1 response elements (TRE). We observed
a significant decrease in the transcriptional activity of those promoters upon PTOV1I
inhibition (Figure 17), suggesting that the full transcriptional activity of c-Jun requires

the presence of PTOV1.

107

Chapter 5




w
]
ol
N
=%
<
=
®}

Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

151 hCTL
c B <hPTOVH = B ow &SROV
o
‘W
® 101 - S o PTOV1
[=
>
ﬁ - .8 e cJn
3 5 . > _
3 —— A _tybulin
0 il
Col-Luc TRE-Luc Col-Luc  TRE-Luc

Figure 17. PTOV1 is required for the transcriptional activity of c-Jun. PC-3 cells, cells knocked down for
PTOV1 by shRNA or control cells were transfected with the plasmids HA-Jun and CMV-Renilla and either
collagenase-Luc or AP1 response element (TRE)-Luc. Forty-eight hours after transfection, transactivation
levels (left-panel) were determined as Firefly luciferase activity normalized to Renilla luciferase activity
and are indicated as Relative Luciferase expression and (right panel) c-Jun and PTOV1 levels were
analyzed by Western blotting.

2. PTOV1 expression correlates with tumor aggressiveness and vimentin

expression in primary human prostate tumors

In orden to study the EMT signature in prostate tumors, we analyzed published
datasets containing information from PCa tissues (n=545) derived from primary
prostatectomies of naive untreated patients. Patients with a higher Gleason score (GS)
have significantly higher levels of PTOVI compared to patients with GS<6 (Figure 18A).
Regarding transcriptions factors inductors of EMT, no significant differences were found
in JUN, SNAIl, CDHI, TWISTI or CDH?2 expression in this database (data not shown).
However, a significant increase in vimentin (VIM) levels was observed in patients with
higher GS (Figure 18A). Furthermore, PTOV1 and VIM levels are significantly higher in
tumors of patients that after radical prostatectomy developed regional or distal metastasis
(Figure 18B). In addition, a statistically significant correlation (r: 0.63; p<0.0001)
exists between the expression of PTOVI and VIM in tumor samples (Figure 18C).

108



Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

PTOV1 Vimentin
* 15-
12- * N 2
0 =
£ s S 4
ol T o P ==. L
ot * = 54 . - .
= 6' - u.
4 T T LE T D L3 | Ll L]
f_ja A D 'T‘/)’ i_}’ A N _1:3,
Gleason score Gleason score
B PTOV1 Vimentin C
154 12+
255 Spearman r. 0.63
X p-value<0 0001
> 10 1
‘ =
2 % s -
& Uzo % S- .... :.
™ o . .y
2 5 : ~ * :
34 " .
0 T T 0 T T 0 T b X
6 9 12
& & s 5
& & & & Log2 PTOV1
® <

Figure 18. Higher PTOVI and Vimentin levels correlate with aggressiveness in prostate tumors. (A) Box
and whisker plots representing PTOV1 and Vimentin expression in tumors with different Gleason obtained
from published prostate cancer gene expression profiles (GSE46691; Gleason score (GS) <6, n= 63; GS 7,
n=271; GS &, n=68; GS >9, n=143). (B) Box and whisker plots representing PTOV1 and VIM expression in
tumors of patients that did not develop metastasis after radical prostatectomy (not met, n=333) compared to
patients that did developed metastasis (met, n=212) (GSE46691).(C) Significant statistical correlation
between the expression of PTOVI and VIM in tumors analyzed in (a). p-value: *< 0.05; **< 0.01; *** <
0.005.

PTOV1 expression was previously found to correlate with prostate cancer
progression showing faint staining in benign peripheral zone (BPZ) and an increasing
intensity from no metastatic primary tumors to metastatic primary tumors and the

corresponding matched lymph node metastatic lesions (Figure 19) [100, 101].
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Figure 19. PTOV1 expression correlates with prostate cancer progression. No metastatic prostate
adenocarcinomas (NMP), metastatic primary tumors (MP) and lymph node metastasis (Met) were analyzed
with antibodies to PTOV 1. Expression levels were semiquantitatively analyzed by the Hscore method. For
comparison, the expression in the benign peripheral prostate associated to tumors (BPZ) was studied.
Adapted from Marqués, Sesé et al. 2014 [101].

The expression status of PTOV1 in metastatic tumor specimens from a wide range
of metastatic sites including bone, liver, brain, lymph node or lungs, was also analyzed
using available datasets from cBioPortal [236, 237]. Metastatic samples were derived
from individuals with castration resistant tumors. The transcript levels of PTOVI are
strikingly upregulated in 94% of metastatic samples (Figure 20A). At DNA levels
PTOVI is amplified in 19% of metastatic specimens, whereas only 0.3% of primary
adenocarcinomas show PTOV1 amplification (Figure 20B). Most alterations in
metastatic specimens cover the complete amplification of the gene, and include also the
amplification of neighboring genes MED?25 and AKTISI (Figure 20C). Of those
metastatic samples with mRNA data (n=49), 69.4% of samples present elevated levels of
both PTOV1 and VIM, although analysis of co-ocurrence alteration does not reach
statistical significancy (Figure 20D). All together, these data support a role of PTOV1 as
a promoter of a partial EMT state and suggest the expression of PTOV1 is associated to

the metastatic phenotype in prostate cancer.
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Figure 20. PTOV1 is amplified and overexpressed in metastatic prostate cancer. (A) mRNA alteration
frecuency of PTOV1 (z-score threshold +1.8) in primary [239] and metastatic tumors [240]. (B) DNA
alteration frequency (amplifications and deletions) of PTOV1 in primary tumors and metastatic tumors. (C)
Copy number status of PTOV1 locus. Color intensity and location are indicative of level and focality of
amplification. (D) mRNA alteration frecuency of PTOV1 and VIM (z-score threshold £2.0) in metastatic
tumors [240].

3. PTOV1 expression correlates with poor prognosis and high risk of

relapse in different tumor types
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Our group previously described the overexpression of PTOV1 in tumor types
including colon, breast, kidney, bladder and cerebral gliomas, and its association with
high-malignant tumors [104]. In order to know whether PTOV1 expression in tumors
correlates with overall survival and risk of relapse, we analyzed different genomic
microarray database containing patients survival data. No available data from survival
was obtained for prostate cancer. However, Figure 21 shows that high expression of
PTOV1 significantly correlates with lower overall survival in pancreas, lung and
neuroblastoma tumors. In addition, we observed that high levels of PTOVI1 are

associated to low relapse-free survival probability in colon and breast tumors (Figure

21), suggesting that PTOV1 overexpression may be indicative of risk for relapse.
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Figure 21. PTOV1 expression correlates with poor overall survival in different types of cancer. Public

datasets (GSE62452; GSE3141; GSE45547; GSE24551; GSE21653; GSE14333) containing information of
survival rates in patients with different types of cancer were analyzed using R2 platform (http://r2.amc.nl).
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4. PTOV1 is required for tumorigenesis and metastasis of PC3

prostate cancer cells

To determine the relevance of PTOVI1 in tumorigenesis and prostate cancer
progression, we obtained a Tet-On inducible system to silence PTOVI1. Due to the
inhibitory effects of doxycycline in prostate cancer cells proliferation and c-Jun
expression, we did not use this inducible system to knockdown PTOV1 (see Chapter 6).
Therefore, PC3-Fluc cells were stably knocked down for PTOV1 by shRNA (sh1397)
and inoculated subcutaneously in SCID-beige mice (Figure 22A). As illustrated in
Figure 22B and C, the knockdown of PTOV1 significantly inhibited tumor growth

compared to control cells.
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Figure 22. Knockdown of PTOV1 in prostate cancer cells inhibits tumor growth in immunodeficient mice.
(A) The expression of PTOV1 by qRT-PCR in PC3 cells knocked by a shRNA sequence (sh1397) and a

control shRNA (shCTL). (B) PC-3 cells (3 x 10%) knocked down for PTOV1 (n = 4) or control cells (n = 6)
were implanted subcutaneously into the right flank of SCID-beige male mice. (C) Graph shows the growth
curves of implanted tumors, monitored by a caliper twice a week. Mean values + SEM are displayed.
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Statistically significant differences in the growth of knockdown vs. control cells were observed (** p <
0.005).

These differences were clearly reflected based on the post-excision treated/control
(T/C) weight ratio, which was 16% for tumors grown from shPTOV1 cells, significantly
lower (p = 0.0095) than control (Figure 23A and B). PC3 shPTOV1 cells disseminated to
distant sites (axillary lymph nodes and lungs) with a significant delay (p = 0.001) as

compared to control cells (Figure 23C).
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Figure 23. Knockdown of PTOV1 in prostate cancer cells metastasizes at later times than control cells. (A)
Graph shows the tumor weight at end point (day 51) of implanted tumors. (B) Photograph of tumor
bioluminiscence after tumor excision (day 51). (C) Kaplain-Maier representation of metastasis-free animals
after tumor excision as monitored by in vivo bioluminescent imaging. Metastases formed by PC-
3/shPTOV1-tumors appeared at significantly later time compared to control cells (** p = 0.001).

Although the appearance of metastasis in the shPTOV1 tumors was significantly
delayed compared to shCTL tumors, similar sites of distant metastatic growth were
observed such as in diaphragm, salivary glands and lungs (Figure 24). These results
provide evidence that PTOV1 is required for the full tumorigenic and metastatic

capacities of PC3 cancer cells in vivo.

114



Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

H&E

Diaphragm

Salivary
Gland

Lung

Chapter 5

Figure 24. Tumors formed by shCTL and shPTOV1 PC3 cells metastasize at distant organs. Mice were
subcutaneously injected with shCTL or shPTOV1 PC3 cells (3 x 10°). After reaching 1.5 cm in diameter,
tumors were excised and mice further maintained and screened for metastatic dissemination by in vivo
bioluminescent imaging. Bioluminiscent images of the explanted organs reveal the presence of metastatic
cells, confirmed by hematoxylin and eosin staining (H&E).

Figure 25 shows that tumors developed from shPTOV1 cells have a marked
reduction in PTOV1 protein levels as well as a strong decrease in the levels of total and
active c-Jun, as compared to control tumors. These results provide evidence that PTOV1

and c-Jun are required for the full tumorigenic and metastatic capacities of PC3 cancer

cells in vivo.
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Figure 25. Immunohistochemistry of explanted tumors. A strongly decreased expression of PTOV1, total
c-Jun and phosphorylated c-Jun is detected in tumors formed by shPTOV1 cells vs shCTL derived tumors.
Size bar: 200 pm

5. PTOV1 expression in normal tissues

Most functions of PTOV1 have been surmised in pathological conditions, such as
cancerous cells and tissues [72, 100, 101, 133, 150]. However, its expression has also
been detected in normal tissues at low levels (human brain, heart, skeletal muscle, kidney,
liver, ovary, aorta and salivary gland), although little has been described about its
function at those sites [73, 87, 95, 96]. In order to know the expression levels of PTOV1
in other normal tissues, we analyzed an extensive number of samples (n=2,921) from
different normal tissues using published database generated by the Genotype-Tissue
Expression (GTEx) project using R2: Genomics Analysis and Visualization Platform. We
observed a diverse range of PTOV1 expression among different tissues (Figure 26), with
high PTOV1 expression in several brain tissues (pituitary, cerebellar hemisphere, and

cerebellum), adrenal glands, ovary, prostate and testis.
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Figure 26. nRNA PTOV1 expression in normal tissues.

To study the function of PTOV1 in non-tumorigenic prostate cells, we knockdown
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the oncogenic E7 proteins. Downregulation of PTOV1 in these cells inhibits cell
proliferation and colony formation capacities (Figure 27 A, B and C). These data suggest

that PTOV1 is required for the function of non-tumorigenic prostatic cells.
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tumorigenic prostate cells. (A) The expression of PTOV1 by qRT-PCR in RWPEI1 cells knocked by a

Figure 27. Knockdown of PTOVI1 decreases cell proliferation and colony formation abilities in non-
shRNA sequence (sh1439) and a control shRNA (shCTL). (B) Histogram representing the proliferation of
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Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

RPWEI cells knockdown for PTOV1 as in (a). Proliferating cells were determined by crystal violet staining
and absorbance at 595 nm after 96h from lentiviral transduction. (C) Colony formation abilities by
RWPEI cells knockdown for PTOV1 as in (a).

6. Discussion

The epithelial-mesenchymal transition process is required for normal embryonic
development, and it has also been described in several pathological conditions, including
fibrosis and cancer. During this process epithelial cells lose cell-to-cell adhesion
structures and polarity and develop features of mesenchymal cells with higher motility
and invasiveness [241]. Master regulators of the process include the EMT-inducing
transcriptions factors Snail, Slug, Twist, Zeb1/2 and Vimentin [64, 242]. The activation
of different combinations of these transcription factors confers migratory and invasive
capacity to carcinoma cells. The acquisition of mesenchymal cell traits by epithelial
carcinoma cells is associated with carcinogenesis, invasion, metastasis and an increased

risk of cancer recurrence among patients with different solid tumor types [242-244].

We have shown that overexpression of PTOV1 in prostate cancer PC3 and non-
neoplastic MDCK cells induces the expression of Snaill and Vimentin, well known
effectors of the EMT [245, 246] through the upregulation of c-Jun, a member of AP1
transcription factors. Additionally, increased expression of Annexin A2, a key regulator
of the EGF-induced EMT and migration was observed in PC3 cells upon PTOVI
overexpression [238, 247]. c-Jun, but not PTOV1, was shown to bind to the SNA/I
promoter inducing motility and invasion of prostate cancer cells [101]. These results are
supported by concomitant studies from other groups that show TGFB-TRAF6
upregulation and activation of c-Jun and its binding to the SNAII promoter [248]. In
addition, we showed that in prostate tumor samples the expression of PTOV1 positively
correlates with vimentin levels and high tumor grade. Vimentin, an intermediate filament,
is overexpressed in several tumor types and its expression correlates with cancer
progression, invasion and poor prognosis [249]. Very recently, cell-surface Vimentin has
been validated as a marker for detecting mesenchymal circulating tumor cells (CTCs)
from sarcoma, breast and colon cancer [250]. A significant higher number of CTCs were
isolated in castration resistant prostate cancer patients compared to hormone sensitive

ones based on detection of cell-surface vimentin [250].
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The EMT program can be manifested in cells as a plastic program in various
degrees, leading to the term “partial-EMT” state, where epithelial features can be retained
alongside with the acquisition of mesenchymal ones [64]. AP1 transcription complexes
are known to enhance migration and invasiveness [223], even with limited
downregulation of cell-to-cell adhesion molecules such as E-cadherin [251]. This is
relevant to our previous observations that increased invasiveness of prostate epithelial
cells induced by PTOV1 or c-Jun overexpression [101] occurs without significant effects
on E-cadherin. The concept of “partial-EMT” may present a metastatic advantage, in
which mesenchymal features are initially acquired to enable migration from the primary
tumour site, survival in the circulation and arrival at a secondary site, and at the same
time, this mixed epithelial/mesenchymal state may be essential for metastatic
colonization [64]. Accordingly, disseminated carcinoma cells with loss of all epithelial
traits and phenotypic plasticity, have been found to be ineffective in seeding metastatic

colonies [252, 253].

Interaction of PTOV1 with some proteins as described in the Introduction, may
contribute to promote its motility and invasion properties [100, 101]. For instance, we
described PTOV1 interaction with RACK1 [101], a scaffold protein found in the 40S
ribosomal subunit [165, 254]. After growth factor stimulation, PTOV1, RACKI, and
ribosomal protein S6 (RPS6) co-localized at membrane ruffles suggesting that the protein
synthesis machinery is recruited to membranes structures, presumably to facilitate the
local synthesis of proteins involved in migration and invasion [101, 255, 256]. In
addition, the interaction with cytoplasmic HDAC6 [141], a deacetylase that regulates
microtubule stability, chemotaxis and cell migration [142, 143, 257], may contribute in
promoting the pro-oncogenic role of PTOV1: by interacting with HDAC6, PTOV1 might
more directly act on the cytoskeleton and cell motility. Reported interactions of PTOV 1
with other cytoskeletal proteins such as actin filament associated protein 1 like 1
(AFAPILI1), Spectrinl or Dematin [258], proteins that bundles actin filaments and are
involved in the organization of intracellular organelles and cell morphology may
contribute to PTOV1 increased cell motility and invasion, as reported in other tumors
[259-262]. However, further investigation is required to ascertain the contribution of

these proteins to the oncogenic capacities of PTOV1.
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Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

We showed that PTOV1 is required for optimal tumorigenesis and metastatic
spread of prostate cancer cells in vivo. The JNK/c-Jun pathway has been widely reported
to promote cancer progression [263]. Analyses of explanted tumors formed by prostate
cancer cells knockdown for PTOV1 revealed low PTOV1 and c-Jun expression levels
supporting the important role of both proteins in tumorigenesis. Furthermore, recently
Cui et al. [133] demonstrated that PTOV1 overexpression enhances the tumorigenic
potential of breast cancer cells in vivo. In contrast, the knockdown of PTOV1
dramatically inhibited the tumor-initiating ability of breast cancer cells. These data
suggest that PTOV1 is important for tumorigenesis in different types of cancer. In human
prostate tumors, the expression levels of PTOV1 and phosphorylated c-Jun compared to
non-metastatic adenocarcinomas, were significantly correlated and increased in
metastatic tumors and lymph node metastases. [101]. Similar findings reported elevated
JNK activity and overexpression of c-Jun in correlation with unfavorable clinical

outcome in other types of tumors including prostate cancer [264-266].

Little is known about the function of PTOV1 protein in normal tissues. The analysis
of PTOV1 expression in normal tissues using published database revealed a variable
expression between tissues. Among tissues expressing higher mRNA PTOV1 levels we
can clearly distinguish two main subsets: 1) nervous tissues such as pituitary, cerebellum
and cerebellar hemisphere and ii) testosterone producer organs such as testis, adrenal
gland, prostate and ovaries. According to these results, it has been previously reported in
normal prostate epithelium that few sporadic luminal cells in isolated glands display
intense PTOV1 staining, mostly cytoplasmic. These PTOV1-positive cells also stain for
chromogranin A, suggesting their neuroendocrine origin [72] (Figure 28). The promoter
region of PTOV1 contains a putative Androgen Responder Element (ARE) and PTOV1
expression has been shown to be androgen-responsive [73, 87]. In spite of most of
testosterone being synthetized in testis, other organs can also contribute to its levels such
as adrenal glands and ovaries [267]. Thus, the higher expression of PTOVI in these

organs can be the result of a regulation by androgens.
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Figure 28. PTOV1 expression in neuroendocrine cells of prostatic normal glands.

PTOV1 was firstly identified as overexpressed in prostate tumors by our group
[73]. More recently, numerous reports have described its overexpression in different
types of tumors such as breast, pancreas, liver, colon, kidney, bladder, laryngeal, cerebral
gliomas and ovary [96, 99, 102-105, 268]. The association between its overexpression
and high grade of malignancy correlated with the clinic-pathological characteristics and
tumor aggressiveness of primary hepatocellular carcinoma, ovarian cancer, breast cancer,
and clear cell renal carcinomas [70, 96, 102, 103, 105]. In breast cancer, 99.4% of the
cancer samples analyzed expressed PTOV1, of which 49.1% showed high expression. In
esophageal squamous cell carcinoma (ESCC) high PTOV1 expression was found to
increase with progressing clinical stage, and the IHC staining score was higher in the
lesions associated to lymph node metastasis [269]. As part of the work of this thesis, we
demonstrated that high PTOV1 expression is associated with poor overall survival and
poor relapse-free survival in different tumors including breast, colon, pancreas and
glioblastoma. Accordingly, Lei et al. 2014 [102], reported that the median survival of
breast cancer patients with high PTOV1 levels was 78 months versus 115 months in
patients with low PTOV1 expression. In laryngeal squamous cell carcinoma and ESCC,
PTOV1 expression correlates with advanced clinical stage and it was an independent
predictor of overall survival and progression-free survival [269, 270]. In ESCC, patients
with high PTOV1 expression were ~6.3 times likelier to die of ESCC than patients with
low PTOV1 expression, with a median survival time of 33 months vs 60 months [269].
Similarly, the disease free survival (DFS) in high PTOV1 expression patients was shorter
than in ESCC patients with low PTOV1 expression (43 months vs >60 months). The
human papillomavirus (HPV) -positive head and neck cancers show better prognosis than
HPV-negative cancers [271, 272]. In this context, the levels of expression of PTOV1 in

combination with the infection status with HPV could predict outcome in early-stage
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Chapter 5: PTOV1 as an inductor of EMT and tumorigenesis

laryngeal squamous cell carcinoma [270]. Patients’ subgroup with HPV-positive/PTOV1-
negative was associated to a better outcome, in contrast to the HPV-negative/PTOV1-
positive subgroup that showed the worst outcome. Altogether, data point to a pro-
oncogenic role of PTOV1 in different tumors and indicate that it is a candidate gene for

patient prognosis.
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DOXYCYCLINE INHIBITS C-JUN
EXPRESSION AND DECREASES
PROSTATE CANCER CELL VIABILITY
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El Cristo de Monteagudo- Monteagudo (Murcia)

We are not in Rio of Janeiro. The name of Monteagudo is given by the existence of the moun-
tain that rises majestically dominating the whole valley. Given its strategic location Monteagu-
do's head was occupied from very early times as evidenced by the remains of an argaric necro-
polis (1700-1200 BC), as well as prehistoric Bronze Age utensils. Upon Muslims arrival, the
place acquired great importance and became one of the sets of fortresses constituting a defen-
sive line to protect Murcia and the different roads connecting Murcia with Orihuela..... We can
not fail to mention a singular construction that from the beginning of this Century characterizes
this district: the image of the Sacred Heart of Jesus....."
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1. Establishment of an inducible lentiviral shRNA to knockdown PTOV1.

To determine the relevance of PTOV1 in tumorigenesis and prostate cancer
progression, we obtained a Tet-On inducible system to silence PTOV1. Dul45 prostate
cancer cells were transduced with three different inducible lentiviral short hairpin RNA
(shRNA) vectors (sh6191, sh6196 and sh4353) to knockdown PTOV1 expression. Cells
were treated for 48 h with doxycycline 1 ug/mL (Dox) or with vehicle (control). The
transduction efficiency was high for the three lentiviral vectors, as it is shown by the
expression of the RFP reporter (Figure 29A). Nevertheless, analysis of the mRNA levels
of PTOVI revealed that only one shRNA vector (sh6191) significantly decreases the
expression of the gene (Figure 29B). Surprisingly, doxycycline treatment significantly
decreased the expression of JUN and this effect was regardless the levels of expression of

PTOV1 (Figure 29C).
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Figure 29. Doxycycline transcriptionally represses c-Jun expression in Dul45 prostate cells. (A)
Microscopic images of Dul45 cells transduced with three inducible lentiviral shRNA silencing PTOV1
expression (sh4353, sh6191 and sh6196) and treated with doxycycline. Fluorescence microscope images
were acquired with an inverted microscope (BX61, Olympus). Relative PTOVI mRNA levels (B) and JUN
mRNA levels (C) by qRT-PCR of cells transduced as in (a).

125

Chapter 6




o
S
ol
N
=%
<
=
®}

Chapter 6: Doxycycline inhibits c-Jun and viability of PCa cells

2. Doxycycline decreases JNKI phosphorylation and inhibits the
expression of JUN.

To confirm that doxycycline treatment affects the expression of the oncogene JUN
independently of the lentiviral transduction, Dul45 and PC3 prostate cancer cells were
treated with doxycycline for 24 h with a dose commonly used in inducible lentiviral
systems (1 pg/ml) and checked the expression of c-Jun at protein and mRNA levels.
Figure 30A and B show a striking significant decrease in c-Jun expression after 24 h of
cell exposure to the drug. To determine whether doxycycline affects c-Jun expression at
early times, we performed a time-course assay treating Dul45 and PC3 cells with
doxycycline for different lengths of time. A significant inhibition of c-Jun expression is
detected in both cell lines (Figure 30C and D). While Dul45 cells showed an initial
increase in c-Jun protein and mRNA levels at short time treatments (0.5-1 h) and a
statistically significant decrease after exposure to doxycycline for longer times (Figure
30C and D), PC3 cells showed significant decrease of protein and RNA levels starting at
0.5 h. However, because tetracyclines were described to decrease the phosphorylation
and activity of the c-Jun N-terminal Kinase 1(JNK1) in corneal epithelial cells [273], we
explored the effects of doxycycline on this signaling pathway upstream to c-Jun. Figure
30C shows that phosphorylated JNK1 but not total JNK1 expression was significantly
inhibited by doxycycline exposure. To explore whether doxyxycline treatment also
affects JNK signaling in additional cancer cells, breast cancer cells (BT-549) and
metastatic pharyngeal cancer cells (CCL-138) were treated with increasing doses of
doxycycline (Figure 30E). Doxycycline strongly repressed c-Jun expression in breast and
pharyngeal cancer cells. These data suggest that doxycycline decreases JNKI
phosphorylation and activity and inhibits the expression of the downstream transcription

factor c-Jun in cancer cells.
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Figure 30. Doxycycline inhibits c-Jun expression in cancer cells. Immunoblots (A) and quantitative qRT-
PCR (B) showing c-Jun levels in Dul45 and PC3 prostate cancer cells after 24 h of exposure to 1 pg/mL
doxycycline. (C) Immunoblots showing several MAPK signaling proteins in Dul45 —left panel- and PC3 —
right panel- prostate cancer cells after exposure to 1 ng/ml Doxycycline at different times. Antibodies used
are shown on the right. (D) Relative c-Jun mRNA levels in Dul45 and PC3 cells treated as in (c). (E)
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Chapter 6: Doxycycline inhibits c-Jun and viability of PCa cells

Immunoblots showing c-Jun expression in breast (BT-549) and pharyngeal (CCL-138) cancer cells treated
with increasing doses of doxycycline. p-value: *< 0.05; **< 0.01; *** < (.005.

3. Doxycycline decreases cell viability in prostate cancer cells

Because the JNK pathway was shown to be important in cell proliferation and
viability [274, 275], we studied doxycycline effects on cell viability of prostate cancer
cells. Doxycycline exposure provokes a significant dose dependent decrease in
proliferation of Dul45 and PC3 (Figure 31A). These findings are in line with previous
observations showing that doxycycline decreased the proliferation of different types of
cells [276, 277]. As expected, the treatment with a specific JNK1/2 inhibitor (JNK
inhibitor II) also impairs cell viability/proliferation (Figure 31B), indicating the critical

role of JNK signaling in this process [274, 275].
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Figure 31._Doxycycline inhibits cell proliferation of prostate cancer cells. Dul45 and PC3 cells were
treated with increasing doses of doxycycline (A) or JNK inhibitor IT (B) for 72h and cell viability was

analyzed by crystal violet.

4. Tetracyclines analogs inhibit c-jun and reduce viability of prostate

cancer cells

To avoid doxycycline off-target effects found on the expression of JUN, we next
explored the use of doxycycline analogs minocycline (Mino) and methacycline (Metha)
as alternative inductors in Tet-On system (Figure 32A). For these experiments, Dul45
cells were transducted with sh6191 vector and treated for 48 h with each analog. As it is

shown in Figure 32B, Mino (3 pg/mL) barely induces the expression of the RFP reporter,
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whereas Metha (1 pg/mL) is able to induce well its expression. Disregarding the
efficiency of induction of the transgene by these doxycycline analogs, we confirmed that
the treatment of parental untransduced Dul45 and PC3 with Metha or Mino also
decreased c-Jun levels (Figure 32C) as result of inhibition of JNKI1 phosphorylation
(Figure 32D). As expected, minocycline and methacycline also impaired the viability of
prostate cancer cells (Figure 32E and F).

Our data strongly support that doxycycline, minocycline and methacycline

analogs decrease the activity of the JNK pathway, inhibit the transcription factor c-Jun

and decrease the number of viable cells.
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Figure 32. Doxycycline analogs minocycline and methacycline inhibits c-Jun expression and proliferation
of prostate cancer cells. (A) Molecular structure of tetracyclines analogues (B) Microscopic images of
Dul45 cells transduced with a inducible lentiviral shRNA silencing PTOV1 expression (sh6191) and and
treated with minocycline or methacycline. Fluorescence microscope images were acquired with an inverted
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Chapter 6: Doxycycline inhibits c-Jun and viability of PCa cells

microscope (BX61, Olympus). (C) and (D) Western blooting analysis of prostate cancer cells treated with
minocycline (3 pg/mL) or methacycline (1 pg/mL). Antibodies used are shown on the right. Dul45 and
PC3 cells were treated with increasing doses of minocycline (E) and methacycline (F) for 72h and cell
viability was analyzed by crystal violet.

5. Discussion

Doxycycline based inducible systems have been widely employed over the course
of the last fifteen years to analyze the biological effects of the modulation of expression
of genes in vitro and in vivo [231, 278, 279]. An increasing body of evidence supports the
effects of tetracyclines in animal cells including the impairment of mitochondrial
metabolism and energetics [276, 280-282]. Here, we presented evidences showing that
doxycycline, minocycline and methacycline treatment of Dul45 and PC3 prostate cancer
cells significantly inhibit JNK activity and the expression of the oncogene c-Jun
provoking a decrease of prostate cancer cells viability. These effects were detected at
doses of antibiotic frequently used in inducible systems and alert that caution must be
taken when using these systems for studying genes involved in cell proliferation.

Previous studies and current ongoing clinical trials have reported the use of
doxycycline in cancer treatment for its inhibitory effect on proliferation [283-286].
However, in those studies significantly higher doses of antibiotic were used compared to
those required for inducible systems. c-Jun was found overexpressed in a number of
tumors and its action on transcription has been associated to the activation of
proliferation, EMT and metastasis in cancer cells [101, 251, 287]. Therefore, the
inhibition of this signaling pathway in cancer is critical to avoid progression to
metastasis. Interestingly, although Doxycycline was shown to inhibit the activity of
methaloproteinases (MMPs) [273, 280, 284, 288-293], little is known about its link with
the repression of the oncogene c-Jun. Doxycycline inhibited the MMPs activation by
TGF-B1 through repression of JNK1/2, ERK1/2 and p38 in epithelial corneal cells [273].
Similarly, methacycline and doxycycline, block EMT process in part through inhibition
of the TGF-B1-induced JNK, p38 and AKT in lung cancer cells [294]. Our observations
provide a direct link between the known tetracyclines effects on cancer cell proliferation
and the inhibition of expression of the oncogene c-Jun and contribute to shed light into
the mechanisms implicated in the known anticancer effects of these antibiotics that are
currently under study in pre-clinical and clinical trials in aggressive, metastatic and

recurrent tumors [286, 295-301].
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As we previously reported, PTOV1 acts as a regulator of c-Jun expression and
most of the oncogenic functions of PTOV1, such as promoting invasion and tumor
growth are mediated through the upregulation of c-Jun in prostate cancer cells [101]. In
addition, the overexpression of PTOV1 in prostate cancer cells was found to activate the
expression of uPA, uPAR, and induce MMP2 activity, known targets of c-Jun [101].
Therefore, the transcriptional repression of c-Jun caused by doxycycline strongly
interferes with the functions of PTOV1 and the use of similar inducible systems was
disregarded.

Finally, our results highlight the importance of a stringent experimental design
when doxycycline is used in inducible expression systems and underscore the importance
of further investigation to completely understand the mechanisms of action and the

effects of these antibiotics in human cells.
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Chapter 7:

PTOV1 PROMOTES DOCETAXEL
RESISTANCE AND SURVIVAL OF
CASTRATION RESISTANT PROSTATE
CANCER CELLS

Part of these data was published as:

Canovas V, Puial Y, Maggio V, Redondo E, M Marin, Mellado B, Olivan M, Lleonart M, Planas
J, Morote J, Paciucci R. Prostate Tumor Overexpressed-1 (PTOV1) promotes docetaxel-

resistance and survival of castration resistant prostate cancer cells. Oncotarget. July 22, 2017
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Las Gredas de Bolnuevo-Mazarrén (Murcia)

Las Gredas de Bolnuevo, also known as Ciudad Encantada de Bolnuevo (Enchanted city), are
heavily eroded sandstone formations along the beach of Bolnuevo. The sandstone shapes are
the results of the erosion caused by water and wind over thousands of years which resulted in
mushroom and almost vertical shapes defying the laws of the gravity. The clay consisted of
microfossils that date from the Pliocene period, about 4.5 million years ago.
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1. PTOV1 is overexpressed in docetaxel resistant CRPC cells

Because previous results suggested an active participation of PTOV1 in cancer
progression and its overexpression correlates with poor survival, we investigated whether
its overexpression is associated to the acquisition of resistance to a therapeutic stress.
Thus, PTOV1 expression was analyzed in Dul45 and PC3 prostate cancer cells rendered
resistant to docetaxel in vitro as representative models of CRPC progression to a
docetaxel resistant (DR) stage [302]. DR Dul45 and DR PC3 cells show an evident
mesenchymal phenotype (Figure 33A) [62, 302], with a very significant decrease in
epithelial markers and overexpression of genes implicated in the acquisition of drug

resistance [62, 302-306] (Figure 33B, C and D).
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Figure 33. Docetaxel resistant cells show a mesenchymal phenotype. (A) Phase contrast images of
docetaxel sensitive (DS) and resistant (DR) Dul45 and PC3 cells in culture. Size bar, 64 pm. Images were
acquired with an inverted microscope (BX61, Olympus). (B) Endogenous mRNA levels of indicated genes
determined by real-time qRT-PCR in DS and DR Dul45 and PC3 cells. Data represent the average of two
independent experiments (mean + S.D.). (C) Representative immunoblots showing endogenous levels of
Zeb-1, Vimentin, Snaill, CDH-2, KRT18 in same cells as in (a). Actin signal was used as to monitor
protein loading. (D) Histogram representing the RNA expression of several genes (logarithm of fold
change, logFC) of the analysis of published RNA array data of Dul45 and PC3 docetaxel resistant cells.

Analyses of public datasets of MDA-MB-231 breast cancer cells resistant to
paclitaxel and docetaxel (GSE28784) also showed a decrease in epithelial markers and
overexpression of genes implicated in the acquisition of drug resistance, such as
ALDHIAI, CCNG2 and ABCBI as reported in taxanes resistant prostate cancer cells
(Figure 34).
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Figure 34. Docetaxel-breast cancer cells show downregulation of epithelial markers and upregulation of

ABC transporters. Histogram representing the RNA expression of several genes (logarithm of fold change,
logFC) of the analysis of published RNA array data of docetaxel and paclitaxel resistant breast cancer cells.

In contrast to its low levels in benign prostate derived RWPE]1 cells, PTOV1 is
strongly expressed in most prostate carcinoma cells lines (Figure 35A). Both DR-Dul45
and DR-PC3 cell variants have a consistently increased PTOV1 protein levels compared
with parental docetaxel sensitive (DS) cells (Figure 35B), and a significant increase in
RNA levels is observed in DR-Dul45 but not in DR-PC3 cells (Figure 35C). Of note,

proteins and RNA were extracted in the absence of docetaxel in the culture medium.
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Figure 35. PTOV1 is overexpressed in docetaxel resistant CRPC cell lines. (A) PTOV1 mRNA and protein
levels are shown by gqRT-PCR and Western blotting in normal prostate cells (RWPE1), androgen sensitive
(LNCaP) and castration resistant (LNCaP Al, Dul45 and PC3) prostate cancer cells. Naftol blue blot was
used for normalization. (B) Representative immunoblots showing expression of endogenous PTOV1 in
Dul45 and PC3 cells -up panel- and relative quantification of immunoblots using Image J software —
bottom panel-. (C) Endogenous mRNA levels of PTOV1 (mean + S.D.) by qRT-PCR.

To address whether translation rates may contribute to increase PTOV1 protein
levels in DR cells, especially in PC3 cells, we analyzed the levels of PTOV1 transcripts
more actively translated by studying the amount of mRNA loaded on polysomes (Figure
36A). No significant differences are found comparing the total (DR-T) and polysomes-
associated mRNA levels (DR-P) in docetaxel resistant cells compared to control DS cells,
suggesting that the higher protein expression observed in DR cells is not contributed by

an enhanced protein synthesis. Next, we analyzed whether protein stability played a role
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in PTOV1 protein levels. Although a significant increase in PTOV1 protein stability is
detected in cycloheximide (CHX)-treated DR-Dul45 cells, no significant differences
were detected in DR-PC3 cells (Figure 36B), suggesting that the mechanisms underlying
the higher PTOV1 protein expression in DR cells need to be explored further.
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Figure 36. Translational levels and stability of PTOV1 in docetaxel resistant prostate cancer cells. (A)
Representative histogram of PTOV1 Total RNA levels (T) and Polysome-bound mRNA (P) levels in DS
and DR Dul45 and PC3 cells, show the PTOV1 mRNA levels in active translation. (B) Analysis of the
stability of the protein PTOV1 in cancer cells. Dul45 and PC3 cells were treated with cycloheximide
(CHX, 100 pg/mL) for the indicated time points. Upper panels show Western blotting; middle panels show
graphs with densitometry scanning of PTOV1 signals normalized to control initial point O (untreated cells);
and bottom panels show graphs with densitometry scanning of PTOV1 signals normalized to a control
protein (actin) and to the control point 0. Densitometries were obtained by ImageJ software.
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2. PTOV1 promotes docetaxel resistance in CRPC cells

To establish if the increased PTOV1 expression in DR cells has a role in the
acquisition of resistance to docetaxel, parental sensitive cells were transduced with a
lentivirus encoding HAPTOV1 (HAPTOV 1-ires-GFP), or the control lentivirus encoding
the GFP gene (Figure 37A, B and C).
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Figure 37. The ectopic expression of PTOV1 in DS Dul45 and PC3 cell lines . (A) DS-Dul45 or DS-PC3
cells transduced with a lentivirus encoding the fusion protein HA-PTOV1 or a control lentivirus encoding
the GFP protein, were analyzed by western blotting using first antibodies to Hemoagglutinin (HA) to detect
PTOVI1, then antibodies to actin. The double bands in the HAPTOV1 lanes visible in the second panel
(actin), are the signal left from the anti-HA antibody. (B) Relative mRNA PTOV1 levels by quantitative
RT-PCR in DS-Dul45 or DS-PC3 cells transduced as in (a). (C) Phase contrast images and fluorescence
images of DS-Dul45 or DS-PC3 transduced as in (a). Images were acquired with an inverted microscope
(BX61, Olympus).

Transduced cells were treated with increasing doses of docetaxel for 48 h (Dul45)

and 72 h (PC3). The expression of PTOV1 was associated to a significantly augmented
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ICsp to docetaxel in both cell lines, compared to control DS-GFP cells (Figure 38A). The
1Cs for docetaxel in resistant Dul45 and PC3 cells transduced with control lentivirus are
also shown for comparison. To elucidate the molecular mechanisms implicated in this
PTOV1-mediated chemoresistance, a battery of genes previously implicated in docetaxel
resistance were analyzed in PTOV 1-overexpressing cells [69, 302, 304, 307]. Figure 38B
shows that PTOV1 significantly induces the expression of CCNG2, ABCBI, TUBB4A4 and

TUBB2B genes, supporting its action in promoting the resistance to docetaxel.
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Figure 38._The ectopic expression of PTOVI1 in DS Dul45 and PC3 cell lines promotes docetaxel
resistance. (A) Transduced cells were treated with increasing doses of docetaxel for 48 h (Dul45) or 72 h
(PC3) and cell viability was analyzed by crystal violet. Control docetaxel resistant GFP cells (DR GFP) are
shown for reference. A representative experiment of three performed is shown. (B) Real-time RT-PCR of
the genes indicated analyzed in DS-HAPTOV1 cells compared to controls (DS-GFP). Results are the mean
of three independent experiments performed in triplicates and are shown as the mean + S.D; p-value: *<
0.05; **<0.01; *** <0.005. nM, nanomolar.

Upregulation of ABCBI and TUBB2B were also observed when PTOV1 was
overexpressed in the AR-positive LNCaP cells (Figure 39A), suggesting that the
PTOV1-induced upregulation of these genes may be AR independent. The expression of
PTOV1 significantly associated with the levels of the multidrug transporter ABCBI
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(Spearman r: 0.64; p = 0.0014), suggesting a specific action of PTOV1 on the expression
of this gene (Figure 39B).
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Figure 39. The ectopic expression of PTOV1 in docetaxel sensitive prostate cancer cells induces changes
in their gene expression profiles. (A) The expression of ABCBI and TUBB2B genes was analyzed by qRT-
PCR in LNCaP cells transduced with HAPTOV1 or a control (GFP) (mean + S.D.). (B) The histogram
represents the distribution and correlation between PTOVI and ABCBI mRNA levels in Dul45 cells
expressing increased amounts of HAPTOV1 (3, 7.5, 15 and 30 pg).

We next explored the potential role of PTOV1 in the acquisition of resistance to
other taxanes, such as cabazitaxel, a second generation of taxanes synthesized to
overcome the resistance to docetaxel [308]. Ectopic PTOV1 in DS-Dul45 and DS-PC3
cells exposed to cabazitaxel did not produce significant changes in the cells sensitivity to
this drug, indicating the specificity of PTOV1 in promoting resistance to docetaxel in
CRPC cells (Figure 40). Results also suggest that the induction of ABCBI expression
might be a relevant part of the mechanism by which PTOV1 confers cells with resistance

to docetaxel.
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Figure 40. PTOV1 does not promote resistance to cabazitaxel. DS-Dul45 and DS-PC3 cells transduced
with HAPTOV1 or a control (GFP) were treated with increasing doses of cabazitaxel for 48 h. Cell viability
was analyzed by crystal violet.

3. PTOV1 promotes the acquisition of self-renewing properties of CRPC

cells

The significant association between PTOV1 and ABCBI transporter expression, a
protein also implicated in the modulation of the stemness phenotype in cancer cells [309],
is in agreement with previous data showing PTOV1 as a promoter of self-renewal
properties of prostate and breast cancer cells [100, 133]. The use of sphere-forming
assays provides a widely recognized in vitro method for the identification and
characterization of tumor initiating cells (TICs) [310]. Thus, we investigated whether the
role of PTOV1 in the resistance to docetaxel is associated to the activation of self-
renewing characteristics in prostate cancer cells by analyzing the effects of the
overexpression and knockdown of PTOV1 in the prostatospheres forming capacities of
docetaxel-sensitive cells. Figure 41A and B shows that DS-HAPTOV1 cells have a
significant increase in the sphere-forming efficiency in comparison to DS-GFP control

cells.
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Figure 41. PTOV1 increases the tumorigenic capacity of Dul45 and PC3 cells in vitro. (A) Phase contrast
images and (B) quantification of prostatospheres from cells transduced with lentiviruses encoding
HAPTOV1 or GFP. Images in A and B were acquired with an inverted microscope (BX61, Olympus). SFE:
Sphere Forming Efficiency (number of spheres formed /1,000 cells). Results are shown as the mean + S.D;
p-value: ¥*< 0.05; **< 0.01; *** <(.005.

To confirm that the observed generation of spheres (G1) is not the result of cell
aggregation, prostatospheres from Dul45 DS-GFP and DS-HAPTOV1 were dissociated
and an equal number of single cells were seeded in non-adherent conditions and allowed
to grow for 8 days (Generation 2, G2). As previously observed, Dul45 DS-HAPTOV1
prostatospheres in G2 show a significant increase in the sphere-forming efficiency

compared to control GFP cells (Figure 42).
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Figure 42. PTOV1 increases the tumorigenic capacity of Dul45 cells. Quantification of prostatospheres of
generation 1 (G1) and generation 2 (G2) from Dul45 cells transduced with lentiviruses encoding
HAPTOV1 or GFP. SFE: Sphere Forming Efficiency (number of spheres formed /1,000 cells). Results are
shown as the mean £ S.D; p-value: *< 0.05; **< 0.01; *** < (.005.

The analysis of mRNA of DS-Dul45 HAPTOV1 and DS-PC3 HAPTOVI cells
growing in adherent conditions revealed an increased expression of pluripotency factors
compared to parental cells. In Dul45 cells, the overexpression of HAPTOV1 in adherent
cells also associated to significantly increased levels of stemness genes LIN28A,
ALDHIAI, MYC and CDI33 whereas in PC3 cells it is associated to a significant
expression of LIN28A, MYC, NANOG and POUS5FI genes (Figure 43), in agreement

with reports in breast cancer cells [133].
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Figure 43. PTOV1 induces the expression of self-renewal genes in prostate cancer cells. Relative mRNA
levels by qRT-PCR of the genes associated to self-renewal in DS-HAPTOV1 and DS-GFP cells. Results
represent the average of three independent experiments (mean + S.D). p-value: *< 0.05; **< 0.01; *** <
0.005.

Significantly increased levels of LIN284, MYC and NANOG were also observed
in adherent LNCaP cells overexpressing HAPTOV1 (Figure 44A). Of note, the
expression of PTOV1 is significantly associated with the levels of LIN284 (Spearman r:
0.71; p < 0.0001) (Figure 44B) in Dul45 cells, again indicating its ability to induce a

stemness phenotype and confirming previous observations [100, 133].
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Figure 44. PTOV1 induces the expression of self-renewal genes in androgen dependent LNCaP cells. (A)
Expression of LIN28A, MYC and NANOG by qRT-PCR in LNCaP cells transduced with HAPTOV1 or a
control lentivirus (GFP) (mean + S.D.) (B) Histogram representing the distribution and correlation between
PTOVI and LIN284 expression in Dul45 cells expressing increased amounts of HAPTOV1 (3, 7.5, 15 and

30 ng).

Mechanistically, PTOV1 actions were previously described to be mediated in part
through the activation of c-Jun protein synthesis [101] and Wnt/B-catenin signaling [133].
In Dul45 cells the inhibition of JNK signaling significantly decreases ABCBI expression,
as previously described [311], and CCNG2 expression (Figure 45A). We studied whether
the PTOV1 promoted activation of genes involved in docetaxel resistance is mediated by
JNK or Wnt signaling. As it is shown in Figure 45A, the strong JNK inhibitor II, very
significantly inhibits the expression of JUN, as expected, and also of ABCBI and
CCNG?2, indicating that these genes, but not ALDHI1AI and LIN28A, are regulated by c-
Jun expression. Regarding Wnt/ B-catenin signaling, prostate cancer cells require Wnt3a
conditioned medium (Wnt3a-CM) for its activation (Figure 45B). Cells added with
Wnt3a-CM medium upregulate the expression of ABCBI, ALDHIAI and the known
Wnt-target genes LEFI and JUN [312-315]. These effects are counteracted by the
iCRT14 Wnt inhibitor, as previously observed (Figure 45B). Of notice, the activation of
Wnt/B-catenin signaling also increases the expression of CCNG2 (Figure 45B). The
overexpression of PTOV1 significantly increased ABCBI expression and, reversibly, this
is significantly abolished by Wnt and JNK inhibitors, suggesting that PTOV1 action on
this gene is mediated at least in part by these signaling pathways (Figure 43C). However,
no inhibition of ALDHIAI, CCNG2 or LIN28A expression is observed in the presence of
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these inhibitors in PTOV1-overexpressing cells, suggesting that the action of PTOV1 on
promoting their expression is independent of Wnt and JNK signaling (Figure 45C).
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Figure 45. The Jun and Wnt pathways are implicated in the transcriptional activity of PTOV1. (A) Gene
expression was determined by qRT-PCR in DS-Dul45 cells after 24 h of treatment with the JNK inhibitor
II. (B) Gene expression in DS-Dul45 cells analyzed after the addition of conditioned medium with Wnt3a
(Wnt3a-CM), without and with a Wnt/B-catenin inhibitor (iCRT14), or control cells treated only with
iCRT14. LEF1 expression levels indicate the activity of the Wnt pathway. (C) Gene expression was
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determined by qRT-PCR in HAPTOV1 transfected DS-Dul45 cells treated with Wnt/B-catenin inhibitor
(iCRT14) or JNK inhibitor II. These results are the average of two independent experiments.

Interestingly, PTOV1 expression is also significantly inhibited by the Wnt
inhibitor iCRT14 in PTOV1-overexpressing cells (Figura 46A), suggesting that this
pathway regulates PTOV1 expression. As it is demonstrated in Figure 46B, the
activation of Wnt signaling increases the endogenous PTOV1 mRNA levels, whereas

inhibition of Wnt/B-catenin signaling decreases PTOV1 expression.
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Figure 46. Wnt/B-catenin signaling pathway regulates PTOV1 expression. (A) PTOV1 expression was
determined by qRT-PCR in DS-Dul45 HAPTOV1 cells after 24 h of treatment with iCRT14 Wnt inhibitor.
(B) PTOV1 expression was determined by qRT-PCR in parental Dul45 cells after the addition of
conditioned medium with Wnt3a (Wnt3a-CM), without and with a Wnt/B-catenin inhibitor (iCRT14).

To further explore a direct role of PTOV1 in the regulation of some of these
genes, we performed chromatin immunoprecipitation (ChIP) assays in LNCaP cells with
overexpression of HAPTOV1. Figure 47 shows that PTOV1 binds to CCNG2, TUBB2B
and ALDHIAI promoters. However, we did not observed a proper binding to ABCBI,
LIN284 or NANOG promoter region. Unlike previously observed repressive action on the
HESI, HEYI and DKKI promoters, PTOV1 binding to the CCNG2, TUBB2B and
ALDHIAI promoters activates their transcription. These findings indicate that PTOV1
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might be a transcription factor with activating roles.
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Figure 47. PTOV1 binds to CCNG2, TUBB2B and ALDHIAI endogenous promoters. Sheered chromatin
from LNCaP cells transduced with a lentivirus encoding the fusion protein HAPTOV1 was
immunoprecipitated with antibodies to PTOV1, total and phosphorylated polymerase II, and same specie-
IgGs. Associated DNA fragments were analyzed by PCR with primers specific for CCNG2, TUBB2B and
ALDHIAI promoter regions. ChIP promoter primers location and length of amplified promoter regions are
indicated on the right panel. TSS: transcription start site

4. The knockdown of PTOV'1 induces G2/M cell cycle arrest and apoptosis
of CRPC cells

The knockdown of PTOV1 by different short hairpin RNAs (sh1439, sh1401)
(Figure 48A) provokes a striking and significant repressive effect of the sphere-forming
efficiency (SFE) of the cells in comparison to control cells bearing an unrelated shRNA
sequence (shCTL) (Figure 48B and C). These findings indicate a promoting action of

PTOV1 in the proliferation and/or survival of prostate cancer cells.
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Figure 48. PTOV1 decreases the tumorigenic capacity of Dul45 and PC3 cells in vitro. (A) The expression
of PTOV1 by qRT-PCR in DS Dul45 and PC3 cells knocked by two different sShRNA sequences (sh1439
and sh1401) and a control shRNA (shCTL). Phase contrast images 4X (B) and quantification of
prostatospheres (C) from cells transduced with lentiviruses carrying non-specific sequences (shCTL).
Images in A were acquired with an inverted microscope (BX61, Olympus). SFE: Sphere Forming
Efficiency (number of spheres formed/1,000 cells). (D) The expression of PTOV1 by qRT-PCR in
docetaxel resistant Dul45 and PC3 cells knocked by two different shRNA sequences (sh1439 and sh1401)
and a control sShRNA (shCTL). Size bar: 200 pm. Results are shown as the mean + S.D; p-value: *< 0.05;
*¥*<0.01; *** <0.005.

Because docetaxel resistant prostate cancer cells show an increased expression of
PTOVI1 (Figure 35B), we determined the effects of its knockdown in both docetaxel
sensitive and resistant cells (Figure 49A and D). The downregulation of the protein is
observed in both the nucleus and cytoplasm of knockdown cells as it is shown by

immunofluorescence assays (Figure 49).
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Figure 49. The knockdown of PTOV1 in docetaxel sensitive (DS) Dul45 cells efficiently decreases its
endogenous gene expression. Immunocytochemical localization of PTOV1 in DS-Dul45 knockdown for
PTOV1 by a shRNA sequence (sh1439).

As also previously demonstrated [72, 150], cell proliferation requires the
expression of PTOV1 (Figure 50A). This impair in proliferation is translated in a
significant increase in cell mortality as it is shown by the Trypan blue exclusion assay
(Figure 50B). These effects are enhanced in DR cells compared to DS cells, suggesting

that resistant cells are more dependent on the expression of PTOV1.

Chapter 7

151



Chapter 7: PTOV1 promotes docetaxel resistance

A Du14s 28
o hCTL R =hCTL .
1 shidan & sh1438
2% = shi4dl TH 3 shial
£ 2.0 £
[ Te]
§ 15 FHEE %
.a, wE ""v'
u“ 1;0 Fs FhE 0)'
L FEE - S 2
< 05 *EE
D3 DR DS DR
4 days 6 days 4 days B days
Du145 PL3
El shCTL s Bl shCTL
1004 3 sh1439 60, [ shi439
3 sh1401 TS B8 sh14M s
] r T EET -
% 2 @ L
= B 401
o 604 il o o wEE
k= -
Ll TEE o *
a 40 : a
=] = 20-
= s L2
204 *
0" 0- L) L)
D5 DR D5 DR DS DE DS DR
4 days B days 4 days B days

Figure 50. Downregulation of PTOV1 reduces proliferation and promotes cell death in CRPC cells. (A)
Histogram representing the proliferation of DS- and DR-Dul45 (left panel) and DS- and DR-PC3 (right
panel) cells knockdown for PTOV1 compared to a control shRNA (shCTL), as in Figure 52. Proliferation
was determined by crystal violet staining and absorbance at 595 nm after 4 or 6 days from lentiviral
transduction. (B) Histogram representing the dead cells as assessed by the Trypan blue exclusion in
knockdown cells after 4 or 6 days from lentiviral transduction.
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Additional experiments with a different ShARNA (sh1397) corroborate that PTOV 1
inhibition significantly affects cell proliferation and viability of prostate cancer cells

(Figure 51A, B and C).
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Figure 51. Downregulation of PTOV1 reduces proliferation and promotes cell death in CRPC cells. (A)
The expression of PTOV1 by qRT-PCR in DS and DR Dul45 and PC3 cells knocked by a shRNA
sequences (sh1397) and a control shRNA (shCTL). (B) Histogram representing the proliferation of DS and
DR Dul45 and PC3 cells knockdown for PTOV1 as in (a). Proliferating cells were determined by crystal
violet staining and absorbance at 595 nm after 96h from lentiviral transduction. (C) Histogram representing
the number of dead cells assessed by the Trypan blue exclusion in knockdown cells as in (a) after 96h from
lentiviral transduction.

Clonogenic assays show the loss of reproductive integrity and inability to
proliferate indefinitely upon PTOV1 inhibition (Figure 52A and B). Large and small
colonies referred to high-proliferative-potential or low-proliferative potential colony-
forming cells, respectively. Of note, docetaxel resistant cells are more enriched with low-
proliferative cells compared to sensitive cells, as it is evident from the more abundant

formation of smaller colonies.
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Figure 52. Colony forming abilities of prostate cancer cells knockdown for PTOV1. Colonies formation
abilities by DS and DR Dul45 cells (A) and DS and DR PC3 cells (B) after the knockdown of PTOV1
(sh1439; sh1397), and a control shRNA (shCTL). After seven days, cells were stained with 0.5% of crystal
violet. The upper graphs show the quantification of the number of colonies, including large colonies (>
Imm @) and small colonies (< Imm @). At the bottom, macroscopic images of the culture dishes are
shown.
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Microscopic images of the colonies show that sensitive cells generate confluent
and tightly packed colonies, whereas resistant cells-derived colonies are smaller and cells
appeared more isolated within the colony, in agreement with a more mesenchymal
phenotype (Figure 53). PTOV1 is required for maintaining cell proliferative potential

both in sensitive and resistant cells.

Cutds PC3

shCTL

sh1439

sh13397

Figure 53. Microscopic images of colonies of prostate cancer cells knockdown for PTOV1. Microscopic
images of colonies formed by DS- and DR-Dul45 cells and DS- and DR- PC3 cells after the knockdown of

PTOV1 (sh1439; sh1397), and a control shRNA (shCTL). Size bar: 200 pm.

Additional experiments in AR-positive LNCaP cells confirm that the

downregulation of PTOV1 significantly impairs cell proliferation and decreases cell

~
E
o
3
=
]
=
@)

viability (Figure 54).
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Figure 54. PTOV1 downregulation in AR-positive LNCaP induces impair cell proliferation and cell death
(A) Immunoblots showing the expression of PTOV1 in LNCaP cells knocked for PTOV1 by a shRNA
sequences (sh1397; sh1439) and a control shRNA (shCTL). (B) Histogram representing the proliferation of
LNCaP cells knockdown for PTOV1 as in (a). Proliferating cells were determined by crystal violet staining
and absorbance at 595 nm after 96 h from lentiviral transduction. (C) Colony formation abilities by LNCaP
cells knockdown for PTOV1 as in (a). (D) Histogram representing the number of dead cells assessed by
the trypan blue exclusion in LNCaP knockdown for PTOV1 (sh1397) after 96 h from lentiviral
transduction.

To investigate into the mechanisms of the requirement for PTOV1 in proliferation
and/or survival, cells were analyzed by flow cytometry using propidium iodide. Figure
55A and B show that cells knockdown for PTOV1 significantly accumulate in the G2/M
phase in concomitance to a significant increase in the proportion of cells in the sub-G1
peak (Figure 56A and B). In agreement with our previous observations, the accumulation
of cells in the G2/M phase and the increase in the sub-G1 peak are more pronounced in

DR cells.
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Figure 55. Downregulation of PTOV1 promotes G2/M cell cycle arrest (A) Docetaxel sensitive and
resistant Dul45 and PC3 knockdown cells as in Figure 48 and control cells were analyzed at 96 h after
PTOV1 knockdown by flow cytometry using propidium iodide. DS-Dul45 cells treated with docetaxel at
high concentration (1 pM) for 24h were wused as a control for G2/M arrest (CTL+).
A representative experiment of three independently performed is shown. (B) Histograms representing the
percentage of knockdown cells and controls found in each phase of the cell cycle from the experiment

shown in (a).
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Figure 56. Prostate cancer cells knockdown for PTOV1 accumulate in the sub-G1 peak of the cell cycle.
(A) Histograms and (B) graph represent the cell cycle analysis by cytometry of total cells (viable and not
viable cells) in DS and DR prostate cancer cells knockdown for PTOV1. Percentages shown in each
histogram represent the proportion of cells in sub-G1 peak and reflect the proportion of dead cells.

The expression of cyclin B1 and the appearance of a cleaved PARP1 fragment in
the knockdown cells, confirm the accumulation of cells in G2/M phase and the boost of

apoptosis observed by cell cycle analyses (Figure 57).
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Figure 57. Downregulation of PTOVI1 activates the cleavage of PARPI. (A) Immunoblots with the
indicated antibodies showing the apoptosis caused by the knockdown of PTOV1 compared to controls.

In addition, staining with Hoechst 33342 of DS- and DR- Dul45 cells 72 h after
PTOVI inhibition demonstrates nuclear condensation and fragmentation in cells
undergoing apoptosis (Figure 58). All together, these results support a requirement of the
onco-protein PTOV1 for the survival of Dul45 and PC3 prostate cancer cells.

Positive control

shCTL shPTOV1

Figure 58. Inhibition of PTOV1 induces nuclear fragmentation in prostate cancer cells. Upper panel-
microscopic images of Dul45 cells staining with Hoechst 33342 after exposure to 1pM Docetaxel for 24 h
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(positive control). Bottom panel- knockdown for PTOV1 with a shRNA sequence (sh1397) or a control
shRNA (shCTL). Arrows point to nuclear fragmentated cells. Images were acquired with an inverted
microscope (BX61, Olympus).

5. PTOV1 expression is induced in response to DNA damage

The G2/M checkpoint prevents the initiation of mitosis until DNA replication is
completed before completion of S phase. Progression through the cell cycle is also
arrested at the G2 checkpoint in response to DNA damage [316]. This arrest allows the
cells more time to repair the damage. Inhibition of RNA protein synthesis or exposure of
cells to certain drugs such as taxanes arrest cells in G2. Figure 55 and 56 show that the
depletion of PTOV1 and cell cycle arrest in G2/M phase is followed by cell death by
apoptosis, indicating a role of PTOV1 in this checkpoint. Therefore, to explore whether
PTOV1 is implicated in the DNA damage response, DS-Dul45 and DR-Dul45 cells were
treated for 24 h with docetaxel to induce DNA damage. As it shown in Figure 59A,
docetaxel exposure increases PTOV1 protein levels in both sensitive and resistant cells.
As previously shown, in the absence of docetaxel resistant cells exhibit higher levels of
PTOVI1 protein (see Figure 35B). To further explore whether PTOV1 is induced after
treatment with other DNA-damaging agents (DDAs) we treated sensitive Dul45 cells
with different drugs. Treatment with docetaxel, cisplatin or etoposide strongly induces
PTOV1 expression (Figure 59B). Double-strand breaks (DSBs) are deleterious DNA
lesions which, if left unrepaired, may lead to genomic instability and cell death. Amongst
the different markers of double-strand breaks (DSBs), a well characterized marker is the
phosphorylation of the histone H2AX (y-H2AX) [317]. As it is shown in Figure 59C,
PTOV1 overexpression mediated by DDA is associated to activation of y-H2AX in both
DS- and DR-Dul45 cells.
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Figure 59. PTOV1 is overexpressed in response to DNA damage agents. (A) Western blotting of DS and
DR Dul45 cells treated for 24 h with the indicated concentration of docetaxel. Western blotting of DS
Dul45 (B) or both DS and DR Dul45 cells (C) treated with different DNA damaging agents.

The presence of y-H2AX foci indicates the presence of a DSB. Figure 60 shows
that 48 h after the knockdown of PTOV1 the accumulation of DNA damage can be
detected by the increase in the number of Dul45 cells with positive y-H2AX foci. Of
notice, the nuclear fragmentation with Hoechst 33342 staining is not detected at 48 h, as
it occurred when cells were knockdown for PTOV1 for 72 h (see Figure 56). This
indicates that the appearance of y-H2AX foci in response to PTOV1 depletion occurs
earlier than the nuclear fragmentation, suggesting that the lack of PTOV1 is the cause,
rather than the consequence, of apoptosis. All together, these findings suggest that
PTOV1 may contribute to the DNA damage response signaling and repair and may be

required for the proper functioning of mitotic checkpoints.
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Figure 60. PTOV1 depletion activates the DNA damage response (DDR). (A) Fluorescent microscopic
images of Dul45 cells depleted for PTOV1 with the sh1397 sequence or control shRNA (shCTL) 48 h after
lentiviral transduction. Cells were stained with Hoechst and antibodies to phosphorylated H2AX (y-H2AX).
White arrows indicate cells with y-H2AX foci. (B) Nuclei positive for y-H2AX foci were counted in each
condition under the microscope. The percentage of cells with y-H2AX foci was calculated with respect to
the control (shCTL).
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6. Correlation of PTOVI with ALDHIAlI and CCNG2 expression in

metastatic prostate tumors

We examined the clinical significance of the upregulation of ALDHIAI, CCNG?2
and MYC genes, previously reported in aggressive prostate tumors [304, 318-321], and
their association with PTOV1 using publicly available database containing expression
data clinical and pathological information from prostate tumors of not-treated patients.
These analyses reveal that the higher expression of PTOV1 in primary prostate tumors is
significantly correlated to CCNG2 and MYC also overexpressed compared to benign
tissue (Figure 61A and B). In this set of tumors, the expression of PTOVI, ALDHIAI
and CCNG? significantly correlates with prostate tumor aggressiveness (Figure 61C), in
agreement with previous reports [318, 320]. In addition, a statistically significant
correlation exists between the expression of PTOVI with ALDHI1A1 and CCNG?2 (Figure
61D). However, according to this dataset the expression of MYC appears more
significantly associated to the presence of carcinoma compared to benign tissue, than to
the aggressiveness of the tumors. ALDHIAI, PTOVI and CCNG2 transcripts levels are
also significantly higher in primary prostatic adenocarcinomas of patients who after
radical prostatectomy developed regional or distal metastasis (Figure 61E), again

supporting their relationship with the metastatic progression of prostate tumors.
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Figure 61.
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The expression of PTOVI1, ALDHIAI, CCNG2 and MYC is significantly increased in human

prostate tumors. (A) Box and whisker plots represent PTOVI, CCNG2 and MYC expression levels in
prostate cancer compared to benign tissues from publicly available database (GSE29079; benign n=48;
tumor n=47). (B) Significant statistical correlations between the expression of PTOVI with CCNG2 and
MYC in tumors analyzed in (a). (C) Box and whisker plots representing PTOVI, ALDHI1A1, CCNG2 and
MYC expression in tumors with different Gleason as obtained from published prostate cancer gene
expression profiles (GSE46691; Gleason score (GS) <6, n=63; GS 7, n=271; GS 8, n=68; GS >9, n=143).
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(D) Significant statistical correlations between the expression of PTOVI with ALDHIAI and CCNG?2 in
tumors analyzed in C. (E) Box and whisker plots representing PTOVI, ALDHIAI and CCNG2 expression
in tumors of patients that did not develop metastasis after radical prostatectomy (not met, n=333) compared
to patients that did developed metastasis (met, n=212) (GSE46691). p-value: *< 0.05; **< 0.01; *** <
0.005.

7. Correlation of PTOV1 with chemotherapy resistance and poor survival

in breast cancer and ovarian cancer

The correlation of the overexpression of PTOV1 with tumor progression and poor
survival was previously confirmed in breast cancer [102, 133, 322]. We analyzed dataset
from breast cancer tissues derived from patients treated with taxanes plus anthracyclines
[322] and found a significant increase of PTOVI and CCNG2 mRNA levels in patients
with lower Miller and Payne grade, corresponding to bad responders to that

chemotherapy (Figure 62), reinforcing a potential role of PTOV1 and CCNG2 in

conferring resistance to chemotherapy with taxanes.
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Figure 62. The expression of PTOVI and CCNG?2 is significantly increased in breast tumors of patients
with lower Miller and Payne grade (the group of bad responders to chemotherapy). Box and whisker plots
representing PTOV1 and CCNG2 expression was obtained from published breast cancer gene expression
profiles (GSE28844; grade 1 n=4; grade 2 n=24; grade 3 n=20; grade 4 n=7; grade 5 n=6). Patients with
breast cancer were given neoadjuvant chemotherapy treatment based on anthracyclines and taxanes, and
tumor samples were obtained before and after chemotherapy.

In addition, integration of different datasets of breast cancer patients treated with
chemotherapy or following surgery plus chemotherapy, show that high PTOV1 levels

significantly correlates with a lower relapse-free survival (RFS) and distant-metastasis
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free survival (DMFS) probability [323], suggesting that PTOV1 expression may be
predictive of bad response to chemotherapy (Figure 63). Of note, chemotherapy in this
cohort of patients consists mainly in the use of anthracyclines, a DNA intercalating agent,

suggesting that PTOV1 may contribute to resistance to other types of chemotherapies.
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Figure 63. Survival analyses associated PTOV1 expression in breast cancer patients treated with
chemotherapy. (A) Relapse-free survival analysis associated PTOV1 expression in breast cancer patients
integrating gene expression data (GSE1456; GSE16446; GSE19615; GSE21653; GSE31519; GSE3494;
GSE37946; GSE45255; GSE4611; GSE5327). (B) Distant-metastasis free survival analysis of breast cancer
patients integrating gene expression data (GSE16446; GSE17907; GSE19615; GSE3494; GSE45255). Data
were analyzed using the Kaplan-Meier plotter tool (http:/kmplot.com/analysis/). Patients were split by
median.

In ovarian cancer patients treated with a taxol-base chemotherapy, low levels of
PTOV1 are associated with better overall survival although data do not reach statistical
significance (p=0.07) (Figure 64A). In ovarian cancer patients treated with a platinum-
based chemotherapy or a combined chemotherapy based in taxol plus platinum, high
PTOVI1 levels are significantly associated with poorer overall survival (Figure 64B and

Q).
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Figure 64. Overall survival analyses associated PTOV1 expression in ovarian cancer patients treated with
chemotherapy (A), platinum-based chemotherapy (B) or taxol plus platinum (C). Data were analyzed using
the Kaplan-Meier plotter tool (http://kmplot.com/analysis/) integrating data from GSE14764; GSE15622;
GSE26193; GSE32062; GSE63885; GSE9891; GSE26712; GSE51373; TCGA). Patients were split by
median.

8. Analyses of RNA expression and DNA mutation events from metastasis

of castration resistant tumors

To study whether the associations of PTOV1 with self-renewal and docetaxel
resistant genes found here are detectable in metastasis, we interrogated database
containing information from metastatic lesions of prostate cancer patients [236, 237,
240]. Forty-nine metastatic lesions from 114 metastatic specimens had available data for
RNA expression. Significantly, 96-100% of those lesions show concurrent increased
expression of PTOVI, CCNG2, and MYC genes (Figure 65A). Similarly, concurrent
expression is also found for ALDHI1A1 gene in 33% of lesions. Frequent amplifications of
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PTOVI1, MYC, ALDHIAI and CCNG?2 genes are found (Figure 65B). In addition, very
significant co-occurrence of alterations in DNA events is found among PT7OVI,

ALDHIAI, and MYC (Table 16).

A
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CONGZ 100%

ALOHTAT 33%

MYC 100%
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Figure 65. Expression status and mutational profile of PTOV1 and related genes in metastatic lesions from
CRPC patients. (A) Alteration of gene expression in 49 metastatic specimens from 35 CRPC patients
(Beltran et al. [240]). (B) Copy number alteration and mutations in a cohort of 107 metastatic specimens
from 77 patients from Beltran et al. [240]. Each bar represents one individual. Vertically aligned bars
positions correspond to the same specimen.

Altogether, our findings indicate that the overexpression of PTOV1 in prostate
cancer is significantly associated to the acquisition of resistance to chemotherapy with
docetaxel, and probably to other chemotherapeutic agents, and to an increase in self-
renewal properties of the resistant cells. In addition, the significant concurrent increased
expression of PTOVI, ALDHIAI and CCNG2 in primary prostate tumors of patients that
develop metastasis is also found in a cohort of metastasic lesions. These findings reveal

that the above genes may be predictors of metastasis and bad prognosis.
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Gene A Gene B p-value Log Odds ratio

PTOVI ALDHIAI  <0.001 2.338

CCNG2 ALDHIAI  <0.001 2.554

ALDHIAI MYC <0.001 >3

PTOVI MYC 0.003 1.591
CCNG2 MYC 0.056 1.155
PTOVI CCNG2 0.065 1.191

Table 17. Co-occurrence of DNA alterations in metastatic CRPC. The table shows the quantification (Log
Odds ratio) of how strongly the presence of an alteration in gene A is associated with an alteration in the
gene B analyzed from published datasets from Beltran et al. [240]. Log odds>0: association towards co-
occurrence. p-value <0.05.

9. Discussion

9.1 PTOV1 promotes docetaxel resistance in prostate cancer cells

In this work we provide evidences supporting a role of PTOV1 in promoting the
resistance to docetaxel and self-renewal abilities of prostate cancer cells. We further
show that the expression of PTOVI and the downstream activated genes ALDHIAI and
CCNG? in primary tumors may be predictive of metastasis and bad prognosis.

We have shown that both DR-Dul45 and DR-PC3 cell lines endogenously
overexpress PTOV1 at protein levels, however little increase or no increase is observed at
transcript levels. This is of relevance because previous microarrays analyses did not
reveal significant overexpression of PTOV1 in DR cells and underscore the importance of
post-transcriptional regulatory mechanisms in these phenotypes [69, 302, 304]. Thus,
although it is commonly accepted that changes in mRNA abundance are reflected by
changes in protein synthesis, numerous exceptions are known [324-326]. Protein
stabilization is a common event in the progression of diseases, including cancer [327,
328]. Our own previous data demonstrated that in PC3 cells PTOV1 interacts with

RACKI1 and ribosomes, promoting global protein synthesis, including the translation of

169

Chapter 7




[l
]
ol
N
=%
<
=
®]

Chapter 7: PTOV1 promotes docetaxel resistance

JUN mRNA without affecting JUN steady-state mRNA levels [101]. Thus, to obtain a
clear view of protein expression in specific cell conditions it is crucial to consider both
the transcriptome and the proteome. We attempt here to discern the basis of this
discordant expression between PTOV1 protein and mRNA levels in prostate cancer cell
models, however the experiments performed do not allow us to conclude the cause of this
higher increase in PTOV1 protein levels. Western blot analysis of cycloheximide-treated
cells has some limitations. For instance, if PTOV1 higher levels in resistant cells are
dependent on the specific expression of another protein with shorter half-life, differences
in PTOV1 protein stability would not be detected. Perhaps, other methods are more
suitable to study the precise measurement of protein stability, for instance pulse-chase
and immunoprecipitation assay or measurement of fluorescence of tryptophan [329, 330].
However it is important to remark that differences in PTOV1 mRNA levels are normally
observed in tumor tissues compared to benign areas, suggesting that this discordant
expression between mRNA and protein levels may be a particular event observed in a
particular cell line.

Our data show that not only PTOV1 is associated to more aggressive, potentially
resistant stages [72, 73, 100, 101, 104], but also that docetaxel resistant prostate cancer
cells express increased levels of this protein concomitantly with genes associated to
resistance [302-306]. Significantly, its ectopic expression in docetaxel sensitive cells,
significantly increased their 1Csy to this drug and activated the expression of ABCBI,
TUBB4A, TUBB2B, MYC, and CCNG?2 genes, demonstrating PTOV1 as a relevant factor
to overcome toxicity to docetaxel.

The significant increase of ABCBI expression, a drug transporter with high affinity
for docetaxel but low affinity for cabazitaxel [308, 331], might explain its specific action
in inducing cell resistance to docetaxel but not to cabazitaxel. The upregulation of
ABCBI1 might be a major mechanism of taxane resistance in an initial response to
docetaxel in several advanced tumors, and in Dul45, 22Rv1 and C4-2B prostate cancer
cell lines [69, 306, 307, 332]. However, the protein ABCBI1, not its RNA levels, was
shown to correlate with the Gleason score in prostate tumors, possibly explained by a
lower efficiency of RNA evaluation in those samples [333]. Here, we demonstrated that
increased ABCBI levels induced by PTOV1 overexpression are mediated, at least in part,
by the JNK pathway and Wnt/B-catenin signaling. Recently, PTOV1 was shown to
increase the number of spheres, the proportion of CD24/CD44" cells and the side
population (SP) through the activation of Wnt/B-catenin signaling in breast cancer [133].
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Several studies described SP cells as populations of cells with stemness features,
upregulation of ABCB1 and a taxol-resistant phenotype [334-336]. These observations
support our findings and suggest that PTOV1 promotes the acquisition stemness features
and the resistance to docetaxel partly through the expression of ABCB1 and Wnt and
JNK activation. However, several lines of evidence suggest that PTOV1 has a direct role
in the activation of other genes implicated in taxanes resistance, such as CCNG2,
TUBB2B and ALDHI1A1I [304, 337], as observed in ChIP experiments where PTOV1 was
detected in the promoter regions of these genes. The expression of specific B-tubulin
isotypes including BIVa-tubulin and BIII-tubulin, have often been reported associated to
tumor aggressiveness and survival to chemotherapy with taxanes in cancer cell lines and
tumors [337-340]. In addition, the activation of Snaill expression and EMT program by
PTOV1 [101] might link to its action in the development to resistance to docetaxel [67,
341].

We showed that higher PTOV1 levels correlates with higher levels of the RNA-
binding protein and the key embryonic stem cell factor Lin28A in prostate cancer cells.
Lin28A and other members of the family, such as Lin28B, was shown to be frequently
overexpressed in human cancers, associates with poor clinical prognosis and its ectopic
expression in pancreatic cancer cells increases the ability to form spheres [342-345].
Activation of the Lin28/let-7 axis is critical for cell transformation and promotes a stem-
like phenotype by regulating tumor-initiating and self-renewal properties of TICs in
human cancers, including prostate cancer [346, 347]. Lin28 was shown to promote the
development of resistant to abiraterone and enzalutamide by enhancing the expression of
AR splice variants such as ARV7, linking the expression of this protein with the
therapeutic stress [348].

The concurrent overexpression of CCNG2 and ALDHIAI found in the cell lines
with the ectopic HAPTOV1 is confirmed in primary tumors of patients that developed
metastasis and in metastatic lesions of CRPC patients, revealing their participation in the
metastatic process. While ALDHIAI and MYC genes were reported in metastasis of
several tumor types and associated with poor prognosis [310, 318, 320, 349, 350], for
CCNG2, an unconventional cell cycle checkpoint, the association to stemness is not clear.
It was described to have tumor suppressor functions in different neoplasias [351, 352],
although, supporting our observations, CCNG2 was positively associated with
aggressiveness and prostate cancer recurrence after radical prostatectomy [319].

Unpublished data from our group, confirmed a significant increase of CCNG2 mRNA
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expression in prostatospheres derived from prostate cancer cell lines and human prostate
tumors along with an increase in other stem cell markers such as NANOG, SOX2 and
ALDHIAI, suggesting that the expression of CCNG2 may be linked to stemness features.
Supporting its oncogenic role, CCNG2 was shown to promote hypoxia-driven local
invasion in glioblastoma by controlling cytoskeletal dynamics [353]. Tumor hypoxic
microenvironment affects the biology of tumors including apoptosis repression by
alteration of pro-survival gene expression, genomic instability, induces invasiveness,
neovasculation of tumors, resistance to therapy and contributes to poor prognosis [354,
355]. In primary glioblastoma, CCNG?2 is highly expressed in severely hypoxic regions,
mainly consisting of actively migrating glioma cells. CCNG2 interacts with actin
filaments at membrane ruffles through regulation of the actin-binding proteins cortactin
and dynamin 2, and this interaction is required for the motility of glioblastoma cells.
CCNGQG?2 is a negative regulator of the cell cycle upregulated in response to DNA damage
and was shown to induce microtubule bundling and stability [304, 356-358]. We
speculate that additional time in S or G2 phase of the cell cycle coupled with increased
DNA repair protein activity may afford a survival advantage over the bulk of cells and
contributes to resistance to chemotherapy presumably by facilitating a delay in the cell
cycle that may allow reorganization of microtubules and chromatin repairs after drug
exposure [304, 356-358].

The development of CRPC was described to lead to increased resistance to
docetaxel also in chemotherapy-naive patients, suggesting that intrinsic chemoresistance
may be present in tumors even before drug exposure [359-361]. Chemotherapy
effectively induces death of the bulk of proliferating tumor cells and concomitantly
results in the enrichment of cell populations characterized by a higher intrinsic resistance,
such as TICs, considered major responsible for the poor prognosis of patients with cancer
[338, 359, 362]. In line with this possibility, our findings suggest that aggressive tumor
cells with increased expression of PTOVI, ALDHIAI, and CCNG2 might correspond to
populations of cells with stemness features and with great capacity to metastasize and

higher resistance to docetaxel.

The analyses of public datasets containing data from untreated patients, do not
confirm the statistically significant correlation of PTOVI with ABCBI, TUBB4A,
TUBB2B, NANOG, POUS5F1, and LIN28A4 found in the cell line models. This lack of

correlation might be related to the metastatic origin of the cell lines from CRPC patients,
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a more advanced tumor stage compared to those (untreated) included in the data base
[302, 363]. In addition, the known heterogeneous genetic profiles of prostate tumors may
not allow to discern those alterations found in isolated cells, that may be present in
specific subsets of tumors but become undetectable in a large heterogeneous cohort [122,
333].

Here, we show that breast cancer tumors with no response to taxanes treatment
express significantly higher levels of PTOV1 and CCNG2 than tumors with good
response to chemotherapy, indicated that the high expression of these proteins may be a
predictor of chemotherapy response. In addition, in breast and ovarian cancer patients
following different chemotherapies, including taxols, platinums and anthracyclines,
higher PTOV1 expression is significantly associated with poor overall survival and
shorter times of disease-relapse suggesting a role of PTOV1 in the resistance to other
chemotherapeutic agents. Accordingly, PTOV1 has been described as overexpressed in
breast cancer tumors in correlation with tumor progression and poor prognosis, and its
expression was associated with an increased side population and enrichment of CD24"
CD44 " breast cancer cells [102, 133].

All together, our findings indicate that PTOVI confers prostate cancer cells the
advantages to survive docetaxel toxicity, through upregulation of ABCBI, and genes
involved in docetaxel resistance and pluripotency factors. Of notice, our study identifies
PTOVI, ALDHIAI and CCNG2 as potential markers of metastasis and bad prognosis
when detected in primary prostate tumors. Our data also suggest that chemotherapy elicits
a selective pressure that activates the expression of adaptive capabilities in selected
populations of cells within the bulk of a tumor whose proportion may vary depending on
their molecular characteristics. Although further validations are required in additional
models, our data reveal that PTOV1 might be a marker of chemotherapy response to
taxanes and other drugs and a valid future option to prevent the development of resistance

to docetaxel in CRPC.

9.2 PTOV1 is required for cell survival and cell cycle progression

We reported here that PTOV1 inhibition causes an accumulation of cells in G2/M
phase of the cell cycle followed by cell death. G2/M checkpoint is a cell cycle regulatory
point that prevents the initiation of mitosis until DNA replication is completed before

completion of S phase and cell cycle is also arrested at the G2 checkpoint in response to
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DNA damage [364]. This arrest allows time for the damage to be repaired. Inhibition of
RNA, protein synthesis or exposure of cells to certain drugs such as taxanes arrest cells in
G2. PTOV1 action was previously found associated to cell cycle progression of prostate
cancer cells, with nuclear concentration of the protein at the beginning of S phase and
peaking in mitosis [72]. High levels of PTOV1 significantly associated with high
expression of Ki67, indicating an association with active proliferation status [72]. Thus,
our present observations indicate that PTOV1 is an activator of protein synthesis which
function might be critical in the G2 phase before mitosis when there is a need for a rapid
synthesis of proteins required for cell division and DNA damage needs to be repaired

[101].

On the other hand, we also found that cells treatment with DNA damaging agents
also induces the expression of PTOV1. DNA damage response (DDR) mechanisms
include both arrest of cells at specific checkpoints of the cell cycle and recruitment of the
DNA repair machinery. Cells have different DNA repair pathways that are specific for
each set of DNA lesions and involve a complex array of proteins. Increasing evidence
support that preferential activation of the DNA damage checkpoint response and
overexpression of proteins involved in DNA damage repair, such as ERCCI1, Rad51,
PARP-1 or Ku70/Ku80, have predictive and prognostic values for various tumor types
treated with radiotherapy or chemotherapy [365-372]. Several examples are available: (i)
Ku80 overexpression is an independent predictor factor of regional failure and mortality
following radiotherapy in head and neck cancer, especially in HPV-negative head and
neck squamous cell carcinoma [366]. (ii) In invasive breast carcinoma, nuclear
Ku70/Ku80 expression was correlated with features of poor prognosis including
lymphovascular invasion, negative estrogen receptor expression, basal-like phenotype
and higher histological grade [373]. (iii) A benefit from cisplatin-based adjuvant
chemotherapy is associated with the absence of ERCCI in lung cancer and
locally advanced head and neck squamous cell carcinoma [365, 367]. (iv) Interestingly,
enhanced expression of DNA polymerase eta (Pol 1), characterized by low fidelity and
the ability to replicate across certain types of damaged sites in template DNA, contributes
to cisplatin resistance of ovarian cancer stem cells [374]. The cisplatin-induced DNA
cross-links are bypassed during replication through translesion DNA synthesis. (v) The
activation of DNA response and DNA repair capacity have been identified as a

mechanism of glioma CSCs that contributes to radioresistance [372]. Finally,
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interestingly some oncogenes have been involved in DNA damage repair and their
downregulation causes similar effects as those observed upon PTOV1 downregulation
[375, 376], including cell cycle arrest, accumulation of y-H2AX foci and death by

apoptosis.

In contrast to what occurs in normal cells, cancer cells have lost one or more DDR
pathways, such as genetic alterations and mutations in TP53, BRCA, and Rad5l,
increased genomic instability that lead cells to a greater dependency on the remaining
DDR pathways [364]. The loss of some elements of one DNA repair pathway may be
compensated for by the increased activity of other elements or pathways. For instance,
Ku70/Ku80 expression was associated with BRCA1 deficient or negative tumors in both
hereditary and sporadic breast cancers [373]. In addition, colon cancer cells upregulated
the homologous recombination DNA repair pathway to compensate for the loss of base
excision repair as a mechanism to overcome resistance to PARP-1 and PARP-2
inhibitors, critical enzymes for DNA damage repair [377]. Because the upregulated DNA
repair pathways can cause resistance to DNA-damaging chemotherapy and radiotherapy
[367, 373, 374], inhibitors of these pathways can be used as a strategy to sensitize cells to

those therapies.

The above findings are interesting in the contest of the structural similarity between
the PTOV domain (of MED25) and the B-barrel domains of Ku70/Ku80 heterodimer [88-
90] (Figure 66). This is one of the first complex binding to the DNA end in the
“classical” non-homologous end joining (C-NHEJ) pathway, and is very important in
DNA double-strand break (DSB) repair [378]. Ku70/80 binds double-stranded DNA ends
and serves as the scaffold to assemble the entire DNA repair complex. In addition, Ku
also associates with telomere ends protecting them from being recognized as DSBs and

preventing their recombination and degradation.
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PTOV domain of MED25 PTOV/KU70/KU80

Figure 66. Structural similarity between PTOV domain in MED25 and Ku70/Ku80 heterodimer.
(A) Ribbon diagram of the lowest-energy conformer of MED25(391-543): a-helices I, II and III are shown
in red and yellow, f-strands A to G are shown incyan, and other polypeptide segments are shown
in gray. (B) Ribbon diagrams of MED25 (391-543) in blue and the f-barrel domain of Ku70 subunit
(1JEY) in orange with the extended loop of residues 276-340 interacting with DNA being omitted for
clarity after superposition of C* atoms identified by DALI Regions of Ku80 subunit and DNA backbone
interacting with the f-barrel domain are shown in grey. Figure adapted from Eletsky, Ruyechan ef al. [89].

More recently, an extended (e)AT-hook motif was identified in PTOV1 [92]. In
addition, very recent data from another member of our group indicate the presence of a
new previously unknown canonical AT-hook motif in the A domain of PTOV1, shown
by gel electrophoresis mobility shift assay (EMSA), suggesting a function for PTOV1 as
DNA binding protein (experiments not shown). Strong support to this in vitro observation
is provided by the detection of PTOV1 by immunohistochemistry in the nucleus of
mitotic cells associated to the compacted chromosomes in colon tumors (Figure 67).
Additionally, we observed that protein is present both in the cytoplasm and in the
nucleus, accordingly to previous data [72]. The subcellular distribution of PTOVI in
breast cancer and nasopharyngeal carcinomas was also detected both in the nucleus and
cytoplasm of carcinomatous cells [72, 102, 105]. In urothelial carcinoma PTOV1 nuclear
staining was significantly more frequent compared to benign tissue and a reduced
cytoplasmic expression significantly correlated with higher pathological stage and grade,
suggesting a functional shift for PTOV1 from the cytoplasm to the nucleus in the
progression of these tumors [379]. These observations are in line with previous reports
showing that intense nuclear PTOV1 expression was able to distinguish in a significant
manner high-grade urothelial carcinoma [104]. Very recently, in ESCC the frequence of
nuclear PTOV1 staining was significantly higher in metastatic cancer cells [269].Thus,

the nuclear presence of PTOV1 might be critical for proliferation and tumor progression,
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suggesting that its transcription regulating abilities and potentially its direct binding to

DNA, might be relevant for its oncogenic functions.

Figure 67. PTOV1 expression in the nucleus of mitotic cells in colon cancer. Arrows indicated mitotic

cells.

Altogether, several lines of evidence suggest a critical role of PTOV1 for a proper
function of cell cycle progression and point to a possible role in the DNA damage
response: i) The protein is overexpressed shortly after treatments with different DNA
damage agents, ii) cells knockdown for PTOV1 are unable to progress in the cell cycle,
accumulate at the G2/M phase and show an increase in y-H2AX foci formation and cell
death, iii) the resemblance of PTOV domain with secondary structure of Ku70/Ku80, a
complex involved in DNA DSB repair, iv) the ability of PTOV1 to bind DNA through its
AT-hook domain and (e)AT-hook domain, and v) the association of PTOV1 with poor

prognosis in patients treated with DNA damaging agents such as taxols or platinum [92].

These results supports that cells arrested at the end of the G2 phase in PTOV1
knockdowns are unable to bypass the DNA damage checkpoint and enter a programmed
cell death suggesting a role of PTOV1 in cell cycle progression and maintenance of DNA
integrity. We speculate that in prostate cancer cells with genetic alterations in several
DDR pathways, such as mutations in p53 highly reported in prostate cancer tumors [21],
cancer cells may increase the expression of proteins involved in alternative DNA repair
pathways, including PTOV1 overexpression. Thus, PTOV1 depletion together with
mutations in other DDR pathway may lead to cell death. However, further investigation
such as studies of colocalization of PTOV1 with other DNA damage response proteins
recruited to DSB sites is required to clarify whether PTOV1 has a direct role in the DNA

damage response and if so, in which DNA repair pathway could be implicated.
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La feria de Septiembre (September Fair)

“This fair is held in the first fortnight of September, granted by King Alfonso X the Wise, and takes
in a wide range of celebrations. These include the fun fair, the cattle fair, the Moors and Chris-
tians fiesta and the Pilgrimage to La Fuensanta. The September Pilgrimage commemorates the
solemn coronation of the Virgin and pilgrimages accompany the city’s patron saint, the Virgin of
La Fuensanta, to her sanctuary. The Moors and Christians commemorates the founding of Mur-
cia by the Moors and the conquest of the city by Alfonso X the Wise. They parade with their “ar-
mies” through the centre of the city. Their eye-catching clothing together with the gun powder and
the music, add a touch of historical colour to the September Feria”.
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A growing body of evidence, including data from our group [101], supports that
translational control play an important role in cancer development and progression [380-
383]. Changes in different components of the translational machinery can lead to more
general changes affecting both global control of protein synthesis and selective
translation of specific mRNAs. Therefore, it is of utmost importance to understand the
role of mRNA translation and protein synthesis in human cancer. We studied here
alterations in translational control associated to the resistance to conventional therapies in

prostate cancer.

1. Docetaxel resistant prostate cancer cells have a deacrease in
PI3K/AKT/mTOR signaling pathway that affects global protein synthesis

rates

We observed a significant decreased cell proliferation in both Dul45 and PC3
docetaxel-resistant cells compared to sensitive cells (Figure 68A). Because the
PI3BK/AKT/mTOR pathway is a major regulator of cell proliferation and protein
synthesis, we explored whether resistant cells presented alterations in the
PI3K/AKT/mTOR pathway. We observed increase protein levels of total elF4E-BP1 (4E-
BP1) and PDCD4 in both DR-Dul45 and DR-PC3 cells, well known inhibitors of protein
synthesis [178, 384] and a decrease of phosphorylated (p)-AKT (Figure 68B). We also
observed less phosphorylated e[F4E-BP1 in DR-Dul45 cells. Addionally, DR-PC3 but
not DR-Dul145 cells have a decrease in phosphorylated (p)-eIF4E protein. At RNA level,
a significant increase in 4E-BP1, 4E-BP2 and PDCD4 was observed in DR-PC3 cells, in
agreement with observations at protein levels (Figure 68C). Similarly, DR-Dul45 cells
show significant increase in 4E-BP1 and PDCD4 and a decrease in (p)-AKT and (p)-
elF4E-BP1 proteins (Figure 68B). However, no changes in 4E-BPs at RNA levels were
detected, suggesting a post-transcriptional regulation of these factors (Figure 68C).
These data suggest that the observed decrease in cell proliferation may be due to a

significant downregulation of the PI3K/AKT/mTOR signaling activity.
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Figure 68. Docetaxel resistant prostate cancer cells have a decrease in cell proliferation and a deregulation
of PI3K/AKT/mTOR pathway. (A) Growth curve of DS- and DR-Dul45 cells and DS-and DR-PC3 cells.
(B) Immunoblots with the indicated antibodies showing the expression of several components of the
PI3K/AKT/mTOR pathway in same cells as (a). (C) Endogenous mRNA levels of several components of
the PI3K/AKT/mTOR pathway by qRT-PCR in same cells.

Supporting our findings, analyses of published microarray data of docetaxel

resistant prostate cancer cells revealed a cluster of genes involved in ribonucleoprotein
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complexes formation and protein biosynthesis that are predominantly downregulated in

DR prostate cells (Figure 69).

Docetaxel-resistant prostate cancer cells
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Figure 69. Genes involved in ribonucloprotein complexes formation and protein biosynthesis are
downregulated in docetaxel resistant prostate cancer cells. Histogram representing the RNA expression of
several genes involved in protein biosynthesis and ribonucleoprotein complexes (logarithm of fold change,
logFC) of the analysis of published RNA array data (GSE33455) of Dul45 and PC3 docetaxel resistant
cells.

We further analyzed whether the rate of protein synthesis in docetaxel resistant
prostate cancer cells was affected. As it is shown in Figure 70A, using the incorporation
of *S-methionine, the global rate of protein synthesis in DR-PC3 compared to control
cells is significantly decreased. However, a small non significant decrease in protein
synthesis rate was also observed in DR-Dul45 cells. The nonradioactive SUnSET
method was additionally employed to monitor mRNA translation in resistant cells [235].
As a positive control for inhibition of protein synthesis, we treated Dul45 cells with
increasing doses of the protein synthesis inhibitor cycloheximide (Figure 70B). These
cells exhibit a dramatic decrease in protein synthesis as observed with the SUnSET
method. Figure 70C shows that DR-PC3 cells have a decrease in the rate of mRNA
translation compared to DS cells, as previously observed by the incorporatarion of *°S-
methionine. However, no changes in protein synthesis rates were observed in DR-Dul45

cells.
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Figure 70._Protein synthesis is inhibited in docetaxel resistant PC3 cells compared to parental cells. (A)
Histogram representing incorporation of 33S methionine in DS and DR prostate cancer cells. CPM: counts
per minute. (B) Western blotting showing protein synthesis by SUnSET method in Dul45 cells treated with
increasing doses (1; 10 and 100 pg/mL) of protein synthesis inhibitor cycloheximide (CHX). Western
blotting showing protein synthesis by SUnSET method in DS and DR Dul45 (C) and DS and DR PC3 cells
(D).

The androgen deprivation therapy (ADT) is the standard first-line therapy for
patients with early metastatic PCa based on the fact that all prostate cells depend on
androgen for their survival [40]. The great majority of these patients initially respond to

ADT, however the disease progresses despite of androgen depletion, developing a
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castration resistant PCa status. Thus, we explored whether the resistance to this therapy

also affected proliferation and PI3K/AKT/mTOR pathway. The in vitro derived
androgen-independent LNCaP cells (LNCaP AI) [385] exhibit a significant impairs in
cell proliferation (Figure 71A) and a significant increase in several protein synthesis
inhibitors such as 4E-BP1, 4E-BP2, 4E-BP3 and PCDC4 (Figure 71B). These data,

together with previous findings in docetaxel resistant cells suggest that both androgen
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deprivation therapy and chemotherapy might select populations of cells with slow-

cycling abilities.
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Figure 71._Androgen independent prostate cancer cells have a decrease in cell proliferation and a
deregulation of PI3K/AKT/mTOR pathway. (A) Growth curve of androgen dependent (AD) and androgen
independent (AI) LNCaP cells. (B) Endogenous mRNA levels of several components of the
PI3K/AKT/mTOR pathway by qRT-PCR in same cells.

Slow-cycling cells have been previously linked to increased tumorigenic capacity
[386]. Therefore, we evaluated the tumorigenic capacity of resistant cells in vitro by the
sphere-formation assay. Analyses of tumorigenic capacity in vitro showed an increased
number of prostatospheres in androgen independent and docetaxel resistant prostate
cancer cells compared to parental cells (Figure 72A). We analyzed a stemness gene
signature to discern whether these populations of prostate cancer cells that become
resistant to conventional therapies, with low proliferation and increased tumorigenic
capacity, share expression of some stemness-associated genes. Increased expression of
the stemness markers SOX2, NANOG, POU5FI, CDI133 and CD44 was observed in
androgen-independent LNCaP cells (Figure 72B), whereas in docetaxel resistant Dul45
cells we only observed high expression of POUS5SFI and LIN28A (Figure 72C). These

data suggest that therapies are selecting populations of cells with stemness-like features.
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Figure 72. Prostate cancer cells resistant to conventional therapies have increased tumorigenic capacity.
(A) Quantification of prostatospheres derived from AD and Al LNCaP cells and DS and DR Dul45 cells.
(B) Relative mRNA levels by gqRT-PCR of prostatospheres from same cells.

2. Polysome profiling to study mRNA translational efficiency

The distribution of transcripts in polyribosomes reflects the rate of synthesis of their
corresponding proteins [214]. The analyses of the polysomal profiles of the cell models
LNCaP, Dul45 and PC3 reveal that cells resistant to docetaxel or to androgen deprivation
have a decrease in polysomal fractions and, especially docetaxel resistant cells tend to
accumulate non-actively translating ribosomes (80S fraction), corresponding to cells with

a decrease in the mRNA translation rate (Figure 73).
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Figure 73. Polysome profiling of resistant prostate cancer cells. For each polysome profile, the first three
peak detected before the dashed vertical line represented translationally inactive ribosomes (40S, 60S and
80S), whereas the subsequent series of peaks after the vertical line represented the polysomes with
increasing numbers of ribosomes attached to the mRNA. Arrows locate 80S peak.

Isolated RNA molecules from the fractionated polysomes can be coupled to NGS
for gene expression screenings at the translational level. Thus, combining sucrose
gradient centrifugation with differential screening using NGS enables simultaneous
analysis of both transcriptional (total RNA) and translational regulation (polysome-
bounded RNA). Since a growing body of evidence indicate that mRNA levels do not
necessarily reflect protein levels in cells [325, 326, 387, 388], we decided to explore
whether a de-regulation in translation occurs during prostate cancer progression in the
acquired resistance to ADT and chemotherapy using this methodology coupled to NGS.
For these studies we are collaborating with Prof. Sonenberg’s group at the Goodman
Cancer Research Centre, McGill University, Montreal (Canada). We performed
polysome profiling analyses of resistant and sensitive LNCaP, Dul45 and PC3 cells. We
isolated total RNA and polysomal-bounded mRNA from polysome fractions and
generated mRNA library for RNA sequencing, as illustrates Figure 74 (more detailed in
Material and Methods). The sequencing data are now under analysis. This wide genome
approach will allow us to elucidate the mechanisms operating in the control of RNA

translational in prostate cancer progression.
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Figure 74. Representative scheme of the mRNA-seq library construction.

3. Discussion

Docetaxel resistant prostate cancer Dul45 and PC3 cells show a mesenchymal
phenotype with low expression of epithelial markers, e.g. downregulation of KRT18 and
overexpression of mesenchymal transcription factors including ZEB1, VIM and SNAII
(see Figure 33), widely reported in docetaxel-resistant cells. Moreover, we showed that
both docetaxel resistant and androgen independent prostate cancer cells display a striking
decrease in cell proliferation, possess higher in vitro tumorigenic capacity and an
increased expression of stem-cell like markers compared to parental cells [62, 63].
Supporting our observations, Domingo-Domenech et al. [69] demonstrated that KRT18
and KRT19-negative docetaxel-resistant prostate cancer cells and primary metastatic
cancer tissue samples exhibit active chemorresistant abilities. /n vivo experiments

demonstrated that docetaxel resistant PCa cells had higher tumor-initiating capacity than
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their parental sensitive cells when injected into NOD/SCID IL-2 receptor gamma chain
null (NSG) mice [69].

The PI3BK/AKT/mTOR signaling pathway, a major regulator of protein synthesis
and cell growth [389, 390], has been linked to cell survival, proliferation, growth,
differentiation, migration, angiogenesis and cancer progression [102, 391-394].
Docetaxel resistant and androgen independent cells show a downregulation of proteins
that trigger PI3K/AKT/mTOR signaling activation (p-AKT, eIF4E) whereas they
overexpressed proteins that negatively regulate this pathway such as 4E-BPs and PDCDA4.
Additionally, the polysome profiles of resistant cells revealed a shift in the proportion of
polysomes toward monosomes, with a clear increase of the 80S peak, which are similar to
cells with lower protein synthesis rates and inhibition of mTOR pathway [395, 396].
According with our in vitro observations, gene expression analyses of androgen-
independent, or castration resistant prostate tumors from the primary site of patients who
progressed to develop metastasis, revealed downregulation of a main cluster of genes
involved in protein biosynthesis and ribonucleoprotein complexes formation [397]. In
addition, Puhr ef al. [63] reported that docetaxel-resistant prostate cancer cells display an
increased CD24°"-CD44"" subpopulation compared with their parental counterparts,
according to cells with a stemness cell-like phenotype. Here, we reported an increase in
self-renewal gene expression (NANOG, POU5SF1, SOX2, CD44 and CD133) in androgen
independent LNCaP cells, whereas docetaxel resistant cells are enriched in POUSFI and
LIN28A. However, we did not observe an increase in CD44™¢" subpopulation as
previously reported in DR-Dul45 [63].These observations support the hypothesis that
conventional cancer therapies indirectly select for populations of slow cycling cells with
stem-cell like features.

Tumors have developed different strategies to satisfy their rapid proliferation and
growth requirements, including the deregulation of the initial step of mRNA translation to
obtain increased rates of protein synthesis and eventually tumor progression [174-176].
Numerous studies have shown that aggressive tumors possess higher expression and
activity of the protein synthesis machinery [380, 383, 398, 399]. However, tumor cell
heterogeneity has been widely reported and it is difficult to predict how protein
translation is regulated in distinct cell populations that include slow cycling cells. Normal
stem cells have a slow-cycling nature as demonstrated by studies employing pulse/chase
methodology. These cells undergo few divisions and retain detectable quantities of

tritiated thymidine (-TdR) for much longer periods of time that rapidly dividing transit
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amplifying (TA) cells [400]. By polysome profiling and gene expression analysis, mouse
embryonic stem cells (ESCs) display a striking downregulation of bulk mRNA translation
and protein accumulation compared to their differentiated progeny (embryoid bodies)
[401]. Differentiation of mESC induces an increase in global transcript levels and leads to
more efficient loading of mRNAs into polysomes, increasing protein synthesis and total

protein content.

TICs, are expected to share characteristics commonly found in stem cells
populations such as the potential to proliferate indefinitely, slow-cycling growth,
differential metabolic activity and specific signaling activity, albeit with aberrant
regulation [402]. For instance, most early-stage PCa tissues are mainly composed of
highly proliferative positive-PSA and -AR cells, whereas advanced PCa mainly comprise
poorly differentiated cells, largely negative for PSA and AR expression (PSA-/low) are
quiescent or slow cycling cells [403]. These PSA-/low PCa cells undergo asymmetric cell
division to generate PSA positive cells, are resistant to chemotherapy and androgen
deprivation therapy (ADT) and can initiate tumor development [403]. Additionally, a
transcriptome analyses revealed the overexpression of genes involved in anti-stress
responses, hypoxia-responsive genes and DNA damage repair genes suggesting that PSA
-/low cells may be resistant not only to ADT and chemotherapeutic agents but also to
other stresses. This internally slow cycling rate is believed to provide inherent defense
against chemotherapeutic agents, which affect mainly fast dividing cells [403].
Accordingly, slow-cycling cells, isolated by label retention technique with the lipophilic
labeling dye Dil from pancreas adenocarcinoma cells, were shown to be more resistant to
chemotherapeutic treatment than fast-cycling cells and were able to recreate the initial
heterogeneous tumor cell population [404]. This population of slow-cycling cells
exhibited a more mesenchymal phenotype, with increased invasive and tumorigenic

potential in vivo [404].

Using mouse skin stem cells, Blanco et al. [405] demonstrated that activation of
stress response pathways leads both a global reduction of protein synthesis and altered
translational programs that together promote stem cell functions and tumorigenesis.
Forced reduction of protein synthesis by genetic deletion of the RNA-methyltransferase
NSun2, that modulates global translation by protecting tRNAs from cleavage, enriches
for tumour-initiating cells [405]. NSun2 ablation reduces protein synthesis in tumors and

knockout NSun2 mice develop tumours with increased undifferentiated populations.
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Hsieh et al. [406] found in a preclinical trial that tumors that are resistant to inhibition of
the PI3K-AKT-mTOR pathway presented an enrichment of a specific population of
tumor-forming luminal prostate epithelial cells with high levels of 4EBP1 and low
protein synthesis rates [406]. These findings suggest that different thresholds of protein
synthesis rates can prime cells for drug resistance. In addition, human samples from a
phase 2 clinical trial with a PI3K inhibitor (BKM120) showed higher amount of 4EBP1
after treatment with this PI3K inhibitor [406].

Our above findings suggest that conventional cancer treatments, including androgen
suppression and chemotherapies, target and kill rapidly proliferating cells in
heterogeneous tumor populations, while quiescent and slow cycling cells survive. These
cells would have the ability to produce rapidly dividing progenitor cells that can re-
establish the tumor.

Most attempts to determine the mRNA profile of androgen independent cells and
chemoresistant cells have made use of total RNA for gene expression analysis [69, 302,
304, 397]. However, as it has been explained earlier, several lines of evidence suggest
that translational control is a central regulator of gene expression in cancer [182, 207].
Besides being global translation rates commonly enhanced in cancer cells, it is known
that oncogenic signaling also induces transcript-specific changes in translation. Many
cellular mechanisms, such as self-renewal, differentiation and inflammation are also
dependent on the control of protein synthesis by posttranscriptional mechanisms and thus,
using mRNA levels as a read out of protein abundance is not always accurate [216, 401,
407-410]. The use of the polysome profiling method coupled to RNA sequencing is
useful for analysis of the translation state of many different RNAs in the cell and provides
information on the UTR sequences. For instance, RNA-seq analysis comparing both total
mRNA fraction and the subpopulation of mRNAs associated with translating ribosomes
showed that there is a percentage of mRNAs regulated at translational level or at the level
of transcript stability which is directly related to the length of their UTRs [217]. In
particular, these genes encode proteins involved in the oxidative stress response which
contributes to a protective response against the oxidative stress that may occur during
adipogenic differentiation or lipid metabolism. Additionally, Wong et al. [409] separated
mRNAs based on their ribosomal load and identified a significant proportion of variant
mRNAs in ESCs and ESC derived Neural Precursor cells (NPCs) with differential

translation rates. These differences in translation rates correlated with processing events
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that affect 5> and 3’ UTR sequences, with 5’UTR sequences having a predominant role
suggesting that mRNA variants containing alternate UTRs are under different post-
transcriptional controls. Moreover, LIN28, widely known for its negative regulation of
let-7 microRNA expression, was shown to exhibit let-7 independent functions [407, 411].
LIN28 preferentially associates with a small subset of cellular mRNAs in human ESCs
(hESCs) encoding RNP proteins, ribosomal proteins, proteins participating in translation
and involved in cellular metabolism and embryonic development [407]. Polysome
profiling suggests that LIN28, through its interaction with RNA helicase A (RHA),
stimulates the translation of many targets such as POU5SF1, HMGAI, RPS13 and EEFIG,
important for the growth and survival of hESCs. LIN28 most likely exerts its biological
effects by binding to its RNA targets and LIN28 -responsive elements (LREs) have been
found in coding regions of target genes.

Additional evidences of the importance of addressing translational control in cancer
comes from Hsieh et al. [207] and Jechlinger et al. [412] studies, in which they provide
genome-wide characterization of translationally controlled mRNAs involved in epithelial
plasticity, invasion and metastasis, downstream of oncogenic mTOR signaling. This
repertoire of mRNAs contains new specific sequences of response to mTOR, known as
pyrimidine-rich translational element (PRTE), shown to be crucial for expression of a
subset of mRNAs involved in invasion, cell proliferation and metastasis. This group
includes YBI (Y-box binding protein 1), vimentin, MTAI (metastasis associated 1)
and CD44 [207]. Taken together these data indicate that translation can be controlled on a
global level, through regulation of elFs factors, or on specific mRNAs regulation, and
therefore it demonstrates the importance of addressing the study of translation regulation
in cancer initiation and progression through methods that allow the genome-scale

profiling of mRNA translation.

Polysome Profiling versus Ribosome Profiling: advantages and limitations

To obtain the translatome profiling of androgen and docetaxel resistant prostate
cancer cells we employed the polysome profiling approach. The main difference between
the RiboPro and the PolyPro lies on the possibility to obtain position-specific information
regarding the location of ribosomes on mRNA transcripts. The importance of this

information relies in identification of physiological situations where ribosomes stall on an
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mRNA transcript without producing a protein and do not translate the main open reading
frame (ORF) but translate upstream open reading frames (uORFs) [219-221] (Figure
75A). However, the analyses of the immense amount of data from the ribosome profiling
could entail a challenge because it depends on precise mapping of small fragments (short
ribosome-protected fragments of about 30 nucleotides) on the genome. Moreover,
because ribosome profiling is focused on the footprint of individual ribosomes rather than
on entire transcripts and utilizes nuclease digestion for that purpose, some important
information, e.g. coming from the 5° and 3> UTRs, can be lost. Nonetheless, this
limitation can be complemented by polysome profile that is useful for study transcripts
variants differing in their 5’ and/or 3’ UTRs [413, 414]. One important limitation of the
RiboPro is the impossibility to discern among distinct mRNA subpopulations translated
at different levels and therefore constituted by different numbers of ribosomes (Figure
75B). In contrast, PolyPro allows to distinguish between a uniform decrease in the
number of ribosomes on all copies of a transcript and a complete repression of a sub-
population of mRNAs [401]. For instance, recent efforts to identify mTOR-sensitive
mRNAs have resulted in conflicting results [415]. Whereas PolyPro suggested that
mTOR regulates translation of both 5’-terminal oligopyrimidine (TOP) mRNAs and non-
TOP mRNAs identifying them as mTOR sensitive, the RiboPro showed limited
efficiency and only allowed the identification of TOP mRNAs. Profiling 5’UTRs of non-
TOP mRNAs revealed two different subsets of mTOR-sensitive mRNAs encoding
proteins with different biologic functions and that require different translation initiation
factors [415]. It is certain that PolyPro approach presents some technical difficulties in
resolving the exact number of ribosomes bound to highly ribosome-loaded transcripts and
to cleanly resolve more than five ribosomes per transcript it requires a skilled
investigator. Analytical and technical biases should be taken into consideration when
performing transcriptome-wide analysis of translational regulation. Nonetheless, both
approaches are commonly applied, thereby indicating the lack of a consensus regarding
optimal data analysis.

In this study, by using the polysome profiling approach we aim to discern selective
regulation of a subset of mRNAs among resistant cells that might help us to elucidate the
mechanisms operating in the control of RNA translational in prostate cancer progression,

especially in the development of resistance to current therapies.
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Regional Natural Parks. Las Salinas de San Pedro del Pinatar (left) and Calblanque beach
(right)

“The San Pedro salt marshes Regional Park (left picture), situated in the northem part of the Mar
Menor, lies on the Mediterranean coastal fringes and it is about 6 kilometres long. Due to his high
natural value, this wetland was declared in 1998 a Special Protection Bird Area, being part of the
European Natura 2000 network. Calblanque (right picture) is a protected natural beach of high
landscape value. This beach is located within the regional park Parque Regional de Calblanque,
one of the best preserved unspoilt natural landscapes on the coast. Its enormous natural wealth
is based on its arid mountains, its long, ochre and golden-coloured beaches as well as its lonely
coves, the formation of its fossil dunes, its white salt lakes and its mountain massifs, which con-
trast with the blue sea.”
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A model for PTOV1 actions

One main objective of this present thesis was the study of the functions of PTOV1
in prostate cancer progression and the development and maintenance of resistance to
chemotherapy with taxanes. The peculiar structure of PTOV1 protein with one tandem
duplicated domain, together with its little resemblance with any other protein motif,
makes difficult the study of PTOV1 function based on examination of its sequence. By
integration of previous data with the most recently described actions of PTOV1, mostly
based in its interactions with other proteins, we proposed a mechanistic model (Figure
76). PTOV1, as a nucleocytoplasmic shuttling protein, may have dual functions in the

regulation of gene expression at transcriptional and translational levels.

In the nucleus, by direct or indirect association to specific promoters, PTOV1 can
activate or repress transcription of a number of genes related to cell proliferation,
survival, EMT, and chemoresistance. The protein is found associated with the regulatory
regions of at least three genes where it recruits deacetylases and other DNA modifying
enzymes to modulate transcription. The association with transcriptional repressor
complexes, including HDACs and NCoR, has been reported for the repression of a few
genes (HESI, HEY1, and DKK1) [100, 133]. Transcriptional repression by PTOV1 might
also occur through an association with activators, such CBP in the RARS2 gene. In this
case, the complex PTOV1-CBP is not bound to chromatin, but the protein competes with
MED?25 sequestering the activator away from the Polymerase II complex [110].
Conceivably, the association CBP-PTOV1 could also act promoting transcription in
different genes. Here, we reported for the first time that the association of PTOV1 with
promoter regions of several genes (CCNG2, TUBB2B, and ALDHI1A]) is able to activate
their transcription. However, the upregulation of ABCB1 expression by PTOV1 seems to
be mediated by the activation of JNK and Wnt/B-catenin pathway. In the cytoplasm,
PTOV1 regulates protein synthesis by direct association with RACK1 and 40S ribosomes
in translation pre-initiation complexes [101]. In PTOV1 overexpressing cells,
significantly more JUN mRNA levels were loaded on polysomes compared to actin, but
PTOV1 is not found in polysomal fractions, suggesting that its action is directed to
translation initiation, possibly mediating the recruitment of specific mRNA-protein

complexes to ribosomes.
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Chapter 9: Discussion

Significant for these dual functions that we described for PTOV1 is the very recent
identification of the N-terminal (¢)AT-hook motif, that binds with higher affinity to RNA
[92], and the canonical AT-hook motif that we found in the A domain that allow the
protein to bind directly to DNA (V Maggio, V Canovas, C Ciudad and R Paciucci,
unpublished observations). Nucleic acids binding through the (e)AT-hook and canonical
AT-hook would feasibly allow simultaneous interactions of PTOV1 with different factors
binding the A and B domains. For example, PTOV1 may interact with DNA and protein
complexes in promoters, or with ribonucleoprotein complexes charged with specific
mRNAs to be translated. Interestingly, the nuclear subcellular localization of the specific
interactions mediated by the A domain with HDAC1 and RBP-jk, are coupled to actions
in the regulation of transcription [100]. In contrast, the interactions with cytoplasmic
RACKI1 and Flotillin-1, exclusively engaging the B domain are linked to activities more
closely related to protein synthesis [100, 150]. All together these evidences indicate that
PTOV1 might be a new moonlighting protein able to perform different activities in the
cell [416], and may utilize separate protein surfaces for its multiple actions [417].
Examples of moonlighting or multitasking proteins have been described in many species
including animals [418]. For instance, the ATF2 transcription factor has a role in the
DNA damage response that is uncoupled from its transcriptional activity [419]. Also,
STAT3 represents a genuine moonlighting protein acting as a transcription factor that
translocates to the nucleus to regulate gene expression and independently with a
mitochondrial function in the cellular respiration [420].The overexpression of a single
protein with multiple actions that converge in activation of proliferation, survival and
drug-resistance is energetically convenient for a tumor cell, and might contribute to the
acquisition of stemness features. Many questions remain to be solved to understand what
is the biological role of PTOV1 in normal tissues, or how does the protein promote tumor
progression. The evidences so far suggest that the potential therapeutic effects of its

specific targeting in aggressive cancer cells is worthy of being studied.
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Figure 76. A mechanistic model for PTOV1 actions in cancer progression. PTOV1 can shuttle from the
cytoplasm to the nucleus during the progression of the cell cycle. In the cytoplasm, PTOV1 is found at

perinuclear and submembranes regions associated to Flotillin-1 and also RACK1 and ribosomes. The latter,
likely occur in RNA-protein complexes (RNP) that modulate mRNA translation, including the synthesis of
the oncogene c-Jun. In the nucleus, PTOV1 can regulate the expression of a number of genes related to cell
proliferation, survival, EMT, and chemoresistance, by direct or indirect (genes shown in parenthesis) asso-
ciation to specific promoters to activate or repress transcription. In turn, c-Jun/AP1 may directly or indirect-
ly contribute to the action of PTOV1 as a transcription factor. PTOV1 is a repressor for the regulation of
HESI, HEYI and DKK]I. These effects negative regulate Notch signaling in PCa and Wnt/B-catenin signal-
ing in breast cancer. In both tumors, these effects culminate with increased tumor growth, invasion, metas-
tasis, and chemoresistance. PTOV1 as a transcriptional repressor requires the presence of HDACs, suggest-
ing that it is an epigenetic regulator. An additional mechanism for transcriptional repression was suggested
for the RAR promoter, where PTOV1 sequesters the activator CBP from MED?25, and suppresses transcrip-
tion of RAR targets. The action of PTOV1 of sequestering activators from MED25 might be associated to
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inhibition of other MED25 targets. The recent identification of the nucleic acid-binding motif (e)AT-hook,

at the N-terminal region of PTOV1 gives support to its role in regulation of gene expression by direct DNA
or RNA binding.
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Traditional food. Pastel de carne (left) and Paparajotes (right)

The Murcian meat pie -left image- is a puff pastry pie stuffed mainly with veal,
sausage, egg and spices. It is one of the great history dishes of the city and has
important Arab roots. It is still made today with the same recipe as was laid down
in the 1695 Ordananza. A penalty of two years of exile and a sanction of three
thousand maravedis was imposed on anyone who employed goat or sheep meat
and lower quality flour for its elaboration. On the right, the “paparajote”, also liga-
ted to Arab tradition, is a typical Murcian dessert made with lemon leaves covered
with a mass made basically with flour and egg that are fried and sprinkled with
sugar and cinnamon.



Chapter 10: Conclusions

. PTOV1 induces a partial epithelial-mesenchymal transition by promoting JUN
mRNA translation, c-Jun protein increase and activation of SNA/! and VIM
transcription in prostate cancer cells.

. PTOV1 and c-Jun are required for the full tumorigenic and metastatic abilities of
prostate cancer cells. The knockdown of PTOV1 inhibited the expression and
activity of c-Jun and decreased cell proliferation in vitro and tumor growth in
Vivo.

. PTOV1 is overexpressed in docetaxel resistant CRPC cells and increases
docetaxel resistance of non-resistant prostate cancer cells. This action is
associated to the upregulation of ABCBI and LIN28A transcript levels and to the
binding of PTOV1 to the chromatin of promoters of CCNG2, TUBB2B and
ALDHIAL

. PTOV1 contributes to increase prostate cancer cells tumorigenic abilities in vitro,
by inducing the expression of self-renewal genes ALDHIAI, LIN284, MYC,
NANOG, POUSFI.

. PTOV1 is critical for survival of prostate cancer cells. The knockdown of PTOV 1
induces G2/M cell cycle arrest and apoptosis of castration resistant prostate cells.

. The mRNA expression of PTOVI, ALDHIAI, and CCNG2 significantly
correlates with prostate tumor aggressiveness and higher Gleason scores. PTOV 1,
ALDHIAI, and CCNG?2 transcripts levels are significantly higher in primary
prostatic adenocarcinomas of patients that after radical prostatectomy developed
regional or distal metastasis, and metastatic lesions have high expression of these
genes, supporting their relationship in the metastatic process.

. PTOV1 expression correlates with poor prognosis and high risk of relapse in
colon, lung, pancreas and breast cancer. Increased levels of PTOVI were found in
bad responders to chemotherapy with taxanes and correlates with lower relapse-
free survival and distant-metastasis free survival probability in breast cancer
patients.

. Prostate cancer cells resistant to androgen suppression and/or to docetaxel have a
decreased cell proliferation, PI3K/AKT/mTOR signaling, and a lower rate of
mRNA translation. These resistant populations of slow-growing cells overexpress

different pluripotency genes and have increased tumorigenic potential in vitro.
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Real Casino de Murcia (Murcia’'s Royal Casino)

“Murcia’s Royal Casino is an extravagant architectural relic from the late 19th century, and features
quite an eclectic mixture of design styles, from Modernist to Neonazari.lt is located on Traperia
Street, not far from the cathedral. Its construction started in 1847. It was completely restored be-
tween 2006 and 2009 thus given the title ‘Royal’ from H.M. King Juan Carlos | of Spain. Though a
private social club, the recently restored building is open for tourist visits and events. While there,
you can explore its many rooms and halls, including the Arabic patio, noted for its iron and glass
dome; the lavish dance hall complete with paintings, gilt detailing, and giant, sparkling chandeliers;
and the main gallery, a covered passageway illuminated by light that pours in from the windowed
ceiling. More rooms and opulent corners abound, from the luxurious ladies’ room to the glamorous,
wooden-shelved library”.
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