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I ABBREVIATIONS AND DEFINITIONS
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15d-PGJ2  15-deoxy-A12,14-PGJ2

PPAR-y Peroxisome proliferator-activated receptor gamma
MAPK Mitogen-activated protein kinase

RXRa Retinoid X receptor alpha

DNA Deoxyribonucleic acid

SRC-1 Steroid Receptor coactivator-2
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JAK/STAT
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TNF-a

IL

ROS

CAM
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EMEM
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FCS

MTT

H2DCFDA

PBS

DCF

BCA

PVDF

BSA

TBST

HRP

RT

PFA

SD

Activator protein-1

Janus kinase/Signal transducer and activator of transcription protein
Nuclear factor-kappa B

Tumor necrosis factor-a

Interleukin

Reactive oxygen species

Chorioallantoic membrane

Dimethyl sulfoxide

Eagle’s minimum essential medium

Dulbecco’s Modified Eagle’s Medium

Fetal calf serum
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
5-(and -6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate
Phosphate-buffered saline

Dichlorofluorescein

Bicinchoninic acid assay

Polyvinylidene fluoride

Bovine serum albumine

Tris-buffered saline with Tween 20

Horseradish peroxidase

Room temperature

Paraformaldehyde

Standard deviation



ERK1/2
NAC
PDTC
SOD
PARP
JNK
AKT
Nrf2
Egr1
NF-«kB
Trx
ASKA1
Trx
NADPH

NOS

Extracellular signal-regulated kinase
N-acetyl-cystein

Pyrrolidine dithiocarbamate
Superoxide dismutase
Poly(ADP-ribose)-polymerase
c-Jun N-terminal kinase

Protein kinase-B

Nuclear factor E2-related factor 2
Early growth response factor 1
Nuclear factor NF-kappa B
Thioredoxin

Apoptosis signaling kinase 1

Thioredoxin

Nicotinamide adenine dinucleotide phosphate

Nitric oxide synthesase



Il. LIST OF FIGURES

Figure 1. 15d-PGJ2 negatively affects OS cell viability.

Figure 2. 15d-PGJ: visibly effects OS cell morphology

Figure 3. 15d-PGJ2 negatively effects colony forming capability in OS cells.

Figure 4. 15d-PGJ2 negatively effects the OS cell motility and survival.

Figure 5. 15d-PGJ2 causes an increase of intracellular ROS production in OS cells.
Figure 6. 15d-PGJ2 activates apoptosis in OS cells.

Figure 7. 15d-PGJ2 induced apoptosis in OS cells is time-dependent.

Figure 8. 9,10-dh-15d-PGJ2, a structural analogue of 15d-PGJz lacking the

electrophilic carbon atom C9, is crucial for the compound’s effect on OS cells.
Figure 9. 15d-PGJ2 activated the MAPK pathway in OS cells.

Figure 10. 15d-PGJz2 fails to activate any significant cytoprotective mechanisms in OS

cells.

Figure 11. 15d-PGJ2 shows effects on CAM onplanted OS cells.



.  ABSTRACT (English)

Osteosarcoma (OS) is the most often occurring type of bone cancer. It mainly affects children
and adolescents and still has a very limited choice of therapy. 15-Deoxy-A12,14-prostaglandin
J2 (156d-PGJy) is a cyclic prostaglandin originating from the arachidonic acid. It is naturally
present in the human body and has been known for its remarkable anti-inflammatory as well
as anti-cancer effects. In this study, we have investigated the effect of 15d-PGJ, on OS cells
and the molecular mechanisms that underlie these effects. The cell lines used were of a
human origin and osteoblast-like characteristics (U2-OS and Saos-2). The effect of 15d-PGJ-
on the OS cell lines was explored through observing the effect of the compound on cell
survival, cell proliferation, cell motility and tumorigenic capability of the cells, showing a
marked decrease of all of the aforementioned tumor cell characteristics. H2DCFDA was used
to determine the effects of 15d-PGJ; on the intracellular ROS levels, which in turn showed a
significant time dependent increase in ROS production. Protein expression analyses via
immunoblotting revealed a 15d-PGJz-triggered time-dependent increase in MAPK activation
(pp38, pJNK and pERK1/2), though the cytoprotective proteins showed mainly a steady
decline in their expression. In parallel, immunoblotting and Annexin V/PI staining revealed the
presence of strong apoptotic events within both OS cell lines post-15d-PGJ; treatment. The
ex ovo CAM model was used to study the effect of 15d-PGJ; on the OS cells growth capability,
showing a pronounced impact on the onplant size compared with the control cells. These
findings were also confirmed by hematoxylin/eosin as well as Ki-67 immunohistochemical
stainings. Lastly, we investigated whether a 15d-PGJ; structural analogue, 9,10-dihydro-15d-
PGJ., could mimic the cytotoxic impact that the original compound had on the OS cells. Our
findings suggest that the structural difference between the two compounds, namely a double
bond at the C9 atom which is missing in the analogue but is present in our compound of
interest, proved to be relevant as the analogue failed to cause any cytotoxic effect in both cell
lines. Taken together, our data suggest that 15d-PGJ- has the potential of playing a prominent

role as an anti-OS natural compound.



IV. ABSTRAKT (Deutsch)

Das Osteosarkom (OS) ist die haufigste Art von Knochenkrebs. OS betrifft vor allem Kinder
und Jugendliche und hat noch immer eine sehr begrenzte Therapieauswahl. 15-Deoxy-
A12,14-Prostaglandin  J2 (15d-PGJ.) ist ein cyclisches Prostaglandin, das aus der
Arachidonsaure stammt. Es ist im menschlichen Korper vorhanden und ist fir seine
entzindungshemmende sowie krebshemmende Wirkung bekannt. In dieser Studie haben wir
die Wirkung von 15d-PGJ2 auf OS-Zellen, sowie die zugrunde liegenden molekularen
Mechanismen untersucht. Die verwendeten Zelllinien waren menschlichen-Ursprungs und
hatten Osteoblasten-ahnliche Eigenschaften (U2-OS und Saos-2). Die Wirkung von 15d-PGJ-
auf die OS-Zelllinien wurde untersucht, hauptsachlich bezogen auf das Zelliberleben, die
Zellproliferation, die Zellmotilitat und die tumorerzeugende Fahigkeit der Zellen. Eine deutliche
Abnahme aller erwahnten Tumorzelleigenschaften konnte gezeigt werden. H2DCFDA wurde
verwendet, um die Wirkungen von 15d-PGJ; auf die intrazellulare ROS-Produktion zu
bestimmen. Ein signifikanter zeitabhangiger Anstieg der ROS-Produktion wurde gezeigt.
Proteinexpressionsanalysen mittels Immunobloting haben eine 15d-PGJ.-getriggerte,
zeitabhangige Zunahme der MAPK-Aktivierung (pp38, pJNK und pERK1/2) gezeigt. Die
Expression zytoprotektiver Proteine zeigte eine statige Abnahme. Parallel dazu zeigten
Immunoblotting und Annexin V/PI-Farbung das Vorhandensein starker apoptotischer
Ereignisse in beiden OS-Zelllinien nach der 15d-PGJ2-Behandlung. Das ex ovo CAM-Modell
wurde verwendet, um die Wirkung von 15d-PGJ2 auf die Wachstumsfahigkeit von OS-Zellen
zu untersuchen. Dabei konnte ein deutlich vermindertes Tumorwachstum von 15-PGJ2-
behandelten Zellen im Vergleich zu Kontrollzellen beobachtet werden. Diese Ergebnisse
wurden dann auch durch Hamatoxylin/Eosin sowie immunhistochemische Ki-67-Farbungen
bestatigt. Schliellich untersuchten wir, ob ein 15d-PGJ,-Strukturanalogon, 9,10-Dihydro-15d-
PGJ., die zytotoxische Wirkung des 15d-PGJ2 nachahmen kann. Unsere Ergebnisse legen
nahe, das eine Doppelbindung am C9-Atom in der 15d-PGJ2 Struktur relevant ist, da das
Analogon ohne diese Doppelbindung keine zytotoxische Wirkung erzielte.
Zusammengenommen legen unsere Daten nahe, dass 15d-PGJ. eine herausragende,

naturliche Substanz in Bekdmpfung der OS ist.
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1. INTRODUCTION

1.1. Osteosarcoma (OS)

1.1.1. General characteristics and epidemiology

Osteosarcoma (OS) is a primary malignant bone tumor [1]. It has a characteristic
mesenchymal origin, as all sarcoma-based tumors [2], and is known as the most common
type of bone cancer [1, 3]. Although it is quite rare, with an estimated annual incidence of
approximately five patients per million persons per year, it nevertheless represents the most
common primary malignancy of bone. It presents itself through a dual highest incidence peak,
occurring mostly in young adolescents and elderly above the age of 60, although, it shows a
highest incidence of occurrence in the ages of early adolescence. It is also the most frequent
malignant bone tumor found in children and adolescents in general, preceded only by brain
tumors and lymphomas. Annually, on average, osteosarcoma displays an incidence of 5.6

cases per million children under the age of 15 [1, 2-5].

It is important to mention that there has been a commonly made hypothesis regarding the
connection between rapid bone growth in adolescence and the increased risk of OS
development. This is mainly supported by the tumor’s typical metaphyseal location (portion of
the bone located at both ends of all long bones — it contains the growth plate which ossifies
and increases in size as the person reaches adulthood), its specific highest incidence interval
being that between adolescence and early adulthood, as well as by the fact that statistics show
how the illness most commonly occurs in active male adolescents (60%). [6-8] The most
common areas of the bone where OS is developed are femur (50%), tibia 19.6%, humerus
15.2% and distal fibula 2.2% [9].

Unfortunately, a striking number of patients is discovered to already bear metastases
at the time of diagnosis (15-20%), with the metastases mostly occurring in lungs (80-90%)
[10]. Less commonly occurring, though more dangerous, is a type of OS metastasis that has
spread to other bones and connective tissue. The 5-year survival rate of OS patients who

experience this type of metastatic cancer progression is only 13% [2].

All types of metastases present a significant challenge in regards to treatment success and
influences the mortality rate of OS patients [2,6]. Namely, only an average of 20-30% of OS
patients with any type of metastases present at the time of diagnosis have a chance for a 5-
year survival [6, 11-12]. Distinctively, the number of patients with a localized variant of OS
which end up developing a cancer recurrence (either local or distal) is a fairly large percentage

of approximately 30-50%. Of these relapses, 90% are lung metastases and they are known to



occur within approximately the initial 2 to 3 years following the first appearance of the original
OS iliness [6,13].

Historically, general 5-year survival rates of all OS diagnosis patients used to be as low as
<20% in high-grade conventional osteosarcoma at a time before chemotherapy used to be
administered as one of the possible treatment methods. Nowadays, as previously mentioned,
the 5-year survival rate of patients with a metastasised form of distal OS is 20-30%, while
those suffering from regional or localised OS, when diagnosed sufficiently early and prior to

the cancer’s spread further from the initial affected area, is 66% and 74%, respectively [2, 15].

A particularly good indicator of either a more favourable or a less favourable survival
outcome is the response of the individual’'s cancer lesions to the administered adjuvant
chemotherapy medication. Adjuvant chemotherapy is a common OS therapeutic approach in
modern medicine, as it is often administered not only in more wide-spread cases of OS but
also both before and after surgical removals of tumour-ridden lesions or body areas, in other
to ensure a more certain systemic eradication of any possible presence of cancer in the
patient’s body, as much as it is individually possible. As will be further mentioned, when OS is
diagnosed, up to nearly a quarter of patients (15% up to a staggering 20% of patients, to be
more precise) suffer from already present macroscopic signs of metastases (most commonly
—in 90% of the cases — within the lungs, 8-10% in the bones and in a very minor amount of

cases in the lymph nodes as well) [6, 13, 15].

1.1.2. OS - genetic background

In 70% of the cases, chromosomal aberrations play an important role in the
development of OS [5]. OS is known to also often occur in patients suffering from Paget’s
disease and patients that were previously exposed to radiation therapy. The most common
genetic alterations connected to OS development are those of the p53 and retinoblastoma
(Rb) genes [4-5]. Strikingly, in the case of patients who suffer from hereditary retinoblastoma,
the incidence of OS development is 12.1%. Another example of a potential genetic trigger for
this type of cancer is WRN (RECQL-3) gene. Patients suffering from a mutation in this gene
(Werner syndrome) show accelerated aging, which usually starts during adolescence and
display a 7.7% incidence of OS [2-3, 16]. Mutations in the formerly mentioned p53 gene,
commonly occurring in those suffering from the Li-Fraumeni syndrome, are responsible for an

increased incidence of OS development in 3% of the patients [16-17]. Viewed from an even



more detailed perspective, it has been shown that there is a total of 14 genes whose mutations
are responsible for the occurrence of 87% of OS cases, the genes being: TP53, RB1, BRCAZ,
BAP1, NUMA1, RET, ATM, PTEN, WRN, MUTYH, RECQL4, FANCA, MDC1 and ATRX [18].

Generally, the mutational spectrum of OS bears a large likeness to the ageing
signature of a high number of so far genetically analyzed malignant tumors. Although, more
in-depth analysis has showed that the mutation algorithm bears most similarity to tumors with
signature types 3 (breast, ovarian and pancreatic cancer) and 5 (found to be present in all
cancer types) [18]. In regards to germline mutations in particular, due to the fact that patients
suffering from Li—Fraumeni, Bloom and Werner Rothmund-Thomson syndromes all have an
increased risk of OS development [1-3, 18], it is justified that some of the germline mutations
found in various types of OS coincide with mutations present in patients suffering from the
aforementioned syndromes. These are, namely: a WRN germline mutation (found in OS-230),
two TP53 mutations (0S-228, 0S-241), as well as two highly rare germline mutations of the
RECQL4 gene (0S-227 and 0OS-238) [18].

In regards to somatic copy-number alterations, they are known to be the mutation types that
can affect OS genomes in a greatly varying amount: from making up 0.2% of an OS tumor
genotype (as is the case in OS-251) to making even up to 87% of a tumor genotype (OS-038).
The most frequent mutation involves changes to the chromosome 8 (changes to this particular

chromosome appear in 75% of the somatic copy-number alteration mutations) [17, 18].

1.1.3. Histological classification of OS and diagnosis

The most general classification of OS is that of primary and secondary OS. Secondary
OS mainly refers to Paget’s OS and radiation-induced OS. [19-20] Primary OS, however, has
a more complex subtype division. Primary OS is, therefore, categorized according to the
specific anatomical area of the bone where the tumor originates from. Therefore, this this
tumor type division includes the intramedullary or central OS, as well a variety of surface OS
types. However, the grading also goes into further detail for each of these groups, with the
subsequent inner divisions being based mainly on the type of cells involved and affected as

well as the aggressiveness of the tumor type.

Needless to say, tumor grading is a crucial step in oncological medicine, as it helps in
administering the best and most specific choice of treatment, necessary for the highest
possible recovery and survival rate of the patient. A detailed histological categorisation of OS

tumors, as declared by the World Health Organisation, is as follows:



— Central: high-grade, conventional, telangiectatic, small cell, epitheloid,

osteoblastomalike, chondroblastoma-like, fibrohistiocystic, giant cell;
— Low-grade: low-grade central, fibrous dysplasia-like, desmoplastic fibroma-like;

— Surface: Ilow-grade parosteal, intermediate-grade periosteal, high-grade

dedifferentiated parosteal, high-grade surface;
— Intracortical;
— Ghnathic (which appears in maxilla and mandible bone);
— Extraskeletal: high-grade, low-grade;
— Telangiectatic osteosarcoma;
— Giant cell-richosteosarcomas (which contain osteoclast-like giant cells);

— Small cell osteosarcoma (which is a highly rare histological combination of

osteosarcoma and Ewing sarcoma);
— Epithelioid osteosarcoma;

— Osteoblastoma-like and chondroblastoma-like osteosarcoma.

The differentiation mentioned above has been established according to several

criteria, namely anatomic location, predominant pattern of matrix and histological grade [21].

In further detail, another commonly used grade of tumour is the tumor grading from
grade 1 to 4. The percentage of anaplasia and atypia of the cell cytology and histology serves

as the most crucial factor in the defining of this type of clinical tumor grading [9, 21].

To further describe the characteristics of low-grade central OS, it is important to
mention several facts, among which is that they are known to be very rare and that,
histologically, they resemble the low-grade parosteal sarcoma, fibrous dysplasia and other
benign lesions. Parosteal osteosarcoma is the most common form of surface osteosarcomas,
though, because its diagnosis can be histologically difficult, it is frequently confused with
osteoma and osteochondroma. Parosteal osteosarcoma makes up < 0.5% of all diagnosed
osteosarcomas and, localisation-wise, 70-83% out of them are located on distal posterior
femur [9, 22-23].



High-grade surface osteosarcoma is characterised as such due to its high-grade microscopic
characteristics. It is possible to have a high-grade surface osteosarcoma that is a
dedifferentiated parosteal osteosarcoma (where the high-grade histological component has
replaced the low-grade component). [24] Intracortical OS is another unique type of high-grade
OS and, from a histological point of view, it is thought that it is of an osteoid origin. [25]
Multifocal osteosarcoma, although very rare, is another major type of high-grade OS and is

also its most aggressive form with five year survival being mainly 0% [9, 23, 26].

Accurate diagnostic and staging of OS mainly includes non-invasive radiology
procedures such as X-ray imaging of the suspected bone, as well as the adjacent joint. A more
in-depth observation of the tumor lesion progression into soft tissue or neurovasculature and
surrounding joint tissue is done via magnetic resonance imaging (MRI) and positron emission
tomography (PET) [27-28]. The same imaging methods are used to observe and diagnose
any present metastases. However, a crucial part of the diagnostic process is the bone biopsy,
preferably core biopsy due to a lesser chance of local contamination [29]. Lastly, it is notable
to mention that even though tumor growth mildly affects the patient’s blood-work results (i.e.,
an existing possibility of monitoring the level of alkaline phosphatase to assess osteoblastic
activity as well as observing higher C-reactive protein (CRP) levels as an indicator of a poorer
disease outcome) there are no biochemical laboratory tests specific enough to be used as a

proper diagnostic tools for OS classification [1, 30].

1.1.4. Osteosarcoma treatment

At present, surgical treatment remains an often necessary method of tumor removal in
cases of OS treatment [1-3, 30]. In regards to the types of surgeries done to treat OS using
this method, we can list the limb-salvaging and amputational type of surgery, where the former
is done mostly in localised, earlier stages of OS growth and the affected bone, or in most
cases limb, can be spared, while the latter requires a full removal of the affected bone and
tissue, or limb. [4, 5] While this does provide a very certain removal of specific types of OS
lesions before they are able to progress further into the body of the patient, it is still a very
severe approach to be utilised, especially when full amputational surgery is required, due to
the fact that, as formerly stated, most of the patients requiring such drastic treatment are

children and young adolescents [1, 4, 5].



Itis also important to note that there are other therapies available, and often necessary,
in cases where the OS tumors have progressed deeper and reached the metastatic stage.
These are usually radiation and chemotherapy. However, these therapy approaches do not
come without potentially heavy risks of their own, as they have been shown to often cause
significant and strong long-lasting side-effects in the aforementioned most common age-group
of OS patients: children and adolescents. Radiation and chemotherapy treatments at the ages
where the body is still undergoing rapid growth and metabolic changes provides a higher risk
for permanent harmful imprints of these types of therapy methods not only on tumor cells, as
is desired, but unfortunately on healthy cells as well (of both the surrounding tissues, as well
as systemically). These can be diagnosed weeks, or in some cases even years post-
treatment. Also, even though children can tolerate chemotherapy somewhat better than adults
and elderly, it is crucial to state that, in terms of some of the more drastic side-effects,
tumorigenic illnesses in children are also known to often progress more rapidly and
aggressively than in the older age-groups. Hence, finding an appropriate quick-acting but safe
enough of a therapeutic agent or method that won’t cause significant long-term issues in these
patients can often be a challenge and their discovery and development is a high necessity for
OS patients [31-33].

Some of the aforementioned long-lasting side-effects that a child can obtain post-

enduring of radiation or chemotherapy as a treatment of OS can include:

— hormonal imbalance lasting into adulthood (most commonly hormones of the
thyroid gland, as well as hormones involved in the reproductive system)

— long-term heart issues due to cardiotoxicity (especially a large problem in the
case of doxorubicin, a common OS chemotherapeutic) that include damaged
heart valves, coronary artery disease, congestive heart failure, carotid artery
disease;

— haematological issues (increased level of blood clotting);

— central nervous system issues (chronic headaches, seizures, loss of the myelin
sheath that covers nerve fibers in the brain, nerve damage in the hands or feet,
hydrocephalus, cavernomas (clusters of abnormal blood vessels);

— bone and joint issues (juvenile osteoporosis, osteochondroma, bone growth

arrest, osteonecrosis, chronic pain) [32-35].



In regards to various types of surgical procedures of tumor removal, amputation holds
a slightly smaller rate of tumor recurrence versus removal via limb salvage methods. However,
there have been many promising and improving advances in the efficiency and survival rate
effects of both resection and reconstruction steps of limb salvage surgical techniques
[1,30,40].

When possible, a combination of surgery with a chemotherapy is needed as the most
efficient method of OS treatment with the highest survival rate outcome. Introduced as a part
of the OS treatment regime in the 1970’s, chemotherapy became a staple pre- and post-
operative treatment (neoadjuvant and adjuvant treatment, respectively) for OS patients, with
the most common chemotherapeutics used being doxorubicin and metothrexamate [1, 14 36-
37]. In the recent years, chemotherapeutics with a more molecular classification-based
approach have started to be tested and introduced in OS treatment, such as pazopanib and
dasatinib with somewhat positive results, but still a relatively high level of toxicity, side-affects

and inconclusiveness about its applicability of use for a regular OS treatment [38-41].

Because of the aforementioned facts, it can be concluded that finding an affective, more
appropriate and safe method for osteosarcoma treatment is a large priority in the current bone

tumor research.

1.2. Cyclopentenone prostaglandins

1.2.1. General introduction and biological properties of prostaglandins

Prostaglandins (PGs) are pivotal bioactive molecules involved in numerous
physiological functions. In the past two decades, their strong anti-inflammatory activity has
been the biggest focus of PG scientific research [42-43], however, their pronounced effect on
the biology of various types of cancers has emerged as an increasingly interesting topic [44-
45]. PGs are generated by the cyclooxygenase pathway, originating as arachidonic acid
metabolites. Additionally, inflammation processes often involve an inhibition of
cyclooxygenase as well as general antioxidant activity. An attenuation of both is commonly
shown to assist in the increase of cancer risk as well as in the increase of cancer progression
[46]. This connection between the propensity of cyclooxygenase and antioxidant activity

suppression to act in a tumor-favorable manner, as well of the prostaglandins’ capability enact



effects of a completely opposite nature, is often shown as one of the key reasons why
prostaglandins show such a promising anti-tumor potential, which presented itself as a potent
and favorable additional group of properties that many prostaglandin compounds carry along

with their anti-inflammatory capabilities [44-45, 47-48].

In relation to their importance in bone biology and metabolism, it is important to note
that prostaglandins have been known to also hold a prominent role in bone resorption, while
also carrying a large role in the general process of bone formation as well. Moreover, they are
known to be produced in both: cells responsible for bone resorption, such as osteoclasts, and
formation, such as osteoblasts. PGE2, in particular, is known to play a huge role in bone
metabolism. It is synthesized in bone cells in a COX-2-dependent manner, however, its bone
resorption and creation properties have only been more extensively proven via
experimentation with an exogenous application of PGE2. To further elaborate, PGE2 has been
shown to influence osteoblastic cells in an RANKL-inducing manner, causing the ligand to
bind to its receptors on bone marrow macrophages, resulting in a further differentiation of
osteoclast cells. On the other hand, systemic applications and infusions of PGE2 in rats and
humans showed that the prostaglandin was also capable, in proper conditions where
osteogenic factors were present (such as the transforming growth factor 8 and basic fibroblast
growth factor) that a strong bone mass increase and thus increased bone formation could be
accomplished. However, how exactly PGE2 fully effects the bone metabolism when created

and set to action endogenously is still being elucidated and discussed [49-51].

1.2.2. Classification and biosynthesis of prostaglandins

Prostaglandins are acidic lipids. Originating from arachidonic acid (a type of a
polyunsaturated omega-6 fatty acid that serves as a common prostaglandin precursor present
in human brain, muscles and liver) they can be synthesized in a variety of mammalian cells.
The main triggers for the creation of prostaglandins are usually an array of immunological,
chemical or even mechanical stimuli. One of further important characteristics of arachidonic
acid is that membrane phospholipids are its most abundant storage points, where most of this
fatty acid resides dormant within living cells until it is required for prostaglandin or leukotriene

synthesis [52].



In the starting stages of prostaglandin synthesis in particular, an enzyme,
phospholipase A2 (and less commonly phospholypase C and diacylglycerol lipase in some
cells), is responsible for the initial crucial step required for the synthesis to commence — which
is the release of the arachidonic acid. The activation of phospholipase A2 is enabled by
increased calcium levels and subsequent phosphorylation of the enzyme. An activated form
of the phospholipase A2 that is located in cell cytoplasm is translocated into intracellular
membranes, where it comes into contact with the arachidonic acid contained in the
phospholipid substrates of membranes. These reactions ensure that the free from of the
arachidonic acid can be transformed into cyclic endoperoxide prostaglandin G2 (PGG2),
which is than transformed into prostaglandin H2 (PGH2) through the process of peroxidation.
Both of these reactions are catalyzed via the activity of bifunctional cyclooxigenase enzymes
cyclooxigenase-1 (COX-1) and cyclooxygenase-2 (COX-2). PGH2 is then diffused back into
the cell cytoplasm where it has the capability to be converted into prostaglandins D2, E2, and
F2alpha (PGD2, PGE2, and PGF2alpha, respectively) with the assistance of cell specific
synthases. This synthase activity and the subsequent creation of each of these three
prostaglandins depends on the presence of various cell-specific isoenzymes. The type of
these isoenzymes varies through different cell types and, therefore, causes the variation in
the distribution of each of the three primary prostaglandins across different mammalian cells
[62-55].

PGD2, a direct 15d-PGJ; predecessor, contributes to cellular migration, apoptosis, and
matrix calcification within bone tissue [57]. When describing the synthesis of PGD2 in more
detail, it is notable that this specific prostaglandin subtype is produced by two types of
prostaglandin D2 synthases (PGDS), one being the lipocalin enzyme (L-PGDS, an enzyme
regulated by estradiol and present in the brain) and the hematopoietic enzyme (H-PGDS),
mostly present and active in the immune system as well as in mast cells. The main interactions
of PGD2 are made through its binding to the G protein—coupled receptors (GPCRs) DP1 and
DP2. Already this prostaglandin type has been shown to carry strong potential for anti-

inflammatory activity [57-58].

Due to the fact that PGD2 is highly unstable, it is capable of being efficiently converted
into the biologically active cyclopentenone J2 prostaglandins through spontaneous
dehydration, which is a reaction that is commonly dependent on serum albumin levels. These
J2 prostaglandins include PGJ2, A12-PGJ2, as well as 15-deoxy-A12,14-PGJ; (15d-PGJy),

which is our prostaglandin of choice in this work [58-60].



PGE?2 is a further member of the prostaglandin family and is its most abundant member in the
mammalian cells. It is synthesized by a variety of solid tumors, acting as a strong modulator

of immunosuppression, proliferation, angiogenesis, and invasion of tumor cells [61-62].

Prostaglandin 12, another well-known prostanoid, is known to be synthesized and present
mostly in endothelial cells, with the stabilized form of prostacyclin synthase being the key

component for the synthesis [44, 63].

During an inflammatory response, both the level and the profile of general
prostaglandin production within the human body changes dramatically. The prostaglandin
production is usually very low in tissues that are stable and unaffected by stress and
inflammatory processes, but it increases very rapidly, serving as a cellular mechanism
activated prior to leukocyte activation and the infiltration of immune cells — all of which occur

in the state of acute inflammation [58].

While both main cyclooxygenases (COX-1 and COX-2) have an equal potential to facilitate
the above mentioned prostaglandin synthesis chain, they both have the possibility to trigger
the generation of homeostatic and autoregulatory prostanoids. Both have been proven to
assist with the release of prostanoids during inflammatory responses, although they do vary
in their particular localizations. COX-1 is known as the dominant source of prostanoids and is
expressed in most all cell types. Its activity supports cellular housekeeping functions and
homeostasis in a variety of bodily tissues. COX-2, on the other hand, is mainly activated only
through unique conditions present after cellular reactions to inflammatory stimuli, growth
factors and hormones. It is known to particularly be crucial for prostanoid formation in the state
of active inflammation as well as being increased and active in various proliferative and
cancerous diseases where it is released in tumor microenvironment to act in a manner

supportive to tumor survival and metastasis [42, 64].

The ultimate stable degradation product of the PGD2 metabolism is 15d-PGJ. (organic
structure shown in Image 1.). Many of the effects of 15d-PGJ. on various cellular responses
are based on the distinct electrophilic character of this lipid. To further elaborate, the stable
15d-PGJ; contains a unique cyclopentenone ring structure that is characterized by the
presence of a chemically reactive a,p-unsaturated carbonyl group that is hypothesized to
potentially play one of the key roles in the many effects that this prostaglandin compound can
exert on cells such as immune as well as cancer cells and tissues. This has been showed to
mainly occur because the reactive cyclopentenone ring of this prostaglandin often very easily

react with any nucleophilic groups-containing substances, offering a wide variety of possible
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interactions within a plethora of biological organism cells [65, 91]. Under basal conditions,
picomolar to nanomolar concentrations of free 15d-PGJ, have been measured in biological
fluids. In particular, the levels of 15d-PGJ2in samples of healthy human plasma range between
2.5 and 349.6 pg/mL [66].

OH
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4

Image 1. Organic structure representation of the 15d-PGJ.compound

1.2.3. 15-deoxy-A12,14-PGJ2— potential clinical relevance

Through time, 15d-PGJ has been shown to be a very promising compound in medical
context due to its strong effects in regards of influencing immunological responses [43, 59]
and viability of cancerous cells [43, 67]. The mechanisms used to achieve these effects are

complex and still not fully elucidated. So far, more is known about its anti-inflammatory and
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antioxidant effects on certain immune cells, while its anti-tumorigenic effects show effects of

an opposite type and have only been more researched in approximately the last decade.

One of the key factors that seems to be included in the effects of 15d-PGJ. on
immunology-related cellular mechanisms is PPAR-y. The N-terminal region of PPAR-y holds
a mitogen-activated protein kinase (MAPK) phosphorylation site. 15d-PGJ; interacts with this
phosphorylation site in a way that, when 15d-PGJ. enters the cell, it binds to the PPAR-y
molecule, resulting in a formation of heterodimers combined with retinoid X receptor alpha
(RXR a). Following this, the formation is bound to specific sequences of the cell
deoxyribonucleic acid (DNA), thus causing the activation of certain target genes [59, 68]. To
better understand the interaction between 15d-PGJ, and PPAR-y, it is important to know that
15d-PGJ; contains a carboxylic acid as its polar head. The hydrogen bond interactions, where
the lipid molecule docks with the receptor, have been found to be, among others, between the
aforementioned acid head and the residues of Tyr473 (13.2 %), His323 (12.1 251 %), Ser289
(13.2 %), His449 (10.5 %), and GIn286 (4.7 %) of the PPAR-gamma ligand [68-69]. The
interaction of the lipid molecule and the ligand can also induce a specific interaction of the
subsequent PPAR gamma/RXRa combination with up to 369 steroid receptor coactivators-1
(SRC-1) [68]. This ligand activation has also been found to affect the activator protein-1 (AP-
1), the Janus kinase/Signal transducer and activator of transcription protein (JAK/STAT)
pathway, as well as the nuclear factor-kappa B (NF-kB), which all play prominent roles in cell
immunity and inflammatory responses [44, 70]. The impact of 15d-PGJ. on all of the
aforementioned proteins and protein pathways results in an anti-oxidative suppression of
inflammation [43, 59]. This effect is also enabled by PPAR-gamma being expressed, among
other locations, in human monocytes. When 15d-PGJ; binds to the PPAR-gamma receptor
within human monocytes, it shows a clear inhibition of macrophage activity [71-72]. PPAR-
gamma is also commonly expressed in endothelial cells where 15d-PGJ; can bind to it and

cause a similar anti-inflammatory response [71, 73].

An additional inflammation-protective mechanism that 15d-PGJ. induces in
macrophages in a PPAR-gamma dependent way is through its negative effect on the
macrophages via Egr1 decrease [74]. Through similar PPAR-gamma related mechanisms,
15d-PGJ2 has been shown to successfully reduce allergy-induced pulmonary inflammation via
an inhibition of pro-inflammatory cytokines tumor necrosis factor-a (TNF-a) and interleukin(IL)-
10 production [75]. Similar mechanisms were also observed in murine models of asthma,
where inflammation is suppressed through an inhibition of the TNF-q, IL-5, IL-13 and IL-17
activity through PPAR-gamma dependent targeting of the NF-kappa B signaling pathway [76].
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It has also been found that 15d-PGJ. has an anti-inflammatory role in the nervous system [77-
78], pancreas [79], chondrocytes [80] and in the liver [81]. Additionally, 15d-PGJ, has been
found to be able to successfully regulate T-cell activation, as well as the expression of

inflammatory cytokines by enhancing PPAR-gamma transcriptional activity [59].

In the past decade and a half, investigations on potential anti-cancer effects of 15d-
PGJ. increased as well, versus the prior bigger emphasis on its effects on various

immunological reactions. Thus, a series of studies have been done on this subject.

A ligand that 15d-PGJ, commonly uses in order to achieve its anti-cancer properties is
the previously mentioned PPAR-gamma [67]. A common mechanism that 15d-PGJ; uses to
achieve these anti-cancer effects is the increase of reactive oxygen species (ROS) levels,
which then upregulates cancer cell apoptosis [82-83]. Some examples of the 15d-PGJ. and
cancer cell interactions where it can induce such pro-apoptotic behavior is the reaction of 15d-
PGJ. with non-small lung cancer cell carcinoma, glioma [44, 67], colorectal cancer, leukemia
[84], as well as thyroid papillary cancer [85]. Another mechanism by which the 15d-PGJ, and
PPAR-gamma interaction can cause cancer cell death is via the inhibition of telomerase

activity, which in turn, leads to senescence and death of the impacted cells [67, 86].

However, even though 15d-PGJ; is an endogenous ligand of the PPAR-gamma and often
enacts its effects in dependence of it, it can also cause its damaging effects on cancer cells in
PPAR-gamma-independent ways. Some cancer types where this has been observed are lung

cancer [87], renal cancer [88] breast cancer [89] and leukemia cells [90].

Altogether, it can be concluded that there have been many studies done which
highlight the potential of 15d-PGJ. and the assistance as well as an important role that it could
play in search for an appropriate combatant against a great variety of tumors. However, it is
important to note that a great deal of the deeper mechanisms underlying the prostaglandin
compound’s intracellular actions which lead to the aforementioned favorable anti-cancer

properties still remain somewhat unexplored.
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1.2.3.1. 15-deoxy-A12,14-PGJ; and osteosarcoma

Even though many of the inner metabolic and molecular details and mechanisms
triggered by 15d-PGJ. on OS cells are still unknown and require further research, the general
effects of 15d-PGJ, on OS cells have been previously described to a certain extent, providing
a solid and promising basis required to encourage a more extensive type of research on this
subject. Notably, our group showed that the simultaneously cytotoxic and cytoprotective
effects of 15d-PGJz on OS cells are based on the activation of the MAPK/AKt/Nrf2 axis. This
study showed the initial promising aspects of the strong effect this lipid compound had on OS,
namely MG-63. However, the effects revealed upon this particular cell line portrayed a very
dual nature. On one hand, it was shown that 15d-PGJ, caused a significant reduction in cell
metabolic activity and an increase in PARP cleavage. Additionally though, a very strong anti-
apoptotic effect was discovered simultaneously, marked with a strong rise in the expression

of proteins belonging to the HO-Nrf2 axis [91].

Yen at al. included U2-OS and, to a smaller extent, the Saos-2 cell line as well, and
aimed to elucidate the similarly observed antioxidant effects of 15d-PGJz on the OS cell lines.
Within their results, they portrayed how the lipid substance induces a ROS-mediated Akt

inhibition and cell cycle alterations [92].

However, it is important to note several aspects of the results of both of the
aforementioned groups. Our previous work, in the paper by Koyani et al., focused only on one
cell line (MG-63) [91]. Yen et al. showed the effects of 15d-PGJ. on three different cell lines
(MG-63 U2-OS and Saos-2), but only in regards to long term treatments spanning mostly
above 24 hours of exposure to the compound, which leaves us with many unanswered
questions about the very beginning and initial triggering of 15d-PGJ. when displaying its
effects on these OS cell lines, as well as the characteristics of the more acute effects of the

compound [92].

It is safe to say that many of its molecular mechanisms in different OS cancer cells are still not
fully elucidated and what both studies lacked was a more in-depth analysis of other viability
effects of the prostaglandin on the OS cells, such as whether it asserts its effects on particular
oncogenic properties such as cell motility and multiplication (colony forming ability), as well as
an attempt of testing the substance’s effect on a model other than cell culture. As we began
our most recent study, we aimed to attempt an approach that went in further depth regarding
all of the mentioned issues, as well as confirming and strengthening some of the conclusions

presented so far via provision of additional data.

14



Therefore, our work focused on the hypotheses that:

— 15d-PGJ: indeed exhibits a strong apoptotic effect on OS cell lines (U2-OS and
Saos-2), however, we believed that this is present already at the earliest stages
of cell treatment in a manner heavily dependent on the quick activation
intracellular stress via increased ROS production, which in term triggers MAPK
phosphorylation and consequently cell apoptosis.

— The apoptotic effects of 15d-PGJ, on OS cells might have a strong effect on,
in particular, cell motility and colony forming ability, all within the first 24 hours
of treatment.

— When applied to a treatment model involving the use of a living membrane
(chicken chorioallantoic membrane, CAM), the negative effects of the

substance would be seen in the way similar to that in cell culture experiments.

Following the current available scientific knowledge of these topics, as well as the main points

on which we have based the general direction of our hypotheses regarding the intracellular

effects that 15d-PGJ2 may have on the U2-OS as well as Saos-2 cell lines, we then proceeded

to focus the aim of our research into this topic by utilizing the following experimental

approaches:

1.

the exploration of cell viability effects post-15d-PGJ. treatment as well as their
characteristics;

the exploration of the apoptotic effects upon the cells post-15d-PGJ; treatment as well
as their characteristics (and, if possible, a comparison of the apoptotic effect strength
with a cell line serving as a non-cancer equivalent of the OS);

the exploration of MAPK behaviour both independently and in regards to ROS post-
15d-PGJ; treatment;

the exploration of any potential anti-oxidant or anti-apoptotic effects upon the cells
post-15d-PGJ; treatment;

the observation of the 15d-PGJ; effect on the OS cells when grown on a live CAM

model.

Ultimately, through our results we have successfully confirmed that 15d-PGJ. has

pronounced cytotoxic effects in the two OS cell lines which we focused on, namely, U2-OS

and Saos-2, as well as a promisingly smaller effect that this prostaglandin compound has on
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a cell line serving as a non-cancer cell equivalent of the OS based on the tissue of origin of
OS cells — this being the bone, while the cell line in question is an osteoblast cell line hFOB
1.19. Additionally, to further describe our conclusions regarding or experimentation on the OS
cells, the cytotoxic effects we observed were largely based on the ROS-mediated apoptosis
induction. These effects were also stronger in OS cell lines compared to its effects on non-
malignant osteoblast cells. Furthermore, we have also proven strong inhibitory effects of 15d-
PGJ. on OS-tumor growth through the usage of the chick ex ovo chorioallantoic-membrane
(CAM) assay, this being an important step in in vivo direction and future clinical studies. This
thesis aims to explain and present all of our conclusions in detail, as well as to reflect on their
significance and the future of 15d-PGJ; in context of its significance within the field of OS

treatment research.
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2. MATERIALS AND METHODS
2.1. 15d-PGJ: preparation

The main substance used in this study was 15d-PGJ; (15-deoxy-A'>"4-prostaglandin
Jo, #18570) — a prostaglandin compound obtained from the Cayman Chemical Company, Ann
Arbor, MI, USA. The substance was originally dissolved and shipped in methyl acetate (stored
at -20°C), which was removed via the process of desiccation prior to further substance
preparation required for the experiment-related cell treatments. In order gain a substance form
usable for cell treatments, 15d-PGJ, was next dissolved in a vehicle solution — dimethyl
sulfoxide (DMSO, Sigma-Aldrich, MO, USA) under sterile conditions. The resulting stock
solution was aliquoted (20 mM) and stored at -20°C. The aliquots were then used within two
weeks. As mentioned, and unless the individual experiment descriptions state otherwise,
DMSO was used as a vehicle control, with its concentration matching the 20 uM concentration
of 15d-PGJ: (0.04%, v/v) that had been used in the experiments.

2.2 Cell culture procedure

The media and cell culture substances were all obtained from Gibco (Thermo Fisher
Scientific, Schwerte, Germany). The cell growth media contained 10% fetal calf serum (FCS)
obtained also from Thermo Fisher Scientific and heat-inactivated in our through a 56°C
incubation of the medium for 30 min. This was done with an aim to destroy complement activity
within the serum which might disrupt a number of observed and measured intracellular as well
as intercellular events, causing the measured and observed data within experiments to be
unrealiable — heat inactivation greatly reduces the risk of this happening and of the existence

of any unwanted complement activity.

All of the used OS cell lines (U2-OS [HTB-06], Saos-2 [HTB-85], MG-63 [CRL-1427])
are of human origin and epithelial (U2-OS and Saos-2) or fibroblast (MG-63) morphology. The
U2-0S is known to be derived by J. Ponten and E. Saksela in the second half of the 20"
century, with the cell line originating from a moderately differentiated sarcoma of the bone of
a 15-year-old, white, female osteosarcoma patient (possible patient therapy unknown). The
Saos-2 was derived by J. Fogh and G. Trempe in the second half of the 20" century and
originating from the bone of a 11-year-old, white, female osteosarcoma patient treated with

methotrexate, adriamycin, vincristine, cytoxan, aramycin-C and radiation therapy. The MG-63
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cell line was derived by the Orthopedics Department staff of the University of Leuven hospital
in the second half of the 20™ century, originating from the bone of a 14-year-old, white, male
osteosarcoma patient (possible patient therapy unknown) (ATCC, Manassas, VA, USA). The
osteoblast line used (hFOB 1.19) is also of human origin, derived by S. A. Harris and T. C.
Spelsberg and established via a transfection of limb tissue obtained from a spontaneous
miscarriage with the temperature sensitive expression vector pUCSVisA58 and the neomycin
resistance expression vector pSV2-neo (ATCC). Unlike the osteosarcoma cells, the osteoblast
cells were not obtained from ATCC but from the Core Facility of Alternative Biomodels &

Preclinical Imaging of the Medical University Graz.

Two of the cancer cell lines used, U2-OS and MG-63 cells, had been cultured in an
Eagle's Alpha-Minimal Essential medium (EMEM) supplemented with 10% (v/v) FCS, 2.5 mM
(w/v) L-glutamine and 1% (v/v) penicillin/streptomycin (Gibco). The Saos-2 OS cells, however,
had been cultured in a McCoy 5A medium (Lonza, Switzerland) supplemented with 10% (v/v)
FCS, 2.5 mM (w/v) L-glutamine and 1% (v/v) penicillin/streptomycin. The medium of choice
used for the osteoblast cell line was a 1:1 (v/v) mixture of Ham’s F12 medium and Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 2.5 mM (w/v) L-glutamine, 10% (v/v)
FCS, 1% (v/v) penicillin/streptomycin, and 0.3 mg/ml G-418 (Geneticin, InvivoGen, Toulouse,
France). All three cancer cell lines were incubated and cultivated at 5% CO,, 37°C and 98%
humidity, while the hFOB 1.19 cell line was grown at matching CO, and humidity conditions,
but at a 34°C.

For all cell lines, the medium was exchanged twice per week and the cells were split once per
week at a 80-90% confluence. The exact cell number needed for splitting and for individual
experiments was measured by CASY (OMNI Life Sciences, Bremen, Germany). The cells

underwent mycoplasma testing every three months in order to assure cell health.

2.3. Cell viability and metabolic activity assay (MTT)

In order to assess the viability and metabolic activity status of 15d-PGJz-treated U2-
OS, Saos-2 and hFOB 1.19 cells, MTT assay was used. 180 000 cells were seeded per well
in 12-well plates and incubated for 24 hours. Afterwards, the cells were treated with 20 uM
15d-PGJ; (which was the average commonly used concentration previously described in
several studies [59, 84-85, 93-95] for 4, 18 and 24 hours. Following this, the cells were
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exposed to the MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(concentration of 0.5 mg in serum-free medium) for 30 minutes at 37°C. This resulted in a
reaction between the MTT compound and the viable cells, where the still living cells with an
active cell metabolism were now stained with the insoluble formazan (shown with the viable
cells obtaining a dark purple hue). The formazan was then made soluble by adding 350 ul of
acidic isopropanol (0.04 M HCI in pure isopropanol), enabling us to collect and quantify the
reactions within each separate sample. This analysis was then done by the optical
measurement by using a microtiter plate reader (BMG Labtech, Ortenberg, Germany) in order
to obtain numerical values of the observed cell reaction (the emission/correction wavelengths
used for the optical measurement were that of 570/630 nm). This numerical output allowed us
to compare the values received for each sample with the vehicle control, the results of which
were then also confirmed and assessed with statistical analysis of the multiple measurements,
as well as the significance of the data. The total number of experiments used for the statistical

analysis was 3.

24. Wound healing assay (Scratch assay)

In order to be able to investigate the effect 15d-PGJ. has on cell proliferation and
motility, we applied the wound healing assay, also known as the scratch assay. The method
was done by seeding the cells in silicone inserts (Ibidi GmbH, Graefelfing, Germany) carefully
positioned inside 12-well plates. Once seeded, the cells were left to grow until the confluence
of approximately 90% before incubation with 20 yM 15d-PGJ. or a 0.04% DMSO as a vehicle
control for 24 h, while the inserts were still in place and intact. Once the desired confluence
was achieved, the silicone inserts were removed, resulting in a 500 pm cell-free gap being left
between two areas of confluent cells (medium was changed in order to remove any dead cells
and detritus). Photographs were then taken of the 0 hour time-point and the cells were further
incubated at standard cell culture conditions before taking additional photos of the cells at the
24, 36, and 48 hour time-points. The light microscope and camera used for this was Nikon
ECLIPSE Ts2, with a 40 x magnification.

The resulting condition of the scratch was then measured from the obtained photos via
Fiji ImagedJ Wound Healing plug-in (open source), giving us data which were further quantified
as percentage of the open scratch area. The percentage was used to make comparisons of

the condition of the scratch area in the case of treated vs. untreated cells and these values
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were then appropriately analyzed through statistics, confirming their significance. The number

of individual experiments used for the statistical calculations was 3.

2.5. Colony formation assay

300 000 cells were seeded pro-well in 6-well plates and incubated for 24 hours. After
this, the cells were treated with 15d-PGJ; (20 uM) or the corresponding vehicle control (0.04%
DMSO) for further 24 hours. Afterwards, cells were trypsinized in order to be counted (all cell
counting was done via the Casy cell counter), following which 300 U2-OS cells and 1 000
Saos-2 cells were seeded per-well in a 6-well plate (due to the significantly lower cell
multiplication time of the Saos-2 cells). Both OS cell lines were then incubated at 37°C until a
certain amount of colonies containing at least 50-cell were formed in the control wells (10 days
for U2-OS cells and 15 days for Saos-2). The colonies were then fixed in the 6-well plates
using the methanol:glacial acetic acid mix (3:1 [v/v]) and stained with a 0.4% aqueous crystal

violet solution (C6158, Sigma).

The stained colonies were then scanned against a clear, white background and
counted with the help of the Imaged software (Colony Counter plug-in). The numerical output
was further observed through statistical calculation and the confirmation of data significance.

The total number of individual experiments used for the analysis was 3.

2.6. Intracellular ROS measurement (ROS assay)

In order to assess the shift in the production of reactive oxygen species (ROS) in the
OS cells before and post-15d-PGJ, treatment, we performed a ROS assay. Firstly, 80 000 OS
cells per well were seeded in 24-well plates and incubated until a confluence of approximately
80% followed by a treatment with 15d-PGJ2 (20 uM). Cells were then additionally treated with
carboxy-H2DCFDA (5-(and -6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate, Invitrogen),
a ROS-reactive dye in phosphate-buffered saline (PBS), and incubated at 37°C for 30 minutes.
Following this incubation, the cells were washed with ice-cold PBS twice and an incubation in
300 pl of 3% (v/v) Triton X-100 in PBS for 30 min was used to induce cell lysis, additionally

enhanced by a further incubation in 50 pl absolute ethanol for 15 minutes (with shaking at
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1350 rpm) at a temperature of 4°C. Afterwards, the cell lysates were gathered and centrifuged
at 10 000 rpm (at 4°C) in order to remove any cell debris that might hinder upcoming
fluorometric measurements. The remaining supernatants and the amount of DCF (2,7"-
dichlorofluorescein) they contained was measured by a microtiter plate reader (CLARIOstar,
BMG Labtech, Ortenberg, Germany) at emission levels of 485 nm, as well as an additional
correction measurements at 540 nm wavelength. The resulting values are calculated based

on the data from 3 independent experiments.

2.7. Immunoblot analysis

First, 300 000 cells were seeded in 6-well plates and incubated for 24 hours at 37°C
until they reached a confluence of approximately 80%. Then, the cells were treated with either
a 0.04% DMSO vehicle control or 20 uM 15d-PGJ: for various time intervals. Five, 10, 15, 30
and 60 minutes were the treatment points used for the MAPK testing time kinetic experiment.
One, 2, 4, 6 and 8 hours were the treatment points used for the antioxidant protein expression
time kinetic experiment. Lastly, 4, 8 and 12 hours were the treatment time-points used to test
the expression of pro-apoptosis proteins. The cells were then washed twice with cold PBS and
harvested as well as lysed in RIPA buffer (Sigma, R0278) enriched with phosphatase inhibitors
(A32957, Thermo Scientific) and protease inhibitor (A32953, Thermo Scientific). Sonication
was used to enhance cell lysis (twice, for 5 seconds), followed by centrifugation at 13 000 rpm

for 10 min in order to separate soluble total proteins in the samples.

The supernatants were then collected and the resulting total cell protein amount in the
supernatants was measured using a BCA protein assay kit (Thermo Fisher Scientific). Using
the results obtained from this analysis, we used 15 ug total protein extracts per sample and
denatured them for 10 min at 95°C in order to prepare the samples for electrophoresis.
Electrophoresis was used to separate the proteins on a polyacrylamide gel. In the next step,
the proteins were transferred from the gel onto nitrocellulose or PVDF membranes (0.45 um,
Amersham) (the PVDF membranes were only used for the expression analysis of Pro-caspase
7, specifically). All membranes were blocked with either bovine serum albumin (BSA) or 5%
(w/v) non-fat milk for 1 hour at room temperature (approximately 25°C). The membranes were

then incubated overnight at 4°C with a primary antibody solution listed in Table 1.
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ANTIBODY COMPANY CATALOGUE HOST DILUTION POLYACRYLAMIDE

NR. GEL%
PJNK Cell Signaling #4668 rabbit 1:1000 10%
JNK Cell Signaling #9252 rabbit 1:2000 10%
PP38 Cell Signaling #9211 rabbit 1:1000 10%
P38 Cell Signaling #9212 rabbit 1:2000 10%
P-ERK1/2 Cell Signaling #9106 mouse 1:1000 10%
ERK1/2 Cell Signaling #9102 rabbit 1:2000 10%
P-AKT (SER473) Cell Signaling #9271 rabbit 1:1000 8%
AKT Cell Signaling #9272 rabbit 1:2000 8%
NF-KB (P56) Cell Signaling #8242 rabbit 1:1000 8%
EGR1 Cell Signaling #4154 rabbit 1:1000 8%
NRF2 R&D Systems #MAB3925 mouse 1:500 8%
PARP Cell Signaling #9542 rabbit 1:1000 10%
CL. CASPASE-7 Cell Signaling #9491 rabbit 1:1000 12%
ALPHA-TUBULIN | Cell Signaling #2125 rabbit 1:2000 8,10, 12%

Table 1. Primary antibodies and dilutions used in immunoblot experiments (reproduced from

[96] with permission of MDPI publisher, Basel, Switzerland).

The following day, the membranes were washed in TBST (three times, for 10 minutes),
after which they were incubated with appropriate secondary antibodies linked with horseradish
peroxidase (HRP). Ultimately, the membranes were developed and protein signal visualized
via the usage of ECL Prime Western Blot Detection Reagents (Amersham) on a Chemi-Doc
Touch Biorad device. Between two different primary antibody incubations, membranes were
stripped through an 8 minutes incubation in the Restore Plus Western blot stripping buffer
(Thermo Fisher Scientific) and re-blocked. For each protein, the loading control used for
expression normalization were either the expressions of the total protein variants (in the case
of MAPK proteins) or a-tubulin (for all other proteins). Normalization of the signal intensity of
our visualized proteins was done by the Image Lab software 6.0.1 (Biorad). The resulting
expression intensities were then statistically analyzed and their significance was tested. The
total number of individual experiments used for the statistical analysis of each different

experiment resulting in the immunoblot analysis was 3.

22



2.8. Annexin V/propidium iodide (Pl) apoptosis staining

180 000 cells were seeded per-well in 12-well plates and left to incubate at 37°C until
reaching a confluence of approximately 80%. The OS cells were then treated with 15d-PGJ-
(20 puM) for 12, 18 and 24 hours. The cells were then incubated and stained with the FITC
Annexin V Apoptosis Detection Kit 1 (BD Biosciences), washed in cold PBS, and incubated
for 15 minutes at room temperature (approximately 25°C) with 100 pl of 1 x binding buffer (5
Ml of Annexin V FITC and 5 pl of PI) while also being protected from light.

The resulting cytometric analysis was obtained via the Guava EasyCyte 8 (Millipore)
flow cytometer and analyzed bythe InCyte 3.1 software (Millipore). The obtained numbers
were then statistically analyzed and had their significance confirmed with the total number of

individual experiments used being 3.

2.9. Ex ovo chicken chorioallantoic (CAM) assay

As a method bridging the gap between in vitro and in vivo, we used the chorioallantoic
membrane (CAM) assay. The specific method was an ex-ovo CAM method [94]. Fertilized
white Lohmann chicken eggs were carefully cleaned and incubated at 37.5°C and 60%
humidity (Incubator Easy 200, J.Hemel Brutgerate, Verl, Germany). On the third day of the
embryonic development, the egg shell was cautiously cracked into a sterile weigh boat,

followed by an incubation at 37.5°C and 60% humidity for 6 more days.

In parallel, OS cells (U2-0OS, Saos-2, and MG-63) were grown until approximately an
80% confluence and treated either with a DMSO vehicle control or 15d-PGJ. for 24 hours. On
the ninth day of the embryonic development, before the lymphatic system of the embryo
begins developing (in order to avoid potential interferences of the lymphatic development with
the resulting tumor growth), the collected OS cells were grafted on CAM into silicone rings (9
5 mm) which were carefully placed between embryonic blood vessels (1x10° cells were added
per-onplant). The embryos were incubated for 4 more days at 37.5°C after which the onplants
were photographed and harvested via excision. The excised onplants were fixed in 4%
paraformaldehyde (PFA), as well as dehydrated and embedded in paraffin wax. The resulting
paraffin blocks were cut (into 7 um thick sections) and fixed on glass tissue slides to be used

for immunohistochemial staining. The size of the onplants was also measured from the
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obtained photographs and analyzed via statistical analysis (5 representative onplants were

used for the statistical comparison of each condition, treated and untreated).

2.10. Immunohistochemistry of the CAM slides

The immunohistochemical staining was made for Ki-67, a proliferation marker, and it
was performed in the automated system DAKO OMNIS, using the primary DAKO anti Ki-67
antibody Clone MIB-1 (GA62661-2) as well as the DAKO OMNIS Flex HRP detection system.
All of the slides were photographed with the Nikon Eclipse E400 microscope and Zwo Asi 183
MC pro camera. The resulting immunohistochemical staining was evaluated by two

experienced colleagues (Dr. Martin Asslaber, Dr. Nassim Ghaffari Tabrizi-Wizsy).

2.11. Statistical calculations

The statistical calculations for all of the experimental data were performed by
GraphPad Prism (v. 5.0). All of the obtained values are represented as mean +SD of at least
3 individual experiments. A two-sided student’s t-test was used to determine the level of
statistical differences between samples and a P < 0.05 value was considered as statistically

significant.
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3. RESULTS
3.1. 15d-PGJ: inhibits the cell growth, colony formation, and

motility of human OS cells.

In order to assess if there is an effect of 15d-PGJ. on osteosarcoma cells viability and
how this effect is demonstrated, we preformed several viability assays with U2-OS and Saos-
2 cells treated with 15d-PGJ.. The concentration of 15d-PGJ;, chosen for the cell treatments
was 20 uM, which is an average concentration gathered through observance of multiple types
of data published not only in our previous study with MG-63 cells, but also in a variety of other
research papers which utilized the treatment of various types of cancer cells with 15d-PGJ..
[59, 84-85, 93-95]

Very often, even substances with highly efficient cytotoxic effects on cancer cells are
rendered unusable for future research or eventual patient application due to an equal non-
selective toxicity of the substance on healthy cells as well. Therefore, we have included a
human osteoblastic cell line (hFOB1.19) in our viability experiments with the goal of observing
if there is any difference in the response of healthy bone cell line to 15d-PGJ; and, if yes, how
does this difference present itself. The hFOB1.19 osteoblast cells in particular were used as
both of the OS cell lines used in your research, U2-OS and Saos-2, are of an osteoblastic

origin.

Firstly, we utilized an MTT viability assay to observe the effect of 15d-PGJ. on our
OS cell lines in a time-dependent manner. The resulting viability drop can be seen in Figure
1., where the viability curve showed, in an average of three separate experiments, a drop of
37% in U2-OS and 80% in Saos-2 cells after only 4 hours. After 24 h, our final treatment time
point, only 16% of U2-OS and 2% of Saos-2 cells on average remained detected as viable.
As an additional discovery of particular importance in the context of 15d-PGJ. showing
promise as a potential safe anti-cancer agent, the non-malignant human osteoblastic
hFOB1.19 cells showed a reduction of only 10% at the 4 h treatment time point, with 25% of
the cells remaining viable after a full 24-hour treatment. These results indicated a viability that
was a third higher than in the case of U2-OS cells as well as a prominent 12 times higher

viability compared to the viability measured in treated Saos-2 cells.
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U2-0S Saos-2 hFOB 1.19

Figure 1. 15d-PGJ. negatively affects OS cell viability. Two OS cell lines (U2-
OS, Saos-2), as well as a healthy osteoblast cell line (hFOB 1.19) were treated with DMSO
(vehicle control), as well as with 20 yM 15d-PGJ: for 4, 18 and 24 hours. Following this, the
cells were incubated with the 2,5-diphenyl-2H-tetrazolium bromide dye, followed by a plate
reader quantification of the resulting immunofluorescence color-reaction. Resulting values
represent the declining cell viability within 15d-PGJ. treated OS cells in a time-dependent
manner, and a significantly lower viability drop in non-malignant osteoblast cells. Means +
standard deviation are displayed. n = 3 (*P < 0.05, ***P < 0.005) (reproduced from [96] with

permission of MDPI publisher, Basel, Switzerland)

In order to further investigate toxic effects of 15d-PGJ,, we analyzed the microscopic
morphological changes of each of the two OS cell lines, as well as the osteoblast cell line upon
15d-PGJ; treatment for 24 hours. Reduction in cell size, changes to the cell shape, as well as
loss of adherence are some of the most typical signs of poor cell health, often indicating an
activation of apoptosis. These findings were fitting with the effects of decreased viability
observed in the MTT assay (the strongest effect being that on Saos-2 morphology). Also in
line with previous results, healthy osteoblast cell line showed very minor morphological
changes upon the 15d-PGJ; treatment, only displaying signs of decaying cell health after the
final 24 hour treatment time point. The aforementioned microscopic effects can be seen in

Figure 2.
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15d-PGJ,

Figure 2. 15d-PGJ. visibly affects OS cell morphology. OS cell lines (U2-0OS,
Saos-2), as well as a non-malignant osteoblast cell line (hFOB 1.19) were incubated with 15d-
PGJ2 or DMSO as a vehicle control for 24 hours. Following this, the cells were observed by
light microscopy and photographed. The images show a difference between the vehicle control
and the 15d-PGJ.-treated cells, the latter showing clear signs of morphological changes
indicative for cell death. Noticeable difference between the osteoblast cells and OS cells is
visible. Scale bar = 500 um. (reproduced from [96] with permission of MDPI publisher, Basel,

Switzerland).
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Exploring the inhibitory effect of 15d-PGJ. on OS viability further, we performed a
colony-formation assay. Subsequently, as shown in Figure 3., this assay showed us a
significant decrease in the OS cell potential to form colonies in both U2-OS and Saos-2 cell
lines following a 24 hour 15d-PGJ. treatment. Moreover, only a scarce amount of OS cells
survived in general, without showing a large capability for colony formation even after 10 (U2-
0OS) and 15 (Saos-2) days of culturing the cells post-treatment. These results were equally
observed in every repetition, they were clearly visually present and documented. All of the
aforementioned strongly indicates a significant anti-tumorigenic, anti-clonogenic potential of
15d-PGJ:z in both OS cell lines.
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Figure 3. 15d-PGJ2 negatively effects colony forming capability in OS cells. U2-
OS (A) and Saos-2 (B) cells were treated with 20 uM 15d-PGJ2 or the DMSO vehicle-control
for 24 hours. Afterwards, 300 U2-OS cells and 1000 Saos-2 cells from each of the group was
seeded and incubated for the following 10 days in the case of U2-OS and 15 days in the case
of Saos-2 cells. The formed cell-colonies were then fixated and stained with crystal violet. The
images of the stained colonies were photographed and quantified via the use of Imaged. The
resulting comparison of the number of colonies of DMSO and 15d-PGJ- treated cells shows a
difference and confirms a strong toxic effect of 15d-PGJ; on the colony forming ability of OS
cells. Means of x independent experiments + standard deviation are displayed. Means *
standard deviation are displayed. n = 3 (**P < 0.01, ***P < 0.005) (reproduced from [96] with

permission of MDPI publisher, Basel, Switzerland)
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Another cell property indicating the cell viability status is cell motility, which was our
next research topic. In order to explore the effect of 15d-PGJ, on OS cell motility, we
performed a wound healing (scratch) assay. Further fitting with our data up to this point, the
resulting wound healing assay data showed a clear existence of a cytotoxic effect by 15d-
PGJz on both U2-OS and Saos-2 cell lines. Compared with untreated U2-OS and Saos-2 cells,
the 15d-PGJa-treated cells visibly maintained a similar scratch width through all three
observed time-points. 15d-PGJ.-treated cells also showed a somewhat more preserved shape
of scratch borders with less viable cells migrating into the empty scratch area, indicating that
the cell migration was impacted as well. Both of these observations can be visible in Figure
4. A for the results in U2-OS cells and Figure 4.B for observed Saos-2 cells. The initially
measured negative impact of 15d-PGJ; on cell viability could easily also cause such
attenuation in cell proliferation and, partially, cell motility as well, resulting in the inability of the
OS cells to migrate and reproduce in order to fill in the scratch area, which is an effect

continuously evident in both OS cell lines.
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Figure 4. 15d-PGJ: negatively effects the OS cell motility and survival. U2-OS
(A) and Saos-2 (B) cells were grown until full confluence. Afterwards, the cells were treated
wither with the DMSO as a vehicle-control or the 20 yM 15d-PGJ- for 24, 36 and 48 hours.
The cells were continuously photographed, the scratch width measured and results quantified,
displaying a significantly less reduced scratch width in 15d-PGJ. cells. Means * standard
deviation are displayed. n = 3 (*P < 0.05, ***P < 0.005, n.s. = non-significant) (reproduced from
[96] with permission of MDPI publisher, Basel, Switzerland)
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3.2. 15d-PGJz-induced ROS production in OS cells can be
inhibited by specific ROS inhibitors

Due to the key role of ROS in many anti-cancer mechanisms, exploring ROS levels
and potential role of ROS in 15d-PGJ.-treated cells was our next step. It has been previously
reported by our group [91] that 15d-PJG; successfully increased ROS production in MG-63
cells (a cell line in which 15d-PGJ2 more prominently activated a cytoprotective mechanism
rather than a solely cytotoxic one). - In order to investigate the ROS status in U2-OS and Saos-
2 cells upon the earliest stages of 15d-PGJ; treatment, we used a specific fluorescent dye
known to react in the presence of intracellular ROS. Our results showed the significant impact
of 15d-PGJ; on the intracellular ROS levels in U2-OS (Figure 5.A) as well as Saos-2 cells
(Figure 5.B). The measured increase in ROS production indicated a rise in intracellular ROS
production levels with prolonged 15d-PGJ; treatment in OS cells. The increase of ROS
production was already marked at the first time point of only 1 minute and was continued until
the final observed time point of 15 minutes. This shows that the increased ROS production in
OS cells is not only evidently caused by 15d-PGJ., but is also an example of one of the earliest
mechanisms triggered intracellularly by this compound, namely, within less than minutes of
the OS cells exposure to 15d-PGJ..
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Figure 5. 15d-PGJ. causes an increase of intracellular ROS production in OS cells.
OS cells were treated with 20 uM 15d-PGJ- for time periods of 1, 2.5, 5, 7.5, 10 and 15 minutes
(an untreated control was also used). Following this, ROS levels were measured within the
OS cells by incubating cells with a ROS-reactive dye (DCFDA) and measuring the resulting
immunofluorescent reaction. The increasing ROS activation is visible in both U2-OS and Saos-
2 cell line (A). The effect of the measured ROS activation was observed by treating the OS
cells for 15 minutes with 20 uM 15d-PGJ;, along with three ROS scavengers (NAC, PDTC,
Tempol) (B). Means + standard deviation are displayed. n = 3 (*P < 0.05, **P < 0.01, **P <
0.005) (reproduced from [96] with permission of MDPI publisher, Basel, Switzerland)
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Following this finding, we then focused on elucidating the potential effect of the
increased ROS levels on other intracellular pathways, which may have been triggered. An
example of another commonly early-triggered intracellular mechanism in cancer cells when
treated by varying cytotoxic substances is the activation of the MAPK pathway [91].

The assessment of ROS increase effecting the activation status of MAPKSs within the
treated OS cells was done by checking the phosphorylation status of one of the most
prominent MAP kinases, the extracellular signal-regulated kinase (ERK1/2, also commonly
known as p42/44 MAPK). As our ROS results displayed a prominent increased ROS level
within both OS cell lines already after 15 minutes, we used this time point to observe the effect
15d-PGJ; on the ERK phosphorylation with and without pre-treatment with the additional ROS-
inhibitors. Three known ROS scavengers were used in this experiment, namely NAC (N-
acetyl-cysteine, a cell permeable thiol that restores intracellular glutathione), PDTC
(pyrrolidine dithiocarbamate, a metal chelating antioxidant compound) as well as Tempol (a
superoxide dismutase (SOD) mimetic as well as a superoxide anion radical scavenger). As
shown in Figure 5.C and 5.D, NAC slightly inhibited the phosphorylation of ERK in the U2-OS
cell line, however, this wasn’t noticed in Saos-2. Similarly, we observed that PDTC reduced
the ERK1/2 phosphorylation in U2-OS cells, however, the effect was significantly less present
in Saos-2 cells. Tempol, on the other hand, significantly weakened ERK1/2 phosphorylation
in both OS cell lines.

3.3. 15d-PGJ: induces acute apoptosis in OS cells

Since our results so far indicated a strong impact of 15d-PGJ2 on cell viability, it was
our next intent to further clarify and confirm the induction of apoptosis in both of the OS cell
lines. As we wanted to use experimental approaches that were very precise in exploring and
identifying different types of cell apoptosis, we used two well-known apoptosis-identifying
approaches.

The first approach was an Annexin V/PI| assay following a 15d-PGJ; treatment lasting up to
24 hours. By using flow cytometry, one can detect cells whose phosphatidylserine had
successfully bound to Annexin V antibody. The presence of this specific phospholipid on the
outer plasma membrane leaflet is a clear indication of the apoptosis activation, as this shows

that the cells membrane integrity, signified by the specific location of phosphatidylserine, has
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already been compromised. The significance of Pl staining is similar, in that Pl is not able to
permeate living cells and mainly binds with the cell DNA material (it is known to intercalate
between DNA bases, ultimately ending up with the binding ratio of one dye molecule per 4-5

base pairs), accessible only at late stages of cell degradation and apoptosis.

We were able to elucidate a time-dependent increase of cell apoptosis in both OS
cell lines treated with 15d-PGJ,. The reaction with both Annexin V and Pl confirms the
presence of late apoptosis in both cell lines already at the 4-hour treatment. It is important to
note that the detected apoptosis activation was somewhat weaker in U2-OS (Figure 6.A) cells,
which resonates appropriately with the previous viability data that we have obtained.
Altogether, this suggests a somewhat stronger sensitivity of the Saos-2 cell line (Figure 6.B)
to the 15d-PGJ; in comparison to U2-0OS cells.

In the slightly more resistant U2-OS cells, the percentage of early and late apoptotic cells was
21% after 12 hours and 33.6% after 24 hours of 15d-PGJ; treatment. Similar, but in slightly
lower amount, were the values measured in Saos-2 cells, with 26.3% and 44% of apoptotic
cells upon 12 and 24 hour of 15d-PGJ; treatment, respectively. Important to note is also that
the percentage of cells in early apoptosis was significantly lower than those in late apoptosis,
this being true for both OS cell lines and ranging from 6% to 8%. Necrotic cells were present

in both cell lines, though in an even smaller percentage below 1.5%.
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Figure 6. 15d-PGJ. activates apoptosis in OS cells. Following a 15d-PGJ-
treatment (20 pM) of OS cell lines (U2-OS, Saos-2) for 12, 16 and 24 hours, as well as a
DMSO vehicle-control, the cells were additionally treated with Annexin and Pl and analyzed
via flow cytometry. The results show a prominent activation of apoptosis in the U2-OS cell line

(A) with a slightly stronger effect observed in Saos-2 cells (B). (reproduced from [96] with
permission of MDPI publisher, Basel, Switzerland)
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To confirm the strong apoptotic effects that 15d-PGJ> has on OS cells, we

investigated the expression of some of the most prominent protein markers of cell apoptosis,
namely the cleaved form of caspase 3 and PARP (Poly-ADP ribose polymerase). When the
process of apoptosis is activated, at a certain point caspase 3 is translocated to the cell
nucleus where it then interacts with a variety of DNA-interacting proteins — one of them being
PARP. Therefore, both of these enzymes play a crucial role in the intracellular apoptotic
pathway and observing their expression/activation within cells often proves a clear
confirmation of apoptosis being active and present.
Figure 7.A and B successfully show the marked increased expression of both cleaved-
caspase 7 and PARP in both OS cell lines, as shown by western blotting. In line with our
previous results, Saos-2 cells once again show a somewhat stronger apoptotic enzyme
expression in 15d-PGJ.-treated cells than U2-OS does. Both cell lines showed a strong
apoptosis activation already at a 4-hour time point, further proving the strong impact of 15d-
PGJz2 on OS cells.
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Figure 7. 15d-PGJ; induced apoptosis in OS cells is time-dependent. U2-OS (A)
and Saos-2 (B) were treated with either a DMSO vehicle-control or 20 yM 15d-PGJ; for 4, 8
and 12 hours. The resulting effects on intracellular protein expression were then visualised via
western blot and appropriately quantified. The obtained results show a time-dependent growth
in expression of the cleaved versions of apoptosis-specific proteins PARP and Caspase-7 in
both of the OS cell lines. Means * standard deviation are displayed. n = 3 (*P < 0.05)

(reproduced from [96] with permission of MDPI publisher, Basel, Switzerland)
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3.4. The importance of 9,10 carbon double bond in 15d-PGJ:
effect on U2-OS and Saos-2 cells

Our previous data with the MG-63 cell line indicated a strong, prerequisite-type role
of the double bonded C9 atom in the molecular structure of 15d-PGJ; in causing its particular
cytotoxic effects on the cells. Because of how different, both genetically and on a molecular
level, all of these three OS cell lines are compared to one another, we were curious to see if
this part of the 15d-PGJ, molecular structure also plays an important role in U2-OS and Saos-
2 cell lines.

In order to confirm this, we treated U2-OS and Saos-2 cells with a 15d-PGJ» analogue
in a method similar to the one used in the previously described apoptosis-confirming time
kinetic experiment. However, in this case, we only focused on one single later time-point that
has shown clear apoptosis enzyme activation in our previous experiment (12 h). Both of OS
cell lines were treated, with either 15d-PGJ; or its analogue lacking the aforementioned carbon
atom C9 (9,10-dehydro-15d-PGJ;). The results of these experiments confirmed the strong
effects of 15d-PGJ; in terms of apoptosis activation within both OS cell lines, however it also
demonstrated a clear, visible lack of any similar effect when the cells were treated with the
15d-PGJ; analogue. With these findings, we can therefore confirm that, similar to the previous
findings in MG-63, the specific C9 carbon atom in the lipid’s molecule truly does yet again play
a crucial role in 15d-PGJ. administering its cytotoxic effects within the U2-OS and Saos-2 cell

lines (Figure 8).
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Figure 8. 9,10-dh-15d-PGJ,, a structural analogue of 15d-PGJ. lacking the
electrophilic carbon atom C9, is crucial for the compound’s effect on OS cells. OS cells
(U2-OS and Saos-2) were treated with 20 yM 15d-PGJ; (A) and 9,10-dh-15d-PGJ; (B)
separately for 12 hours. Following this, the expression of pro-apoptotic proteins in the cell
lines, namely cleaved-PARP and cleaved-caspase 7, was analyzed via western blot and
appropriately quantified. Results show a lack of apoptosis activation in cells treated with the
analogue. This data confirms the crucial role of the C9 double bond present in the structure of
the 15d-PGJ; molecule. Representative images from 3 independent experiments were used.

(reproduced from [96] with permission of MDPI publisher, Basel, Switzerland)
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3.5. 15d-PGJ: induces time-dependent MAPK activation in OS
cells

MAP kinase pathway is one of several known protein pathways that may be activated
during the beginning of cytotoxic events triggered in cancer cells. [57] In order to follow up with
these findings, we decided to do a more detailed time kinetic-based series of experiments
lasting up until the 1-hour time point.

To analyze the behavior of the aforementioned MAPK proteins after 15d-PGJ;
treatment, we detected the phosphorylated (i.e. activated) versions of ERK1/2, p38 MAPK and
c-Jun N-terminal kinase (JNK) proteins. Our results indicate a clear trend of time-dependent
increase of phosphorylation for all three proteins in both the U2-OS and Saos-2 cell lines, as
shown in Figure 9.

These findings indicate a continuous and rapid activation of the MAPK pathway on
the level of all three tested proteins (ERK1/2, p38 and JNK) within OS cells, triggered by 15d-
PGJs.
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Figure 9. 15d-PGJ; activated the MAPK pathway in OS cells. After treating the OS
cells (U2-OS and Saos-2) with 15d-PGJ. (20 uM) for 5, 10, 15, 30 and 60 minutes, as well as
with a DMSO vehicle control (marked as ‘0’), the activation of MAPKS, namely, pp38, JNK
and ERK1/2, via western blot was observed. These results were quantified and indicated a
time-dependent increase in the MAPK activation triggered by the 15d-PGJ. treatment. This
effect was present in both the U2-OS (A) as well as Saos-2 (B) cell line. Means * standard
deviation are displayed. n = 3 (*P < 0.05, *P < 0.01, *P < 0.005, n.s. = non-significant)
(reproduced from [96] with permission of MDPI publisher, Basel, Switzerland)
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3.6. The cytotoxic effect of the 15d-PGJ: treatment fails to trigger

any significant cellular defense mechanisms
Based on the findings of our previous work with 15d-PGJ. and the MG-63 cell line

[91], we wanted to check whether there would be any sort of an antioxidative cell-defense
mechanism happening simultaneously to the cytotoxic events in U2-OS and Saos-2 OS cell
lines which are genetically and morphologically different from MG-63. In order to do this, we
next preformed a longer time kinetic-based experiment, with treatments lasting up until 8
hours. The results showed an eventual decrease in expression of several known antioxidant-
acting proteins, namely, the zinc-finger transcription factor early growth response factor
(Egr1), basic leucine zipper transcription factor nuclear factor E2-related factor 2 (Nrf2),
nuclear factor NF-kappa B (NF-kB), as well as the activated/phosphorylated version of the
AKT enzyme. The resulting data suggest, as shown in Figure 11, that Nrf2, as well as NF-kB
had been in a steady decline from the very beginning of 15d-PGJ. treatment of the OS cells.
EGR1 decreased continually after slight increase at the 1-hour time point. AKT presented a
slightly different behavior, namely in the fact that it showed a much stronger increased
phosphorylation at the 1st and 2nd hour of treatment, however, already at 4 hours this
expression was reduced and continued to decrease, rendering the activation insignificant for
the ultimate fate of the cells.

Ultimately, we can conclude that no cytoprotective mechanism are occurring at a

significant level in either of our cell lines treated with 15d-PGJ..
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Figure 10. 15d-PGJ; fails to activate any significant cytoprotective mechanisms in OS
cells. OS cells (both U2-OS and Saos-2) were treated with 20 uM 15d-PGJ, for 1, 2, 4, 6 and

8 hours, as well as a DMSO vehicle control. Afterwards, we analyzed the effects this had on

the two cell lines by visualizing the expression of several proteins often known for facilitating
cytoprotective mechanisms (pAKT, Nrf2, NFkB, Egr1). The results indicated that the

expression of all of the aforementioned proteins drastically declined, indicating a lack of a

protective mechanism enhanced by them. This was observed in similar manner in both U2-
OS (A) and Saos-2 (B) cell lines. Means + standard deviation are displayed. n = 3 (*P < 0.05,
**P < 0.01, n.s. = non-significant) (reproduced from [96] with permission of MDPI publisher, Basel,

Switzerland)
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3.7. 15d-PGJ: inhibits OS tumor growth in the CAM model

In vivo animal models have been a challenging topic when it comes to OS research.
An in vivo model that is unanimously functioning when it comes to these two cell lines must
be established yet, as the present in vivo experiments are still somewhat sparse and non-
conclusive. Some of the published work, where in vivo models were used, mainly include the
process of xenografting human patient-derived tumor tissues into mice, while cell-based in
vivo results feature only several examples of intraperitoneal injection procedures with varying
success.
However, there are several other methods, which might help bridge this span from in vitro to
in vivo. One of these methods is the chicken chorioalantoic membrane (CAM) assay, an
reliable approach that uses the membrane of a living and developing chicken embryo as a
growing and observational ground for various types of cells. In order to have a comparative
point of how the growth of an already researched type of OS would develop on CAM versus
how our two OS cell lines behave, we used MG-63 as an additional cell line used and tested
in this model of experiment. Within each cell line, we performed the comparison between cells
onplanted on the membrane that were treated with either our vehicle compound (DMSQO) or
with 15d-PGJ,. After allowing the cells to grow on the membranes of young chicken embryos

for three days, the growth of onplants was photographed and analyzed.

Already at the level of macroscopic as well as microscopic observation of the onplant
growth, it was evident that the cells treated with 15d-PGJ; prior to the onplanting showed a
visibly lower level of growth and thriving compared to growth of cells treated with DMSO. While
the vehicle-treated cells showed typical tumor growth and tumor cell behavior and developed
already after three days of incubation, the treated cells formed much smaller tumors, often
lacking the strongly defined form of the growths that the vehicle-treated cells had, most

prominently in U2-OS cells. This can be seen in Figure 11.

Immunohistochemical analyses via hematoxylin-eosin (HE) staining additionally
confirmed the smaller number of cells within treated cell growths. Also noticeable already at
the HE-basis was the generally much smaller groups of cells having a viable, typical OS cell
morphology within the growth tissues containing 15d-PGJ treated cells.

The next step was analyzing the expression of Ki-67, a well-known proliferation marker on the
stained tumor tissue. These results further confirmed our data showing less pronounced
proliferation of 15d-PGJ; treated cells, vs. DMSO treated cells. Taken altogether, this data

strongly fits with the information gathered thus far in our previous experimental approaches,
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additionally validating the conclusion that 15d-PGJ. has a remarkable cytotoxic effect on OS

cells.
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Figure 11. 15d-PGJ; shows effects on CAM onplanted OS cells. Following a 3 day
incubation period of both DMSO and 15d-PGJ- (20 uM) treated OS cells (U2-OS, Saos-2, and

MG-63), onplants were photographed, excised and prepared into histological samples for

further analysis. Onplant photography shows a significant difference in the onplant size of 15d-

PGJz-treated vs. controls, with cell density also appearing higher in control cells (A-D, I-L, Q-

T). The onplant growth was quantified via Imaged tumor area measurement. (2)

Immunohistochemical analysis of the onplant structure confirmed the difference in size and

cell density (E-F, M-N, U-V). The Ki-67 staining also indicated a difference in cell proliferation
in all three cell lines: U2-OS (G-H), Saos-2 (O-P) and MG-63 (W-X). Means of five different
onplants per group + standard deviation are displayed. (*P < 0.05, **P < 0.01, n.s. = non-

significant) (reproduced from [96] with permission of MDPI publisher, Basel, Switzerland)
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4. DISCUSSION

Among a variety of bone cancer subtypes, OS is the most common and it most often
affects children and adolescents [1-4]. Other than the fact that it most commonly affects the
youngest demographic, another prominent problematic of OS is its difficulty of diagnosis in the
early stages of the iliness due to very discreet and misleading symptoms, especially in young
and adolescent patients (i.e., mild joint pain, bruises and light swelling on affected area). Very
often, this results in the diagnosis being made at later stages of the cancer progression when
the tumor progressed into metastases, most commonly within the lungs as the initial
secondary location of the tumor [2-4]. The existing therapy for OS is surgical removal
(occasionally including amputation or excision of affected limbs or areas), chemotherapy and
radiotherapy. The latter two pose a unique threat to the younger patient demographic due to
their propensity for causing long-term side-affects. Because of this, finding the appropriate
therapy that can efficiently and quickly tackle the cancer progression without harming the
mostly young patients with potentially harmful long-term side-effects is the current main priority
in general OS research. Currently, the most effective method of repressing the cancer growth
at the stages where the main OS lesion has started spreading is the aforementioned method
of amputation. Chemotherapy is often used for post-surgical treatment, as well as in the cases
of patients suffering from later stages of the illness, however, the toxicity of the currently
commonly used chemotherapeutics (considering the often very young age and higher body
sensitivity of the patients) does not increase the therapy success rate enough to show any of

these therapeutics as sufficiently safe and efficient [27-29].

Certain progress has been made in pharmaceutical research with drugs such as
trabectedin and irinotecan [97-98]. These drugs have shown a promising potential in the quest
for refining safer and more effective OS chemotherapeutics. Their improval in target specificity
is achieved via their capability of interacting only with specific DNA regions within the tumor
microenvironment and initiating their effects there. Trabectedin is currently actively used as
one of possible anti-sarcoma chemotherapeutics in Europe, Russia and South Korea, while
irinotecan is used throughout the world, though it was initially only used for colon cancer and
small cell lung carcinoma treatment and is only being investigated for its potential use in OS
in the past several years. However, as promising as their mechanisms of action are, as well
as how positive some of the patient reports are in regards to treatments with these types of
chemotherapeutic, the ratio of toxicity versus efficiency of these drugs (while somewhat better
in comparison to the chemical therapeutics currently used, i.e. doxorubicin, cisplatin,

methotrexate) still remains reasonably unfavorable and unfortunately far from ideal. The
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greatest issue in the cases of similar synthetic drugs remains the lack of complete selection
precision of the targets of these chemotherapeutics, where even their seemingly highly
selective methods of cell targeting and destruction can show error, as notable by the still
present reported side effects [97, 98]. In the context of these issues, focusing on more natural
substances that harm the cancer cells while at least somewhat sparing the surrounding tissue
as well as the general body metabolism, presents a potentially better approach to future

therapies.

Cyclopentenone prostaglandins have been widely investigated for their prominent
anti-inflammatory properties for almost three decades, with emphasis on its potent capabilities
of stifling the immune response on its various levels and in a variety of immunological states
and responses [52-55]. The research into their anti-cancer capabilities, however, had started
fairly more recently, mostly within the past ten years, where it has shown promising anti-cancer
effects in cell and animal models of breast cancer, prostate cancer and colon cancer, among
several other examples [43, 64-65]. Therefore, it can be said that even in regards of the their
effects in an oncological context, these effects of prostaglandins (mainly PGD2 and PGE2)
have been proven on a basic level in a wide variety of tissues, serving as fertile ground for
further research into its anti-tumorigenic properties. However, even though the effects of
several prostaglandin compounds have been observed in a great number of tissues and
cancers, the exact cellular mechanisms of these effects have not been fully elucidated yet.
This presents itself as a huge gap that still remains in regards of research related to several
types of prostaglandins and their potential anti-tumorigenic properties, a gap that urgently
needs to be filled in order to unveil crucial biomedical data necessary for any of the prostanoid

compounds to continue advancing towards a possible role of an anti-cancer therapeutic.

Another example of the more frequently investigated prostaglandins in terms of its anti-
cancer effects is 15d-PGJ, — one of the final products of an unsaturated omega-6 fatty acid,
the arachidonic acid. One of the appealing and intriguing characteristics of 15d-PGJ; as an
anti-tumorigenic agent is that it is in fact a naturally occurring substance, already present in
the human bodily fluids such as the serum and plasma, though it is also confirmed to be
excreted via urine. Under conditions of stress or inflammation, its concentration rapidly
increases [59, 99]. Due to the fact that finding a substance that harms the OS cancer cells but
spares the surrounding healthy tissue (as well as the general bodily system) while retaining
its vigilant toxicity towards any malignancies present, it is highly promising that our results
show a significantly smaller cytotoxic impact of 15d-PGJ. on the treated non-malignant

osteoblast cells as compared to both OS cell lines used (U2-OS and Saos-2), both in
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morphologically and in terms of its effect on cell viability and apoptosis. Seeing as our cells
are that of an osteoblastic origin, this serves as particularly optimal groundwork for further
planning of similar experiments where both malignant and healthy cells could be tested,

optimally in an animal model.

These results also show a promising aspect of 15d-PGJ; as a potential therapeutic agent in
the context where most anti-tumorigenic substances currently used in cancer therapy are not
only artificially synthesized but can also, as previously mentioned, be highly toxic to the human
body even at lower levels [12-15]. Considering these facts, 15d-PGJ;, as a naturally present
compound, could potentially serve as a safer alternative. The necessity in this regard would
be to create a more detailed analysis of the concentrations of 15d-PGJ; that a body could
safely endure and maintain without causing damage to healthy surrounding tissues at the
same time as it causes damage to the tumorigenic ones. Secondly, this could lead to the need
of finding a method of successfully increasing the compound levels already present in the
body, serving as another positive point for the therapeutic role of this prostaglandin compound
as it thus avoids the need to artificially introduce excess 15d-PGJ. into the patient’s system.
All of the aforementioned, though, is mainly speculative and serves as a promising justification

for further analysis and further basic research into this topic.

In this regard, a very important point to address is that more experiments with animal
models would be required to obtain data necessary for any type of further research in the
direction of 15d-PGJ; serving an therapeutic role. However, the current research using in vivo
xenograft models for 15d-PGJ- testing show results that are still very scattered and lacking a
unanimous, conclusive answer to the question regarding the effects of 15d-PGJ, on tumor
growth and especially lacking in demonstrating its effects on the remaining bodily metabolism
[84, 100-101].

Therefore, in terms of current research of 15d-PGJ., there is still more work needed
in elucidating the details of its anti-cancer effects. There still exists a number of potential basic
intracellular mechanisms which signify these effects in osteosarcoma that have not yet been
fully explained. Interestingly, and offering itself as a good example of data which points to
further questions and presents a good example of currently known data that requires a more
in-depth analysis is the fact that MG-63, an OS cell line, displayed both a strong anti- and pro-
apoptotic response, while the Saos-2 and U2-OS cell lines seem to display only the pro-

apoptotic characteristics when treated with the same concentration of 15d-PGJ; [91, 92].
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Our study confirmed and broadened these results in terms of showing the strong pro-
apoptotic effects that 15d-PGJ; elicits in the OS cells used. Our results showed previously
unreported microscopically observable effects of the lipid compound on the cancer cell
morphology, motility as well as the capability of OS cells to multiply and form colonies — a

crucial characteristics that tumor cells utilize for growth and spreading.

However, going into more intracellular mechanisms of the 15d-PGJ;-caused effects
on OS cells, we also managed to pinpoint one of the earliest triggers of the reaction cascade
leading to these effects. Specifically, this was found to be the triggering of the fast increase of
ROS production within the OS cells shortly after the 20 yM 15d-PGJ; treatment (as early as
one minute post-treatment). This is in alignment with the fact that an increased intracellular
ROS formation is a reaction often present in several other analysis of anti-tumor effects on
various tumor types, such as colon cancer, breast cancer and leukemia [26-29, 51], but it is
also in alignment with the data shown by previous data published on the 15d-PGJ.-caused
ROS increase in OS cells [91-92]. However, due to the incomplete analysis of these
phenomena in the U2-OS and Saos-2 cell lines, we decided to test this in more detail. This is
of special interest since both of our cell lines of interest are known to be different from MG-63
in their modus operandi, with Saos-2 being a tumorigenically weaker tumor cell line and U2-
OS tumorigenically stronger [105]. Another interesting fact gained through our results was that
both cell lines showed mutual similarities, at least on the level of post-treatment MAPK protein
expression. The sole difference being that the ROS production in each of the two cell lines is
achieved by different ROS-scavenger compounds. Namely, PDTC had a stronger ROS
attenuation on U2-OS cells while Tempol showed minimal effects, whereas in the case of
Saos-2, Tempol showed stronger ROS and subsequent MAPK inhibition while PDTC showed
no effect. This should be further analyzed, as the varying reaction to different ROS inhibitors
might give us more information on the oxygen species-related changes within the cells after
the treatment with 15d-PGJ.. Our work therefore not only confirmed the presence of a
significant and time-dependent increase of 15d-PGJ.-triggered increase in ROS activity, but it
also pinpointed just how early and rapidly this reaction occurs, postulating it as a one of the
few very first intracellular effects of the substance within an OS cancer cell (as we’ve observed
both in U2-OS and Saos-2 cell lines).

One of the common downstream targets of a heightened ROS production are the
MAPKSs. However, the ultimate effect of this signaling event on cell viability can vary. Namely,
MAPKSs (especially ERK1/2) have been described to trigger both anti- and pro-apoptotic

mechanisms, depending on the experimental conditions and on the cell line. MAPKSs frequently

54



trigger anti-apoptotic mechanism via an upregulation of the Bcl-2 pathway [106]. They have
also been very often proven to hold strongly pro-apoptotic capabilities. Most commonly this is
achieved through their effects on transcription regulators AP-1 and p53, and their power to
increase the activity of pro-apoptotic enzymes such as Bax and Bim [107-111]. Interestingly,
even their effect on Bcl-2 can be of a dual nature, as it has been proven that p38 and JNK in
particular can also have a suppressive effect on the enzyme, therefore triggering a pro-
apoptotic effect [112, 113]. Moreover, the connection between a ROS-mediated MAPK
activation in particular has also already been proven to present a potent pro-apoptotic
mechanism in various cell types, including cancer cells [114-118]. Taken together with our
results of the effect of 15d-PGJ2, on ROS and subsequently MAPK expression, we can
conclude that a similarly pro-apoptotic mechanism is extremely highly likely to be occurring in
our cells of question as well. This also fits with our observance of the strikingly quick apoptosis
activation which is parallel to the ROS activation rise, as well as the rise of MAPK

phosphorylation activity.

It is also important to note that ROS play an important role in many anti-tumorigenic
mechanisms, often acting as one of the early triggers of cancer cell death, often working in
tandem with NADPH (nicotinamide adenine dinucleotide phosphate) to assert its increase and
activity [119]. Moreover, ROS increase has been shown to be triggered by 15d-PGJ; in the
cases of colorectal cancer cells as well as leukemia cells [84]. In the cases of these two cancer
cell line, cytosolic NADPH oxidase and mitochondria (complex 1 and 3) appeared to be one
of the main sources of ROS generation [82, 119]. This was also confirmed by the usage of
EUK-134, a catalase activity mimicking salen-manganese complex antioxidant, which was

aimed to block the otherwise present PARP cleavage [84].

A reaction that follows, and seems to be directly triggered by ROS production, is a
following rapid increase in intracellular MAPK activation. This is an early cell reaction often
present in conditions where a tumor tissue is exposed to an anti-tumorigenic compound. The
MAPK that are most often activated in these cases are p38, JNK and ERK1/2, which fits our
findings as well [91]. Due to the fact that previous investigations in MG-63 OS cells showed a
similar MAPK activation trend, we were curious how an inhibition of the ROS increase might
impact the behavior of MAPK activation increase post-treatment in U2-OS and Saos-2 cell
lines. By testing the ERK1/2 expression post-ROS scavenger co-treatment, we have
demonstrated correlating clear direct correlation between these two, pointing towards a clear
importance of the ROS increase within the OS cells in the context of triggering a quick MAPK

activation (noted by phosphorylation levels increasing as soon as five minutes post-treatment).
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Our results thus strongly confirmed the connection between growing levels of ROS and
growing levels of MAPK phosphorylation in the 15d-PGJ2-triggered signaling cascade. Seeing
as the activation of MAPK proteins is often one of the key components in the apoptotic pathway
reactions in various cancer cell lines, as previously stated in this thesis, our results confirm
and further elaborate how these enzymes, in tandem with ROS, seem to play an equally

important role in OS cells as well.

ROS increase is one of the key indicators of increased levels of the intracellular
oxidative stress. It can lead to the structural change of redox-sensitive thiols acting as
intracellular sensors for the cell redox status. Thioredoxin (Trx) is one example of a protein
that is a well-investigated thiol-sensitive redox sensor. Trx uses ways of cysteine thiol-disulfide
exchange to reduce various intracellular protein expressions and to actively react to ROS level
changes within the cell. Through all of these reactions, ROS plays an important role during
the induction of cell death and can be used to monitor this, as well as to monitor the cell
oxidation status. To further explain the works of Trx in stress-affected cells, it is important to
note that these reactions are initiated by the formation of an inactive complex between Trx1
and the signaling kinase 1 (ASK1). The resulting complex can inhibit the reaction necessary
for a full enzymatic activity, namely, the homophilic interaction of the aforementioned ASK1
signaling kinase. Full kinase activity, on the other hand, is achieved through an oxidation of
Trx1, which causes a dissociation of Trx1 from the ASK1 protein. ASK1 is also known as a
MAP3 kinase, meaning it is capable of directly causing a downstream activation of p38 and

JNK, both of which promote the eventual signaling pathway leading to cell apoptosis [120].

15d-PGJ; is known to be an electrophile able to modify the Trx thiols through a process known
as the Michael adduct formation [121]. Thus, we have decided to test the responsiveness of
our osteosarcoma cells to dh-15d-PGJ,, a 15d-PGJ> compound variant lacking a particular
electrophilic C9 atom within its chemical structure. The results showed a complete lack of
PARP cleavage in the isoform-treated cells, as well as a lack of caspase 3 cleavage. This
indicates that the electrophilic C9 carbon atom in 15d-PGJ. structure is a key structural
feature, necessary for the 15d-PGJz-induced apoptotic effects. We speculate that this process
is most likely mediated through the de-repression of the ASK1 signalosome and the resulting
time-dependent activation of the pro-apoptotic MAP kinases that we can see in our results as

well.

Also notable is that the previous work of our group with a different OS cell line (Mg-63)

[91] showed that similar intracellular behavior could trigger not only apoptotic effects but also
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a significantly strong cell-protective mechanism fueled by several known anti-oxidant-acting
proteins. Thus, it was our goal to analyze if this would be the case with Saos-2 and U2-OS
cells as well or if these protein expression trends would differ in any way. In our study, we
focused on a relevant selection of anti-oxidative response proteins related to this observation
which are commonly increased when an intercellular survival mechanism is initiated within a
cell under conditions of intracellular stress. Namely these proteins of interest were Nrf2, Akt
NF-kB, and Egr1. [102-104] Unlike what was observed in similar 15d-PGJ. experiments in
MG-63 cells, the expression of all of the aforementioned proteins showed solely a consistent
and steady decline. Nrf2 as well as the NF-kB expression decrease, along with the markedly
increased cell apoptosis, fits to the results obtained by 15d-PGJ, treatment of cisplatin-
resistant Saos-2 and MG-63 cells and the 15d-PGJ; treatment of breast cancer cells [89, 92].
Fitting with our results are also previous experiments with 15d-PGJ; and its effect on OS cells
within the context of 15d-PGJ; effect on anti-oxidant-related proteins such as Akt, Nrf2 and
NF-kB. Similar Akt decrease was measured, albeit at a later time point, in U2-OS cells [92].
This also correlated with increased apoptosis. Altogether, our results indicate a strong
confirmation of 15d-PGJ; being unable to activate any significantly strong cytoprotective
mechanism in U2-OS and Saos-2 cells, unlike what was previously observed in MG-63 cells
[91]. A potential explanation for this may be the previously noted difference in tumorigenicity
as well as clonogenicity levels, as well as genetic background differences of those three OS

cell lines.

In relation to this, we have to point out that a lack of focus on the genetic differences
of various OS cell lines presents an example of a weak point of this work so far, as it has not
been investigated in detail yet. p53 and Rb are the main genes known to be responsible for
triggering the osteosarcoma development and growth. Within tumor cells, they are responsible
for regulatory mechanisms affecting DNA damage response, cell cycle arrest responses, as
well as cell death triggering [1-4]. In the three mentioned osteosarcoma cell lines, both of these
genes are expressed differently. Namely, MG-63 is known to express a functional Rb gene
while it is negative for p53. U2-OS cells, on the other hand, express both Rb and p53 genes,

while Saos-2 cells lacks a positive expression of both [122-123].

These characteristics should be the focus of future work, where it would be indicative to
attempt suppression of either Rb, p53 or both of the two tumor suppressor genes and to
observe the way the protein expression cascade unfolds under these conditions. As these

genes and proteins are dysfunctional in a variety of tumor tissues, a valid hypothesis might be
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that changing or subduing their expression status might significantly impact the toxic effect a
compound (such as 15-PGJ2 in this case) may have on the osteosarcoma cells. In our case,
even though the three cell lines vary in expression of p53 and RB, the one major difference
noticeable was in comparison with the previous work done in regards to the effect of 15d-
PGJ.. Namely, 15d-PGJ,, as previously stated, caused a successful co-activation of an anti-
oxidant pathway along with an apoptotic one. In the cause of U2-OS and Saos-2, this wasn'’t
the case as the apoptotic pathway overpowered any potential cytoprotective mechanism very
early into the treatment (within two hours of 15d-PGJ; treatment). However, the genetic
variability between the cell lines could cause possibly be present on a more detailed level or
it may lie in different so far untested branches of the intracellular signaling pathways.

Therefore, this focus point should be explored further.

Next, we attempted to bridge the challenging gap between in vitro and in vivo that is
often present in OS research. We did this by using a semi-in vivo method — the CAM assay.
Using a simple grafting method, CAM assay can be used to administer and grow a wide variety
of cells on a live chicken chorioallantoic membrane, allowing the cells to grow, thrive, and form
a tissue. Another advantage of this experimental model is that it does not require an approval
of the ethical committee. Therefore, CAM assay presents itself as a fairly quick, efficient and
practical system to test cell and tissue reactions to various substances, to test cell drug-intake,
as well as to observe the beginning stages of biological cell phenomena such as cancer cell

angiogenesis [94].

OS in particular is one of the cell subtypes that has been shown to grow successfully on the
CAM and, therefore, allows this method to be used in early stages of potential drug
investigation on this type of cells. One study confirming this used 8 OS cell line panel. It aimed
to show the capability of each cell line to survive and form tumors on the CAM. Within the
mentioned study, Saos-2 and U2-OS cells showed prominent cell growth and survival whereas
MG-63 demonstrated only moderate tumor growth on the CAM [124]. In our study, we have
noticed a somewhat different result, namely, we have observed that all three OS cell lines
(Saos-2, U2-0S, and MG-63) displayed a capability of forming solid tumors on the CAM.
However, the aforementioned 8 panel experimental work had used and in ovo CAM method,
while we employed the ex ovo CAM method. Such a difference in growth conditions is subtle,
but may cause a slight difference in the integrity and sensitivity of the CAM tissue as well as
of the embryo status beneath the CAM.
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Conclusively, we have described the way 15d-PGJ; activates the apoptotic pathway
within U2-OS and Saos-2 cell lines. What differs our study from study published so far is also
that we focused mainly on the early aspects and triggers of these events, as well as on the
determination of precise time points for particular cell events. The fast and efficient reaction
that the 15d-PGJ. causes within the OS cells strongly indicated 15d-PGJ, as a potential
therapeutic agent. This is further emphasized by two important facts: i) 15d-PGJ: is naturally
occurring, ii) the effects in parallel viability experiments show a significantly lesser negative
impact on the non-malignant osteoblast cells (which serve as origin cells and surrounding cell
tissue of most OS cell lines). Altogether, our results represent a strong basis for further

investigations of this substance as an anti-OS therapeutic agent.

Based on our results, the general findings regarding the protein cascade and
molecular mechanism involved in the conclusions are presented in the schematic below. This
schematic is also presented as an ultimate conclusion of our research paper whose results

are the basis of this thesis, and which is cited at the beginning of this thesis.
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Image 2. 15d-PGJz-induced apoptotic pathway schematic (reproduced from [96]

with permission of MDPI publisher, Basel, Switzerland)
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Conclusively, the strong connection between 15d-PGJ, and the strong oxidative
response it triggers, further setting in motion the rest of the signaling cascade towards
apoptosis, is a mechanism that should be explored further. Seeing as the ROS response has
been so powerful, exploring the effect of the prostaglandin compound on intracellular iNOS
levels could provide the next step in this direction of research. INOS has been shown to act in
a particularly dual manner in terms of cancer regulation and it still remains a puzzling
component of many anti-tumor responses worthy of being further investigated in terms of its

involvement in many anti-tumor-acting compounds [124-125].

Finally, to provide further detail into our attempt to elucidate the earliest
characteristics of the effects 15d-PGJ2 has on OS cells, another target in need of tackling via
additional extensive research is the exploration of any and all receptors involved in the reaction
between this prostaglandin compound and the OS cells. As previously stated, the PPAR family
of receptors is the one often involved in the relationship between 15d-PGJz, however, in the
context of OS, this has not yet been proven and is where the following focus should be aimed
towards, with additional attention to other potential receptors involved, seeing as the
compound-receptor-cell communication is an absolutely vital component of refining a fully

understood and well researched compound with an anti-therapeutic future.

In summary, our work has provided an solid and favorable outlook on the cytotoxic
qualities that 15d-PGJ; holds when administered as a treatment on OS cells, a conclusion
which we have enriched when compared to the previous work done in relation to this topic, as
well as expanded with further details outlining its intracellular effects. On one hand, our
findings have cleared a number of questions focused on the intracellular events occurring at
the earliest activation stages of the 15d-PGJ.-induced signaling pathway within our OS cell
lines. On the other hand, we have also broadened the current knowledge of how the apoptotic
effects of this substance impact certain tumorigenic properties of the OS cancer cells such as
colony formation capability as well as general cell mobility. The connection between these
effects and a profound intracellular oxidative response is one of the additional strong and
crucial links in these events and our additional elucidations of the currently known data on this
matter also help in opening up several possibilities of further explorations of this particular
phenomena and how it aids the 15d-PGJ.-induced cell toxicity. Conclusively, the successful
application of the CAM assay also further confirmed our conclusions regarding the properties

of the compound against OS by acting as a viable semi-in vivo method and providing an
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additional level of high potential assuredness and optimism in regards to the possibility and
encouragement of 15d-PGJ, being further researched and assessed in the direction of it

potentially serving as an apt therapeutic agent, or therapeutic aid, against OS.
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