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Zusammenfassung

Krebs ist weltweit die hdufigste Todesursache, und trotz der in den letzten Jahrzehnten erzielten
Therapieverbesserungen sind Tumorrezidive und Metastasen nach wie vor das grofite Problem fiir
den Therapieerfolg. Tumore zeichnen sich durch eine heterogene Zellpopulation aus, die auf die sich
rasch entwickelnde dynamische Mikroumgebung des Tumors zuriickzufiihren ist. Die Blutgefafe, die
sich wihrend der Tumorbildung bilden, weisen eine desorganisierte Struktur auf, die zur Entwicklung
einer hypoxischen Umgebung im Tumor beitragt. Eine solche Mikroumgebung fiihrt zur Entwicklung
einer Subpopulation von Tumorzellen, die einen mesenchymalen Phénotyp aufweisen und in das Blut
und die Lymphgefifle einwandern konnen. Bei diesen Zellen handelt es sich um die zirkulierenden
Krebsstammzellen (CCSCs), die strahlenresistent sind und folglich fiir die Metastasenbildung
verantwortlich sind. CCSCs verfligen {iber Marker, die fir die Migration und
Stammzelleneigenschaft (CD133), die Resistenz gegen Anoikis (Trk B), den programmierten Zelltod,
und die Immunabwehr (CD47) entscheidend sind. Die Hypoxie trdgt dazu bei, die
Stammzellenkapazitit zu simulieren und die Subpopulation der CD133-positiven Zellen zu
selektieren. Dariiber hinaus sind diese Zellen strahlenresistent und eine weitere Selektion ist moglich,
nachdem sie ionisierender Strahlung ausgesetzt wurden. Idealerweise wiirde ihre Isolierung,
Kultivierung und Charakterisierung in vitro die Mdglichkeit bieten, das Wissen iiber die fiir die
Metastasenbildung verantwortlichen Mechanismen zu erweitern. Es ist jedoch technisch &uf3erst
anspruchsvoll, sie im Blutkreislauf zu identifizieren, da sie nur in geringer Zahl im Blutkreislauf
vorhanden sind. Zu diesem Zweck haben wir in dieser In-vitro-Studie unter Verwendung von
Hypoxie (akut und chronisch) und ionisierender Strahlung (4 Gy Rontgenstrahlung) Zellen mit einem
CCSC-éhnlichen Phénotyp fiir die weitere Charakterisierung ausgewéhlt. Wir haben versucht, diese
Zellen ex vivo aus dem Blut der Tiere zu isolieren und zu charakterisieren. Dabei untersuchten wir
die Expression der CD133- und CD47-Marker zwischen Primirtumor und Metastasen durch

histologische Analyse von Proben, die im In-vivo-Mausexperiment gewonnen wurden.



Abstract

Cancer is the leading cause of death worldwide and despite the treatment improvements that have
been done in the past decades, tumor recurrence and metastasis still remain the main concern for
therapy success. Tumors are characterized by a heterogeneous population of cells because of the
dynamic tumor microenvironment that evolves rapidly. The blood vessels that generate during tumor
formation display a disorganized structure contributing to developing a hypoxic environment in the
tumor. Such microenvironment induces the development of a subpopulation of tumor cells that
exhibit a mesenchymal phenotype and that can migrate into the blood and the lymphatic vessels. Such
cells are the Circulating Cancer Stem Cells (CCSCs), which are radioresistant and subsequently
responsible for metastasis formation. CCSCs have markers critical for migration and stemness
(CD133), resistance to anoikis (Trk B), the programmed cell death that usually occurs after cell
intravasation in the blood circulation, and immune evasion (CD47). Hypoxia contributes to
simulating cells’ stemness capacity and to selecting the subpopulation of positive cells for CD133.
Moreover, these cells are radioresistant and a further selection is possible after exposing them to
radiation. Ideally isolating, culturing and characterizing them in vitro would give the possibility to
increase the knowledge about the mechanisms responsible for metastasis formation. However,
identifying them in circulation is challenging since they are present only in a few numbers in the
bloodstream. For this purpose, in this in vitro study, we select using hypoxia (acute and chronic) and
radiation (4 Gy X-rays) cells with a CCSC-like phenotype for further characterization. We tried to
isolate and characterize ex vivo these cells from the animals’ blood. We investigated the expression
of CD133 and CD47 markers between primary tumor and metastasis, through histological analysis

of samples obtained from in vivo mice experiment.
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1. Introduction

1.1 Motivation

Cancer is the second leading cause of death globally and it can affect people regardless of their wealth
or social status. Statistical data show that in 2023, 20 million people worldwide were affected by
cancer, and 10 million died (Siegel et al., 2023). Together with surgery and chemotherapy, radiation
therapy is one of the most important and standard treatments for cancer applied to almost 50% of all
cancer patients (Baskar et al., 2012; Debela et al., 2021). Radiotherapy can be employed as a
standalone therapeutic option, where focused radiation is directed precisely at the tumor site.
Alternatively, it can complement other treatment modalities, such as surgery or chemotherapy,
amplifying the overall impact on cancerous cells. Furthermore, in cases where the disease is advanced
or incurable, radiotherapy serves a vital role as a palliative measure, alleviating symptoms and
improving the quality of life for patients. Despite its remarkable efficacy in targeting and destroying
cancer cells, radiotherapy encounters challenges when facing certain tumors exhibiting high
radioresistance. As a result, eradicating such radioresistant cancer cells can be more difficult (Fukui
et al., 2022). While a certain dose of radiation may fail to completely eradicate the tumor, excessively
escalating the dosage is not viable due to the risk of causing damage to the surrounding healthy tissues

near the tumor site (Kim et al., 2014).

More than 100 different types of cancer have been identified because of their heterogeneity. All of
these forms show a different treatment response, aggravating the decision of the therapeutic approach
(Potdar et al., 2015). Among these, osteosarcoma is one of the most common types of cancer
(Kashima et al., 2003; De Luca et al., 2018). The first-line treatment for osteosarcoma in the early
stages is neoadjuvant chemotherapy, followed by surgical resection of the primary tumor and
adjuvant chemotherapy again after surgery, showing a relevant rise in the survival rate of the patients
(Isakoff et al., 2015). Despite this, osteosarcoma nowadays still has a poor prognosis because of its
capacity to metastasize to the lungs and bones and because of its ability to relapse even after 5 years,
drastically decreasing the overall survival from 70% to 30% (De Luca et al., 2018; Huang et al., 2019;
Riggio et al., 2021). Metastases can develop simultaneously with the primary tumor or even years
after treatment. This occurs when cancer cells break away from the original tumor and enter the
bloodstream becoming circulating tumor cells (CTCs) (Deng et al., 2022; Banyard et al., 2015; Pei et
al., 2019). Identifying these CTCs is difficult because they are present in meager numbers. These



cells are able to survive a programmed cell death and escape from the immune system control. For
this reason, they can easily disseminate in distant organs, originating metastases and becoming the
principal cause for cancer-related death (Gao et al., 2017; Parker et al., 2022). Treating a patient with
several metastases multiple times is not advised, because the damage provoked to the subject is higher
than the benefits obtained by the treatment (Sosa et al., 2014). Nowadays, there is still no
understanding of the signals that allows the cells to migrate, to extravasate to distal organs becoming
quiescent, and then “waking up” forming metastases even 5 years after (Pradhan et al., 2018). To
shed light on such mechanisms it is important to study these CTCs. In my thesis, I investigated an in

vitro protocol for characterizing and isolating cells with CTC-like phenotype.

1.2  Osteosarcoma

Osteosarcoma (OS) is one of the most common primary tumors of bone, with an annual incidence
rate of 3.1 per million (Valery et al., 2015; Harris et al., 2022). It is mainly diffused among children
and young adults with an incidence of 4.2 per million, with a second peak of incidence in adults over
50s (Kansara et al., 2014; Choong et al., 2011; Shao et al., 2022). It develops primarily in the tissues
at the extremities of long bones (tibia, humerus, femur) and it is characterized by malignant
osteoblasts that produce immature bone tissue (Mutsaers et al., 2014). Multiple hypotheses are at the
base of osteosarcoma generation: the most common is the osteoblast origin (Tataria et al., 2006). This
assumption claims that osteosarcoma derives from defective differentiation of osteoblast cells (Lin et
al., 2017). During a normal osteogenesis, bone cells differentiate from mesenchymal stem cells
(MSCs). These non-hematopoietic precursors reside in the bone marrow and contribute to
maintaining and regenerating bone tissues (Yang et al., 2020). During this process, markers for
osteoblastic progenitors (COL1A and ALP), for mature osteoblasts (PTHIR and BGLAP) and for
osteocytes (FGF23 and MEPE) are expressed. Germline mutations such as mutation of p53 and Rb1
(both tumor suppressor proteins) and sporadic mutations might occur in the normal osteogenic
process, resulting in osteoblasts or osteocytes that are not completely differentiated, with the
consequence of uncontrolled proliferation in cells, giving rise to osteosarcoma (Figure 1). This

process is called “osteosarcomagenesis”. (Lin et al., 2017; de Azevedo et al., 2020).
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Figure 1. Normal osteogenesis and osteosarcomagenesis: schematic procedure and genes involved
(Lin et al., 2017)

Tumoral microenvironment of osteosarcoma is composed of bone cells (osteoblasts, osteoclasts and
osteocytes), stromal cells (mesenchymal stem cells and fibroblasts), vascular cells, immune cells and
cells of the extracellular matrix; all of these cells interact each other’s facilitated by the environmental
signals like extracellular vesicles, cytokines, chemokines and soluble growth factors (Mutsaers et al.,
2014). Also characterized by tumor heterogeneity, almost 25% of bone tumor displays clustered
chromosome rearrangements, while most osteosarcomas are characterized by a chromosomal
instability that leads to losses or gains of chromosomes and of tumor suppressor genes such as p53
or RB (Kansara et al., 2014; Lorenz et al., 2015). This active microenvironment, together with high
tumor heterogeneity makes difficult to design and validate new therapies to treat osteosarcoma, as
well as to understand the mechanisms at the base of its recurrence and identifying which cell type
generates this neoplasia (Schiavone et al., 2019; Corre et al., 2020). The main approach to treat
osteosarcoma is surgery, with the aim to remove the tumor part and its surrounding normal tissue to
avoid local recurrence (Rothzerg et al., 2022). Surgery can be used in combination with radiation or
chemotherapy, applied before or after tumor resection to prevent metastatic formations (Mutsaers et
al., 2014). Despite these therapy approaches, approximately 20% of patients affected by osteosarcoma
develop metastases, particularly in the lungs (Silva et al., 2022; Kim et al., 2022). Osteosarcoma is a

high metastatic neoplasia, with pulmonary metastases as primary cause of death. Its metastatic ability



is based on a complex cell-cell or cell-matrix interaction, as well as to gene alterations and epigenetic
regulations, both leading to epithelial-mesencymal transition (EMT) (Odri et al.,, 2022).
Osteosarcoma cells are able to produce matrix components through cell-surface receptors. The main
receptor proteins are the integrines that are involved in cell signaling and activate pathways involved
in cell migration (Luo et al., 2007). Ezrin protein, which also plays a role in cell-cell interaction,
usually functions as a linker between actin cytoskeleton and the plasma membrane by forming
dynamic domains including lamellipodia and filopodia (Song et al., 2020). Since this protein mediates
numerous signal transduction in tumorigenesis, when overexpressed it might lead to metastasis
formation (Khanna et al., 2004). At the beginning of metastasis formation, cells escape from primary
site invading the surrounding tissues by extracellular matrix (ECM) degradation underlined by the
overexpression of matrix metalloproteinases (MMPs) (Sheng et al., 2021). These proteinases are
important also for angiogenesis because they remodel the blood vessels creating a leaky vascular
network that grants tumor cell intravasation in the blood vessels (Oh et al., 2001). Primary tumor
produces factors such as growth factors and cytokines that travel inside extracellular vesicles (EVs)
influencing metastatic niches; they also interact with the resident cells contributing to make OS cells
migrating and disseminating to the lungs (Odri et al., 2022). Such EVs are the result of the interplay
between MSCs and OS cells: these vesicles carry a membrane-associated form of TGF-B and
stimulate interleukins (IL-6) expression in MSCs, thus activating STAT3, a mediator of cell growth
and apoptosis, and facilitating lung metastasis formation as well as an increase in drug resistance for
OS (Yang et al., 2020). In MSCs, tumor cells are also able to induce oxidative stress through
production of ROS and this triggers the aerobic glycolysis and lactate production, stimulating
migration capacity of cancer cells (Cortini et al., 2017). Moreover, hypoxia might influence MSC-
tumor interplay by promoting pro-angiogenic factors and by triggering metabolism, cell growth and

differentiation (Yang et al., 2020).

1.3 Metastatic cascade

Cancer cells disseminating from the primary tumor undergo to a multi-step process, also known as
“invasion-metastasis cascade” (Giancotti., 2013). These cancer cells go through a phenotypical
change called “Epithelial-To-Mesenchymal Transition” (EMT), which makes them able to detach
from the primary tumor, increasing their motility (Kashima et al., 2003; Guarino et al., 2007). During
this process, polarized epithelial cells lose their epithelial integrity because of the loss of cell-cell
junctions (tight junctions, gap junctions, adherens junctions and desmosomes). A remodeling of the

cytoskeleton and a decrease in the expression of proteins such as E-cadherin, an adherens junction



protein that is involved in the maintenance of cell polarity, cell differentiation, and migration (Chen
et al., 2014; Loh et al., 2019) follows the process. The downregulation of E-cadherin is balanced by
an upregulation of the transmembrane protein N-cadherin, thus conferring the cells a more
mesenchymal phenotype (Figure 2) (Kalluri et al., 2009). Moreover, N-cadherin mediates the
collective cell migration, an extremely efficient process that makes the epithelial cells pass through
the tumor microenvironment, promoting metastases (Mrozik et al., 2018). This phenomenon, known

as “cadherin switch”, is crucial for the metastatic cascade (Gonzalez et al., 2021).
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Figure 2. Scheme of Epithelial-to-Mesenchymal transition (Kalluri et al., 2009)

Cadherin switch is also regulated by Wnt/B-catenin pathway. This pathway is composed by a group
of proteins that are relevant for embryonic development and adult tissue homeostasis and when
deregulated often leads to cancer diseases (Lin et al., 2021). More in detail, B-catenin binds E-
cadherin in the cytoplasm forming a complex that stabilizes cell-cell contacts; loss of E-cadherin and
phosphorylation of Wnt protein result in a release of f-catenin that moves to the nucleus, allowing
the expression of genes involved in cell proliferation, survival and migration (Mylavarapu et al.,
2019; Liu et al., 2022). EMT is not only responsible for an increased cell migration, but it also
influences the stemness capacity of the cells, suppresses immune response and confers radiotherapy
resistance to cells (Zijl et al., 2011). After EMT occurs, cells disseminate from the primary tumor and
intravasate inside of the blood circulation (Doujon et al., 2021). Within the blood vessels, these cells
are subjected to stress generated by the change in the oxygen concentration and in the pressure of the
blood flow, they might be detected by the immune system and they might undergo to a programmed
cell death called “anoikis” (Wang et al., 2018). Anoikis is a crucial mechanism that might be induced

by death receptors and mitochondria-mediated apoptotic pathways: death receptors are able to



activate caspase-8 (involved in the programmed cell death) that activates its downstream protein
caspase-3 by cleavage and triggers the apoptotic response. An inhibitor for anoikis is tropomyosin
receptor kinase B (TrK B) that contributes to metastasis formation. Moreover, in some cell lines
anoikis resistance is conferred by hyperactivation of STAT3 signalling (pancreatic cancer cell lines)
or loss of E-cadherin (breast cancer cell lines) (Shen et al., 2020). Only a specific subpopulation of
these EMT cells is able to survive to this stress and are the ones that retain metastatic capacity, the
Circulating Tumor Cells (CTCs) (Chiang et al., 2016; Tinganelli et al., 2020). These cells circulate
in the blood vessels until they reach favorable niche, known as pre-metastatic niche; at this point they
revert their phenotype through the “Mesenchymal-to-Epithelial transition” (MET) and going back to
the cell adhesion ability, they adhere to the wall of capillaries and extravasate, giving rise to
metastasis at distant sites (Potdar et al., 2015; Patel et al., 2012; Franken et al., 2012). During
extravasation, cancer cells begin to show motile phenotype and express matrix metalloproteinases
(MMPs), that digest the ECM rich in laminin and collagen (Wirtz et al., 2011). Once the cancer cells
disseminate from the blood circulation, they are called Disseminating Tumor Cells (DTC) and they
can enter in a quiescent state or dormancy, where they show a prolonged growth or arrest without
displaying an increase in cell death (Dasgupta et al., 2017). Dormancy could be induced at a cellular
level when the cells, due to the lack of growth factors and adhesion signalling, undergo to GO-G1
arrest exiting the cell cycle (Aguirre-Ghiso., 2007). Nevertheless, tumor cell dormancy can also be
caused by cell-depleting events such as cell apoptosis; these two types of dormancies could be
correlated and DTCs need to overcome them in order to progress towards metastases (Dasgupta et
al., 2017). Moreover, dormant tumor cells could result from stress signals that have been produced
by a niche that is favourable to quiescence; on the other side, there are tumor cells able to remodel a
microenvironment that allows cell expansion, thus resuming the growth of such quiescent cells

(Figure 3) (Aguirre-Ghiso., 2007).
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Figure 3. Scheme of signals that regulate proliferating and dormant tumor cells (Aguirre-Ghiso.,
2007)

Indeed, these cells go undetected for years or decades, after which they can “wake up” and form
metastases (Gomis et al., 2017). At the base of this mechanism is the crosstalk between cancer cells
and the surrounding extracellular matrix: by reaching distant organs, these cells enter contact with
new ECM produced by the stromal cells of the area. Afterwards, binding membrane receptors on
dormant cells activate various signalling cascades promoting the cell cycle and making the cells
“waking up” from their dormancy state (Park et al., 2020). An Extracellular signal-regulated kinase
(ERK) plays an important role in regulating cancer cell proliferation and dormancy. ERK is activated
in proliferating cancer cells, allowing GO-G1-S phase transition; during proliferation, high levels of
p38 mitogen-activated protein kinase, usually responsive to stress stimuli and involved in cell
differentiation, apoptosis and autophagy, inhibits ERK inducing GO-G1 arrest leading to senescence
and apoptosis (Park et al., 2020). In addition, extracellular factors can trigger tumor cell dormancy:
hypoxia for instance is able to induce cell dormancy through the production of Tumor Growth Factor
beta (TGF- B), as well as by increasing the expression of anti-angiogenic factors (trombospondin) or
decreasing the expression of angiogenic signals (VEGF), thus limiting the amount of nutrients that
tumor needs for its growth (Todd et al., 2020; Butturini et al., 2019). Intrinsic factors as well
contribute to tumor cell dormancy, such as pathways involved in metabolic processes (PI3K/Akt
pathway) and cell cycle regulators (p21/p27, Rb-E2f pathways) (Damen et al., 2021). These series of
events that compose the metastatic cascade help to understand better the complex mechanisms that is

behind the metastasis formation from the primary tumor (Figure 4) (Dasgupta et al., 2017).
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Figure 4. Invasion-metastasis cascade (Dasgupta et al., 2017).

1.4 Tumor Hypoxia

In biological experiments, “normoxia” refers to normal experimental in vitro conditions (21% Oz).
However, this differs from the average level of oxygen that is present in healthy body tissues, where
the oxygen levels range from 9.5% to 4.6%, depending on the organ vascularization and metabolic
activity; this oxygen concentration is known as “physoxia” (McKeown., 2014). Oxygen level might
drop to 1-2% or below, and in this case the condition is called “hypoxia”, a phenomenon that usually
occurs in malignant tumors (Muz et al., 2015). During the growth of the tumor, cells acquire nutrients
through angiogenesis; as the tumor becomes bigger, cells grow faster than the blood supply, resulting
in an inefficient tumor vascular system that is not able to provide enough oxygen and nutrients,
resulting in hypoxia formation (Li et al., 2021). Hypoxia is considered to be one of the hallmarks of
tumor microenvironment and cancer cells are able to respond to such stress by showing a genetic
instability; therefore, they increase their invasiveness and metastatic capacity, and might become

resistant to treatments, such as chemotherapy or radiotherapy (Ezkiimir., 2015).



The hypoxic response is mediated by Hypoxia Inducible Factors (HIFs), involved in angiogenesis,
anaerobic metabolism, and apoptosis resistance (Saxena et al., 2019). HIFs are heterodimers
characterized by three different oxygen dependent HIFa subunits (HIF 1o, HIF20 and HIF3a) that are
expressed in the cytoplasm, and a HIF-1[ subunit that is expressed in the nucleus. Oxygen and iron
dependent enzymes known as HIF-prolyl hydroxylase domain (PHDI-3) (Koh et al., 2012)
subsequently stabilize HIFa. In a normoxic condition, PHD hydroxylates the HIFa subunit, and then
binds to the Von Hippel-Lindau tumor suppressor protein (pVHL), resulting in a HIF ubiquitination
and proteasomal degradation (Marxsen et al., 2004). On the other side, hypoxia suppresses PHDs
resulting in a HIFa translocation in the nucleus, where it binds to HIF-1p subunit resulting in the

transcriptional upregulation of the hypoxia-responsive elements (HRE) (Figure 5) (Vito et al., 2020).
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Figure 5. Hypoxia signaling pathway (Vito et al., 2020).

Cells response to hypoxia is mediated by HIF1a and HIF2a, depending on the oxygen level: HIF2a
appears to be more stable compared to HIFla at higher oxygen concentration (e.g.: 5% O») (Figure
6: A). HIF1 complex induces the expression of pro-angiogenic genes, while HIF2a is specifically
expressed in endothelial cells, and facilitates the expression of matrix metalloproteinases (MMPs) as
well as it is required for initiation of the vascular network (Jaskiewicz et al., 2022). HIF 1o and HIF2a
also behave differently depending on the duration of hypoxia (Lin et al., 2011). HIF la protein levels
reach a peak around 4h to 8h of hypoxic condition, and subsequently decrease after 24h, creating a

condition called “acute hypoxia” (Reiterer et al., 2019). This “short-period” stability of HIF1a might



be due to the upregulation of PHD2 that hydroxilates HIF1 contributing to its degradation (Butturini
et al., 2019). HIF2a protein expression instead is more stable, it starts to be expressed during the acute
hypoxia condition and it remains stable also after 24h of hypoxic exposition, when HIF 1a decreases

(Figure 6: B) (Saxena et al., 2019). This transition from HIF1a to HIF2a is known as “HIF switch”.
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Figure 6. HIFla and HIF2a behaviour at different oxygen concentrations (A) and under
different duration of hypoxic exposition (B) (Saxena et al., 2019).

HIFs are involved in metabolic activity of the cells. In normoxic condition, oxidative phosphorylation
that occurs in mitochondria produces ATP that gives energy to the cells. When the oxygen amount is
limited, HIFs intervene and adjust the production of ATP enhancing the expression of metabolic
enzymes that display HIF1 isoform specificity. Such enzymes regulate the glucose usage and reduce
the metabolic reliance on oxygen (Taylor et al., 2022). Moreover, HIFla expression appears to
increase in the hematopoietic stem cells, by decreasing their metabolic activity, activating genes
essential to maintain the cells in a dormant state (Takubo et al., 2010). In addition, HIF2a is reported

to promote epithelial-to-mesenchymal transition and activates genes responsible for tumor invasion
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and aggressiveness (Zhang et al., 2017). HIFla and HIF2a are also involved in tumor immune-
evasion. HIFla increases the expression of Programmed Cell Death Ligand 1 (PDL1), a
transmembrane protein that inhibits the immune response, thus making the cells more resistant to the
apoptosis induced by the immune system. In a limited way, also HIF2a plays a role in tumor immune
escape: when expressed, it reduces the number of tumor-infiltrating immune cells by activating

downstream pathways, resulting in evasion from immune surveillance (Wu et al., 2022).

Hypoxia is also involved in resistance to therapy resulting in a restraining factor for tumor control in
radiotherapy, leading up to three times radioresistance (Tinganelli et al., 2015). The increase of
radioresistance is represented by a factor called Oxygen Enhancement Ratio (OER) (Figure 7), that
is the ratio between the radiation doses delivered under hypoxia (D hypox) and the ones in normoxic
condition (D normox), in order to obtain the same biological endpoint (Telarovic et al., 2021;

Boulefour et al., 2021).
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Figure 7. Oxygen Enhancement Ratio (OER) (Telarovic et al., 2021).

Different mechanisms can explain hypoxic radioresistance; the more diffused one is the oxygen

fixation hypothesis: radiation interacts with other molecules in the cells, in particular water, and it
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produces free radicals such as hydrogen atoms (H"), hydroxyl groups (HO) and superoxide radical
anion (O>-) that interacts with the DNA damaging it and causing DNA strand breaks. When oxygen
interacts with these radicals, it contributes to make the damage permanent. In the presence of a low
level of oxygen, the DNA radicals are reduced by sulthydryl groups (SH groups) that repair the DNA,
so that is comes back to its original form (Figure 8) (Wang et al., 2019).
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Figure 8. Effects on radiation comparing normoxia and hypoxia: the oxygen fixation hypothesis
(Wang et al., 2019).

Hypoxia influence on EMT transition and on cancer stemness is the main cause for metastasis
formation (Wiechec et al., 2022). Hypoxia triggers TGF-§ and Notch signalling pathways: TGF- is
involved in tumor cell motility and invasion by activating SMADs cytoplasmic receptors by
phosphorylation (Jiang et al., 2011). SMADs translocate in the nucleus, thus regulating the
transcription of genes involved in cell proliferation, migration and EMT transition (Hao et al., 2019;
Brochu-Gaudreau et al., 2022). Under hypoxia, HIF-1 complex and TGF-$ might cooperate and can
cause EMT either by activating SMAD?2 proteolysis and increasing the levels of SMAD3 (Figure 9),
or by decreasing the protein levels of PHD2 (HIF-1a-associated prolyl hydroxylase) through SMAD
signalling pathway (Minguyan et al., 2018). Hypoxia triggers EMT also by increasing the
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transcriptional activity of the Notch intracellular domain, that moves in the nucleus after cleavage of
the cytoplasmic tail of Notch transmembrane receptor (Tam et al., 2020). This interplay between HIF-

la and Notch is also important for stemness of cancer cells (Pistollato et al., 2010).
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Figure 9. TGF B and SMAD pathway: differences between normoxia and hypoxia (Brochu-Gaudreau
et al., 2022).

It is reported an influence of hypoxia on the function and activity of cancer stem cells, in fact it
contributes to enhance their self-renewal capacity and preserves their undifferentiated state
(Gustaffson et al., 2005). Together with EMT markers, low level of oxygen contributes to activation
of cancer stemness markers such as Oct4, Sox2 and Nanog, leading to an increased tumor
aggressiveness, invasion, metastatic capacity and resistance to therapy (Figure 10) (Bao et al., 2012).
In addition, HIF1 binds directly to the “do not eat me” CD47 marker, helping to escape phagocytosis
of the cells preserving their stemness capacity (Ohnishi et al., 2013). Moreover, HIF1a and HIF2a
regulate CSC phenotype by upregulating the CSC marker CD133 (Yun et al., 2014; Bar., 2011;
Simsek et al., 2010; Iida et al., 2012). Hypoxia also seems to influence CTCs formation, in particular
it contributes to the generation of CTC clusters that are endowed with a high metastatic potential and

seeding capability compared to the normoxic ones (Donato et al., 2020).
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Figure 10. Pathways activated by hypoxia (Bao et al., 2012).

1.5 Cancer Stem Cells (CSCs)

Not all cancer cells can disseminate and form metastasis; metastasis in fact is a process that displays
less than 0.1% of cells able to metastasize, in preclinical settings (Celia-Terrassa et al., 2020). A
heterogeneous population of cells composes tumor, and among them, the ones that are responsible
for malignancy and for tumor initiation and that retain stem-like properties are called “Cancer Stem
Cells” (CSCs) (Ayob et al., 2018; Albini et al., 2015). CSCs are characterized by self-renewal
capacity, the ability to differentiate, and resist to therapies including ionizing radiation (Lim et al.,
2021). These cells reside in niches, that are regions within the tumor microenvironment, important
for protecting the cells maintaining their stemness capacity (Plaks et al., 2015; Zijl et al., 2014).
CSCs are protected against radiation effects due to a series of factors, such as an upregulated DNA
damage reaction: as a response to radiation, checkpoint-pathways in the cell cycle are activated,
resulting in a delayed cell cycle progression that allows the repairs to the damage in the DNA (Schulz
et al., 2019; Arnold et al., 2020). Futhermore, CSCs seem to have more pronounced pro-survival
pathways that preserve these cells from apoptosis (Arnold et al., 2020). Moreover, radiation resistance

can be acquired because of tumor heterogeneity that promotes clonal evolution, leading to more
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resistant, aggressive and invasive tumors (Arnold et al., 2020). These cells are also involved in tumor
proliferation, display a poor clinical outcome, and are able to form tumors when injected in animal
host (Yu et al., 2012). Furthermore, CSCs also possess the capacity to form spheres when cultivated

in an in vitro culture (Bahmad et al., 2018; Morrison et al., 2012).

Many authors propose that CSCs originate from normal stem cells: such cells are can differentiate
into different cell types (multipotency), and are characterized by a high proliferation capacity and the
ability to self-renew. These cells might encounter genetic mutations, thus generating tumors (Walcher
etal., 2020). Another theory claims CSCs arise from committed progenitor cells that acquire stemness
capacity. The combination of these two theories makes up the characteristics of CSCs that can be
considered a rare population of stem-like cells that help the initiation and progression of tumors,
contributing to its heterogeneity (Flaherty et al., 2012). Cancer Stem Cells play a role as initiators of
the metastatic cascade by showing an EMT phenotype with a subsequent increase in the migration
capacity, needed to disseminate from the primary tumor (Shiozawa et al., 2013). Multiple cells
signaling pathways link EMT to CSCs; the most relevant are TGF-f and Wnt/B-catenin (Tanabe et
al., 2020). TGF-B, a multifunctional cytokine, influences the production of tumor-initiating stem cells
(TISCs) by upregulation of Nanog, a transcription factor important for cell stemness capacity (Celia-
Terrassa et al., 2020). Wnt/B-catenin pathway regulates cell self-renewal and EMT process: nuclear
B-catenin induces its downstream target CD44, which is a critical regulator of CSC stemness and self-
renewal, as well as is involved in tumor initiation (Wang et al., 2018). CSCs reside in a specific
microenvironment niche, usually composed by stromal cells, endothelial cells, ECM, immune cells,
signaling molecules and blood vessels; these niches are important for cell renewal and for maintaining
tumor malignancy and are also reported to be responsible for CSC radioresistance (Figure 11) (Ju et

al., 2022).
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Figure 11. Cells and factors that compose the Cancer Stem Cell niche in tumor (Ju et al., 2022).

Cells that reside in CSC niches produce factors that stimulate CSC self-renewal, tumor cell invasion
and metastasis (Oskarrson et al., 2014). CSCs are also present in hypoxic niches, where hypoxia
contributes to maintain their undifferentiated status by activating various signaling pathways and
promoting their EMT process (Ju et al., 2022; Yun et al., 2014; Zhang et al., 2022). Hypoxia keeps
the CSCs in a slow cell cycle, and it contributes to protect cells from DNA damage caused by
oxidative stress (Carnero et al., 2016). Low oxygen level of 1% O- also contributes to the pluripotency
of stem cells, and to maintaining CSC phenotype (Ju et al., 2022). Hypoxia also increases the
expression of CSCs surface markers, like the CD133, useful for their identification and isolation
(Yang et al., 2015). Also known as prominin-1, CD133 is a transmembrane protein containing three
extracellular domains (EC), five transmembrane domains (TM) and three intracellular domains (IC)

(Figure 12) (Glumac et al., 2018).
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Figure 12. Scheme of CD133 structure (Glumac et al., 2018).

CD133 is localized on the protrusions of the plasma membrane, it is involved in membrane
organization and can bind to cholesterol-based lipid micro-domains participating in different
signaling cascades (Ferrandina et al., 2009). This protein is also able to polarize, and because of this

capacity it might be involved in cell migration (Ferrandina et al., 2009).

CD133 binds Akt, thus activating its downstream pathway PI3K/Akt, related to tumorigenesis (Yoon
et al., 2021). CD133 also interacts with EGFR, a receptor tyrosine kinase involved in proliferation
and migration (Jang et al., 2017); in addition, it is involved in the induction and activation of Wnt/p3-
catenin signaling pathway, that regulates the stemness capacity of these cells and confers resistance
to radiation therapy (Behrooz et al., 2021). When activated, these cells become more invasive and
able to form metastasis and start their EMT process (Behrooz et al., 2021). It is also documented in
the literature that hypoxia in the stem cell niches promotes the expression of CD133 by upregulating
HIFs (Glumac et al., 2018). In literature, HIF1 o promotes CD133+ colon and pancreatic CSCs
through Oct4 and Nanog, both transcriptional factors that confer pluripotency state in stem cells.
Furthermore, CD133 boosts HIFla expression contributing to its nuclear translocation and gene
transcription, and increases the cells self-renewal capacity, migration and invasion ability (Zhang et

al., 2021; Maeda et al., 2016).
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1.6 Circulating Tumor Cells (CTCs)

A portion of CSCs disseminate from the primary tumor because of the EMT process, intravasate and
enter blood circulation. This subpopulation is called Circulating Tumor Cells (CTCs) (Lin et al.,
2021). It is challenging to isolate these cells due to the low amount of them in the blood circulation
which is approximately 1 to 10 CTCs per mL of blood (Liu et al., 2021; Akpe et al., 2020). Once in
the blood, they are subjected to different types of flow: in arterial vessels where the pressure is higher,
an increase in the shear stress leads to cell disaggregation, cell cycle arrest and cell death. Once the
CTCs reach the capillaries where the blood pressure decreases, they become able to arrest thanks to
cell adhesion. In veins instead, where the blood flow is slow, CTCs interact with other blood cell
components and develop systems to escape from their control, thus promoting colonization to organs
at distant sites (Follain et al., 2020). CTCs circulate in the blood vessels as single cells or in clusters
(Micalizzi et al., 2017). The clusters are composed of cells with different genotype and phenotype
(Tinganelli et al., 2020). It is documented in literature that CTC clusters have a stronger metastatic
potential compared to single CTCs, because they display and increased expression of proteins
involved in adherens junctions and desmosomes, such as plakoglobin that mediates cell-cell adhesion,
thus maintaining the aggregation status of CTCs (Chen et al., 2022; Hurtado et al., 2023). Moreover,
CTC clusters grants stemness properties to the cells by overexpressing cell surface markers such as
CD44 glycoprotein, commonly up-regulated in Cancer Stem Cells, and by showing an increase in the
stemness-associated transcription factors OCT4, SOX2 and NANOG (Figure 13) (Amintas et al.,
2020).
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Figure 13. Characteristics of single CTC in comparison with CTC cluster (Amintas et al., 2020).

Thanks to their increased cell-cell adhesion capacity, the CTCs clusters can easily resist cell-
detachment-induced apoptosis. Since they have a downregulation of multiple pathways, such as type

IT interferon and TNF signaling pathway, they support the capability of evading the immune-system
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control (Amintas et al., 2020). In general, due to the stress they are subjected to inside the blood
circulation, cancer cells are oriented to die because of a programmed cell death called “anoikis”
(Guarino et al., 2007; Wang et al., 2018). This type of apoptosis acts as a physiological barrier to
cancer progression by depriving the cells of adhesion signals necessary for cancer cell advancement
(Geiger et al., 2005). Cells have achieved different strategies for anoikis resistance. One way involves
a change of the integrin receptors that are usually involved in cell-matrix contacts to boost cell
survival enabling the cells to invade (Taddei et al., 2012). Another approach is the oxidative stress:
the production of ROS prevents tumor cells from anoikis by activating Src protein, which is important
for cell migration (Giannoni et al., 2008). EMT as well is a crucial step: during EMT, E-cadherin is
downregulated, thus resulting in a decrease of cell-cell contact, increased angiogenesis and anoikis
resistance (Cavallaro et al., 2004). Hypoxia can also contribute to the pro-survival role of cancer cells
because of its ability to induce EMT and produce ROS (Adeshakin et al., 2021). Furthermore, anoikis
resistance might be conferred by specific markers such as TrK B (Receptor tyrosine kinase B), a
transmembrane protein that works as a receptor for brain-derived neurotrophic factor (BDNF) (Geiger
et al., 2005; Yuan et al., 2018; Douma et al., 2004). Upregulation of the BDNF/TrK B signal
transduction pathway is able to activate the downstream PI3K/Akt pathway, which is relevant for
regulating cell proliferation and malignancy in cells (Figure 14) (Serafim et al., 2020). By cooperating
with other signaling pathways like TGF-B or Wnt/B-catenin, it promotes EMT process, enhancing
migration and invasion of CTCs and their resistance to apoptosis (Hemmings et al., 2012; Xu et al.,

2015; Yuan et al., 2018).
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Figure 14. BDNF/TrK B pathway in cancer (Serafim et al., 2020).

Circulating Tumor Cells can also evade immune system detection by displaying a high amount of
CDA47 protein (Chao et al., 2012). CD47 is a cell surface protein with an extracellular N-terminal IgV
domain, five transmembrane domains and a short C-terminal cytoplasmic tail (Eladl et al., 2020).
This protein is normally expressed in cells and it binds to its extracellular ligands such as signal
regulatory proteins (SIRPs) and to integrins (allbB3 integrins), thus inducing a phosphorylation and
blocking cell phagocytosis, providing a “do not eat me” signal that spares cells from the immune
detection (Figure 15) (Lian et al., 2019; Eladl et al., 2020). CD47 expression can also be triggered by
hypoxia: in literature it is reported that HIFs activate the transcription of the CD47 gene, while a
knockdown of HIF activity or CD47 leads to an increase in phagocytosis following death of the cells
(Zhang et al., 2015).
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Only a small subset of CTCs are able to survive to the stress in the blood circulation and they are
called Circulating Cancer Stem Cells (CCSCs) (Papaccio, 2020). There are two known hypotheses at
the base of CCSCs formation: one hypothesis claims that such cells originate in primary tumor as
CSCs and they have features that allows them to detach, enter in blood vessels and survive, initiating
metastases (Shiozawa et al., 2013). Another hypothesis believes that CCSCs originate secondly from
disseminated tumor cells that, after detaching from primary tumor, escape from a state of dormancy
(Yang et al., 2015). The first hypothesis is considered the most probable (Hardin et al., 2017).
Additionally to their stemness capacity, CCSCs also display an increased fucosylation, a type of
glycosylation characterized by the attachment of a fucose sugar to glycolipids (Tinganelli et al.,
2020). Fucosylation of proteins regulates adhesion molecules and growth factors receptors (Miyoshi
et al., 2008). An in vitro study showed that an increase of fucose sugar in the cells affects sphere
formation and invasion ability of such circulating cancer stem cells, as well as promotes their

migration and metastatic dissemination (Yang et al., 2015).
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1.7 Radiotherapy

Radiotherapy is the less invasive and one of the most widely used cancer treatments, with more than
50% of the cancer patients treated with it (Delaney et al., 2005). It can be used alone, or in
combination with other treatment modalities such as surgery, chemotherapy or immune therapy.
Radiotherapy can be applied before surgery as neoadjuvant therapy in order to shrink the tumor prior
to its treatment. It can also be performed after surgery with the intention of destroying any cancer cell
that might persist after the treatment reducing their chance of relapse; in this case, it is known as
adjuvant therapy (Baskar et al., 2012). The most common types of radiation used to treat patients in
radiotherapy are lonizing radiations (IR), consisting of photons such as X-rays and gamma rays, that
by generating ions cause genetic changes in the cancer cells, killing them (Carlos-Reyes et al., 2021).
Different organs and tissues show different radiation tolerance, depending on the tissue proliferative
rate: if low, tissues show a higher tolerance (Barnett et al., 2009). Radiation dosage is measured using
Gray (Gy), defined as the absorption of one joule of radiation energy per kilogram of matter (Van

Assendelft et al., 1973).

There are different ways for administering the dose in radiation therapy: fractionation is the most
common procedure used in clinic, in which the total amount of radiation required for treatment can
be applied by using smaller once-daily doses, in order to minimize the damage to the healthy tissue
(Boria et al., 2019). Fractionated RT is administered on a ~2 Gy daily dose, bringing benefits to
cancer treatments: for example, hypoxic cells are reoxygenated during fractionation and become
radiosensitive (Kepka et al., 2021). Furthermore, fractionation bases on the survival advantage of
normal tissue over cancer cells, because normal cells display a slower proliferation rate as opposed
to cancer cells, therefore having time to repair the damage before replication starts (Torgovnick et
al., 2015). Ionizing radiations (IR) cause direct and indirect damages to the cells. In the direct
damage, radiation interacts with the DNA straight away, disrupting the molecular structure by the
production of DNA double strand breaks (DSB) (Hur et al., 2017). This change to the DNA leads to
cell damage and cell death. Despite this, some cells that are radioresistant are able to survive to this
damage and might be able to produce tumor eventually. On the other hand, in the indirect damage
radiation hits molecules of water that makes up the most part of the cells and other parts of the cells
thus resulting in production of free radicals and reactive oxygen species (ROS) (Desouky et al., 2015).
The free radicals produced have a very reactive unpaired electron in the composition, and they react
with the DNA causing a damage in its molecular structure, generating DSB or single strand breaks

(SSB). Hydrogen peroxide (H2O) is also toxic for the DNA resulting in cell death. Together with
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these water radiolysis products, also reactive nitrogen species (RNS) are able to damage the DNA

(Figure 16) (Wardman., 2009; Hur et al., 2017).

lonizing radiation
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Figure 16. Direct and indirect damage caused by ionizing radiation (Hur et al., 2017).

Even though IR is commonly used as treatment for malignancies, it can also promote tumor
recurrence and metastasis (Kawamoto et al., 2012; Klopp et al., 2007). It influences the actin
reorganization in the cytoskeleton and decreases cell-cell adhesion by downregulation of E-cadherin
and upregulation of N-cadherin, thus stimulating EMT process (Kim et al., 2016). IR can induce ROS
that activates the EMT process, as well as it activates Snail that is crucial in IR-induced EMT,
migration and invasion (Li et al., 2020).

In vitro studies report an increase in cellular migration following irradiation (Panzetta et al., 2020).
A good candidate to stimulate cell movement and pre-metastatic niche formation are the exosomes,
vesicles released in intracellular space and derived from the fusion of endosomal multivescicular
bodies (MVB) with the plasma membrane (Tinganelli et al., 2020). Such vesicles can interact with
cells either by ligand-receptor interaction triggering intracellular signalling pathways or they can be
incorporated by endocytosis (Thomas et al., 2013). Radiation can induce changes in the amount of
these vesicles thus rendering the cells more radioresistant and affecting the migratory potential, local
tumor recurrence and metastasis (Mutschelknaus et al., 2017). Moreover, by changing the amount of
the exosomes, it increases the number of vesicles that activate Akt pathway that, by triggering MMPs,
is involved in cell motility and invasion (Tinganelli et al., 2020). Moreover, IR is able to induce

stemness and metabolic alterations in cancer cells: it can enhance the expression of matrix
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metalloproteinases (MMPs), in particular MMP-2 and MMP-9 that are relevant for cell invasion and
metastasis (Park et al., 2006). MMPs secretion leads to degradation of proteins that compose the
ECM, so that the cells loose interaction with ECM and increase in the migration (Moncharmont et
al., 2014). Additionally, HIF1 is involved in IR-induced EMT: irradiation increases HIF1
accumulation in the nucleus, and it also induces vascular damage that causes hypoxia (Lee et al.,
2017). By disrupting tumor vasculature, IR can cause the release of the viable CTCs in the blood
circulation, generating metastasis in distant sites (Koonce et al., 2017). Another cause for tumor
relapse might be related to tumor cell’s dormancy. Malignant tumors are composed of dormant cells
that possess cancer stem cell features and stay in a quiescent state (Tinganelli et al., 2020). These
cells not only are insensitive to ionizing radiation because they are dormant, but also are able to “wake

up” after radiation stress, and initiate proliferation and differentiation (Liu et al., 2020).

1.8 Aim of the project

Circulating Cancer Stem Cells are responsible for tumor recurrence and metastasis formation.
However, the isolation of these cells in vivo is challenging because they are present in low amounts
in the circulation. Therefore, in this study, we wanted to isolate the Circulating Cancer Stem Cell-
like phenotype with an in vitro protocol. Our hypothesis is that stressors such as hypoxia (1% O2) and
radiation (X-rays) contribute to the selection of a subpopulation of cells positive for CD133, with an
increased TrK B and CD47 expression, higher stemness capacity, migration activity and
radioresistance (Graphical abstract 1). We exposed murine osteosarcoma LMS cells to 1-week
hypoxia (acute hypoxia) and 2-weeks of hypoxia (chronic hypoxia), because we hypothesized that

different hypoxic exposition times influence different steps of CCSCs selection.

Photon
irradiation A
e CD133 expression  —

* TrK B expression

LMS8 cells
§ e CD47 expression Circulating Cancer
—_— g ¢ Stemness capacity Stem Cell-like
= phenotype

« Migration ability

Normoxic condition « Radioresistance _J

In vitro culture

Graphical Abstract 1: Hypoxia and radiation in selecting Circulating Cancer Stem Cell-like
phenotype (created with BioRender).
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2. Materials and methods

2.1 Cell culture

Human osteosarcoma cells U20S (ATCC HTB-96) and highly metastatic murine osteosarcoma cell
line LM8 (Cell Bank Riken BioResource Research Center) were used to perform the experiments
outlined in this work. Both cell lines were cultivated in Dulbecco’s Modified Eagle Medium (DMEM
1X + GlutaMAX-I, Gibco, Bleiswijk, The Netherlands), supplemented with 10% fetal bovine serum
(FBS superior, Sigma, Brazil) and 1% Penicillin-Streptomycin (10,000 U/ml Penicillin, 10 mg/ml
Streptomycin, Pan Biotech, Aidenbach, Germany). The cells are cultivated in a humidified 5% CO:
incubator at 37° C. Normoxic cells were maintained at 21% O concentration (74% N, 1L of H>O
for humidification and 5% CO> composition), while hypoxic cells were cultured under 1% O
concentration inside of a hypoxic working station In VivO2 400 (Baker Ruskinn, United Kingdom).
The specific parameters for the incubator setup were 94% N2, 1% Oz and 5% COz, with 65% humidity
and at 37°C. Cells were exposed to hypoxia for one week (acute hypoxia) and two weeks (chronic
hypoxia). The cells continously maintained inside the hypoxic working station to avoid sample
reoxygenation. For the passage, the cells have been washed with Dulbecco’s Phosphate Buffered
Saline (Sigma Aldrich, United Kingdom), trypsinized with 1 mL of Trypsin-EDTA (0.05%/0.02%,
Pan Biotech, Aidenbach, Germany) and reseeded with a dilution of 1:20.

2.2 U20S Migration Assay

To investigate the migration capacity of U20S, a scratch wound analysis was used. Cells were seeded
in 60 mm petri dishes (TPP Techno Plastic Products, Switzerland) at a density of 400.000 cells for
Normoxia and 600.000 cells for hypoxia. When the cells reached confluence, they were treated for
24h with 400 pg/ml of Mytomycin-C, an antineoplastic antibiotic that, by inhibiting DNA synthesis,
is used to reduce the cell proliferation (Grada et al., 2017). Thereafter, centrally placed wounds were
created by streaking the plastic tip of a pipette across the cell monolayer, and pictures of the scratch
were taken at intervals of Oh, 4h, 6h and 24h, with the Motic AE31 microscope (camera: Moticam 3+
3.0 MP; ocular lenses: WFPL 10%; objective lenses: 4%/ 0.10 oo/- WD 23.5). The scratch was analyzed
by measuring the wound’s width at different time points. Three replicates were performed for the

experiment, with 5 photos analysed for each scratch.
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2.3 U20S hanging drop

We used the hanging drop technique to investigate the U20S capacity of forming spheres (Berens et
al., 2015). Cells were detached from the flasks, centrifuged at 200xg for 5 minutes and the pellet was
resuspended in 2 ml of complete medium. Afterwards, cell count was performed with the Biorad cell
counter TC20 (Biorad, Berkley California) and cells were diluted to obtain a density of 4 million
cells/ml. 10 drops of 10 ml of volume were seeded in the inside of the lid of a 60 mm petri dish, while
5 ml of Phosphate Buffered Saline (PBS) was placed at the bottom of the dish. The lid with the drops
was then flipped and the closed petri dish was kept respectively in normoxic and hypoxic conditions
for 6 days. Three replicates were performed for this experiment. Pictures were taken daily, using
Motic AE31 microscope (camera: Moticam 3+ 3.0 MP; ocular lenses: WFPL 10%; objective lenses:
4x/0.10 co/- WD 23.5). Moreover, U20S sphere formation was also tested with ultra-low attachment

plates, whose protocol can be found in paragraph 2.6.

2.4 Photon irradiation

Photon irradiations were performed using an X-ray generator Isovolt DSI (Seifert, Ahrensberg), 7
mm beryllium, 1 mm aluminum and 1 mm copper filter system, operating at 250 kV and 16 mA. The
dose rate was determined by an ionization chamber (SNA4, PTW Freiburg, Germany). To perform
the experiments we used a dose rate of 2 Gy/min. Irradiation in hypoxia was performed by putting
the flasks inside a CondoCell box (Baker Ruskinn, United Kingdom) allowing them to preserve the

hypoxic environment (1% O») for the entire irradiation time.

2.5 Clonogenic Survival Assay (CSA)

The CSA was performed with LM8 murine osteosarcoma cells. LM8 were seeded at a density of
250.000 cells in T25 flasks and maintained in incubators (21% O and 1% O.) for 48 hours. The cells
were irradiated with X-rays doses of 0 Gy, 2 Gy, 4 Gy, 6 Gy and 10 Gy under normoxia and hypoxia
conditions. Three replicates for the experiment were performed. For hypoxic irradiation, flasks were
transported and irradiated inside a CondoCell hypoxic isolation box (Baker Ruskinn, United
Kingdom). After irradiation, cells were counted and re-seeded in triplicate in T25 flasks and kept in
a 21%0: incubator for ten days to allow the formation of colonies. Colony staining was performed
with methylene blue and only colonies with more than 50 cells were counted. For the analysis, the

Plating Efficiency (PE) was considered according to the following equation:
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number of colonies formed
= X 100%
number of cells seeded

The survival (S) was then calculated:

_ (Average number of colonies formed)

number of cells X volume to seed
1000

To plot the graph, the ratio between Survival and Plating Efficiency was calculated, normalizing the

values on the control dose (0 Gy).

2.6 LMS8 immunocytochemistry (ICC) staining

50.000 LM8 cells were seeded in coverslips and maintained respectively in normoxic and hypoxic
incubators. At the end of experiment, the medium was removed from the coverslips, and 4% PFA
solution (Roth, Karlsruhe, Germany) was added for sample fixation and left in incubation for 20
minutes. Followed by adding Triton X-100 0,01% (Roth, Karlsruhe, Germany) in PBS for 15 minutes,
and after the Triton is removed, a solution of 3% BSA in PBS (PanReac Applichem, Darmstadt,
Germany) is added for one hour, to block the unspecific binding. Subsequently Rhodamine Phalloidin
antibody (Invitrogen, USA, dilution 1:500) is applied to the coverslips for staining the cytoskeleton
of the cells and left to incubate for one hour at room temperature in a dark place. We used DAPI
(Sigma Life Science, Germany, dilution 1:1000) for counter staining of the cells. After the incubation,
coverslips are washed and are applied on the glass slides (Star Frost microscope slides, 76x26 mm),
followed by PermaFluor mounting medium (Thermo Scientific, USA). 6 pictures of the cells, with
three replicates, were taken using Leica DMI 4000B confocal microscope (ocular lenses: HC PLAN
10x; objective lenses: co/-/D ACS APO 20%/ 0.60 IMM). Pictures were analyzed with LASX 1.4.4

software. A detailed description of the material used for ICC can be found in Table 1.

27



Table 1: Solutions and antibodies used for immunocytochemistry

Paraformaldehyde (PFA): 37% Stock solution, Roth, Karlsruhe, Germany.

Triton X-100: Roth, Karlsruhe, Germany.

BSA Albumin Fraction V (pH 7), PanReac Applichem, Darmstadt, Germany.

Rhodamine Phalloidin (F-actin) antibody R415, 1:500, Invitrogen, USA, RRID:AB 2572408.

DAPI: D9542-1 MG, 1:1000, Sigma Aldrich, Germany.

Mountant PermaFluor, Thermo Scientific, USA.

2.7 LMS8 Sphere formation and migration assay

LMS& cells were cultured in normoxia for one week, then irradiated with 4 Gy X-rays dose, counted
with a cell counter (Beckman Coulter, USA) and 30.000 cells were seeded in triplicate in each well
of ultra-low attachment 6-well plates (Greiner Bio-one, Germany). After seeding, the plates were
maintained for one week respectively in incubators at 21% O; and 1% O: (acute hypoxia), to allow
the cells to form floating spheres. In parallel with this setup, LMS8 were also cultivated in hypoxia for
one week, irradiated in hypoxic environment, seeded in plates and kept for another week in 1% O>
environment (Chronic Hypoxia). Afterwards, sphere formation efficiency was evaluated according

to the following equation:

. .. Number of spheres
Sphere formation ef ficiency (%) = Total mumber of cells %X 100

To investigate migration capacity, spheres were embedded in collagen (Collagen I, rat tail, Enzo Life
Sciences), with 6 samples analysed for each of the three independent experiments, and pictures were
taken after 24h and 48h timepoints using Motic AE31 microscope (camera: Moticam 3+ 3.0 MP;
ocular lenses: WFPL 10x; objective lenses: 4%/ 0.10 co/- WD 23.5). The following formula was used

for the analysis:

Area of migration = External area of migration — Internal area of the sphere

A visual description of the experiment is presented in Experimental Design 2.
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Experimental Design 2: LMS sphere formation efficiency workflow (created with BioRender).

2.8 Western blot

Cells (U20S and LMS) were irradiated with 4 Gy X-rays and maintained respectively in T75 flasks
and ultra-low attachment six well plates, at 21% Oz and 1% O». 1 week after, cells were harvested on
ice with 200 uL of RIPA-buffer (Table 2-3). Sham controls have been made for comparison. Scraped
cells are collected in 1,5 ml Eppendorf tubes and incubated for 30 minutes on ice, followed by 15
minutes of centrifugation at 14.000 rpm. Afterward, the supernatant is collected for protein
quantification and further experiments. Protein quantification was performed with the DC protein
Assay Kit from BioRad (Bio-Rad DC Protein Assay Kit 2, USA, N° 5000112). Equal amounts of
protein (15-25 pg/lane) were subjected to SDS-PAGE and transferred to Immobilon-P
polyvinylidene difluoride membranes (Merck Millipore). The membranes were incubated with
primary and secondary antibodies (Table 4-5) and peroxidase activity was detected using
chemiluminescence reagents (Pierce ECL western Blotting Substrate, Thermo Scientific, Rockford,

USA) then visualized with image analyzer Fusion software (Fusion FX Vilber Lourmat, Peqlab).
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Table 2: 10X RIPA compounds

1,752g NaCl, Sigma Aldrich, Germany

2 ml Triton-X-100, Carl Roth, Germany

1g deoxycholic acid, Sigma Aldrich, Germany

1 ml 20% SDS, Applichem, Germany

6,67 ml 1,5M Tris pH 8,0, Carl Roth, Germany

Fill to 20 ml with ddH>O

Table 3: Details of RIPA buffer

IXRIPA (compounds can be found in Table 2).

1x Halt Protease Inhibitor, Thermo Scientific, Germany

ImM Na-Orthovanadat, Alfa Aesar, Massachusetts, USA

2 mM Na-Fluorid, Sigma Aldrich, Germany

ddH>O to bring to the volume needed

Table 4: List of primary antibodies used.

30

CD 133, Prominin 1 antibody, 1:1000, Abcam, RRID: AB 470302.

CD47 Polyclonal Antibody, 1:1000, Invitrogen, RRID: AB 2899620.

HIF1a Polyclonal Antibody, 1:1000, Bethyl laboratories, USA, RRID: AB _2117114.
E-cadherin Monoclonal Antibody, 1:500, Invitrogen, USA, RRID: AB 86564.

N-cadherin monoclonal antibody, 1:500, Cell Signaling Technology, RRID: AB 2687616.

Monoclonal Anti-B-Actin Antibody, 1:10000, Sigma-Aldrich, RRID: AB 476744.

Anti-GAPDH antibody, 1:5000, Sigma-Aldrich, RRID: AB_796208.




Table 5: List of secondary antibodies used.

Goat Anti-Mouse IgG (H L)-HRP Conjugate antibody 1:3000, Bio-Rad,

RRID:AB 11125547.

Goat Anti-Rabbit IgG (H L)-HRP Conjugate antibody, 1:3000, Bio-Rad,

RRID:AB 11125142.

2.9 CD133 cell sorting

LMS8 is cultured in T75 flasks for one week (21% O2 and 1% O), harvested in Accutase (Sigma-
Aldrich, St. Louis, USA) to preserve cell surface markers from degradation, and centrifuged at 100g
for 5 minutes. The supernatant is discarded and cells are re-suspended in 1.5 ml of sterile PBS (Sigma
Aldrich, United Kingdom) before incubating with CD133 antibody (abcam ab19898, 1:200 dilution).
After 1 hour of antibody incubation on the rotator, cells are washed with PBS and incubated for 1
hour with 3 pl of Alexa Fluor 488 goat anti-rabbit IgG. Cells are then filtered with 5 ml Polystyrene
Tube with Cell-Strainer Cap (Falcon 352235) and then sorted using a cell sorter (S3e Cell Sorter,
Bio-Rad, Germany). After sorting, CD133+ cells are seeded in T75 flasks, kept for five days in the
incubator to allow them to grow and then irradiated with 4 Gy X-rays. After irradiation, samples are
harvested for Fluorescent Activated Cell Sorting (FACS) analysis, which is further described in
paragraph 2.10. The Experimental Design 3 illustrates the cell sorting workflow.

CD133 )ﬁ Cell sorting
PR P 4 Gy Xerays
* L S ’ FACS
Normoxia and y/’ =
hypoxia ) N
}.' 4 = e
1 week 44 8 o Sdays —
‘/./.‘" N —_— . a
I = (4 4 \)
> o A |
u—‘-'/ [

Experimental Design 3: CD133 cell sorting workflow (created with BioRender).
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2.10 CD133+ FACS analysis

CD133+ sorted cells (for sorting protocol refer to paragraph 2.9) are harvested with Accutase (Sigma-
Aldrich, St. Louis, USA), washed with PBS and incubated with TrK B antibody (1:50, Biorbyt,
United Kingdom) for 30 minutes at room temperature, in the dark. Afterwards, cells are washed and
re-suspended in 100 pl of PBS and measured using a Flow Cytometer (CytoFLEX, Beckman Coulter,
USA). Gating strategy for the analysis is performed using a Viability Dye (VivaFix 649/660, Biorad)
to discriminate between living and dead cells and only viable cells are considered for the analysis.

Data analysis is performed with the CytExpert v2.5 software.

2.11 LMS injection in mice

LMS cells were cultivated in 21% O- condition for 1 week and subsequently 1x10° cells were injected
in the back of the neck (for histology of the lungs) or posterior limb (for blood extraction) of the
animals. To monitor tumor growth, tumor size was measured with a caliper three times per week, for
a maximum of 28 days. After 28 days, the animals were sacrificed and primary tumor and lungs were
collected for further histological analysis and for counting the number of metastasis (Experimental

Design 4).
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Experimental Design 4: LMS injection in mice workflow (created with BioRender).

2.12 CTC extraction from mice blood with magnetic beads

We based our analysis on the samples collected from an in vivo parasitic experiment (ethical
permission number: DA17/2000). After animals were sacrificed, blood was collected over 5
distincted mice samples, to perform CTC isolation. Magnetic beads (Dynabeads FlowComp Flexi,
Invitrogen, Germany) were used for the extraction. Dynabeads were re-suspended in the vial and

added to a tube with 1 ml of Isolation Buffer. The washing step was performed by placing the tubes
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with the beads in a Dynamag-2 magnet (Invitrogen, Germany), discarding the supernatant and
washing the beads with the previous amount of buffer.

A biotinylated CD133 antibody (Abcam) was prepared and a volume of 25ul was added to the buffy
coat of the sample. After 10 minutes of incubation at 4°C, 1 ml of Isolation Buffer was added and
samples were centrifuged for 10 minutes at 350 x g. After removing the buffer, 75 pul of beads were
added and samples were incubated on a rotating rotor for 15 minutes followed by adding 1 ml of
Isolation Buffer, and the tube was then placed in the magnet. Supernatant was discarded and the
procedure was performed again for washing. Afterwards, samples were re-suspended in 1 ml of
Release Buffer and incubated for 10 minutes in the rotating rotor. Tubes were placed in the magnet,
and the supernatant bead-free was transferred to a new tube and used for analysis. A detailed table

with the solutions used can be found below (Table 6).

Table 6: Solutions used for magnetic beads.

FlowComp Dynabeads, Invitrogen, Germany

FlowComp Release Buffer, Invitrogen, Germany

DSB-X Biotin Protein Labelling Kit, Invitrogen, Germany

2.13 Cryostat sample preparation

The primary tumor and lungs were collected from four animals, from an in vivo parasitic experiment
(ethical permission number: DA17/2000), and stored overnight at four °C in 4% PFA. The organs are
transferred into the step of 10%, 20% and 30% sucrose solution (Roth, Karlsruhe, Germany) until
equilibrize. Afterward, organs are washed with PBS, and are embedded with OCT (Optimal Cutting
Temperature) compound (Tissue-Tek, Sakura Finetek, Germany). Samples are cutted at the cryostat
(Leica CM1860 UV, Leica Biosystems, Nussloch, Germany), with a 15 pm thickness, and a

temperature of -20°C.

2.14 Immunohistochemistry (IHC) staining

Six slides per organs have been prepared for the analysis. After cutting, glass slides (SuperFrost Plus
Adhesion Microscope Slides, Epredia, Germany) have been washed with PBS to remove the excess
of OCT around the samples carefully. Coverslips are then incubated for 5 minutes at 3% H>O: in

PBS, washed twice with PBS and then incubated for 20 minutes with Blocking Buffer solution.
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Afterwards, CD133 and CD47 primary antibodies (Table 3) are added to the respective samples, and
incubation is performed for 1h at RT. After one wash, biotinylated secondary antibody is added for
30 minutes at RT. Tissues are then incubated for 30 minutes with ABC solution and then incubated
for a maximum of 3 minutes with the DAB staining (for sample visualization). Details of all the
material can be found in Table 7. For the counterstaining, samples are treated with hematoxylin
(Hematoxylin Solution, Gill No.3, Merck) for 15 seconds and then rinsed with water. Afterwards,
samples are dehydrated respectively with 96% of ethanol, 100% of ethanol and two times xylol and
then mounted with Eukitt. Photos are taken using fluorescent microscope Olympus BX61 (camera:
Olympus EP50; ocular lenses: WHI1010%; objective lenses: UPlan FL N 20%/0.50 Phl
0/0.17/FN26.5).

Table 7. Solutions used for IHC staining.

Ultra-Sensitive ABC Peroxidase Rabbit igG Staining kit, Thermo Fisher Scientific, Germany.
DAB Substrate Kit, BD Pharminogen, RRID: AB 2868905.

Aquatex mounting agent, Merck, Germany.

Blocking Buffer: 3 drops of Normal Serum (ABC Kit) to 10 ml PBS.

Biotinylated secondary antibody: 3 drops of normal serum and 1 drop of Biotinylated

secondary antibody to 10 ml PBS.

ABC reagent: 4 Drops of Reagent A + 4 drops of reagent B in 10 ml PBS.

2.15 Statistical analysis

Statistical analysis was performed using the student’s t-test. Values of p < 0.05 were considered
statistically significant. All analysis were performed using ImageJ 1.53t software (Java 1.8.0 345 64-
bit version), LASX 1.4.4 software, QuPath software (0.3.0 version) and GraphPad Prism 9 software.
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3. Results

3.1 Migration ability and sphere formation capacity: preliminary results

using the U20S cells.

CCSC are cancer stem cells that undergo EMT transition, characterized by the E-cadherin/N-cadherin
switch, moving towards a more mesenchymal phenotype (Loh et al., 2019). They are characterized
by an increased migration capacity and increased ability to form spheres (Cao et al., 2011). In this
study we used human osteosarcoma cell line U20S to investigate the migration ability of the cells
when exposed to hypoxia (1% O-). Three independent experiments were done. Our findings show a
slight difference in the normoxic cells, where the average wound width changes from 3.18 cm + 0.1

(SEM) at Oh to 2.7 cm + 0.2 (SEM) after 24h.

No migration instead was observed in the hypoxic samples (average size of the scratch at Oh: 2.3 cm

+ 0.1 (SEM); average size of the scratch at 24h: 2.22 cm = 0.1 (SEM) (Figure 17).
Oh 24h

Normoxia

Hypoxia

Figure 17. Migration assay of U20S cells. Comparison done between normoxia and hypoxia cells,
with Oh and 24h timepoints. 4x magnification, Motic AE31 microscope. Width of the scratch
measured: Normoxia Oh (3.18 cm), normoxia 24h (2.7 cm); Hypoxia Oh (2.3 cm), hypoxia 24h (2.22
cm).

35



Furthermore, we conducted additional research to see whether these cells can undergo EMT transition
after hypoxia and radiation (4 Gy X-rays). We analyzed E-cadherin and N-cadherin expression
through western blot techniques (as seen in Fig.18A). Our findings revealed that U20S cells express
E-cadherin and N-cadherin under normal oxygen levels. However, its expression decreases when
subjected to hypoxia alone or in combination with radiation (Fig.18A, B, and C), demonstrating the

loss of the epithelial but not the increase of the mesenchymal feature.
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Figure 17. Figure 18. Western Blot analysis of E-cadherin and N-cadherin. (A) representative picture
of Western Blot, (B) mean densitometry of E-cadherin relative to GAPDH expressed as arbitrary
units. *Hypoxic cells vs normoxic control cells. + SEM, P< 0.05 and (C) mean densitometry of N-
cadherin relative to GAPDH expressed as arbitrary units. *Hypoxic cells vs normoxic control cells.
+ SEM, P<0.05

In the current experiment, a proper cadherin switch was not evident; we further investigated whether
U20S possess the capacity of forming spheres, by using the hanging drop technique. Results show
that U20S were not able to form proper spheres, with the tendency to generate aggregates of cells
(Fig. 19A). No difference was observed comparing cells in normoxia and hypoxia without irradiation.

The irradiated samples, instead, show a reduced tendency to aggregate, with no significant differences
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between normoxia and hypoxia. Moreover, we tried to assess the sphere formation capacity also with
another technique, and we seeded the cells using ultra-low attachment well plates (Gao et al., 2018).
We observed that U20S were still not able to form proper spheres, but they displayed the tendency
to aggregate. Less aggregates were found in hypoxia, compared to normoxia (Figure 19B). Therefore,
we proceeded using another cell line, a murine osteosarcoma (LMS8) cell line, that is not already
differentiated like the U20S and it is well known in literature for its stemness capacity and for being
a highly metastatic cell line when injected subcutaneously in C3H mice (Tanaka et al., 2013;

Tinganelli et al., 2022).

Normoxia 0 Gy Hypoxia 0 Gy

"/
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Normoxia Hypoxia

Figure 18. Sphere formation with U20S. Comparison between normoxia and hypoxia. 4%
magnification, Motic AE31 microscope. (A) Hanging drop technique (Normoxia vs Hypoxia, 0 Gy
and 4 Gy) and (B) ultra-low attachment plate technique.

3.2 Clonogenic Survival Assay: a comparison between normoxia and acute

hypoxia

The radiosensitivity of LM8 cell line in normoxia (21% O») and acute hypoxia (1% O., for 1 week)
has been investigated by clonogenic survival assay (Figure 20). To perform the experiment, doses of
2,4, 6 and 10 Gy have been delivered to the cells. Sham irradiated samples have also been prepared.
Results show a slight increase in the survival of hypoxic cells, displaying an OER of 1.15 (Normoxia
alpha value: 0.1386, beta value: 0.0480; Hypoxia alpha value: 0.1257, beta value: 0.0382). In
literature is reported that Cancer Stem Cells and Circulating Tumor Cells are resistant to radiation
(Schulz et al., 2019). To test their radioresistance and to select these cell subpopulation in the further

experiments, we administered a 4 Gy dose of radiation.
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Figure 19. Clonogenic Survival Assay (CSA) of LM8 cell line: comparison between normoxia (21%
02) and hypoxia (1% 0O2).
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3.3 Hypoxia influences morphology of LMS cells

To study the effect of hypoxia on the LMS8 phenotype, cells were cultivated in normoxic and in 1%
O for 1 week. LMS cells cultivated in normoxia display a round-shaped morphology and are fast
growing, with a doubling time reported to be 13h (Asai et al., 1998). We observed that the hypoxic
cells are characterized by a slower growth rate that is 24h, and appear to have more elongated shape,
resembling the phenotype of more aggressive cancer cell type (Figure 21 A and B). These results are
also evident in other studies by Northcott et al., 2018. Furthermore, the actin filament assembly also

shows different architecture between normoxia and hypoxia, as shown in figure 21B.
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Figure 20. Morphological analysis of LM8 cells. (A) Normoxia (left) vs Hypoxia (right), 4X
magnification, Motic AE31 microscope. (B) F-actin cytoskeleton analysis of LM8 comparing
Normoxia and Hypoxia with a focus on the architecture of the actin filament assembly, 20X
magnification, Confocal microscope, Leica microsystems.

We conducted a study to see if radiation affects the expression of E- and N-cadherins. Our western
blot findings indicate no expression of these cadherines after radiation exposure, both under normoxia

and hypoxia conditions (as shown in Figure 22).
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Figure 21. Western Blot analysis of E-cadherin (left) and N-cadherin (right) expression in LM8
murine osteosarcoma cell line.

3.4 Investigating the hypoxia inducible factor status of LMS8 cells under
hypoxia

Acute hypoxia is characterized by an overexpression of HIF 1 a; however, this marker decreases under
chronic hypoxia, counterbalanced by an increase in HIF2 a expression (Roig et al., 2019; Saxena et
al., 2019). Acute and chronic hypoxia trigger different sets of genes. According to Al Tameemi et al.,
2019, the cells exposed to chronic hypoxia have a more aggressive phenotype.

We cultivated the LMS cells in hypoxia (1% O) for one or two weeks. To determine whether the
cells were in chronic or acute hypoxia we investigated the HIF1a protein expression after 1 and 2
weeks of hypoxia. The cells exposed to 1 week of hypoxia showed an increase in HIF1 o expression,
indicating that they were still in the acute hypoxic phase. On the other hand, the HIF1 a expression
decreased after two weeks of hypoxia, suggesting the switch from acute to chronic hypoxia.
Therefore, we refer to one week hypoxia as "acute hypoxia" and 2 weeks hypoxia as "chronic

hypoxia" (see Figure 23).
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Figure 22. HIFla expression levels in LM8 cells: (A) Western Blot analysis comparing normoxia,
acute hypoxia (1 week) and Chronic hypoxia (2 weeks) and (B) mean densitometry of HIF 1a relative

to GAPDH expressed as arbitrary units. *Hypoxic cells vs normoxic control cells. + SD, P< 0.05.

3.5 Hypoxia increases CD133 expression

To investigate the effects of hypoxia in increasing the CD133 expression on the LM8 cells, we
measured the protein expression by western blot analysis. The LM8 cells express CD133 under
normoxia, with approximately 0.5-fold change value compared to the houskeeping gene B-tubulin.
Investigating whether hypoxia influences the expression of CD133, we observed that both acute and
chronic hypoxia increase CD133, showing a fold change between 1.0 + 0.19 (SEM) and 1.5 + 0.07
(SEM) (Figure 24). However, there were no differences in the expression of CD133 between the

control and irradiated groups.
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Figure 23. CD133 expression after hypoxia (acute and chronic) and radiation. (A) representative
experiment of western blot and (B) mean densitometry of CD133 relative to s-tubulin expressed as
arbitrary units. *Hypoxic cells vs normoxic control cells. + SEM, P<0.05

3.6 Hypoxia increases the subpopulation of cells expressing TrK B

Circulating Tumor Cells express a tyrosine kinase receptor, TrK B, which allows them to resist the
anoikis in blood circulation (Paoli et al., 2013). The FACS analysis show that the whole LM8 cell
population displays a TrK B percentage of around 1%, while under hypoxic conditions, TrK B
expression increases to 7% (Figure 25 A). We, furthermore, investigate the number of cells that
express both the CD133 and TrK B markers. In the CD133 cell's subpopulation, TrK B expression
significantly increases up to 40% under hypoxic conditions (Figure 25 B). No significant differences
were found between the samples irradiated and the sham controls. Gating strategy for the analysis is

performed to discriminate between living and dead cells and only viable cells are considered (Figure

25C).
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Figure 24. TrkB expression on LMS cells. (A) TrK B expression in LM8 whole population, (B) TrK
B expression in CD133+ cells and (C) gating strategy for sample analysis. * Hypoxic cells vs
normoxic controls = SEM, P< 0.01.
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3.7 Hypoxia and radiation influences sphere formation, size and cluster

It is known that hypoxia plays a central role in stimulating the stemness of cells, contributing to
increasing the efficiency of forming spheres in osteosarcoma (Lin et al., 2021).

However, it is not yet known how acute and chronic hypoxia affect the stemness of cells. Therefore,
we exposed the cells to varying durations of hypoxia and investigated their phenotype. Results show
that time of exposure to hypoxia strongly affects the sphere formation ability and the sphere
dimension in the whole LMS cell population (Figure 26 A). Acute hypoxia increases the LM8 sphere
formation efficiency, shifting the value from 0.12% + 0.005 of normoxic cells, to 0.22% + 0.2. Under
chronic hypoxia instead, the cells’ ability to form spheres decreases, 0.17% + 0.03. Radiation seems
to play a role only in the acute hypoxic cells, increasing their efficiency from 0.11% + 0.007 of
normoxia, to 0.77% + 0.3 (Figure 26 B). Concerning the sphere dimensions, the size decreases under
hypoxia (both acute and chronic) together with the number of cells involved in sphere formation
(Figure 26 C-D). Despite this, hypoxic cells show a higher tendency of cluster formation, with 4 to 7
spheres clumping together (Figure 26 E). Hypoxia and radiation combined significantly reduce the

size of the spheres (p-value: 0.000105) and their capability of forming clusters (Figure 26 F).

A Normoxia Acute Hyp Chronic Hyp

s

45



46

50000
40000 -

30000 -

Area of spheres (Pixels)

800000

600000 —

400000 -

Number of cells

200000 -

1.5

% Efficiency
>
1

o
(34}
1

*

LM8

%
%
0.0-
0 Gy 4 Gy

LMS8 Full population

*

0-

0 Gy

* *
0 Gy 4 Gy

4 Gy

Bl Normoxia
B Acute Hypoxia
B Chronic Hypoxia

B Normoxia
B Acute Hypoxia
Bl Chronic Hypoxia

Bl Normoxia
B Acute hypoxia
B Chronic hypoxia

e Statistical significance 0 Gy vs 4 Gy



E F
LM8 0 Gy LM8 4 Gy

® Normoxia
B Acute Hypoxia
A Chronic Hypoxia

Number of events
Number of events

Figure 25. LM8 whole cell population: representative picture of the spheres (A), sphere formation
efficiency (B), area of the spheres (C), number of cells forming spheres (D) and (E-F) number of
spheres cluster. * Hypoxic cells vs normoxic controls = SEM, P< 0.05

3.8 (D133 influence on radioresistance, sphere and cluster formation

Results from the survival curve in normoxic condition show an increased radioresistance of the
CD133+ sorted cells (S/PE 2 Gy: 1.4; S/PE 4 Gy: 0.71; S/PE 10 Gy: 0.018) compared to the LMS8
whole population (S/PE 2 Gy: 0.84; S/PE 4 Gy: 0.38; S/PE 10 Gy: 0.007) (Figure 27).
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Figure 26. Clonogenic Survival Assay (CSA) of LMS cell line: comparison between LMS full
population and CD133+ subpopulation.

Chronic hypoxia strongly increases the sphere formation capacity of the LM8 CD133+ cells, with

almost 0.8% of efficiency alone and reaching 0.6% in combination with radiation (Figure 28 A-B).

For the acute hypoxic cells, irradiation with 4 Gy X-rays is fundamental condition to increase sphere

efficiency (~0.63%). However, sphere size of CD133+ cells and the number of cells forming spheres

decreases while hypoxic exposition increases (Figure 28 C-D). The number of spheres clustering

together increases under acute hypoxia, and even more in combination with radiation and chronic

hypoxia (Figure 28 E-F).

48



A Normoxia Acute Hyp Chronic Hyp

i

R
. > B -
- | " (s N
e dl . . <

B LM8 (CD133+)
1.5 .
% % B Normoxia

. | " | [ | [ Acute Hypoxia
§ 1.0+ — * Bl Chronic Hypoxia
O *
i L
G 0.5

0.0 ITI T

0 Gy 4 Gy

49



(@]

CD133+ CD133+
50000 |*L| B Normoxia
g : * L * ' 3000000 % I Acute Hypoxia
X 40000+ " L — , ,
o * % 3 — * E= Chronic hypoxia
g 30000 ' ' | 1 “g 2000000 - I. | e Statistical significance 0 Gy vs 4 Gy
2 % =
2. 20000 2
" 1 2
s £ 1000000+
© 10000 4
o
< .
0- 0
0 Gy 4 Gy 0 Gy 4Gy
E CD133+ 0 Gy F CD133+ 4 Gy
30 30
-|. ® Normoxia
‘g ‘% B Acute Hypoxia
3 207 3 201 A Chronic Hypoxia
Y u“ [ |
o <) [
: i
= - =
= ': z o=

1
e o o o
& & & < & @ & L& & & &S @
AN\ < ‘\0 () (\0 ‘\0 v@ AN ‘\0 QQ () ‘\0 (\Q (\Q
'\"’Q L £ & & & L N R R R R KR
47 > ™ 12 © A v -] ™ () © A

Figure 27. LM8 CD133+ cell population: representative picture of the spheres (A), sphere formation
efficiency (B), area of the spheres (C), number of cells forming spheres (D) and (E-F) number of

spheres cluster. * Hypoxic cells vs normoxic controls + SEM, P< 0.05. ® Statistical significance
comparing 0 Gy and 4 Gy.

3.9 Hypoxia influences the migration capacity of LMS8 cells

In order to investigate the migration ability of the LMS after hypoxia and radiation, we embedded the
spheres in collagen and check the cells’ migration after 24 h and 48 h. Results show that LM8 spheres
strongly increase their migration ability when exposed to chronic hypoxia respect to normoxia and
acute hypoxia, moving from 1600 pixels (normoxia) to 6000 pixels (chronic hypoxia) of area after

24h. The same trend is maintained also at 48h timepoint. Moreover, radiation increases the migration
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ability only of the normoxic cells, while it does not affect the migration ability of the cells cultivated

in acute or chronic hypoxia (Figure 29 A-B-C).
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Figure 28. Sphere migration in collagen of LM8 whole population. (A) representative pictures of
migration after 24h and (B) 48h. (C) area of migration of spheres after 24h and 48h. * Hypoxic cells
vs normoxic controls = SEM, P< 0.05.

Regarding the migration study of the CD133+ cells, it is inevitable that the samples will undergo
reoxygenation during the sorting procedure. For this reason, we do not have results of the CD133+
cells exposed to chronic hypoxia. After reoxygenation, the migration ability of the cells substantially
decreases, with no differences between the controls and the irradiated samples (Figure 30 A-B-C).
Sorted CD133+ cells cultivated in normoxia migrate more than those grown in hypoxia. The

migrating behaviour is maintained the same between 24h and 48h timepoints.
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Figure 29. Sphere migration in collagen of CD133+ sorted LM8. (A-B) representative pictures of
migration at 0 Gy and 4 Gy comparing 24h and 48h (C) area of migration of spheres after 24h and
48h. * Hypoxic cells vs normoxic controls + SEM, P< 0.05.

3.10 CD47 expression in CD133+ LMS cells

We have found a particular subset of LM8 cells that exhibit an aggressive phenotype. These cells
demonstrate elevated levels of stemness markers, increased ability to form spheres, the capacity to
form clusters of spheres, and heightened migratory capabilities. As next step we further wanted to
investigate whether these cells express the CD47 marker, the critical molecule used by the Circulating

Cancer Stem Cells to evade the immune system (Yang et al., 2015). Chronic hypoxia significantly
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increases the expression of CD47, particularly without irradiation (p-value: 0.0205). Normoxia and

acute hypoxia instead do not influence CD47 expression (Figure 31 A-B).
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Figure 30. CD47 expression in CD133+ cells, comparing normoxia, acute hypoxia and chronic
hypoxia. (A) representative experiment of western blot and (B) mean densitometry of CD47 relative
to b-actin expressed as arbitrary units. *Hypoxic cells vs normoxic control cells. + SEM, P< 0.05.
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3.11 CTC isolation ex vivo

After the characterization of cells with a CCSCs-like phenotype in vitro, we tried to isolate
Circulating Cancer Stem Cells ex vivo from the mice blood after sacrificing them, from a parasitic
experiment with the following ethical permission number: DA17/2000. For CTCs isolation we used
the magnetic beads system, comparing sham controls to irradiated animals. CTCs are present in a few
numbers in the blood; therefore, their identification and isolation is challenging (Banko et al., 2019).
We counted a high number of cells in the samples, with no observable differences between irradiated
and sham controls (Fig.32). We observed cells with a biconcave disk shape, typical of red blood cells,
meaning that the protocol we used was not efficient: the blood cells not being removed created an
obstacle for CTCs identification. Therefore, we did not succeed in ex vivo CTCs isolation and a better

protocol still needs to be established for this part of experiments.

Sham control

Irradiated

Figure 31. CTC isolation from blood of mice: comparison between sham control and irradiated
samples. 10x magnification, Motic AE31 microscope.

We collected primary tumor and the metastases from the lungs of sacrificed animals and we
proceeded to homogenize the samples in order to establish cell culture. We performed a western blot
analysis to investigate the differential expression of CD133 between primary tumor and metastasis,
comparing the irradiated samples to the sham controls. CD133 is overall expressed, showing a fold
change around 0.6, with no difference between not irradiated and irradiated samples (Figure 33A-B).

No differences in the expression were also observed between primary tumor and metastasis.
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Figure 32. Western Blot analysis of primary tumor vs metastasis. (A) representative picture of WB
experiment and (B) mean densitometry of CD133 relative to B -actin expressed as arbitrary units.
Comparison done between control primary tumor, irradiated primary tumor and irradiated
metastasis.

3.12 CD133 and CD47 expression in primary tumor and metastasis

We performed then a IHC analysis on primary tumor and metastases using samples that otherwise
would have been wasted, from parasitic mice experiments approved under the ethical permission
number DA17/2000. LMS8 cells were subcutaneously injected in the posterior limb of C3H mice.
Tumor growth was monitored (Figure 34A); afterwards the animals were sacrificed and primary
tumor and lungs were collected for further IHC analysis (Figure 34B). Preliminary results from the
in vivo experiment show not significant differences between the expression of CD133 signal in tumor
tissues around 20%, and in the metastatic tissues around 30% (Fig. 34C). The expression of CD47 in

the metastatic tissues instead is up to 80% with a relative increase, compared to the primary tumor

tissues (Fig. 34 D).
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Figure 33. Tumor growth and immunohistochemical analysis of CD133 and CD47 expression
between primary tumor and lung metastasis. (A) curve of tumor growth, (B) panel with representative
pictures, 20x magnification with fluorescent microscope Olympus BX61: primary tumor vs
metastasis, CD133 expression in primary tumor (DAB, brown signal) and CD47 expression in
metastasis (DAB, brown signal), (C) dot plot of CD133 expression comparing primary tumor and
metastasis and (D) dot plot of CD47 expression between primary tumor and metastasis. Each point
represents the signal intensity measured for each picture of the sample taken. Scale bar corresponds
to 50 um.
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4. Discussion

CCSCs are characterized by specific and distinguishing surface markers that help in their
identification and isolation (Tinganelli et al., 2020). One of the most important is CD133, involved
in the remodelling of cytoskeleton, in cell migration, cell self-renewal and in the regulation of PI3K-
Akt signalling in cancer stem cells; for this reason, it is also related to stemness capacity (Glumac et
al., 2018). In literature is known that hypoxia triggers the expression of CD133 in osteosarcoma cells
upregulating stemness genes Oct4 and Sox2 (Heddleston et al., 2010; Iida et al., 2012). CD133 binds
to HIF 1a promoting its translocation and activation in the nucleus under hypoxia, while it interacts
with HIF2a promoting the pluripotency of the cells (Maeda et al., 2016; Heddleston et al., 2010).
Besides, hypoxia influences the expression of TrK B, another relevant marker for the CCSCs,
associated to resistance to anoikis. TrK B gene presents HIF 1a binding elements, therefore hypoxia
by activation of HIF 1a enhances the Trk B production and signalling (Helan et al., 2014). When TrK
B is overexpressed, it confers to the cells the ability to evade from a caspase-related programmed cell
death, thus surviving in the blood circulation and allowing the cells to disseminate forming metastases
at distant sites (Geiger et al., 2011; Douma et al., 2004). In addition, CCSCs are able to survive in the
blood circulation and not only resist to programmed cell death but they are also able to escape from
the immune system detection. This is possible because of another marker, CD47. Such marker works
as a “do not eat me” signal, preventing the immune system to attack (Eladl et al., 2020; Helm et al.,
2019). Hypoxia is also reported to regulate CD47 through HIF 1 a signalling. HIF 1a directly activates
the transcription of CD47; increased expression of it seems to enable cancer cells to escape
phagocytosis, promoting a cancer stem cell phenotype (Zhang et al., 2015). Because the amount of
these CCSCs in the blood circulation is very low, the possibility of selecting them in vitro, from the
whole population of cancer cells, would certainly increase the knowledge that we have about the

mechanisms involved in the metastasis formation.

4.1 Initial characterization of U20OS cell line

We used U20S human osteosarcoma cell line to investigate the migration capacity, epithelial to
mesenchymal transition (EMT) and ability of forming spheres, that is a characteristic of cancer stem
cells. Our results presented in Figure 17 showed that U20S cells display a slight migration capacity
under normoxic condition, considering different timepoints, even though the difference is not
statistically significant. Moreover, hypoxia seems not to influence cell migration of these cells either,
since we did not observe any significant difference in comparison with the normoxic condition. Since
cell migration is mediated by cadherin expression (Shih et al., 2012), we further investigated with
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western blot analysis the expression of E-cadherin and N-cadherin in U20S cells. Moreover, we
wanted to observe whether U20S display a cadherin switch, that is index of tumor aggressiveness
(Huang et al., 2019). We noticed that cells cultured in hypoxia, compared to the ones maintained in
normoxia, show a decrease in the expression of E-cadherin, as presented in figure 18; however, this
decrease is not counterbalanced by an increment of N-cadherin, whose levels did not change
significantly as well under hypoxic stress. Only normoxia and radiation seem to contribute to enhance
its expression. Even though cadherin switch is one of the main characteristics of EMT transition and
the loss of E-cadherin appears to be the initial step of EMT transition (Kalluri et al., 2009; Son et al.,
2010; Yang et al., 2020), however it is not it is not an exclusive feature of an aggressive behavior,
because of tumor heterogeneity (Chu et al., 2013). The plasticity and reversibility of EMT transition,
in fact, suggests that cancer cells can display feature of aggressiveness and invasion even if they
retain an epithelial phenotype, without loss of E-cadherin (Ikushima et al., 2010). The absence of
cadherin switch might be due to the fact that this cell line exploits other systems to synthetize proteins
important for the EMT process, such as alternative mRNA translation mechanisms (cap-independent
translation) (Bera et al., 2020), or that it is an already well differentiated line, thus not suitable for the
purpose of our experiments. Moreover, N-cadherin also regulates cell migration and invasion (Shih
et al., 2012). As a result, the low expression of this protein in U20S cells might explain their lack of
migration capacity both under normoxic and hypoxic conditions.

Although we did not observe a proper EMT transition and migration, we further tried to assess the
stemness capacity of U20S by investigating their ability to form spheres, using two different
techniques: the hanging drop technique and the ultra-low attachment plates. Despite U20S being a
well differentiated cell line, we hypothesized the presence of a small subpopulation of stem cells or
a phenotypical switch after hypoxia and radiation. Our results presented in Figure 19 show that U20S
were not able to form proper spheres but they were rather originating aggregates of cells, with no
differences in the morphology between normoxia and hypoxia. No differences were observed as well
in the irradiated samples, with an overall reduced ability to aggregate compared to the sham controls.
This might be because from our experiments we observed that radiation decreases the E-cadherin
expression, thus resulting in a reduced aggregation and adhesion ability of the cells. In order to form
spheres and to maintain the stemness capacity, cancer cells require the expression of important genes
such as the stem cell factors Oct4, Sox2 and Nanog, together with Twist, SNAILS and the cadherines
(Gheytanchi et al., 2021). The U20S inability to generate proper spheres in culture could be
underlined by the fact that they are already differentiated cells, thus they do not possess a stemness
capacity and do not express CSC transcription factors Oct4, Sox2 and Nanog, important for the

stemness of cancer cells (Jubelin et al., 2022). Moreover, E-cadherin expression but not N-cadherin
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could also explain their capacity to originate aggregates of cells but not spheres: U20S express
adhesion molecules that allows the cells to hold together but they do not express the stemness-related
marker N-cadherin that would confer them a more aggressive phenotype and the capacity of sphere

formation.

4.2 Initial characterization of LMS8 cell line

In our further experiments we wanted to use a cell line characterized by a stemness capacity and that
displays an aggressive phenotype. For this reason, we used the murine osteosarcoma cell line, LMS8,
a cell line that displays the abovementioned features and that is able to generate many metastases
when injected in animal models (Tanaka et al., 2013; Tinganelli et al., 2022). Firstly we investigated
the radioresistance of LM8 under acute hypoxia, and from the survival curve obtained we extrapolate
a dose of radiation to use for the subsequent experiments. The selected dose strikes a balance between
preserving most cells for molecular and phenotypical analysis and inducing a subpopulation of
radioresistant cells (Figure 20). We chose the 4Gy as the dose from the survival curve to perform the
following experiments.

Many authors report that hypoxia influences the ECM composition of cells: it can stimulate cell
contractility leading to the disruption of epithelial barriers, modifying the actin composition of the
cells’ cytoskeleton (Zieseniss., 2014; Dekker et al., 2022; Gilkes et al., 2014). Cytoskeleton structure
is also modified by EMT transition; during this process, apical-basal polarity of the epithelial cells’
changes, cytoskeleton is reorganized thus leading to changes in cell shape (Datta et al., 2021). Our
morphological analysis shows that hypoxia influences the shape of LM8 modifying the cytoskeleton
and conferring a more elongated shape to the cell’s structure as shown in figure 21. At this stage,
LMS by displaying a flattened shape, appear to acquire EMT-like phenotype, despite their inability
to express cadherines, as it is reported in literature (Kashima et al., 2003). Our experiments support
these data, since with a western blot analysis we were not able to detect E-cadherin and N-cadherin
expression in LMS, as observable in Figure 22. This might be explained by the fact that this metastatic
cell line exploits other signaling pathways to perform EMT transition, such as the B-catenin
translocation from the cytoplasm to the nucleus of the cells (Basu et al, 2018). Considering this
pathway, further studies need to be performed to investigate whether hypoxia and radiation are

involved in the B-catenin translocation.
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4.3 Prolonged hypoxia influence on LMS8 cells

After we assessed the influence of hypoxia in the cell shape and structure, we investigated the effects
that prolonged hypoxic exposition has in influencing the cell’s phenotype. To do so, we cultivated
the LMS in different duration of hypoxia. Different authors refer to acute hypoxia as a short period
of time that usually lasts until 24h, in which the cells are subjected to low level of oxygen
concentration (Saxena et al., 2019; Liu et al., 2022). Chronic hypoxia, instead, is used to refer to a
prolonged low oxygen exposition, that is usually comprised between 24h and 72h (Liu et al., 2022).
Chronic hypoxia is also reported to be responsible for a more aggressive phenotype in cancer cells
(Emami Nejad et al., 2021). The passage from acute to chronic hypoxia is documented by the switch
from HIFla (in acute hypoxia) to HIF2a (in chronic hypoxia). In these experiments we exposed the
cells to a prolonged hypoxia of 1 week and 2 weeks to mimic the hypoxic conditions in the tumor
microenvironment. Even though we were expecting that HIF1a signal would have faded before 1
week of hypoxic exposition, being expressed during a short-term hypoxia, we performed western blot
analyses noticing that HIF1a was highly expressed at 1 week of hypoxia and was decreasing only
after 2 weeks (Figure 23). Thus, we refer to the 1-week hypoxia as the “acute” hypoxia, and to the 2-
week one as the “chronic” hypoxia. Knowing already from literature that hypoxia overall influences
the CDI133 expression in cells, we proved that LM8 express CD133, and that acute hypoxia
increments CD133 expression in the whole population. This increment is not influenced or affected
by photon irradiation, that contributes to the augment of CD133 expression only when combined to
chronic hypoxia (Figure 24).

Once we assessed that hypoxia increases the cancer stem cell traits of our cells, we further
investigated the possibility of selecting a subtype of cells that not only possess stemness
characteristics but that also the ability of resisting to anoikis. For this purpose, we checked the
percentage of cells expressing TrK B within the full LMS8 population noticing that acute hypoxia
increased the percentage of cells expressing it from 1% under normoxia to 7% (Figure 25A).
Furthermore, we investigated whether there was a correlation between CD133 and TrK B. For this
purpose, we sorted the cells for CD133: our results report a TrK B expression in 40%-50% of CD133+
cells, expression that was triggered in particular by acute hypoxia (Figure 25B). No influence of
radiation was noticed overall. These results prove that CD133 and TrK B are associated, and that
acute hypoxia as stressor is the first step to increase the sub-population of cells that have the

phenotype of cancer stem cells and that are able to resist to programmed cell death.
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4.4 Influence of hypoxia and radiation in sphere formation, size and cluster

Despite the anoikis resistance, other essential features of Circulating Cancer Stem Cells are their
stemness capacity, that in vitro is exemplified by the sphere formation ability, and their capability to
migrate (Ishiguro et al., 2017). We observed that acute hypoxia increases the sphere formation
capacity of the cells, especially in combination with radiation (0.77%), while similar sphere forming
ability was noticed between normoxia (0.12%) and chronic hypoxia (0.17%) with and without
irradiation (Figure 26A). This difference in sphere formation might be explained by the fact that acute
hypoxia displays an increased expression of HIF1a. This marker, in fact, is also related to tumor
spheres formation and it promotes tumor initiating cell activity, so it is involved in the first stages of
tumor invasion (Schwab et al., 2012). Our results showed that HIF1a was decreasing under chronic
hypoxia compared to acute hypoxia, explaining the reduced cell capability to form spheres. Moreover,
CTCs possess a specific phenotype that enables them to form small clusters, able to infiltrate in the
blood vessels and disseminate in sites that are distant from primary tumor (Douma et al., 2004; Lin
et al., 2021; Chen et al., 2022). In our research, we observed that prolonged exposure to hypoxia
decreases the proliferation rate of the cells: we observed smaller spheres in size, but with the tendency
to form more clusters, suggesting that hypoxia has an influence on the clustering ability of the cells
and on the dimension of the spheres and contributes to the selection of cells with a CTCs-like
phenotype (Figure 26 C-F). Our studies also showed that radiation influences the clumping capacity
of the spheres, resulting in a lower number of clusters. Moreover, we investigated, by sorting the
cells, whether CD133 cells were more radioresistant compared to the whole population one and if
this marker influences the sphere formation and dimension (Figure 27-28). Our results showed an
increased radioresistance of the CD133+ cells compared to the whole LMS8 population. The survival
of the whole population of cells is 0.38 & 0.02 compared to 0.71 + 0.05 for the sorted subpopulation
when exposed to 4 Gy of radiation. The full survival values are reported in the paragraph 3.8 of the
result section. This subpopulation was also able to form spheres in particular when cultivated under
prolonged hypoxic exposition. Also in this case, photon irradiation is essential for increasing the
sphere formation efficiency, but only when combined to acute hypoxia. Moreover, in the CD133+
spheres, even though the area of the spheres decreases with an increased exposition to hypoxia, we
observed an incremented capacity to form clusters under chronic hypoxia and radiation. This might
indicate that irradiation and prolonged exposure to hypoxia select aggressive cells with CTC-like
phenotype. CD133 is as well relevant for the selection of cells with such characteristics. It influences
the sphere forming capability of LM8, when combined to hypoxia that is already known for increasing
CD133 expression. Additionally, this cancer stemness marker seems to influence the cluster capacity,

increasing the number of sphere clusters already under acute hypoxia exposition.
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Overall, the size of sphere and the ability to form clusters is a hallmark of cell aggressiveness (Zhao
et al., 2023), and from our experiments hypoxia seems to select a very aggressive phenotype, with

spheres that are smaller in size and that display an increased cluster capacity.

4.5 LMS8 migration capacity

After assessing the LMS stemness capacity by forming spheres, we further studied the aggressiveness
of the cells by observing their migration ability (Rossi et al., 2018), embedding the spheres in collagen
to mimic the Extracellular Matrix environment. Interestingly, we documented an increase in cell
migration, associated to a more aggressive condition, under chronic hypoxia; such increase was
already evident after 24h, and was still maintained with a similar trend at 48h timepoint (Figure 29).
Radiation does not affect migration under acute and chronic hypoxia, but it increases the capability
only in normoxic cells. This increased migration only in normoxia could be due to the fact that, as it
is described in literature, photon irradiation increases the expression of genes involved in EMT
transition, thus increasing the invasive/migratory capability of the cells in vitro (Lamouille et al.,
2014). Moreover, it was observed an increase of matrix metalloproteinases (MMPs) by photon
irradiation in normoxic condition, that contributes to degradation of connective tissue of the
Extracellular matrix, allowing the cells to migrate more. Such degradation was decreased under
hypoxia following irradiation (Wozny et al., 2021). These results support and could motivate the ones
obtained from our experiments.

Additionally, we compared the migration of the cells composing the spheres from the whole
population to the CD133+ sorted ones (Figure 30). We noticed an inverted trend in which normoxic
cells were migrating more compared to hypoxic ones, and no differences were observed comparing
the controls with the irradiated samples. However, since after the sorting the reoxygenation of the
samples was not avoidable, the overall migration results take into consideration the reoxygenation

factor and cannot be compared to the one of the full populations.

4.6 Hypoxia-induced expression of CD47

After we observed an increased migration ability in chronic hypoxia LMS cells, we wanted to
investigate whether this subpopulation of aggressive and high migratory cells express CD47, the “do
not eat me” signal that would confer them the ability to escape from the immune system detection,
once they move in blood circulation (Chen et al., 2022). Our experiment show that CD47 is
significantly increased under chronic hypoxia, while normoxia and acute hypoxia have no influence

on the expression of CD47 (Figure 31). Moreover, we observed that prolonged exposition to hypoxia
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influences the expression of the loading controls. To perform our Western Blot experiments we
always loaded the same amount of proteins (25ug) for all the conditions so that the housekeeping
gene would not vary. Even though we tried with different housekeepings (e.g: B -actin) we always
observed instability between the different conditions, with a decreased expression particularly under
chronic hypoxia. We found that hypoxia changes the expression of these housekeeping genes, and
we found confirmation in literature. Indeed, other authors report that hypoxia influences f-actin,
GAPDH and Histone H3 expression (Foldager et al., 2009; Turkoglu et al., 2012). Housekeeping
genes such as -2 microglobulin (B2M) are reported to be more stable under hypoxia (Caradec et al.,
2010), but also in this case we observed a variation in the expression in different conditions. Overall,
fromour in vitro experiments we can argue that the duration of hypoxia influences the behaviour of
the cells in stemness capacity, migration ability and clustering: our findings show that chronic
hypoxia not only increases cell mobility, ability to form clusters and decreases sphere area, but also
increases the expression of CD47. Such marker is fundamental for CTC-like formation (Lian et al.,

2019).

4.7 CTC isolation from mice blood

After we set up a protocol for characterizing CCSC-like cells in vitro, we wanted to investigate
whether we were able to find the same features in Circulating Tumor Cells isolated from the blood
of animals. CTCs are very useful tool to assess the aggressiveness of tumors and the subsequent
advancement of it in distant organs (Tanaka et al., 2013). Isolating living CTCs is a very complicated
procedure. In patients with advanced stage solid cancer, scientists reported the ability to isolate ~ 1
CTC per ten million white blood cells in a 7.5 ml blood sample (Alix-Panabieres et al., 2014).
Complexity of their isolation is also due to the fact that CTCs are the result of a subpopulation of
cells that derive from the primary tumor and that survive in the blood circulation being able to resist
to anoikis, thus rendering very low the capacity to detect them (Van der Toom et al., 2016). Authors
have successfully reported the ability to detect CTCs from the blood of mice already 1 week after
murine LMS osteosarcoma cell injection (Tanaka et al., 2013). Therefore, we injected the LMS cells
in C3H mouse models and we waited 28 days in order to allow the tumor and metastasis to form;
afterwards we performed CTC isolation from the blood, considering CD133 as the reference marker
used for the isolation, since we wanted to compare these results with the ones that we obtained in
vitro.

Photon irradiation is reported to increment the number of CTCs in blood, because of the damage that
radiation does to the blood vessels, thus releasing viable CTCs in circle (Tinganelli et al., 2020). For

this purpose, we compared animals not irradiated (sham controls) to the irradiated ones, to investigate
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further differences in the number of isolated CTCs (Figure 32). We assumed to notice a difference in
the number of cells between the sham controls and the irradiated ones, although we expected to detect
a low number of them overall, being CTCs present in a very low amount already in human blood
samples, that have a higher volume compared to the blood collected from mice. We noticed a high
amount of red blood cells in the samples, meaning that the protocol for blood cells removal was not
successful. Moreover, not being able to properly remove the blood cells from the samples, the CTC
identification was compromised. In conclusion, the CTC protocol that we tried to perform ex vivo

was not successful, and further trials need to be performed in order to optimize it.

4.8 IHC analysis of CD133 and CD47 expression in primary tumor and
metastasis

After mice were sacrificed, primary tumor and metastasis from the lungs were excised, collected and
maintained in culture. Having in mind that CD133 should be highly expressed in the primary tumor,
and that irradiation should stimulate the stemness in cancer cells, we wanted to investigate the
difference in the expression of CD133 comparing the controls, to the irradiated primary tumor and
metastasis, through a western blot analysis. Our results show that CD133 is expressed both in control
and in the irradiated samples of primary tumor and metastasis (Figure 33). The expression of this
marker does not vary among the different samples’ types: it seems to slightly decrease in irradiated
primary tumor (0.55-fold change) and slightly increase in the metastases (0.61-fold change) compared
to the control (0.59-fold change), even though the data are not statistically significant. Even if there
was no observable difference among the samples, its expression is relevant, because CD133 is the
initiator of tumor dissemination, as reported in literature (Liou., 2019). This marker expressed by
cancer stem cells is significant during the initial phases of metastatic cascade, when the cells that bear
stemness capacity detach from the primary tumor undergoing EMT transition and starting
intravasation (Irollo et al., 2013). Moreover, in vivo experiments performed on different tumor cell
lines were able to identify through immunohistochemical analysis, an expression of CD133 on the
primary tumor surface (Zhao et al., 2016). Once the cancer cells are able to invade the blood vessels,
intravasating and entering in the circulation, they acquire resistance to programmed cell death, and
they are able to evade from the immune system. Such ability is due to the expression of CD47, that
works as a “do not eat me” signal for the cells (Lian et al., 2019). At this stage, such cells are defined
as disseminating cells, that after extravasating from the blood vessels are able to disseminate to distant
organs in the body, thus generating metastases (Kang et al., 2013). In order to localize the signal of
these markers and to investigate the difference in their expression between primary tumor and

metastases, we performed an immunohistochemical analysis after collecting the organs from the mice
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(Figure 34). We expected to observe an increase of CD47 expression in the metastases, since this
marker starts to be expressed at a later stage of the metastatic cascade, while CD133 should be
expressed more in the primary tumor. Our results showed that CD133 reaches 20% of intensity in the
primary tumor, with a slight increase up to 30% in the metastasis, but overall showing no significant
differences between primary tumor and metastasis (Figure 34C). CD47 instead is less expressed in
the primary tumor compared to CD133, while in the metastasis is highly expressed and reaches up to
80% in signal intensity (Figure 34D). As expected, CD133 is more expressed in the primary tumor,
as it is the marker of cancer stem cells relevant in the first stages of the metastatic cascade. At this
stage, CD47 is not yet expressed because it appears later on during the cascade. Indeed, this “do not
eat me” signalling marker is highly expressed in the metastases, because metastases are originated by
cells that survive in the blood circulation also by escaping from the immune system detection and

disseminate to distal organs.

4.9 Conclusions

The primary objective of our study was to establish an in vitro protocol for identifying CCSCs-like
cells. With our initial experiments, we aimed to demonstrate an influence of hypoxia and radiation in
the selection of these subgroup of aggressive cells. We observed that U20S cells were not able to
migrate under hypoxia; moreover, such stressor together with photon irradiation was not showing any
effect on the cadherin switch of these cells, suggesting that U20S, being already differentiated cells,
did not possess stemness capacity and the phenotype similar to CCSCs. Our studies on murine
osteosarcoma LMS cells, instead, showed that hypoxia and radiation both contribute to increase the
stemness capacity of LMS, by allowing them to form more spheres and reducing them in size. Even
though they both display a contribution, they play a role at different steps of the metastatic cascade.
Photon irradiation is more involved in the first steps of the cascade and it plays a significant role
when combined to acute hypoxia: by increasing the cell ability to form spheres, it stimulates the
stemness capacity of the cells, thus conferring them an aggressive phenotype. Equally important, we
investigate the impact of hypoxia and radiation on CD47 expression, as highlighted by a study
demonstrating its contribution to augmented CD47 expression in vivo (Candas-Green et al., 2020).
This specific expression pattern becomes vital for tumor cells, allowing them to evade the anti-tumor
immune response, thereby fostering an environment that results in cancer progression (Rostami et al.,
2022). From our results, we observed that chronic hypoxia becomes relevant in later steps of the
metastatic process, increasing the migration of the cells and CD47 expression. Hypoxia also

influences, together with CD133, the number of cells expressing TrK B, meaning that there is a
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correlation between these two markers. In this study we identify, in vitro, a subpopulation of cells
that are positive for CD133, more radioresistant, are able to resist to anoikis (TrK B) and have the
capacity to evade the immune system control (CD47). These results suggest that hypoxia has a
relevant role in conferring to murine osteosarcoma cells, LMS, a Circulating Cancer Stem Cell-like
phenotype, with the two different conditions influencing different steps of the CCSCs formation. In
the second part of the experiments, we tried to correlate the results of the in vitro part with THC
analysis from mice tumor samples in vivo. The results obtained can be considered as a confirmation
that we were able to characterize cells with CCSC-like phenotype and that display an expression of
CD133 that is relevant in the beginning of the process and needed in order to start the isolation of the
subpopulation of cells responsible for metastases. Moreover, cells that already possess stemness
capacity by expressing CD133, also showed to express CD47 under stressors, going towards the real
selection of a subgroup of cells that display the same characteristics of Circulating Tumor Cells.
Indeed, we were able to find an increased expression of CD47 in the metastasis, which is the link

between the experiments performed in vitro and the IHC analysis in vivo.

In conclusion, our multifaceted study endeavors to shed light on the complex interactions between
radiation, hypoxia, and cellular responses, providing critical insights into the challenges and
opportunities in cancer treatment. This deeper understanding has the potential to pave the way for
innovative therapeutic strategies aimed at improving patient outcomes and enhancing the efficacy of

cancer therapies.

4.10 Future perspectives

From our current experiments it is clear the involvement of hypoxia in the selection of CCSCs-like
cells. Moreover, further experiments need to be performed considering different cell lines, to observe
whether they behave similarly to the LMS8 under such stressor conditions. In our experiments we
always used 1% O: for the hypoxic condition exposing the cells to it for one week and two weeks;
for future experiments could be useful to test new oxygen concentrations and exposure times.
Additionally, studies with particle radiation (e.g: carbon-ion) could be perfomed, based on
publications that confirm a relevant role of such radiation in reducing the amount of CCSCs in the
circulation (Tinganelli et al., 2020). Furthermore, since we were not able to isolate CTCs from blood
of mice, more experiments need to be performed to set up an efficient protocol for extraction. Once
able to isolate this subpopulation of cells, Next Generation Sequencing (NGS) studies could be

performed to study the panel of genes that are expressed in our cells of interest. Afterwards, an
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upregulation or downregulation of these genes can be done with siRNA vectors, to perform in vivo

metastases formation studies.
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APPENDIX

A List of abbreviations

BDNF Brain Derived Neurotrofic Factor
CCSCs Circulating Cancer Stem Cells

CSCs Cancer Stem Cells

CTCs Circulating Tumor Cells

DTCs Disseminated Tumor Cells

EC Extracellular Domain

ECM Extracellular Matrix

EMT Epithelial-to-Mesenchymal transition
HIF Hypoxia Inducible Factors

IC Intracellular Domain

ICC Immunocytochemistry

[HC Immunohistochemistry

MET Mesenchymal-to-Epithelial transition
MMPs Matrix Metalloproteinases

MSCs Mesenchymal Stem Cells

OER Oxygen enhancement ratio

OS Osteosarcoma

PHD Prolyl-hydroxylase domain

™ Transmembrane Domain

TrK B Receptor Tyrosine Kinase B
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B List of materials
B.1 Chemicals

Accutase (Sigma Aldrich)

BSA solution (PanReac Applichem)
Collagen type I (Enzo Life Sciences)
DAPI solution (Sigma Life Science)
Deoxycholic acid (Sigma Aldrich)
DMEM (Gibco)

Eosin solution (Roth)

FBS superior (Sigma)

Halt Protease Inhibitor (Thermo Scientific)
Hematoxylin solution (Merck)
Isolation Buffer (Invitrogen)
Methylenblue Solution (Merck)
Mytomicin-C (Sigma Aldrich)
Na-Fluorid (Sigma Aldrich)
Na-Orthovanadat (Alfa Aesar)

NaCl (Sigma Aldrich)

OCT compound (Sakura Finetek)
PBS Dulbecco (Sigma Aldrich)
Penicillin-Streptomycin (Pan Biotech)
PermaFluor mounting medium (Thermo Scientific)
PFA Solution (Roth)

Release Buffer (Invitrogen)

SDS (Applichem)

Sucrose solution (Roth)

Tris pH 8,0 (Roth)

Triton X-100 (Roth)

Trypsin-EDTA (Pan Biotech)
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B.2 Solutions, buffer and gels

3% BSA solution
1,5 g BSA
50 ml PBS

DAPI solution
lpg/ml in PBS

3.7% PFA solution
1 ml 37% PFA stock solution
10 ml PBS

1X RIPA buffer (for 2 ml)
200 pl 10x RIPA
20 pl 100x Halt Protease Inhibitor
10 pl Na-Orthovanadat (200 mM)
8 ul Na-Fluorid (500 mM)
1762 pl ddH>O

Running Buffer (10x)
30,3 g Tris
144¢g Glycin
10g SDS
1 L ddH20

10x TBS
87,7 g NaCl
12,1 g Tris
Adjust with SM HCI for pH 7,5
1 L ddH>O
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Transfer Buffer

Solution A (upper part):
0.3 M Tris
5% Metanol
Solution B (for the membrane):
25mM tris
5% Metanol
Solution C (bottom part):
40mM 6-aminocapron acid
25mM tris
5% Metanol

Western Blot Running Gel (10%)
4,7 ml ddH.O
5,4 ml Acrylamid 30%
6 ml Tris/HCL pH 8,8
0,162 ml 10% SDS
0,054 ml 20% APS
0,012 ml TEMED

Western Blot Stacking Gel
3,52 ml ddH,O
0,836 ml Acrylamid 30%
0,626 ml 1M Tris/HCI pH 6,8
0,05 ml 10% SDS
0,04 ml 20% APS
0,005 ml TEMED

73



B.3 Cell culture media

Complete medium

500 ml DMEM

50 ml FBS superior

5,5 ml Penicillin and Streptomycin

Cryo medium
19 ml DMEM

1 ml DMSO

B.4 Consumables

15 m1/50 ml tubes (Falcon)

5 ml polystyrene tube (Falcon)
Dynamag-2 magnet (Invitrogen)
Glass slides (Epredia)

Petri dishes 60 mm (TPP)

T25/T75 tissue culture flasks (Falcon)

Ultra low attachment 6-well plates (Greiner Bio-one)

B.5S Antibodies

Anti b-actin antibody (Sigma-Aldrich)

Anti GAPDH antibody (Sigma-Aldrich)

CD133 Prominin I (Abcam)

CDA47 Polyclonal Ab (Invitrogen)

E-cadherin monoclonal antibody (Invitrogen)
Goat anti-mouse antibody (BioRad)

Goat anti-rabbit antibody (BioRad)

HIF1a Polyclonal Ab (Bethyl laboratories)
N-cadherin monoclonal antibody (cell signaling)
Rhodamine Phalloidin (F-actin) antibody (Invitrogen)
TrK B antibody (Biorbyt)
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B.6 Kit systems

DAB Substrate kit (Pharminogen)

DC protein Assay Kit (BioRad)

DSB-X Biotin Protein labelling kit (Invitrogen)

Ultra-Sensitive ABC Peroxidase Rabbit igG staining kit (Thermo Fisher Scientific)

B.7 Devices

Beckman Coulter cell counter

CondoCell box (Baker Ruskinn)

Cryostat Leica CM1860 UV

CytoFLEX Flow Cytometer (Beckman Coulter)
Hypoxia working station InVivO2 400 (Baker Ruskinn)
Leica DMI 4000B Confocal microscope

Motic AE31 microscope

S3e Cell Sorter (BioRad)

X-ray tube

B.8 Softwares

GraphPad Prism 9

ImageJ 1.53t software (Java 1.8.0 345 64-bit version)
LASX 1.4.4

QuPath (0.3.0 version)
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