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ABSTRACT

Discovery and analysis of novel microRNAs playing a role in cancer dormancy.
Sahra Aras

Master of Science in Cellular and Molecular Medicine
August 2022

Recurrence after cancer treatment accounts for most cancer-related deaths.
Disseminated tumor cells can settle in tissues and organs in a quiescence-like state for
years or even decades. These quiescent cells are called dormant cells. Dormant cells,
when reactivated, form more aggressive and treatment-resistant tumors. Therefore, study
of cancer dormancy is very important from a basic science and a clinical perspective.
MicroRNAs (miRNAs) are non-coding RNAs playing crucial roles in gene expression
regulation. miRNAs generally interact with the 3' untranslated region (UTR) of the gene
their target mRNAs, and lead to their degradation or block their translation (3,4). The role
of microRNAs in dormant cancer cell behavior is not clear. In our lab, a Matrigel 3D cell
culture system was optimized as an in vitro model of cancer dormancy. To discover new
players in cancer dormancy using this system, miRNA Sequencing (miR-Seq), RNA
Sequencing (RNA-Seq) and proteomics analyses were performed. Comparison of miR-
Seq results of actively dividing cancer cells with their dormant counterparts revealed a
list of dormancy-associated novel miRNAs. As a result of the genetic manipulation of
two novel dormancy microRNAs in cancer cell lines, we demonstrated the importance of
the miRNAs for dormant cell behavior. Direct gene targets of the miRNAs playing a role
in the dormant phenotype were discovered. Study of dormancy-associated miRNAs will
allow a better understanding of molecular pathways of cancer dormancy and contribute

to the development of new diagnosis, follow-up, and treatment strategies.
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OZETCE

Kanser dormansisinde rol oynayan yeni mikroRNA'larin kesfi ve analizi.
Sahra Aras
Hiicresel ve Molekiiler Tip, Yiiksek Lisans
Agustos 2022

Kanser tedavisi sonrasi niiks, kansere bagli Sliimlerin ¢ogundan sorumludur.
Yayilmis tiimor hiicreleri, doku ve organlara yillarca hatta on yillar boyunca durgunluk
benzeri bir durumda yerlesebilir. Bu sessiz hiicrelere uyuyan (dormant) hiicreler denir.
Dormant hiicreler, yeniden aktive edildiginde daha agresif ve tedaviye direngli tiimorler
olusturur. Bu nedenle, kanser dormansisinin incelenmesi, temel bilim ve klinik a¢idan
cok oOnemlidir. MikroRNA'lar (miRNA'lar), gen ekspresyonunun diizenlenmesinde
onemli roller oynayan kodlanmayan RNA'lardir. miRNA'lar genellikle hedef mRNA'lar1
olan genin 3' ¢evrilmemis bolgesi (UTR) ile etkilesir ve bozulmalarina yol agar veya
cevirilerini bloke eder. Dormant kanser hiicresi davranisinda mikroRNA'larin rolii hentiz
yeterince anlagilmamistir. Laboratuvarimizda, bir Matrigel 3D hiicre kiiltiirii sistemi
kullanilarak, in vitro kanser dormansi modeli olarak optimize edildi. Bu sistemi
kullanarak kanser dormansisinde yeni oyunculari kesfetmek icin miRNA Dizileme (miR-
Seq), RNA Dizileme (RNA-Seq) ve proteomik analizleri yapildi. Aktif olarak bdliinen
kanser hiicrelerinin miR-Seq sonuglarinin uykudaki muadilleriyle karsilagtirilmasi, uyku
hali ile iligkili yeni miRNA'larin bir listesini ortaya ¢ikardi. Kanser hiicre dizilerinde iki
yeni dormansi mikroRNA'nin genetik manipiilasyonunun bir sonucu olarak, miRNA'larin
uyuyan hiicre davranigi i¢in Onemini gosterdik. Uyuyan fenotipte rol oynayan
miRNA'larin dogrudan gen hedefleri kesfedildi. Dormansi ile iligkili miRNA'larin
incelenmesi, kanser dormansinin molekiiler yolaklarmin daha 1yi anlasilmasini
saglayacak ve yeni tani, takip ve tedavi stratejilerinin gelistirilmesine katkida

bulunacaktir.
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Chapter 1:
INTRODUCTION

1.1  Hallmarks of Cancer

Cancer is still one of the biggest causes of human death today. Although early
diagnosis significantly increases the chance of treatment, the findings obtained in
advanced technology and cancer studies are insufficient to resolve the disease completely.
Various external factors such as smoking, air pollution, obesity, and cancer-causing
infections increase cancer incidence. The first application in cancer treatments is usually
surgical removal of the primary tumor and chemotherapy and/or radiotherapy. Many
recent studies have shown that immunotherapy and targeted therapy methods are
effectively in distinct patient groups. Thanks to advances in high-resolution diagnostic
tools, tumor ablation techniques, drug combinations, and targeted therapies, 5-year
survival rates for some types of cancer have been greatly improved. Despite all
technological advances, survival rates in patients with advanced cancer are still low. Drug
resistance can be counted as the leading cause of the spread of cancer cells to distant
tissues and organs and the formation of metastatic lesions. In other words, metastasis is

among the leading causes of cancer-related deaths.
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Figure 1:1 Hallmarks of Cancer.
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Identifying the mechanisms involved in the transformation of normal cells into
malignant cells is helpful in understanding the formation and progression of cancer and
why it is one of the leading causes of human death. Unlike normal cells, cancer cells
produce growth signals on their own, reducing or eliminating their dependence on
external stimuli. This is called self-sufficiency in growth signals. In addition, insensitivity
to growth-related suppressive signals occurs in cancer cells. Antiproliferative signals are
necessary to maintain homeostasis in normal tissue. Neoplastic cells overexpress growth-
stimulating factors, disrupting the mechanisms of the cell cycle. Thus, they can avoid
anti-proliferative signals (Hanahan and Weinberg 2000)

Programmed cell death allows cancer cells to continue to increase in number due to
their ability to avoid apoptosis. Normal cells have limited growth potential, but this
changes in cancer cells. This growth restriction, which is governed by telomere shortening
during cell division, is lost in cancer cells. Telomerase enzyme activity is high in cancer
cells so that they can have the potential to divide continuously (Hanahan and Weinberg
2000). In addition, epigenetic modifications can cause normal cells to turn into malignant
cells by reprogramming the gene network.

Due to the continuous division of cells, the increased need for nutrients and oxygen
is provided by the formation of new blood vessels (Hanahan and Weinberg 2000). Cancer
cells release pro-angiogenic signals, triggering the formation of new blood vessels.
Moreover, metastasis and invasion of cancer cells to distant organs account for the vast
majority of cancer-related deaths (Hanahan and Weinberg 2000). Therefore, invasion into
tissues, localization and continued tumor formation in distant organs are one of the
hallmarks of cancer. Changes that promote the epithelial-mesenchymal transition (EMT)
greatly contribute to the metastases of cancer cells. The integrity of normal tissues in the
body is tightly regulated by cell-cell and cell-matrix interactions. During the transition
from a normal cell to a cancer cell, epithelial cells lose critical epithelial markers (e.g., E-
cadherin, a-catenin) and may acquire mesenchymal cell-like properties by increasing the
expression of mesenchymal markers (e.g., N-cadherin and vimentin) (Dongre and
Weinberg 2019). EMT is regulated by transcriptional programs (e.g., ZEB1/2, Snail, etc.)
(Korpal et al. 2008; Nieto 2002). Thus, remodeling of epithelial junctions and
cytoskeleton increases the motility and invasive character of cancer cells (Chaffer et al.
2016). Motile and invasive, cancer cells penetrate the tissue extracellular matrix (ECM)

and spread through the blood and lymph vessels to the lymph nodes and secondary sites.

2



In metastatic sites, however, the establishment of this cell and metastatic growth requires
the reversal of this process, that is, the mesenchymal-epithelial transition (MET).

The loss of mechanisms necessary to maintain genome integrity also allows cancer
cells to reach their biological endpoint. (Hanahan and Weinberg 2011). Moreover, while
normal cells use oxygen to generate energy from glucose, cancer cells can switch to
aerobic glycolysis even in the presence of oxygen (Hanahan and Weinberg 2011). Cancer
cells survive by avoiding cytotoxic/T cells, natural killer cells. It has been reported that
certain inflammatory cells have a stimulating effect on tumor formation. It is thought that
inflammation may cause additional mutations in cancer cells and cause the release of
various molecules such as reactive oxygen species.

Avoidance of immune destruction is one of the distinguishing features during cancer
formation (Hanahan and Weinberg 2011). Increasing cancer studies emphasize the
importance of phenotypic plasticity and impaired differentiation in cancer cells in cancer
development (Hanahan 2022). Terminal differentiation is associated with a permanent
division arrest in normal cells. It appears to unlock the mechanism known as phenotypic
plasticity so that malignant cells can escape this differentiation and continue to grow. This
is essentially the mechanism by which normal cells activate to repair and regenerate
tissues. Thus, cells can become inclined to proliferate. The review, also suggested that
some of the various microorganisms found in the body may have protective or detrimental
effects on the progression of cancer development and response to treatment (Hanahan
2022).

The process of transformation of normal cells to malignant cells requires a sequential
and complex chain of events. In summary, this sequence of events includes cancer cells
gaining the ability to migrate and invade due to genetic and epigenetic modifications, then
pass into the circulation, survive in blood vessels and lymphatics, exit the circulation, and

adapt to the new environment (Figure 1.1).

1.2 Cancer Dormancy: A New Hallmark of Cancer

Despite the development of cancer therapy over the years, cancer recurrence is still
a critical problem for many cancer patients. The prolonged asymptomatic period before
relapse after treatment is clinically defined as cancer dormancy. In other words, it is the

state in which the disseminated cells/clusters of cells (disseminated tumor cells, DTC)



can remain in a state where death and proliferation are balanced (Holmgren, O’reilly, and
Folkman 1995; Karrison, Ferguson, and Meier 1999). Recurrence of cancer usually has
more aggressive and metastatic features. DTCs continue to evolve in new tumor niches
and often acquire different genetic and epigenetic signatures from the primary tumor.
Although the aggressive proliferation of DTCs can result in metastasis. This process has
been reported to take months or even years (Hiisemann et al. 2008; Magbanua et al. 2013;
Pixberg et al. 2017; Schardt et al. 2005). Studies have revealed that subgroups of pre-
cancer cells, namely cancer stem cells, are responsible for the disease's evolution,
progression and metastasis in many different tumor types (Bennett et al. 1978; Hager et

al. 1981).
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Figure 1:2 Schematic description of cancer dormancy.

Schematic description of cancer dormancy. Cancer dormancy is separated into tumor mass
dormancy and cellular dormancy. In tumor mass dormancy, the tumor growth is suppressed by
angiogenic factors or the immune environment. In the cellular dormancy model, one or more cells go into

dormancy independent of the primary tumor. (Yeh and Ramaswamy 2015).

Dormant cells (at least some of them) can reactivate and form metastatic lesions.
According to the literature, it has been observed that recurrent tumors are associated with
drug resistance and aggressive behavior. Many patients with the relapse of disease show
a very poor prognosis (Kobayashi et al. 2007).Therefore, cancer dormancy, as a
mechanism that plays an important role in tumor recurrence, has become the focus of
attention in recent years. Cancer dormancy is classified under two main headings. These

are tumor mass dormancy and cellular dormancy (Figure 1.2).
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1.2.1 Tumor Mass Dormancy

Tumor mass dormancy is the state of maintaining the tumor mass at a certain size by
keeping the death and proliferation of cancer cells in balance. Clinically no growth is
observed in the tumor mass, while some cancer cells in the tumor tissue continue to
divide, some cells die on the other hand. Therefore, no enlargement is observed in the
tumor mass. The balance in the growth of the tumor mass is explained by two different

mechanisms: Angiogenic Dormancy and Immunogenic Dormancy.

1.2.2  Angiogenic Dormancy

The formation of new blood vessels necessary for the growth of tumors was
introduced in the 1970s. As a result of many studies, the mechanism underlying
angiogenesis has been clarified. When the tumor expands beyond 1-2 mm, hypoxia is
induced by the increased expression of hypoxia-stimulating factor-1 (Hif-1) in the cells
due to the lack of oxygen in the environment. Pro-angiogenic factors are released by the
tumor. These factors trigger the formation of new vascular beds and the need for nutrients
and oxygen is met (Lee, Jeong, and Jang 2021; Naumov, Akslen, and Folkman 2006;
Semenza 2003). Before elucidating this regulation, an explanatory model of the clinical
undetectability of angiogenic changes associated with cancer formation for many years
was presented. Judah Folkman, one of the first pioneers of the model, suggested that small
tumors are kept under control by preventing the supply of new blood vessels, namely
angiogenic dormancy. (Folkman and Kalluri 2004). It has been shown that stained (with
endothelial cell markers) small or large tumors have well-organized vascular structures
in large tumors, while small tumors have few small vessels (Naumov, Bender, et al.
2006).This idea has been supported by the evolution of growing tumor masses using
mouse models of angiogenic dormancy (Aguirre-Ghiso 2007; Giuriato et al. 2006;

Indraccolo et al. 2006; Naumov, Akslen, et al. 2006).

1.2.3  Immunogenic Dormancy

The immune system's role in cancer development has been extensively studied
recently. Its role in cancer development and progression is a three-step process. The
immune system first recognizes cancer cells and eliminates, the stage is "elimination".

Next is the "equilibrium" stage, where the immune system takes control. At this stage,
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the growth of cancer cells cannot be eliminated entirely, only controlled. The third is
"escape" at this stage cancer cells escape from immune surveillance. In other words, the
message: "there's nothing wrong with this area." is given from the tumor to immune cells
through the signals. Therefore, the immune system becomes insensitive to the tumor.
(Dunn, Old, and Schreiber 2004; Teng et al. 2008).

Mouse studies on the elucidation of immunological dormancy have demonstrated
that innate and adaptive immunity can control a growing tumor (Farrar et al. 1999; Koebel
et al. 2007; Matsuzawa et al. 1991; Weinhold, Goldstein, and Frederick Wheelock 1979).
In a case study, two allograft recipients who received the presumed healthy kidney of an
organ donor who had been treated for melanoma 23 years ago, developed metastatic
melanoma 1-2 years after transplantation (MacKie, Reid, and Junor 2003). None of the
patients with declining cancer signs and symptoms and detectable anti-tumor Cytotoxic
T lymphocytes (CTLs) had a recurrence up to 74 months. On the other hand, 7 of 8
patients whose antitumor CTLs undetected recurred within 2-17 months after treatment.

In conclusion, it can be said that the recurrence rate of the disease is higher in such
patients when the immune system is compromised (Uhr and Pantel 2011). The regulation
of the immune system at the cellular level is still unknown, as it may play both inducing

and reducing roles in tumor development (Shiao et al. 2011).

1.2.4  Cellular Dormancy

Cellular dormancy is one of the most important issues that has not yet been fully
elucidated. In the cellular dormant state, cells stop at a particular stage in the cell cycle,
generally at GO/G1, and regulate all their signaling pathways and metabolisms to adapt
to the state of dormancy. This state of dormancy is a reversible event. Dormant cells can
re-enter the cell cycle and begin to divide again. It is an interesting question: if they keep
their ability to proliferate, or not?

The mechanisms underlying the maintenance of dormancy state and the re-
proliferation of the dormant cells after years, maybe decades, are still unclear today. In
this thesis, cellular dormancy was investigated. The lack of knowledge in the literature
makes the cellular dormancy more exciting and valuable. Technical inadequacies still
limit knowledge of this dynamic process, and it is still challenging to demonstrate and

characterize the existence of dormant cancer cells in vivo and in clinic.



In vivo Ki-67 or TUNEL staining can provide limited information. Moreover, the
growth kinetics of a single cell can be studied in experimental models through live-cell
imaging. In one study, in vivo video microscopy revealed that dormant cancer cells have
higher survival rates. Metastasis was detected in mouse models 11 weeks after injection
(Naumov et al. 2002). It has also been suggested that dormant cancer cells may resist
treatment. It was determined that there was an increasing of dormant cells after
chemotherapy in tumor tissue samples of patients with breast cancer after neoadjuvant
chemotherapy compared to pre-treatment. Although it is not yet known whether it is
induced by chemotherapy, it has been suggested that there is a direct relationship with the
treatment of the disease. As a result of the isolation and characterization of tumor cells
from the blood of patients, it has been shown that these cells have a limited proliferative
capacity (Miiller et al. 2005; Pantel, Brakenhoff, and Brandt 2008; Solakoglu et al. 2002).
In another study, in the analysis performed during chemotherapy in patients with initially
circulating tumor cell (CTC)-negative metastatic breast cancer; It was thought that KI-
67-negative CTCs emerged. These KI-67-negative cells circulating in the blood might be
resistant to treatment. In other words, the presence of KI-67 negative CTCs in these
patients was associated with disease progression and increased tumor markers (Miiller et
al. 2005).

Detection and characterization of dormant cells or micro metastases clinically is still
difficult. Limitations on detection of the dormant cells in patients complicate clinical
evaluations while at the same time limiting the investigation of underlying mechanisms.
Therefore, establishing in vitro models is important in revealing the fundamental
mechanisms of dormancy. Moreover, we consider that this complex phenomenon plays a
critical role in cancer development and disease progression and that new in vitro/in vivo
cancer dormancy models can be established by revealing the metabolic regulations that

occur at the cellular level.

1.2.5 Cellular Dormancy at Molecular Level

Cellular dormancy is defined by the arresting of cancer cell proliferation. This non-
proliferating but not dying state can continue for months or even years. No matter how
long the dormant state is, at least some cancer cells regain their ability to reactivate and

proliferate (Hadfield 1954; Sosa, Bragado, and Aguirre-Ghiso 2014; Yeh and



Ramaswamy 2015). Therefore, cellular dormancy is defined as a reversible mechanism.
It has been suggested that dormant cells are usually arrested in the GO-G1 phase of the
cell cycle. Therefore, these cells in a cellular dormant state lack proliferation (e.g., Ki67),
apoptosis (e.g., active caspases), and senescence (e.g., beta-galactosidase) markers
(Darzynkiewicz, Juan, and Srour 2004; Marlow et al. 2013; Spiliotaki et al. 2014).

Many molecules have detected changes in dormant cells that regulate the cell cycle.
For instance, cyclin-dependent kinase (CDK) inhibitors p27Kipl and p21Cipl/WAF1
have been shown to control the non-proliferative state in hematopoietic stem cells
dormancy (Zou et al. 2011). In another example, post-transcriptional regulation of Skp2,
a component of the SKP1, CULI, F-box protein (SCF) complex that includes p27Kipl
and p21Cipl/WAF1, has been reported to cause lymphoma cells to adhere to bone
marrow stromal cells and enter a dormant state (Lwin et al. 2007). It has been reported
that another factor responsible for the regulation of cellular dormancy state is the DREAM
protein complex. The complex consists of p130 or p107 (Retinoblastoma-like pocket
proteins), MuvB and E2F proteins. MuvB, a DREAM complex component, has been
reported as a key molecule in the transcriptional regulation of cell cycle genes (Sadasivam
and DeCaprio 2013). High levels of p130 in dormant cells have been shown to facilitate
DREAM complex formation and regulate its transcriptional effects (Sadasivam and
DeCaprio 2013; Schmit et al. 2007). In addition, high p107 expression levels were only
observed in proliferative cells. Some regulatory kinases (eg, DYRKIA and DYRKI1B)
have been shown to phosphorylate LIN52, a subunit of MuvB, and regulate the DREAM
complex during the transition to non-proliferative dormancy (Litovchick et al. 2011). In
addition, these kinases have been reported to stabilize p27Kipl, inducing cyclin D
conversion and further contributing to the non-proliferative state (Besson et al. 2006;
Deng, Ewton, and Friedman 2009)

Mitogen-activated kinase (MAPK) pathway is another pathway thought to play a
central role in regulating the dormancy state. Many factors associated with dormancy and
their receptors have been reported to maintain cellular dormancy by affecting the balance
between proliferative ERK1/2 and non-proliferative p38 MAPK. In different cancer
studies, including breast, prostate and melanoma cells, it has been shown that the
contribution of the p38 pathway to cancer dormancy is supported by cell cycle arrest
(Adam et al. 2009; Aguirre-Ghiso et al. 2003; Khaled et al. 2005). For instance, p38
kinases stimulated by TGF-B2/TGFBRIII have been reported to promote head and neck
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squamous cell carcinoma cell (HNSCC) dormancy in the bone marrow (Bragado et al.
2013)In another type of cancer TGF-B2 secreted from osteoblasts in the bone
microenvironment as a paracrine factor has been found to contribute to prostate cancer
dormancy through p38 activation (Yu-Lee et al. 2018). It has also been shown that
dormant cells secrete high levels of TGF-f2, forming an autocrine signalling cycle in
regulating dormancy. Supporting these results, TGF-B2 levels were low in proliferating
cells (Yumoto et al. 2016).

The urokinase plasminogen activator receptor (UPAR) pathway has been identified
as another pathway associated with cellular dormancy. In HNSCC, the status of uPAR is
directly related to the cells' capacity for dormancy in vivo. In this tumor type, the
interaction of uPAR with a5B1 integrin suppresses the activation of p38, resulting in the
formation of insoluble fibronectin fibrils. On the other hand, decreased uPAR levels were
found to be associated with a decrease in the activity of the ERK1/2 MAPK pathway
(Aguirre-Ghiso et al. 2001). Furthermore, low expression of uPAR has been shown to
facilitate in vivo dormancy state by inhibiting focal adhesion kinase (FAK)
phosphorylation and subsequent Src activity (Aguirre Ghiso 2002; Litchfield et al.
2012).The mechanisms involved in FAK and Src have also been studied in the breast
cancer dormant state, in addition to the HNSCC model. Induction of Src after
CXCL2/CXCR4 signalling is associated with prolonged survival of DTC in the bone
marrow microenvironment via the phosphoinositide 3-kinase (PI3K)/AKT pathway. It
has been reported that this cellular dormancy induced by Src is specific to the bone
marrow, and the decrease in Src expression has no effect on lung metastases (Gao et al.
2019).

Bone morphogenetic proteins (BMP) have been reported to regulate cellular
dormancy through tumor-stroma interactions. Research on prostate cancer has revealed
that BMP7 regulates the dormancy of prostate cancer cells by affecting the cancer stem
cell population. It has been understood that this effect is due to the activation of
dormancy-related signalling components such as p38, p21 and the metastasis suppressor
NDRGI1 following BMP receptor 2 (BMPR?2) expression. Another study revealed that

bidirectional communication between tumor cells and stroma is important for dormancy.
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Figure 1:3 Some revealed cellular dormancy pathways.

Cellular dormancy is governed by both internal and external factors. Pathways such as RAS-
ERK/MAPK, PI(3)K-AKT are directly related to the cell cycle. Integrins play a role in transmitting
signals from the ECM into the cell. Signals from the ECM are critical in cellular dormancy. The
uPAR/p38 pathway may play a role in the transition of the cell to dormancy through downregulation of
the MAPK pathway associated with dormancy (Yeh and Ramaswamy 2015).

It has been reported that dormant prostate cancer cells secrete SPARC, a factor that
contributes to maintaining the dormant phenotype by stimulating BMP7 expression in
bone marrow stromal cells (Sharma et al. 2016). Another BMP protein, BMP4, has been
studied in the context of breast cancer. High levels of BMP4 expression are associated
with breast cancer cells entering a dormant state in the lung. Dormancy has been
associated with the activation of ALK2/3 and SMADI/5 signalling pathways
(Holtzhausen et al. 2014). In the same system, DANDS, an extracellular BMP antagonist,
has been shown to inhibit BMP4-assisted dormancy and promote cell proliferation (Gao

et al. 2012).
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Dormancy-associated signalling pathways have been reported to be involved in some
gene regulatory programs. For instance, the transcription factor BHLHE41 is responsible
for the p38-regulated sleep state in HNSCC (Adam et al. 2009) In another study,
BHLHE41 and NR2F1 were identified as key factors promoting dormancy in ER-positive
breast cancer in an in vivo xenograft mouse model (Kim et al. 2012). The importance of
BHLHE41 in breast cancer dormancy was also demonstrated in a 3D bone endosteum
model containing bone marrow-derived stromal cells and endothelial cells (McGrath et
al. 2019). Nuclear Receptor Subfamily 2 Group F Member 1 (NR2F1) is a transcription
factor belonging to the NR2F family of cancer-associated transcription factors (Litchfield
et al. 2012). Dormant cancer cells have been shown to have high expression levels of
NR2F1 compared to their proliferating counterparts (Gao et al. 2019; Sosa et al. 2015).
In addition, elevated NR2F1 and TGF-B2 expression have been identified as a signature
of dormancy in prostate cancer DTC (Sosa et al. 2015). It has been reported that the
expression of SOX9, a gene regulated by p38, is directly controlled by NR2F1-binding
sequences located in the promoter region. The dormancy-associated NR2F1-SOX9 axis
is regulated by microenvironment-derived retinoic acid (RA) signalling and RARS. In
addition, it has been reported that NR2F1 triggers cell cycle arrest by regulating the
expression of CXCL12 and its receptor CXCR4 in salivary adenoid cystic carcinoma cells
(Gao et al. 2019).

Some receptor tyrosine kinases, including TYRO3, AXL, and MER, have been
reported to play an essential role in dormancy in certain types of cancer. For example,
stimulation of AXL or TYRO3 receptor kinases by GAS6 secreted from osteoblast cells
contributed to the metastatic dormancy of prostate cancer cells in the bone marrow
(Shiozawa et al. 2010; Taichman et al. 2013; Yumoto et al. 2016). In another study, the
binding of GAS6 and MER in lymphoblastic leukemia cells was shown to induce
dormancy (Shiozawa et al. 2010). It has been reported that the Wnt pathway is involved
in controlling dormancy in a stimulus-dependent manner although it is generally thought
to be a pathway involved in cancer spread and metastasis (Buczacki et al. 2018; Harper
et al. 2016; Ren et al. 2019). For example, DKK1-dependent suppression of Wnt3a
signalling has been shown to cause cell growth arrest and enter dormancy (Malladi et al.
2016). On the other hand, it was shown in another study that Wnt5a pathway stimulation

may be responsible for the dormant state of prostate cancer cells (Ren et al. 2019).
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The literature generally shows that several cytokines, growth factors, some signalling
pathways, kinases, and transcription factors are associated with dormancy. In studies of
cancer dormancy, breast cancer has mostly been used as a model (Ramamoorthi et al.
2022). However, studies in recent years have shown that cancer cells go into dormancy
in models of head and neck cancers, ovarian, prostate, colon cancers, melanoma,
osteosarcoma and blood cancers (Akkoc et al. 2021). As the knowledge about dormancy
increases, it becomes clear that there are cancer-specific and metastatic target tissue-

related pathways besides the main dormancy pathways.

1.2.6 Autophagy and Cancer Dormancy

Autophagy has different roles in different stages of cancer. Therefore, the
relationship between them is complex. In the early stages of tumor development,
autophagy suppresses cell division by preventing genomic instability, thus acting as a
tumor suppressor (Gozuacik and Kimchi 2004). This suppressive effect in the early stages
may change throughout the progression of the disease. The term autophagy comes from
the ancient Greek autdphagos meaning "self-eating”. Many of the findings at the
molecular level have been made in yeast (Saccharomyces cerevisiae). 32 different
autophagy-related genes (ATG) have been discovered in yeast by genetic screening.
Autophagy responds to various environmental changes such as starvation and pathogen
infections. Autophagy is constitutively active at a low level and contributes to
intracellular homeostasis (Mizushima and Komatsu 2011). Autophagy plays a critical role
in physiological events in the cell. Therefore, autophagy is associated with many diseases
such as neurodegenerative diseases and cancer. (Galluzzi et al. 2017). Three different
types of autophagy have been identified: macro-autophagy, micro-autophagy, and
chaperone-mediated autophagy. In all three types of autophagy, Lysosome has a role in
proteolytic degradation of cytosolic components.

Macroautophagy transports cytoplasmic cargos to the lysosome via a double
membrane-bound vesicle called the autophagosome. As a result of the fusion of the cargo
with the lysosome, an autolysosome is formed. It is the main autophagy mechanism in
the cell. In micro-autophagy, cytosolic components are directly taken up into the
lysosome. In chaperone-mediated autophagy, target proteins form complexes with

chaperone proteins. This complex is recognized by the lysosomal-associated membrane
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protein 2A receptor (LAMP-2A) located on the lysosome membrane and degradation
occurs (Saftig, Beertsen, and Eskelinen 2008).

1.2.7 Mechanism of The Machinery of Autophagy

Autophagy/Macroautophagy is the fusion of autophagosomes with a bilayer
membrane structure containing mainly cytoplasmic material with lysosomes (Weidberg,
Shvets, and Elazar 2011). The formation of autophagosomes consists of three stages:
initiation and phagophore formation; nucleation and engulfment of cytoplasmic material
by the phagophore; elongation of the phagophore membrane and formation of the
autophagosome (Cheng et al. 2013).

Phagophore membrane formation is known as pre-autophagosomal structure (PAS)
in yeast. However, it is observed that phagophore membranes in mammalian cells are
mainly in dynamic equilibrium with cytosolic membrane structures such as trans-Golgi
and late endosomes and deplete the nuclear membrane under limited conditions (Axe et
al. 2008; Mizushima 2007; Mizushima and Klionsky 2007).

The initiation phase of autophagosome formation begins with the assembly of the
ULK1-Atg13 complex and beclin1-class III PI3K complexes. Atgl kinase activity, which
complexes with Atgl3 and Atgl7, is required for phagophore formation in yeast. This
kinase regulates Atg9, a transmembrane protein that may function in lipid uptake into the
expanding phagophore (Klionsky 2007; Kundu and Thompson 2005; Simonsen and
Tooze 2009). This step is regulated by the TOR kinase, which phosphorylates Atgl3,
preventing its interaction with Atgl (mammalian homologue Ulk-1). The TOR protein is
a protein kinase that plays a critical role in the initiation of autophagy, which is sensitive

to growth factors and nutrient availability (Diaz-Troya et al. 2008).
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Insulin or similar growth factors can activate the PI3K-Akt pathway by preventing
the formation of the TSC1/2 protein complex with mTOR activation (Cheng et al. 2013).
Vesicular protein sortin 34 (VPS34), one of the classes III PI3Ks, is involved in various
membrane sorting processes in the cell but is selectively involved in autophagy when
complexed with other regulatory proteins such as Beclin-1 (Backer 2008) VPS34 is the
PI3 kinase required for producing phosphatidyl inositol triphosphate (PI3P), which is
required for phagophore elongation and attachment of other Atg proteins to the
phagophore. The interaction of Beklin-1 with VPS34 increases its catalytic activity and
increases the level of PI3P (Xie and Klionsky 2007).
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Figure 1:4 Schematic representation of autophagy mechanism
(Gozuacik et al. 2017).

Two conjugated systems are required for prolongation and closure of autophagosome
formation. One of them is the processing of LC3 by Atg5-Atgl2 conjugation. Atg7 binds
to glycine at the carboxyl terminus of Atgl2. Atgl?2 is activated by ATP hydrolysis and
transferred to Atgl0. The C-terminal glycine of Atgl?2 is covalently linked to the inner
lysine residue of Atg5 to form the final conjugate. Atg5-Atgl2 conjugates interact non-
covalently with Atgl6 (Mizushima, Noda, and Ohsumi 1999). The Atgl2-Atg5-Atgl6
complex fuses with phagophores and dissociates when autophagosome formation is
complete (Yorimitsu and Klionsky 2005).

The second conjugation system includes the cleavage of Atg8 and its covalent
modification with lipids (Ichimura et al. 2000). In yeast, the cysteine protease Atg4
cleaves near the glycine residue at the carboxyl terminus of Atg8. It is then activated by

El-like Atg7. The E2-like is transferred to Atg3 and finally conjugated with
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phosphatidylethanolamine (PE). This complex is transported to the lysosome/vacuole and
degraded along with the cargo.

Mammalian cells have at least three Atg8 homologues. These are Golgi-associated
16 kDa ATPase enhancer (GATE-16), y-aminobutyric acid type A receptor-associated
protein (GABARAP), and microtubule-associated protein 1 light chain 3 (MAPI1LC3).
All these proteins are modified by lipid in mammalian cells as in yeast (Kabeya et al.
2004).

LC3B undergoes proteolytic cleavage by Atg4 from the glycine residue at the
carboxyl terminus to form LC3B-I upon induction of autophagy. It is activated by Atg7,
dependent on ATP. Active LC3B-I is transferred to Atg3. PE is added to the carboxyl
glycine to form LC3II-B. The inclusion of LC3B-II in the elongating phagophore
depends on the Atg5-Atgl2 complex. LC3B-II, located on the inner and outer surfaces of
the autophagosome, plays a role in the hemifusion of the membranes and the selection of
cargos to integrate for degradation (Barth, Glick, and Macleod 2010). Expression and
processing of LC3 are increased during autophagy. Therefore, it is one of the crucial
markers of autophagy (Barth et al. 2010). In addition, LC3-II remains in mature
autophagosomes until fusion with lysosomes is complete. Thus, autophagosome fusion
with lysosomes can be assessed by labelling LC3 and LAMP1 (Weidberg et al. 2011).

The p62/SQSTMI1 complex, a ubiquitin binder, binds to LC3 via its specific
sequence motif and degrades ubiquitinated proteins by the autophagic process to ensure
their degradation in the lysosome (Pankiv et al. 2007). P62/SQSTM1 prominently
accumulates when autophagy is suppressed. In contrast, p62/SQSTM1 is reduced when
autophagy is activated; therefore, p62 is frequently used as an autophagic marker
(Klionsky 2007). Protein-protein interactions with molecules associated with LC3 are
thought to provide specificity in cargo selection. For example, GABARAP undergoing
similar processes is localized with LC3-II in the autophagosome (Ichimura et al. 2000).

The next step in autophagy is fusion with the lysosome to form the autolysosome
(Mizushima 2007). Several studies have shown that the autophagosome fusion with the
early and late endosomes transports cargo before fusing with the lysosome. It also
provides components of the membrane fusion machinery and lowers intravesicular pH
before the delivery of lysosomal acid proteases (Eskelinen 2005).

In the autolysosome, which is formed by the autophagosome fusing with the

lysosome, the cytoplasmic material is degraded by hydrolytic enzymes. Monomers
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required for intracellular metabolism are given to the cytoplasm for use, while the
remaining molecules are released by exocytosis to extracellular matrix (ECM) (Cheng et

al. 2013).

1.2.8 Autophagy in the Context of Cancer Dormancy

Studies have shown that autophagy has important roles in cancer formation and
progression, such as cell survival, drug resistance, and metastasis (Cianfanelli et al. 2015;
Lazova et al. 2012; Mortensen et al. 2011; Mowers, Sharifi, and Macleod 2017; Yang et
al. 2014). Therefore, autophagy is also thought to be important for cancer dormancy.
However, the effects of autophagy on dormancy and the molecular mechanisms are still
not well known today. Independent studies have shown that autophagy is active in non-
proliferating dormant cancer cells and is in a reversible state. It has been shown that cells
die when active autophagy is inhibited by chemical methods such as chloroquine (Gupta
et al. 2010). In a study with gastrointestinal stromal tumor cells, it was shown that cell
cycle arrest caused by the accumulation of the cell cycle inhibitor p27 causes a dormancy-
like state in cells. It has been observed that autophagy is active under these conditions.
Different studies revealed that the inhibition of autophagy causes the death of dormant
cells. Accordingly, it shows that dormant cells are more sensitive to autophagy inhibition
than proliferating cells (La Belle Flynn et al. 2019; Lu et al. 2008; Vera-Ramirez et al.
2018). DIRAS3 is a tumor suppressor whose expression level is decreased in breast and
ovarian cancer. It has been demonstrated in a study that autophagy is induced when
DIRAS3 is re-expressed in cancer cells (Lu et al. 2008). Interestingly, the expression of
DIRAS3 in vivo has been shown to induce cancer cells into a dormancy-like phenotype.
In a study in ovarian cancer xenografts, re-expression of DIRAS3 with an inducible
system was found to induce autophagy and inhibit tumor growth, leading to dormancy.
(O’Reilly et al. 1996; Washington et al. 2015). Studies have shown that autophagy is
downregulated in proliferating metastatic cancer cells, but autophagy is required during
the transition from dormant to re-proliferation (Agbi et al. 2018; Vera-Ramirez et al.
2018).

Activation of autophagy is also regulated by AMP-activated protein kinase (AMPK).
AMPK is an energy sensor for the cell; it detects the energy need of the cell according to

the AMP/ATP ratio in the cell and provides various regulations according to the
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environment under the conditions of the cell. AMPK activation causes activation of
TSC2. TSC2 inhibits mTOR signaling by interfering with the activation of RHEB, which
is necessary to activate mMTORCI1, thereby activating autophagy. A dormant cell has low
ATP levels. Various studies have shown that AMPK is active in dormant cells. (Ornelas
et al. 2016; Peart et al. 2015; Yu-Lee et al. 2018).

Lastly, when cancer cells are dormant, their mitochondria are targeted by autophagic
degradation (La Belle Flynn et al. 2019; Vera-Ramirez et al. 2018). Therefore, activation
of dormant autophagy may be associated with mitophagy and non-selective autophagy.
However, its relationship with cancer dormancy, selective autophagy and mitophagy has

not been sufficiently clarified.

1.2.9 Metastasis, Invasion and Cancer Dormancy

As mentioned in the previous sections, most cancer-related deaths are due to the
spread of the disease to the whole body by passing to the metastatic stage (Luo et al.
2020). The metastatic process is multistage. Briefly, this process begins when the
metastatic cancer cell enters the circulation (intravasation) due to invasion from the site
of the primary tumor. CTCs can survive in the bloodstream. Moreover, these cells
extravasate to the target organ and settle and proliferate to survive (Lambert,
Pattabiraman, and Weinberg 2017). These cells are called DTC. In fact, a small amount
of these cancer cells can migrate to distant tissues and colonize (Risson et al. 2020).

Cancer cells reach invasive and metastatic properties through the epithelial-
mesenchymal transition (EMT), that is, the loss of epithelial properties and their
acquisition of mesenchymal properties. Cancer cells need to release various proteases into
the matrix for their intravasation. Cancer cells with invasive potential can invade

surrounding tissues (Lambert et al. 2017).
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Adhesion of CTCs to endothelial cells in blood vessels is the first stage of
extravasation. After this migration of cancer cells, it will be found in the dormant or
proliferative form. The dormant state of these cells may contribute to their survival. The
dormant state of the primary tumor is the state in which the cells are quiet at the molecular
level to survive. These cells can be in proliferative or quiescent state depending on
environmental conditions and intracellular regulations (Crea et al. 2015; Galvao et al.

2014).
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Figure 1:5 Schematic representation of the metastatic cascade.

The metastatic process is multistage that begins when the metastatic cancer cell enters the
circulation (intravasation) due to invasion from the site of the primary tumor. CTCs can survive in the
bloodstream. Moreover, these cells extravasate to the target organ and settle and proliferate to survive

(Fares et al. 2020).

Metastatic dormancy terminology is also used in the literature. This refers to dormant
DTCs while adapting to the microenvironment in the bloodstream or in the organ to which
they metastasize (Risson et al. 2020). In the clinic, metastatic dormancy may be an
indication of tumor recurrence. Another terminology, treatment-induced dormancy,

describes the state of cancer cells entering a dormant state to evade the anticancer drugs
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used to treat patients. Anticancer drugs used in the clinic mostly aim to kill cancer cells
by targeting continuously dividing cells. Since the dormant cells are in the stationary
phase, they can develop resistance to drugs (Damen, van Rheenen, and Scheele 2021).
Breast cancer cells detected in the bone marrow after treatment have been associated with
a poor disease prognosis (Braun et al. 2005; Drageset et al. 2006; Hall et al. 2012; Janni
et al. 2011). Therefore, the characterization of dormant DTCs is extremely important for
the follow-up and progression of the disease.

A study revealed that NR2F1 could be used as a dormancy marker. It has been
reported that patients with NR2F1-high DTCs do not have bone metastases for a longer
period compared to patients with NR2F1-low DTCs (Borgen et al. 2018). The small
number of studies in the literature reveals the lack of knowledge in this area. The
elucidation of the complex mechanisms of tumor dormancy is crucial for both basic

scientists and clinicians.

1.2.10 Tumor Microenvironment and Dormancy

Integrins are a family of heterodimeric transmembrane receptors that transmit signals
from the ECM into the cell. Integrins are involved in various response mechanisms such
as proliferation, survival, or cell motility. In a study, it was revealed that integrin signaling
plays a role in inducing cellular dormancy. (Aguirre-Ghiso, Ossowski, and Rosenbaum
2004; Barkan et al. 2008; Dey-Guha et al. 2015; Shibue and Weinberg 2009; Weaver et
al. 1997; White et al. 2004). In a study, it was shown that when HMT-3522 breast cancer
cells were cultured with a B-1 integrin inhibitor in the three-dimensional basement
membrane, they formed acini morphology, stopped their growth, and phenotypically
differentiated. It was observed that the phenotype was reversed when the given inhibitor
was withdrawn (Weaver et al. 1997).

The reduction in B-1 integrin signaling appears to induce proliferative cells to
transition to a quiescent state in the cell cycle. PTK2/FAK is a cytosolic tyrosine kinase,
also known as focal adhesion kinase. (Weaver et al. 1997). -1 integrin signaling relies
on PTK2/FAK phosphorylation. The mouse mammary tumor virus (MMTYV) transgenic
mouse model is an in vivo model of human breast cancer with impaired integrin function
using the Cre/LoxP1 system. As a result of the complete reduction of the B-integrin signal,

it was observed that the decrease in the phosphorylation of PTK2/FAK tyrosine caused
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the inhibition of cell proliferation and the arrest of tumor growth (White et al. 2004) In
correlation with these results, increased -1 integrin signaling may reintroduce dormant
cancer cells into the cell cycle. In one study, it was revealed that cell growth was
associated with the presence of fibronectin-1, and B-integrin signaling was dependent on
the phosphorylation of the myosin light chain complex (Barkan et al. 2008). D2A1 and
D2.0R mouse mammary carcinoma are high-grade metastatic cell lines. In a study using
these cells, it was demonstrated in an in vivo model that their metastatic spread is
dependent on collagen I/ B-1 integrin signaling. (Barkan et al. 2010).

Proliferation in cancer cells is provided by the regulation of the AKT pathway by -
1-Integrin/FAK signaling. B-1 Integrin-FAK signaling has been shown to regulate
heterogeneous growth in vitro in human breast cancer and HCT-116 colon cancer cell
lines. It is regulated by preventing the degradation of cytosolic AKT1 levels by
proteasomal degradation. Studies have shown that knockdown of -1 integrins
significantly inhibits the division of metastatic D2 cells. Based on these results, -1
Integrin signaling can be considered somehow specific for cellular dormancy. (Barkan et
al. 2008; Shibue and Weinberg 2009).

Current findings reveal that the relationship of the cell with its microenvironment
play an important role in elucidating cellular dormancy mechanisms. Recently, increasing
tumor-niche interaction studies have shown that dormancy-promoting niches of cells
express thrombospondin, fibronectin, collagen and B-1 integrin, which interact with ECM
proteins in tumor cells (Ghajar et al. 2013). It has been shown that TGF- 1 and periostin,
ligands of different integrin types, are secreted in niches where cellular proliferation is
supported. Local secretion of osteopontin, another integrin ligand, has been shown to
promote dormant behavior (Boyerinas et al. 2013).

All studies reveal how the interaction of cancer cells with the ECM plays a role in
various cellular regulations. The dormant behavior that occurs at the cellular level may
be directly related to the environment of cancer cells. Although more cancer dormancy-
niche studies are still needed today, the data are of great importance for our understanding
of cancer dormancy, the impact of factors in the microenvironment on disease

progression, and the finding of new therapeutic targets.
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1.3  Lung Cancer

Today, lung cancer is still one of the most common types of cancer diagnosed
worldwide and one of the leading cancer-related deaths. Besides, lung cancer is one of
the most critical health problems in Turkey. It is the most common type of cancer in men
with a rate of 70.6 per 100,000 in Turkey and is among the top 5 cancers in women (9.8
per 100,000) (T.R. Ministry of Health, Health Statistics Yearbook, 2018).

Clinically, lung cancer is a heterogeneous disease according to its pathological
features. 85% of patients diagnosed with lung cancer are classified as non-small cell lung
cancer (NSCLC) and 15% as small cell lung cancer (SCLC). Staging is important to
determine the treatment method for lung cancer. Stage I is the early stage for NSCLC
patients, and the S-year survival is 80%. For Stage Il and Stage III, the 5-year survival
rate of the disease is 13-60%. (Thai et al. 2021).

Adenocarcinomas in the NSCLC class are the most common type, followed by
squamous cell carcinomas (Parker and Cox 2020). Large cell carcinoma (LCC, LCLC) is
seen in less than 5% of patients diagnosed with NSCLC. Molecular characterization of
these tumors is more complex. LCC is not a distinct histological subtype of NSCLC,
because it has subtype features of adenocarcinoma or squamous carcinoma. It is seen as
the undifferentiated form of squamous carcinoma and adenocarcinoma. Distal growth is
observed in adenocarcinomas while squamous carcinomas develop and grow in the center
of the lung.

Relapse of the disease is quite common, including in patients with early-stage
NSCLC. It has been shown that 30-60% of early-stage patients develop recurrence in
local or distant tissues. (Maeda et al. 2010; Winton et al. 2005). Although both NSCLC
subtypes have similar metastatic profiles, adenocarcinomas have a higher metastasis
potential than squamous carcinoma. The site of metastasis depends on the histology and
genomic profile of the primary tumor. (Paik et al. 2016; Shih et al. 2020). Brain (12-47%),
liver (7-22%), bone (16-39%) are the regions where NSCLC cells metastasize (Hess et
al. 2006; Oikawa et al. 2012; Riithimiki et al. 2014; Shih et al. 2020). Although many
studies have been done on lung cancer in the last decade, treatments are for patients in

the early stages. There are ongoing challenges to medicine and treatment today.
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A. Lung cancer are classified as non-small cell lung cancer (NSCLC) and 15% as small cell lung cancer
(SCLC). B. Adenocarcinomas in the NSCLC class are the most common type, followed by squamous cell

carcinomas. C. The frequencies of common mutations in NSCLC (4064 patients with metastatic NSCLC)

Although clinical data show that the dormancy of lung cancer cells contributes to the

recurrence of lung cancer (Demicheli et al. 2012), the study on the subject is insufficient.
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In addition, the mechanisms of dormancy and recurrence of lung cancer have not yet been
clarified. The high recurrence rates and the high mortality of the disease, as well as
insufficient knowledge about the subject, make it valuable to examine drowsiness in lung

cancer.

1.3.1 Cancer Dormancy in Non-Small Lung Cancer

Clinical data indicate that lung cancer can go dormant as in many other types of
cancer. Demicelli et al. investigated the recurrence rates of NSCLC lung cancer in a
retrospective study of 1506 patients. It has been observed that distant metastases may
peak, especially in the 2nd and 4th years after the surgical treatment of the primary tumor.
It reveals similar results to the data of breast cancer patients. These results indicate that
NSCLC lung cancer cells can go into dormancy to wake up years later (Demicheli et al.
2012).

The dormancy state is commonly observed in experimental models of lung cancer.
In many studies by Judah Folkman, it has been observed that many micro metastases that
are not actively dividing, as well as lung metastases that occur after subcutaneous
injection of cancer cells in the mouse Lewis lung cancer experimental model (Naumov,
Akslen, et al. 2006; Naumov, Folkman, and Straume 2009). It has been suggested that
treatment with an angiogenesis inhibitor in mice leads to an increase in dormant micro
metastases (Holmgren et al. 1995). In the study, inhibition of angiogenesis using the
VEGF-A2 inhibitor bevacizumab was shown to induce prolonged dormancy of brain
metastases of the PC14-PE6 human NSCLC cell line. (Kienast et al. 2010). Activation of
microglia around lung cancer brain metastasis cells in brain biopsies and observed that
microglia kill cancer cells in vitro, suggesting that the microglia-lung cancer relationship
may contribute to dormancy (He et al. 2006).

Few studies with lung cancer models provide limited findings on the molecular
mechanisms of observed dormancy. In a study with A549 and H460 human and Lacun3
mouse lung cancer cells, it has been observed that establishing spheroid tumor cell
cultures puts the cells into a state of quiescence-like seen in stem cells, reduces the
number of primary tumors and metastases occurring after injection into mice (Bleau et al.
2015). It was observed that the amount of p27 was higher in the cells grown as a spheroid

culture at the molecular level compared to the actively dividing cells, and the phospho-
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ERK levels decreased significantly (hence reduced pERK/p38 ratios). All these data
indicate that lung cancer cells are dormant in spheroid cultures.

Two independent studies point to the association of lung cancer sleepiness with p53.
In a study with A549 and H460 cells, they examined the dormancy-inducing effects of 5-
fluorouracil (5-FU) (Dai et al. 2016). Cells that do not die after treatment with 5-FU
undergo EMT-like changes and express stem cell markers. DNA damage by 5-FU led to
p53 activation in dormant cells, APC/C-dependent cyclin degradation, and thus cell cycle
arrest in the GO-G1 phase. In these conditions, p21 and p27 levels were also increased. It
has also been shown that TGF-/Smad2-slug signal activation in cells exposed to 5-FU
is important in the transition to EMT (Dai et al. 2016). In a study with A549, H1299,
H460 and H3122 lung cancer cells, they showed that EGFR inhibitors (BIBX or erlotinib)
reduced cell growth and caused p53-dependent G1 cell cycle arrest, especially when used
with ionizing radiation (Kienast et al. 2010). They showed that G1 arrest in lung cancer
cells depends on p21 expression stimulation by p53. It was observed that removal of
BIBX or erlotinib after the treatment caused cells to exit from their dormant state. No

other study examining dormancy in lung cancer cells could be found in the literature.

1.4  MicroRNAs as Regulator Molecules

MicroRNAs (miRNAs) are single-stranded small RNAs that are transcribed from
DNA and play a role in regulating the expression of genes in the cell. They are usually
18-22 nucleotides in length. It regulates gene expression by causing "seed" sequences to
interfere with messenger RNA (mRNA)'s translation or binding to the ribosome, usually
by interacting with 3'-ended (rarely 5') mRNA transcripts (Cai et al. 2009; Wahid et al.
2010). As a result of genetic analysis, it was revealed that 60% of the entire human
genome consists of regions that could be potential miRNA targets. Therefore, miRNAs
are thought to be of great importance in the transcription profiles of cells. (Leclercq,
Diallo, and Blanchette 2017). Numerous studies conducted to date have revealed that
miRNA expression has a critical role and causes remarkable changes in various diseases,
especially cancer, and (Di Leva and Croce 2013). In line with these studies, examining
miRNAs in diagnosis, treatment and elucidation of molecular arrangements has become

even more important.
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1.4.1 MiRNA Biogenesis

MiRNAs can be found on the genome in intron regions (intronic) and within the gene
(intergenic). Polycistronically transcribed genes, i.e., miRNA clusters within the same
gene can be regulated by common transcription factors. The expression of intragenic

miRNAs is coordinated chiefly with the location of the miRNA in the gene.
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(Gozuacik et al. 2017)

The first form of miRNA transcribed in the cell nucleus is called pri-miRNA. pri-
miRNA transcripts have a unique hairpin structure. This structure enables miRNAs to be
recognized by some specific miRNA binding proteins. After transcription, pri-miRNA is
recognized by RNA-binding DGCRS8 and RNAse II protein Drosha in the cell nucleus,
and RNAse-dependent cutting occurs. As a result, the hairpin structure becomes pre-
miRNA. The length of the pre-miRNA is usually 60-70 nucleotides. After cleavage, the
pre-miRNA is recognized by Exportin-5 in the nuclear membrane and is GTP-
dependently transported from the nucleus to the cytoplasm (Finnegan and Pasquinelli
2013; Lin and Gregory 2015).

After transport, the pre-miRNA is recognized by the TRBP and RNAse III Dicer
proteins in the cytoplasm, and the hairpin structure is cut to form a 21-22 nucleotide long
miRNA duplex. The thermodynamically most stable strand is loaded into the RNA-
induced silencing complex (RISC). This complex contains DICER, TRBP, PACT, AGO2
and GW182 proteins (Gozuacik et al. 2017; Graves and Zeng 2012; Santa et al. 2012).
AGO?2 is the most critical component that binds the protein miRNA to RISC. MiRNA
response elements (MREs) are found in the 3'UTR of mRNAs. Mature miRNA seed

25



26

sequences make perfect or non-perfect base pairing with the MRE depending on AGO?2,
causing the mRNA of its target to be truncated. As a result, the cut mRNA is cleaved by
endonucleases. On the other hand, mRNA is translationally repressed if the miRNA
makes a match moderately to the target mRNA (Mauri et al. 2017). The biogenesis of

miRNAs is schematized in detail in Figure 1.8.

1.4.2  Cancer Dormancy-related MiRNAs

The effects and relationships between tumor dormancy and miRNAs are poorly
understood so far. The lack of studies in the literature is a very interesting research area
to investigate the roles of miRNAs in cancer dormancy and tumor recurrence.

In a study, it was reported that array screening analyses revealed overexpressed mir-
190 expression in osteosarcoma and glioblastoma dormancy tumor models and detected
that microscopic tumor was formed. In the dormancy model, osteosarcoma and
glioblastomas remained stable for 125 days and 88 days respectively. It has been
determined that dividing cells are also present in dormant microtumors. Analysis of mir-
190 and dormancy-related signaling pathways revealed that it is associated with immune
escape-related pathways (N. et al. 2013).

In one study, dormant glioblastoma, breast cancer, and liposarcoma tumor cells were
studied in vivo. High apoptotic and proliferation rates were detected in all tumor types.
Moreover, defective angiogenesis has been found. When the miRNA profiles of these
tumors were analyzed, similar miRNAs were found in all tumors. According to the
results, 84% (16/19) of miRNAs were found to be up regulated in dormant cells.
Manipulation of expression levels of miR-580, miR-588, and miR-190 has been reported
to cause tumor growth delay in fast-growing glioblastoma cells. Target gene analyzes of
these miRNAs have been shown to be associated with carcinogenesis (N. et al. 2013).

A cDNA library was created to identify miRNAs that play a role in regulating the
transition of dormant breast cancer cells to metastatic state. Murine miRNAs that cause
lung metastasis were transfected into 4TO7 cells that were previously present in the lungs
but did not cause metastasis. These cells were then injected into mice. MiR-340, miR-
346 and miR-138 and miR-223 expressions were detected in each animal in which breast
cancer lung metastases developed in miRNA expression analyzes performed on tumors

formed after injection. In line with this study, it has been reported that these miRNAs
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may play a role in transition of the metastatic state from a dormant state (Gao et al. 2014).
In a study using murine breast tumor cell lines, the role of miRNAs in the transition of
dormant cancer cells to the proliferative state was investigated. The miR-200a/200b/429
cluster targets mesenchymal transcription factors and is associated with the proliferation
and migration of stem cells. Restoration of expression of miR-200a/200b/429 cluster in
murine mammary tumors has been shown to decrease cell division and transform into
epithelial cell morphology. It has been shown that the target genes of this miRNA, Snail,
Twistl, Twist2 and Zebl are decreased. Moreover, these cells have been reported to
induce dormant tumor transition in vivo (Watson et al. 2018).

In another study, it was shown that mir-200c plays a role in maintaining dormancy
in osteosarcoma tumors. No sign of angiogenesis and no change in tumor volume for 140
days, and an in vivo mouse model was created using osteosarcoma cells that cause small
tumors but are not tumorigenic. Expression of mir-200c was found to be higher in
quiescence tumor-forming cells compared to rapidly growing cells. It has also been said
to be associated with long-term survival in vivo. (Tiram et al. 2016).

In a study with gastrointestinal cancer stem cells, cancer stem cells were defined as
CD13-/CD90+ proliferative and CD13+/CD90- quiescence cancer stem cells. It was
found that mir-101 was downregulated in dormant cancer stem cells compared to
proliferative cells. As a result of bioinformatic analyzes, it has been reported that mir-101
plays a role in the cytokine/chemokine regulatory pathway, and the immune system is
associated with the maintenance of the dormant state. Moreover, this study characterized
the regulation of dormant cancer stem cells in developing drug resistance via the P53
signalling pathway (Nishikawa et al. 2012).

A previous study has shown that ANp63a plays a role in mammary stem cell
stagnation. Moreover, ANp63a has been reported to play a role in reversible growth arrest
in transition to dormancy. In MCF7 breast cancer cells overexpressing ANp63a, mir-205
was found to be the most overexpressed miRNA. As a result of the application of
antagomir against miR-205, a decrease in the proliferation of cells was observed.
Moreover, it has been reported that miR-205 causes down-regulation in DNA binding 1
(ID1), ID3 inhibitor, and BAMBI (these are genes associated with the bone
morphogenetic signalling pathway), dormancy-related genes, which are among the target

genes (Moses et al. 2016).
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Other dormancy-associated miRNAs are mir-221 and mir-222. Decreased expression
of mir-221 and mir-222 was observed when acute lymphoblastic leukemia cells were co-
cultured with bone marrow stromal cells and primary human osteoblasts. These miRNAs
have previously been shown to target the cell cycle inhibitor p27. As mentioned before,
P27 is a gene associated with dormancy and has been shown to play arole in the dormancy
of acute lymphoblastic leukemia cells. Increased p27 levels due to downregulation of
mir221 and mir22 have been shown to cause arrest in cell division and increased drug
resistance in other cells cultured acute lymphoblastic leukemia cells independently from
the bone marrow niche. (Furuichi et al. 2007). In another study, it was revealed that these
two miRNAs cause dormancy in leukemia cells (Moses et al. 2016). Similarly, mir-221
and mir-222 levels increased in cells entering the cell cycle in glioblastomas. Transfection
with the antimiR-222 inhibitor resulted in an increased number of cells in the GO phase.

In contrast, miR-221 and miR-222 induce cells to enter the synthesis (S) phase,
followed by apoptotic death. Anti-miR-222/223 transfection in mesenchymal stem cells
transformed them into dormant cancer cells resulting in a reducing in the proliferation
rate of cancer cells and long-term survival rates in vivo (Bliss et al. 2016). Thus, low
levels of miR-221 and miR-222 in dormant cancer cells are thought to act as a mechanism
to protect against an undesirable shift from the dormant state to the proliferative state
before the triggering of apoptosis (Medina et al. 2008).

In a recent study, a gene that supports dormancy in prostate cancer was detected by
differential gene expression analysis. Regucalsin (RGN) is a highly conserved protein
that maintains intracellular calcium balance. It also interacts with many proteins and
transcripts, affecting many different signalling pathways, affecting cell growth and the
programmed cell death pathway. Prostate tumors can remain dormant for long periods,
either locally or in distant regions, without being detected for a long time. Ectopic
expression of RGN in prostate tumors induced dormancy in in vivo models, and tumor
growth was observed to be re-induced because of suppression of RGN. It was determined
that the levels of mir-23c detected in exosomes released by cells were increased by RGN,

and mir-23c significantly suppressed angiogenesis. The role of RGN in the dormancy of
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prostate cancer and the regulatory role of exosomal mir-23c in dormancy have been

demonstrated. (Sharma et al. 2021).
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Figure 1:9 Discovery of new players in cancer dormancy using omics
analyses.

As a result, the roles and mechanisms of miRNAs that regulate cancer dormancy in
the transition of cells from dormancy to proliferative state are explained. The miRNAs
obtained in studies conducted so far play a role in balancing dormancy-proliferative
states. MiRNA profiling from dormant cancer cells is required to reveal miRNAs
expressed during dormancy. In the cancer dormancy model obtained within the scope of
this study, miRNA, RNA, proteomic and metabolomics profiling of dormant cells were
performed from the cancer cells were in a dormant state. In this thesis, miRNA, RNASeq

and Proteomics data are focused (Figure 1.9).
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2.1

2.2

2.3

Chapter 2:
MATERIALS AND METHODS

Cell Culture

Human embryonic kidney cells (HEK293T), Platinum-A (Plat-A) and A549 cells
were obtained from ATCC (USA). HEK293T and a potent retrovirus packaging cell
line the Plat-A cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Biological Industries, #BI01-050-1A), and the non-small lung cancer cell line A549
was cultured in RPMI 1640 medium (SIGMA-Aldrich #R8758). Both of the culture
media were supplemented with 10% (v/v) fetal bovine serum (FBS, PAN, #P30-
3302), antibiotics (Penicillin/streptomycin, Biological Industries, #B103-031-1B) and
L-Glutamine (Biological Industries, #BI03-020-1B) in a 5% CO2 humidified
incubator at 37°C. HEK293T and Plat-A cells were transiently transfected with

calcium phosphate transfection method according to standard protocols.

Plasmid constructs

To produce lentiviruses, the lentiCRISPR v2 vector (Addgene, Plasmid #52961),
the helper vectors psPAX?2 and pMD2.G (Addgene plasmid #12260 and #12259). To
produce retroviruses, pMSCV-puro-MIR362 and pMSCV-puro-MIR190A
(Addgene, Plasmid #75079) overexpression retroviral plasmids (from DG Lab

plasmid stocks), were used.

Molecular Cloning of CRISPR/CAS9/MIR210 plasmid

To use the CRISPR/Cas9 method, guide RNAs (gRNA) targeting the palindromic
sequence-containing regions (PAM sequence) of the genes were designed. The
Integrated DNA Technologies IDT (https://www.idtdna.com/pages) tool was used as
a gRNA design tool. gRNAs were designed to contain the BsmBI restriction enzyme
binding site. The BsmBI region in the target vector, lentiCRISPRv2 (Addgene,
#52961), was cut and then double-stranded forward and reverse gRNAs were ligated
into this region. The selected vectors were confirmed by DNA sequencing to check

whether the plasmid contain gRNA.
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2.4

2.5

2.6

MIR210 Forward gRNA: 5’- CACCACCCACTGTGCGTGTGACAG - 3’
MIR210 Reverse gRNA: 5'- AAACCTGTCACACGCACAGTGGGT -3’

Transfection

HEK?293T and Plat-A cells were transiently transfected with the calcium
phosphate transfection method according to standard protocols. Lentivirus vector was
transfected into HEK293T cells, retrovirus vector was transfected into Plat-A cells.
Cell medium containing lentiviruses and retroviruses were collected after 48 and 72
hours. After centrifugation (at 500g, 5 min) and filtration (0,2-micron filter), stored at

-80 C for use.

Production of A549 Stable Cell Lines

To produce stable cell lines, cells were seeded at 2x105 cells in a 6-well petri
dish 24 hours before being treated with the viruses. Cells were then grown for 8 hours
in nutrient media prepared with the addition of 5 pg/mL polybrene (Sigma, H9268)
to a 1:1 mixture of lentivirus or retrovirus solution and RPMI 1640.

Plasmid vectors contain a resistance gene to the antibiotic Blasticidin or
Puromycin. After 48 hours, appropriate antibiotics were added to the medium at an
optimum concentration (10pm/ml for Blasticidin and Spm/ml for Puromycin)

selection was made after 3-4 weeks of culture.

Establishment of the Cancer Dormancy Model

In our laboratory, the Matrigel 3D cell culture system was optimized as an in
vitro cancer dormancy model by testing the ability of the A549 cell line to enter the
dormant state in Matrix. Matrigel was used in a two-layer 3D culture system. Liquid
Matrigel was spread on a 96-well petri dish at 50 ul/well as a bottom layer (final
concentration 4 pg/ul). It was waited for 30 minutes for polymerization. A549 cells
were seeded with a medium containing 0.08mg/ml Matrigel to a final concentration.
Cells were prepared with 150 pl of medium per 2000 cells with dormancy trigger
medium (Low glucose DMEM, 2% FBS, Pen/Strep antibiotics and 2% Matrigel) and
seeded on polymerized Matrigel. 3D cultures were observed for 14 days, with the

medium being refreshed in 4 days. The resulting 3D cell spheroids were analyzed.
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2.7  Awakening Experiments of Dormant Spheroids

Spheroids were purified from Matrigel, treated with trypsin, and cultured in the
rich nutrient medium (10% FPS, high glucose (4.5 g/L) at the end of the 14th day. As
a control Cells actively grown in 2D culture and never dormant were used. Cell

division rates were examined by the MTT cell growth test.

2.8 Beta-galactosidase staining in 3D cultured spheroids

Matrigel was removed by treatment with PBS-EDTA: After diluting the Matrigel
with cold PBS-EDTA solution, the tubes were incubated on ice for 10 minutes with
mixing every 2 minutes. The samples were then incubated with cold PBS at 115 x g
for 2 min. centrifuged and washed twice. Then, 3D spheroids were placed on slides
and fixed with 4% PFA. Then, the cells were incubated for 12 hours at 37 °C without
carbon dioxide with a staining solution prepared in citric acid-phosphate buffer (pH
6) and containing potassium ferricyanide, potassium ferrocyanide and X-gal. As a
positive control, spheroids were treated with 1pM hydrogen peroxide (H202) for 2

hours while in Matrigel.

2.9 Total RNA Isolation and RT-PCR Analysis

Total RNA isolation was performed using TRIzol reagent (Sigma-Aldrich,
#T9424) according to the manufacturer’s instructions. Total RNA was treated with
DNase I (Thermo, EN0521). cDNA was reverse transcribed from DNase-treated total
RNA using RevertAid enzyme (ThermoScientific, EP0441) RiboLock RNase
inhibitor (Thermo, EL0012) and random hexamers (Invitrogen, 48190-011), stem-
loop primers for MIRNAs. Stem-loop Primers designed during the study were in

Table 2.1
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Table 2:1 Stem-loop primers for miRNAs.

miRNA Stemloop Primer Forward Primer Sequence (5'-->3")
GTCGTATCCAGTGCAGGGTCCGAGGT
MIREI8O0-3P |\ 11 GCACTGGATACGACACACACC GITTCCGGCTCGCGTG
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRII80-5P |~ A CoAcTATICew | TTAGTTAGGACCCACCCGG
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRI304-3P | o e atacGacaaaaTme | TCGCTCTCACTGTAGCCTC
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRI304-5P | o TACGACCACATCT | GCCOTTTGAGGCTACAGTG
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRI30B-3P |~ ACATGeCer | GOGCCAGTGCAATGATGAA
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRI30B-5P | = coacaTaGTGe | GCCGACTCTTTCCCTGTTG
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRI38-23P | o A CGACAACCCTG GCCAGCTGGTGTTGTGAA
GTCGTATCCAGTGCAGGGTCCGAGGT
MIRI38-2-5P| o e ATACGACCaaeCTG | CCOGGGCTATTTCACGACAC
GTCGTATCCAGTGCAGGGTCCGAGGT
MIR22TS | AcGACCCAGGeA | GATCCTGTGCGTGTGACAG
GTCGTATCCAGTGCAGGGTCCGAGGT
MIR301A-3P TATA: T A
301A-3P 1 I TCGCACTGGATACGACGCTTTGA GCCCCTGCCCACCE
GTCGTATCCAGTGCAGGGTCCGAGGT
MIR301A-SP | o GATACOACAGIAGTG | AGCTGAGAGCAGTGTGTGT
GTCGTATCCAGTGCAGGGTCCGAGGT
MIR330-3P | COACTCTOTOC CGGCGCAGTGCAATAGT
GTCGTATCCAGTGCAGGGTCCGAGGT
MIR330-5P | I TCGCACTGGATACGACGCCTAAG | ACCCOCTCTGACTITATIGE
_ GTCGTATCCAGTGCAGGGTCCGAGGT
Mir-1902-3p | = s 1T CGCACTGGATACGACAGGAT ACGGCAAAGCACACGG
GTCGTATCCAGTGCAGGGTCCGAGGT
Mir-190a- TCTCT TGTGT
-1902-5p | 1T GCACTGGATACGACACCTAA GCTCTCTEEGCCTETE
. GTCGTATCCAGTGCAGGGTCCGAGGT
Mir-362-3p | A TTCGCACTGGATACGACTGAATC GCGCCAACACACCTATTCA
Mir-362.5p | GTCGTATCCAGIGCAGGGTCCGAGGT| s s erraaanceT

ATTCGCACTGGATACGACACTCAC
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2.10  Quantitative Reverse Transcriptase Polymerase Chain Reaction (q-RT-PCR)

Jor mRNA and miRNA quantification

For real-time RT-PCR, SYBR Green Quantitative RT-PCR kit (Roche, 04-913-
914-001) and Roche Light Cycler 480 machine were used. To activate the SYBR

green, an initial cycle of 95°C, 5 min performed followed by PCR reactions: 45 cycles

0f' 95°C for 10 sec and 60°C for 1 min. Then a thermal denaturation protocol was used

to generate the dissociation curves for the verification of amplification specificity (a

single cycle of 95°C for 5 sec, 55°C for 60 sec and 80 cycles of 55°C for 10 sec).

Changes in mRNA levels were quantified using the 2-AACT method using
GAPDH (Gyceraldehyde-3- phosphate dehydrogenase) mRNA as control. Changes
in miRNA levels were quantified using the 2-AACT method using U6 (U6

spliceosomal RNA) as control. Reactions were performed in duplicates and the

number of independent experiments (n) was marked.

Primers used during the study were in Table 2.2 and Table 2.3.

Table 2:2 PCR primer sequences for genes.

Target Gene | Primer Sequences
DDX46 Forward | GCCCCAAACCAATTAAATCCTG
Reverse CAATGCCAATCAAATCTCGTC
CAPZAL Forward AATGAAGCCCAAACTGCCAA
Reverse TTCCAGTCGATTTTGGTGCG
CBX3 Forward | GGCAGAGCCTGAAGAATTTGT
Reverse | ACGCTTCAATCAATTCTGGACA
COROIC Forward TCCTCCCTCTGCACAAGACT
Reverse GGATCTGCCATACCATGACC
BZW1 Forward | TACCGTCGATATGCAGAAACAC
Reverse | CCATTAGCCAGAAGAACACCAG
CACYBP Forward GCTGCTGTGGTTGCTCCCAT
Reverse | TGCACCTGCACATTCTCAGTGG
CANDI Forward ATGCTTCAGAGTCAGGTTCCC
Reverse ACACTGTCGGGTCTTCACAC
ANXAL Forward GCAGGCCTGGTTTATTGAAA
Reverse GCTGTGCATTGTTTCGCTTA
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ANP32B Forward GGGGAAGAGGGGAACATGGA
Reverse ACAAGTTCTCGAACAGCTGCC
ATP2A2 Forward CGAACCCTTGCCACTCATCT
Reverse CCAGTATTGCAGGTTCCAGGT
TGAV Forward AAGCTGAGCTCATCGTTTCC
Reverse | GCACAGGAAAGTCTTGCTAAGG
MCMS5 Forward CCAAGTGTCCACGTTGGATG
Reverse TGCTCCGGGTATTTCTGCT
MYHI0 Forward | GCAGGAGAACACCTAAAGTCT
Reverse | TGTCCCGGAATAGGAATATAGCC
DDX6 Forward AGTGATGGCAACCACAGGAG
Reverse CCAGGATTCTCCCAGGGGTA
DEK Forward | AAGCCTTCTGGCAAACCATTG
Reverse TTCGCTTAGCCTTCCTTGCC
G3BP1 Forward AAGTCCTTAGCAACAGGCCC
Reverse CTGGCAGCTCGAGTCTTCTT
PAICS Forward | AGCTGAGTATGAAGGGGATGG
Reverse ACATCACTGGTCCCAAACCA
PRKDC Forward CCACTGGTCGTTTTCGGAGA
Reverse CCATGCACTCATGCCGATTG
SERBP] Forward CCACCTCGTGAACGAAGATT
Reverse ACCACCACGACCTCGAATAG
SPTBNI1 Forward CCCGCAGATTTGATCGCAAG
Reverse ATGCGGCAATGTCTGTCTCA

Table 2:3 PCR primer sequences for miRNAs.

miRNAs Forward Primer Sequences (5'-->3')

MIR362-3P GCGCCAACACACCTATTCA
MIR362-5P CGGCAATCCTTGGAACCT
MIR190A-3P CCGCGGCCCTATATATCAAAC
MIR190A-5P CGGCCGGTGATATGTTTGATA
MIR181-3P TCAGACCACTGACCGTTGA
MIR1180-5P TTAGTTAGGACCCACCCGG
MIR1180-3P GTTTCCGGCTCGCGTG
MIR1304-5P GCCGTTTGAGGCTACAGTG
MIR1304-3P TCGCTCTCACTGTAGCCTC
MIR130B-5P GCCGACTCTTTCCCTGTTG
MIR130B-3P GGGCCAGTGCAATGATGAA
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MIR138-2-5P GCCAGCTGGTGTTGTGAA
MIR-138-3P CCGGGCTATTTCACGACAC
MIR-2278 AGCTGAGAGCAGTGTGTGT
MIR301A-5P AGGCGCTCTGACTTTATTGC
MIR1290 CGCCCTGGATTTTTGGATCA
MIR210-5P TATAGCCCCTGCCCACCG
MIR210-3P GATCCTGTGCGTGTGACAG
MIR1224-5P ACATGTGAGGACTCGGGAG
MIR1224-3P TGATCCCCACCTCCTCTCT
MIR181-5P GGCGAACATTCAACGCTGT
MIR301A-3P CGGCGCAGTGCAATAGT
MIR330-5P GCTCTCTGGGCCTGTGT
MIR330-3P ACGGCAAAGCACACGG
MIR374-5P GGGCGCTTATAATACAACCTGA
MIR374-3P CGGGCGCTTATCAGATTGTAT
Universal Reverse GTGCAGGGTCCGAGGT

2.11 Omics Analyses

2.11.1 RNA-sequencing (RNAseq)

Samples prepared for RNAseq analyzes were obtained by Trizol method and
RNA quality was confirmed. The samples were dissolved in water with DEPC. It was
determined by the FastQC method that the samples were of suitable quality for
processing by the company. Adapter sequences and poor-quality reads detected
during quality assessment were filtered using the Trimmomatic tool (Bolger et al.,
2014). A total of 4 single-ended mRNAs were sequenced, two biological repeats, for
active growth and dormancy models (2 x 2D proliferating state, 2 x 3D dormancy
state). Sequence analysis was performed on the [llumina NextSeq 500 system using
the 40 million reads, 1x75bp Single End sequencing strategy.

The gene expression levels in each sample were assessed by reads aligned to the
human GRCh38 reference genome and following the methods described in Nature
Protocols (Pertea M. et al., 2016). The gene expression level was normalized by the
number of fragments per kilobase per million mapped reads (FPKMs). The gene
expression level in the proliferating samples and the dormant samples were compared
using DESeq?2 package in R language, which produced the adjusted p-value for the

comparison.
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2.11.2 MicroRNA-Sequencing (miR-Seq)

Three of the 2D and 3D samples were sent to the company. RNA quality was
checked with the "Qubit RNA assay". Then, miRNA sequencing was performed.
Sequence analysis procedures were performed by the company using the "SMARTer
smRNA-Seq Kit", a sequence library belonging to Illumina. Sequence analysis was
performed on the Illumina NextSeq 500 system using the 1x75bp Single End
sequencing strategy. The results were obtained from the company in the form of a

FASTAQ file and floor change analyzes were performed.

2.11.3 Proteomics Analyzes

3D cultures were prepared according to the protocol previously mentioned above.
Cells containing 2% FBS and 0.04% Matrigel on 4 mg/ml Growth factor-reduced
matrigel were cultured using SILAC-DMEM cell media. 5X SILAC-DMEM was
obtained as powder and was prepared by adding 420 mg/L L-arginine, 730 mg/L L-
lysine, and 625 mg/L proline. 2D cells were cultured in SILAC-DMEM containing
2% FBS and 0.04% Matrigel. “Heavy” L-arginine-13C6-15N4 (Argl0) and L-lysine-
13C6-15N2 (Lys8) in 3D culture or “medium-heavy” L-arginine-13C6 (Arg6) and L-
lysine-2H4 in 2D culture SILAC labelling was done using (Lys4) amino acids. Cells
were treated with 6X SDS-PAGE loading buffer and boiled and sent to Switzerland
for analysis. Lysates were loaded onto gels and analyzed by MS by in-gel trypsin
cleavage. MS analysis was analyzed with the LTQ Orbitrap XL. The raw data were
mapped to the UniProt Homo sapiens database using the MaxQuant interface version

1.4.1.222 (Tolle et al., 2018).

2.12 MTT Cell Growth Assay

NSCLC A549 cells were cultured in 96-well plates at 5x104 cells per well.
Experiments were followed for 24, 48, 72, and 96 hours under 2D growth conditions.
At the end of the experiment, 10 pl of 5 mg/ml MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium salt solution was added to each well. After 4 hours of
incubation, formazan crystals were formed. The old medium was removed, and

crystals were dissolved in 100 pl of DMSO. Colour change after 10 min incubation
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was measured in an ELISA plate reader at dual 570-655 nm wavelengths and the

values were analyzed and presented graphically.

2.13 Scratch Assay

Migration capacities of cells were examined by wound-healing assay. Briefly,
cells were cultured in 12-well plates (2 x 10* cells per well) for 24 h. These cultures
were then scratched using a sterile plastic micropipette tip to create an artificial
wound. Photographs were taken 6, 12, 24 later using a Nikon Eclipse Ts2 inverted

microscope at 4X.

2.14 Immunofluorescence Analyses

The spheroids were treated with PBS-EDTA for analysis under a confocal
microscope to remove Matrigel: After the Matrigel was diluted with cold PBS-EDTA
solution, the tubes were incubated on ice for 10 minutes with gently vortexing every
2 minutes. The samples were then incubated with cold PBS at 100 x g for 2 min.
centrifuged. It has been washed 2 times. Then, 3D spheroids were placed on slides
and fixed with 4% PFA. Spheroids on slides were permeabilized with 0.1% saponin
before immunostaining. After blocking with 3% serum albumin in PBS, the samples
were incubated for 60 minutes with the primary antibody diluted 1:100 in the same
solution. After washing 3 x 5 minutes with PBS, it was incubated with secondary
antibody (1:1000 dilution) for 60 minutes. After washing with PBS for 3 x 5 min, the
samples were covered with 50% glycerin in PBS and a coverslip and examined under

a confocal fluorescent microscope.

2.15 Informatic Target Analyses

Three different data tools were used for the prediction of miRNA targets. These
are miRDB, TargetScanHuman and DIANATools-TarBase v7.0.

miRDB is an online database for target predictions of miRNAs using the
bioinformatically developed MirTarget tool. MirTarget was developed as a result of
analyzes of thousands of miRNA-target interactions obtained as a result of high-

throughput sequencing experiments. miRDB predicts the binding between miRNA
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and target gene using a machine learning method that identifies standard features
downstream of the miRNA target (Chen and Wang 2020).

TargetScan predicts the biological targets of miRNAs by searching for the
presence of conserved 8mer, 7mer and 6mer regions that match the seed region of
each miRNA (Lewis, Burge, and Bartel 2005). Predictions with only poorly
conserved sites and predictions with unconserved miRNAs are also provided as
options. Also, sites of disparities in the seed region compensated by conserved 3'
coupling have been identified (Friedman et al. 2009). TargetScanHuman considers
the matching of 3'UTRs and their orthologs as defined by UCSC whole genome
alignments.

DIANA Tools interpret the roles of non-coding RNAs involved in various disease
and cellular pathways. It is provided with software that interprets the data in a
systematic framework by revealing deep sequencing data, expression analyses, and
annotations of its targets and presents this information to the user. TarBase v7.0 online
tool included in DIANA Tools was used for the prediction of miRNA targets. DIANA
Tools- TarBase v7.0 is a database that catalogues that have experimentally proven

miRNA-gene interactions. (Vlachos et al. 2015).

2.16 Statistical Analyses

Statistical analyses were performed using Student’s two-tailed t-test. Data
represented as means of £S.D. of “n” independent experiments. Values of p<0.05 are

considered significant.
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Chapter 3:
RESULTS

3.1  Defining of the In vitro 3D Matrigel Cancer Dormancy Model

A 3D Matrigel cancer dormancy model was optimized in our laboratory by Dr. Yunus

Akkoc and Dr. Nesibe Peker. Spheroids have been characterized by various analyzes.
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Figure 3:1 3D spheroid formation of A549 cells in Matrigel.

Representative results are shown. 10x magnification. ImageJ program was used to measure the diameters
of spheroids. 150 spheroid diameters were measured for each day. 3 independent experiments (n=3) were

conducted.
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Phenotypes of A549 cells were observed in the 3D Matrigel cancer dormancy model

for 14 days, with the medium being refreshed in 4 days. It was observed that the cells

formed 3D spheroids (Figure 3.1a). These 3D spheroids were analyzed. Images of the

spheroids were taken under the microscope every four days for 14 days. The diameters of

the spheroids were measured. It was observed that spheroid growth slowed down between

12-14 days (Figure 3.1b).

Expression and localization of molecular markers were examined after

immunostaining of spheroids to confirm dormancy. The level of cell cycle marker p27

was examined in 3D spheroids. The expression of p27 is in the nucleus in normal cells,

indicating that the cell cycle is inhibited in the G1 phase. Interestingly, the p27 marker

was also observed in the cytoplasm of some cells. There are studies in the literature that

p27 expression can be seen in the cytoplasm of some cell types.
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Figure 3:2 The in vitro 3D Matrigel Cancer Dormancy Model.

3 independent experiments (n=3) were conducted by Dr. Yunus Akkoc and Dr. Nesibe Peker.

Representative results are shown. DAPI: DNA (core) marker (Blue); p27: Alexa fluor 568 red secondary

antibody, p21: Alexa fluor 568 red secondary antibody, Active caspase-3 (c-C3): Alexa fluor 488 green

secondary antibody, Ki-67: Alexa fluor 568 red secondary antibody. To test the possibility of senescence

of some cells, beta-galactosidase staining was performed. As a positive control, spheroids were treated

with 1uM hydrogen peroxide (H>O;) for 2 hours while in Matrigel.
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It is expected that dormant cells will not divide actively. Ki-67 is a protein expressed
in dividing cells. Ki-67 is widely used in the literature to show active mitotic cell levels
in tumors. Active Ki-67 is found in the nuclei of cells. After staining, most (80-90%) of
the spheroids are negative for Ki-67 protein in the nucleus. This result indicates that most
cells forming the spheroids are not actively dividing. Positive phospho-p38 signal in the
nucleus indicates a dormant state. It was determined that most of the cells forming the
spheroids were Ki-67 negative and many cells had phospho-p38 protein signal in their
nuclei (Figure 3.2).

The dormant cells do not divide, but they are not dead. Activated caspase-3 staining
shows apoptotic cells. Caspases, which are stimulated after the apoptotic death signal,
cleave, and activate caspases, including active caspase 3. This activity initiates
programmed cell death that targets other vital proteins and even DNA. No active caspase-
3 signaling was observed in cells in the spheroids. As a result, although the cells in the
spheroids did not divide, they were not apoptotic and were alive (Figure 3.2).

There are data showing that autophagic activity increases in dormant cells. LC3 is a
marker of autophagy and the increased form of LC3-II in the cytoplasm indicates
autophagic activity. The level of autophagy in the spheroids was analyzed with an
antibody recognizing the LC3-II form. It was determined that LC3-II levels were high in
cells and the protein showed a dense but granular distribution, indicating autophagic
vesicle accumulation. It has been also observed that when the spheroids were cultured
from the dormancy stimulating medium (low glucose DMEM, 2% FBS) to the rich
medium (10% FBS), it was determined that the cells started to divide again, that is, the
spheroids were reversible (Figure 3.2). Lastly, Beta-galactosidase staining was performed
to test the possibility of senescence of some cells. Under these conditions, no notable
staining was observed in the A549 spheroids (4-6% beta galactosidase positive) (Figure
3.2).

At the end of the 14th day, spheroids were purified from Matrigel, treated with
trypsin, and cultured in the rich nutrient medium. It was observed that dormant A549 cells
did not grow during the first 24 hours after 2D culture in rich media. However, it was
observed that cells started to grow actively after 24 hours. Cells actively grown in 2D
culture and never dormant were used as controls. It has been observed that the dormant

cells awaken and divide actively when cultured in a suitable environment for growth. As
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a result, the awakening of dormant micro metastases that cause macro metastases in the
clinic is modelled in this system.

In our system, dormancy, growth arrest after 12-14 days of 3D culture, formation of
regular and tight spheroids, molecularly, p27 accumulation in the nucleus, Ki-67
negativity, absence of apoptosis (active caspase-3 negativity), autophagy activation
(LC3-II accumulation) and phospho-P38 accumulation. Cells were not in senescence.
Spheroids are reversible. They start to divide again when the condition is suitable. In
conclusion, it has been shown that A549 cells are dormant in the Matrigel 3D culture

system under the experimental conditions.

3.2  Identification of the in vitro 3D Matrigel Cancer Dormancy Model by qRT-
PCR

In the literature, markers associated with dormancy have been used in
immunofluorescence staining to characterize cells (KI-67, p27, p38, LC3, c-caspase-3).
However, certain genes were confirmed in accordance with the RNA-Seq and qPCR
results to avoid immunofluorescence each time (high-cost) and to confirm dormant cells
more easily. Measurements of spheroid morphology and growths and qPCR were checked

each time for these genes and correlated with each other (Figure3:3).

Table 3:1 RNA-Seq results of Selected Dormancy Markers

Fold Change
Gene Gene Name P-val
3D to 2D
PCNA | Proliferating cell nuclear antigen 0,388878215 | 3,30x10°1°
MKI67 | Marker of proliferation Ki-67 0,029586731 | 1,94x1073

MCM2 | Minichromosome maintenance complex | 0,230443817 | 6,53x10°'8
component 2

MCM6 | Minichromosome maintenance complex 0,16383595 7,52x1073!

component 6
CDKI | Cyclin dependent kinase 1 0,053342217 | 2,63x10™?
FN] Fibronectin 1 4,033477843 | 6,21x107!6
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Figure 3:3 qPCR Analysis for dormancy markers.

Gene expressions were compared in A549 cells grown on 3D Matrigel for 14 days and in A549 cells
grown in 2D cell culture. Graphs were created by averaging 4 independent experiments (n=4). ns, p-value
> 0.05; *, p-value < 0.05; **, p-value < 0.01; *** p-value < 0.001. FN1: Fibronectin-1, CDK1: Cyclin

Dependent Kinase-1, MCM2: Mini-Chromosome Maintance-2 protein.

3.3 Omics Analyzes of 3D Dormant versus 2D Proliferating A549 Cells

3.3.1 RNA Sequencing (RNA-Seq) Analysis

Quality control results performed prior to miRNA sequencing are shown in Table 3.1

Table 3:2 Adapter sequences and quality values detected during the quality
assessment before the RNA-Seq method.

Sample Name | Number of Reads R1Q20% | R1Q30% R1 GC%
2D-WT-1 62,276,431 99 91 48
2D-WT-2 54,394,643 99 92 48
3D-WT-1 60,138,648 99 92 49
3D-WT-2 50,002,764 99 92 49

44



45

Genes with a significance (p-value < 0.05) and showing at least a 2-fold upregulation
or downregulation compared to the control condition were evaluated as “dormancy-
related genes” (Up-regulated: 3483; Down-regulated: 3784, a total of 7267 genes) (Figure
3.3)
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Figure 3:4 Heatmap of RNA-Seq Analysis.

All significantly differentially expressed genes (p-value < 0.05 and the fold change is 2-fold) are
shown. The gene expression levels in each sample were assessed by reads aligned to the human GRCh38
reference genome and following the methods described in Nature Protocols (Pertea M. et al., 2016). The
gene expression level in the proliferating samples (2D WT1 and 2D WT2) and the dormant samples (3D
WT1 and 3D WT2) were compared using the program DESeq?2, which produced the adjusted p-value for

the comparison.
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3.3.2 Proteomics Analysis

The statistical analysis revealed that the expression of a total of 1245 proteins
significantly changed in the dormant state. The fold change threshold was determined as
1,5-fold-change and above for up-regulated miRNAs and 0.66 and below for down-
regulated miRNAs. As result, the expression of 172 proteins increased and the expression

of 287 proteins decreased in the dormant state compared to the proliferating state.

3.3.3 MicroRNA Sequencing (miR-Seq) Analysis

Quality control results performed prior to miR-Seq are shown in Table 3.1.

Table 3:3 Adapter sequences and quality values detected during the quality
assessment before the miRNA-Seq method.

Sample Name Number of Reads | R1 Q20% R1 Q30% | R1 GC%
2D-WT-1 11,703,237 99 29 44
2D-WT-2 21,146,398 99 29 43
2D-WT-3 14,166,148 99 30 43
3D-WT-1 10,653,391 99 36 45
3D-WT-2 8,449,328 99 36 45
3D-WT-3 15,684,417 99 36 44

Significantly up- and down-regulated miRNAs in 3D dormant cells compared to 2D
proliferating cells were given in Table 3.2 (p-values<0,05). It was decided to focus on

miRNAs that increased 2-fold.

Table 3:4 : Fold Changes and p-values of miRNAs in 3D dormant cells comparing
to 2D proliferating cells.

Gene Approved Names Fold Change p-value
hsa-mir-1290 microRNA 1290 3,516664663 | 0,00507056
hsa-mir-210 microRNA 210 2,78177667 1,23x1078
hsa-mir-1224 microRNA 1224 2,686426357 | 0,033045265
hsa-mir-181a-2 microRNA 181a 1,993626094 | 0,032708946
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hsa-mir-125a microRNA 125a 1,737817874 | 4,14x10
hsa-mir-10a microRNA 10a 1,691198728 | 3,95x10™%
hsa-let-7a-2 microRNA let-7a-2 1,509122897 | 9,34x10%
hsa-let-7a-3 microRNA let-7a-3 1,501332213 | 9,44x10°%
hsa-let-7a-1 microRNA let-7a-1 1,479623685 | 0,000100712
hsa-let-7e microRNA let-7e 1,418523179 | 0,000362274
hsa-mir-92b microRNA 92b 1,415652947 | 0,021270103
hsa-mir-196a-2 microRNA 196a-2 1,374980117 | 0,015161222
hsa-mir-361 microRNA 361 1,367491314 | 0,038432829
hsa-mir-125b-1 microRNA 125b-1 1,362980475 | 0,028796157
hsa-let-7b microRNA let-7b 1,357369569 | 0,002618505
hsa-let-7f-1 microRNA let-7f-1 1,345308003 | 0,000949357
hsa-mir-196a-1 microRNA 196a-1 1,335238379 | 0,013260055
hsa-let-7c microRNA let-7c¢ 1,3196774 0,007268019
hsa-let-7f-2 microRNA let-7f-2 1,319360795 | 0,002333802
hsa-mir-183 microRNA 183 1,268269638 | 0,031853566
hsa-mir-30a microRNA 30a 1,240216682 | 0,033674689
hsa-mir-23b microRNA 23b 0,842826515 | 0,036182136
hsa-mir-191 microRNA 191 0,819301352 | 0,02985056
hsa-mir-12136 microRNA 12136 0,7506867 0,041488375
hsa-mir-25 microRNA 25 0,746195568 | 0,000620422
hsa-mir-29a microRNA 29a 0,744075815 | 0,041258291
hsa-mir-23a microRNA 23a 0,738800393 | 0,000675086
hsa-mir-31 microRNA 31 0,733498453 | 0,002868899
hsa-mir-24-2 microRNA 24-2 0,727388317 | 0,001069452
hsa-let-7d microRNA let-7d 0,72634694 | 0,000819901
hsa-mir-221 microRNA 221 0,714672015 | 0,007522648
hsa-mir-425 microRNA 425 0,693068164 | 0,015860645
hsa-mir-151a microRNA 151a 0,689846227 | 0,000384138
hsa-mir-16-2 microRNA 16-2 0,687808701 | 0,018001691
hsa-mir-34a microRNA 34a 0,682033518 | 0,033309969
hsa-mir-140 microRNA 140 0,681457334 | 0,017074483
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hsa-mir-324 microRNA 324 0,677132292 | 0,004079943
hsa-mir-15b microRNA 15b 0,672048893 | 0,001148526
hsa-mir-192 microRNA 192 0,665141939 | 0,000252161
hsa-mir-126 microRNA 126 0,662642913 | 0,001518436
hsa-let-7i microRNA let-7i 0,660117682 | 0,000215507
hsa-mir-16-1 microRNA 16-1 0,646653808 | 0,008681441
hsa-mir-32 microRNA 32 0,646378602 | 0,007162611
hsa-mir-335 microRNA 335 0,646160008 | 0,026215668
hsa-mir-146b microRNA 146b 0,638450886 | 0,016833533
hsa-mir-505 microRNA 505 0,637927997 | 0,008426141
hsa-mir-93 microRNA 93 0,636255147 | 0,000105525
hsa-mir-744 microRNA 744 0,626382969 | 0,007319768
hsa-mir-106b microRNA 106b 0,623655777 | 0,000608275
hsa-mir-877 microRNA 877 0,618164835 | 0,011647266
hsa-mir-421 microRNA 421 0,609366139 | 0,010717873
hsa-mir-138-1 microRNA 138-1 0,60282476 | 0,035806459
hsa-mir-625 microRNA 625 0,599669547 | 0,001099648
hsa-mir-1908 microRNA 1908 0,574310931 | 0,00081796
hsa-mir-454 microRNA 454 0,559157391 | 5,36x10°%
hsa-mir-148b microRNA 148b 0,53381486 | 0,044052999
hsa-mir-378a microRNA 378a 0,508957387 | 0,001431199
hsa-mir-1275 microRNA 1275 0,506960236 | 0,02505606
hsa-mir-130b microRNA 130b 0,496798365 | 5,55x10™
hsa-mir-185 microRNA 185 0,489664623 | 1,38x10%
hsa-mir-6724-4 microRNA 6724-4 0,463743179 | 0,000555426
hsa-mir-6724-1 microRNA 6724-1 0,447858952 | 2,93x10%
hsa-mir-330 microRNA 330 0,447712456 | 0,019238135
hsa-mir-138-2 microRNA 138-2 0,447475879 | 0,032170617
hsa-mir-629 microRNA 629 0,446025381 | 0,001751922
hsa-mir-33a microRNA 33a 0,427771141 | 0,02204706
hsa-mir-1304 microRNA 1304 0,419163554 | 0,043825992
hsa-mir-7-1 microRNA 7-1 0,418646298 | 1,14x1078
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hsa-mir-19b-2 microRNA 19b-2 0,416975869 | 1,44x1078
hsa-mir-6724-2 microRNA 6724-2 0,416229367 | 7,34x10°°
hsa-mir-6724-3 microRNA 6724-3 0,414710915 | 4,89x10°¢
hsa-mir-452 microRNA 452 0,396803072 | 6,12x10™
hsa-mir-20a microRNA 20a 0,391703023 | 0,006132053
hsa-mir-19b-1 microRNA 19b-1 0,384479565 | 4,45x1071°
hsa-mir-374a microRNA 374a 0,382258029 | 0,022515191
hsa-mir-1180 microRNA 1180 0,369025407 | 0,016869773
hsa-mir-101-1 microRNA 101-1 0,351800933 | 0,000382605
hsa-mir-376¢ microRNA 376¢ 0,350978384 | 0,031739154
hsa-mir-590 microRNA 590 0,348871237 | 0,000765966
hsa-mir-130a microRNA 130a 0,347591347 | 5,54x10°'8
hsa-mir-17 microRNA 17 0,338707972 | 1,42x10°"
hsa-mir-101-2 microRNA 101-2 0,318740097 | 2,59x10°%
hsa-mir-7-3 microRNA 7-3 0,305962106 | 2,25 x10°%
hsa-mir-671 microRNA 671 0,298699912 | 0,005677395
hsa-mir-188 microRNA 188 0,276063837 | 0,000398761
hsa-mir-542 microRNA 542 0,276018568 | 0,008087266
hsa-mir-2278 microRNA 2278 0,274272 0,049192833
hsa-mir-19a microRNA 19a 0,236804444 | 3,61x 10710
hsa-mir-942 microRNA 942 0,227379587 | 0,038174197
hsa-mir-424 microRNA 424 0,214709553 | 3,75x107
hsa-mir-106a microRNA 106a 0,209497042 | 0,002298256
hsa-mir-585 microRNA 585 0,18499873 0,000700791
hsa-mir-33b microRNA 33b 0,177778252 | 0,000557457
hsa-mir-362 microRNA 362 0,177206418 | 0,001110805
hsa-mir-190a microRNA 190a 0,167836639 | 5,72x 10°"7
hsa-mir-301a microRNA 301a 0,157213948 | 1,20x 107

The statistical analysis revealed that the expression of a total of 96 miRNAs

significantly changed in the dormant state. The fold change threshold was determined as

2-fold-change and above for up-regulated miRNAs and 0.5 and below for down-regulated
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miRNAs. As results, the expression of 4 miRNAs increased and the expression of 40

miRNAs decreased in the dormant state compared to the proliferating state.

3.4  First target analyzes of up-regulated miRNAs with the online tool

“TargetScan”

MiRNA target analyzes were performed with the TargetScan online tool by selecting
4 miRNAs whose expression increased at least 2 times. The target genes from the online
database were crossed with genes from RNA-Seq and proteomics results. Theoretically,
miRNAs are known to affect and generally decrease the expression of their target genes.
Therefore, for upregulated miRNAs, target gene mRNAs should be among genes with
decreased expression (0.5-fold or less) in the RNA-Seq and proteomic analyzes. The
putative targets of up-regulated miRNAs whose expression is decreased in RNA-Seq and

proteomic analyzes are shown in Table 3.3.

Table 3:5 Up-regulated four miRNAs and their putative targets found to be down-
regulated in RNA sequencing and Proteomics analysis.

Target Gene | miRNA Gene Name mRNA Proteomics
fold change | fold change
AHNAK hsa-mir-1224 AHNAK nucleoprotein 0,291437952 | 0,274829497
hsa-mir-181a-2
ANP32B hsa-mir-1290 acidic (leucine-rich) 0,451465176 | 0,196735252

nuclear phosphoprotein
32 family, member B

ANXAI hsa-mir-181a-2 | annexin Al 0,364493197 | 0,346178788
ATP2A2 hsa-mir-1224 ATPase, Ca++ 0,453652308 | 0,129441071

hsa-mir-181a-2 | transporting, cardiac

muscle, slow twitch 2
BZwW1 hsa-mir-1224 basic leucine zipper and 0,435375716 | 0,436904359
hsa-mir-1290 W2 domains 1
hsa-mir-181a-2
CACYBP hsa-mir-1290 calcyclin binding protein | 0,345866686 | 0,139147227
hsa-mir-1224
CANDI hsa-mir-1224 0,440862902 | 0,180182086
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hsa-mir-1290

hsa-mir-181a-2

cullin-associated and

neddylation-dissociated 1

CAPZAI hsa-mir-181a-2 | capping protein (actin 0,326756446 | 0,378375405
hsa-mir-210 filament) muscle Z-line,
hsa-mir-1224 alpha 1
hsa-mir-1290

CAV] hsa-mir-1224 caveolae protein, 22kDa 0,092132235 | 0,367839739
hsa-mir-181a-2

CAV2 hsa-mir-1290 caveolin 2 0,346436472 | 0,249506143

CBX3 hsa-mir-1290 chromobox homolog 3 0,228463613 | 0,429077332
hsa-mir-1224
hsa-mir-181a-2

CELFI hsa-mir-1224 CUGBP, Elav-like family | 0,43454722 | 0,482095714
hsa-mir-1290 member 1
hsa-mir-181a-2
hsa-mir-210

CMPK] hsa-mir-181a-2 | cytidine monophosphate | 0,494477613 | 0,242112691

(UMP-CMP) kinase 1,
cytosolic

COROIC hsa-mir-1290 coronin, actin binding 0,449668248 | 0,178176769
hsa-mir-181a-2 | protein, 1C

CTPS1 hsa-mir-1224 CTP synthase 1 0,27445847 0,374189379
hsa-mir-181a-2

DDX21] hsa-mir-1290 DEAD (Asp-Glu-Ala- 0,23727649 | 0,066195086
hsa-mir-181a-2 | Asp) box helicase 21

DDX46 hsa-mir-1290 DEAD (Asp-Glu-Ala- 0,289593496 | 0,091378169
hsa-mir-1224 Asp) box polypeptide 46
hsa-mir-181a-2

DDX6 hsa-mir-1290 DEAD (Asp-Glu-Ala- 0,371507339 | 0,324110605
hsa-mir-1224 Asp) box helicase 6

DEK hsa-mir-1224 DEK oncogene 0,145711107 | 0,35552203
hsa-mir-1290
hsa-mir-181a-2

EIF3J hsa-mir-1224 0,298389933 | 0,449524938

51




52

hsa-mir-1290

eukaryotic translation
initiation factor 3, subunit

J

EIF4Al hsa-mir-1224 eukaryotic translation 0,30215723 0,25515452
initiation factor 4A1
EIFS5 hsa-mir-1290 eukaryotic translation 0,429342799 | 0,122332936
initiation factor 5
FAM49B hsa-mir-210 family with sequence 0,497640103 | 0,317025702
similarity 49, member B
FARSB hsa-mir-181a-2 | phenylalanyl-tRNA 0,395005506 | 0,253285379
hsa-mir-210 synthetase, beta subunit
hsa-mir-1224
G3BPI1 hsa-mir-1224 GTPase activating protein | 0,398607332 | 0,279848357
hsa-mir-1290 (SH3 domain) binding
hsa-mir-210 protein 1
hsa-mir-181a-2
GGH hsa-mir-1290 subunit 1, 155kDa 0,399561872 | 0,228715779
gamma-glutamyl
hydrolase (conjugase,
folylpolygammaglutamyl
hydrolase)
HNRNPA2B] | hsa-mir-1224 heterogeneous nuclear 0,294802731 | 0,242960492
hsa-mir-181a-2 | ribonucleoprotein A2/B1
HNRNPA3 hsa-mir-1224 heterogeneous nuclear 0,254979316 | 0,279720743
ribonucleoprotein A3
HNRNPR hsa-mir-1224 heterogeneous nuclear 0,297888088 | 0,120218805
hsa-mir-181a-2 | ribonucleoprotein R
HPRTI hsa-mir-1290 hypoxanthine 0,346596539 | 0,251307301
hsa-mir-181a-2 | phosphoribosyltransferas
el
HSPA4 hsa-mir-1224 heat shock 70kDa protein | 0,494564289 | 0,00984129
4
IPO5 hsa-mir-1290 importin 5 0,386939809 | 0,464171778

hsa-mir-181a-2

hsa-mir-1224
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hsa-mir-181a-2

IPO7 hsa-mir-1224 importin 7 0,345607782 | 0,059280925
ITGAV hsa-mir-1290 integrin, alpha V 0,217857281 | 0,257575844
hsa-mir-210
hsa-mir-1224
hsa-mir-181a-2
KPNA2 hsa-mir-1224 karyopherin alpha 2 0,22291486 | 0,081854342
hsa-mir-1290 (RAG cohort 1, importin
hsa-mir-210 alpha 1)
KPNBI hsa-mir-1290 karyopherin (importin) 0,358286527 | 0,294960838
beta 1
LARS hsa-mir-1224 leucyl-tRNA synthetase 0,494610031 | 0,100755279
LRPPRC hsa-mir-1224 leucine-rich 0,432539399 | 0,143525372
hsa-mir-181a-2 | pentatricopeptide repeat
containing
LUC7L2 hsa-mir-181a-2 | LUC7-like 2 (S. 0,482652779 | 0,423681434
cerevisiae)
LUC7L3 hsa-mir-1224 LUC7-like 3 (S. 0,387524319 | 0,285429048
hsa-mir-181a-2 | cerevisiae)
hsa-mir-181a-2
MAGOHB hsa-mir-181a-2 mago-nashi homolog B 0,46325487 0,489104294
(Drosophila)
MAPIB hsa-mir-1224 microtubule-associated 0,343760609 | 0,042583616
hsa-mir-181a-2 | protein 1B
hsa-mir-1224
hsa-mir-1290
MCMS5 hsa-mir-1290 minichromosome 0,26007119 0,052791962
hsa-mir-1224 maintenance complex
component 5
NCL hsa-mir-181a-2 | nucleolin 0,335270208 | 0,22411393
hsa-mir-1290
NPM1 hsa-mir-1224 nucleophosmin (nucleolar | 0,376182373 | 0,474209576
hsa-mir-1290 phosphoprotein B23,
numatrin)
NUP160 hsa-mir-181a-2 nucleoporin 160kDa 0,333604119 | 0,497949933
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hsa-mir-1290

NUP205 hsa-mir-181a-2 nucleoporin 205kDa 0,302810867 | 0,105351392
PAICS hsa-mir-1224 phosphoribosylaminoimi | 0,328304257 | 0,241738475
hsa-mir-1290 dazole carboxylase,
hsa-mir-210 phosphoribosylaminoimi
hsa-mir-181a-2 | dazole
succinocarboxamide
synthetase
PLS3 hsa-mir-1224 plastin 3 0,42666388 0,164314159
PNN hsa-mir-1224 pinin, desmosome 0,226145722 | 0,498167447
hsa-mir-181a-2 | associated protein
PRKDC hsa-mir-181a-2 | DNA-activated, catalytic | 0,23727649 0,066195086
polypeptide
SERBPI hsa-mir-1224 SERPINE1 mRNA 0,382732682 | 0,49889179
hsa-mir-181a-2 | binding protein 1
SET hsa-mir-1224 SET nuclear oncogene 0,337288768 | 0,288087386
hsa-mir-1290
hsa-mir-181a-2
SF3B1 hsa-mir-1290 splicing factor 3b, subunit | 0,41545627 0,421488401
hsa-mir-1290 1, 155kDa
SMCIA hsa-mir-1224 structural maintenance of | 0,32173374 0,167802024
hsa-mir-1290 chromosomes 1A
hsa-mir-181a-2
SPTBN1 hsa-mir-1224 spectrin, beta, non- 0,481490796 | 0,108250541
erythrocytic 1
SRSF11 hsa-mir-1224 serine/arginine-rich 0,365025991 | 0,270138518
hsa-mir-1290 splicing factor 11
hsa-mir-181a-2
SYNCRIP hsa-mir-181a-2 | synaptotagmin binding, 0,311978589 | 0,120206302
cytoplasmic RNA
interacting protein
TFRC hsa-mir-1290 transferrin receptor 0,458298942 | 0,375892227
TXNRDI1 hsa-mir-1290 thioredoxin reductase 1 0,474386585 | 0,132754794
UGGTI hsa-mir-1224 0,462887448 | 0,213207268

hsa-mir-1290
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hsa-mir-181a-2 | UDP-glucose
glycoprotein

glucosyltransferase 1

Some genes are targeted by more than one miRNA. These putative target genes are
previously associated with cell growth, cell cycle, cancer metastasis and invasion etc.
were determined. These genes and their functions related to cancer according to the

literature are listed in Table 3.4

Table 3:6 Putative Targets and Their Functions

Genes miRNAs Function Reference
Yang et al., 2016; Reilly et al,
ANP32B hsa-mir-1290 Cell Growth
2011
Cancer migration and Liu et al., 2015; Hasan et al,
ANXAI hsa-mir-181a-2 invasion Cell Cycle and 2020; Li et al.; 2020, Khau et al,
Cell Growth 2011
Yang et al., 2015; Lassmann et
hsa-mir-1224, hsa- | Cell Cycle, Cell Growth
ATP2A2 al., 2007; Crépin et al, 2007; Fan
mir-181a-2 and Cancer Migration
etal., 2014
hsa-mir-1290, hsa- | Cancer Migration and
Chiou et al., 2019; Li et al., 2009;
BZW1 mir-1224, hsa-mir- | Invasion, Cell Cycle and
Liu et al., 2018; Xu et al., 2020
181a-2 Cell Growth
Zhai et al, 2017; Niu et al, 2016;
hsa-mir-1290, hsa- | Cell cycle and Cell
CACYBP Shi et al, 2014; Zhao et al, 2020;
mir-1224 Growth
Chen et al, 2011
hsa-mir-1290, hsa- Eigentler et al., 2020; Che et al.,
Cell Cycle and Cancer
CANDI mir-1224, hsa-mir- 2018; Kang et al., 2017; Qian ve
Migration
181a-2 ark., 2016
hsa-mir-1290, hsa- | Cancer Migration and
CAPZAI Huang et al., 2017
mir-181a-2 Invasion
hsa-mir-1224, hsa- | Cell Growth and Cell
CBX3 Zhang et al., 2018
mir-181a-2 Cycle
hsa-mir-1290, hsa-
mir-1224, hsa-mir- | Cell Growth and Cancer
CELF1 Wang et al., 2020; Xia et al. 2015
210, hsa- Migration
mir-181a-2
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hsa-mir-1290, hsa-

Cell Growth, Cancer

Mataki et al., 2015; Lim et al.,

COROIC
mir-181a-2 Migration and Invasion 2017
Cell Growth, Cell Cycle,
Ambrosini et al., 2012; Cao et al.,
DDX21 hsa-mir-181a-2 Cancer Invasion and TG
Drug-Resistance
hsa-mir-1224, hsa- | Cell Growth, Autophagy | Lin et al., 2020; Li et al., 2016;
DDX46
mir-181a-2 and Cancer Invasion Jiang et al., 2017
Taniguchi et al., 2018; Wang et
hsa-mir-1290, hsa- | Cell Growth and
DDX6 al., 2015; Cho et al., 2016; Lin et
mir-1224 Radiotherapy-Resistance
al., 2008
DEK hsa-mir-1224, hsa- | Cell Growth, Cancer Yang et al., 2020; Feng et al.,
mir-181a-2 Invasion and Cell Cycle 2017; Zhou et al., 2018
FAMA49B | hsa-mir-210 Cell Growth Zhang et al., 2020
hsa-mir-1290, hsa-
G mir-1224, hsa-mir- | Cell Growth, Cancer Zhang et al., 2019; Wang et al.,
210, hsa- mir- Migration and Invasion 2018; Li et al., 2020
181a-2
hsa-mir-1290, hsa- Ding et al., 2017; Luo et al.,
Cell Growth, Cancer
ITGAV mir-1224, hsa- 2016; Morandi et al.,2016; Pei
Migration and Invasion
miR-125a et al., 2019
Cell Growth and Cell Gong et al., 2019, Ryu et al.,
MCM5 hsa-mir-1224
Cycle 2005, Mio et al.,, 2016
hsa-mir-1290, hsa- | Cell Growth, Cell Cycle,
Meng et al., 2018; Agarwal et al.,
PAICS mir-210, hsa- mir- | Cancer Migration and
2020; Chakravarthi et al., 2018
1224 Invasion
Cell Growth and Cancer
PNN hsa-mir-1290 Yang et al., 2016; Wei et al., 2016
Migration
Sun et al., 2016; Zhang et al.,
Cell Growth, Cell Cycle,
PRKDC hsa-mir-1290 2019; Zhang et al., 2019; Zhang
Cancer Migration
et al., 2017
hsa-mir-1290, hsa- | Cell Growth and Cancer
SERBPI Zhao et al., 2018
mir-1224 Migration
Cell Growth and Almeida et al., 2014; Leopoldino
SET hsa-mir-1224
Radiotherapy-Resistance | et. al, 2012
Cell Growth and Cancer
SPTBN1 hsa-mir-1224 Chen et al.,2020; Zhi et al., 2015

Migration
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3.5  Confirmation of Omics Analyzes by q-RT-PCR

MiRNAs and putative target genes targeted by them, and miRNAs were analyzed
bioinformatically. It was compared with RNA sequencing and proteomic analyzes to
identify dormancy-related candidate genes. Subsequently, expression levels of candidate
dormancy associate miRNAs and their targets were confirmed by q-RT-PCR in 3D
dormant cells compared to 2D proliferating cells.

According to miR-Seq analysis, up-regulated miRNAs: MIR1290 and MIR210-5P
was found to be significantly increased in 3D dormant state while no significant changes
were observed in the expressions of MIR181A-5P and MIR181A-3P, MIR1224-5P and
MIR1225-3P and, MIR210-3P. (Figure 3.4)
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Figure 3:5 Confirmation by qPCR of the most up-regulated miRNAs in miR-
Seq.

Gene expressions were compared in A549 cells grown on 3D Matrigel for 14 days and in A549 cells
grown in 2D cell culture. Graphs were created by averaging 4 independent experiments (n=4). *, p-value

>0.05; **, p-value > 0.01.
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Figure 3

regulated miRNAs.

Gene expressions were compared in A549 cells grown on 3D Matrigel for 14 days and in A549 cells

4). ns, p-value

grown in 2D cell culture. Graphs were created by averaging 4 independent experiments (n

> 0.05; *, p-value < 0.05.
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In addition to confirming the up-regulated miRNAs in the 3D dormant state, these

down-regulated miRNAs were also confirmed in the 3D Matrigel Dormancy model

compared to 2D proliferate model.
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Gene expressions were compared in A549 cells grown on 3D Matrigel for 14 days and in A549 cells

grown in 2D cell culture. Graphs were created by averaging 4 independent experiments (n=4). ns, p-value

> 0.05; *, p-value < 0.05; **, p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001.

Down-regulated miRNAs: MIR130B-5P, MIR130B-3P, MIR362-5P, MIR362-3P,
MIR374-5P, MIR2278, MIR1304-5P, MIR1304-5P, MIR190-5P, MIR301A-5P

MIR138-2-5P was found to be significantly reduced while no significant changes were

observed in the expressions of MIR374-3P and MIR1180-5P in 3D dormancy state.
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3.6  Analysis of A549 MIR362 Overexpression Cells in Dormancy Model
Compared to A549 WT Cells

It has been shown by many different methods that Mir362 is reduced in dormancy.

To examine how mir362 affects the dormant behavior of cells, stable A549 cell lines

overexpressing mir362 were successfully generated (Figure 3.8). Monoclones were

obtained from the resulting polyclonal cell populations, and 10 clones were selected for

testing among them. Selected monoclones derived from 2 different polyclones that

significantly overexpress mir362 were selected based on qPCR results for further

experiments (Mono-2: Overexpression Clone-1, OE-1 and mono-5: Overexpression

Clone -2, OE-2).
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Figure 3:8 Confirmation by qPCR of overexpression of MIR362 genes
after transduction of A549 cells.

A. Polyclonal, B. and C. Monoclonal. Graphs were created by taking the average of 3 independent

experiments (n=3). ns, p-value > 0.05; *, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001. Poly:

Polyclonal Mono: Monoclonal.
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MTT assay was performed for the effect of overexpression of MIR362 on the growth
of cells. No significant changes were observed in the growth of MIR362 overexpressing
cells (MIR 362 OEs) compared to WT cells (Figure 3:9 A). The effect of MIR362 on the
dormancy model was investigated. The radius of the spheroids formed by the clones and
WT cells observed for 14 days were measured. According to the results, it was observed
that while WT cells formed tight and regular spheroids, MIR362 OE clones did not form
similar structures. The structures formed by the MIR362 OE clones were scattered,
disrupted and irregular (Figure 3:9 D and Figure 3:9 E). However, there is no significant
difference in the radius of the structures (Figure 3:9 C).

Moreover, PCNA, CDKI1, and KI67 expression levels of MIR362 OE clones were
checked by qPCR and compared with WT cells. PCNA, CDKI1 and KI67 expression
levels were significantly reduced in WT and MIR362 overexpressing clones under
dormant conditions. The reasons why the non-spheroid structures of MIR362 OE clones
increase compared to WT and are irregularly distributed under dormancy conditions may
be since MIR362 may target genes that play a role in the adhesion of cells and formation

of tight and regular structures.
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Figure 3:9. Investigation of dormancy behavior of A549 MIR362 overexpressed cells.

A. MTT Growth Test, B. qPCR results of selected dormancy markers, C. Radius of 3D spheroids, Cell

Growth in dormancy model. D. Representative images captured by light microscope E. Ratio of spheroid

and non-spheroids in 3D culture. 3 independent experiments (n=3) were conducted. **, p-value < 0.01;

*#% p-value < 0.001.

OE: Overexpression clone, WT: Wildtype
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3.7  Analysis of A549 MIR210 Knockout Cells in Dormancy Model Compared to
A549 WT Cells

It has been shown by many different methods that Mir210 increases in dormancy. To
examine how mir210 affects the dormant behavior of cells, stable A549 cell lines with
deletion of the MIR210 gene were successfully generated by CRISPR/CAS9 method
(Figure 3.9). Monoclones were obtained derived from the polyclonal cell populations,
and 10 clones were selected for testing. It was selected based on the results of monoclone
qPCR, where it significantly reduced mir210 (Mono-2: Knockout clone-1, KO-1). Further
experiments for examination of the effect of the MIR210 in dormancy were performed
with only one monoclone, as no significant reduction was seen in all the remaining
monoclones except Mono-2 (Figure 3:10).

MTT test was performed for its effect on the growth of MIR210 KO cells. No
significant changes were observed in MIR210 KO cells compared to WT cells (Figure
3:10 A). The effect of MIR210 on the dormancy model was investigated. The radius of
the spheroids formed by the clones and WT cells observed for 14 days was measured.
According to the results, it was observed that while WT cells formed tight and regular
spheroid structures, they did not form similar structures in MIR210 KO clone. The
structures formed by the MIR210 KO clone were observed to have smaller spheroid-like
structures and increased dead-like populations (Figure 3:10 C, Figure 3:10 D and Figure
3:10 E).

Moreover, PCNA, CDKI1, and K167 expression levels of MIR210 KO clones were
checked by qPCR and compared with WT cells. PCNA and K167 expression levels were
significantly reduced in WT and MIR210 KO clones under dormancy conditions. In
contrast, there was no significant change in expression level in CDK1 MIR210 KO
clones.

Under dormancy conditions, the non-spheroid structures of the MIR210 KO clone
were increased compared to WT (Figure 3:10 E). However, unlike MIR362 OE clones, it
was observed that MIR210 KO clones could not grow under dormancy conditions and
even increased die-like structures. It can be said that MIR210 is a necessary miRNA for

dormant cells to maintain themselves under certain conditions.
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Graphs were created by taking the average of 3 independent experiments (n=3). ns, p-value > 0.05; *, p-
value < 0.05; **, p-value < 0.01

KO: Knock out, Mono: Monoclonal
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Figure 3:11. Investigation of dormancy behavior of A549 MIR210 knockout cells.
A: MTT Growth Test, B: qPCR results of selected dormancy markers, C: Radius of 3D spheroids, Cell

Growth in dormancy model. D: Representative images captured by light microscope E: Ratio of spheroid

and non-spheroids in 3D culture. 3 independent experiments (n=3) were conducted. p-value < 0.01; ***,

p-value < 0.001. KO: Knockout clone, WT: Wildtype.
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3.8  Examination of migration abilities of MIR210 Knock Out, MIR362
Overexpressed A549 Cells Compared to WT

A scratch assay was performed to test the change in migration abilities of cells after
genetic manipulation. Scratch (wound) formed in certain areas of the adhered cells, and
the closure rates of these wounds were examined for 48 hours. Only one of the mir-362

overexpressing clones (OE-2) was found to have a significantly lower rate of scratch
closure at 12 hours and 48 hours than WT (Figure 3:11). In addition, the migration
ability of MIR210 knockout cells is severely affected. It was observed that closure

occurred at a very low rate compared to WT cells at 12, 24, 48 hours (Figure 3:12).
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Figure 3:12 Examination of migration abilities of MIR362 overexpressed A549 cells
compared to WT.

ns, p-value > 0.05; *, p-value < 0.05
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Figure 3:13 Examination of migration abilities of MIR210 knockout A549 cells
compared to WT.
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3.9  Bioinformatics Analysis of Selected miRNAs

The USCS Genome Browser (https://genome.ucsc.edu/) was used for the location
analysis of mir-362 and mir-210 on the genome (Miga et al. 2014). Mir-362 is in Intron
3 of the CLCNS gene (Figure 3:13). Mir-210 is in the intron region of the MIR210 Host
Gene (Figure 3:14). Both genes are included in the RNASeq results. Changes in
expression levels are found in Table 3:7.

Table 3:7 RNA Seq results of the genes where the miRNAs located.

MiRNA Found on Gene Name RNASeq Fold | RNASeq p-val
Change

MIR210 MIR210HG MIR210 host gene 4,911474388 2,71x10%

MIR362 CLCN5 Chloride voltage-gated channel 5 0,480638821 0,008954869

The effects of the genes in which they are found can also e considered for
examination of the observed effect of miRNAs in the dormancy model. According to the

RNASeq results, it was observed that the MIR210HG, which contains mir-210, increased
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significantly. Likewise, it was observed that the CLCNS gene, where located the mir-362,
which is one of the decreasing miRNAs, decreased significantly compared to RNASeq.
These genes may have an effect on cancer dormancy.

Three different online data tools were used for target analysis of MIR210 and MIR362:
DIANA Tool, miRDB and TargetScan. A target list was prepared for each pair of
miRNAs. It was then compared with RNASeq. The genes that decreased 2-fold in
RNASeq for miRNA mir210 with increasing filtering criteria, and genes that increased
2-fold in RNASeq for decreased miRNA mir362 were considered. Putative target genes
mir-362-5p, mir-362-3p, mir-210-5p and mir-210-3p common to at least two tools Table
3:8, Table 3:9, Table 3:10 and Table 3:11, respectively.

According to the results, the putative target gene of mir-362-5p common to all three tools:
SUCNRI, increased 2.725463042 times in RNASeq in dormancy compared to the
proliferative state (Table 3:8). The putative target genes of mir-362-3p common to the
three tools: DUSP10, ERI3, HHIP, PCDHACI, significantly increased 2,632720003,
2,20098667, 3,424168775, 5,797900504, 3,098003779 and 2,982501377 times
respectively, in dormancy than in the proliferative state (Table 3:9).

The putative target genes common to three possible targeting tools of mir-210-5p: AKT3,
BICD2, MED13L, RAB3B, RIMS4, significantly decreased 0,426745105, 0,480928366,
0,247557326, 0,371049126, 0,002979899 times, respectively (Table 3:10).

The putative target gene common to three possible targeting tools of mir-210-3p: E2F3
significantly decreased 0,216469591 times, respectively (Table 3:11).
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Figure 3:16 Schematic representation of putative Target Analysis for MIR362 and
MIR210.
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Table 3:8 Putative Targets of mir362-5p.

RNASeq Fold
Gene Found In Gene Name e o RNASeq p-val
Change
miRDB,
SUCNRI TargetScan, succinate receptor 1 2,725463042 0,046053182
DIANAToo0ls
iRDB
ALXI e ALX homeobox 1 2,179735766 | 0,000215356
TargetScan
CEACAMS miRDB, CEA cell adhesion molecule 5 | 7,076238294 0,029982626
DIANATools ' ! ’ ’
CYPIBI miRDB, cytochrorlne P450 family 1 3.608335849 1.93x10-12
TargetScan subfamily B member 1
miRDB, . -12
DDX58 DIANATools DExD/H-box helicase 58 3,777182112 6,17x13
TargetScan, | progestin and adipoQ receptor
PAQR 4 1072 10
ORS DIANATOools family member 8 . REPY723 3,55x10
miRDB phosphatidylinositol-4-
PIK3C2B ’ phosphate 3-kinase catalytic 2,003493348 0,000744783
DIANATools 4
subunit type 2 beta
PLXNBI miRDB, plexin B1 2,493540546 |  3,.99x10°%%
TargetScan
TargetScan, . . “14
0S0X1 DIANATools | duiescin sulfhydryl oxidase 1 3,229100916 1,63x10
TargetScan, solute carrier family 38 05
SLC38A11 DIANAToos member 11 133,2806107 1,63x10
iRDB
SYSI TIBPE: 1 SYS1 golgi trafficking protein | 2,792039005 |  2,66x1070
TargetScan
TMEMIIS | SESBSCAL o membrane protein 115 | 2.85004976 1,58x10°%
DIANATools P ’ ’
Table 3:9 Putative Targets of mir362-3p.
RNA Fold
Gene Found In Gene Name NASeq Fo RNASeq p-val
Change
miRDB
’ dual ificity phosphat
DUSPIO | TargetScan, | <o °Pec! “”13 PROSPRAISE 15 632720003 6,02x10°%
DIANATools
miRDB
’ ERI1 i 1 famil
ERI3 TargetScan, exozlb(:::‘;cre;se MY 220098667 2,10x10°%
DIANATools embe
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miRDB,
HHIP TargetScan, | hedgehog interacting protein 3,424168775 2,46x10°%8
DIANATools
miRDB, rotocadherin alpha
PCDHACI | TargetScan, P -~ fam.ln c f 5,797900504 | 0,001316118
DIANATools DY
miRDB,
RNF19B TargetScan, ring finger protein 19B 3,098003779 2,68x10°!12
DIANATools
miRDB
9 H2 . . .
SHB TareetScan, | . diortrzmr‘(’)‘t’zt:;l“g 2,982501377 4,46x10™"
DIANATools prorprotet
miRDB, ATP binding cassette &5
ABCGI DIANAToo0ls subfamily G member 1 29,73584867 3,56x10
miRDB, aquaporin 3 (Gill blood 287
AQP3 DIANATools aroup) 622,1864056 1,78x10
miRDB, ATPase H+ transporting VO 09
ATP6VOB DIANATools subunit b 2,81504006 4,32x10
miRDB, . :
BEX4 DIANATools brain expressed X-linked 4 2,523382812 0,009952669
TargetScan, Sh0
BMF DIANATools Bcl2 modifying factor 2,567488556 0,001605867
miRDB,
Cé6orfl106 DIANATools - 2,231385729 0,000000208
miRDB, calcium dependent secretion
CADPS?2 DIANATools activator 2 21,9014889 0,011267482
miRDB, CD59 molecule (CD59 blood
D. 2,12 464 134
CD59 DIANATools aroup) ,12707946 0,0000013
TargetScan, cholinergic receptor
CHRM3 DIANATools muscarinic 3 9,346223666 0,022740379
miRDB, fumarylacetoacetate
FAH 2,075647663 0,0000256
DIANATOools hydrolase ’ ’
miRDB, family with sequence
FAM174A 2,2062 4
7 DIANATOools similarity 174 member A ,206288907 0,0000097
miRDB
, . . -09
GOLGA7B DIANATools golgin A7 family member B 4,083529531 7,07x10
GRIK?2 miRDB, r giu;alin?liet] OIthtroplcb nit 29,73651584 0,000150112
DIANATools | FECEPtor ka aze ype subu , ,
miRDB
HOXCI ’ h 1 2 109
0XCl10 DIANATools omeobox C10 3,99306775 3,77x10
miRDB
LHX ’ LIM h 4
9 DIANATools omeobox 9 8,660774978 0,0000585
miRDB, . . 14
MOB3C DIANATools MOB kinase activator 3C 3,823759934 4,23x10

73



74

miRDB, .
NFASC DIANATools neurofascin 4,156607063 0,010114104
miRDB, . -09
NTHLI DIANATools nth like DNA glycosylase 1 3,376016331 1,63x10
PANX2 miRDB, pannexin 2 2,96768246 1,91x10%
TargetScan
miRDB, pellino E3 ubiquitin protein
PELIZ DIANATools ligase family member 2 2,565103465 0,000212956
miRDB phosphatidylinositol specific
PLCXD3 DIANATools phosphohpas'e C X domain 3,778045559 0,000000043
containing 3
miRDB, . .
PRR7 DIANATools proline rich 7, synaptic 2,263473652 0,00000544
RNF144B miRDB, ring finger protein 144B 4,838492736 0,000000215
DIANATools i ; ’
miRDB, RAR related orphan receptor
RORA DIANATools A 2,572975342 0,032023499
SH3TC2 - Stgigerain ang 11,40254688 2,09x10-1°
DIANATools tetratricopeptide repeats 2
miRDB, solute carrier family 1 08
SLCIA4 DIANATools O 4 2,419950425 8,25x10
miRDB, SRY-box transcription factor
Sox17 DIANATools 17 3,131066583 0,001399339
miRDB, .
STXI1B DIANATools syntaxin 1B 2,668505713 0,000219094
TargetScan, thyroid hormone receptor
THRB DIANATools beta 2,527325204 0,0006638
TargetScan, | TNF alpha induced protein 8
TNFAIPSL3 DIANATools like 3 2,386517521 0,034737928
TargetScan, | upstream transcription factor
F2 4,0745621 2,28x10°"
us DIANATools 2, c-fos interacting 074562197 ,28x10
ZERI miRDB, zyg-11 related cell cycle 2.691801229 4.34x1071
TargetScan regulator
Table 3:10 Putative Targets of mir210-5p.
RNASeq Fold
Gene Found In Gene Name Seq Fo RNASeq p-val
Change
miRDB
’ AKT serine/th i
AKT3 TargetScan, siri‘;e/ ‘ 3r COMIE | 0,426745105 2,17x10°%
DIANATools ase
miRDB,
BICD2 TargetScan, BICD cargo adaptor 2 0,480928366 0,000426519
DIANATOoo0ls
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miRDB, mediator complex
MEDI3L TargetScan, bunit 1 3113 0,247557326 1,58x10%8
DIANATools subu
miRDB,
RAB3B TargetScan, RAfnii’ ::SE:EFAS 0,371049126 6,15x10"
DIANATools & =
miRDB, Jati i
r ing synapti
RIMS4 TargetScan, mefri?r:ne fxsgc atz;s 4 | 0002979899 9,19x10%8
DIANATools yios
ADAMII miRDE, ADAM metallopeptidase | -, ) 4 66308 2,31x10
TargetScan domain 11
ARHGEF39 miRDB, Rho guanine nucleotide 0.127100161 1.20x102
TargetScan exchange factor 39
miRDB, ATPase plasma
ATP2B3 membrane Ca2+ 0,027134737 0,023370557
TargetScan .
transporting 3
BTG miRDB, BTG anti-proliferation 0275307572 1.66x10°7
TargetScan factor 2
iRDB, lin d dent ki
CDKI3 m cycin Cependent ’INASE 1 341946959 5,17x10%
TargetScan 13
‘RDB cornichon family AMPA
mi , Al .
CNIH2 receptor auxiliary protein | 0,203118245 0,007825376
TargetScan )
COTLI miRDB, coa?t0§1n like F.—actln 0.376414725 8.82x10-1!
TargetScan binding protein 1
. cysteine rich
RDB
CRIMI ees, transmembrane BMP | 0,229116683 1,91x10%
TargetScan
regulator 1
miRDB, cystel.ne rich secreto'ry
CRISPLD?2 protein LCCL domain 0,160004517 2.,29x10706
TargetScan .
containing 2
. discoidin, CUB and
miRDB, .
DCBLD?2 LCCL domain 0,180721383 5,43x10%
TargetScan .
containing 2
DENNDSB miRDB, DENN domain 0,177394543 1,23x10
TargetScan containing 5B
ELOVL2 miRDB, ELOVL fatty acid 0,11766031 1,47x102
TargetScan elongase 2
iRDB E1A bindi tei
EP300 s, AMEPIOLEI 1 503147878 | 0,004573975
TargetScan p300
FAMIG6IA miRDB, FAMIOL centrosomal | (35114688 | 001253123
TargetScan protein A
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miRDB,

family with sequence

FAM167A 0,20383803 1,23x1011
TargetScan similarity 167 member A X
FLRT? miRDB, fibronectin leucine r%ch 0.004522164 1.17x10°7
TargetScan transmembrane protein 2
iRDB,
FOXJ1 m forkhead box J1 0,021535982 0,009960177
TargetScan
fi i 11
miRDB, ibronectin .type .ar.ld »
FSDIL SPRY domain containing | 0,104453926 6,13x10
TargetScan .
1 like
iRDB
GNAZ s, G protein subunit alphaz |  0,3126332 0,000136957
TargetScan
GNL3L miRDB, G proteln.nucleolar 3 0.477594495 1.96x10
TargetScan like
iRDB GRAM domai
GRAMDIC e > 4 0015381992 | 0,002281892
TargetScan containing 1C
HIPK] miRDB, homeodor.nam. interacting 0.32039004 7.75x10%8
TargetScan protein kinase 1
TargetScan, inducible T cell
ICOSL 18764684 1 11
COSLG DIANATOoo0ls costimulator ligand 0. IR 0019388118
miRDB, potassium voltage?—gated
KCNA7 channel subfamily A 0,027265796 0,023934417
TargetScan
member 7
KMT2C miRDB, lysine methyltransferase 0.323004268 1.61x105
TargetScan 2C
iRDB leucine rich I
LINGOI e, eucine rich repeatand g |- 53306718 | 2824102
TargetScan domain containing 1
iRDB, LYLI1 basic helix-loop-
LYLI o - DIE ACTETOOPT ) 957382485 | 0,024665475
TargetScan helix family member
MEX3A miRDB, mex-3 RNA binding 1 - 57400343 3,50x10°1!
TargetScan family member A
iRDB
PDE7A ees, phosphodiesterase 7A | 0,266285393 1,40x10°%
TargetScan
PDSSA miRDB, PDSS5 cohesin associated 0.286572884 1.04x10
TargetScan factor A
miRDB, . phospl.lotyrosmc?
PIDI interaction domain 0,163350562 7,25x1010
TargetScan .
containing 1
miRDB, ' phosphoinositide-3- '
PIK3RI1 kinase regulatory subunit | 0,321926173 1,30x109°
TargetScan )
PPP6R3 miRDB, protein phosphatase 6| - 15171 1,30x10%
TargetScan regulatory subunit 3
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protein phosphatase

PPTC7 0,328595721 2,90x10°%8
TargetScan targeting COQ7 X
iRDB, L
PRKCQ m protein kinase C theta 0,488266231 0,002338308
TargetScan
iRDB
RNF207 s, ring finger protein 207 | 0,462865313 8,21x10
TargetScan
SCML2 miRDB, Sem polycomb group | 155338679 | 149x1078
TargetScan protein like 2
iRDB idekick cell adhesi
SDK2 e sidekick cell adhesion | - 775011 | 0,032305672
TargetScan molecule 2
SH3BP4 miRDB, SH3 domain binding | 4431969 7,42x10°%
TargetScan protein 4
HQ1, H/ACA
miRDB, .S Ql. H/AC . -08
SHQI ribonucleoprotein 0,351377613 9,78x10
TargetScan
assembly factor
iRDB, Lut ier family 30
SLC30A3 i v A 4 0250373375 1,01x103
TargetScan member 3
iRDB 1 ier famil
SLCTAII Y solute carrier family 71 53559355 2,02x10°"7
TargetScan member 11
SLC8AI i solute carrier family 8 | 151014644 | 0,00101227
TargetScan member Al
serine
iRDB, .
SPTLC2 m palmitoyltransferase long | 0,497089186 2,03x10%
TargetScan . .
chain base subunit 2
SRSF6 miRDB, serine ?1er arginine rich 0.470810285 1.63x10°%
TargetScan splicing factor 6
STXBPS miRDB, syntaxin binding protein 0.267842352 4.07x10%
TargetScan 5
TFCP2LI miRDB, transcrlptlf)n factor CP2 0.198889975 4.34x10°%
TargetScan like 1
TIAMI miRDB, TIAM Racl associated | 11357041 | 0,000483039
TargetScan GEF 1
iRDB i
TMEM107 e, ransmembrane protein | \s0447351 | 0,000296921
TargetScan 107
TNRC6C miRDB. rinucleotide repeat -, 300731557 | 0,008081365
TargetScan containing adaptor 6C
TRERFI miRDB, transcriptional regulating 0.482056282 0.000409169
TargetScan factor 1
‘RDB . i
USP46 e, ubiquitin specific 0357017073 |  2,49x10
TargetScan peptidase 46
USP49 miRDB. ublquitin specific 0303335902 |  7.13x103
TargetScan peptidase 49
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miRDB,

zinc finger DHHC-type

ZDHHC22 . 0,049169235 0,024890276
TargetScan palmitoyltransferase 22
iRDB, inc fi tein X-
ZFX m #ie Tneet protein 0234395805 |  6,80x10"3
TargetScan linked
iRDB
ZNF597 s, zinc finger protein 597 | 0,464687487 | 0,030499868
TargetScan
Table 3:11 Putative Targets of mir210-3p.
ASeq Fol
Gene Found In Gene Name RNASeq Fold RNASeq p-val
Change
miRDB,
E2F3 TargetScan, E2F transcription factor 3 0,216469591 1,35x101!
DIANATools
DENNDGA miRDB, DENN domain containing 0.339779391 7.67x10°%
TargetScan 6A
DIMT1 rRNA
DIMTI miRDB, m.ethyltransferase 'and 0.361438353 6.65x10"1
TargetScan ribosome maturation
factor
GPDIL miRDE: glycerol-3-phosphate 0,43254228 1,16x10°%5
TargetScan dehydrogenase 1 like
KMT2D miRDB, lysine methyltransferase 0414471772 5.16x105
TargetScan 2D
. nuclear receptor
miRDB
) . -06
NRID?2 DIANATools subfamily 1 group D 0,376113699 2,65x10
member 2
iRDB 1
SCARA3 mi , scavenger receptor class 0.407098037 1.05x109%
TargetScan A member 3

78



79

Chapter 4:
CONCLUSION

Drug resistance and cancer dormancy are the two main causes of cancer deaths from
untreated metastases. Therefore, understanding cancer dormancy at the molecular level
is crucial for saving lives and opening new horizons in treatments. It is as important to
understand the molecular functioning of dormancy as to identify these cells, which can
remain undivided for many years in patients who are thought to have healed medically,
by imaging methods. Unfortunately, currently used imaging technologies are insufficient
in this regard. Despite this undeniable importance of dormancy, research is very limited
and remains focused on some tumor subtypes. Molecular and rigorous studies have
focused especially on molecules originating from breast cancer and the
microenvironment.

Lung cancer ranks first and second in the world in terms of frequency in men and
women, respectively. However, lung cancer metastases are not included in the clinical
and academic literature in parallel with their frequency. On the other hand, many studies
on the lung consist of tumors of other organs that have metastasized secondary to the
lung. Under all these circumstances, the importance of lung cancer metastasis, recurrence
and dormancy research is clear.

In this study, the creation of a 2D and 3D in vitro cell culture model using NSCLC
cells and the discovery and confirmation of lung cancer signature miRNAs with multiple
omics analyses using this model and the genetic manipulation of miRNAs to be
discovered in line with cell biology and bioinformatics analysis. It is aimed to examine
the behavior of dormant cells and identify possible target genes using online tools in the
dormancy model.

In this context, this study has the feature of being the first comprehensive study in
Turkey and the world, in which results containing more than one omics analysis will be
revealed. In line with the studies briefly summarized above, the dormancy model of
NSCLC A549 cells was successfully established with the 3D in vitro commercial
Matrigel cell culture method and targeted multi-omics analyzes were carried out with the
help of this model. As a result of omics analyzes, mRNA, miRNA, gene, protein, and

dozens of candidate molecules related to dormancy were discovered.
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Within the scope of the study, further analyzes were carried out by focusing on these
candidate molecules, especially those known to have never been or little studied before.

As aresult of mirSeq analysis, it was revealed that 4 miRNAs were up-regulated and
40 miRNAs were down-regulated in dormant cells compared to proliferative cells. These
miRNAs from mirSeq were confirmed in the dormancy model. Both pairs (5p and 3p) of
miRNAs, if any, were tested. Confirmed miRNAs paralleling the mirSeq was carefully
selected for further analysis. Of the 4 miRNAs that appear to be up-regulated in mirSeq
analysis, only 2 confirmed significantly changed. To examine the effect of these two up-
regulated miRNAs, on the dormancy model, it was aimed to delete these genes in cells.
For this, the CRISPR/CAS9 system was preferred. However, due to the lack of the
appropriate PAM sequence in the sequence of mir-1290, only the mir-210 gene was
focused on among the up-regulated miRNAs. Mir-210 has been associated with many
cellular events in the literature. It plays an important regulatory role in the cell cycle,
DNA damage repair, immune system and inflammation, angiogenesis, metabolism,
macrophage regulation, and T cell differentiation and stimulation (Hui et al. 2020).
However, its role in cancer dormancy is not yet known.

Due to the small number of up-regulated miRNAs, preliminary target gene analysis
was performed for all of them. As a result of this analysis, possible genes associated with
cancer, cell cycle, cell growth, migration, metastasis and invasion in the literature were
selected, and the changes in expression levels within the dormancy model were tested.
Within the scope of informatics analysis, the online tool (TargetScan) and RNASeq and
Proteomic results obtained from dormant cells were used. Genes obtained from the Online
Tool were compared with RNASeq and proteomic results. Since miRNAs generally cause
suppression of target gene expression levels, the focus has been on genes that down-
regulated in mRNA and protein levels.

There were no significant changes among the selected genes based on the results,
except for CAPZA1. CAPZA1 is among the possible targets of mir-1290 and mir-181a-
2 and has roles in cancer migration and invasion, according to the literature (Eigentler et
al., 2020; Che et al., 2018; Kang et al., 2017; Qian et al. et al., 2016). The focus was not
on the CAPZA1 gene, as both mir-181a-2 did not change significantly when tested in the
dormancy model by qPCR, and mir-1290 couldn't work in the CRISPR/CASO9 system.

However, the fact that mir-1290 is the most up-regulated miRNA in this dormancy

system makes it a very large potential dormancy-associated miRNA candidate. If a
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system other than the CRISPR/CAS9 system is used (eg sponge system), it is very
valuable to examine its effect on this system.

The down-regulated miRNAs, known to have never been or little studied before due
to a large number of declining miRNAs, were first tested in the dormancy system. Among
the selected miRNAs, it was confirmed that mir-130b, mir-362, mir-374, mir-2278, mir-
1304, mir-190, mir-301a, and mir-138-2 were significantly decreased. Almost all of the
gPCR results were parallel with the mirSeq results. The most decreased miRNAs were
selected for further analysis (mir-301a, mir-190, and mir-362). For the testing of down-
regulated miRNAs in the system, it was first aimed to produce A549 clones that
overexpress these miRNAs. The overexpression vector of mir-301 has been ordered but
has not reached this working period, so the focus is on mir-362 and mir-190.

In the literature, mir-362 has been associated with cell growth inhibition and
metastasis in glioblastomas (Shi et al. 2020), invasion and cell growth inhibition in
colorectal cancer (Wan et al. 2019), and aberrant expression inducing metastasis in lung
cancer (Luo et al. 2018). But its role in cancer dormancy is not yet known. Interestingly,
up-regulation of mir-190 has been reported to induce long-term dormancy in growing
glioblastomas and osteosarcomas (N. et al. 2013). In our system, mir-190 was
significantly reduced in the dormancy condition of A549 lung cancer cells. In another
study, mir-190 associated with tumor dormancy was shown to be a potential circulating
miRNA marker in metastatic breast cancer (Papadaki et al. 2019). Due to our results'
inverse overlap with the literature, mir-190 was chosen for further analysis. Mir-190
overexpression A549 cells were created, but no significant morphological change was
detected in this dormancy model when cultured in Matrigel and observed for 14 days
(Data is not shown). Of the down-regulated miRNAs, only mir-362 was focused.

The genetic manipulations for both miRNAs were successfully performed. No
significant difference was observed in the growth of cells under normal cell culture
conditions compared to WT cells. However, the cells behaved differently from WT cells
under 3D cell culture conditions (dormancy model).

It was observed that both different clones of MIR362 observed disruptions in
spheroid formation. Cell colonies formed a regular and tight structure in WT cells, while
scattered non-tight structures were observed in MIR362 overexpressing cells. On the
other hand, when MIR210 was deleted from the cells, it was observed that the cells

observed disruption in spheroid formation as well. Cells were smaller than WT cells, and
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even dead cell-like structures were observed. In this case, it can be considered that both
miRNAs are critically important in dormancy. In order to better understand the effects of
these miRNAs on the dormancy behavior of cells, target genes and the pathways in which
these genes are involved are of critical importance. Informative analyzes reveal possible
target genes.

Uncovering the expression level changes in these genes in the dormancy condition
and how the genetic manipulations in these genes affect the behavior of cells in the
dormancy condition may play a role in elucidating the dormancy-related pathways.
Moreover, examining the behavior of these clones obtained in vivo when injected into
mice will provide a much different perspective to these results.

As a result, miRNAs obtained in many studies have been indirectly associated with
dormancy. Of course, dormancy-related miRNAs in the obtained literature contribute to
understanding the mechanism of cancer dormancy, but they are insufficient. In the
optimized dormancy model, mirSeq was performed directly from the dormant cells. As a
result of this analysis, manipulating miRNAs and miRNAs that differ in dormancy
behavior in the same model can potentially be associated with dormancy. With the
development of in vitro and in vivo models of cancer dormancy, elucidating the
mechanisms underlying cancer dormancy, finding new therapeutic targets, detecting
dormant cells in the clinic and developing treatment methods for dormant cells,
understanding the mechanisms of cancer recurrence are very important for the course of

the disease and the survival of patients.
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