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ABSTRACT

IDENTIFICATION OF GENOMIC AND TRANSCRIPTOMIC VARIANTS IN
CHORDOMA CANCER STEM CELLS

Chordoma is a rare malignant bone tumor that originates from remnants of the embryonic
notochord. Since a reliable treatment for chordoma has not yet been developed,
determining the factors that contribute to the pathogenesis of chordoma is of great
importance in terms of understanding the disease to develop new targets for treatment. In
this dissertation study, prominent genomic variations and molecular pathways in chordoma
cancer stem cells were investigated. For this purpose, initially, chordoma tumorspheres,
side populations, and CD133" and CD15" double-positive cells were enriched in 4 different
chordoma cell lines, and the obtained cells were compared in terms of expression changes
in stemness and EMT marker genes. Among the techniques that were examined, the
tumorsphere enrichment method was determined to be applicable for four chordoma cell
lines. Then, genomic variations and differential gene expression profiles of chordoma
tumorspheres were determined by next-generation DNA sequencing and total
transcriptome microarray techniques. Functional enrichment analyses were used for the
evaluation and determination of dysregulated pathways in chordoma tumorspheres in
comparison to parental cell lines.

Finally, gene expression of SEMASA, TPD52L1, and GAPLINC genes, whose expression
was found to be upregulated in tumorspheres, were inhibited in two chordoma cell lines to
investigate their downstream effects on invasion, migration, and viability. Results showed
that siRNA-mediated silencing of TPD52L1 significantly impairs both the migration and
invasion characteristics of chordoma cell lines. Downregulation of SEMASA inhibited
migration and invasion of UM-Chorl cells and impaired the invasive capacity of MUG-
Chorl cells. Additionally, decreased GAPLINC expression significantly reduced invasion
and migration in UM-Chor1 cells, but did not affect MUG-Chor1 cells.

This study constitutes a first in the literature in terms of examining genomic and
transcriptomic changes in tumorsphere-derived chordoma cancer stem cells as well as
demonstrating the impact of TPD52L1 and SEMAS5A genes on the invasive and migrative

capacity of chordoma cells.
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OZET

KORDOMA KANSER KOK HUCRELERINDE GENOMIK VE
TRANSKRIPTOMIK VARYASYONLARIN TESPITI

Embriyonik notokord kalintilarindan kdken aldigi bilinen kordoma, nadir goriilen bir
kemik tiimoriidir. Kordoma ic¢in  giivenilir bir tedavi yaklasimi  heniiz
gelistirilemediginden, kordoma patogenezinde etkili olan faktorlerin belirlenmesi,
hastaligin anlagilmasi ve tedavi i¢in yeni hedefler gelistirebilmek agisindan biiylik 6nem
arz etmektedir.

Bu tez ¢alismasinda, kordoma kanser kok hiicrelerindeki genomik varyantlar molekiiler
yolaklar incelenmistir. Bu amacla ilk olarak 4 farkli kordoma hiicre hattinda kordoma
timor kiireleri, yan popilasyon hiicreleri ve CD133+/CD15+ ikili pozitif kordoma
hiicreleri alinarak kokliilik ve epitel-mezenkim gegisi isaretgilerinin ifadesi bakimindan
karsilastirilmiglardir. Incelenen teknikler arasinda tiimorkiire kiiltiirlerinin dért hiicre hatti
icin de zenginlestirme i¢in kullanilabilece8i tespit edilmistir. Sonrasinda kordoma
timorkiirelerinde genomik varyantlar ve diferansiyel gen ifade profilleri yeni nesil DNA
dizileme ve total transkriptom mikrodizin teknikleriyle belirlenmistir. Kontrol hiicrelere
gore kordoma tiimorkiirelerinde etkilenmis yolaklarin belirlenmesi ve etkilerinin
degerlendirilmedi igin fonksiyonel zenginlestirme analizleri gergeklestirilmistir. Son olarak
SEMA5SA, TPD52L1 ve GAPLINC genlerinin ifadeleri iki kordoma hiicre hattinda
susturularak invazyon, go¢ ve canlilik tizerine etkileri incelenmistir. Sonuglar siRNA ile
inhibe edilen TPD52L1 ifadesinin kordoma hiicre hatlarinda hem go¢ hem de invazyonu
engelledigini; SEMASA ifadesinin baskilanmasinin UM-Chor1 hiicrelerinin hem go¢ hem
de invazyon yeteneklerini engelledigini, MUG-Chorl hiicrelerinin ise yalnizca invazyon
kapasitesini anlamli sekilde disiirdiigiinii gostermistir. Ek olarak, GAPLINC ifadesinin
susturulmasi ile UM-Chorl hattinda migrasyon ve invazyon anlamli sekilde azaldig,
ancak MUG-Chor1 hiicrelerinin etkilemedigi tespit edilmistir.

Bu c¢aligma, tiimorkiire kaynakli kordoma kanser kok hiicrelerinde genomik ve
transkriptomik degisikliklerin incelenmesi ve TPD52L1 ile SEMAS5SA genlerinin
kordomalarin go¢ ve invazyon kapasiteleri lizerindeki etkisinin gdsterilmesi bakimindan

literatiirde bir ilk teskil etmektedir.
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1. INTRODUCTION

Cancer is a sophisticated concept to be considered as a single disease, which covers more

than 200 diseases whose common denominator is "abnormal cellular growth™.

The term “Cancer” covers more than 200 diseases whose common denominator is
"abnormal cell growth™ [1]. In 2020 alone, approximately 19 million new cancer cases and
10 million cancer-related deaths were recorded worldwide [2]. It is reported that one out of
every five people in the world is diagnosed with cancer during their lifetime, and one in
every 11 women and one in every eight men die from cancer. The total number of cancer
patients who survive the first five years after diagnosis is estimated to be 50.6 million
worldwide [3]. According to the 2019 report of the American National Institutes of Health
(NIH), cancer treatment-related expenses in the USA alone are estimated to be more than
$21 billion [4].

The stem-like properties of cancer stem cells (CSCs), such as self-renewal, proliferation,
ability to maintain a dormant state, and differentiation capacity, enable them to play an
active role in the mechanisms of cancer initiation, preservation of tumor heterogeneity, and
metastatic spread. CSCs are promising therapeutic targets in current cancer treatment
research [5-7]. In chordomas, where en bloc tumor resection with negative margins and
radiotherapy are the recommended therapeutic modalities, it is not unusual to see locally
recurrent tumors that are resistant to conventional chemotherapy [8,9]. Therefore, advances
in targeted molecular therapy approach targeting chordoma cancer stem cells are of critical

importance in the treatment of chordoma [10].



2. THEORETICAL BACKGROUND

Cancer is a disease of uncontrolled cell division that occurs as a result of the accumulation
of mutations in healthy cells. Malignant features acquired during carcinogenesis confer
cancer cells a high adaptation potential and survival capacity during tumor development
and metastatic spread. Mutations and epigenetic variations have important roles in the

pathogenesis and prognostic character of cancer.

2.1. CHORDOMA

Chordoma is a rare, slow-growing, malignant bone tumor that is thought to originate from
embryonic notochord remnants and can occur along the spine, from the sacrum to the
clivus. Chordomas are a subtype of sarcomas, a group of malignant bone and soft tissue
tumors [11].

Chordoma of clivus was first introduced to the literature by German pathologist Rudolf
Virchow in 1857. Virchow thought that the neoplasm originated from cartilage tissue, and
due to many cytoplasmic vacuoles observed in chordoma cells he described the tumor as
“ecchondrosis physaliphora spheno-occipitalis”; the word physaliphora was Greek for

“bubble bearing”. and named these cells “clivus tumors” [12].

Based on the Surveillance, Epidemiology, and End Results (SEER) statistics, the incidence
of chordoma in the USA is 1 per million and the 5-year survival rate is approximately
80.3% [13]. Although chordoma can be seen among all age groups and genders, it is
usually seen between the ages of 40-70; the incidence of pediatric chordoma diagnosis is
approximately 5%. The incidence rate among males and females was found to be 1.8:1
[14-17]

Chordomas are usually seen in the skull base and the sacrum, but can also occur in
different parts of the axial skeleton. Although rare, chordoma formations have been
reported in unusual areas from the wrist to the foot, in the extra-axial skeleton [18,19].
Chordoma cells which have a very slow division cycle, are highly resistant to
chemotherapy [20]. Although radical approaches like en-bloc tumor resection and/or high-



dose radiotherapy give results for sacral chordomas, this practice is not entirely possible
for clival chordomas due to the location and jelly-like lesions with the uneven texture of
the tumor [21-24].

Due to their localization, the most common initial complaints of chordoma patients are
pain and neurological symptoms. In the clinic, chordoma diagnosis is established via non-
invasive imaging techniques and pathological evaluation methods based on
immunohistochemistry. Histologically, chordomas can be classified into three classes:
Classic chordoma, chondroid chordoma, and dedifferentiated chordoma. Chordomas are
considered non-anaplastic tumors but increased anaplasticity, as seen in dedifferentiated

chordomas, would lead to promoted aggressiveness [25,26].

Chordomas are positive for Cytokeratin 19 (CK19), Epithelial Membrane Antigen (EMA),
Vimentin, and S-100; negative for CK7, CK20, and Chromogranin [27,28]. However,
markers used in chordoma diagnostics may also be present in other cancers that have
similar developmental/histological background to chordoma. For example, the S-100
protein is common in both chordomas and chondrosarcomas; but E-cadherin is positive in

chordomas but not in chondrosarcomas.

Brachyury, a nuclear transcription factor expressed by TBXT (T) gene is the gold standard
used for the diagnosis of chordoma. The T gene is located on chromosome 6q27 [29].
Brachyury is an important T box gene family member and has a major role in the
development of notochord into axial skeleton and bone in embryonic stages. [23,30-33].
For this reason, the origin of the theory that chordomas arise from embryonic notochord
remnants is due to the high brachyury expression in chordomas [34].

Chondroitin sulfate proteoglycan 4 (CSPG4) is another protein that is observed in
approximately 72% of chordoma cases and is a potential marker for the diagnosis of the
disease. Although due to the variable expression levels in different chordomas subtypes,
CSPG4 protein is far from being reliable as a diagnostic criterion, it can be considered as a
prognostic factor for the metastatic risk and life expectancy [35]

The first chordoma cell line U-CH1 is established in 2001 from a male patient with a
sacral/recurrent chordoma tumor by the researchers from the University of Ulm [36]. There
are 25 chordoma cell lines accepted by the American Chordoma Foundation [37]. Fifteen

of these cell lines are established from the sacrum, nine of them are from the clival region,



and one from the thorax. Ten of those lines are developed from primary neoplasms, 4 from

recurrent, 4 from metastatic, and 7 from recurrent and metastatic tumors (see Table 2. 1).

Table 2.1. Current list of chordoma cell lines and their origin and status features

Cell Line Disease Origin Disease Status Age
U-CH1 Sacral Recurrent 56
U-CH2 Sacral Recurrent 72
U-CH6 Sacral Recurrent + Metastatic 56
U-CH7 Sacral Primary 67
U-CH11 Sacral Primary 71

U-CH11R Sacral Recurrent 75
U-CH12 Sacral Primary 83

U-CH17P Sacral Metastatic 38

U-CH17PII Sacral Metastatic 38

U-CH17M Sacral Metastatic 38

U-CH17S Sacral Metastatic 38
U-CH18 Thoracic Recurrent + Metastatic 56
U-CH19 Sacral Primary 77

CH22 Sacral Recurrent + Metastatic 56
JHC7 Sacral Primary 61
MUG-Chorl Sacral Recurrent 57

MUG-CC1 Clival Primary 72
U-CH14 Clival Primary 79

UM-Chorl Clival Primary 66

UM-Chor5 Clival Primary <20

UM-Chor5C Clival Recurrent + Metastatic <20
UM-Chor5D Clival Recurrent + Metastatic <20
UM-Chor6 Clival Primary 32
U-CHCF359B Clival Recurrent + Metastatic <20
U-CHCF365 Clival Recurrent + Metastatic <20




2.2. GENETIC ALTERATIONS IN CHORDOMA

Mutations that occur during carcinogenesis can result in loss of heterozygosity, leading
inactivation of a tumor suppressor gene [38]. The first mutation associated with human
cancer is the “Philadelphia Chromosome”, which is a reciprocal translocation between the
g arms of chromosome 9 and 22 resulting in uncontrolled division of cells in chronic
myeloid leukemia (CML) [39]. A study by Friend and colleagues in 1986, revealed that the
deletions in the Rb1 gene, which will be later known as a tumor suppressor gene, are the
cause of retinoblastoma [40]. BRCA1 (Breast Cancer Associated 1) gene, whose mutations
are identified to cause breast cancer in 1994, has been described as the “gate-keeper” due
to its function in the DNA repair mechanism and consequential role in maintaining
genomic integrity [41,42]. Similarly, mutations in the Kirsten rat sarcoma viral oncogene
homolog (KRAS) gene, which are found in approximately 35-45% of colorectal cancer and
15-30% of lung cancer cases, are also used as a diagnostic marker and therapy response
predictor in the clinic. Anti-epidermal growth factor receptor (EGFR) therapy in the clinic
to suppress the EGF signal cascade that triggers Ras protein leading phosphorylation of
ERK which induces cell cycle and proliferation. However, abnormal —K-Ras protein
synthesized by mutated KRAS gene does not require upstream tyrosine kinases initiated by
EGFR activation and is unresponsive to anti-EGFR therapy [43,44].

As in chordoma, all cancers are the results of abnormal changes in DNA [45]. The genetic
abnormalities leading to chordoma may arise spontaneously, more rarely, be inherited. In
most cases, both inherited and sporadic chordomas have been linked to mutations in the T
gene. Studies showed that germ-line tandem duplications in the TBXT gene were observed
in some familial chordomas, and >20% of sporadic chordomas also acquire an extra copy
of the T gene during the development of the neoplasm [46]. Comparative genomic
hybridization array (array-CgH) studies on patient samples showed several gain mutations
on q arms of chromosomes 7, 12, 17, 20, and 22, and copy number losses in 1p, 3, 4, 9, 10,
13, 14, and 18 in sporadic chordomas [36,47,48]. Mutations in the T gene have a dominant
negative effect. 97% of familial chordoma patients carry rs2305089 single nucleotide
polymorphism (SNP) in at least one allele. Therewithal, SNP rs2305089 in sporadic

chordomas is also effective on overall survival [49-51].



EGFR, a receptor tyrosine kinase-expressing gene located on chromosome 7p12 is known
to be strongly activated in chordoma cases. Chromosome 7 gains commonly seen in
chordomas, or SNP rs1050171 in exon 20 which causes a silent mutation of the tyrosine
kinase domain of EGFR, are found effective on this strong EGFR activation [52,53].
PISK/AKt/mTOR is a known pathway that is activated in the majority of chordomas. A
study on chordoma tumor samples showed the presence of activating mutations in PI3KCA
and PIK3R1 and PTEN in 16% of the chordoma samples [46]. Another study reveals one
copy loss of the chromosome 10g23.31 region which encodes the PTEN gene [47]. 17% of
chordoma patients have mutations in SWI/SNF genes, which have a role in chromatin
remodeling [46].

2.2.1. Chordoma Treatment

Although there is no treatment approved by the American Food and Drug Administration
(FDA) for Chordoma, various clinical studies are in progress at different phases. G1-6301,
an S. cerevisiae-based cancer vaccine, is in the Phase Il stage, which aims to stimulate the
activation of T cells in humans by synthesized brachyury protein [54,55]. In another cancer
vaccine study, about to be carried on to phase Ib/ll, The NANT, contains a combination
therapy of Aldoxorubicin Hydrochloride HCI, ALT-803, ETBX-051, ETBX-061, GI-6301,
haNK, avelumab, cetuximab, cyclophosphamide and radiotherapy applications [56]. The
study includes ETBX-01, a recombinant adenoviral-based brachyury vaccine to be injected
under the skin. It is planned to stimulate cytotoxic T lymphocytes with brachyury protein
to be synthesized by adenoviruses, that replication incompetent [57]. Similarly, the MVA
Ch BN® Brachyury vaccine, another study based on the principle of immune response to
the brachyury protein, is being prepared for phase Il studies [58]. In a study published by
Magnaghi and his team in 2018, the EGFR inhibitor Afatinib in the phase Il stage was
shown to exhibit an antiproliferative effect on U-CH1 and UM-Chorl chordoma cell lines

by inducing down-regulation of TBXT [59].



2.3. CANCER STEM CELLS

Pluripotent stem cells are undifferentiated cells that have the ability to self-renew,
proliferate, and give rise to various cell subtypes during embryogenesis. Depending on the
developmental stage of the organism, pluripotency and abundance of the stem cells in that
organism decrease correspondingly [60]. Decreased number of stem cells in an adult body,
impairs the regeneration capability of the tissues, but their long-term repopulating ability

(quality) remained constant [61].

Mutations can cause a series of events leading to alterations in the biochemical pathways
of the cell. These alterations could lead to uncontrolled cell divisions, and make cancer
cells evade apoptosis and immune response which is called malign progression [62]. It is
known that cancer cells may acquire a stem cell-like character, which ensures the
continuity of cellular heterogeneity in a cancer cell population, gives metastatic character,
the ability to resist chemo and radiotherapy, and may lead recurrence of cancer [63].
During malign progression, the control of differentiation mechanisms in the cell is
inevitably lost [64]. De-differentiation of differentiated dormant cells into an oncogenic
hyperproliferative state is considered one of the possible origin stories of cancer stem cells
[65,66].

Another advantage that the disruption of differentiation mechanisms brings to cancer stem
cells is the ability of cancer stem cells to remain in the dormant phase that is insensitive to
physiological interventions. Hence, the cancer stem cells, which manage the differentiation
process in its favor, can re-enter the proliferative phase after a “successful” chemotherapy

and may lead to recurrence at the initial region or formation of metastatic cancer [67].

The theory of cancer stem cells was first introduced in acute myeloid leukemia (AML)
patients by Bonnet and Dick who found that the CD34" and CD38" subpopulations of AML
cells were leukemia stem cells [68]. Many subsequent studies have shown that there are
specific surface markers, intracellular proteins, and non-coding RNAs for different cancers
(Table 2.2) [69]. In a study by Aydemir et al. in 2012, it was shown that subpopulations
with CD133 and CD15 surface markers in the U-CH1 chordoma cell line have cancer stem

cell-like characteristics [70].



Table 2.2. CSC markers for various tumor types (derived from Zhou et al., 2021, [69])

Classification Markers Function and Role

A common CSC marker in various cancers.
CD133+Nestin+ is better for CSCs in glioma.
CD133+CD44+ is better for CSCs in HCC and
colon tumor

CD133+ALDH+/ CD133+L1CAMH+ is better for
CSCs in OC.

CD133

A common CSC marker in various cancers.
CD44+CD133+/CD44+EpCAM+/CD44+ALDH+
is better for CSCs in CRC.

CD44 CD44+ c-Met+ is better for CSCs in pancreatic
cancer;

Isolation CD44+ALDH+/ CD44v8-10 is better for CSCs in

markers GC.

A common CSC marker in various cancers.
EpCAM+CD44+ CD166+ is better for CSCs in
CRC.

EpCAM+ CD133+ is better for CSCs in HCC

EpCAM

A common CSC marker in various cancers.
EpCAM+CD44+ CD166+ is better for CSCs in
CRC.

EpCAM+ CD133+ is better for CSCs in HCC

ALDH

A common CSC marker in various cancers.
CD90 CD90+CD44+ is better for CSCs in lung cancer
cells.

Oct4 is a homeodomain transcription factor by
Oct4 binding to octamers,

and regulates the expression of many genes

Nanog is a homeobox transcription factor,
Intracellular ) ) )
Nanog And plays a crucial role in the second embryonic
markers o
cell-fate specification.

Sox2 has an important function in the early
Sox2 development and maintenance of undifferentiated
ESCs.

SP fraction Hoechst SP cells can be separated by fluorescence




33342- screening after the outflow of Hoechst 33342.

negative And SP cells have high homology, self-renewal,

population | and multidirectional differentiation potential.

Regulate CSC phenotype in nasopharyngeal
Circ008913 9 P P pharyng
carcinoma cell line.

CirGprcba | Regulate CSC in bladder tumors.

) Promote CSC in CRC and induce irinotecan
Noncoding Circ001680

RNAs

resistance.

CircLgrd Regulate CSC in CRC.

IncTCF7 Promote CSC by Whnt signaling pathway.
Inc-p-Catm | Promote CSC together with Wnt.

H19 Regulate CSC in breast cancer and HCC.

In addition to cancer-specific surface receptors, expression of pluripotency-related
oncogenes such as Oct4, KIf4, c-Myc, and Sox2 are increased in CSCs, similar to stem
cells [65]. Otherwise, it has been suggested that cancer stem cells provide an invasive and
metastatic profile of cancer by driving the epithelial-mesenchymal transition (EMT) status
in cancer [71]. Downregulation of E-cadherin and up-regulation of N-cadherin, fibronectin,
and matrix metalloproteases leads to an EMT status, which is related to the cancer stem
cell phenotype [72]. Additionally, increased expression of Aldehyde Dehydrogenase
(ALDH) is another marker for CSCs. Rinner showed increased ALDH expression in the
Mug-Chorl chordoma cell line [73]. Also, it is known that ATB binding cassette (ABC)
transporter proteins are highly expressed in CSCs and provide the abilities for drug-

resistance which can be targeted in cancer therapy [74].

Numerous studies target cancer stem cells suggesting the dynamic heterogeneity and
therapy resistance to cancer. For example, BMS-906024, which has been used as a Notch
signaling pathway inhibitor in studies conducted to date, is involved in Phase 1 clinical
trials targeting cancer stem cells as well [75]. Phase 3 trials of the inhibitor of the carbonic
anhydrase enzyme, which alkalizes the cancer microenvironment, are effective in invasive
cancers [76]. It is known that the expression of ABC transporters that bind to ATP is
elevated in cancer stem cells [77]. Therefore, clinical trials of ABC transporter inhibitors
are ongoing at various stages in the development of therapeutic approaches targeting CSCs
[78].
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2.3.1. Cancer stem cell enrichment methods

Tumor-sphere cultures and “side population” isolation are the most frequently used

methods in studies to detect and enrich cells with stem cell potential in vitro [79,80].

Tumorsphere formation assay is an in vitro method to enrich CSCs populations based on
the ability of cancer stem cells to self-renew and proliferate in serum-free and attachment-
independent conditions. The assay also is a highly preferred model for studying molecular
mechanisms and treatment approaches targeting cancer stem cells and testing the efficacy
of treatments [81,82]. The induction of apoptosis in adherent cells due to the integrin
disengagement from the extracellular matrix is called anoikis. Anoikis is a critical control
mechanism of the cell cycle that ensures the elimination of detached cells from healthy
tissue and an obstacle that cancer cells must overcome to gain metastatic skills [83].
Studies have revealed that cancer stem cells create a niche and protect the non-stem tumor
cells from anoikis-induced cell death in breast cancer [84]. In tumorsphere cultures, a
hydrogel-coated ultra-low attachment surface that minimizes protein absorption and
cellular activation is used. Also, tumorspheres with cancer stem cell characteristics can be
formed when cells are prevented from adhering to the surface via an agarose-coated culture

plate in serum-free culture conditions [85].

The side population (SP) technique, which is known to be used for screening the efficacy
of therapeutic agents on cancer stem cells, was first developed for the detection of
hematopoietic stem cells in mouse bone marrow [86]. The technique is based on the cell's
ability to efflux the fluorescent DNA-binding dye Hoechst 33342 via ABCG2 protein, one
of the ATP-binding cassette (ABC) transporters, which has also been associated with
multidrug resistance mechanisms [87]. The side population cells can be identified and
isolated from the main population by their characteristic appearance in flow cytometry
analysis. A control group was used to detect the side population that cannot efflux Hoechst
33342 dye which is obtained by inhibiting the ABC transporter proteins with Verapamil
before the Hoechst staining. Cells treated with verapamil are identified as “Hoechst 33342
positive” in flow cytometry data. In the group not treated with verapamil, cells in the
Hoechst 33342 negative quadrant (appeared) are considered as the side population.
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Within the scope of the project, the aforementioned tumorsphere culture and side
population stem cell enrichment techniques were used to obtain stem cell-enriched

populations in chordoma cells. Details of both methods are given in the Materials and
Methods section (3.2).
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3. METHODOLOGY

3.1. CELL CULTURE MAINTENANCE

The experiments were carried out using four chordoma cell lines: UM-Chorl (Primary-
Clival), MUG-Chorl(Primary-Sacral), U-CH1 (Recurrent-Sacral), and CH22
(Recurrent/metastatic, Sacral). Chordoma cell lines were maintained at 37°C with 5% CO;
culture conditions, in Iscove's Modified Dulbecco's Medium (IMDM) and Roswell Park
Memorial Institute (RPMI) 1640 Medium as a combination of a 4 to 1 ratio, which was
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS)
antibiotics. The culture flasks used in chordoma culture were covered with 0.1% gelatin.
Maintenance of the chordoma cell culture requires a medium change every two days, and
the cells were passaged when confluency reached 80%, by using a %0.25 Trypsin-EDTA

solution.

3.2. CANCER STEM CELL ENRICHMENT APPROACHES

There are several cancer stem cell enrichment methods in the literature. In this study, side
population selection via Hoechst staining, isolation of CD15/CD133" expressing

chordoma cells via FACS, and tumorsphere formation methods were used.

3.2.1. Isolation of CD133"/ CD15" Population via FACS

Previous studies conducted by our group showed for the first time in literature that,
CD133" and CD15" subpopulations in chordoma exhibit a cancer stem-like character [70].
Based on these findings, CD15/CD133" cell populations in chordoma cell lines were
isolated via Fluorescent Assisted Cell Sorting (FACS) protocol by using BD FACS Aria Il
device.
Immuno-Fluorescent Staining for FACS

1- Cells were trypsinized with 0.25% trypsin-EDTA and the pellet was washed with

5mL Ca™ and Mg™™ free phosphate buffered saline (DPBS).
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The washed cell pellet was resuspended in ~100uL DPBS, and 5ul human FCR
blocker was added to the cell suspension for approximately 1x10° cells and
incubated on +4°C ice.

Florescent-conjugated CD133 and CD15 antibodies were added to the cells and
incubated on ice for 30 min in the dark.

Cells were washed with DPBS twice and resuspended in 500uL PBS with 4',6-
diamidino-2-phenylindole (DAPI).

The same protocol will be repeated for the unstained (negative control) group w/o
antibody addition but with the DAPI step. Since DAPI dye is effluxed in living
cells immediately, DAPI negative population in unstained samples was used to
determine the gate for living cells in FACS analysis.

CD133" CD15" double-positive cell populations were selected and sorted.
Collected cells were kept at -80°C for further RNA isolation.

3.2.2. Side Population Selection via Hoechst staining

The Hoechst side population method is based on the selection of cell populations with high

efflux capacity to DNA-binding dye Hoechst 33342 through ABC transporters which are

enriched in stem cells. Based on the literature, the control of the side population was

evaluated via verapamil pre-treatment before the Hoechst staining, which is an ABC

transporter inhibitor. Side population cells observed in conditions without the verapamil

pre-treatment should have disappeared in the “Hoechst negative quadrant” in verapamil

pre-treated groups.

Verapamil treatment and Hoechst staining

1.
2.

Detached chordoma cells were washed with DPBS, and the supernatant was removed.

For verapamil pre-treated control groups:

The cell pellet was dissolved in cold culture medium as 1.10° cells/mL. Verapamil
was added to the control cells with a final concentration of 50uM.
Cells were incubated at dark for 30 minutes in a 37°C water bath. Cells were mixed

by gentle finger vortexing in every 15 minutes.

Cells were stained with 10uL/mL Hoechst 33342 in PBS and incubated for 90 min at

37°C. The tubes were mixed by gentle finger vortexing in every 15 minutes.
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4. After the incubation, cells were washed with cold DPBS, the supernatant was removed
and the pellet was dissolved in 2% FBS containing DPBS.
5. 7AAD stain was used to detect dead cells and only living cells were gated in FACS.
6. Side populations were detected under DAPI A vs. DAPI B channels and sorted.
Collected cells were kept at -80°C for further RNA isolation.
o The cell pellet was dissolved in cold culture medium as 1.10° cells/mL. Verapamil
was added to the control cells with a final concentration of 50uM.
e Cells were incubated at dark for 30 minutes in a 37°C water bath. Cells were mixed
by gentle finger vortexing in every 15 minutes.

3.2.3. Tumorsphere Formation

In this assay, higher survival capability in non-adherent and serum-free conditions of stem
cells is used as a cancer stem cell enrichment method [81]. The tumorsphere formation was
performed as follows, detached cells were dissolved in a defined sphere medium (see table

3. 1) and seeded on an ultra-low attachment surface plate.

Table 3.1. Tumorsphere medium content

Material Final concentration
Antibiotics (PS, 100X) 1X
EGF (100 pg/ml) 20 ng/ml
bFGF(100 ug/ml) 20 ng/ml
N2 (100X) 1X
B27 (50X) 1X

The culture medium was changed once a week. For the medium change process, medium
containing tumorspheres were collected from wells, and let sit for 30 minutes at 37°C
culture incubator, the supernatant was removed carefully, and settled tumorspheres were
gently dissolved in 2 mL fresh sphere medium. If any clump formation occurred,
clumpings were dissolved by gentle pipetting. Three days after each medium change, 1mL
fresh sphere medium was added to the wells.

For sub-culturing, sphere-forming cells were dispersed and seeded again to form spheres.

TrypLE™ express reagent, a recombinant cell-dissociation enzyme that cleaves bonds on
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the C-terminal residues of Lysine and Arginine amino acids, was used as a substitute for
Trypsin. Similar to the regular trypsinization procedure, the sphere-bearing culture medium
is collected and incubated for approximately 30 minutes at 37°C in a CO, incubator. The
supernatant was removed carefully and 2-5 mL of TrypLE was added to the sphere pellet
and incubated for ~10 minutes. Pellet was finger vortexed every 2 minutes and repeated
until the spheres become invisible. To collect sphere cells, the cell suspension was
centrifuged for 5 min at 10000rpm. Pellet was re-dissolved in a fresh sphere medium and

seeded onto an ultra-low attachment culture plate.

The sub-culturing protocol was applied for all 4 chordoma cell lines U-CH1, MUG-Chorl,
UM-Chorl, and CH22. Cells were seeded as 100K cell/well for U-CH1, MUG-Chor1, and
UM-Chorl lines and 50K/well for CH22 cell line. Observations during the experiments
showed that the number of viable cells of U-CH1 and UM-Chorl cell lines reduced
dramatically and could not form spheres after the second passaging. Therefore, for U-CH1
and UM-Chor1 cell lines, only the 2™ generation spheres (passaged 1 time) of these two
lines were used for further experiments. On the other hand, MUG-Chorl and CH22
tumorosphere-derived cells successfully continued to form spheres during the sub-
culturing; so these lines were passaged 3 times and the 4™ generation tumorspheres were

used for these cell lines.

3.3. DETERMINATION OF TRANSCRIPTOMIC CHANGES IN CHORDOMAS

3.3.1. Total RNA isolation and Quantification

Total RNAs from chordoma tumorspheres were isolated via PureLink™ RNA Mini Kit
(Thermo Fisher Scientific, cat no: 12183020) based on the manufacturer's protocol.
Isolated RNA samples were used for Clariom™ D Total Transcriptome microarray
analysis to determine both coding and (long) non-coding transcriptome and the expression
confirmation gPCR. For gene expression alteration studies, total RNA samples were
isolated with easy-BLUE™ Total RNA Extraction Kit (iNtRON Biotechnology, cat no:
17061) according to the manufacturer’s instructions. RNA grade Glycogen (Thermo
Scientific™, cat no: FERR0551) was used for a final concentration of 0.1ug/uL as an

RNA carrier. RNA concentrations and purity were determined via UV spectrometry



16

(Epoch Microplate Spectrophotometer) and calculated via BioTek Gen5 Data Analysis

Software based on ODgy:0Dog ratio.

3.3.2. cDNA synthesis and Real-Time gPCR

cDNA synthesis was performed using the “High-Capacity cDNA Reverse Transcription
Kit” (Applied Biosystems®, Massachusetts, USA; Cat. no: 4368814). Gene expression
levels were measured via quantitative Real-Time Polymerase Chain Reaction (RT-gPCR)
technique, by using gene-specific TagMan™ primers (table 3.2), and “TagMan™
Universal Master Mix Il with UNG” (Applied Biosystems®, Massachusetts, USA; Cat. no:
4440042) and StepOne™ Real-Time PCR Systems (Applied Biosystems®, Massachusetts,
USA). The relative expression levels between control and experimental groups
(tumorspheres vs parental cell lines and silenced samples vs control siRNA transfected
samples) for the selected genes were calculated based on the 272" formula, and GAPDH

was used as housekeeping.

Table 3.2. Tagman catalog numbers of the selected genes in the study

™

Gene Expression Assay
OCT4 hs04260367_gh
SOX2 hs00415716_m1
NANOG hs04260366_g1
KLF4 hs00358836_m1
CDH1 hs01023894_m1
CDH2 hs00983056_m1
VIM hs00185584_m1
SLUG hs00950344_m1
SNAIL hs00195591_m1
TWIST hs01675818_s1
ZEB1 hs01566408_m1
GAPLINC hs00418805_m1
SEMASA hs01549381_m1
TPD52L1 hs00914766_m1




3.3.3. Clariom D Microarray

Clariom D total transcriptome microarray enables expression analysis of more than
540.000 coding and (long) non-coding sequences with alternative splicing events by
maximizing exon coverage. The assay was performed based on the manufacturer’s
guidance with isolated total RNA samples, by using Clariom D human assay
(Thermofisher Cat no: 902922) via Affymetrix GeneChip™ 3000 microarray system. The
microarray experiments were repeated 3 times in 4 different parental chordoma cell lines

and the tumorspheres were derived from the parental cell lines. The basic scheme for

transcriptome microarray was presented in Figure 3.1.
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Figure 3.1. Clariom D amplification and labeling protocol scheme.
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3.3.4. Differential Expression and Functional Annotation Analysis

Affymetrix® Transcriptome Analysis Console (TAC) software version 4.0.2 (Applied
Biosystems) was used for the differential expression analysis among the groups. Raw
expression data were background corrected, normalized, and summarized by Robust
Multichip Average (RMA) method; differentially expressed genes were analyzed using
Limma Bioconductor package, based on an empirical Bayesian (eBayes) approach via TAC
software [88-90]. Both gene and exon level p values smaller than 0.05 and absolute fold
changes greater than 2 are considered significant. The PCA map and hierarchical clustering
dendrograms are retrieved from the TAC interface. The Interactivenn tool was used to
create Venn diagrams describing common and significant DEGs among cell line groups
[91].

All functional enrichment analysis outputs were visualized via R (version 4.2.2) [92]. The
DEGs that are significantly altered in tumorspheres in comparison to parental cell lines
were used for further functional enrichment analysis. The enriched Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways and Gene Ontology (GO) terms were
comparatively analyzed, annotated, and visualized via clusterProfiler, org.Hs.eg.db,
enrichplot, and ggplot2 R packages [93-100]. Enrichment analysis results based on
WikiPathways curation were accessed via TAC software and visualized using ggplot2 and
viridis packages [101,102]. Gene set enrichment analysis of GO, and KEGG pathways
were calculated based on ENTREZ IDs, and MSigDB datasets were based on official gene
symbols of DEGs. The “core analysis” provided by Ingenuity Pathway Analysis (IPA,
Qiagen) was used for the identification of “analysis ready molecules” commonly
dysregulated in chordoma cell line-derived tumorspheres for the assignation of genes that

will be used for further functional analysis [103].

3.3.5. Generating a Reference Gene List Using GEO Datasets

A reference differential gene expression data for “chordoma tissue versus healthy control”
was prepared for further analysis of DEGs obtained from microarray results of
“tumorsphere versus parental cell lines”. Datasets with Affymetrix HG-U133_Plus_2

microarray transcriptome chip (GPL570) were retrieved from the Gene Expression
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Omnibus GEO database. Raw expression data of 28 Nucleus Pulposus and 4 chordoma
samples in .CEL file format were preprocessed by using MAS5 algorithm, annotated to
genome version hgl9 using HG-U133 Plus_2.na36.annot.csv annotation file via TAC
software [104,105]. Statistical comparison was conducted by using Anova (eBayes), values
with p<0.05 and absolute fold change >2 are considered statistically significant [90].

Table 3.3. GEO accession numbers of nucleus pulposus and chordoma samples

Sample type Dataset ID GEO accession number
GSM2473096
GSE94321 GSM2473098
GSM2473100
GSE108088 GSM2889389
GSM1725781
GSM1725783
GSM1725785
GSM1725787
GSM1725789
GSM1725791
GSM1725793
GSM1725795
GSM1725797
GSM1725799
GSM1725801
GSM1725803
GSM1725805
GSM1725807
GSM1725809
GSM1725811
GSM1725812
GSM1725814
GSM1725816
GSM1725818
GSM1725820
GSM1725822
GSM1725824
GSM1725826
GSM4429808
GSM4429810
GSM4429812
GSM4429814

Chordoma

GSE70362

Nucleus pulposus

GSE147383
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The differentially expressed genes list retrieved from the chordoma versus nucleus
pulposus sample comparison was used as a reference to check if the differential

transcriptome of tumorsphere samples is also compatible with these tissue-based results.

3.4. DETERMINATION OF GENOMIC ALTERATIONS IN CHORDOMA
TUMORSPHERES

3.4.1. Genomic DNA Isolation

Genomic DNA is isolated from biological replicates of each chordoma cell line using
QlAamp DNA Mini Kit (Cat. n0:51304) according to the instructions provided by the
manufacturer. DNA concentrations for each genomic DNA sample are determined using a
Qubit™ dsDNA HS assay kit (cat no: Q32854) and Qubit™ 4 fluorometer. For library
preparation of the OncoPlus DNA-seq panel., 500ng/uL genomic DNA is used.

3.4.2. OncoPlus Next-Generation DNA Sequencing

OncoPlus DNA-seq Research panel v2.0 (Invitrotek cat no: 1001112E) was used to detect
genomic variations that occurred during chordoma tumorsphere formation and cancer stem
cell enrichment. The kit, which is an oncology-specific panel developed for solid tumors, is
a comprehensive next-generation DNA-seq panel containing 565 genes and 14
microsatellite regions frequently associated with cancer in the literature. Panel coverage
details are presented in the appendices as tables A.1., A.2., and A.3.

The MGI DNBSEQ next-generation sequencing protocol consists of fragmentation, size
selection, end repair, A-tailing, adapter ligation, and PCR, circularization by using splint-
oligo library amplification, DNA nanoball (DNB) formation, loading the DNBs into

flowcell, and sequencing. The workflow is summarized in figure 3.2.
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Figure 3.2. OncoPlus DNB-sequencing workflow

3.4.3. DNA-seq variant analysis pipeline

The quality controls of raw .fastq files are analyzed with the program FASTQC to confirm
100bp paired-end reads (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The
reads were filtered and trimmed based on the quality parameters of a minimum 80 base
length, window width of 4, and minimum quality of 20, along with the removal of adapter

sequences via the Trimmomatic tool [106].

The trimmed reads were mapped to GRCh37 Homo sapiens genome to create .SAM files

using HISAT2 tool [107]. SAMtools library was used to convert alignments into BAM
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format, and then the mapped reads were sorted and indexed. For variant calling, the GATK
HaplotypeCaller or FreeBayes algorithms were used, and the results were saved in .vcf file
format [108,109]. The VCF files of each sample were filtered out by excluding the variants
covered by fewer than a read depth of 50 with BCFtools to focus on the genome
coordinates covered by the OncoPlus panel [108]. The Ensembl Variant Effect Predictor
(VEP) tool was used to annotate variants on GRCh37, which was then converted into a
.maf file format using the vcf2maf tool[110]. MAFTools R package is used to merge .maf
files into a single file and for the visualization of somatic variants [111,112]. The variant
summary graphs obtained with MAFTools take the individual .maf files of each sample
combined into a single file as input. The plots acquired represent the statistical outcomes of
the genes with the highest number of variants and the most frequent variants among all the
samples represented in the input file. Additionally, the top 20 frequently mutated genes in
the samples were also represented as oncoplots, which display the variant classes in a
heatmap format.

3.5. FUNCTIONAL EXPERIMENTS

3.5.1. Gene silencing by using siRNA transfection

Up-regulated genes were silenced via siRNA treatment. SEMA5SA, TPD52L1, GAPLINC,
control siRNA sequences, and X-tremeGENE™ siRNA Transfection Reagent (Sigma, Cat
N0:4476093001) were purchased commercially. UM-Chorl and MUG-Chorl cells were
seeded 60k/well in 6 well plates 24 hours before the experiment. For starvation, the cells
were washed with serum-free medium and incubated in 2ml of serum-free medium for 2
hours before the transfection. SEMA5SA, TPD52L1, GAPLINC control siRNAs (25pmol,
~0,33ug), and X-treme reagent were separately diluted in 100uL of OptiMEM and
incubated for 5 min at room temperature. Then, each siRNA group is mixed with X-
tremeGENE reagent to a final ratio of 5vol:1mass (reagent: sSiRNA) and incubated for 20
min at RT. The mixture was added onto the cells dropwise by gently swirling the plate and
incubating at 37C. Six to eight hours later, the medium on the cells was replaced with an
antibiotic-free fresh culture medium containing 10% FBS. Cell pellets were collected at the
24" 48" and 72" hours.



Table 3.4.. siRNAs used in the study

Gene Ambion™ siRNA Cat. No.
GAPLINC n550868 4392421
SEMASA 107284 AM16704
TPD52L1 514328 4392421

Control siRNA | Negative Control #1 AMA4635

3.5.2. Migration and Invasion Assays

23

Migration and invasion capacities of tumorsphere derived chordoma CSCs and in the later

phases the cells in which selective gene expressions were altered were evaluated via

Boyden chamber assay with hanging transwell inserts. sSiRNA-transfected cells were used

at the 48™ hour of the transfection. The inserts that were used were Millicell® cell culture
inserts for 24 well plates, with 8.0um pore diameter (Merck, cat no: MCEP24H48). Due to

decreased diffusion rate, the inner cells of a sphere are exposed to more hypoxic

conditions, which may cause cell death. Likewise, alterations in gene expression might

also cause cell death. Therefore, single-cell suspensions were stained with trypan blue, and

living cells were taken into account while migration and invasion capabilities are assayed.

1- Considering the cell size of different chordoma cell lines 40.000 to 80.000

cell/insert were suspended in 200uL serum-free chordoma culture medium (4:1

IMDM:RPMI, with 1% PS, without FBS) and seeded into the transwells.

2- The transwells were placed in a well-containing chordoma culture medium with

20%FBS which the FBS gradient was used as a chemoattractant driving factor for

migration. Cells were incubated for 24-48 hours at 37°C in regular culture

conditions.

3- The cells that passed through the pores of the transwells from a serum-deprived

condition to a high serum condition are fixed and stained via crystal violet staining

protocol and counted.
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For the invasion assay protocol, in addition to the migration assay steps, a matrigel layer is
covered into the transwell inserts to mimic invasion conditions in vitro. As a preparation,
100uL of 300 ug/mL “Basement Membrane Matrigel” (BD, Kat No:356234) was added
inside of the transwell and transferred on an empty 24well plate well, and incubated

overnight at regular culture conditions.

3.5.2.1. Transwell Crystal Violet Staining Protocol

1. Medium and cells that remained in transwell inserts were discarded, and inserts
were washed with DPBS, twice.

2. The attached cells on both the inner and other sides of the inserts were fixed via a
3.7% formalin solution for 4 minutes.

3. Transwells were washed with DPBS twice to remove the remaining formaldehyde.

4. 1mL absolute methanol was added to the transwell and was fixed for 20 minutes at
RT.

5. Transwells were washed with PBS twice, again, to remove methanol.

6. %0.1 w/v crystal violet solution was added inside and outside of the transwell and
stained for 2 minutes at RT in the dark.

7. The inner part of the insert was gently swiped with a cotton swab to remove cells
that cannot achieve to migrate through pores.

8. Migrated/Invased cells were counted by using Image) [113] software. Relative
migration and invasion capacities were evaluated by comparing the experiment

groups with controls.

3.5.3. MTS Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay was used for the evaluation of cell viability and pluripotency
rates of siRNA transfected cells and control cells, which based on reduction of MTS
compound into colored formazan crystals that are measurable via photospectrometric

devices.

The cells were seeded on a 96well plate as 1000-5000 cells/well (1000 for CH22 and UM-
Chorl, 5000 for MUG-Chorl), 24 hours before the siRNA transfection. The same

starvation conditions and transfection reagent:siRNA ratios stated above for the 6-well



25

plate were adapted to 96well plate conditions. The assay was repeated at the 24", 48™ and
72" hour time points after siRNA transfection. Medium on cells was replenished with
MTS reagent (20% in complete culture medium) and incubated for 50 minutes until
metabolized formazan crystals create a noticeable color change. The OD values were
measured with a UV spectrometer (Epoch Microplate Spectrophotometer) and DeltaOD

(OD490-ODgs) values were calculated via BioTek Gen5 Data Analysis Software.

3.6. STATISTICAL ANALYSIS

The statistical evaluation of relative gene expression changes (2*-AACt) of RT-qPCR data
was conducted via unpaired t-test based on the -AACt values of the genes of interest. p
values less than 0.05 was considered statistically significant. Statistical data analyses of
RT-gPCR data, migration, invasion and MTS assays were performed using GraphPad
Prism version 9.4.1 (San Diego, California USA).
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4. RESULTS

4.1. COMPARISON OF DIFFERENT CANCER STEM CELL ENRICHMENT
TECHNIQUES ON CHORDOMAS

Here, outcomes of three frequently used cancer stem cell enrichment techniques utilizing

stemness and EMT-related gene expression changes are presented.

4.1.1. Isolation and determination of the changes in stemness and EMT-related gene
expressions of CD15°/CD133" positive chordoma cells

CD133+/CD15+ dual positive populations, which are known CSC markers for U-CH1 cell

line, are detected and isolated within 4 chordoma cell lines via FACS.
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Figure 4.1. Flow cytometry analysis of CD15 and CD133 positive populations in chordoma
cell lines. (A)U-CHL1, (B)MUG-Chorl, (C)UM-Chorl, (D)CH22 cells, and E) The

percentage of positive and negative cells in the population respectively.
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Dual immunostaining and flow cytometry analysis revealed that CD133"/CD15" double
positive subgroups are approximately 0.1-0.2% of the total cell population in MUG-Chor1,
UM-Chorl, U-CH1 in CH22 cell lines (Figure 4.1. A-D). As expected, the majority of the
general population, approximately more than 98% were composed of CD1337/CD15" cells

(Figure 4.1. E).

In figure 4.2, qPCR results of CD133"/CD15" dual positive subgroups in each cell line are
presented. Stemness and EMT-related gene expression levels were evaluated based on the

relative expression changes (2*-AACt) in comparison to parental cell lines.
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Figure 4.2.Stemness and EMT phenotype-related gene expression assays in
CD133+/CD15+ double positive chordoma cells (control groups are represented as red
dashed lines). (A) UM-Chorl, (B) MUG-Chorl, (C) U-CH1, (D) CH22 ‘*’indicates
p<0.05.

Overall findings demonstrate that CD133*/CD15" subpopulations exhibit various
expression profiles depending on the cell line in terms of stemness, epithelial and

mesenchymal phenotype. The stemness-related Nanog gene and mesenchymal phenotype
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indicator Twist genes are up-regulated and Sox2 gene is downregulated in CD133+/CD15+
subpopulations of all 4 cell lines. In UM-Chorl, U-CH1, and CH22 cells, E-Cad (CDH1)
expression is downregulated as an indicator of early EMT process; however, N-Cad
(CDH2) levels did not show any significant changes in these groups (Figure 4.2. A, C, D).
U-CH1 and UM-Chorl derived tumorsphere populations have increased Klf4, Nanog,
inhibited E-Cad expression, and up-regulated Vimentin, Twist, and Slug levels (Figure 4.2.
A, C). It is noted that besides the increase in Nanog expression, other stemness-related
genes either did not significantly change or down-regulated in CD133"CD15" populations
of CH22 (Figure 4.2.D). On the other hand, MUG-Chorl populations showed increased
expression for both epithelial (CDH1) and mesenchymal tissue marker genes that can be
interpreted as a hybrid-EMT phenotype (Figure 4.2 B). However, the overall stemness-
related profile of CD133"/CD15" populations suggests that these CSC markers may not be
applied to the CH22 cell line in comparison to U-CH1, UM-Chorl, and MUG-Chorl lines.

4.1.2. lsolation and determination of the changes in stemness and EMT -related gene

expressions of chordoma side population cells

Side population analysis based on the efflux of Hoechst 33342 stain revealed an irregular
pattern for different chordoma cell lines (Figure 4.3). Since both Hoechst and verapamil
concentrations should have been determined based on the cell line, and there was no
literature finding for chordoma-specific concentrations, an optimization step was required.

Chordoma cell suspensions treated with 5ug/mL, 10ug/mL, and 15ug/mL Hoechst 33342
concentrations with 50uM, 75uM, 100uM, or no verapamil combinations were analyzed
based on cell viability and the specific “side population”. Based on the optimization trials

50pM verapamil and 10ug/mL Hoechst 33342 for 1.10° cells were used in the assay.

In CH22 cell line, a small population in the bottom left quadrant with the verapamil-
stained group (Figure 4.3.D, gate P3) decreased by 0.6% in the verapamil-free group.
Further FC analysis on U-CH1, MUG-Chorl, and UM-Chorl groups showed that a slight
increase in the P3 gate was caused by the shrinkage which diminished the Hoechst signal
and the cells moved slightly to the negative region (Figure 4.3. A-C, gate P3). These
findings might not provide a pure side-population but were considered as carrying the
“potential” of a side-population-enriched group of cells.
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Figure 4.3.Side population analysis of chordoma cell lines. FC analysis of U-CH1, MUG-
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Based on the qPCR analysis, an overall increase in stemness-related gene expression levels
in comparison to parental cell lines was observed (Figure 4.3). Epithelial marker E-Cad,
which was expected to be down-regulated, was up-regulated in both MUG-Chorl and
CH22, did not change in U-CH1 and down-regulated in UM-Chorl side population cells.
The up-regulated mesenchymal phenotype markers observed in UM-Chorl were not
common among other cell line groups (Figure 4.4.A).

Our findings revealed the mechanism of Hoechst 33342 dye efflux does not occur similarly
in all chordoma cell lines. Considering the inhibition of stemness markers in CH22 side
populations and the failure to meet the expected change in mesenchymal markers, side
population analysis is not found viable as an efficient method of enriching the cancer stem

cell population for chordoma cells.
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4.1.3. Culture and determination of the changes in stemness and EMT-related gene

expressions of tumorsphere-derived chordoma cells

Tumorsphere formation assay is a cell culture model developed to enrich cancer cell sub-
populations with high stemness capacity by exposing heterogeneous cancer cell

populations to a selective serum-free and attachment impaired- environment.

1st Week 2nd Week 3rd Week 4th Week

MUGChorl

CH22

UMChorl

Figure 4.5. Sub-cultured tumorspheres at different time points (top to bottom MUG-Chorl,
CH22, UM-Chor1, U-CH1 cell line; left to the right end of the first week, 2", 3" and the

4" respectively.

Since every chordoma cell line has unique stemness features, not all cell lines could
manage to form new spheres after sub-culturing more than once. Unlike MUG-Chorl and

CH22 cell lines that formed spheres successfully even after three subsequent passages
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(called the 4th generation), U-CH1 and UM-Chorl cell lines immediately lost their
capacity to form spheres after a second passage. Consequently, in the following
transcriptome arrays, the 4™ generations of tumorspheres for MUG-Chorl and CH22
(passaged 3 times), and the 2" generation tumorspheres for UM-Chorl and U-CH1 lines
(passaged one time) were used. Images of the spheres are presented in Figure 4.5; each

image was taken at the end of the given week, just before the collecting cells.
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Figure 4.6. Stemness and EMT phenotype-related gene expression assays in chordoma
tumorspheres (control groups are represented as red dashed lines). (A) UM-Chorl, (B)
MUG-Chorl, (C) U-CHI1, (D) CH22 ‘*’indicates p<0.05.

The tumorspheres were compared with parental cell lines to evaluate the changes in
stemness and EMT-related gene expression profiles (Figure 4.6). RT-gPCR results showed
that all tumorsphere forming chordoma cells exhibit increased Sox2, Nanog, and Zebl
expression, which indicates induced stemness and a mesenchymal phenotype. UM-Chor,
MUG-Chorl, and CH22-derived tumorspheres are enriched in cell populations with

increased epithelial cadherin levels, while U-CH1-derived tumorspheres exhibit lower
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expression. N-cadherin levels were downregulated in CH22 spheres, consistent with the
EMT phenotype; however, increased in U-CH1, while remaining unaffected in UM-Chorl
and MUG-Chorl-derived tumorspheres. EMT-regulating transcription factors Snail, Slug,
and Twist genes are down-regulated in U-CH1 and MUG-Chorl tumorspheres (Figure
4.6.B, D). A mesenchymal marker, Vimentin, is up-regulated in CH22 and UM-Chorl
tumorspheres; however, its expression was not altered in MUG-Chorl and U-CH1

tumorspheres.

Mean relative expression levels of all stemness, epithelial, and mesenchymal phenotype-
related genes in tumorsphere forming UM-Chorl and CH22 cells showed a general up-
regulation which signifies an enriched hybrid-EMT phenotype (Figure 4.6.A, C). In an
overall evaluation of tumorsphere formation in terms of stemness-related expression
profile, the method was found applicable for all four chordoma cell lines. Additionally, it
was noticed that tumorsphere formation leads to a mutual mean increase in epithelial

cadherin levels in sub-cultured tumorspheres.

On the whole, there was no significantly superior enrichment technique among the three
chordoma cancer stem cell enrichment methods we evaluated in terms of increased
mesenchymal transcription factors and marker genes following epithelial phenotype loss
with perfect stemness increase. Therefore, tumorsphere-forming cells were chosen for
further research into chordoma cancer stem cells due to their significantly higher mean
stemness-related gene expression profile, which includes at least one significant up-

regulated stemness marker and a mesenchymal transcription factor.

4.2. DETERMINATION OF TRANSCRIPTOMIC VARIATIONS IN
CHORDOMA TUMORSPHERES

The total transcriptomes of 4 chordoma cell lines (U-CH1, MUG-Chorl, UMChorl, and
CH22) were determined via microarray analysis as 3 replicates of tumorspheres and
parental groups by using Clariom D human total transcriptome array. In this array, more
than 135000 transcripts were assayed, and differentially expressed transcripts in each
experimental group were categorized based on up-/down-regulation and coding/non-coding
features. The distribution of down and up-regulated transcripts for each cell line subgroup

were presented in Figure 4.7. The differences in the volcano plots of the tumorspheres
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reveal that the tumorsphere enrichment method produces a different transcriptomic profile

for each cell type.

L

P-val (-logl0)

Fold Change

Figure 4.7. Volcano plots of DE transcripts in tumorspheres in comparison to parental cell
lines for each chordoma cell line. A) UM-Chorl, B) MUG-Chorl, C) CH22, D) U-CH1.
Red dots represent statistically up-regulated, green dots represent down-regulated, and grey

dots are non-significant transcripts. p <0.05 and |FC|>2 values are considered significant.

Clariom D is a comprehensive total transcriptome array that covers coding and (mostly
long) non-coding transcripts including genes with unassigned features, structural RNAs,
and pseudogenes, allowing the formation of competing endogenous RNA (ceRNA)
interaction networks and detection of unassigned transcripts with a potential of regulatory
functions. Table 4.1 and the pie charts in 4.8 describes the variations of differentially

expressed transcript groups by their functional subtypes.

Among the significantly changed transcripts, 4211 were up-regulated, and 6054 were
down-regulated transcripts in UM-Chorl; 4197 were up-regulated, 2874 were down-
regulated transcripts in UCH-1; 3897 up-regulated, and 7552 were down-regulated
transcripts in MUG-Chorl; 3364 up-regulated and 3413 down-regulated transcripts in

CH22 derived -tumorspheres are detected in comparison to parental cell lines (Table 4.1)
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Table 4.1. Quantitative distribution of differentially expressed transcripts grouped as their

biological functions

UM-Chorl Tumorspheres

Group Total Passed Filter |Up-Regulated |Down-Regulated
Multiple_Complex 29510 3747 2860 887
NonCoding 66845 2583 528 2055
Coding 18858 1767 266 1501
Unassigned 10001 1244 134 1110
Pseudogene 4340 394 331 63
Precursor_microRNA [3297 332 8 324
Small_RNA 2386 188 84 104
Ribosomal 507 6 0 6
tRNA 6 4 0 4
U-CH1 Tumorspheres

Group Total Passed Filter |Up-Regulated |Down-Regulated
Multiple_Complex 29510 3230 2690 540
NonCoding 66845 1691 571 1120
Coding 18858 928 383 545
Unassigned 10001 755 257 498
Pseudogene 4340 243 207 36
Small_RNA 2386 134 65 69
Precursor_microRNA (3297 77 23 54
Ribosomal 507 13 1 12
tRNA 6 0 0 0
MUG-Chorl Tumorspheres

Group Total Passed Filter |Up-Regulated |Down-Regulated
NonCoding 66845 3521 255 3266
Multiple_Complex 29510 3267 2869 398
Coding 18858 2069 281 1788
Unassigned 10001 1277 46 1231
Precursor_microRNA [3297 686 8 678
Pseudogene 4340 433 377 56
Small_RNA 2386 178 54 124
Ribosomal 507 13 7 6
tRNA 6 5 0 5
CH22 Tumorspheres

Group Total Passed Filter |Up-Regulated |Down-Regulated
Multiple_Complex 29510 2951 1424 1527
NonCoding 66845 1629 825 804
Coding 18858 843 333 510
Unassigned 10001 653 306 347
Pseudogene 4340 348 214 134
Small_RNA 2386 190 166 24
Precursor_microRNA (3297 121 58 63
Ribosomal 507 40 38 2
tRNA 6 2 0 2
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The term “NonCoding” in Table 4.1 stands for only non-protein-coding transcripts.
Usually describes long non-coding transcripts unless can be determined as small non-
coding. “Ribosomal” term is only for ribosomal RNAs(rRNA). Small RNA term covers
SRNA, snRNA, snoRNA, scaRNA, Y RNA, guide RNA, vault RNA (large
ribonucleoprotein particles), and ribozymes. The “Multiple Complex” term contains more
than one locus type covered in this chip. Unassigned means the detected transcript could

not be identified based on source data.

Detailed examination of transcriptome profiles of chordoma tumorspheres in terms of
functional subtypes showed that “multiple complex” transcripts constitute the highest
percentage, which could be a confounder since it contains common loci for more than one
transcript type, for all 4 cell groups. Except for the multiple complexes, the highest
differential expression changes were observed at the levels of non-coding transcripts
(Figure 4.8).
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Figure 4.8. Percentage distribution of differentially expressed transcripts in total
transcriptome grouped as their biological function. (A) UM-Chorl, (B) MUG-Chorl, (D)
CH22, (D) U-CHL1.

The evaluation of transcriptomic profile changes identified 256 common DEGs among all

tumorsphere-forming cells (Figure 4.9).
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Figure 4.9. Unique and common DEGSs of chordoma tumorspheres
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All tumorsphere forming and parental chordoma cell lines were also examined for

similarity in terms of expression profile changes via hierarchical clustering (Figure 4.10).

Cell line-based normalized expression values for each group were used in the clustering

analysis. The results showed the clear discrimination of tumorsphere and control groups in
each cell line (Figure 4.10 B-E). Noticeably, UM-Chorl, U-CH1, and MUG-Chorl cell

lines are seen to be clustered distinctly as “parental versus control” groups, but CH22

samples were grouped closer to the parental samples of other cell lines in the dendrogram
(Figure 4.10 A). Due to these findings, it was decided to proceed with MUG-Chorl and

UM-Chorl cell lines for further functional experiments which were planned to continue

with only two cell lines.
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Figure 4.10. Clustering analysis of chordoma tumorspheres and parental cell lines. A-E)
Heatplots and dendrograms of clustering analysis of pooled samples, UM-Chorl, MUG-
Chorl, U-CH1, and CH22 samples, respectively.

4.2.1. Selection of the target genes for further functional analysis

The “core analysis” provided by QIAGEN-IPA indicated 6 “analysis ready molecules”
shared among tumorspheres of all 4 chordoma cell lines. These transcripts were TSC22
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Domain Family Member 1 (TSC22D1), Src Kinase Associated Phosphoprotein 2 (SKAP2),
Testis Expressed 9 (TEX9), Rho GTPase activating protein 12(ARHGAP12), Tumor
protein D53 (a.k.a. Tumor protein D52 like 1, TPD52L1) and Semaphorin 5A (SEMASA)

were also determined among as intersecting DEGs (Figure 4.9).

4.2.1.1. Differential expression analysis of Chordoma and Nucleus pulposus tissue

samples

Datasets with Affymetrix HG-U133_Plus_2 microarray transcriptome chip retrieved from
the GEO database are presented in table 3.2. The PCA map and hierarchical clustering
dendrogram showed that the NP and chordoma samples are distinguished as distinct
clusters (figure 4.11 A-B). In the differential expression analysis, 8737 up-regulated, and
5466 down-regulated DEGs were detected in chordoma tissue samples, in comparison to

nucleus pulposus tissues (Figure 4.11.C).

Figure 4.11. Transcriptome analysis of chordoma and Nucleus pulposus tissue samples A)
PCA map of Nucleus pulposus and chordoma samples, B) Hierarchical Clustering heatmap
C) Scatter plot of DEGs (Fold change vs -log10 p Value; Red dots represent up-regulated,
green dots represents down-regulated genes in chordoma samples in comparison to nucleus

pulposus samples. Grey dots are representing non-significant transcripts)



41

Comparison of chordoma tissue samples (chordoma tissue vs NP) with tumorsphere
(tumorsphere vs control) revealed 83 common differentially expressed genes. Among those
genes, SEMASA and TPD52L1 were chosen for further functional experiments. A literature
review revealed that they are already associated with cancer, but no studies on chordoma
have been published, yet. Similarly, Gastric Adenocarcinoma Associated Long Intergenic
Non-Coding RNA (GAPLINC), which is also differentially expressed in all chordoma

tumorspheres, was chosen as one of the targets for further functional experiments.

4.2.2. Functional enrichment analysis of differentially expressed genes in chordoma

tumorspheres

Besides the fact that genes with the highest absolute fold change value have a great
potential to be a marker or regulatory element, enrichment of gene sets allows us to obtain
a wider perspective on altered cellular physiology. Since the initial objective of this study
is to unveil the differential role of CSCs in chordoma pathophysiology, identifying the
prominent pathways would provide a systematic perspective. For a comprehensive
evaluation, several functional enrichment approaches were reviewed.

Initially, for specific insight into the differentially expressed transcripts of chordoma
tumorspheres from 4 different cell line sources, Gene Ontology (GO) terms for biological
processes (BP), cellular components (CC), and molecular functions (MF) were investigated
comparatively (Figure 4.12). The enrichment analysis was conducted via clusterProfiler R
package; plots were created based on the 5 most enriched terms for each ontology with a p-

value cutoff of 0.05 and the highest number of genes involved for each cell line group.
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Figure 4.12. Enriched Gene Ontology terms in chordoma tumorspheres (p-value <0.05).

Count: number of genes associated in each GO-term, represented as size.

Among the top 5 enriched GO-terms, no common term was detected that was shared by all
tumorsphere groups. However, cellular components terms "Focal adhesion” and "cell-
substrate junction”, in addition to the molecular function term "DNA-binding transcription

factor binding" are shared by at least 3 tumorsphere groups.
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WikiPathways is a monthly updated curation of biological pathways that also is accessible
via the TAC software interface. The top 15 dysregulated WikiPathways with the highest
number of differentially expressed genes in chordoma tumorspheres are presented in
Figure 4.13. Significance levels of dysregulated pathways were calculated using Fisher’s
Exact Test considering the number of dysregulated genes involved.
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Figure 4.13. Top fifteen enriched WikiPathways in chordoma tumorspheres. Enrichment
results are shown as individual grids for each cell line. The color of the spheres defines
whether the enriched genes are —up/-down regulated in the aforementioned pathway
cluster, and the number of the dysregulated genes based on expression level are stated

inside de spheres.

Results showed that among those 15 biological processes, 11 of them are commonly
dysregulated in all 4 cell lines: Endothelin pathway, Focal adhesion: PI3K-Akt-mTOR-
signaling pathway, PI3K-Akt signaling pathway, Malignant pleural mesothelioma, MAPK
signaling pathway, VEGFA-VEGFR2 signaling, miR-targeted genes in epithelium, miR-
targeted genes in lymphocytes, miR-targeted genes in muscle cell, Nuclear receptors meta-
pathway, PodNet: protein-protein interactions in the podocyte. Those pathways are noted

as candidate regulatory/affected processes in chordoma tumorspheres.



44

o " A\ * 3 Py
Py N\ (Y *a AL - P 5 o
BN .::. Axon guidance” . ‘&Thefmo eneSIS . ‘ =8
b . ... s - o
Rap1 signaling pathway 7 '- ' ‘ . Rlbosome “o
arcmogene&s reactlve oxygen species

MAPKS| nalin athwa u
-: 2 & y A ‘arklnson disease

o2
"' Regulatlon efactm'cytoskeleton N » v'-:. "

'. 3 - ods Focal adhesion” 4 P 2. =
Human paplllomavlrus infection . o Oocyte me|05|s 0
.. A 2 .o.o Salmonella |nfect|on
= Celluiar senescence TR 3 =
e SR S o
L 3 3 Ublqumn mediated:proteolysis
%" FoxO sngnalmg pathway >y & == Cluster
- & € d
"oty & V W AN NN e UMChor1
S04 4 Y N
Malaria % 5% ¢ * e -,’ , AN B mucchort
..f:: N O
ol 7 ol > Cellcycle " . uch1
e, g
(PPN R CH22

Mineral/absorption

DNA replication

Figure 4.14. The gene-concept network of enriched KEGG pathways for the chordoma
tumorsphere DEGs. Outer smaller nodes represent genes, and the central nodes represent
enriched pathways composed of gene clusters. The colors of the nodes indicate the cell

lines they belong. The number of genes related to each term is indicated by different sizes

Next, the KEGG knowledgebase was used for gene set enrichment of differentially
expressed gene sets of tumorspheres. The gene-concept network plot describes both co-
expressed genes and the clusters of these genes enriched distinctive several pathways
(Figure 4.14). The top 5 significantly enriched KEGG analyses showed no common
pathway among all 4 chordoma cell lines (p-value cut off 0.05). Nonetheless, cellular
senescence and ubiquitin-mediated proteolysis pathways were common among UM-Chorl,
MUG-Chorl, and U-CH1; and Focal adhesion was enriched for MUG-Chorl and U-
CH1and CH22 — derived tumorspheres.
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4.3. IDENTIFICATION OF PROMINENT GENOMIC VARIANTS IN
CHORDOMA TUMORSPHERES

In this section of the study, somatic alterations of chordoma tumorsphere and parental
samples were investigated via the OncoPlus Next-Generation DNA sequencing panel.
Twenty-two samples that passed filtering criteria based on read quality metrics and depth

were used for further analysis.

To create a general genomic chordoma profile, the genes in which genomic variation
events are most frequently occurring in various chordoma cell lines (regardless of the
tumorsphere formation) were identified (Figure 4.16). The Oncoplot was created to
visualize ranks the top 20 most frequently mutated genes among the samples and depicts
the variant variety in a heatmap format, with each sample represented in a column. The
percentage of the samples that have variations of a gene is shown in the bar graph on the

right; the upper bar graph shows the total mutation burden of the samples.

The oncoplot showed that somatic variants of 6 genes are commonly seen among all
chordoma samples. These are BRCA1-associated RING domain 1(BARD1), notch receptor
2(NOTCH2), RecQ-like helicase 4(RECQL4), lysine methyltransferase 2C (KMT2C),
ERCC excision repair 5, endonuclease (ERCC5), aurora kinase A (AURKA) (Figure 4.16).
Detailed investigation of these variants showed, five SNPs in KMT2C (rs10454320,
rs2479172, rs28522267, rs56850341, rs77735469); an SNP leading missense mutation in
RECQL4 (rs61788900); 3 SNPs and one deletion mutation in BARD1 (rs1129804,
rs2070093, rs2229571, and rs56130510); an SNP in AURKA (rs1047972); 2 SNPs in
ERCC5 (rs9514067, rs9514066) are detected in all parental chordoma samples.
Additionally, SNP variant rs17655 in ERCC5 is also detected in all parental cell lines,
except MUG-Chorl. An SNP-causing missense mutation in NOTCH2 (rs61788900) is
detected in all parental cell lines, except one sample of the CH22 cell line.

The great majority of the genes altered in the samples had more than one variation detected
(Figure 4.16.A, represented as black cells). Since no "healthy" control groups were used in
the mutation annotation analysis to exclude germ-line variants, potential benign variations
were also captured. This issue was overcome by differential mutation profiling, which was

obtained by comparing tumorsphere groups and control groups.
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Figure 4.16. The top 10 highly mutated genes in parental (A, C) and tumorsphere (B, D)
groups. A, B) Oncoplots are showing the tumor mutation burden of each chordoma sample.
C, D) plots are showing the top 10 genes with the highest number of genomic alterations
detected.

The comparison showed six common genes among parental samples with somatic
variations detected (Figure 4.17 A). However, as a result of tumorsphere formation, 60
additional genes with somatic variations have been found in all sphere samples (Figure
4.17 B) (The complete set of data is not shown). Also noticed top 5 genes with the highest
mutation event observed were not changed but the remaining 5 have changed, indicating

sphere formation made prominent some of the variants (Figure 4.17 C, D).
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A comparison of all tumorspheres and controls as two distinct pools showed no parental or
tumorsphere-specific mutation detected. Nevertheless, five mutations were found in more
than 60% (7/11) of the parental samples and less than 25% (3/11) of the tumorsphere
samples. These are, a deletion in FLI1 (rs35352545), an insertion in ERBB4 (rs57466272),
SNP wvariants in RECQL (rs577735412), KMT2C (rs62478357), and PYROXD1
(rs577735412) genes, and a novel SNP is detected in the intronic region of RSPO2 gene
(chr8:109095386, c.-170+39N>C). Also, an indel variant rs758227657 is detected in the
PBRM1 gene in more than 60% of tumorsphere samples and less than 20% of parental
samples. No polyphen score indicates harmful alterations were reported on variant effect
predictor (VEP) analysis for these events.

Further in the analysis, the mutations become in which prominent despite their rarity in
parental cells during the tumorsphere-mediated cancer stem cell enrichment protocol, or de
novo mutations occurred in the process due to the characteristic genomic instability of
cancer cells were detected. Tumorsphere samples and their parental controls were grouped
for each cell line separately. Because the tumorspheres were derived from parent cell lines
and we used cells with only as few number passage differences as possible in the study, the
detection of a genomic variant present in parental samples but not in the spheres was not
expected. Additionally, no high-impact variation was detected between any tumorsphere

and its parental control as a result of mutation annotation and variant effector analyses.

Tumorsphere cultures derived from CH22 cells showed no differential genomic alteration
with high impact, or possible damaging outcome, comparing parental CH22 cells. An
insertion mutation in NOTCH2 (rs377249634), a deletion in KDM5A (rs60377454), and
novel SNVs in FLI1 (NM_001271010.1: ¢.655+9865N>C), MET (ENST00000318493: c.-
14-12124N>G), and RANBP2 (NM_006267.4: €.72+20N>C) genes with no expected
pathogenic outcome were detected in CH22 tumorspheres, but not in parental samples.

Possibly damaging SNVs in TBX3 (rs1592846474) and KMT2C (rs201834857,
COSV51275250) genes were identified in UCHL spheres, but not in parental U-CH1 cells.

An SNP in HLA-DQB1 (rs1063318) and 2 SNPs in HLA-DQAZ2 causing missense mutation
with the benign outcome (polyphen score: 0.001, SIFT: score 1) were detected in MUG-

Chorl tumorspheres but not in parental cells.
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Several prominent genomic variants have been identified as a result of the tumorsphere
culture of UM-Chor1 cells. Based on the VEP analysis neither of the variants was reported
to lead to pathogenic outcomes (either low or no polyphen scores). An SNP in HLA-DRB5
(rs144532965) causing missense mutation, and an insertion mutation in FLI1 (rs35352545)
causing intron variant with modifier impact were detected in UM-Chorl tumorspheres, but
not in parental controls. Additionally, novel SNPs in CDK12 (NM_015083.1
(NM_016507.2): ¢.2149N>G), RTEL1 (ENST00000508582:c.2072N>G), and KDM5C
(NM_004187.3: ¢.*141N>C) causing missense mutation with a modifier impact; and a
novel SNP in SMAD3 (NM_005902.3:¢c.1155-18N>C) causing intronic variant were
detected in UM-Chorl1-derived tumorspheres.

44. CO-EVALUATION OF GENOME AND GENE EXPRESSION-BASED
CHANGES IN CHORDOMA TUMORSPHERES

Based on comparisons between chordoma tumorspheres and control samples, potential
projections of the genomic variations on transcriptomic changes and, consequently,

downstream pathways, were assessed.
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Figure 4.17. GSEA based on KEGG pathways associated with the highly mutated genes on

chordoma samples showed deregulations associated with the functions of these genes.
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The set of commonly mutated genes in all sphere samples, which also includes the genes
detected in parental samples, was used for functional annotation. Enriched KEGG
pathways showed many overlaps related to cancer such as “transcriptional misregulation in
cancer”, “PD-L1 expression and PD-1 checkpoint pathway in cancer”, “signaling pathways
regulating pluripotency of stem cells”, “EGFR tyrosine kinase inhibitor resistance”, in
addition to prostate, pancreatic, gastric, endometrial, colorectal, breast cancers and acute
myeloid leukemia (Figure 4.17).
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Figure 4.18. Expression changes of genes whose genetic variants have been identified in at
least two samples in a cell line group. Scatter plots A-D are UM-Chorl, MUG-Chorl,
CH22, and U-Chorl, respectively.

Transcriptome array results and genomic variations detected in at least 2 samples for each
cell line based on the oncoplots were co-evaluated (Figure 4.18). Scatter plots showing all
outcomes without a p-value or fold change criteria Pink dots describe the genes with
differential genomic variation detected in tumorsphere samples but not in parental samples.
Gray dots: all genes screened in the transcriptome panel. Colored dots: genes with both
differential expression and genomic variants; red dots for upregulation and green dots for

downregulation.
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Co-evaluation results revealed significant downregulation in the SMAD3 gene, which was
identified to carry a novel SNP variant (NM_005902.3: ¢.1155-18N>C) in tumorsphere
samples. Additionally, a differential expression increase in the CDK12 gene, in which a
novel SNP (NM_015083.1 (NM_016507.2): ¢.2149N>G) was identified, was detected in
UM-Chorl tumorspheres (Figure 4.18). Because these detected variants are known to
occur in intronic regions of genes, it is not anticipated that they will have a significant
impact on gene expression. However, because of their positioning, they might result in
intron retention or cassette exon alternative splicing events, depending on their region,
which might impact downstream pathways. This detailed research will be the subject of

our future work.

45. EFFECTS OF ALTERING DIFFERENTIALLY EXPRESSED GENES IN
TUMORSPHERES ON VIABILITY, MIGRATION, AND INVASION
CAPACITIES OF CHORDOMA CELLS

Expressions of protein-coding SEMA5SA and TPD52L1 genes and non-coding GAPLINC
gene, which were found to be up-regulated in tumorspheres compared to the parental
group, were targeted in UM-Chorl and MUG-Chorl cells as a result of bioinformatic
analysis. Relative expression levels of the SEMASA, TPD52L1, and GAPLINC genes in
chordoma tumorspheres and parental lines were determined by gRT PCR for the

confirmation of microarray results (Figure 4.19).
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Figure 4.19. Relative gene expression levels of SEMA5SA, TPD52L1, and GAPLINC genes
in chordoma tumorspheres (A) UM-Chorl, (B) MUG-Chorl ‘*’ indicates p<0.05, ‘**’
indicates p<0.001, “***’ indicates p<0.0001.

Commercially designed targeted siRNAs were used to alter up-regulated expressions of
SEMAGSA, TPD52L1, and GAPLINC genes.
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Figure 4.20. Relative gene expression levels of SEMASA, TPD52L1, and GAPLINC genes
after siRNA transfection (A) UM-Chorl, (B) MUG-Chorl “***’ indicates p<0.001.

gPCR results showed that targeted SiRNA transfections successfully decreased the
expressions of SEMESA, TPD52L1, and GAPLINC genes (Figure 4.20).
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Figure 4.21. The effects of SEMASA, TPD52L 1, and GAPLINC silencing on migration and
invasion ability of UM-Chorl cells ‘*’ indicates p<0.05, ‘**’ indicates p<0.001

Downstream effects of silencing on migration and invasion capacities of chordoma cells
were analyzed via Boyden chamber assay. Results showed that SEMASA, TPD52L1, and
GAPLINC down-regulation significantly inhibited both migration and invasion capacity of
the UM-Chor1 cell line (Figure 4.21).
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Figure 4.22. The effects of SEMABSA, TPD52L1, and GAPLINC silencing on migration and
invasion ability of MUG-Chor1l cells “*’ indicates p<0.05

Down-regulation of TPD52L1 expression impaired both the invasion and migration
capacities of MUG-Chorl cells. However, SEMAS5A inhibition decreased invasion
capacity, and GAPLINC down-regulation showed no significant effect on either the

migration or invasion potential of MUG-Chor1 cells (Figure 4.22).

Later, downstream effects of silencing SEMASA, TPD52L1, and GAPLINC genes
individually on the viability of chordoma cells were analyzed via MTS assay. No
discernible difference in cell viability was observed in the UM-Chorl or MUG-Chor1 cell
lines according to MTS results after the SEMASA, TPD52L1, and GAPLINC genes were
silenced. (Figure 4.23).
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Figure 4.23. The effects of SEMASA, TPD52L1, and GAPLINC silencing on the viability
of chordoma cells
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5. DISCUSSION

In this present dissertation study, prominent genomic variations and transcriptomic
differences in chordoma cancer stem cells compared to the general chordoma cell
population were investigated. CSCs share common characteristics with embryonic stem
cells in terms of both increased expressions of the transcription factors Nanog, Oct4, c-
Myc, Sox2, and Klf4, which controls networks regulating pluripotency, as well as features
such as self-renewal, proliferation, and differentiation [114]. Researches propose that
metastasis in aggressive cancers is initialized by the stimulation of the “cancer type
Epithelial-Mesenchymal Transition (EMT, Type 3)”; and the process is driven by cancer
stem cell subpopulations in tumors [115-117]. Based on this knowledge, initially, three
frequently used cancer stem cell enrichment methods in the literature, side population cells,
CD133%/CD15" cell populations, and tumorsphere-forming chordoma cells were isolated
from 4 different chordoma cells and compared in terms of stemness and EMT-related gene

expression changes.

Aydemir et al showed that CD133/CD15" sub-populations in UCH-1 chordoma cell line
exhibit stem-like characteristics [118]. Accordingly, CD133*/CD15" cells of four different
chordoma cell lines were isolated via immunostaining and FACS, and relative stemness
and EMT-related gene expression levels in comparison to heterogenous parental cell lines
were evaluated. Studies have shown that CSC sub-populations can constitute up to 0.02-
25% of the tumor mass, and their abundance in the population may increase especially in
undifferentiated cancers [119]. Correlatively, CD133"/CD15" dual positive cells are

approximately 0.1-0.3% of the general chordoma population.

Relative gene expression profiles of CD133"/CD15" chordoma populations cells revealed
divergent characteristics for each cell line. Elevated pluripotency indicator Nanog and
mesenchymal phenotype marker Twist levels were observed among all CD133%/CD15"
chordoma cell populations. Similarly, increased Nanog expression in CD133" enriched
cells was also reported in intestinal stem cells, and aggressive endometrial carcinoma
samples showed both high Nanog and CD133 expression [120,121]. Also, the up-
regulation of Twist expression is observed in parallel with the increase in the CD133"
population in triple-negative breast cancer cells [122]. However, there is no direct relation
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describing the association between those pluripotency markers. Among 4 cell lines, only
CD133%/CD15" subpopulations of U-CH1 and UM-Chorl exhibit a general increase in
stemness-related genes, following the loss of epithelial-cadherin expression. Inhibition of
e-cadherin expression is considered an early indicator of the E/M transition, and the initial
step of gaining mobility by loss of cell-ECM connections [115]. Accordingly, co-
evaluation of the e-cadherin loss and the increase in the levels of Twist, Slug, and
Vimentin, which are indicators of mesenchymal phenotype, showed that CD133*/CD15"
dual positive U-CHL1 cells exhibit a cancer stem-like profile that in line with the literature
findings [118].

Partial/hybrid EMT phenotype acquired by the increase in the expression of genes specific
to both epithelial and mesenchymal phenotypes provide an advantage since cancer cells of
epithelial origin require mesenchymal phenotype to survive in the bloodstream by leaving
the primary cancer region, and epithelial character for enhanced metastatic colonization
[115,123]. In this context, it is possible to interpret that the MUG-Chorl CD133*/CD15"
cell population with increased expression of both E-cadherin and n-cadherin in addition to
mesenchymal markers vimentin, slug, and twist reflects the hybrid EMT character.
However, a general downregulation of stemness-related genes in the CD133*/CD15" CH22
cells indicates that CD133/CD15" markers are not a viable stemness approach for CH22

cells, despite the profile conforming to the EMT phenotype.

In the next phase of the study, chordoma side population cells, as a different CSC
enrichment approach, were isolated. The assay is based on the principle that putative stem
cell groups can efflux the Hoechst 33342 Dye, which can traverse through the undisrupted
cell membrane, through membrane drug transporters [124]. Afterward, chordoma “side
population” cells were evaluated for indicators of stemness, and epithelial and
mesenchymal phenotype. Similar to CD133"/CD15" dual positive cells of MUG-Chorl,
up-regulation of both epithelial and mesenchymal initiators E-Cad and N-Cad, and the
EMT effector genes vimentin, and snail detected in MUG-Chorl side population cells
provide a gene expression profile that can be correlated with the hybrid EMT phenotype
[123,125]. Contrary to expectations, CH22 cells with the most “shifting” population in
flow cytometry findings compared to verapamil (+) groups do not express an increased
stemness profile. Although it has been shown that cancer stem cell profile and cell drug

excretion mechanisms are directly related, some studies show side populations do not
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always contain stem cell populations [124,126,127]. Some researchers suggest that
alternative efflux mechanisms and proteins other than ABC transporters that are
responsible for multidrug resistance in stem cells may be the motive behind these different
outcomes[128,129].

Tumorsphere culture is an in vitro method developed to enrich CSCs with a high stemness
feature in an attachment-free and serum-free culture environment that is enriched with
supplements that keep cells in an undifferentiated stage [130,131]. Our results showed that
sphere formation capacities and spheroid sizes after successive subcultures for each
chordoma cell line varied. U-CHL1 cells failed to form spheroids after the second sub-
culture, and the number of spheroid-forming cells in UM-Chorl cells was drastically
reduced after the second passage; on the other hand, MUG-Chorl and CH22 cells were
found to form tumorspheres even after the third passage. Because of the dramatic reduction
in the number of cells capable of forming spheres in U-CH1 and UM-Chorl cells after the
second passage, previous passages of these cells before the potency was decreased were
preferred.

The evaluation of the relative gene expression changes of all sphere-derived cells
compared to their own 2D cultured (parental) cell controls showed a mean increase in E-
cad expression in UM-Chorl, MUG-Chorl, and CH22-derived spheres, which is an
epithelial phenotype indicator and was expected to be down-regulated in the EMT
phenotype. Contrarily, E-cad expression appears to be significantly reduced in U-CH1-
derived tumorspheres. Previous studies on the sphere formation capacity of breast, ovary,
and lung cancer cells reported that E-cad expression is a determining factor, and more and
larger spheres were observed in cells with E-ad expression, which are consistent with our
findings on E-cad expression levels and sphere continuity characteristics of chordoma
tumorspheres [132-134].

It is a known fact that the necessary genes for each cancer group may vary because the
cancer cell has to be in a dynamic state of change to meet the requirements of various
stages of cancer progression, which is a complex and long process [135,136]. Our results
revealed that chordoma tumorspheres are generally enriched in stemness markers and all
samples are significantly over-expressing EMT-inducing transcription factor Zebl, which

Is consistent with the general view on cancer stem cells in the literature [114].
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Nevertheless, there are several studies reporting cancer stem-like subpopulations that do
not exhibit the EMT phenotype. Wu et al showed that TGF-£/ induced metastasis in
cervical cancer cells that promote CSC properties did not alter EMT-related phenotype
[137]. Circulating tumor cells (CTCs) as real-life metastatic cancer cells are known to
endure fluid shear stress (FSS) conditions. The study investigating the effect of FSS on the
CSC phenotype of breast cancer cells in vitro showed the enrichment of CSC populations

without a significant change in EMT expression [138].

Depending on the enrichment method chosen, putative cancer stem cell populations to be
detected may vyield different outcomes. CTCs of epithelial tumor cells are characterized by
ubiquitous epithelial cell adhesion molecule (EpCAM) expression; on the other hand,
CTCs having undergone EMT would not be detected using epithelial marker-based
methods [139]. In addition to this, some studies indicate that circulating cancer cells prefer
to migrate through lymphatic an