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SUMMARY

One of the key transcription factor superfamilies that regulates development,
cell proliferation, and cancer progression is the ETS domain transcription factor
family. ETS member proteins have been shown to have a variety of activities in the
nervous system, but more research is needed to understand how these proteins affect
neuronal cell differentiation and the evolutionary conservation of their target genes.
In this thesis study, I focused on comparative transcriptomics to examine the
regulatory function of ETS transcription factors in both glioma progression and
neural development with their functional evolution. To investigate the regulatory
function of ETS transcription factors in neural development across species,
transcriptional patterns of ETS members and their target genes were compared using
human, gorilla, mouse, fruit fly, and worm transcriptomics datasets. ETS member
proteins control genes involved in neuronal differentiation, nervous system
development, axon and synaptic modulation in many animals, according to
bioinformatics methods used to evaluate the evolutionary conservation of ETS
transcription factors during neuronal differentiation. As a result, we have identified
both particular and widespread regulatory networks for these ETS proteins. Using a
gene regulatory network inference technique, this study compares the transcriptome
effects of ETS transcription factors on neuronal development. ETS members are in
fact evolutionarily conserved in the control of neuronal development, according to an
analysis of gene regulatory networks. However, it was shown that the ETS, PEA3,
and ELF subfamilies have comparatively higher levels of activity as transcription

factors involved in the transcriptional control of neural development.

Key Words: ETS Family, Gene Regulatory Networks, Transcriptomics.



OZET

Gelisimi, hiicre proliferasyonunu ve kanser progresyonunu diizenleyen anahtar
transkripsiyon faktorii stiper ailelerinden biri ETS domain transkripsiyon faktorii
ailesidir. ETS iiyesi proteinlerin sinir sisteminde gesitli aktivitelere sahip oldugu
gosterilmistir, ancak bu proteinlerin ndronal hiicre farklilasmasini ve hedef genlerinin
evrimsel korunumunu nasil etkiledigini anlamak i¢in daha fazla arastirmaya ihtiyag
vardir. Bu tez ¢calismasinda, ETS transkripsiyon faktorlerinin hem glioma ilerlemesi
hem de noral gelisimdeki diizenleyici islevini fonksiyonel evrimleriyle birlikte
incelemek i¢in karsilastirmali transkriptomiklere odaklandim. Tiirler arasinda ndral
gelisimde ETS transkripsiyon faktorlerinin diizenleyici islevini arastirmak icin, ETS
iiyelerinin ve hedef genlerinin transkripsiyonel modelleri insan, goril, fare, meyve
sinegi ve solucan transkriptomik veri kiimeleri kullanilarak karsilastirildi. Noronal
farklilagma sirasinda ETS transkripsiyon faktorlerinin evrimsel korunumunu
degerlendirmek i¢in kullanilan biyoinformatik yontemlere gore, ETS iiyesi proteinler
birgok hayvanda ndronal farklilagma, sinir sistemi gelisimi, akson ve sinaptik
modiilasyonda yer alan genleri kontrol etmektedir. Sonug olarak, bu ETS proteinleri
icin hem 6zel hem de yaygin diizenleyici aglar belirledik. Bu ¢aligma, bir gen
diizenleyici ag ¢ikarim teknigi kullanarak, ETS transkripsiyon faktorlerinin néronal
gelisim iizerindeki transkriptom etkilerini karsilagtirmaktadir. Gen diizenleyici
aglarin analizine gore, ETS iiyeleri aslinda ndronal gelisimin kontroliinde evrimsel
olarak korunmustur. Bununla birlikte, ETS, PEA3 ve ELF alt ailelerinin, noral
gelisimin transkripsiyonel kontroliinde yer alan transkripsiyon faktorleri olarak

nispeten daha yliksek aktivite seviyelerine sahip oldugu gosterilmistir.

Anahtar Kelimeler: ETS Ailsi, Gen Regiilasyon Aglari, Transkriptomiks.

vi



ACKNOWLEDGEMENTS

Firstly, I would like to thank with a great sincerity to Prof. Dr. Isil AKSAN
KURNAZ for her supervision, guidance and advice during the period of my research.
I feel so lucky to be her student.

I would like to thank all the AxanLab members and allumi, my dear lab mates:
Basak KANDEMIR, Ekin SONMEZ, Melis SAVASAN SOGUT, Oya ARI UYAR,
Merve USTUN, Dogukan METINER, Biisra NUR CICEK, Betul ERTURAL,
Esranur YIGIT, Pinar MUTLU, Atilay ILGUN, Sedef YUSUFOGLU for all their
supports, friendship and all lovely memories.

I would like to thank Tugberk TALAK, Kadir KOCABAS, Ozgenur AKKUS,
Ecehan ABDIK, Regan ODONGO, Emel KOKREK, Batuhan CAKIR, Giilben
AVSAR and Emre Taylan DUMAN for their friendship and moral supports.

I specially thank to my lovely mother Pinar BABAL for always being with me,
she is most important thing in my life. I also endless thank to my brother Efe BABAL,
my grandmother Melek BABAL, my aunt Sukran KASARCI, my uncle Erdal
KASARCI, my cousins Taner KASARCI, Erdem BABAL, Didem BABAL and
Haluk KASARCI for all their supports, patience and their endless love.

The most importantly, I also very special thanks to my dear wife Simge
SENGUL for always being with me, her support, patience and her precious love. I

wouldn't have come this far without her support.

vii



TABLE of CONTENTS

Page
SUMMARY v
OZET vi
ACKNOWLEDGEMENTS vii
LIST of ABBREVIATIONS and ACRONYMS X
LIST of FIGURES xi
LIST of TABLES xiil
1. INTRODUCTION 1
1.1. ETS Transcription Factor Family 1
1.2. Evolutionary and developmental role of ETS Family 2
1.3. Glioma progression and ETS proteins 4
1.4. Purpose of Thesis 6
2. MATERIALS and METHODS 7
2.1. Materials 7

2.1.1. Datasets 7

2.1.2 Cell lines 8

2.1.3. Kits and cell culture solutions 9
2.2. Methods 10

2.2.1. Raw data preprocessing and differential gene expression analysis of

RNA-seq datasets 10
2.2.2. Preprocessing and differential gene expression analysis of micro array
datasets 11
2.2.3. Functional enrichment analysis 11
2.2.4. Gene regulatory network constructions 11

2.2.5. Differentiation of SH-SYSY cells with retinoic acid and qPCR
validation for genes associated with neuronal differentiation 14
3. RESULTS 17
3.1. Glioma grade progression and transcriptomic gene regulation related with the

ETS transcription factors 17

viii



3.1.1. Identification of differentially expressed genes 17
3.1.2. Transcriptional gene regulatory networks of glioma grades 20

3.2. Transcriptomic comparison of neuronal differentiation across species under

the regulation of ETS TFs 26
3.2.1. ETS subfamilies in different species 26
3.2.2. Transcriptomic comparison of neuronal differentiation and gene
regulatory network of ETS TFs 28
3.3. Transcriptomic comparison of primary neurons and RA-differentiated SH-
SYSY cells 46
4. DISCUSSION and CONCLUSION 52
REFERENCES 56
BIOGRAPHY 64
APPENDICES 65

X



LIST of ABBREVIATIONS and ACRONYMS

Abbreviations

and Acronyms

ETS
PNT
FGF
MAPK
SRF
PEA3
SRE
SH-SY5Y
FBS
DMEM
PCA
DEGs
NSC
NPC
GRN

Explanations

E26 Transformation Specific
Pointed

Fibroblast Growth Factor
Mitogen Activated Protein Kinase
Serum Response Factor

Polyoma Enhancer Activator 3
Serum Response Element

Human Neuroblastoma Cell Line
Fetal Bovine Serum

Dulbecco’s Modified Eagle Medium
Principal Component Analysis
Differentially expressed genes
Neural stem cell

Neural progenitor cell

Gene regulatory network



LIST of FIGURES

Figure No: Page
1.1: Representation ETS family members and relative location of ETS and 1
PNT domain.
2.1: Methodological flowchart of glioma progression project. 13
2.2: Methodological flowchart of neuronal differentiation project. 14
3.1: Results of differential gene expression analyses. 18
3.2 Functional enrichment analysis results of DEGs in glioma grades. 20
3.3: ETS-mediated gene regulation network size and regulon activity. 21
3.4: Individual regulon targets that have positive and negative regulation ~ 22

were identified by two-tailed GSEA analysis.

3.5: Glioma grade-specific gene regulatory network controlled by ETS 23
transcription factors.

3.6: GO enrichment analysis of certain regulatory targets that are both 25
positively and negatively regulated

3.7: KEGG enrichment analysis of certain regulatory targets that are 26
both positively and negatively regulated.

3.8: Distribution of ETS subfamilies and members located in species in 28
this study.
3.9: Explanatory investigation of transcriptomic changes between stem 30

or progenitor cells vs corresponding mature neurons from
transcriptomic datasets

3.10: GO over-representation analysis of the biological processes for 31
significantly changed genes resulted from differentially gene
expression analyses.

3.11:  Regulon activity of ETS members. Heatmaps represent the 34
expression changes of significantly changed ETS members with
normalized regulon activity scores.

3.12:  Gene regulatory network of human neuronal differentiation under 36
the regulation of ETS transcription factors.

3.13: GO enrichment analysis of human individual regulons and their 37

positively and negatively regulated targets.

xi



3.14:

3.15:

3.16:

3.17:

3.18:

3.19:

3.20:

3.21:

3.22:

3.23:

3.24:

3.25:

3.26:

3.27:

3.28:

3.29:

3.30:

Gene regulatory network of mouse neuronal differentiation under
the regulation of ETS transcription factors.

GO enrichment analysis of mouse individual regulons and their
positively and negatively regulated targets.

Gene regulatory network of Drosophila neuronal differentiation
under the regulation of ETS transcription factors.

GO enrichment analysis of Drosophila individual regulons and their
positively and negatively regulated targets.

Gene regulatory network of C. elegans neuronal differentiation
under the regulation of ETS transcription factors.

GO enrichment analysis of C. elegans individual regulons and their
positively and negatively regulated targets.

Gene regulatory network of gorilla neuronal differentiation under
the regulation of ETS transcription factors.

GO enrichment analysis of gorilla individual regulons and their
positively and negatively regulated targets.

Combined functional transcriptional network of ETS members.
PCA plots of the SH-SYS5Y RA dataset and Primary neuron dataset.
Volcano plot for Primary neuron and SH-SYSY data sets after
differential gene expression analysis.

Comparison of genes significantly changed as a result of differential
gene expression analysis with venn diagram.

GO analysis result of genes with reduced gene expression

GO analysis result of genes with increased gene expression.
Network representation of common genes in the two datasets and
genes associated with neuronal differentiation by GO analysis.
Morphological structures of SH-SYSY cells during RA
differentiation.

qPCR validation of selected genes.

Xii

38

39

40

41

42

43

44

45

46

47

47

48

48

49

50

50

51



Table No:

2.1:  Descriptions of transcriptomic datasets.
2.2:  List of kits for qPCR validation assays.
2.3:  List of cell culture solutions.

2.4:  Primer lists

4.1:  Published and submitted research papers.

LIST of TABLES

Xiii

16

55



1. INTRODUCTION

1.1. ETS Transcription Factor Family

The ETS domain transcription factor superfamily, which consists of 13
subfamilies and 29 different members, originated from the viral oncogene v-ets-1 of
the E-twenty-six (E26) leukemogenic virus and its protooncogene counterpart c-ets-1
[1]. Although the location of these domains on the protein might vary between
subfamilies, all members of the ETS superfamily have the conserved DNA binding
domain called the ETS domain, which binds a consensus GGAA/T pattern on its target
promoters. There is also an extra helix-loop-helix domain found in some subfamilies
known as the "pointed" domain, including the ETS and ERG subfamilies [2]. Despite
these intra-family variances, it is thought that all ETS proteins are conserved among
metazoan, evolving through gene duplications, and providing a substantial amount of

functional redundancy during the development (Figure 1.1) [1],[2],[3].

ETS Subfamily Members Structure spec?:‘::ti:gclass
ETs ETS1, ETS2 | [t | [ T ] |
ERG ERG, FLI1, FEV | [enr] [ s | |
GABPA GABPa [ T[] B I
ELF ELF1, ELF2, ELF4 [ [ es ] | Il
ESE ELF3, ELFS, EHF [ Jent] [ T Il
ERF ETV3, ERF, ETV3L DID |
TEL ETV6, ETV7, VAN | [ ent | [ s T] 1
PEA3 ETV1, ETV4, ETVS | [ es | |
spI PU.1, SPIB, SPIC [ T = T 7] 11
TCF ELK1, ELK3, ELK4 [T = ] ]
PDEF SPDEF [ PNT [ s ] \Y
ETV2 ETV2 [ EE |

Figure 1.1: Representation ETS family members and relative location of ETS
and PNT domain.



Several biological processes, including tissue morphogenesis, cell growth, death,
and embryonic development, are influenced by ETS proteins. [2],[4]. It's interesting to
note that the tissue expression patterns of ETS proteins display significant similarities,
with several members of this superfamily exhibiting widespread expression [5]. Not
unexpectedly, ETS members also generally show overlapping and possibly redundant
DNA binding, as demonstrated by genomic sequence tenancy and other investigations.
[6]. Regarding their functions in tumorigenesis, they have also been subjected to a lot
of research. For instance, in Ewing's sarcoma, the ETS protein Fli-1 is fused to an
RNA-binding protein EWS as a result of a chromosomal translocation, which increases
the capacity for transactivation and results in malignancy. Similarly, chronic
myelomonocytic leukemias show TEL/ETV6 translocation to the PDGF receptor b
gene. Numerous ETS proteins have been identified to be overexpressed or to have

mutations in various cancers [2],[7],[8].

1.2. Evolutionary and developmental role of ETS Family

The ETS family of transcription factors has a large protein distribution in the
animal kingdom. Therefore, the evolutionary history of ETS proteins is as broad as
their differential distribution of gene expression in tissues. The ETS, PEA3, GABP,
and ER71 subfamilies seem to have split off more later in the phylogeny through gene
duplications peculiar to the vertebrate lineage than the SPI subfamily in terms of
evolutionary connections [1]. For instance, the TCF subfamily member Elk-1 was
discovered to be conserved across the metazoan kingdom, from the earliest
deuterostomes to vertebrates. Cnidarians and hemichordates have a single defined
Elk1 gene, whereas vertebrates like the axolotl and humans have three Elk (TCF)
subfamily members [9]. The annelid Hediste diversicolor's Ets genes, Nd ets and Nd
erg, have been found to be functional homologs of Ets-1 and Fli-1 in human [10].

Ets proteins have a variety of roles in embryonic development, including the
hematological system, neurological system, and cardiovascular system development
[11],[12]. From sponges and mollusks to humans, a considerable number of ETS
proteins, including TEL, ETS1, Cf-ets, and Friend leukemia integration 1 transcription
factor (Flil), are crucial for the development of hematopoietic lineages and the

immune system [13]. It has been demonstrated that the ETS proteins Ets1/2 and



Elk1/3/4 control FGF signaling in the anterior neural plate during the development of
the nervous system in marine invertebrates like Ciona intestinalis [14]. It has been
demonstrated that the UNC-6/netrin signaling interacts with the Caenorhabditis
elegans ETS protein AST-1 (for axonal steering), which controls neuronal
development and axon guidance [15]. Zebrafish with simultaneous Pea3, Etv5, and
Erm knockdown displayed abnormalities resembling Fgf deficit in embryos
throughout cardiac development and patterning [16]. C-ets] was discovered to be
expressed during rat development in the neural pituitary at E14 as well as in the future
hypothalamus, despite the fact that its function in both areas was thought to be blood
vessel construction [17]. Er81 knockout mice had postnatal lethality, loss of
monosynaptic connections, and developmental issues with proprioceptive afferents
[11].

Along with other organs, the eye and brain expressed X1-Ets-2 during Xenopus
embryogenesis, and XER81 was discovered in the cortical plate and later in discrete
frontal cortex, midbrain, and hindbrain subdomains. In contrast, Ck-Ets-1 was
expressed in neural crest cells in chicken embryogenesis, and the Ck-Pea3 subfamily
was found in motor neurons in the embryonic spinal cord [4],[18]. The ER81 protein
was discovered to be expressed in the developing hindbrain, notably in the inferior
olive nucleus, in both chicks and mice [19]. It has been discovered that longitudinal
and midline glial cell differentiation, as well as photoreceptor differentiation in the
eye, are crucial for the development of the central nervous system (CNS) in Drosophila
pointedP1 and pointedP2, as well as their vertebrate homologs c-ets1 and c-ets2 [20].

Through controlling the expression of acetylcholine receptors on postsynaptic
membrane, conditional deletion of the ETS gene GABPa in skeletal muscle has
revealed its importance at the neuromuscular junction [21]. It was discovered that the
Pea3 subfamily's mesenchymal Etvl, Etv4, and Etv5 were crucial for cochlear length
but were not involved in the patterning of the sensory progenitors [22]. Etv5 was also
demonstrated to be a MAPK target during the development of the ventral
telencephalon, notably in the progenitors of the ventricular zone [23]. In the early
stages of zebrafish brain development, it was discovered that Fgf3 and Fgf8 signaling
controlled the expression of Erm and Pea3 [24].

Interesting evidence suggests that many ETS proteins are involved in
serotoninergic differentiation. In zebrafish, it was discovered that Erm/Etv5b controls

the activation of hypothalamic serotoninergic neuron development in response to Fgf



signaling [25]. In serotonergic neurons of the raphe nuclei in the midbrain and pons of
humans, the ETS protein FEV was measured [26]. On the other side, serotoninergic

development was flawed in mouse Pet-1 knockout mice [27].

1.3. Glioma progression and ETS proteins

Due to their localization and sometimes locally invasive development, brain
tumors are marked by severe morbidity and death. The majority of neoplastic brain
lesions are metastases from non-central nervous system malignancies, which are 5-10
times more prevalent than original brain tumors. The most prevalent primary brain
tumors are gliomas. The bulk of primary brain tumor fatalities are caused by gliomas,
which make up almost 30% of all primary brain tumors and 80% of all malignant ones
[28].

ETS proteins have critical roles in both the formation and progression of cancer
as well as normal developmental processes and growth. They do this through
regulating epithelial-stromal interactions, the endothelial transition, as well as cell
growth, migration, or angiogenesis. [29]. Numerous ETS TFs, particularly PEA3,
ETS1, and ETS2, have enhanced activity in malignancies. Among other aspects of
tumorigenesis, these ETS TFs are involved in the development of tumors, the
mesenchymal transformation, metastasis, and angiogenesis. [30],[31]. When genetic
modifications in PPI, PTM, and/or protein stabilization arise, it frequently leads to an
increase in the transcriptional potency of ETS TFs in a variety of malignancies, as is
the case with c-ETS1 in leukemia. Other times, ETS TFs undergo chromosomal
relocations that result in TMPRSS-ERG fusion proteins in much over half of prostate
cancers. [30].

Breast cancer was discovered to have excessive levels of Ets-1, which was linked
to a bad prognosis [31]. Ets-1 controls energy metabolism in several cancer types such
as breast and ovary cancer in addition to being a crucial invader regulator [31],[32].
Through the control of hTERT expression, it has also been demonstrated to contribute
to the preservation of telomeres [33]. The ternary complex factor (TCF) subfamily
member Elk-1, which is phosphorylated at serine 417, has been linked to the degree of
differentiation of colonic adenocarcinomas [34]. Furthermore, ELK-1 was discovered

to be related with disease recurrence in later stages of prostate cancer [35]. In several



cancer types such as brain, sarcomas and skin, ELK 1 expression has been shown to be
greater than ELK3 expression [36]. The MZF/EIk-1 transcription factor complex
boosted PKC expression in hepatocellular carcinoma in conjunction with cell
migration and tumorigenicity [37]. A variety of malignancies, including lung tumors
with MET amplification, were also affected by PEA3, ERM and ER81 and they were
discovered to be involved in migration [38]. PEA3 has been demonstrated to support
malignancy in colorectal cancer [39]. It has been demonstrated that the overabundance
of ETV4 and ETVS in ovarian cancer is caused by the loss of PEA3 subfamily
repressors [40].

The most prevalent and fatal primary brain tumors are malignant gliomas.
Characterization of glioma grades is based on the cell proliferation activity,
angiogenesis and biomarkers, which are also used as diagnostic criteria. [41],[42]. The
most aggressive and deadly glioma is glioblastoma multiforme (GBM), which is
categorized as a WHO grade IV disease. A fast-proliferating tumor core and highly
invasive cells surround the tumor core in high-grade gliomas [43].

In high-grade gliomas, ETV2, a key player in the vascular reprogramming of
CD133+ cells, was shown to be overexpressed. This transdifferentiation is expected to
make CDI133+ GBM stem cells resistant to anti-angiogenic treatment [44]. It was
discovered that the gene ERG is a biomarker for vascular cells in CNS malignancies.
This finding may be utilized to analyze the vascularization of gliomas [45]. PU.1,
identified with a crucial function in blood cell development, had also been found to be
substantially expressed in glioma patients, suggesting a role in glioma progression.
[46]. Flil has also been shown to be altered expression in glioma as same as PU.1 [47].
ETS proteins have the ability to control other facets of carcinogenesis in addition to
their function in tumor vascularization. Etv5 was shown to be a regulator in Nfl mutant
mice and studies confirmed the elevated expression of Etv5 and its target genes in
glioma [48].

Diffuse and non-diffuse gliomas are the two broad categories for gliomas. The
WHO categorization of CNS malignancies is used to identify and classify diffuse
gliomas, such as oligodendrogliomas and astrocytomas, which resemble glial
precursors [49]. The consistency in diagnosis of II and III grades of gliomas might be
difficult due to their somewhat variable character. Differential diagnosis is performed
by a number of genetic markers, such as IDH mutations or TERT alterations, which

provide ETS binding sites [33],[41]. ERG, PEA3, ERM and ER81 over expressed



patients were identified in association with poor prognosis in clinical prostate tumor

samples, showing that ETS gene expression could be used as a biomarker [50].

1.4. Purpose of Thesis

In this thesis study, I have mainly focused on ETS superfamily proteins during
nervous system development and the functional evolution across species. For the first
time, I present a comprehensive analysis of the regulation of the ETS transcription
factor throughout the development of the nervous system in the metazoan lineage. I
have shown that ETS members affect relatively similar genes that participate in the
development of the nervous system, including genes involved in synaptic and axonal
regulation and neuronal differentiation. Additionally, in order the investigate the
transcriptional regulation of ETS proteins, I have also studied glioma progression as
an aspect of constantly proliferative cell condition. In this part of the thesis work, I
mainly focused on the different ETS genes that are upregulated in glioma grades found
in transcriptomic data from patients. The general purpose of this thesis is to provide a
comprehensive view of gene regulation under the ETS transcription factor family in
terms of nervous system development and glioma progression with an evolutionary

perspective using systems biology approach.



2. MATERIALS and METHODS

2.1. Materials

2.1.1. Datasets

All transcriptomic datasets were obtained from Gene Expression Omnibus
database [51]. For glioma grade progression project, patient-derived micro-array
datasets with control tissue samples were used including different stages of glioma
(grade 2-4) [52]. For transcriptomic comparison of neuronal differentiation,
transcriptomic datasets from 5 different organisms (human, gorilla, mouse, fruit fly
and C. elegans) including neural stem cells (NSCs), neural progenitor cells (NPCs)
and their mature neuron counterparts were used. Additionally, transcriptomic dataset
from SH-SYSY cells with retinoic acid (RA) differentiation procedure was used to
validate the SH-SYSY cell line as an in vitro model for neuronal differentiation [53].
Detailed information about all transcriptomic datasets in this study is listed in Table
2.1.

An 18-day neuronal differentiation strategy was used to develop H1-derived
NPCs to mature neurons in the human dataset (GEO accession GSE56785). Data
from day 0 (NPC) and day 18 (neuron) were used to distinguish between NPC and
mature neurons. All additional samples (days 1, 2, 4, 5, and 11) were used to build a
gene regulatory network. The adult mouse brain dataset (GEO accession GSE94991)
comprised several phases of neurogenic differentiation from neural stem cells to
neurons (NSCs, early and late neuroblasts, neurons). NSC and mature neuron samples
were used for differential gene expression analysis, just like the human dataset, and
all samples were used for gene regulatory network construction. The larval
neuroblasts and their derived daughter neurons from the Drosophila dataset (GEO
accession GSE38764) were used. The pan-neuronal differentiation protocol's NPC
and neuron samples were used in the gorilla dataset (GEO accession GSE120271).
Finally, the pan-neuronal cells and their embryonic counterparts from the C. elegans

dataset (GEO accession GSE8004) were used.



Table 2.1: Descriptions of transcriptomic datasets.

GEO
Organism Title Reference
accession

Expression data of
glioma samples from [52]
Henry Ford Hospital

GSE4290 Homo sapiens

RNA-Seq
characterization of
human H1-derived NPC | [54]
differentiation time
course

GSES6785 | Homo sapiens

Neuro-like
differentiation of SH- [53]
SYS5Y human cell line
Dynamic control of
translation during adult | [55]
neurogenesis
Transcriptome analysis
of Drosophila neural
stem cells reveals a [56]
transcriptional network
for self-renewal.
RNA-seq and ChIP-seq
for human-specific
GSE120271 | Gorilla gorilla | regulation of neural
maturation identified by
cross-primate

GSE71817 | Homo sapiens

GSE94991 | Mus musculus

Drosophila
GSE38764
melanogaster

[57]

transcriptomics
Caenorhabditis . .

Cell-specific microarray

GSE8004 .

profiling of the C. [58]
elegans

elegans nervous system.

2.1.2 Cell lines

In cell culture studies, SH-SY5Y human neuroblastoma cells (ATCC number:

CRL-2266) were used in all experimental procedures.



2.1.3. Kits and cell culture solutions

Table 2.2: List of kits for qPCR validation assays.

Kit Company Catalog/Lot Number

innuPREP RNA Mini | AnalytikJena 035-19
Kit 2.0

iScript cDNA Synthesis | Bio Rad 1708891
Kit

SsoAdvanced Bio Rad 172-5274
Universal SYBR Green
Supermix

Table 2.3: List of cell culture solutions.

Solutions Company Catalog/Lot Number

Dulbecco’s Modified Gibco 41966-029
Eagle Medium 1X
(DMEM) with L-

glutamine, pyruvate

and 4,5g/L Glucose

Fetal Bovine Serum Gibco 10270
(FBS)

Penicillin,Streptomycin PAN Biotech P06-07100
(10000U-ml Penicillin,
10mg/ml
Streptomycin)

Dulbecco’s Phosphate Gibco 14190-94
Buffered Saline 1X
(DPBS)

0.05% Tyrpsin-EDTA Gibco 25300-054
Solution 1X




2.2. Methods

2.2.1. Raw data preprocessing and differential gene expression

analysis of RNA-seq datasets

Using the SRA Run Selector, each RNA-seq raw sequence files was uploaded
to the Galaxy online platform for preprocessing [59]. For quality control of the raw
and trimmed sequence reads, FastQC was used with default settings [60]. Then, using
Trim Galore! raw reads were trimmed to remove sequence adapters and poor-quality
reads (26 Phred quality score cutoff) [61]. Following trimming, reads were aligned
with the reference genome (for H. sapiens, hgl9, built-in Galaxy; for Mus musculus,
mm10; for D. melanogaster, dm3; for G. gorilla, gorGor6, from UCSC genomes) to
produce a mapped read BAM file using HISAT?2 [62]. Finally, the featureCounts tool
was used to produce a count matrix [63].

DESeq?2 were used for differential gene expression analyses [64]. Prior to doing
a differential gene expression analysis, all sum of raw read counts for each genes with
lower-than-10 summed row count values across samples were removed. The built-in
vst function of DESeq2 was used to apply a variance stabilizing transformation on the
count matrix in order to eliminate the variance's dependency on the mean, to handle
the large variance of the logarithm of count data when the mean is low. The plotPCA
function was used to perform principal component analysis (PCA), after which PC1
and PC2 were chosen as the primary principal components for display. Although
normalized data was used for PCA and all other down-stream analysis, raw count
matrix for mature neurons and their associated stem cell or progenitor cell in each
dataset were used for differential gene expression analysis to compare the
transcriptomic profiles. Differentially expressed genes (DEGs) were identified using
the DESeq function and displayed using the EnhancedVolcano package with an
adjusted p-value 0.05 or 0.01 using Benjamini-Hochberg correction [65].
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2.2.2. Preprocessing and differential gene expression analysis of micro

array datasets

The dataset's processed expression matrix for datasets which include C. elegans,
glioma patients and differentiated SH-SYSY with RA were retrieved from
Bioconductor using the R package GEOquery [66]. To examine the association
between the samples, the expression matrices from each dataset were Log2 normalized
and employed in PCA analysis. Prior to doing the differential analysis of gene
expression, PCA plot was used to determine outliers. pan-neuronal cells and their
embryonic reference samples (C. elegans dataset) and each glioma grades and control
brain tissue samples (glioma dataset) were compared using the R package limma from
Bioconductor to analyze differential gene expression [67]. Volcano plots were created
using the R package EnhancedVolcano from Bioconductor to display the DEGs that
were found using Benjamini-corrected Hochberg's adjusted p-value 0.05 or 0.01

significant threshold.

2.2.3. Functional enrichment analysis

Gene Ontology (GO) and KEGG over-representation analyses were carried out
with an adjusted p-value 0.05 Benjamini-Hochberg correction cutoff by clusterProfiler
using up-and down-regulated genes produced by differentially expressed genes as well
as target genes produced by gene regulatory network algorithm [68]. Significantly

enriched terms were displayed as bar graphs after enrichment analyses.

2.2.4. Gene regulatory network constructions

RTN R package was used to build gene regulatory networks [69]. Using a gene
expression matrix and a predetermined TF list, this method calculates the TF-gene
interaction network. RTN method uses transcriptomic data from RNA-seq or
microarray to examine the mutual information between TFs and possible targets.
Additionally, it offers capabilities that use bootstrap analysis and steps in data
processing to filter out interactions that are weak. In order to assess both the positive

and negative gene target sets of TFs regarded as regulons, gene set enrichment analysis

11



(GSEA) was also incorporated into RTN algorithms. Edge-weighted TF-gene
interactions are present in constructed gene regulatory networks, and all of the
networks derived from various species were employed for comparative study. In
glioma grade project, gene regulatory network was used identify ETS genes and
corresponding target genes associated with glioma grade progression. The RTN
algorithm was utilized in the algorithmic setup with 1000 nPermutations, p-value 0.05
parameters, normalized gene expression matrices, and significantly altered ETS
members as input. Cytoscape was used to display the gene regulatory networks that
were retrieved from RTN [70]. The significant targets of ETS members in each
dataset's gene regulatory network were also used in GO over-representation analyses.
In the glioma patient’s dataset, the generated network was further refined using DEGs
from our earlier microarray experiments [8],[71].

Using gene regulatory networks, evolutionary distance, and the findings of
regulon-specific GO enrichment analysis, a combined gene regulatory network was
built in order to compare the properties of gene regulatory networks across species.
The human, gorilla, mouse, fruit fly, and worm evolutionary dendrograms were taken
from the TimeTree database [72]. The dendrogram was then integrated with all gene
regulatory networks in graph style. GO terms were categorized to show the integrated
network targets of ETS members as identified by the gene regulatory network analysis.

This method involved combining all GO results and creating a word cloud out
of the most prevalent keyword phrases. All target genes were grouped into the
appropriate GO keyword cluster using this word cloud, including development, axon,
synaptic, differentiation, neuron, metabolic, filament, cellular, and cell cycle.
Cytoscape was used to display the merged and classified network in its final form.

Methodological flowcharts are shown in Figure 2.1-2.2
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Figure 2.1: Methodological flowchart of glioma progression project.
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Figure 2.2: Methodological flowchart of neuronal differentiation project.

2.2.5. Differentiation of SH-SYSY cells with retinoic acid and qPCR

validation for genes associated with neuronal differentiation

SH-SHSY cells were grown in standard culture medium DMEM with 4,5g/L
glucose, L-glutamine, pyruvate was used with addition of 10 % FBS and 1 %
penicillin/streptomycin antibiotics. When cells reach 80 % confluency in flask or plate,
the cells are sub-cultured and were seeded onto 100 mm cell culture plate. For
differentiation of SH-SYS5Y cell growth medium DMEM with 10% FBS (4,5g/L
glucose, L-glutamine, pyruvate, 10 % FBS and 1 % penicillin/streptomycin
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antibiotics) containing SH-SY5Y cells to be differentiated was replaced with medium
containing 1% FBS (4,5g/L glucose, L-glutamine, pyruvate, 1 % FBS and 1 %
penicillin/streptomycin antibiotics) after 36 hours seeding the cells. Cells were
incubated in medium containing 1% FBS for 24 hours, after which this medium was
replaced with medium containing 1% FBS + 10 uM Retinoic acid. After the addition
of retinoic acid, the medium was replaced with 1% FBS + Retinoic acid every 2 days.
Cells were morphologically observed to differentiate for 2 days after the addition of
retinoic acid.

After the RA differentiation protocol, cells within flask or plate are washed with
PBS to eliminate dead, unbound cells and their debris. After that cells were collected
into tube by cell scraper, then RNA extraction (innuPREP RNA Mini Kit 2.0) and
cDNA synthesis (iScript cDNA Synthesis Kit) were performed for SYBER Green
qPCR (SsoAdvanced Universal SYBR Green Supermix) protocol. For RNA isolation,
first, the medium of cultured cells was discarded and 200 pl of PBS was added to the
plate to collect the cell into the tube with a scraper. The tubes were centrifuged at
2000g for 5 minutes and the supernatant is discarded. Then 600 pl of lysis buffer
containing 6l 2-mercaptoethanol was added for each sample and the tubes were
vortexed well. The mixture was then passed through the syringe 10-13 times for
homogenization. After this step, 600 pl ethanol was added to each sample and the tubes
were vortexed. Then 700ul of sample in the tubes were transferred to the column and
centrifuged at 12000g for 15 seconds. This step was repeated until no sample remains.
Then 700 pl of First Wash Buffer was added to the column and the columns are
centrifuged at 12000g for 15 seconds and the supernatant is discarded. Then 500 pl of
Second Wash Buffer was added to the column and the columns were centrifuged at
12000g for 15 seconds. Then the supernatant was discarded and repeated the Second
Wash Buffer step. To remove ethanol, the columns were centrifuged at 12000g for 1-
2 minutes without adding any solution (dry centrifugation) and the columns were
transferred to clean collection tubes. For elution, 30 pl RNase-free water is added to
the column. Columns were incubated for 1 min and columns are centrifuged at
maximum speed for 2 min and RNA samples are stored at -80 °C.

cDNA synthesis was performed according to the kit protocol (kit): 20 pl total
volume for 1x reaction, 4 pul of reaction mixture, 1 pl of reaction enzyme, 500 ng/ul of

RNA sample and the required amount of nuclease-free water. Reaction protocol was
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performed in thermal cycle according to following incubation time and temperature,

respectively:

e 5 minutes at 25 °C
e 30 minutes at 42 °C

e 5 minutes at 85 °C

The resulting cDNAs were stored at -20 °C for short-term storage and at -80 °C
for long-term storage. From cell culture to production of condition specific cDNAs,
all experiment were carried out with assistance of my colleagues Ekin SONMEZ, Pinar
MUTLU and Atilay iILGUN.

The corresponding primers for qPCR analysis of the selected genes associated
with neuronal phenotype and resulted in Figure 3.28 were designed with the help of
NCBI Primer-BLAST (Table 2.4). For qRT-PCR reaction, 0.5 ng of synthesized
cDNAs, 300 nM of gene-specific primers and Sul SYBR Green supermix were used.
Primers specific for $-actin and GAPDH genes will be used as reference genes along
with primers designed for target genes. The qRT-PCR reaction will be performed on
an Applied Biosystems StepOnePlus device in accordance with the SYBR Green
protocol and the gene expression values were determined relatively between

differentiated and undifferentiated sample groups by calculating the Ct values and 2-

AACtyalues.
Table 2.4: Primer lists
Gene F-Primer (5°-3°) R-Primer (5°-3’)
hACTB ACGAAACTACCTTCAACTCC GATCTTGATCTTCATTGTGCTGG
hGAPDH CATCTTCCAGGAGCGAGATCC AAATGAGCCCCAGCCTTCTCC
hSEMA3D | ACTCGATCCCTTGGGCCTAC TTTGCTCCATTGAGCCAGTAGT
hSEMASA GGAGGAGAGCCTGAGCATGA CACGGAGACCACACACCAAA
hETVS TTTGATCTTGGTTGGAGGTGGGG CTGATGATGAACAGTTTGTCCCAG
ROBO2 CCACATTTCTCAGGAGGCCA ACAAACTGTGGGGGAGCAAC
PLXNBI GAGTACCGTCCCCTGACCTT TCAACATCAAGGGTGCGAGG
PLXNA4 CGGATCATCACAGAGAATGGGGA | GATCTTGTCCACTCGCAGCAG
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3. RESULTS

3.1. Glioma grade progression and transcriptomic gene

regulation related with the ETS transcription factors

3.1.1. Identification of differentially expressed genes

Transcriptomic datasets including to various glioma stages of patients with
corresponding epilepsy patients as non-tumor sample were gathered and examined,
before assessing the expression of genes in the ETS superfamily. These glioma
samples' transcriptome analyses produced a collection of differentially expressed
genes (DEGs), and principal component analysis was used to confirm that these DEGs
were effective in differentiating tumor cells from healthy cells (Figure 3.1). The PCA
analysis revealed that while non-tumor and glioma samples could be easily
distinguished from one another, discrimination between glioma grades was less
prominent; grade 2 and 4 gliomas were comparatively distinct, but grade 3 tumors
were not easily distinguished from the other stages (Figure 3.1.A). As a result, any
outlier data were removed before the analysis of differential gene expression. In the
tumor samples, differential gene expression analysis revealed that 8402 of 19,225
genes had altered substantially (adjusted p-value 0.05 and -0.6 > log2FC > 0.6 criteria)
(grades 2—4). Differential gene expression analysis was applied to identify upregulated
and downregulated genes in each of all classes of gliomas, and the DEGs were

visualized as volcano plot (Figure 3.1.B-D).
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Figure 3.1: Results of differential gene expression analyses. (A). The normalized
expression matrix's PCA graphic shows the principal components. Each dot denotes
a distinct sample. (B-D). The associated differentially expressed genes (DEGs) were

identified by applying the limma software with a 0.6 absolute log2 fold change, an
adjusted p-value 0.01 with FDR cutoff, and comparisons of non-tumor vs. particular

glioma grades. (E). Comparing samples with and without tumors using differential

gene expression analysis to determine the relative FC of substantially altered ETS

TFs for gliomas. (F). Venn diagrams were used to show the intersection of DEGs
between our previously reported micro arrays Elk1 VP16 and PEA3VP16 and limma

findings.

The second question was, if ETS genes are DEGs, how do various glioma stages
affect their expression during glioma progression? (Figure 3.1.E). For that reason, I

have focused on ETS subfamilies, specifically the ETS [73],[74],[75], TCF
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[81,[76],[77], ELF [78],[79], PEA3 [48],[80], and TEL [81],[82] subfamilies, which
have all been previously documented to be implicated in gliomas. ELK-1 and ETS2
expressions were found to be downregulated in all grades, however ELK4, ELFI,
ELK3, ETS1, ETV4, and ETV1 expressions were found to be upregulated in all
grades, according to the data. Strangely, grade 2 had a downregulation of ELF4 and
ETV6 expressions whereas grades 3 and 4 saw an upregulation. While ETV1
expression was found to be maximum in grade 2 gliomas and gradually decrease with
glioma stage, the expression of ETV4, ELK3, and to a lesser degree ELK4 was shown
to eventually increase with glioma grade. The PU.1, which has been demonstrated to
be associated with the development of gliomas. and the expression levels were
discovered to increase as glioma grades (Figure 3.1.E) [46].

In our earlier microarray investigations, a variety of transcriptional targets for
these ETS proteins were discovered when constitutively active PEA3-VP16 or Elk-1-
VP16 were overexpressed in SH-SYSY neuroblastoma cells. I have compared DEGs
from glioma grades with the transcriptomic dataset of our previous studies (PEA3-
VP16 and Elk-1-VP16 overexpressing cells) in order to identify overlapping genes
(Figure 3.1.F).

Enrichment analysis was carried out to elucidate the functional characteristics of
the discovered DEGs in the glioma grades, and significantly enriched GO and KEGG
terms were acquired (Figure 3.2). Up- and downregulated genes of the various glioma
grades were originally examined for the GO analysis for biological processes. The
downregulated gene clusters of grades demonstrated neuronal behavior, including
synaptic transmission, as would be assumed, but the upregulated gene groups of grades
were seen with cell cycle associated phenotype in all glioma grades (Figure 3.2.A).
While the p53, TGF-f, and Notch signaling pathways were enriched in the KEGG
analysis for the upregulated genes, substantial downregulated gene clusters fell into
synaptic activity pathways, including such glutamatergic, GABAergic, serotonergic,
and dopaminergic pathways (Figure 3.2.B). For instance, it was discovered that as
gliomas progressed, the TGF-f3 signaling pathway was altered. This was confirmed by
an increase in the concentration of BMP molecules, such as BMP3 and BMP4, as well
as its targets, Smad1/5/8 and Id. Additionally, there was a dramatic increase in the
expression of the cell cycle proteins p15 and cMyc. However, genes involved in the
Notch signaling system, including Delta, Notch, and Fringe, were shown to be

overexpressed in gliomas. The expression of genes including Ras, MEK1, ERK, JNK,

19



and Elk-1 was discovered to be downregulated, and the MAPK signaling pathway was
revealed to be enriched in these clusters. All these enrichment analysis findings
supported the idea that cells in all classes of glioma down-regulated signaling
pathways directly related to neural function, but up-regulated signaling pathways
generally associated with cell growth and survival. It's important to notice that the
grade 4 glioma samples showed strong PI3K pathway overexpression rather than

significant TGF-B pathway upregulation (Figure 3.2.B).

A GO Biological Process
DNA replication L4 o °
DNA repli
DNA replication-i
DNA-dependent DNA replication | . . L4 G:"ERW
002
DNA strand elongation involved in DNA replication | + . . : 004
008
cell cycle DNA replication . .
padjst
nuclear DNA replication . . oor
modulation of chemical synaptic transmission ° (] L] Z:
regulation of trans-synaptic signaling{ ° ° ® o0¢
synapse organization ° ° °
regulation of synaptic plasticity{ . . .
vesicle-mediated transport in synapse | . . .
Grade2_up Grade2_down Grade3_up Grade3_down Grade4_up Grade4_down
(2068) (5257) (2470) (4855) (3078) (4247)
B KEGG Pathways
TGF-beta signaling pathway . .
p53 signaling pathway | . L4 L]
Glutamatergic synapse . . .
GABAergic synapse . . . p.adjust
- 0005
Dopaminergic synapse . . . o
. o015
Serotonergic synapse . . o
MAPK signaling pathway [ ] ® [ ]
GeneRatio
DNA replication . . 00
® o
Hippo signaling pathway { . o . ® oo
® 005
Notch signaling pathway . . . @ oo
Oxytocin signaling pathway { o [ ] °
Calcium signaling pathway{ o L] °
PI3K-Akt signaling pathway L]
Grade2_up Grade2_down Grade3_up Grade3_down Grade4_up Grade4_down
(941) (2383) 1172) (2152) (1514) (1810)

Figure 3.2: Functional enrichment analysis results of DEGs in glioma grades.
adjusted p-value < 0.05 was used to identify significant (A) Gene Ontology and (B)
KEGG terms.

3.1.2. Transcriptional gene regulatory networks of glioma grades

To explore ETS transcriptional regulatory networks specific to each glioma
progression, I combined DEGs with the count matrix, ETS TFs as regulons. 10,762
target genes, 23,181 interactions overall, and 11 ETS member regulons were included

in the first transcriptional network inference (TNI) network. When regulon activity
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scores were analyzed, it was shown that while ELK-1 and ETS2 had strong regulon
activity in the absence of a tumor (magenta, Figure 3.3.A), ETV1 displayed a high
activity score on mostly grade 2 gliomas (green, Figure 3.3.A). While grade 3 glioma
regulon activity was scattered between grade 2 and grade 4, the other ETS proteins
had substantial regulon activity in the grade 4 cluster. The transcriptional network
analysis (TNA) approach was utilized to include DEGs into the original network,
which was followed by the construction of a targeted network of glioma grade. Nine
important ETS regulons were discovered to be enriched with various target genes using

the TNA algorithm (Figure 3.3.B).
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Figure 3.3: ETS-mediated gene regulation network size and regulon activity. (A).
Regulon activity scores for ETS transcription factors across the glioma samples. (B).
Regulon size of ETS TFs resulting after TNA algorithm.

Two-tailed GSEA was used to identify the directionality of regulations, and
target gene distribution co-expression patterns for each unique ETS regulon were

established for both positive and negative regulation (Figure 3.4). The peak of each
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figure represents the enrichment score for the gene specified (dotted lines), and the
colored bar displays the positively and negatively linked genes. In this study, genes
were prioritized for their fold changes on the x-axis and enrichment scores on the y-
axis. These findings imply that enriched ETS regulons have both distinct and common
gene targets in gliomas, as shown by a distinct separation of negatively and positively
linked targets in regulons like ETS2 and ELK1 (unique) and overlap between
negatively and positively linked targets in negative and positive regulons like those of

ELF4 and ELK3 (common).
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identified by two-tailed GSEA analysis.
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To produce a distinctive regulatory network of ETS TFs, the resulting network
was filtered with DEGs from Elk1 and PEA3 overexpression transcriptomic data from
our laboratory. Filtering led to the construction of a final regulatory network with 3366
target genes and 6610 connections with ETS regulons. Cytoscape was used to visualize
the gene regulatory network (Figure 3.5). The common targets are clustered in the
centre of this network representation, which also depicts FC of DEGs and their

interactions with ETS regulons (Figure 3.5).
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Figure 3.5: Glioma grade-specific gene regulatory network controlled by ETS
transcription factors. Circle nodes stand in for the target genes, whereas diamond
nodes indicate ETS TFs as a regulator. Due to differential gene expression analyses,
the color of the circle represents the mean fold change of glioma grades in
comparison to non-tumor samples. The GSEA analysis's edge colors display the
enrichment scores for each target gene and its related regulators.
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After that GO and KEGG enrichment analysis was carried out using positive and
negative regulatory targets of ETS TFs on the network. It was shown that biological
processes such as cell-cell contact, protein localization and synapse formation were
enriched in the positive and negative regulatory targets of ETS TFs, some of which are
shared by several family members and others of which are exclusive to one or a few
(Figure 3.6). ETS2 and ELKI1 were also shown to have targets inside the same
biological pathways, while ELF4 and ELF1 regulons appear to correspond to related
biological processes (Figure 3.6.A). While ETS1, ELK4, ELK and to some extent,
ETV4 show to regulate analogous biological pathways, the ETV1 regulon shows to
have a unique collection of positive regulatory targets (Figure 3.6.A). While ELF1,
ELK4, ETS1, ELK3 and ETV4 appear to control comparable biological processes, the
ELF4 regulon and the ETS2 regulon each consist of different targets, this
categorization is not the same for negatively regulated targets (Figure 3.6.B). The
nucleosome and chromatin disassembly-related processes were prominent in the
positive regulatory targets of the ETV1 regulon, however no substantial negatively
regulated targets for the ETV1 regulon were found. The ELK3 regulon had negatively
regulated targets in synaptic transmission, synaptic vesicle signaling and synaptic
plasticity pathways, as well as favorably regulated targets in protein maturation, ECM

organization pathways.
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A GO Biological Process, Positively Regulated Targets by Regulons
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Figure 3.6: GO enrichment analysis of certain regulatory targets that are both
positively and negatively regulated. With an adjusted p-value of 0.05, clusterProfiler
carried out the GO analysis. The gene ratio shows the percentage of all the genes
included in the enrichment analysis that are enriched with the associated GO terms.

KEGG pathway enrichment analyses revealed that, each ETS regulon controlled

a different signaling pathway. For example, the ETV4 regulon's positively regulated

cluster was enriched for the MAPK and PI3K-Akt signaling pathways, while its

negatively regulated cluster was enriched for endocytosis and the synaptic vesicle

cycle. The positive regulatory targets of ELK1 were enriched for calcium signaling

pathway (Figure 3.7). Except for ELK 1, most ETS regulons shared the synaptic vesicle

cycle and endocytosis as common signaling pathways.
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Figure 3.7: KEGG enrichment analysis of certain regulatory targets that are both
positively and negatively regulated. With an adjusted p-value of 0.05, clusterProfiler
carried out the KEGG analysis. The gene ratio shows the percentage of all the genes

included in the enrichment analysis that are enriched with the associated KEGG

terms.

3.2. Transcriptomic comparison of neuronal differentiation

across species under the regulation of ETS TFs

3.2.1. ETS subfamilies in different species

To investigate the functional evolution of ETS domain proteins across species in
relation to nervous system development, I first identified neuronal differentiation

RNA-seq datasets from Homo sapiens, Mus musculus, Drosophila melanogaster,
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Gorilla gorilla, and Caenorhabditis elegans to be used in this investigation. I have
created a map of the ETS subfamilies and subfamily members in these species,
together with domain structures of each subfamily, prior to the transcriptome study of
gene regulatory networks (Figure 3.8). The ETS subfamily contains the human and
gorilla ETS1 and ETS2 proteins, the mouse Ets1 and Ets2 proteins, which have both
the DNA-binding ETS domain and the recognizable pointed domain on the protein,
and the Drosophila Pointed 1 and 2 (PntP1, PntP2) proteins, which have only the ETS
domain in PntP1 but both the ETS and pointed domains in PntP2. (Figure 3.8, blue
lines).

Human, gorilla, and mouse ERG, FLI1, FEV, and Drosophila ERG subfamily
member Ets65A, which only has the ETS domain and Drosophila Ets21C, which only
has the ETS domain, and C. elegans ets-5, which only has the ETS domain, all belong
to the ERG subfamily (Figure 3.8, petrol green lines). ETS and pointed domains are
present in members of the ELG subfamily such as GABPa and ELG in humans and
gorillas, Gabpa in mice, and Ets97D in Drosophila, although C. elegans ets-9 only
possesses the ETS domain (Figure 3.8, mauve line colors).

ELF subfamily is defined by ELF1, ELF2 and ELF4 in humans and gorillas, E1f2
and Elf4 in mice, E74A and E74B in Drosophila, and elf-1 in C. elegans, and solely
contains the ETS domain (Figure 3.8, cardinal red lines). While C. elegans ets-7 only
has the ETS domain, the TEL subfamily is recognized by ETV6, ETV7, and YAN in
humans and gorillas, Etv6 in mice, and Aop/YAN in Drosophila (Figure 3.8, lime
green lines). ETVI1, ETV2, ETV4, and ETVS5 are members of the PEA3 subfamily,
and Etvl, Etv4, and Etv5 are members of the PEA3 subfamily in mice, Drosophila's
Ets96B, and C. elegans' Ets-8. The PEA3 subfamily solely includes the ETS domain
(Fig.1, orange lines). Only PDEF in humans, gorillas, mice, and ets-4 in C. elegans are
members of the PDEF subfamily and have both the ETS and pointed domains, whereas
Drosophila Ets98B only has the ETS domain (Figure 3.8, green lines). SPI, SPIB, and
SPIC are members of the SPI subfamily, which includes just the ETS domain in
humans, gorillas, and mice. Drosophila and C. elegans have not yet been shown to
have any members of the SPI subfamily (Figure 3.8, mustard yellow lines).

The only members of the TCF subfamily that contain the ETS domain are ELK1,
ELK3, and ELK4 in humans, gorillas, and mice. Drosophila and C. elegans have yet
to be identified as members of the TCF subfamily (Figure 3.8, purple lines). While no
Drosophila ortholog has been found, members of the ESE subfamily include ESE1,
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ESE2, and ESE3 in humans and gorillas, just Esel in mice, and svh-5 in C. elegans
(Fig.1, yellow lines). Lastly the ERF subfamily only contains the ETS domain and
includes the ERF and ETV3 in humans, gorillas, and mice (Figure 3.8, red lines).
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Figure 3.8: Distribution of ETS subfamilies and members located in species in this
study. Each colored lines represent the connection between subfamilies and
members.

3.2.2. Transcriptomic comparison of neuronal differentiation and

gene regulatory network of ETS TFs

To better understand the functional evolution of ETS proteins in relation to
nervous system development, transcriptome datasets were looked from other species
that provided information on neuronal differentiation or embryonic nervous system
development, and discovered datasets from five distinct organisms: Homo sapiens,
Gorilla gorilla, Mus musculus, Drosophila melanogaster, and Caenorhabditis
elegans. In terms of evolutionary connections, D. melanogaster and C. elegans, as well
as H. sapiens and G. gorilla, are the most recent, having emerged in the neo-

proterozoic period. M. musculus, on the other hand, first appeared in the mesozoic era.
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I first built subfamily and domain association maps amongst the creatures to be
examined, and then we investigated neuronal differentiation transcriptome information
from these organisms to build gene regulatory networks relevant to nervous system
development. To that purpose, I have gathered microarray datasets for C. elegans
neuronal development and RNA-seq datasets of neural stem or progenitor cells vs adult
neurons for human, gorilla, mouse, and Drosophila. Following the examination of
these transcriptome profiles for DEGs, gene regulatory networks of ETS superfamily
members were created, and functional enrichment analysis was performed.

The volcano plots revealed that all transcriptome studies included significantly
changed genes that were differentially expressed (Figure 3.9). When these DEGs were
analyzed in terms of biological processes, it was found that, in general, downregulated
genes in all organisms were related to cell division and growth processes, whereas
upregulated genes in all organisms were related to neuronal differentiation and
function processes, though there were some minor species-dependent differences
(Figure 3.10), suggesting that, despite the possibility that nervous systems may have

varied, they were likely related to the same biological processes.
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Figure 3.9: Explanatory investigation of transcriptomic changes between stem or
progenitor cells vs corresponding mature neurons from transcriptomic datasets of (A)
human, (B) gorilla, (C) mouse, (D) drosophila, (E) C. elegans. PCA plots show the
sample distribution and volcano plots show the relative changes of DEGs.
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Figure 3.10: GO over-representation analysis of the biological processes for
significantly changed genes resulted from differentially gene expression analyses.
All analyses were performed with up and down-regulated DEG lists of the
corresponding organism as an input: (A) downregulated genes in C. elegans, (B)
upregulated genes in C. elegans, (C) downregulated genes for D. melanogaster, (D)
upregulated genes for D. melanogaster, (E) downregulated genes for G. gorilla, (F)
upregulated genes for G. gorilla, (G) downregulated genes for H. sapiens, (H)
upregulated genes for H. sapiens, (1) downregulated genes for M. musculus, (J)
upregulated genes for M. musculus. Significant GO terms were determined with an
adjusted p-value < 0.05 Benjamini-Hochberg correction (see color code scale).

As aresult, I have been looking at the ETS regulation networks in each of these
transcriptomic datasets. Although it was not feasible to compare the changes in gene
expression of every member of the ETS family across species because not every
member of the family had a substantial change in each transcriptome, several
important points were nevertheless discovered.

Only in the H. sapiens dataset, where expression levels of several ETS members

were examined on Day 0, Day 1, Day 2, Day 4, Day 5, Day 11 and Day 18, where a
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very dynamic expression pattern was seen, were time-dependent gene expression
changes during neural differentiation conceivable (Figure 3.11.A). ELF2 was a
member of the ELF subfamily and displayed essentially minimal expression on Day
0, but have very fluctuating gene expression pattern compared to other ETS members.
SPIB, on the other hand, showed downregulation between Days 0 and 1, an increase
between Days 2, 4, and 5, a decrease on Day 11, and an increase once again on Day
18. A number of different subfamily members, including the PEA3 subfamily
members ETV4 and ETVS, the TCF subfamily member ELK3, the ERF subfamily
member ERF, the TEL subfamily member ETV6, the ETS subfamily member ETSI,
and the FLI subfamily member FLI1, displayed a profile that was similar to SPIB. The
main difference was that these subfamily members had high expression on Day 0
instead of a similar downregulation on Day 1, upregulation to different levels on
(Figure 3.11.A). Interestingly, members of the PEA3 subfamily ETV1 and ETS
subfamily ETS2 had distinct expression patterns from their aforementioned family
members: Both ETV1 and ETS2 showed little to no expression on Days 2—5, but
upregulation on Day 11. ETV1 was substantially expressed on Days 0 and 1, but ETS2
was highly expressed only on Day 0 and subsequently downregulated on Day 1.
(Figure 3.11.A).

TCF subfamily members ELK1 and ELK3 display opposite patterns of
expression in the gorilla dataset, with ELK1 expressed at lower levels in NPCs and
greater levels in mature neuron datasets, and ELK3 expressed at higher levels in NPCs
but at a downregulated level in neuron datasets (Figure 3.11.B). ETV4 and FLI1 are
substantially expressed in NPCs but have decreasing yet varied levels of expression in
other neuron samples, whereas PDEF subfamily member SPDEF in gorilla follows a
pattern similar to ELK1 (Figure 3.11.B).

The fact that mouse datasets include NSCs, early and late neuroblasts, and
mature neurons makes them more similar to human datasets. The dynamic profile of
ETS members' expression was similar to that of the human and gorilla datasets: Etv4
and Spdef, members of the Pea3 subfamily, had decreased expression in NSCs and
early neuroblasts but increased expression in late neuroblasts and mature neurons
(Figure 3.11.C). Etv1, a different member of the Pea3 subfamily that in human datasets
was strongly expressed on Day 0 but subsequently dropped on Day 18 but exhibited
low expression in mice NSCs, was increased in early and late neuroblasts, and then

decreased again in mature neurons (Figure 3.11.C). Elf4 and EIf2 were both
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extensively expressed in NSCs, and in Elf2's case, early neuroblasts, but their
expression levels were significantly reduced in late neuroblasts and mature neurons
(Figure 3.11.C). Elk-1 expression levels were drastically downregulated in mouse
NSCs, elevated in early and late neuroblasts, and lowered once more in mature
neurons, in contrast to TCF subfamily members in the human and gorilla
transcriptomes (Figure 3.11.C).

Similar to another member of the family, Gabpa in mice, Drosophila Ets97D, a
member of the ELG subfamily, was strongly expressed in neuroblasts and
downregulated in mature neurons (Figure 3.11.D). The TCF, TEL, PDEF, PEA3 and
ETS subfamily members Ets65A, aop, Ets98B, Ets96b, and pnt, on the other hand,
were all elevated during Drosophila's neural development (Figure 3.11.D). In the C.
elegans sample, only ets-5 and ets-6 were significantly changed, and both were

downregulated in neurons (Figure 3.11.E).
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Then, for each species dataset, I performed GO functional enrichment analysis
and gene regulatory network analysis for significantly changed ETS proteins (Figure
3.12-21). ETV4, ETVS, FLI1, ETS1, ELK3, SPIB, and ETV6 appear to have more
shared targets in the human regulatory network than ETV 1, which mostly regulates its
own particular network (Figure 3.12-13). Elf2 and Ets1 have the most shared targets
in the mouse dataset, but EIf4 has a separate independent regulatory network (Figure
3.14-15). In the Drosophila dataset, targets for apo, Eip74EF, Ets97D, pnt, and Ets65A
are shared, but Ets96B and Ets98B have separate regulatory networks (Figure 3.16-
17). Only 2 significantly changed genes, ets-5 and ets6, were discovered in C. elegans,
and they were discovered to have their own distinct regulatory networks (Figure 3.18-
19). The gorilla dataset's gene regulatory network study similarly produced a very
straightforward network, with ELK1 and SPDEF both having their own distinct and
independent regulatory networks (Figure 3.20-21).
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Figure 3.13: Gene Ontology encrichment analysis of human ETS regulons. Enriched

terms were identified using adjusted p-value < 0.05 with Benjamini-Hochberg
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Figure 3.14: Mouse neural development gene regulatory network governed by ETS
transcription factors. Circle nodes stand in for the target genes, whereas diamond
nodes indicate ETS members as a regulator. The circle's color represents the
differential gene expression analysis's log 2-fold change in target genes between
neuron and NPC. According to the GSEA analysis, edge colors represent the
enrichment score of each target gene with its related regulators. While green borders
represent negative regulation, purple edges represent positive regulation. The two-
tailed GSEA analysis related to positively and negatively regulated targets of certain
regulons is shown in the bottom panel. Gene expression analysis ranks target genes,
and enrichment analysis scores them by calculating the edge weight of the gene
regulatory network.
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Figure 3.15: Gene Ontology encrichment analysis of mouse ETS regulons. Enriched
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correction.
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Figure 3.16: Drosophila neural development gene regulatory network governed by
ETS transcription factors. Circle nodes stand in for the target genes, whereas
diamond nodes indicate ETS members as a regulator. The circle's color represents the
differential gene expression analysis's log 2-fold change in target genes between
neuron and NPC. According to the GSEA analysis, edge colors represent the
enrichment score of each target gene with its related regulators. While green borders
represent negative regulation, purple edges represent positive regulation. The two-
tailed GSEA analysis related to positively and negatively regulated targets of certain
regulons is shown in the bottom panel. Gene expression analysis ranks target genes,
and enrichment analysis scores them by calculating the edge weight of the gene
regulatory network.
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Figure 3.17: Gene Ontology encrichment analysis of drosophila ETS regulons.
Enriched terms were identified using adjusted p-value < 0.05 with Benjamini-

Hochberg correction.
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Figure 3.18: C. elegans neural development gene regulatory network governed by
ETS transcription factors. Circle nodes stand in for the target genes, whereas
diamond nodes indicate ETS members as a regulator. The circle's color represents the
differential gene expression analysis's log 2-fold change in target genes between
neuron and NPC. According to the GSEA analysis, edge colors represent the
enrichment score of each target gene with its related regulators. While green borders
represent negative regulation, purple edges represent positive regulation. The two-
tailed GSEA analysis related to positively and negatively regulated targets of certain
regulons is shown in the bottom panel. Gene expression analysis ranks target genes,
and enrichment analysis scores them by calculating the edge weight of the gene
regulatory network.
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Figure 3.19: Gene Ontology encrichment analysis of C. elegans ETS regulons.

Enriched terms were identified using adjusted p-value < 0.05 with Benjamini-
Hochberg correction.
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Figure 3.20: Gorilla neural development gene regulatory network governed by ETS
transcription factors. Circle nodes stand in for the target genes, whereas diamond
nodes indicate ETS members as a regulator. The circle's color represents the
differential gene expression analysis's log 2-fold change in target genes between
neuron and NPC. According to the GSEA analysis, edge colors represent the
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tailed GSEA analysis related to positively and negatively regulated targets of certain
regulons is shown in the bottom panel. Gene expression analysis ranks target genes,
and enrichment analysis scores them by calculating the edge weight of the gene
regulatory network.
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Figure 3.21: Gene Ontology encrichment analysis of gorilla ETS regulons. Enriched
terms were identified using adjusted p-value < 0.05 with Benjamini-Hochberg
correction.

When these functional enrichments and the gene regulatory networks of the ETS
members were visualized as a combined network including the evolutionary tree of
each species, it was observed that while many of the ETS members are involved in
processes related to nervous system development, such as neuronal regulation,
synaptic regulation, differentiation and development, some ETS proteins have unique
regulatory networks in specific biological processes, such as C. elegans ets-5 in
cellular regulation and filament regulation and gorilla ELK1 in the cell cycle (Figure
3.22). In the context of processes relevant to nervous system development, no obvious
subfamily-dependent functional division of labor was seen among ETS members,
confirming considerable redundancy among family members. Most of the ETS
members in Drosophila shared targets for axonal regulation, neuronal regulation,
development, and synaptic regulation; however, pnt had a smaller network for
differentiation, synaptic regulation, and metabolic processes, and Ets97D had entirely
different regulatory targets for metabolic processes (Figure 3.22). ETS members also
shown substantial levels of redundancy in the human dataset, with several ETS
proteins sharing regulatory targets for differentiation, axonal control, and synaptic
regulation (Fig.6, Suppl Fig 2). The mouse dataset, on the other hand, showed that
each ETS member appeared to have their own regulatory network, with some
similarities, such as Elf4 and Etsl in axonogenesis, Etsl and EIf2 in metabolic

processes, and Elf2 and Elf4 in neuronal control (Figure 3.22).
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Figure 3.22: Combined functional transcriptional network of ETS members.
Phylogenetic distances are represented in the middle of the network as an
evolutionary tree, each ETS member is connected with their organism. Annotated
nodes indicate the individual enriched GO terms resulting from functional
enrichment analysis of ETS regulon targets.

3.3. Transcriptomic comparison of primary neurons and

RA-differentiated SH-SYSY cells

Individual data sets were compared to control samples for differential gene
expression analysis. In the RA-SH-SY5Y dataset, 18-day RA differentiated SH-SYSY
cells were compared to undifferentiated control samples. After performing all raw data
analysis and normalization steps, principal components of individual data sets were
investigated to check sample distributions and detect outliers. According to the PCA
plots, the percentage of PCs and sample distributions were observed and decided to be

suitable for differential gene expression analysis (Figure 3.23).

46



a SH-SY5Y — RA dataset b H1-derived neuron dataset

.
.

Condition

Day7_RA
e  undifferentiated

% * Day0
* Day1
* Day 11
* Day18

.
* Day4
* Day5

PC2 8.16 % of the variance
o
.
.
PC2: 9% variance

20 40 .

20 0
PC1 74.149 % of the variance -15

0 20
PC1: 86% variance

Figure 3.23: (A) PCA plots of the SH-SY5Y RA dataset and (B) Primary neuron
dataset. Each dot represents a sample in the dataset. Colors represent groups of
samples in the dataset.

In the primal neuron dataset, day 18 of the neuronal differentiation protocol was
compared to a day O control. Significantly altered genes were identified after
performing differential-gene expression analysis. In both datasets, genes such as
PLXNCI1 and SNCAIP show significantly increased gene expression for mature
neuronal phenotypes (Figure 3.24). After differential gene expression analysis, DEGs
were compared with each other for the two datasets and 5699 common DEGs were

identified, as can be seen in the Venn diagram (Figure 3.25).
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Figure 3.24: Volcano plot for (A) Primary neuron and (B) SH-SYSY data sets after
differential gene expression analysis. The y-axis shows the degree of statistical
significance, and the x-axis shows the fold change of genes compared to the control

group.
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Figure 3.25: Comparison of genes significantly changed as a result of differential
gene expression analysis with venn diagram.

GO enrichment analysis was performed on common DEGs to investigate
common phenotypic changes for both differentiation procedures. First, DEGs were
grouped into increasing and decreasing gene expression for separate datasets and GO
enrichment analysis was performed. For decreasing genes, mostly terms related to the
nucleus or cell division were obtained (Figure 3.26). On the other hand, increasing

genes were mostly identified with neuronal phenotypes (Figure 3.27).
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Figure 3.26: GO analysis result of genes with reduced gene expression. The size of
each dot indicates how many genes are included for the defined GO term and the
colors indicate the degree of statistical significance.
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Figure 3.27: GO analysis result of genes with increased gene expression. The size of
each dot indicates how many genes are included for the defined GO term and the
colors indicate the degree of statistical significance.

To validate the gene expression of these DEGs in SH-SYSY cells, genes
belonging to two key GO terms associated with nervous system development were
identified and visualized as a network format with the corresponding DEGs. Using this
network, candidate validation genes were selected for qPCR (Figure 3.28). Genes
associated with neuronal maturation at the basic level were selected based on the
literature and ETS family members in the network were also selected for qPCR

validation.
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Figure 3.28: Network representation of common genes in the two datasets and genes
associated with neuronal differentiation by GO analysis.

Before selecting validation gene targets, SH-SYSY cells were differentiated with
RA differentiation protocol and cell morphology was checked. Much more neuron-
like morphology, such as prominent axons and thinner soma, is observed in 1% FBS

and 1% FBS + RA groups (Figure 3.29).

Control %1 FBS %1 FBS + RA

Figure 3.29: Morphological structures of SH-SYSY cells during RA differentiation.
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To validate the results from the transcriptomic comparison in SH-SYS5Y cells, 5
genes associated with axonal guidance and development during neuronal
differentiation were selected: PLXNA4, PLXNB1, ROBO2, SEMA3D and SEMASA.
In addition, an ETS member ETV5 was also observed in common DEGs and included
in the qPCR validation list. As a result of qPCR analyses, an increase in the expression
of all selected genes was observed in the 1% FBS + RA group compared to the control.

However, only 3 of them were statistically significant (Figure 3.30).
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Figure 3.30: qPCR validation of selected genes. The top panel represents a box plot
of Dct values with statistical analysis. The bottom panel represents the bar graph of
relative gene expression calculated by housekeeping genes and control sample
normalization.
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4. DISCUSSION and CONCLUSION

In this thesis study I have primarily focused on the ETS superfamily of
transcription factors in nervous system development across species however, it should
be highlighted that this superfamily also plays a vital role in carcinogenesis, tumor
progression, and metastasis via chromosomal translocations, the generation of
chimeric proteins, overexpression that results in transformation and malignancy, or
modulating epithelial-stromal interactions that enhance metastatic qualities [29]. Etv5
and its network expression have been identified as essential components of the
neoplastic state in low-grade glioma [48]. Unfortunately, in the microarray datasets
including glioma grades in this study, ETV5 did not seem to be one of the DEGs in
tumor vs. non-tumor samples. However, I have discovered that ETV1, a different
member of the PEA3 subfamily, is highly expressed in early stages gliomas and barely
expressed in later stages (Figure 3.3). In prostate cancer, the ELK-1 protein is reported
to be an important requisite for the androgen receptor (AR), and it has been discovered
that its expression is linked to a clinically higher level and a predictive indication of
disease repetition [35]. In the literature ELK1 is highly associated with cancer
progression. In my analysis I have identified the ELK1 expression as downregulated.
However, when I investigated this controversy, it is caused by epilepsy samples as
control in the dataset. In epilepsy condition, ELK1 was expression very high level.
Therefore, ELK1 expression were identified to be downregulated when a comparison
was made between epilepsy and glioma grades (Appendix A). In grade 2 gliomas
ETV6 and ELF4 were shown to be downregulated but increased in grades 3 and 4
gliomas (Figure 3.3). ETS proteins don't have much tissue specialization, and several
family members really have widespread expression [5]. Therefore, it is not unexpected
that an examination of ETS transcription factors' gene regulatory networks shows
significant target overlap, demonstrating that functional redundancy occurs, at least to
some level. However, when the positive and negative regulatory targets of ETS
regulons were compared, it was shown that the negatively regulated targets, which
mainly concern synaptic vesicle trafficking and synaptic transmission, heavily
overlapped. These results also show that ETS proteins influence genes that are also
involved in developmental processes.

Therefore, this part of the thesis study is a proof-of-concept study that

demonstrates that, in addition to currently available molecular markers ETS genes can
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be used as diagnostic approach for glioma grade progression. However, more
physiologically relevant non-tumor controls are necessary in the future to fine-tune the
results. Additionally, target genes, pathways and processes may be found using gene
regulatory network analysis for ETS TFs, which can aid in understanding the
molecular mechanisms across family members. I suggest that this sort of network
analysis be expanded to distinguish between distinct carcinogenesis phases in
additional tumor types as well as other tissue developmental stages.

Throughout metazoa, the ETS superfamily has divided into several subfamilies;
among a subset of these ETS proteins, the fastest evolutionary rate was predicted for
Er71, Er81, Sap-1, and Net, whereas Ets2, Fli, Erg, and Spil were reported to be
comparatively more conserved than the previous set [1]. Understanding functional
redundancy and the evolution of the subfamilies in development has been of significant
interest because ETS proteins are engaged in numerous developmental processes. In
many human disorders, including different cancers and diabetes, they are also
remarkably uncontrolled. For instance, PEA3 subfamily members Pea3, Erm, and
Er81 are expressed in the nervous system from neural tube closure onward, particularly
in the brain neuroepithelium and the neural crest derivatives as well as in the spinal
cord, in addition to developing organs like the heart, kidney, and lungs in the embryo
[12]. Elk-1 has been demonstrated to control PA-induced inflammation in
photoreceptors in an animal model of Type 2 diabetes [83]. It's interesting to note that
the ELK1 transcription factor has been identified as a target for depression, and that
high levels of ELK 1 expression have been linked to treatment resistance in postmortem
samples from depression-induced suicides [84].

Here, in this thesis project, gene regulatory networks were represented for ETS
proteins in five species during the development of the nervous system using
transcriptome data. I demonstrate that ETS members exhibit significant functional
redundancy, and no obvious subfamily-based labor of division is easily discernible.
Individual subfamily members may have variable expression levels and regulatory
networks, although PEA3, FLI, TCF, and TEL family members in particular seem to
be actively regulated throughout neural development. ETV4 and ETVS of the PEA3
subfamily share important regulatory targets with humans, however ETV1 appears to
mostly have its own regulatory network (Figure 3.12). In the human dataset, the TCF
subfamily member ELK3 shows varying degrees of expression during the course of

the 18-day neuronal differentiation process; however, in the gorilla dataset, ELK3 is
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shown to be strongly expressed in NPCs and downregulated in neurons. However, in
mice, Elk-1 expression is initially low in NSCs, is elevated in neuroblasts, and then
decreases again in neurons. In contrast, in Drosophila, TCF member Ets65A is low in
neuroblasts and high in neurons. These findings show that each ETS member and its
gene regulatory network have been adapted for a particular species.

It should be emphasized that there are important distinctions between the
nervous systems of vertebrates and invertebrates. While invertebrates like flatworms
and insects have ganglionic nervous systems that are ventrally structured, vertebrates'
cerebrospinal neural systems are dorsally oriented. Lower vertebrate species like fish
and birds have smooth cerebral hemispheres, but mammals' cerebrums have a lot of
grooves, which considerably increases the surface area. It is believed that the
vertebrate nervous system's evolutionary success is due to the growth of the cerebral
cortex in mammals, which required substantial myelination of the axons for faster
neurotransmission [85]. As aresult, vertebrates' glial cells had to become more diverse.
Therefore, there has been a lot of interest in the evolution of the transcriptional
program for these many neurological systems. Numerous important genes, including
FOXP2, have been discovered in particular regionalization of the human brain as a
result of the majority of research on developmental regulatory genes concentrating on
these genes [86],[87].

Because of the wide variation in domain structural design within ETS
subfamilies, distinct ETS proteins interact with other proteins quite differently [88].
Although we have seen various, often conflicting roles across subfamily members of
the ETS, we have not clearly defined a species-specific functional division of labor
among them. Understanding and identifying the protein-protein interaction networks,
collaboration with other transcription factors or signaling proteins, and how these
interactions function in differentiation will also aid in understanding the gene
regulatory networks of various ETS family members in the development of the nervous
system. Clarifying how ETS proteins contribute to the development of cancer requires
a full understanding of their developmental roles and activities.

Additionally, using transcriptomic comparison and experimental approaches, we
have shown that RA differentiation of SH-SYS5Y cells can be a useful model for
primary neuron differentiation. The important proof of this study is that RA-
differentiated SH-SYSY cells have a very similar transcriptomic profile compared to

primary neurons (Figure 3.26-27 and Appendix B-C). Literature studies using SH-
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SYSY cells also show that SH-SYSY cells subjected to differentiation procedures
reflect the neuronal phenotype and are used as a model in vitro cell system [89],[90].
As a result, in this project, it was determined that SH-SYSY cells are a suitable cell
line to be used as a neuronal differentiation model in further studies, and that ETVS5,
one of the ETS family members, is involved in this differentiation procedure.

The functional evolution of the ETS transcription factor superfamily in terms of
neuronal differentiation utilizing the gene regulatory network inference technique is
the subject of this study, which is the first comparative transcriptomic investigation in
the literature. Overall, gene regulatory network comparisons showed that ETS
members are evolutionarily conserved regarding the control of neuronal development,
despite the absence of any appreciable subfamily specialization. The ETS, PEA3, and
ELF subfamilies, however, were found to be considerably more important for nervous
system development. To completely understand the evolution of subfamily roles
within the ETS superfamily, more analogous investigations for the development of
various tissues and systems should be carried out. As a future aspect, transcriptomic
comparison of ETS regulation during neuronal differentiation should be investigated
in single cell transcriptomic level in order to elucidate cell type specific developmental
trajectory. Additionally, multi omics approaches should be implemented into this
research question such as ATAC-seq and ChIP-seq for in depth investigation of ETS
regulation with motif binding. Overall outputs of this thesis study were listed in Table

4.1.

Table 4.1: Published and submitted research papers.

Output Reference
Gene Regulatory Network of ETS Domain
Transcription Factors in Different Stages of [7]
Glioma
Multiple Sclerosis Biomarker Candidates
Revealed by Cell-Type-Specific Interactome [91]
Analysis
Nervous System-Related Gene Regulatory
Networks and Functional Evolution of ETS | Babal et al., 2023 under review
proteins Across Species
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APPENDICES

Appendix A: Expression level ETS members in epilepsy
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Figure A1.1: Expression level of ETS members on neocortex and hippocampus in
epilepsy patients and healthy control from GSE134697.

Appendix B: Average expression comparison of SH-SYSY cells and
dopaminergic neuron
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Figure B1.1: Correlation of average gene expression of serum starvation SH-SY5Y
cells and dopaminergic neuron.
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Appendix C: Transcriptomic comparison of RA differentiated SH-
SYSY cells and dopaminergic neurons.
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Figure C1.1: Transcriptomic comparison of RA differentiated SH-SYSY cells and
dopaminergic neurons.
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