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ABSTRACT

Interrogation of the functionality of ERa Binding Sites with STARR-seq
ELIF YAPICI
Master of Science in Molecular Biology and Genetics
August 10, 2022

Breast cancer (BCa) and Endometrial cancer (EnCa) are the most common cancer types
worldwide in the female population. The common point of these cancer types is Estrogen
Receptor o (ERa) activity which is a transcriptional factor controlling a variety of genes
important for drug response, cell proliferation and survival. Active ERa translocates from
cytoplasm to the nucleus where it can bind thousands of regions, ERa binding sites
(ERBSs). These regions are known as regulatory elements controlling the genes related
to the initiation and progression of BCa and EnCa. Considering the critical role of ERa
in both cancer types, a better understanding of how ERa-bound enhancers drive the
transcription of target genes is promising to clarify unique pathways and to develop

effective treatment strategies.

To characterize the ERBSs in BCa and EnCa, we aimed to assess the enhancer activity of
clinical ERBSs in a quantitative manner with a novel massively parallel reporter assay,
STARR-seq. This will allow us to generate the first functional “map” of transcriptional
activity of ERa in two systems, from these maps ERa regulated enhancers can be
classified as inducible ones, constitutively active ones, and inactive ones. As a first step
of this collaborative project, clinically relevant ERBSs were identified by ERo ChIP-seq
from ERa positive BCa and EnCa patients to create a custom STARR-Seq library. As a
model, MCF7 cells (breast cancer) and Ishikawa cells (endometrial cancer) were used to
assess the transcriptional activity of candidate ERBSs to assess pathologically important

enhancer regions collected from patients.

Within the scope of this thesis, we optimized the experimental conditions to deliver a
custom STARR-Seq library to cell lines models, MCF7 and Ishikawa, and after

optimization; we prepared samples required for next-generation sequencing and
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bioinformatic analysis. The bioinformatics analysis will be performed as the final step.
Overall, the final goal is to identify and categorize the activity of clinically detected

ERBSs and generate a functional mapping of ERa enhancer activity.



OZETCE

Ostrogen Reseptor a baglanma bolgelerinin STARR-seq ile sorgulanmasi
ELIF YAPICI
Molekiiler Biyoloji ve Genetik, Yiiksek Lisans
10 Agustos 2022

Meme kanseri ve endometriyal kanser, diinya genelinde kadin popiilasyonunda en sik
goriilen kanser tiirleridir. Bu kanser tiirlerinin ortak noktasi, ilaca yanit, hiicre cogalmast
ve hayatta kalmasi icin 6nemli olan ¢esitli genleri kontrol eden bir transkripsiyonel faktor
olan Ostrojen Reseptor alfa (ERa) aktivitesidir. Aktif ERa, sitoplazmadan cekirdege yer
degistirir ve burada genom iizerinde binlerce bolge ile bag kurabilir. Bu bolgeler, ERa
baglanma bolgeleridir. Bu bolgeler, meme kanseri ve endometriyal kanseri'in baslamasi
ve ilerlemesi ile ilgili genleri kontrol eden diizenleyici elemanlar olarak bilinir. ERa'nin
her iki kanser tiiriindeki kritik rolii goz oniine alindiginda, ERa'ya bagh gii¢lendiricilerin
hedef genlerin transkripsiyonunu nasil yonlendirdiginin daha iyi anlagilmasi ve etkili

tedavi stratejileri gelistirmek i¢in umut vericidir.

ERBS'leri meme kanserinde ve endometriyal kanserde karakterize etmek i¢in, klinik
ERBS'lerin arttirict aktivitesini yeni bir toplu paralel raportor tahlili olan STARR-seq ile
nicel bir sekilde degerlendirmeyi amacladik. Bu, iki sistemde ERa'nin transkripsiyonel
aktivitesinin ilk islevsel “haritasin1” olusturmamaiza izin verecektir, bu haritalardan ERa
tarafindan diizenlenen arttiricilar, indiiklenebilir olanlar, yapisal olarak aktif olanlar ve
aktif olmayanlar olarak siniflandirilabilir. Bu ortak projenin ilk adimi olarak, klinik olarak
ilgili ERBS'ler, 6zel bir STARR-Seq kitaplig1 olusturmak i¢in ERa pozitif BCa ve EnCa
hastalarindan ERa ChIP-seq tarafindan tanimlandi. Bir model olarak, hastalardan
toplanan patolojik olarak onemli giiclendirici bolgeleri degerlendirmek icin aday
ERBS'lerin transkripsiyonel aktivitesini degerlendirmek i¢cin MCF7 hiicreleri (meme

kanseri) ve Ishikawa hiicreleri (endometriyal kanser) kullanildi.

Bu tez kapsaminda, STARR-Seq kiitiiphanesini MCF7 ve Ishikawa hiicrelerine iletmek
icin deneysel kosullar1 optimize ettik ve optimizasyondan sonra; yeni nesil dizileme ve

biyoinformatik analiz i¢in gerekli drnekleri hazirladik. Biyoinformatik analiz son adim
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olarak gerceklestirilecektir. Genel olarak, nihai hedef, klinik olarak tespit edilen
ERBS'lerin aktivitesini tanimlamak ve kategorize etmek ve ERa arttiric1 aktivitesinin

fonksiyonel bir haritalamasini olugturmaktir.
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Chapter 1:

INTRODUCTION

1.1. DNA Regulatory Elements

DNA is a hereditary molecule of living organisms which is encoded by four different
nucleotides Adenine(A), Guanine(G), Thymine(T), and Cytosine(C). Arrangements of
these nucleotides with different combinations enable the generation of different
functional elements (or units) throughout the genome which are elucidated by different

next-generation sequencing techniques and functional investigations [1].

Functional elements meet at distinct compartments in the nucleus to operate and regulate
one of the main processes of the cell, transcription. These compartments can be thought
of as transcription factories [2]. In these factories information residing in DNA sequences
is transferred to RNAs. In other words, the expression of genes is achieved. Transcription
factories are composed of different DNA regulatory elements, Transcription Factors
(TFs), RNA Polymerase and transcribed RNA strand [3]. DNA regulatory elements
possess a significant function in the regulation of gene expression. According to their
function, DNA regulatory elements can be listed as promoters, enhancers,
repressors/silencers, and insulators[4] . While promoters and enhancers are prominent
DNA regulatory elements to drive transcription events positively [5], repressors/silencers

and insulators are known as negative regulatory elements [5].

Genome-wide analysis revealed that sequences having enhancer properties are found
more than protein-coding genes in a mammalian genome [6,7] and the impact of this
regulatory element on diseases and cell identity cannot be underestimated. Abnormality
in their functions underlies the causes of different cancers [8] and other disorders such as
neurological disorders, diabetes etc. [9,10]. Therefore, a better understanding of

enhancers would help us to understand gene regulation mechanisms.


https://paperpile.com/c/ymcBui/tEqq
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https://paperpile.com/c/ymcBui/r6DJ
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https://paperpile.com/c/ymcBui/Ei3A
https://paperpile.com/c/ymcBui/Ei3A
https://paperpile.com/c/ymcBui/cxmJ+15yh
https://paperpile.com/c/ymcBui/RxTc
https://paperpile.com/c/ymcBui/kpqR+6dxR

1.1.1.Enhancers

40 years ago, the SV40 DNA sequence, viral DNA, was placed into the recombinant
plasmid containing the beta-globin gene and this boosted the gene expression
significantly. This was the first observation that the specific DNA sequence able to

upregulate the transcription of a gene [11].

Enhancers are distal elements of the transcription start site. The gap between enhancers
and promoters can range from 1 kb to 1 Mb and the location might be either downstream
or upstream of the target gene [12]. Besides downstream and upstream enhancers,
enhancers within the gene body, specifically in introns, are also detected [13]. This DNA
regulatory element is mostly known as cis-regulatory, indicating both enhancers and
promoters are found in close proximity. However, the enhancer and its target promoter

might be present in different chromosomes, too [14—-16].

TFs and RNA polymerase are clustered both at the enhancers and promoters which come
together to regulate the gene expression of the target gene in a distance-independent
manner. The question of how enhancers that are found in long distances meet with their
target gene is explained by loop formation mechanisms [17]. With the help of proteins
such as Cohesin complex, CCCTC binding factor (CTCF), and YY1[18], DNA strand
bends and this bending makes promoter and enhancer contact possible [19]. Enhancer
promoter interactions change dynamically during differentiation, within the lifespan, or
even during a day. For example, promoter enhancer interaction that is observed during

the night could disappear in the afternoon [20-24].

Understanding enhancer-promoter communication is important to elucidate the function
of DNA regulatory elements. To understand the interaction between promoter and
enhancer, several methods such as Chromosome conformation capture(3C) [25] and
single-cell imaging including dCas9-based live-cell imaging [26] have been developed

[12]. FISH technique, also, brought important evidence for loop formations[27].

Compared to other DNA regulatory elements, identification of enhancers is difficult
because there is no single sign to identify active enhancers [28-31]. For example,
epigenetic markers such as histone modifications such as histone H3 acetylated at lysine

27 (H3K27ac) and H3 monomethylated at K4 (H3K4mel) are considered the indicators

2


https://paperpile.com/c/ymcBui/BUtR
https://paperpile.com/c/ymcBui/hI4B
https://paperpile.com/c/ymcBui/k6Up
https://paperpile.com/c/ymcBui/8sjL+DtKN+UsL5
https://paperpile.com/c/ymcBui/P0CF
https://paperpile.com/c/ymcBui/vhQo
https://paperpile.com/c/ymcBui/zevq
https://paperpile.com/c/ymcBui/MZpW+kR33+j0G8+35pL+gb94
https://paperpile.com/c/ymcBui/u9hE
https://paperpile.com/c/ymcBui/DVEO
https://paperpile.com/c/ymcBui/hI4B
https://paperpile.com/c/ymcBui/iKVv
https://paperpile.com/c/ymcBui/dsri+mH8G+qssg+l4gq

of enhancer identity. However, these modifications might be replaced with other histone
modifications [32]. Besides epigenetic markers, binding sites of several TFs including
nuclear receptors, and co-activators reside in enhancers [33,34]. Regarding that, another
sign is the presence of different protein complexes such as p300, CREB-binding protein,
and the Mediator complex [35-37]. Another clue that makes sequence to be an enhancer
is the accessibility of these sites [38—42]. Another indicator for the identification of
enhancers is enhancer RNAs. Like promoters, enhancers also possess motifs to provide
a platform for RNA polymerase II [43]. In 2010, bidirectional transcription of enhancer
RNAs was detected from enhancer regions[44]. The functionality of enhancer sequence
indicates enhancer identity as well [45—47]. As a result, the identification of enhancers is
carried out by multiple signs from epigenetic markers to enhancer function of DNA

sequence.

To identify these signatures, various methods are available. Firstly, Chromatin
immunoprecipitation sequencing (ChIP-seq) is a technique to determine the interaction
of histone markers or other proteins with DNA [48-50]. Secondly, the assay for
transposase-accessible chromatin using sequencing (ATAC-seq) and DNase-seq
techniques are used to detect accessible regions which are nucleosome-depleted in the
genome [38—42]. Thirdly, to detect the enhancer RNAs, GRO-seq is used [51]. Lastly, in
order to detect enhancer function, a variety of assays both in vivo and in vitro are
developed. Integrated reporter assay, massively parallel reporter assays such as STARR-

seq [47], Enhancer trap [52], CRISPR based methods [53,54] are the most used ones [12].

In 2013, improvements in sequencing techniques brought a novel notion suggesting
super-enhancers and stretch enhancers [55,56]. The main idea of these classes of
enhancers indicates that both are clusters of enhancers being a prominent player to build
up cell-type-specific genomic networks. For instance, a study in mouse embryonic stem
cells showed that a small group of housekeeping genes are regulated by super-enhancers
whereas pluripotency genes are under the control of super-enhancers dominantly [56].
Besides control of genes associated with cell identity, analysis in different tissue types
and cell lines elicit those super-enhancers control disease-related genes, too [57].
Moreover, super-enhancers differ from typical enhancers in terms of length, content, and
density of regulatory proteins (coactivators, TFs.etc) and even the effect on gene

expression [56]. While typical enhancers take 100-1000 bp long segments of DNA, super-
3
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enhancers span within 12.5 kb on average [56,58]. The effect of super-enhancers on gene

regulation is higher than typical enhancers in the regulation of cell identity [56,58].

In humans, hormonal stimulations are important drivers of establishing cell-specific
genomic networks via enhancers. Hormones such as estrogens and androgens, for
instance, bind their nuclear receptors [59,60]. As a result of this interaction, the nuclear
receptor goes and binds its specific binding sites in the genome [61,62]. In this way, cell-
specific hormonal stimulations have a profound impact on the enhancer landscape. This
impact is also seen in cancer such as breast cancer and prostate cancer [63,64]. In a recent
study, enhancer activities depending on androgen are checked and findings led to the
investigation that a specific group of enhancers induced by androgens has a role in the
establishment of gene expression programs in prostate cancer [65]. Furthermore, in this
study, enhancers are characterized as inducible ones, inactive ones, and constitutively

active ones by STARR-seq assay.

1.2. Nuclear Receptors

Cells are exposed to numerous signals from the environment (outside) and from the inside
of the cell. Some of them are cell surface receptors and as their name implies, their
location is the plasma membrane [66]. They recognize extracellular signals that could not
pass through the plasma membrane and uptake of signals lead to activation of various
downstream signaling pathways, such as the Epidermal Growth Factor Receptor (EGFR)
signaling pathway [67]. On the other hand, other classes of receptors are found in the
cytoplasm. Furthermore, these classes of receptors have the ability to translocate to the
nucleus and act as transcription factors. Because of their function in the nucleus, they are

known as nuclear receptors, or ligand inducible transcription factors [68].

In the 1900s, a better understanding of hormones such as estrogen, progesterone, and
testosterone and their roles in the development and reproductive system, and even in
clinical diseases drove researchers to unravel their mechanism of action [69]. In 1964, for
the first time, the hormone-binding protein was identified by tracking radioactively
labeled estradiol, an estrogen hormone, in mature rats [70,71]. Further observations based
on the specificity of binding proteins in target cells led to calling these protein receptors

[70]. In the 1980s other steroid hormone receptors such as androgen, mineralocorticoid
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and glucocorticoid were isolated [69]. Besides steroid hormones such as estrogens and
testosterone, thyroid hormones (tyrosine-based hormones) were also followed up by the
labeled hormones, and similar hormone-binding proteins were observed for this group of
hormones as well [72]. In the following years, the identification of nuclear receptor genes
in the human genome and their structural similarities led to classifying them according to
their ligands as thyroid hormone and retinoic acid receptors, orphan receptors, and steroid

hormone receptors [73].

1D
N-terminal Hinge C-terminal
domain " Domain domain
el . .
& -terminal domain
3D

Hinge
Domain

Figure 1 Structural organization of nuclear receptors. 4 domains of the nuclear
receptors illustrated. Main domains are DBD (DNA Binding Domain) and LBD (Ligand
Binding Domain). Hinge domain is the link between DBD and LBD. N-terminal domain
is at the end of DBD whereas C-terminal domain resides in ligand binding domain.

Structural analysis revealed that each nuclear receptor shares structural features [74]. The
first universal highly conserved domain of the receptor is DNA binding domain
(DBD)[75]. This domain is composed of a zinc finger motif which enables interaction
with DNA at the specific cis-regulatory element. These specific sites are also called

hormone response elements (HRE) [76,77]. The second shared domain is Ligand binding
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domain (LBD). This domain recognizes signals such as steroid hormones and this
recognition leads to activation of the nuclear receptor and induces conformational change
[78-80]. Outside of the DBD and LBD, the N-terminal domain, C-terminal domain, and
hinge domain build up the nuclear receptor structure. Hinge domain localized between
DBD and LBD. This domain possesses Nuclear Localization Signals (NLSs) that
translocate the receptor to the nucleus when it is activated [81,82]. N terminal domain
provides a platform to interact with other transcription factors and cofactors that have an
impact on gene expression. This domain is, also, named as transactivation domain, or
ligand-independent Activation Function 1(AF-1). On the other hand, the C terminal
domain resides in the ligand-binding domain and contains a second activation function
domain which is named the ligand-dependent Activation Function 2 (AF-2). Owing to
cooperation between these two activation domains, the function of nuclear receptors on
gene expression is accomplished [83]. Representative structural domains are given in

Figurel.
1.3.Estrogen Receptors (ERs)

Estrogen receptors are one of the best studied nuclear receptors in the family of nuclear
hormone receptors. Activation of this receptor depends on estrogens which are
cholesterol-derived steroid hormones[69]. Having cholesterol-derived steroid structure
makes it possible to enter their target cells throughout the cell plasma membrane [69,84].
Naturally produced estrogens in the human body are Estrone(E1), 17 beta-estradiol(E2),
and estriol(E3)[85]. Compared to others, E2 is found in circulation mostly [85,86].
Estrogens are known for their role in the development and regulation of the male and
female reproductive systems [87—89]. Besides that, they have a profound impact on the
regulation of energy metabolism, cardiovascular system, mental health, and even

immunity [90-92].

The effect of estrogens is achieved via target receptors which are estrogen receptors [71].
The endoplasmic reticulum membrane, mitochondria, and cytoplasm are locations for
different ERs [93]. The ones found in cytoplasm possess the ability to translocate to the
nucleus in case of activation. Rather than a single type of estrogen receptor (ER) distinct
ERs exists and are known as ERa and ERP. Like other steroid hormones, both ERa and

ERp are similar in a structure containing 6 different domains; A/B domain(N-terminal
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domain), C domain(DNA binding domain), D domain(Hinge region), E domain(Ligand-
binding domain), and F domain(C-terminal domain) [94]. Even though the function of
shared domains has the same functions in two distinct isoforms, homology between

domains shows differences [82,95].

In the human genome, genes encoding these receptors are located in different locations.
The ERa gene, known as ESRI, is found on chromosome 6, whereas ESR2 gene
expressing ERf resides on chromosome 14. Moreover, the distribution of ERa and ERf
depends on the cell type. In other words, their expression is tissue-specific [96]. On the
other hand, ERf takes a crucial role in the ovary, prostate, lung, cardiovascular, and
central nervous systems [97]. The action of ER depends on interaction with its ligands
such as estradiol and this interaction leads to conformational changes which allow
dimerization of estrogen receptors. Dimerized ERs translocate to the nucleus where they
can regulate target genes. There are various pathways for ERs to regulate genes. The first
one is via estrogen response elements (EREs) that reside throughout the genome.
Activated ERs directly interact with DNA at these cis-regulatory elements. Further
studies elucidated that ERs have the ability to regulate gene expression indirectly, also,
via interacting with other DNA-bound transcription factors such as FOXA1 and SRC-1
[98]. Another signaling mechanism for ER is achieved through the G protein-coupled
receptors. After post-translational modifications, ER can anchor to the endoplasmic
reticulum membrane. At that location ER and G protein-coupled receptors are found in
close contact. Thus, activation of ERa led to activation of kinases that would affect
several pathways such as ERK/MAPK and PI3K/AKT [82,99,100]. Also, activation of
EGFR/IGFR, NFKB, and IL-6/JAK/STAT3 pathways induce activation of ERa by
phosphorylation of ERa at a specific residue [101]. In Figure2, signaling pathways for

ERs are given.
1.4.Estrogen receptor alpha (ERa) signaling in breast and endometrial cancer

The function of ERa possesses a profound impact on cancer progression. Firstly, ERa has
a mitogenic activity that affects the proliferation of a cell. As evidence of this ERa
regulates genes that have a role in the cell cycle and growth [54,102]. Furthermore,
common mutations in the ESR/ gene, also, affect the functions of ERa and reinforce the

progression of cell growth. Y537S and D538G are the most well-identified mutations,
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and these mutations enhance drug resistance [103,104]. Secondly, ERa action led to a
change in the Extracellular Matrix (ECM). Changes in ECM reinforce the invasiveness
of tumors[105]. Altogether, the role of ERa in cancer progression led to a focus on ERa
as a therapeutic target to treat ER-related cancers such as breast and endometrial cancer.
For example, almost 75% of breast cancers (BCas) are known as ERa positive, and
hormonal therapies including tamoxifen and fulvestrant specifically target ERa to
interfere ERa action pathway in those cancers [106—108]. Also, approximately 90% of
type I and 70% of type II endometrial cancer are positive for ERa [109] and the same
treatment approach targeting ERa is applied to endometrial cancer [110]. However, even
hormonal therapies result in a good prognosis for a certain group of patients, novel
treatment options are still needed to provide effective treatment strategies for ERa
positive cancer patients. Despite the similar hormonal therapies applied in breast and
endometrial cancer, treatment strategies such as tamoxifen in breast cancer caused a 2 to
6-fold increase in the risk of endometrial cancer [111]. Therefore, a better understanding

of ERa action is prominent to develop effective treatment strategies for these cancer

types.

The first step for the ERa signaling is the activation of ERa which is achieved by the
input signal from outside of the cell. Canonical activation of ERa is mediated by its
ligand, Estradiol(E2). On the other hand, rather than its own ligand, growth factors (EGF
and IGF) or cytokines (TNGa and IL-1B) activate their respective pathways which lead
to the phosphorylation of ERa [112]. Phosphorylation on specific residues of ERa result
in activation of ERa followed by an increase in gene activation[101]. Since ERa receives
the signal from its ligand directly or from other pathways indirectly, activated ERa
transfers the signal to other parts of the cell. It can transfer to other signaling pathways
such as ERK/MAPK and PI3K/AKT signaling cascades having a role in proliferation and
migration[113,114]. In addition to that, signals can be transferred to the nucleus which

regulates the expression of ERa responsive genes.


https://paperpile.com/c/ymcBui/bHFI+wOC8
https://paperpile.com/c/ymcBui/Uhel
https://paperpile.com/c/ymcBui/mUyZ+vPGJ+CuP2
https://paperpile.com/c/ymcBui/dg6H
https://paperpile.com/c/ymcBui/B4VM
https://paperpile.com/c/ymcBui/UZko
https://paperpile.com/c/ymcBui/mcSY
https://paperpile.com/c/ymcBui/sXku
https://paperpile.com/c/ymcBui/nBk7+cUHG

LIGAND DEPENDENT SIGNALING LIGAND INDEPENDENT SIGNALING

L]
EGF Growth Factor Receptor activation

ESTROGEN .‘ | @
Membrane-anchored ER 1
PR >
EGFR

ERwp ¢ Activation of MAPK and
e th th
other pafhways G_i phophorylate ERs, leading to

Ligand binding m G_ B dimerization
ceptor Dimerization C ERwp o o 4

“Non-genomic” signaling

- GFR downstream kinases

“Classical” signaling  “Tethered” signaling

Figure2 Estrogen Receptor Signaling Pathways. Activation of ERa/B can be
ligand-dependent and ligand-independent. As a result of ligand-dependence, the
genomic signaling pathway gets activated and involved in the regulation of transcription
of many genes(A-B-C). Ligand independent signaling pathway gets activated via
activation of other cell surface receptors(D)[98].

ERa interacts with cis-regulatory elements throughout the genome as a result of estrogen
stimulation. A complete set of the genome wide ERa binding sites is known as ERa
cistrome [101,115]. ERa cistrome differs between normal mammary epithelial cells and
ER+ tumor samples [116]. Also, breast cancer cells gaining endocrine-resistant show
changes in ERa cistrome before and after treatment[116]. Thus, a better understanding of
ERo-mediated signaling would bring a huge impact to unravel the treatment problems in
ERoa-related cancers, mainly breast and endometrial cancer. In this thesis, we will focus

on the genomic signaling of ERa.

1.5.ERa binding sites, ERa mediated gene regulation, ERE elements, mutations, and

their effects

E2 stimulation leads to ERa binding throughout the genome. Further identification of the
ERa binding sites (ERBSs) revealed that these sites possess a specific motif which is
termed estrogen response element (EREs)[117]. 13-19 bp canonical and palindromic
sequence which is defined as 5'-GGTCANNNTGACC-3' provides a platform for ERa
dimer. Each monomer interacts with the half-site of the sequence [118,119]. Genome-

wide analysis of ERBSs indicates that each ERBS does not contain a full ERE motif
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[120]. For instance, whole-genome mapping of the ERa binding site in MCF7, a breast
cancer cell line, grouped ERBSs as harboring putative full EREs, half EREs and no ERE
ERBSs [120]. In another study, identification of ERBSs in breast cancer cell line (T47D)
and endometrial cancer cell line (ECC-1) is carried out and ERBSs are defined as either
weak EREs having half ERE motif or strong EREs having full matches with putative ERE
motif. In addition to ERBSs with no ERE motif are observed as well [121]. The
explanation of ERBSs having half ERE or no ERE is the tethering mechanism. The
presence of multiple TF motifs such as FOXA1, GATA3, and ETV4 at ERBSs with a
lack of EREs proposes the co-localization of ERa by interacting with other TFs in T47D
and ECC-1 cells[121]. Also, further analysis of TFs motifs at ERBSs showed the list of
TFs such as FOXA1, GATA4, STAT4, etc. in MCF7 cells[120]. In addition to them, the
Spl and AP-1, transcription factors, are determined to facilitate indirect ERa binding at
specific sites[120,122,123]. Overall, there are two suggested mechanisms for ERa
binding selection. One is via direct binding to ERE elements, whereas another mechanism

suggests the indirect binding via interacting with other TFs.

ERa cistrome is highly cell type specific. Even though there is about 26,000 palindromic
strong ERE across the human genome, only about 9% of them are bound by ERa in
differentiated cell[121,124]. Subsets of ERBSs are characterized in breast and
endometrial cancer cell lines. Gertz and his colleagues identified shared ERBSs that are
ERa bound in both cell line and cell type-specific ERBSs for breast cancer(T47D) and
endometrial cancer (ECC-1) cell lines. Further characterization of these sites defined their
distinct properties and stated that shared ERBSs are found in closed chromatin regions
with strong ERE, whereas cell-type-specific ERBSs with no ERE are located at open
sites[121]. Also, like this study, in the same subset of ERBSs, cell type-specific, and
overlapping sites are observed for different breast and endometrial cancer cell lines
(MCF7 & Ishikawa) [125]. Furthermore, the differences in ERBSs in breast and
endometrial cancer were also confirmed in patient tumors. As a result of this study, 15-
30% of ERBSs are recorded as shared between breast and endometrial cancer cells[126].
On the other hand, the majority of ERBSs in endometrial and breast cancer cell lines,
about 65% of them, are cell type-specific and they are located at accessible sites before

E2 administration.[121,126].
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Distinct ERBSs profile for breast and endometrial cancer cells is the result of chromatin
landscape. One of the factors playing a crucial role to establish a cell-type-specific
chromatin landscape is cell-type-specific TFs. A subgroup of TFs, termed Pioneer factors,
have the ability to keep chromatin in an open state [127]. In other words, pioneer factors
interact with their respective motifs and keep loci accessible for other TFs and co-
regulators. Well-known pioneer factors for breast cancer cells are FOXA1[128,129] and
GATA3. The motif of these two pioneer factors is found in more than half of ERBSs in
breast cancer cells[128,130] . The role of FOXA1 and GATA3 in endometrial cancer cells
is sought by many researchers. However, the de novo motif analysis on ERBSs showed
that endometrial cancer-specific ERBSs do not contain any FOXA1 and GATA3 motifs,
whereas over 40% of these sites contain the ETV4 motif. Further analysis showed the
differential expression of ETV4, GATA3, and FOXA1 between breast and endometrial
cancer cells[121]. In addition to differential ERBSs profiles between cancer types, ERBSs
show differences in breast cancer with different clinical outcomes (good and poor) and

distant metastases[131].

Besides pioneer factors, the contribution of various co-activators and co-repressors to ER-
mediated gene regulation could not be underestimated. The involvement of co-factors
depends on the presence of ligand-bound ERa[132]. Ligand binding to ERa makes co-
factor binding sites accessible[133]. Co-activators for ERa signaling can be divided into
three groups; pl160 family members (SRCs or NCOAs)[134], histone acetylases
(CBP,p300)[135,136]and p300/CBP associated factor (pCAF)[137]. Recruitment of a
number of co-activators at ERa responsive promoters contributes to ERa mediated gene
expression significantly[132]. On the other hand, there are co-repressors as another group
of co-factors. N-CoR and SMRT are the most known co-repressors in ERa
signaling[138]. Co-factor dynamics play a crucial role in ER-mediated gene expression.
Tamoxifen, a well-known drug in breast cancer treatment, changes co-factor dynamics to
modulate ERa signaling [132]. Treatment of tamoxifen blocks the recruitment of co-
activators while inducing the recruitment of co-repressors in breast cancer cells[132].
However, it was known that tamoxifen raises the endometrial cancer risk almost 7-fold,
whereas decreases breast cancer recurrence [139]. The opposite action of tamoxifen in
breast and endometrial tumors was observed in 1988 as well [140]. Further explanation

for the opposite action was done in another study. According to that study, the content of
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co-factors in each cell determines the tissue-specific response to tamoxifen-bound

ERo[141].

Crosstalk between ERo and other SHRs (Steroid Hormone Receptors) such as PR
(Progesterone Receptor), GR (Glucocorticoid Receptor), and AR (Androgen Receptor)
have a profound impact on ERa-mediated gene regulation. Firstly, the action of ERa and
PR regulating the expression of tumor suppressor genes is detected via separate
enhancers[142]. However, the physical interaction of these two SHR is observed by both
immunoprecipitation and Rapid Immunoprecipitation Mass spectrometry of Endogenous
proteins (RIME) experiments as well[142]. This is the indicator for their co-recruitment.
Further studies elucidated that ERa and PR were recruited together at the closed
chromatin regions. Binding to closed chromatin regions became possible by the
chromatin remodeling action of PR. In other words, a subgroup of ERBSs is established
by the co-activation of ERa and PR where FOXA1 contributed partially[142]. When co-
activation of ERa and PR takes place at specific loci in breast cancer cell lines and in
primary tissue, a number of genes associated with estrogen-driven cell proliferation and
migration are down-regulated[143]. In line with this finding, co-administration of
progesterone and tamoxifen in vivo and ex vivo (primary tissue) decreases tumor
growth[142]. Secondly, trans interplay between GR and ERa down-regulates the ERa
responsive genes associated with cell proliferation [144]. Interaction of GR at ERa-
regulated enhancers having FOXA1 motif recruits the repressor complexes such as N-
CoR/SMRT-HDA3 [144]. The presence of GR-induced co-repressor complex removes
the ERa-associated Mega Trans complex from ERa-driven enhancers[144]. Besides the
antagonist action of GR, the agonist action of GR is also observed. Remodeling activity
of GR, like PR, enables to access closed regions in which ERa can interact with other
factors such as AP-1[145]. Thirdly, according to many studies both antagonist and
agonist action of AR modulators resulted in a reduction of ERa-driven tumor cell
proliferation[146—152]. These analyses, also, elucidated the impact of AR on ERa-
mediated gene expression in detail. For example, in addition to DHT, a specific ligand of
AR, E2 administration induces AR to bind DNA at a specific locus which is different
from DHT stimulated binding sites. Furthermore, E2-stimulated AR binding sites contain
ERE motifs[147,150]. Additionally, in a recent study, the presence of an AR agonist leads
to the replacement of ERa with AR at ERBSs harboring the ERE motif. The binding of
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AR at ERBSs blocks the expression of ERa-regulated genes associated with the cell
cycle[148]. By the action of AR, ERa cistrome obtained new networks in which ERa co-
localized with AR and FOXA1[147]. Overall, the interplay between ERa and other SHRs

leads to the reprogramming of ERa cistrome.

Large-scale analysis in multiple cancer types showed that most of the somatic mutations
having a role in cancer progression are mapped more in non-coding genomic regions
compared to the protein-coding part of the genome[153,154]. A large number of somatic
mutations are observed at ERa binding sites. Also, multiple undefined non-coding
mutations present in more than one patient at ERBSs are identified[155]. To elucidate the
functional significance of mutations at ERBSs, the impact of C to T conversion is checked
by the CRISPRIi system at a specific locus. As a result, increased expression of multiple
distal genes and increased chromatin loop formation, and decreased TF binding are

detected[155].

A major number of ERBSs identified in ChIP-PET analysis are located in intragenic
regions[120,156]. ERBSs at distal regions are found at least 5 kb apart from 5 or 3’ of
the closest transcripts[120]. To elucidate whether genes close to ERBSs are ERa
responsive or not further analyses are conducted. According to the results, the
transcription start site (TSS) of upregulated genes in response to E2 is located within 5
kb apart from ERBS. Furthermore, the list of genes next to the ERBSs contains breast
cancer-related ERa target genes[120]. In 2017, more than two ERBSs within 100 kb of
TSS was observed for approximately half of E2-induced up-regulated genes in
endometrial (Ishikawa) and breast (T47D) cancer cell lines [157] . Next, they focused on
3 different E2-induced genes (MP17, CISH, FHL2) having 3 ERBSs within 100 kb of
their TSS. The role of each ERBS alone and together with gene regulation is checked by
the CRISPRi system. Results highlighted that the collaborative action of multiple ERBSs
is essential for E2 responsive gene regulation[157]. In concordance with the collaborative
function of multiple ERBSs at a single gene, a number of ERBSs outnumbers the number
of E2 responsive genes [121,158]. Findings for collaborative ERBSs are confirmed in a

recent study as well[159].
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1.6. How to detect and characterize functional ERa binding sites: techniques

Chromatin Immunoprecipitation (ChIP) assay is a technique to investigate protein-DNA
interaction[160]. By this method, the target of binding proteins, such as TFs or histones,
could be detected. In the first part of this assay, formaldehyde is used to cross-linked
DNA-protein interaction and then the whole protein-bound genome is fragmented. Next,
using an antibody that is specific to a certain DNA Binding protein (ERa in our case), the
DNA-protein complex is precipitated. Later, DNA-protein interaction is reversed, and
DNA fragments are purified[160]. The second part of the essay is the analysis of DNA
fragments. Methods used in this part bring a different version of ChIP. In the old version
of ChIP, a Southern blot was applied to analyze the purified DNA[160]. Improvements
in microarray and sequencing technologies lead to expanding the potential of ChIP to
analyze the genome-wide binding of a specific protein. Before improvements in
sequencing, DNA microarray(chip) technology provides a way to map the binding sites
of a specific protein. This version of ChIP is known as ChIP-on-chip. In this method,
purified DNA fragments are hybridized with known DNA fragments that are attached to
a solid chip platform. ChIP-on-chip analysis, firstly, was applied to identify ERBSs on
chromosomes 21 and 22 in MCF7. Then a genome-wide analysis of ERa binding sites
was conducted again in MCF7. For chromosomes 21 and 22, 57 ERBSs are detected in
case of 45 min E2 administration, whereas a whole-genome consists of 3,665 unique
ERBSs as a result of performed ChIP-on-chip experiment upon 45 min E2
administration[161,162]. From previous studies, it is known that 45 min E2
administration results in the maximum ERa binding[132,161]. However, ChIP-on-chip
data in this study was reanalyzed by another algorithm and updated to 5782 sites[163].
Another version of ChIP is ChIP paired-end diTags (ChIP-PET). In this method, Tags are
ligated to the ends of purified fragments and then by sequencing unknown DNA
fragments are identified. By ERa ChIP-PET, 1243 genome-wide ERBSs are discovered.
However, 610 of these sites were different from ChIP-on-chip[120]. In the last version,
sequencing technology was combined with ChIP [156]. In this approach, sequenced
fragments are aligned to the whole genome according to alignment results, and
identification of ERBSs is done. As a result of the application of ERa ChIP-seq, 10205
high-confidence ERBSs are identified[156]. A comparison of ChIP-seq with ChIP-PET

and ChIP-on-chip revealed that ChIP-seq encompasses the major amount of identified
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ERBSs in the microarray and cloning approach. In addition to shared sites, ChIP-seq
provides a larger number of sites including unique ones compared to other
techniques[156]. Improvements in sequencing reinforce the usage of ChIP-seq with low
cost and high efficiency. Also, compared to other techniques ChIP-seq is conducted in a
short period of time compared to others. In further studies, by overcoming technical
limitations ChIP-seq is optimized to study ERBSs in clinical samples such as breast

cancer, endometrial, and prostate tumors [164].

To further characterize the ERBSs, like all enhancer regions, different features are
checked at the chromatin level and sequence level. This feature shows a correlation with
ERa binding. At the chromatin level, the presence of RNA polymerase II, and enhancer-
associated histone modifications such as H3K27ac are indicators for functional ERBSs
[158,159]. The presence of these indicators also can be detected by ChIP-seq. Another
indicator for functional ERBSs is chromatin accessibility. To detect chromatin
accessibility ATAC-seq (Assay for Transposase-Accessible Chromatin using
sequencing) is conducted. In this method, Tn5 transposase, a protein having the ability to
cleave and paste, reaches open sites of the chromatin, and is cut and tagged by a specific
adaptor. Next, by sequencing technology accessibility of the regions is detected [165].
For the ERBSs, accessibility is correlated with ERa binding sites [158,159]. Accessible
sites are signatures for the possible binding of various transcription factors and co-
activators [166]. ERa co-occupy with numerous transcription factors such as pioneers’
factors (FOXA1 and GATA3), and co-regulators (CBP/p300 & NCoR) [61]. Therefore,
in the case of ERBSs, the presence of these factors would be also an indicator for
functional ERBSs. Another indicator of ERBSs functionality is enhancer RNAs. GRO-
seq was applied to ERBSs to measure enhancer RNA. Results showed that the presence
of enhancer RNAs is highly correlated with the presence of other chromatin signatures
such as H3K27ac, H3K4mel, EP300/CREBBP, RNA Pol II, and chromatin
accessibility[61].

Even though there is a correlation between enhancer activity and these signs, neither of
them gives an idea about enhancer activity nor the strength of the enhancer. Moreover,
these signs are not particular to active enhancers, so false positive identifications are
likely to be obtained [46,167]. Therefore, in addition to these chromatin features at

ERBSs, functional characterization of ERBSs based on their sequence would bring a
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unique aspect to identify enhancers. In order to detect enhancer function based on
sequence, a variety of assays both in vivo and in vitro are developed. Integrated reporter
assay, massively parallel reporter assays such as STARR-seq [47], enhancer trap [52],
CRISPR knockout, and CRISPR interference [53,54] are the most used ones [12]. In this
project, we will perform STARR-seq to interrogate the functionality of ERBSs so STAR-

seq would be explained.
1.6.1. Self-transcribing active regulatory regions sequencing (STARR-seq)

STARR-seq (Self-transcribing active regulatory regions sequencing) method was
developed as a massively parallel reporter assay (MPRA) to assess enhancer activity of
candidate DNA sequences by Stark lab from the Institute of Molecular Pathology at
Vienna in 2013 [47]. In the STARR-seq system, they redesigned a pGL3/4 plasmid in
which candidate fragments were placed downstream of the core promoter. In this special
design, each candidate fragment is transcribed itself depending on its enhancer activity,
and enhancer strength is measured via the abundance of the reporter transcript (Figure3).
Thus, STARR-seq enables the characterization of enhancers as strong ones and weak
ones. Different from available reporter assays such as luciferase, a large number of
candidate enhancers can be tested simultaneously since each candidate produced its own
barcode [47]. Even though this is a plasmid-based method, tested candidate sequences are
correlated with enhancer-associated histone modifications(H3K27ac) and DHS-seq
profile in their endogenous location. Through these and further validations, they
introduced a high throughput feasible method to elucidate transcriptional regulatory

elements according to their strength residing in the sequences [47].
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Figure 3.Workflow of STARR-seq. Candidate DNA fragments are cloned into
STARR-seq plasmid. Next step is the delivery of the cloned plasmids to cells. Inside the
cells each candidate fragments self transcribes itself and produce its own reporter
transcripts. Isolation of the reporter transcripts is performed. Last step is sequencing
analysis [168].

The first design of STARR-seq plasmid, derived from pGL3/4 backbone like in all
MPRAs, contains minimal core promoters in which candidate sequences are placed
downstream of it [169]. This was the site where transcription of reporter transcripts would
occur. However, when reporter transcripts were mapped to plasmid besides core
promoter-produced transcripts, ORI-derived transcripts were produced. ORI is the origin
of replication and is the putative element of each plasmid. ORI is composed of core
promoter elements such as DRE, TATA box, etc. and thus ORI could still act as an
optional core promoter. This was one of the key problems in the STARR-seq assay since
the presence of two core promoters leads to conflict between two core promoters. To
overcome this problem, ORI is used as a single-core promoter. As shown in the study,
background signal increases in the case of two core promoters, whereas a single-core
promoter having only ORI improves STARR-seq signal-like in single candidate
luciferase assays. In our experimental system, STARR-seq plasmid harbors ORI as a core
promoter which is placed upstream of candidate fragments. Another key problem in
STARR-seq arises from the entrance of the plasmid into a cell [169]. Cells respond to the
entry of external DNA by the innate immune response which is not specific to plasmid
type and delivery method. This response leads to type 1 interferon response via cGAS,
STING, TBK1, and IRF7. The induction of IFN-I genes increases the number of interferon
response-related TFs such as IRF, ISG15, and IFI27. The induction of these TFs has the

potential to change the enhancer activities of candidate fragments in the library. To solve
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this problem, treatment of TBK1/IKK/PKR inhibitors is suggested. When the induction
of interferon-related TFs is inhibited by these inhibitors, STARR-seq peaks (false
positives) disappear. In addition to false positives, in the presence of interferon inhibitors,
the enhancer activity of a group of candidate fragments increased so IFN signaling may
block the bona fide enhancers. In other words, the presence of interferon-related TFs can
dominate other enhancer activities and alter the enhancer landscape which gives false-
positive and false-negative results. Therefore, interferon response resulting from
transfection possesses critical consideration for the STARR-seq method in mammalian
cells. However, interferon-stimulated gene induction is not observed for all cell lines

[169].

There are various applications of this assay. STARR seq can be applied to identify
genome-wide cell type-specific enhancers. Arnold and his colleagues delivered a STARR
seq library containing randomly fragmented Drosophila genome to different cell types
and they obtained quantitative enhancer activity maps having shared and cell type-
specific enhancers for each cell type. In addition to that, with the combination of DNA
accessibility assays (DHS-seq) endogenously silenced enhancers were detected in
Drosophila cells [47]. In agreement with these results, endogenously closed enhancers

are predicted in HeLa cells, a human cell line, by a similar approach [169].

Rather than genome-wide applications, STARR seq allows assessing enhancer activity of
selected genomic regions. For example, candidate fragments could be defined by a
combination of DNase-I seq and ChIP-seq results like in the study of Vanhille and his
colleagues [170]. Enhancer activity of SNP-containing fragments is pooled, and gene
regulatory differences were checked by STARR-seq [171]. In another study, a library was
established by cancer risk-associated SNPs located in noncoding regions [8,172]. In this
study, regulatory activities of these regions depending on allele-specific changes were
assessed and the role of two of the risk-associated variants in the transcriptional regulation
of cancer genes was confirmed. Besides constructing a library by a pool of specific
candidates, regulatory activity of specific selected genomic loci could be assessed as well.
In 2015, Rathert and his colleagues checked the enhancer activity profile of the MYC
locus (in a specific cell line having H3K27ac at specific locations). They prepared a

STARR-seq library containing a 3.1 Mb region at the MYC locus [173].
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A subgroup of regulatory elements on the genome is under the control of extracellular
signals such as hormones. Applications of STARR-seq on these regulatory elements
provide hormone-responsive enhancer activity maps [174]. In 2014, enhancer activity in
response to Ecdysone, a steroid hormone in Drosophila, was checked in different cell
types with the same library and cell type-specific hormone-responsive activity maps were
obtained. This approach was also applied to elucidate the action mechanism of hormone
receptor binding sites along the human genome. By the application of STARR-seq
functional enhancer activity map of Glucocorticoid receptor (GR) [175] and Androgen
receptor (AR) [65] binding sites were obtained. From these maps, constitutively active,
inactive, inducible enhancers [65] or induced and repressed regulatory elements [176] in

a specific cell can be checked.

Compared to other reporter assays, this unique method enables the assessment of
enhancer activity in a high throughput manner, whereas traditional reporter assays test
enhancer activity one by one [168]. This method is a plasmid-based method so, unlike
integrated reporter assays, the position of the candidate fragment would not be
problematic [168,177]. Although enhancer activity is checked ectopically, most of the
enhancers characterized by this method are found inaccessible parts of the genome and
had typical chromatin features of enhancers [47]. That is validation for their function in
an endogenous context. Also, the cell-type specificity of the enhancers can be tested
accurately. On the other hand, by this method, closed enhancer regions that cannot be

predicted by other chromatin features can be checked [47].
1.7. Aim of this thesis

ERa ChIP-seq analysis was performed by Wilbert Zwart’s group at the Netherlands
Cancer Institute from breast cancer and endometrial cancer patients. In this analysis,
~20,000 ERBSs were identified. To characterize these ERBSs, we propose to test the
enhancer activity of these clinical ERBSs with a novel massively parallel enhancer assay,
STARR-seq. This would allow us to obtain a functionality map of clinical ERBSs for
both in a quantitative manner. One of the critical steps in STARR-seq is achieving a
library transfection in a high-efficiency and cost-effective way. To do that, we aimed fo
choose and optimize the transfection method for ERa positive cell lines which are

MCF7, breast cancer cell line, and Ishikawa, endometrial cancer cell line.
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Chapter 2:

MATERIALS AND METHODS

2.1. Preparation of positive controls

2.1.1 Optimization of PCR for enhancer regions

MACHEREY-NAGEL Genomic DNA isolation kit was used for the isolation of genomic
DNA from MCF7 cells. CCNDI enhancer region (known as “enh588”,
chr11:69,329,989-69,330,492) and TFF1 enhancer region(chr21:43,796,360-
43,796,859) which are known ERa regulatory regions [178,179] were amplified with
Polymerase Chain Reaction (PCR) using primers in Tablel, and Phusion High-Fidelity
DNA Polymerase (NEB Cat#M0530S).

In addition to PCR components, dNTP (Invitrogen, 18427013) and GC buffer (NEB,
B0519) were used. The two different sizes of these regions were amplified. For the
amplification of 1 kb regions, the PCR reaction was optimized in the extension step for
15 sec to avoid unspecific amplification, and for the amplification of 500 bp, 30 sec
extension was applied. The temperatures of PCR reaction cycles were as follows; 98°C
for 10 seconds, 65°C for 25 seconds, 72°C for 15 seconds as 25 cycles. For the primers
in Tablel, the annealing temperatures were optimized. In order to avoid random
mutations in enhancer regions, the amount of the Phusion was optimized to 1 pul. PCR is
carried out in the Veriti™ 96-Well thermal cycler. PCR product was checked in the
agarose gel (0.1%, w/v). Then, the PCR product was purified from the gel with a PCR
and gel clean-up kit (Macherey Nagel, Cat#740609).
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Table 1. Primers to amplify positive controls (Primers to amplify ERa regulated
enhancers (TFF1 and CCND1 enhancers) are given. For each enhancer Forward(F)
and Reverse(R) primers are designed. Primers are designed to obtain two different sizes
of corresponding enhancer. Underline sequence indicates assembly sites for Gibson
Assembly cloning)

Enhancer Type Sequence (5°-37) Amplificati
on Size

F ATTGATCTAGAGCATGCACACTGCAGCTTTCGGAGGGC
TFF1 500 bp

R AGCGGCCGGCCGAATTCGCCTTCTCACACACATCCCCTC

F ATTGATCTAGAGCATGCAGATGTCCCTCGGCCCCTTTG
TFF1 1 kb

R AGCGGCCGGCCGAATTCGAGTTTCCCTCCCATAACCTGG

F ATTGATCTAGAGCATGCAATCTTGTGAATGGTTTGGCAC
CCND1 500 bp

R AGCGGCCGGCCGAATTCGTCCATCCTGCTACGTTGAGAAT
TAC

F ATTGATCTAGAGCATGCAGCCTAGGAACACACAGCC
CCND1 1 kb

R AGCGGCCGGCCGAATTCGTTTCGCAGCCTTAAGAATGTC

2.1.2. Restriction enzyme digestion of STARR-seq_ORI vector

STARR-seq_ORI vector (Addgene, Plasmid#99296) was digested by Agel (New
England Biolabs, Cat#R0552S) and Sall (New England Biolabs, Cat#R0138L). The map
of the plasmid is given in Figure4. Since these are two incompatible enzymes and there
is no common buffer in which both Agel and Sall exhibit more than 50% activity while
avoiding star activity, a sequential double digestion reaction was necessary. For this,
NEBCloner online protocol (https://nebcloner.neb.com/#!/protocol/re/sequential -
heat/Sall,Agel) was followed. In the first reaction, 1 pg plasmid digestion with 1 ul Agel
in a total reaction volume of 50 ul was carried out with NEBuffer r1.1 at 37°C for 1 hour,
following the heat inactivation step at 65°C for 20 minutes. Then, the salt concentration
was adjusted to 100 mM by addition of NaCl for adequate Sall activity. 1 ul of Sall was
added and incubated at 37°C for 1 hour. After the heat inactivation step at 65°C for 20
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minutes, digestion was completed. Digestion products were run on agarose gel (0.1%,

w/v) and purified with a PCR and gel clean-up kit (Macherey Nagel, Cat#740609).
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Figure 4 The map of hSTARR-seq plasmid. 4010 bp hSTARR-seq plasmid is
used to clone positive controls.

2.1.3. Gibson Assembly Cloning Method

Gibson Assembly Cloning Kit (New Englands BioLabs, Cat#E5510S) was used for
cloning enhancer of CCND1 gene and enhancer of TFF1 gene. Gibson Assembly master
mix, plasmid backbone, and enhancer region fragments were incubated at 50°C for 1 hour
in the thermal cycler. It was also stated that the insert amount should be 2 times more than

the vector amount in pmol in the reaction.

Primers in Tablel were designed as burying the overhangs considering the ends of the

digested vector in which the PCR product will be cloned. An overview of the Gibson
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Assembly cloning method is given in Figure 5. Overhangs at the end of each primer are

listed in Table 2. Cut site of Agel and Sall restriction enzymes took into account while

designing overhangs.

Overview of the Gibson Assembly Cloning Method
dsDNA fragments with overlapping ends
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Figure 5 An Overview of the Gibson Assembly Cloning Method. Insert and
digested plasmids having overlapping ends at the ends mix with Gibson Assembly
Master Mix containing 3 different enzymes (Exonuclease, DNA Polymerase, DNA
ligase). Mixture is incubated for 15-60 min at 50°C.

Table 2. Overhangs end for Gibson Assembly. These ends designed considering
digested plasmid; this sequence is added to PCR primers of each enhancer regions.

Primer Overhang ends
Forward ATTGATCTAGAGCATGCA
Reverse AGCGGCCGGCCGAATTCG

2.1.4. Transformation of vectors and plasmid DNA isolation

Two strains of Escherichia coli (E.coli) competent cells were used (DB3.1 and Stbl3).
After the assembly reaction, the DNA clean-up protocol was followed up. For the 20 ul
Gibson reaction, 20 ul isopropanol and 0.4 ul NaCl (5 M) were added. This mixture was
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incubated for 15 minutes at room temperature, following the centrifugation at 15000 xg
at 4°C for 15 minutes. Pellet was washed twice with ice-cold 1 mL 80% ethanol. After

air-drying, the pellet was resuspended in 10 pl ultrapure H>O.

Heat shock transformation protocol was performed using 50 ul competent cells. For the
uncut plasmid DB3.1, the E.coli strain was used because of the presence of the ccdB gene
in the STARR-seq_ORI plasmid. Gibson product and competent cells were incubated on
ice. Then, 45 seconds heat shock at 42°C was applied. Next, incubation on ice for 5 mins
was carried out. For the recovery of cells, 950 ul LB broth (Miller) was added and
incubated for 1 hour at 37°C before spreading cells onto the LB Agar (Miller) plate
including ampicillin (100ug/ml).

After overnight incubation of plates at 37°C, single colonies were picked and added into
5 ml LB Broth medium. Liquid cultures were further incubated overnight at 37°C shaking
incubator for further plasmid DNA isolation. Mini- (Macherey-Nagel) and midi-prep
(Macherey-Nagel) plasmid DNA isolations were performed according to the

manufacturer’s instructions.

To confirm colonies 50 ng of cloned plasmids were shipped to Sanger-sequencing. EBV-
Reverse Primer was used to sequence plasmids. Sequencing results were checked by

alignment tool in SerialCloner.

2.2. Cell Culture

MCF7, a breast cancer cell line, is cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma, D6429), supplemented with 10% fetal bovine serum (FBS) (Gibco,
Cat#15140148) and 1% penicillin-streptomycin (Gibco, Cat#12140148). Ishikawa,
endometrial cancer cell line, is cultured in RPMI-1640 (Gibco, Cat#12633012)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Cat#15140148) and 1%
penicillin-streptomycin (Gibco, Cat#12140148). During the sub-culturing, 0.05%
Trypsin/EDTA (Thermo Fisher, Cat#25300054) was used for detachment of cells. Cells
are incubated at 37°C humidified incubator with 5% CO- condition. The mixture of 900
pl complete medium (containing 10% FBS) and 100 ul DMSO (10%, v/v) was used to
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freeze and store cells at -80°C. Mycoplasma control of the cells was performed each

week.

2.3. Optimization of transfection parameters

PEI (Polysciences, Cat#24765) was used as a transfection reagent. The amount and ratio
of PEI and plasmid DNA is critical for achieving an efficient transfection. Optimized
parameters are given in Table3. DNA and PEI transfection reagents were added into two
different tubes, along with the serum-free medium. Then, the PEI-containing solution was
transferred to the DNA-containing tube. This mixture was vortexed for 15 seconds and
incubated for 15 minutes at room temperature. The medium on top of cells was changed
and the transfection mixture was added to the cells drop by drop. As a transfection control,
pLenti-CMV-eGFP-Puro plasmid (Addgene, Cat#17448) was transfected. Transfection
efficiency was assessed via visualizing fluorescence in the control plate. In Table4,
optimization of PEI ratios for two cell lines and time point to detect reporter mRNA

expression was given.

Table 3. Optimized parameters for transfection. Small-scale experiments are
conducted in 6-well plate, Library transfection is performed in 15 cm plate, transfection
parameters DNA amounts and PEI ratios depending on the cell is adjusted as given in the
table. While preparing transfection mixture, given amount of serum free medium is used.

Plate Cell DNA amount DNA:PEI ratio - Serum-free
volume of PEI medium

6-well | MCF7 2ug 1:3 - 6 ul PEI 100 pl
10 cm MCEF7 6 pug 1:3 - 18 ul PEI 200 pl
15cm MCF7 10 pg 1:3 - 30 ul PEI 1 mL

6-well Ishikawa |2 pg 1:2 - 4 ul PEI 100 pl
10 cm Ishikawa |6 ug 1:2 -12 ul PEI 200 pl
15cm Ishikawa 10 ug 1:2 -20 ul PEI 1 mL
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Table 4. Parameters to optimize for two cell lines. Different PEI ratios were
applied to check transfection efficiency for two MCF7 and Ishikawa cells, Time points
are to determine the ideal time to collect reporter transcripts.

Systems to optimize PEI Ratios Time Points
MCF7(Breast Cancer Cell Line) 1:3& 1:6 24h & 48 h
Ishikawa(Endometrial Cancer Cell Line) 1:2 & 1:3 24h & 48h

2.4. RNA Isolation

Trizol Reagent (Invitrogen, Cat#15596018) was used for the RNA isolation step.
Recommended protocol in the user guide was followed. RNA concentration was

determined using Nanodrop as a unit of ng/ul. Purity was checked by the ratio of

Absa60/Abs2go and Absaeo/Abs23p .

2.5. cDNA synthesis

Volume required to have 1000 ng of RNA was calculated for each sample and volume
was completed to 9.5 ul. Then, the first 5 ul of ANTP (Invitrogen, Cat#18427013) and 2
ul of random hexamer (Invitrogen, Cat#N8080127) was added and incubated with RNA
mixture at 65°C for 5 minutes. Then, 2 pl of second 5X first strand buffer (Invitrogen,
Cat#28025013) and 0.5 pl of Rnasion Ribonuclease Inhibitor (Promega, Cat#N2111) was
added. After addition of mastermix to reaction, 1 pul of M-MLV Reverse Transcriptase
(Invitrogen, Cat#28025013) was individually added to each tube. The reaction was
incubated at a thermal cycler for 1 hour at 37°C at a total volume of 20 ul. Lastly, a heat-
inactivation step was carried out at 90°C for 10 minutes. 80 ul nanopure water was added

to the reaction mixture for 1:5 dilution and stored at -20°C.

2.6. Real-Time Quantitive Polymerase Chain Reaction

LightCycler® 96 system was used in RT-qPCR experiments. 2X SYBR Green PCR
Master Mix (Thermo Fisher, Cat#2309155) and RT-qPCR primers in Table5 were used.
To check the expression of reporter transcripts, the forward primer was designed to target

the junction site where plasmid backbone and insert join.
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Table 5. Primers for qPCR reaction. Primers designed to check expression of
reporter transcripts.

Name Sequence (5’ - 3°)
Junction_Forward GAGGCACTGGGCAGGTGTC
qPCR_CCND1_500nt_R GGTGCCAAACCATTCACAAG
qPCR_CCNDI1_1kb_R CTGCTGCTGGGCTGTG
gPCR_TFF1_500nt_R CCTCCGAAAGCTGCAGTG
qPCR_TFF1_1kb_R CCTTGGGGATGCTGTGTCTG

2.7. Interrogation of Interferon Response

The delivery of the plasmid to mammalian cells triggers the activation of Type-1
Interferon response as explained in the introduction part[169]. The expression of genes

related to this response was checked by the use of primers in Table6 by RT-qPCR.

In order to revert/block the interferon response, cells were co-treated with C16 inhibitor
targeting PKR (Sigma-Aldrich, Cat#19785-5MG) and BX-795 inhibitor targeting
TBK1/IKK (Sigma-Aldrich, Cat#SML0694-5MG). The final concentration of each

inhibitor was calculated as 1 nM.

Table 6. RT-qPCR primers used for interferon response genes and
housekeeper gene

GENE TYPE Sequence

F GTTGTCGACGACGAGCG
ACTB

R GCACAGAGCCTCGCCTT

F TCGATGCCATGTTCATCACT
TUBB

R TAACCATGAGGGAAATCGTG

F TGCTCCAGACTATCCTTGACCT
IFIT1

R TCTCAGAGGAGCCTGGCTAA

F AGCATCTTCACCGTCAGGTC
ISG15

R GCGAACTCATCTTTGCCAGT
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F GCCACAACTCCTCCAATCAC
IF127

R ATCAGCAGTGACCAGTGTGG

F GGTGAGGAGCCTCGAGTAGA
OAS3

R CTGAAGAGCTGGACGGATGT

F AGGGTGACAGGTACGGCTCT
IRF7

R CTCCTGGAGAGGGACAAGAA

F GATGATCAAAGGGATGTGGC
MX1

R AGCTCGGCAACAGACTCTTC

2.8. Hormone Deprivation Experiments

DMEM (low glucose, pyruvate, no glutamine, and no phenol red) (Gibco, Cat#11880028)
supplemented with 5% Charcoal Striped Serum (CSS) (Biowest, Cat#S181F) and 1%
penicillin-streptomycin (Gibco, Cat#12140148) was used in hormone deprivation
experiments. Workflow of the hormone deprivation experiment was given in Figure6.
Estradiol (E2) (MedChemExpress, Cat#HY-B0141) treatment was started (final
concentration of 10 nM) after 24h of transfection, and cells were collected after 6h for
RNA isolation - termination of the experiment at a total of 30h after transfection. For
blocking interferon response in cells, BX-795/C16 inhibitor co-treatment was started on

Day4, where the medium change takes place.

Day 0
500.000 Cell Day 2 Day4
Seeding Medium
[ | chapge
I I \
Day 1 Day 3 Day 4
Hormone Deprivation Starts Transfection E2 treatment
(CSS medium ) Starts @24 h for 6 hours

RNA Collection @30 h

Figure 6 Workflow for Hormone Deprivation Experiments (In DayO number of
cells given for 6 well experiments is seeded. In Dayl CSS (Charcoal Striped Serum)
containing phenol free medium is added to cells after washing 3 times to remove
remaining from complete media. In Day2 cells incubated within hormone deprived
media; In Day3, Transfection starts; In Day4, after 24 h of transfection, Estradiol(E2)
treatment starts for 6 hours and at 30 h samples are collected.)
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2.9. Library transfection

2.9.1. Library preparation and Content of the library

The ER-STARR-seq library is composed of ERa binding sites (ERBSs). These sites were
identified by ChIP-seq analysis in the ER+ breast cancer and endometrial cancer patients
in the Netherlands Cancer Institute (NKI) in the group of Wilbert ZWART. The library
preparation steps were performed in the Nathan LACK’s group by Flora Huang and Tung
Morova. Here we transfected the library to Ishikawa and MCF7 cells (KORKMAZ

group).

There are three classes of ERBSs available in the ER-STARR-seq library; breast cancer-
specific ERBSs, endometrial cancer-specific ERBSs, and ERBSs which are common in

both cancer types (Figure 7).
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Figure 7 Content of ER-STARR-seq Library Library composed of three
subgroups of ERBSs. First group is breast cancer specific ERBSs whereas second one is
endometrial cancer specific ERBSs. The last group contains the ERBSs that common in
both cancer types.
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2.9.2. Coverage calculations

After transfection, coverage had been calculated to get an insight into the delivery success
of the ER-STARR-Seq library to MCF7 and Ishikawa. Considering the transfection
efficiency and cell death we started the experiment with 10M cells as an initial cell
number. To calculate the coverage, the final number of cells was counted at the end of
each experiment for each condition (vehicle and E2 treated). The formula was given in

Figure8.

Formula to calculate Coverage: Final cell number x Transfection Efficiency

Figure 8. The Formula for coverage calculation. Final number of cells multiplied
by transfection efficiency to calculate coverage.

Transfection experiments were performed with ER-STARR-Seq library and positive
control plasmid (pLenti-CMV-eGFP-Puro, Addgene, Cat#17448) for both MCF7 and
Ishikawa cells. Before the collection of the RNA samples, transfection efficiency was
calculated via observing the transfection positive control. To calculate the transfection
efficiency of the ER-STARR-Seq library, flow cytometry analysis was performed
coupled with fluorescence microscopy imaging with eGFP transfected positive control.
After GFP fluorescence images taken by fluorescent microscope, cells were trypsinized
and collected as a pellet. Non-transfected control cells were used for compensation and
to mask the autofluorescence of cells. Forward and side scatter height dimensions were
used to map viable cell populations. For each cell, acquired settings were adjusted. The
gain was adjusted for Ishikawa cells as FSC:12, SSC:25, FITC:1, and for MCF7 as FSC:8,
SSC:28, FITC:1.
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Chapter 3:

RESULTS

Experimental setup for transfection of ER-STARR-seq library was optimized. In the first
step, ERa-regulated positive control plasmids were constructed. Then, transfection
experiments were performed with PEI reagent. Parameters for the transfection with PEI
reagent and STARR-seq system (insert size & time point) were optimized for both cell
lines. Interferon response was considered for both cells and parameters for inhibitor
treatments were optimized to prevent interferon response. Lastly, library transfection was

carried out according to the optimized transfection protocol.

3.1. Confirmation of positive control plasmids

ERa regulated regions (CCND1 enhancer and TFF1 enhancer) were selected to clone into
STARR-seq plasmid. These constructs would be used in optimization experiments to
ensure that whether the self-transcription from the plasmid works in both cell lines. After
constructs were ready, transformation was performed to make multiple copies of the
cloned plasmids. During the replication of the cloned plasmid errors can be arise in the
DNA sequences because of the replication machinery of bacteria [181]. In addition to
transformation, during PCR step errors might be added to sequence because of the
function of DNA polymerase as well [182]. Since even a single nucleotide change can
affect the enhancer activity of the sequence, after cloning step, isolated plasmids from

different colonies sent to Sanger sequencing to confirm the sequence of cloned plasmid.

Alignment results of DNA sequences coming from sequencing to enhancer region that

is cloned to plasmid was given in Figure9.
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Figure 9. Alignment results of positive control plasmids. Cloned plasmids
sequenced to confirm DNA sequence. To check DNA sequence Alignment was
performed with alignment tool of Serial Cloner. Sequenced plasmid aligned to enhancer
region cloned into plasmid. Figure9A shows the alignment results for CCND1 enhancer
500 bp cloned plasmid, Figure9B shows the alignment results for TFF1 enhancer 500 bp
cloned plasmid. Figure9C and Figure9D are the results of 1 kb enhancer region cloned
plasmids, respectively, CCND1 enhancer and TFF1 enhancer.

3.2. Optimization of Transfection parameters for MCF7 and Ishikawa

In this part, cloned plasmids were delivered to MCF7 and Ishikawa cells. Parameters for

the delivery method and for STARR-seq system were optimized in these experiments.

Transfection is a method to deliver foreign nucleic acid constructs across the membrane
of the cell. There are different methods such as biological-based methods, physical
methods, and chemical-based methods such as cationic polymers-based reagents [180].

Firstly, our aim was to decide on a highly efficient and cost-effective method to introduce
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the STARR-seq library to Ishikawa and MCF7 cell lines. Therefore, we focused on
cationic polymer-based transfection methods. We tried three chemical transfection
reagents such as Fugene, Lipofectamine, and PEI. Examinations on MCF7 and Ishikawa
cell lines showed that PEI(Polyehylenimine) provided the promising transfection
efficiency for these cell lines. Therefore, we continued to optimize transfection

parameters with PEI reagent for MCF7 and Ishikawa cells.

Optimization of transfection parameters was performed in terms of two different
parameters as the time point for sample collection to examine exogenous gene expression
and the ideal PEI ratio for efficient transfection. Firstly, the sample collection time is
important after STARR-seq library transfection to detect the reporter transcripts.
Expression from the plasmid was checked at two different time points: 24 h and 48 h after
transfection. According to expressions from each plasmid, at 24 h reporter transcripts
showed the highest expression. An expression pattern between 24 h to 48 h was noted as
the reliable interval to collect reporter transcripts for both cell lines. In the next step,
different PEI ratios were optimized. Because of the toxic effect of PEI in Ishikawa cells,
the 1:3 PEI ratio decreased transfection efficiency, but it was observed that the 1:2 PEI
ratio was proper for transfection. Therefore, the 1:2 PEI ratio was noted as an ideal ratio
for this cell line. For MCF7, 1:3 and 1:6 PEI ratios were examined and the 1:3 PEI ratio
gave higher expression for our reporter genes compared to the 1:6 PEI ratio. For these
sets of experiments, three biological replicates had been completed and the combined
result is represented in Figurel0. As a note, our STARR-seq fragments are 500 bp and
because our system depends on a special STARR-seq plasmid and this plasmid-based
system is highly sensitive to the three-dimensional structure of STARR-seq plasmid, we
checked the effect of fragment length in order to be sure about our system works with 500
bp fragments. The expression of the 500 bp insert containing the CCNDI
enhancer(enh588) is significantly higher than the expression of the 1 kb insert containing
the CCNDI1 enhancer in both cell lines. Therefore, the ideal length of the insert for the
STARR-seq plasmid is observed as 500 bp in the STARR-seq plasmid library.

35



Ishikawa 500 bp CCND1 enhancer Ishikawa 1 kb CCND1 Enhancer

500+ 104
9 @«
=3 i3 £
_E 4004 .i:: 8 -
== ==
= 7 = 7 *k
£ 3007 is 6 =
Z: Zz
E = 200- 23 44
g gkt
5 1004 PN
& by
1~ -
Y T T T T 0 T T T T
1:224h 1:248h 1:324h 1:348h 1:224h 1:248h 1:348h 1:3324h
MCF7 500 bp CCND1 enhancer MCF7 1kb CCND1 enhancer
600+ xx 30+
) —— @
e =1
= =
= ] * %
o = S a —
= 7 400 =7 201 -
ol *x s 28
z: z: .
E = = E= T
E i 200+ E E 10
- T
=] =]
-9 =
9 W
™ ™
0 1 Ll 0 I 1
1:324h 1:348h 1:624h 1:648h 1:324h 1:348h 1:648h 1:624h

Figure 10. Optimization of Transfection Parameters as PEI ratio and time point
for Ishikawa (A) and MCF7 (B) cells and examination of the effect of fragment
length for the STARR-Seq system. RT-PCR results indicated that fragment length is
important and 500 bp fragments were more suitable for the STARR-Seq system. In
addition, PEI ratio was determined as 1:2 for Ishikawa cells and 1:3 for MCF7 cells. In
both cases the 24 h-48 h interval is suitable to collect samples. (GAPDH is used as a
housekeeping gene for Ishikawa, TBP is used as a housekeeping gene for MCF7 cells).
Two tailed student’s t-test relative to NT (Non-Transfected control) was performed.
*P<0.05, **P<0.01,n.s., non-significant.

3.3. Interferon Response of Ishikawa and MCF7

Interferon response is a crucial consideration in the STARR-seq method. The delivery of
plasmid inside to the cell can trigger the immune system-related type-I interferon
response. The activation of this pathway results in differential expression of TFs in the
whole cell landscape and alters the enhancer activity which affects the expression of
transcript coming from STARR-Seq plasmid. Therefore, in this section, type-1 interferon
response for each cell line was checked after the transfection of the STARR-Seq plasmid

with CCND1 reporter fragment.
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Type-1 interferon response was examined by the expression of genes such as OAS3,
IRF7, and IFI27 which were activated upon induction of this response. For the Ishikawa,
interferon response was not observed since the expression of related genes (5 out of 6
genes) were not significantly changed. However, for MCF7, interferon response was
reported by 3 important genes as OAS3, IRF7, and IFIT1 with fold changes of around 30-
fold as shown in Figure 11. Regarding these results, inhibitors treatment as suggested in

the paper[169], was planned for MCF7 cells.
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Figure 11. Examination of immune system-related type-I interferon response in
MCF7 and Ishikawa cells. In Ishikawa cells, interferon response was not observed by
interrogating the expression pattern of 6 different interferon response-related genes.
Conversely, in MCF7 cells there was a certain interferon response that was observed with
4 genes that were upregulated approximately 30-fold after plasmid transfection. Two-
tailed student’s t-test relative to NT (Non-Transfected control) was performed. *P<0.05,
**P<0.01,n.s., non-significant.

3.4. Hormone Deprivation Experiments

ERa responsive regulatory elements which potentially act as enhancers are regulated by
hormones specifically Estradiol and until now it has been shown that a complete medium
containing phenol, affects the ERa responsive regulatory elements with its estrogenic
effects. Therefore, the certain function of these regulatory elements also should be
investigated with a phenol-free hormone-deprived medium. In this section, it was tried to
optimize the experimental setup required to reflect the response of ERa regulatory

elements only coming from Estradiol.
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Firstly, we aimed to check transfection efficiency in the hormone-deprived medium. To
do that, pLenti-CMV-eGFP-Puro plasmid that involves the eGFP reporter gene was
transfected in the hormone-deprived medium with optimized PEI ratios by following the
workflow given in the Figure 6. As shown in Figurel2, the efficiency of transfection was
noted as approximately %50 for both cell lines examined via microscope. which was
evaluated as sufficient for our library transfection experiment. Therefore, experiments
after now had been performed with hormone deprived medium to prevent the effects of

estradiol independent responses of ERa -regulated elements.

Phase Contrast GFP

MCEF7

Ishikawa

Figure 12. MCF7 and Ishikawa Cell lines Transfected with pLenti-CMV-eGFP-
Puro in the phenol-free hormone-deprived medium. The transfection efficiency was
evaluated in hormone deprived medium for MCF7 and Ishikawa cell lines. For both of
them, transfection efficiency was decreased in hormone deprived medium compared to
the complete medium; however, efficiency in this condition was sufficient to continue for
STARR-Seq experiments.
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3.4.1 Without inhibitor

In these experiments, the workflow in Figure 6 (given in the material method) was
followed up. CCNDI1 enhancer (enh588) containing STARR-Seq plasmid and TFF1
enhancer containing STARR-Seq plasmids were transfected individually to MCF7 and
Ishikawa cells. For each condition, effects of Estradiol (E2) without interferon response
inhibitors were investigated after hormone deprivation was carried out. In MCF7 cells, 4-
fold increase in the expression of CCND1(enh588) plasmid was observed in response to
Estradiol, whereas approximately 2-fold change was observed for TFF1 plasmid. In
Ishikawa cells, CCND1(enh588) expression was increased approximately 10-fold after
treatment with E2. For TFF1, fold change was observed around 60-fold. As shown in
Figurel3, the enhancer strength of the corresponding regulatory element differs
depending on cell type and is directly regulated by Estradiol. Despite the differential

activity, the system can be defined as responsive for both cell lines.
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Figure 13. Differential expression of reporter fragments in STARR-seq plasmid
after E2 treatment. For both cell lines, reporter fragment expression had been increased
significantly after E2 induction. Even though there were efficiency differences between
cell lines and reporter fragments, these results clearly indicated that the STARR-Seq
system is responsive to E2. (Beta-actin is used as a housekeeping gene, E2: Estradiol)
Two-tailed student’s t-test relative to NT(Non-Transfected control) and also relative to
the vehicle was performed. *P<0.05, **P<0.01,n.s., non-significant.

3.4.2. With Inhibitors

In this section, we examined the transfection efficiency and aimed to investigate the
effects of Estradiol (E2) with interferon response inhibitors in hormone deprived medium.
As shown in Figurel1, MCF7 is highly sensitive to foreign plasmid delivery and activates

interferon response. Even though there was no response in Ishikawa cells as shown in
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Figurel 1, transfection experiments and subsequent investigations were performed in both
MCFT7 and Ishikawa cells to be sure about consistency between each cell line group and

to compare them at the end of the STARR-Seq screening.

Therefore, transfection efficiency was investigated in the condition as hormone deprived
medium with interferon response inhibitors. In these optimization experiments, two
parameters were optimized as the time point those inhibitors were applied and the amount
of the inhibitors. There were two-time points to start inhibitor treatment: Day3 which
starts with transfection and Day4 when discarding the PEI-containing transfection media.
As shown in Figurel4, transfection efficiency decreased significantly when transfection
and inhibitor treatment started at the same time point in Day3 as observed in both cell
lines. Thus, the ideal time point to start inhibitor treatment was determined as Day4 when

discarding PEI-containing transfection media.

DAY3 DAY4

Phase Contrast Phase Contrast

W/o
Tnhibitor

MCF7

Wi
Inhibitor

Wio
Inhibitor

Ishikawa

W/
Inhibitor

Figure 14. The evaluation of the optimum time point for interferon response
inhibitor treatment. For MCF7 and Ishikawa cell lines, transfection of eGFP containing
reporter plasmid was performed and 1 nM interferon response inhibitors were applied in
indicated time points. In both MCF7 and Ishikawa, Day4 was selected as the most proper
time to apply inhibitors.
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After then, we investigated the activity of inhibitors by applying 1 nM from each inhibitor
for each cell line. In the case, treatment with 1 nM inhibitors and concomitant E2
induction, interferon response was evaluated as shown in Figure 6. In MCF7, 1 nM
inhibitors effectively abolished the interferon response related to unspecific induction of
ERa regulated enhancers. As shown in Figurel5, a combination of inhibitors and
subsequent induction with E2 decreased the recorded response of CCNDI1 enhancer
(Enh588). In Ishikawa cells, there was no effect of interferon response inhibitors because
these cells were already unresponsive to plasmid delivery to activate interferon response.
In addition, we evaluated the expression of interferon response regulated genes and we
checked the inhibition could be provided with 1 nM inhibitors. As shown in Figurel5, 1
nM inhibitors could effectively prevent the interferon response in MCF7 determined by

the expression of genes that were upregulated in the case of no inhibitor condition.
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Figure 15. Optimization of the amount of interferon response inhibitors. In these
experiments, 1 nM inhibitors were applied while removing PEI-containing transfection
medium as at Day4. In MCF7, interferon response inhibitors apparently prevent the effect
of interferon response by diminishing the E2 induction response which only represents
the specific responses. In Ishikawa cells, the inhibitors had no effect because these cells
did not show interferon response. Two tailed student’s t-test relative to NT (Non-
Transfected control) and also relative to vehicle and E2 condition to check significance
of inhibitor effect was performed. *P<0.05, **P<0.01,n.s., non-significant.

Even though 1 nM inhibitors provided an efficient obstruction for the interferon response
in MCF7, the toxicity was observed in Ishikawa cells realized by excessive cell death.
The undetached death cells were observed under the microscope as indicated in Figure
16. In addition, cells were counted by trypan blue staining and the percentage of death
cells and live cells were calculated. After that point, we were ensured the toxic effects of

1 nM inhibitors that we could not proceed with indicated concentration.

Transfected with inhibitor Non-Transfected

b. Inhibitors(-) Inhibitors(+)
NT VEH E2 VEH E2

Death Cells (%) %6 %21 %19 %45 %48

Live Cells(%) %94 %79 %81 %55 %352

Figure 16. Evaluation of toxicity of 1 nM interferon response inhibitors for
Ishikawa cells. In microscope imaging, it was clearly seen that 1 nM inhibitors caused
an excessive cell death and cells appeared highly unhealthy to proceed experiments with
these concentrations. In addition, we would like to be sure about cell death observed under
microscope by certainly occurring in our experimental groups by counting cells with
trypan blue. As indicated, death cell percentage was quite high in the condition with
inhibitors compared with no inhibitor applied condition.

Because of the excess toxic effect of interferon response inhibitors for Ishikawa cells, the

concentration of interferon response inhibitors was determined to be decreased 0.5 nM as
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by half. However, as shown in Figurel7, 0.5 nM interferon response inhibitors did not
prevent interferon response in MCF7 cells effectively. In these experiments, besides
interferon response, the expression of reporter transcripts is checked by RT-PCR. For
MCFT7 reporter transcripts coming from enhancer 588 showed changes in presence of
inhibitors. In the 1 nm inhibitor treatment, expression coming from plasmid is reduced
10-fold compared to in the absence of inhibitor conditions. On the other hand, for 0.5 nm
treatment showed 10-fold increase compared to its control, in the absence of inhibitors.
For Ishikawa, 588 plasmid expression showed similar expression both in the presence of

inhibitor and in the absence of inhibitor.
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Figure 17. Evaluation of 0.5 nM interferon response inhibitors for MCF7 and
Ishikawa cells. In these experiments, 0.5 nM inhibitors were applied while removing the
PEI-containing transfection medium as at Day4. In MCF7, interferon response inhibitors
could not prevent the effect of interferon response effectively as in the case of 1 nM
inhibitors. Unfortunately, there was a clear induction of the CCND1 enhancer element
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that was recorded unspecifically coming from interferon response. In Ishikawa cells,
inhibitors had no effect on both CCNDI1 enhancer activity and gene expression of
interferon response-related genes.

As a result, 1 nM interferon responsive inhibitors could effectively diminish the
unspecific induction of ERa enhancers for MCF7 cells while 0.5 nM was not sufficient
to inhibit. For Ishikawa cells, 1 nM inhibitors showed high toxicity to perform
transfection-based screening with inhibitors. Therefore, we decided to proceed our
experiments for MCF7 with and without 1 nM inhibitors while no treatment applied to
Ishikawa cells during screening. Because Ishikawa cells did not show an interferon
response, we concluded that for this cell line, screening could be proceeded without
inhibitors. At the end of these experiments, there will be three groups to evaluate the result
coming from screening. For MCF7, with and without inhibitor conditions will be
performed while only without inhibitor conditions will be evaluated for Ishikawa cells to

compare results between two different cell lines.

3.5. Coverage of ER-STARR-seq library systems

In the functional screening experiments, the final coverage represents the successful
delivery of any content that included the fragments-of-interest to the target cells. To
evaluate the phenotypic changes after delivering experimental constructs, there should be
an expected coverage which enables to be sure about the average number of cells that
involve plasmids-of-interest in a library after transfection. In our STARR-Seq screening,
we deliver the library of different ERa binding site fragments characterized by ChIP-Seq
analysis which were cloned into a special STARR-Seq plasmid as STARR-seq_ORI
vector (Addgene, Plasmid#99296). After each transfection experiment, we evaluated the
coverage to report the successful delivery of our library to the target cells as MCF7 and

Ishikawa as explained in the material and method section.

To do that, the final number of cells was calculated at the end of each replica for each
condition. Then transfection efficiency was multiplied by the final number of cells to find
the transfected number of cells. Coverage was determined and recorded for subsequent
evaluations. For all sets of experiments, transfection efficiency was calculated via Flow

Cytometry Analysis which eGFP expression used as a control. In FigurelS8, the
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transfection efficiency was evaluated for MCF7 (with and without interferon response
inhibitors) and Ishikawa cells (without interferon response inhibitors) by evaluating the
GFP expression as positive control. As can be seen in these results, the transfection
efficiency was estimated as around 20% for MCF7 cells in w/o inhibitor conditions while
the efficiency regarding coverage was lower in w/ inhibitor conditions. In Ishikawa cells,

the transfection efficiency was estimated at around 30% by checking the GFP expression.

MCF7 without Inhibitors MCF7 with Inhibitors

Phase Contrast GFP Phase Contrast GFP

Replica 1

Replica 2

Replica 3
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Ishikawa

Phase Contrast GFP

Replica 1

Replica2

Replica 3

Figure 18. Microscope analysis to estimate transfection efficiency for MCF7 and
Ishikawa cells. In MCF7 cells, the efficiency was at around 20% but as can be seen
interferon response inhibitors decrease the efficiency. In Ishikawa cells, the transfection
efficiency was higher compared with MCF7 at around 30%.

For exact calculations of coverage, flow cytometry analysis had been performed to
evaluate transfection efficiency quantitatively by evaluating the eGFP expression that was
used as positive control as shown in Figure 19-21. For Ishikawa cells only w/O inhibitor
condition was performed, because of toxicity and related excess cell death. Transfection
efficiency was recorded as 35%, 24%, and 32% in three biological replicates. For MCF7
cells recorded transfection efficiency in w/O inhibitor condition was 21%, 23%, and 25%,
while in w/ inhibitor condition was 11%, 12%, and 14% in three biological replicates for

each condition.
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Figure 19. Flow cytometry analysis of MCF7(w/O inhibitor condition). GFP
expression that was used as positive control was measured in the FITC channel of flow
cytometry to determine transfection efficiency quantitatively and in three biological
replicates transfection efficiency of GFP control was accepted as representative result.
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Figure 20 Flow cytometry analysis of MCF7(w/inhibitor condition). GFP
expression that was used as positive control was measured in the FITC channel of flow
cytometry to determine transfection efficiency quantitatively and in three biological
replicates transfection efficiency of GFP control was accepted as representative result.
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Figure 21 Flow cytometry analysis of Ishikawa (w/O inhibitor condition). GFP
expression that was used as positive control was measured in the FITC channel of flow
cytometry to determine transfection efficiency quantitatively and in three biological
replicates transfection efficiency of GFP control was accepted as representative result.

For Ishikawa cells, the transfection efficiency of our plasmid library consisting of ERa
binding site fragments was approximately %35, %24 and %32 in three biological
replicates. Based on the recorded transfection efficiencies for these three replicates,
coverages were calculated with formula given in Figure 5 at around 50x-60x. For MCF7,
our STARR-Seq library transfection efficiency, according to flow cytometry analysis,
was recorded as %21, %23 and %?25 in three replicates. Coverage was calculated as
approximately 27X. On the other hand, transfection efficiency in MCF7 w/ interferon
response inhibitors were recorded at around 10% and coverage was calculated

approximately 15X for three replicates as indicated in Figure 22.
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Figure 22 Quantitative transfection efficiency evaluation with Flow Cytometry
analysis for Ishikawa and MCF7 cells and subsequent coverage calculation. For each
cell line, three replicates were completed and final cell numbers before terminating the
experiment were noted to calculate overall coverage.
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Chapter 4:

CONCLUSION AND FUTURE DIRECTIONS

STARR-seq-based functional screening is a high-throughput plasmid-based technology
that enables the assessment of enhancer activity of candidate DNA fragments both in a
quantitative and simultaneous manner. There are several types of application areas of this
system and one of them is mapping hormone-responsive enhancer activity as it was
demonstrated in the pioneer study focusing on Glucocorticoid Receptors (GR) binding
sites. They successfully clarified the activity of each candidate enhancer [175]. Moreover,
another study was performed to investigate AR-regulated elements [65]. It could
effectively map and characterize the activity of the AR-regulated enhancer elements.
Thus, we aimed to characterize the ER-regulated enhancers by creating the first

functional map of ERa enhancer activity by the STARR-Seq system.

Working in collaboration with Zwart Lab (Netherlands Cancer Institute), ERa ChIP-seq
analysis was conducted on breast cancer and endometrial cancer patients and clinical ERa
binding sites had been identified. This captured ERBSs cloned into STARR-seq plasmid
and the library containing ERa-regulated enhancer elements was generated (Lack Lab,
Vancouver Prostate Centre). Here, we optimized the transfection and treatment conditions
to introduce the library to two ERa positive cell lines: MCF7, breast cancer cell line, and
Ishikawa, endometrial cancer cell line. We chose PEI reagent, a cationic polymer as the
most cost-effective transfection methodology. After optimization of transfection
parameters, the length of the insert, and the time point to detect reporter transcripts in

response to Estradiol treatment, library transfection was conducted for two systems.

Delivery of the foreign nucleic acids to cells is known as transfection. For the ideal
transfection, besides minimal effects on normal physiology and cell toxicity, the
considerations can be noted as high transfection efficiency, reproducibility, easy use, and
cost-friendly[180]. There are different methods for mammalian cells to achieve ideal

transfection from chemical ones to physical ones. Having minimal effect on cell
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physiology and being cost-friendly, we continued with the chemical-based methods even
though there were transfection efficiency problems. After several tries with cationic lipid
carriers (Lipofectamine, FUGENE) and cationic polymer (PEI), the most efficient
transfection with low toxicity is detected with PEI reagent in both cell lines. Thus, we
continued with the PEI transfection. However, as I will explain in upcoming parts, our
coverages were highly low compared to other systems used for mammalian cell

transfection such as electroporation.

For Ishikawa and MCF7 cell lines STARR-Seq screening was performed with a library
consisting of clinically relevant ERa binding sites. As explained in the results section, we
performed STARR-Seq library transfection by using two different ERa hormone
receptor-positive cell lines as our models. Transfection was performed for Ishikawa cells
without inhibitors for interferon response-related pathways while for Ishikawa cells we
had to conduct the experiments with these inhibitors because MCF7 is highly responsive
to delivery of foreign DNA by activating the Type-I interferon response. The
consideration of this response in mammalian cells is false positive and false negative
results as shown in the STARK’s paper[169]. As authors showed, enhancer activity of a
group of candidate fragments is affected in the presence of type-1 interferon response-
related TFs. Therefore, to prevent nonspecific production of reporter transcripts inhibitors

to downregulate interferon response was applied in MCF7 cells.

By considering all these factors including transfection efficiency and interferon response,
we optimized the systems and transfected the ERa STARR-seq library to Ishikawa and
MCEF7 cells. To sum up, for Ishikawa cells coverage was approximately 55X. For MCF7
without inhibitors about 27X coverage was noted whereas for with inhibitors around 15X

coverages.

In this thesis, optimization of the transfection system and transfection of the custom
STARR-Seq library to two ERa positive cell models were performed. The next steps
including reporter transcript isolation and sequencing analysis will be conducted in Lack
Lab at Vancouver. However, the results could not be ready to discuss in this thesis. In the

last part of this chapter, I will explain the expected outcomes and future directions.
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After bioinformatics analysis on samples, we will obtain an ERa enhancer activity map
that interrogates the transcriptional activity of clinically relevant ERBSs in two different
cancer cell lines as MCF7 and Ishikawa. In these maps, we can categorize the ERa
regulated regions in terms of their enhancer activity as inducible ones, constitutively
active ones, and inactive ones. By comparing the enhancer activity maps belonging to
two different cell line models, the differential transcriptional activity that might be related
with the recruitment of tissue-specific co-activators and TFs will be investigated.
Notably, since it is a plasmid-based system, it is not affected by chromatin accessibility.

Therefore, in this system we can also assess the enhancer activity of closed regions.

In summary, the first functional map of ERa enhancer activity by the STARR-Seq
system in two ERa positive cancer cell line models as MCF7 and Ishikawa will be
generated to elucidate the potential mammalian gene regulation mechanisms depending
on ERo. In further studies, the identification of key enhancers might be used to study
disease-causing mutations and the characterization of tissue-specific co-regulators of ERa
can be performed. Thus, a better understanding of ERa enhancer activity will bring an
insight into the hormonal therapy response and to develop new potential treatment

approaches.
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