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ABSTRACT

The Quest for Better Cancer Therapies: Identification of Transcription Factor
Involvement in ATP7B Regulation via dCas9-Apex2 (Caspex), TOX4 as a Novel
Regulator of Cisplatin Resistance
Batuhan Altay
Master of Science in Cellular and Molecular Medicine

25 July 2023

Abstract

The identification of specific transcription factors and epigenetic modifications that
regulate the ATP7B gene could provide new insights into the development of therapeutic
strategies targeting cancer drug resistance mechanisms. Here, we used genomic locus
proteomics dCas9-Apex2 (CASPEX) to identify proteins that interact with the promoter
of ATP7B which can provide a deeper understanding of the role of transcription factors
and chromatin modifiers in the regulation of the ATP7B, and ultimately, contribute to the
development of new therapies for diseases associated with ATP7B dysfunction and
cancer drug resistance.

To explore the transcriptional regulators responsible for controlling the expression
of the ATP7B gene, we dissected the -3000 bp to +1 bp region at the ATP7B promoter
into seven distinct regions, which was carried out to comprehensively cover the proteins
that bind to the promoter, using the CASPEX labeling system. The targeting efficiency
of the gRNAs on ATP7B promoter was confirmed via chromatin immunoprecipitation
(ChIP). Following mass spectrometry, we identified over 150 transcription factors that
were enriched at the ATP7B promoter. We selected specific candidates to examine their
impact on ATP7B expression through overexpression or knock-out experiments.
Additionally, we investigated their ability to bind to the ATP7B promoter using ChIP-
gPCR analysis. Our screening suggested that TOX4 acts as a novel regulator of ATP7B
in HEK293T and HUH?7 cell lines. The activity of TOX4 at the ATP7B promoter was

confirmed via both luciferase reporter assays and ChIP-qPCR experiments. Furthermore,
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while TOX4 Ox conferred cisplatin resistance, its downregulation lead to sensitization by
out hypothesis.

In conclusion, our discoveries offer new perspectives on the regulatory mechanisms
governing the ATP7B gene, which could have significant implications for
comprehending and addressing cancer drug resistance involving TOX4. The recognition
of these transcription factors, particularly TOX4, as crucial regulators of the ATP7B gene,

opens up possibilities for potential targeting in future cancer therapeutic approaches.
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Cisplatin Direncini Asma Arayisi: ATP7B Diizenlemesinde
Transkripsiyon Faktorlerinin dCas9-Apex2 (Caspex) Aracihigiyla
Belirlenmesi ve Cisplatin Direncinde Bir Diizenleyici Olarak TOX4’iin

Tanimlanmasi

Batuhan Altay
Hiicresel Ve Molekiiler Tip, Yiiksek Lisans
24 Temmuz 2023

ATP7B geninin diizenlenmesinde belirli transkripsiyon faktorlerinin ve epigenetik
modifikasyonlarin tanimlanmasi, kanser ilag direnci mekanizmalarina yonelik terapotik
stratejilerin gelistirilmesinde yeni perspektifler sunabilir. Bu calismada, ATP7B'nin
promoteriyle etkilesime giren proteinleri belirlemek i¢in genomik lokus proteomik
dCas9-Apex2 (CASPEX) kullanilmistir. Bu, transkripsiyon faktorlerinin  ve
epigenetiklerin ATP7B'nin  diizenlenmesindeki roliiniin daha 1iyi anlagilmasini
saglayabilir ve sonug¢ olarak ATP7B islev bozuklugu ve kanser ila¢ direnci ile iliskili
hastaliklarin tedavisine katkida bulunabilir. CASPEX aracilifiyla transkripsiyon
faktorlerini incelemek icin ATP7B'ye hedeflenen etkili gRNA'larla +1 transkripsiyon
baslangi¢ noktasindan -3000 baz ciftine kadar olan 7 bolge se¢ilmistir. Ayrica, ATP7B
promotoriinde gRNA'larin hedefleme verimliligi, kromatin immiinopresipitasyonu
(ChIP) ile dogrulanmigtir. Ayrica, ATP7B CASPEX'in kitle spektrometrisi
sonuclarindan, ATP7B ve kanserle iligkili ¢esitli parametrelere sahip 150'den fazla
zenginlestirilmis transkripsiyon faktorii adayi belirlenmistir. Dogrulamalarimiz
sonucunda, TOX4'iin ATP7B ve Cisplatin direncinin HEK293T ve HUH7 hiicre hattinda
yeni bir diizenleyici oldugunu tespit ettik. TOX4 Knockout, ATP7B seviyesini azaltirken,
TOX4'lUn asir1 ifadesi transkripsiyonel olarak ATP7B seviyelerini arttirmaktadir.
Ardindan, TOX4'lin ATP7B promoterine baglanmasini eksogen luciferaz deneyleri ve
ChIP-gPCR ile dogruladik. Ek olarak, TOX4’lin ekpresyonuna bagli olarak hiicrelerin

cisplatine kars1 hassaslastirilmasi ve direng gelistirilmesi dogrulandi.



Ozet olarak, bu bulgular, ATP7B geninin diizenlenme mekanizmalar1 hakkinda yeni
perspektifler sunmakta ve ATP7B islev bozuklugu ile iliskili hastaliklarin anlagilmasi ve
tedavisi i¢in dnemli olabilir, bunlar arasinda kanser ila¢ direnci de bulunmaktadir. Bu
transkripsiyon faktorlerinin ve TOX4'lin ATP7B geninin ana diizenleyicileri olarak
tanimlanmasi, gelecekteki kanser terapotik stratejilerde hedef alinabilecek potansiyeli
tagimaktadir.

Anahtar Kelimeler: ATP7B, Cisplatin Direnci, TOX4, Proteomiks, Molekiiler Biyoloji
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Introduction 1

Chapter 1:
INTRODUCTION

1.1 ATP7B

ATP7B is a protein that belongs to the P type ATPases which mainly regulates copper
transportation throughout the cell. Due to essentiality of copper in the cellular
metabolism, ATP7B is crucial to regulate copper hemoastasis in the human body (Bartee
& Lutsenko, 2007). ATP7B, plays a critical role in the cellular excretion of copper,
primarily in hepatocytes, to promote cellular detoxification and maintain copper
homeostasis. The ATP7B protein encompasses multiple functional domains, including
the N-terminal domain, A and P domains, membrane transport domain, cytoplasmic
domains, and six distinct metal binding domains (MBDs) (Bitter et al., 2022). These
domains collectively contribute to the efficient regulation of copper transport within the
cell. The nomenclature of the MBDs is based on their sequential arrangement, beginning
with the MBD1, which is situated closest to the N-terminal domain, and progressing
through MBD6. The interactions and stability of these domains are of paramount
importance for the proper maintenance of copper homeostasis in cellular systems (Ari6z
etal., 2017). The ATP7B protein mediates the transport of copper from the cytoplasm to
various extracellular compartments, including the bile canaliculi found in hepatocytes.
This process relies on the coordinated functioning of its distinctive domains. The N-
terminal domain regulates protein trafficking and localization, ensuring the precise
targeting of ATP7B to specific cellular compartments involved in copper transport. The
A and P domains, which are characteristic features of P-type ATPases, play essential roles
in ATP hydrolysis and copper binding, respectively. Through their interplay, these
domains form a dynamic complex that facilitates the ATP-dependent translocation of
copper ions across the cellular membrane. Additionally, the membrane transport domain
provides the necessary structural framework for the interaction between ATP7B and the
lipid bilayer, enabling efficient and controlled transmembrane movement of copper.
Mutations in the ATP7B gene have been identified as the underlying cause of various
dysregulations within the body. Particularly, these mutations result in the accumulation

of copper, leading to pathological consequences. Excessive copper levels in the body can
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induce toxicity, as copper is a heavy metal with potential adverse effects. This condition
is commonly known as Wilson's disease, referring to ATP7B as the Wilson's disease
protein (Roy et al., 2020).

In addition to its role in copper metabolism and Wilson's disease, ATP7B has emerged as
a significant contributor to cisplatin resistance in cancer cells. Cisplatin, a platinum-based
chemotherapeutic agent, is widely used in the treatment of various malignancies.
However, the effectiveness of cisplatin treatment can be compromised by the
development of resistance, leading to treatment failure and disease progression. ATP7B
plays a crucial role in this resistance mechanism by facilitating the efflux of platinum-
based drugs from cancer cells, thereby conferring resistance against chemotherapy

(Lukanovi¢ et al., 2020).

1.1.1 Copper

Copper is one the trace elements that is classified as a heavy metal along with
essential for progression and proliferation of the cells and vital for the metabolism.
Copper takes important roles in the energy metabolism, such as uptake of iron into cells,
cellular signalling as well as working as an antioxidant. It plays an essential role for the
energy metabolism as gathering of cuproenzymes, a group of proteins that uses copper as
a cofactor, in the respiratory complex to cytochrome c oxidase. Additionally, copper
maintains the transportation of oxygen, and cytochrome ¢ oxidase uses copper and iron
as a cofactor to electron transport chain (Ruiz et al., 2021). Copper cannot be produced
in the cells; therefore, it should be maintained from the diatery resources and
environment. Due to its essentiality, deficiency of copper leads to metabolic disorders
since its essential for every cell’s energy, signalling and transcriptional mechanisms.
However, excessive accumulation of copper leads to the induction of reactive oxygen
species to damage cells (Kardos et al., 2018). Copper which is a cofactor-metal should be
regulated in the cell, and it is neither insufficient nor excessive. ATP7B is essential to

maintaining adequate copper levels.

1.1.2 Transcriptional Regulation of ATP7B

Mutations in the ATP7B gene can result in the pathological consequences, and one

of the important one is a rare genetic disorder, Wilson’s disease (Wu et al., 2015) ATP7B
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also known as Wilson’s Disease Protein because of these pathological consequences. In
Wilson’s disease patients, ATP7B is mutated, and mutation can occur in several places
on the genome such as copper binding domains of ATP7B through to promoter of ATP7B,
in addition to untranslated regions (Bartee & Lutsenko, 2007; Hoflich et al., 2021). Up to
now, more than 500 variants of ATP7B mutations are established from the sequenced
genomes of Wilson’s disease patients. One of the patients include a mutation placed on
the 400 bp upstream of transcription start site of ATP7B, and this mutation effects the
binding of transcription factors such as a crucial regulator of metal regulatory proteins,
metal regulatory transcription factor 1 (MTF1) (H. I. Chen et al., 2018). MTF1 is a highly
conserved protein found across various organisms, spanning from insects to humans. Its
primary function is to mitigate the cellular and organismal burden imposed by heavy
metals through the activation of metallotheonins and other genes associated with copper,
zinc, and silver metabolism, including ATP7B. MTF1 exerts regulatory control over
genes involved in heavy metal homeostasis by binding to the promoter regions of these
genes, specifically targeting the metal regulatory elements (MRE) (Stalke et al., 2020).
In addition, MTF1 is a nuclear shuttling protein that is mostly activated by accumulation
of heavy metals in the cytoplasm. Accumulation of the heavy metals as copper or zinc
leads MTF1 into nucleus and DNA binding domains of the MTF1 leads the protein to the
MRE regions of heavy metal responsible genes (Giinther et al., 2012). MTF1 binds to the
metal regulatory elements which are located on the ATP7B promoter region, in four
different places up to -1000 bp transcription start site of the ATP7B gene and increases
its expression when heavy metal levels are elevated (Stalke et al., 2020).

The regulation of gene expression by transcription factors is integral to the
modulation of cellular processes, including drug resistance in cancer. In the context of
ovarian cancer, TFEB have been implicated in the regulation of ATP7B, a key gene
involved in the platinum pathway. Understanding the mechanisms underlying platinum-
based chemotherapy drugs is crucial for investigating their efficacy and developing
strategies to overcome resistance (Petruzzelli et al., 2022). ATP7B is a crucial gene in the
copper homeostasis, and it requires a tight and rapid regulation to maintain level of copper

in the body.
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1.1.3 ATP7B in Cisplatin Resistance

Cisplatin, a platinum-based chemotherapy drug, was approved by the U.S. Food
and Drug Administration (FDA) in the early 1980s for the treatment of tumors. Since its
introduction, the anti-cancer potential of cisplatin has been observed and applied in the
treatment of numerous patients. Cisplatin exerts its mode of action by entering the cell
and undergoing aquation, resulting in the formation of a highly active form that exerts its
effects on both the cytoplasm and DNA (Galluzzi et al., 2011).

Within the cytoplasm, cisplatin interacts with various proteins, including
metallothioneins, glutathione, and several other proteins through their cysteine residues.
This interaction leads to an increase in the levels of reactive oxygen species (ROS) within
the cytoplasm. Simultaneously, the aquated form of cisplatin rapidly binds to DNA,
exerting its effects through two mechanisms. Firstly, it forms protein-DNA complexes,
and secondly, it generates adducts within the DNA strands, leading to the formation of
DNA lesions.

Consequently, when cisplatin enters the cell, it triggers the activation of various proteins,
initiating a cascade of events aimed at reducing the detrimental effects of cisplatin and
promoting cell survival by evading apoptosis. The disturbance caused by cisplatin adducts
within the DNA strands activates nucleotide excision repair proteins (NER), which
facilitate the repair of damaged DNA strands. This repair mechanism is vital for
preventing the accumulation of cisplatin within the cell (D. W. Shen et al., 2012).
However, cancer cells have the capacity to develop adaptive mechanisms to counteract
the accumulation of cisplatin. One crucial factor in this adaptation process is the copper
transporter-1 (CTR1), which plays a role in the uptake of cisplatin into the cells. In
resistant cancer cells, CTR1 tends to be downregulated, thereby reducing the cellular
uptake of cisplatin. Another set of key regulators involved in modulating the cellular
levels of cisplatin are ATP7A and ATP7B (L. Wang et al., 2021). These copper
transporting ATPases work cooperatively, but ATP7B is particularly associated with
cisplatin resistance. Its upregulation is commonly observed in various cancer types,
including ovarian, head and neck, and liver carcinomas.

Understanding the molecular mechanisms underlying cisplatin resistance and the role of

proteins such as CTR1, ATP7A, and ATP7B is crucial for developing strategies to
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overcome resistance and improve the efficacy of cisplatin-based chemotherapy in cancer
treatment (Leonhardt et al., 2009).

In addition to its role in cisplatin resistance, ATP7B is a key player in the molecular
pathways that contribute to chemotherapy resistance in cancer cells. Understanding the
transcriptional regulators of ATP7B is of paramount significance in unraveling the inter
mechanisms underlying cisplatin resistance. Identifying the transcription factors and
signaling pathways that govern ATP7B expression can provide critical insights into the
regulatory networks involved in modulating cisplatin sensitivity. By elucidating the
transcriptional control of ATP7B, we can uncover novel therapeutic targets that can be
manipulated to sensitize cancer cells to cisplatin treatment, thereby enhancing its
effectiveness.

ATP7B has been shown to be upregulated on various cancer types, and lysosomal
sequestration mechanisms of ATP7B has an influence on developing drug resistance on
cancer patients’s treatments (Lukanovi¢ et al., 2020). ATP7B plays a crucial role in
cellular detoxification when exposed to platinum-based drugs, leading to the development
of resistance mechanisms in cancer cells and enhancing their survival. Aside from its
potential as a therapeutic target in cancer treatment, ATP7B has also been studied as a
biomarker for predicting how patients will respond to chemotherapy (Miyashita et al.,
2003). In addition to its potential as a therapeutic target for cancer treatment, ATP7B has
also been investigated as a biomarker for predicting patient responses to chemotherapy.
Studies focusing on ovarian, lung, and oral cancers have provided compelling evidence
indicating a positive correlation between elevated levels of ATP7B and resistance to
cisplatin therapy. This observation suggests that ATP7B plays a significant role in
mediating resistance to cisplatin, a commonly used chemotherapy drug for the treatment
of various cancer types. Therefore, ATP7B is suggested as a valuable predictor of the
appropriate therapy type and also holds prognostic significance (Nakayama et al., 2004).
The regulation of ATP7B is crucial for the cancer because it plays a critical role in the
copper homeostasis and in addition to that since ATP7B directly controls in copper
metabolism, relative levels of ATP7B also control the cellular energy metabolism
(Petruzzelli & Polishchuk, 2019). The expression levels of ATP7B do not consistently
correlate with the levels of MTF1, indicating that there are additional factors involved in
regulating copper metabolism. It is imperative to gain a deeper understanding of the

copper metabolism protein to enhance chemotherapeutic strategies (Safaei et al., 2004).
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Furthermore, the identification of transcriptional regulators of ATP7B can have clinical
implications (Petruzzelli et al., 2022). It may enable the development of biomarkers that
can predict cisplatin resistance based on the expression levels or activity of these
regulators. Such biomarkers could help guide treatment decisions, allowing for more
personalized therapeutic approaches and potentially avoiding the use of cisplatin in
patients who are likely to be resistant.

The regulation of the ATP7B gene is significant, not only due to its involvement in
maintaining copper homeostasis and its association with conditions like Wilson's disease,
but also due to its potential influence on the development of drug resistance in cancer.
The regulation of this gene is mediated through various mechanisms, including
transcription factors and epigenetics. Here we report that identification of transcriptional
regulators of ATP7B and their relationship with the cisplatin resistance overcome

chemotheurapetic complications and offer additional tumor treatment options.

1.2  Transcription Factors

Transcription factors are pivotal proteins involved in the fundamental control
mechanisms governing gene expression, thus playing a crucial role at the onset of the
central dogma. These sequence-specific binding factors are responsible for recognizing
distinct DNA sequences and exerting regulatory control over gene expression through the
formation of complexes on chromatin DNA. By precisely orchestrating gene expression,
transcription factors ensure the timely and context-dependent regulation of genetic
information, particularly during developmental processes and in response to various
stimuli (S. A. Lambert et al., 2018). Transcription factors function as essential modulators
of gene expression, acting as molecular switches that govern whether a particular gene is
turned "on" or "off" in each cellular context. They accomplish this regulatory role by
binding to specific DNA sequences known as transcription factor binding sites (TFBSs),
which are in the promoter or enhancer regions of target genes. TFBSs are mostly
conserved regions between eukaryotes (Katzman et al., 2007). The binding of
transcription factors to these regulatory regions can either promote or inhibit the
recruitment of RNA polymerase and associated transcriptional machinery, ultimately

dictating the expression levels of downstream genes.
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The ability of transcription factors to recognize these specific DNA sequences is mediated
by structural domains that are integral components of these proteins. Notably,
transcription factors possess various structural domains, including Helix-loop-helix,
Basic leucine zipper, GCC box, Helix-turn-helix, Zinc fingers, Paired boxes, and
Homeobox domains (Wingender et al., 2013, 2015). These structural motifs enable
sequence-specific interactions between transcription factors and their target DNA,
leading to the formation of transcription factor-DNA complexes(Brayer & Segal, 2008).
By facilitating the recruitment of additional regulatory proteins, these complexes enable
the subsequent establishment of transcriptional initiation or repression complexes. As a
result, they exert precise control over gene expression programs, ensuring proper
regulation (Ma, 2011). Understanding the functional significance of these structural
domains and their contribution to the formation of transcription factor-DNA complexes
is crucial for unraveling the intricate mechanisms underlying gene regulation and its

implications in various biological processes and diseases (Lee & Young, 2013).

1.2.1 Transcription Factors and Cancer Drug Resistance

Transcription factors play a pivotal role in cancer drug therapy, as they can contribute
to the development of drug resistance through various mechanisms. The ability of
transcription factors to regulate the expression of a diverse range of genes, activating
some and repressing others, makes them potent modulators of cellular processes. In the
context of chemotherapy, cancer cells exploit transcription factors to evade cell death and
acquire resistance to anticancer drugs (Islam et al., 2021). This manipulation of
transcription factors can occur through several mechanisms, including mutation of
transcription factor domains, alterations in the expression levels of specific transcription
factors, and the subsequent impact on their target genes(Vishnoi et al., 2020).

The genes affected by the modulation of transcription factors in cancer cells
encompass a wide array of functional categories. These include glycoproteins, ATPases,
drug pumps, DNA damage response proteins, hypoxia-inducing factors, factors involved
in cell proliferation, invasive capability, metastasis, and the modulation of cancer stem
cell differentiation. By exerting control over these genes, transcription factors can confer
adaptive advantages to cancer cells, allowing them to overcome the cytotoxic effects of

chemotherapy drugs and develop resistance (A. Chen & Koehler, 2020; Spitz & Furlong,
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2012). One mechanism by which cancer cells acquire resistance involves mutations in the
domains of transcription factors. These mutations can alter the structure or function of
transcription factors, leading to changes in their DNA-binding specificity or affinity.
Consequently, the affected transcription factors may no longer effectively regulate the
expression of target genes involved in drug sensitivity or apoptosis, resulting in
diminished response to cancer therapies (Belluti et al., 2020).

Furthermore, alterations in the expression levels of specific transcription factors can also
contribute to the development of drug resistance. Cancer cells can upregulate the
expression of certain transcription factors that promote the transcription of genes
associated with drug efflux pumps, DNA repair mechanisms, or cell survival pathways.
Conversely, downregulation of transcription factors involved in the regulation of pro-
apoptotic or drug-sensitivity-related genes can confer a survival advantage to cancer cells
in the presence of chemotherapeutic agents (Ma, 2011; Redell & Tweardy, 2006).
Transcription factors play a critical role in modulating various chemotherapeutic
approaches in different cell lines. Among these factors, NF-kB and STAT3 have been
identified as key contributors to drug resistance and cancer progression. NF-kB, a pro-
inflammatory transcription factor, promotes increased proliferation of cancer cells while
inhibiting apoptosis (Bentires-Alj et al., 2003; Vishnoi et al., 2020). It serves as a known
regulator of the multidrug resistance-1 (MDR1) gene, leading to the development of drug
resistance, particularly in colon cancer.

NF-kB-mediated regulation of MDR1 gene expression has been implicated in conferring
resistance to multiple chemotherapeutic agents. The upregulation of NF-kB activity
promotes the Ox of MDR1, which encodes a drug efflux pump responsible for reducing
intracellular drug concentrations (Godwin et al., 2013). This mechanism enables cancer
cells to evade the cytotoxic effects of chemotherapy and contributes to treatment failure
in colon cancer (Bentires-Alj et al., 2003).

Similarly, STAT3, another transcription factor, exhibits a comparable but distinct
regulatory role in drug resistance and oncogenesis. Enhanced expression and
phosphorylation of STAT3 have been associated with increased oncogenic potential, drug
resistance, and enhanced proliferative capabilities in cancer cells. The activation of
STAT3 signaling pathways can promote cellular survival, immune evasion, and the

acquisition of drug resistance mechanisms.
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By deciphering the underlying molecular mechanisms and identifying key transcription
factor-mediated pathways, it may be possible to devise more effective therapeutic
approaches that can circumvent or overcome drug resistance and improve patient
outcomes in cancer treatment (Cohen-Solal et al., 2018; Martinez-Balibrea & Ciribilli,

2021; Mitra, 2020; Redell & Tweardy, 2006).
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Figure 1.1 Transcriptional Regulation of ATP7B.

1.3 dCas9-Apex2 (Caspex) Proximity Labelling

Proximity labelling is a valuable technique for investigating protein-protein
interactions that occur near a target protein. There are several methods for carrying out
proximity labelling, including BiolD, TurboID, and APEX2. These methods differ in
terms of the biotinylating protein used, the duration of biotinylation, and the substrates
employed. By using proximity labelling, researchers can enlighten a better understanding
of the protein complexes and signaling pathways involved in various biological processes.
This knowledge can help to inform the development of new therapeutic strategies for a
wide range of diseases (Qin et al., 2021) Proximity labelling approaches are particularly
useful for detecting weak or transient protein-protein interactions that may be difficult to
identify using other techniques. By enabling the identification of proteins that are near
the target protein, even those with low affinity or short-lived interactions can be captured.

These fusion proteins (BiolD, TurboID, APEX?2 etc.) which are evolved to become more
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efficient, expands our understanding of the dynamic nature of protein interactions and can
provide important insights into cellular processes, disease mechanisms on proteomics
level (Cho et al., 2020; Shkel et al., 2022). Various methods have been developed to
study DNA-protein interactions, including approaches that use BiolD with BirA protein
and ascorbate peroxidase, APEX2 (B. R. Kim et al., 2017; Qiu et al., 2019; Ummethum
& Hamperl, 2020). APEX2 provides faster results with higher resolution compared to
other methods. In addition, the ability of Cas9 to target specific DNA regions has been
enhanced, and a mutated form known as dcas9 can bind to DNA without endonuclease
activity. Recent studies have combined dcas9-BirA to generate cell lines and biotinylate
locus-specific proteins to identify chromatin regulators. Furthermore, a more advanced
version known as CASPEX, which fuses dCAS9 with APEX2, has been developed to
biotinylate transcription factors and epigenetic regulators in a shorter period, allowing for
their identification using mass spectrometry. Another study has used a similar approach
to restricted spatial tagging (C-Berst) (Gao et al., 2018; Lam et al., 2014; Myers et al.,
2018; Qiu et al., 2019).

In our study, we aim to identify the transcriptional regulators of ATP7B and
investigate their effects on cisplatin resistance in cancer. The differences in the expression
of the ATP7B gene are directly related to copper metabolism disorders such as drug
resistance in cancer, poor patient prognosis, and Wilson's disease, and little is known
about its transcriptional regulation. Our aim is to identify the proteins present in the
promoter region of ATP7B through genomic locus proteomics (Myers et al., 2018;
Nguyen et al., 2020). In addition, the effects of the identified transcription factors on
ATP7B expression and cisplatin resistance in cancer cells will be examined. In the long
term, treatment alternatives may be proposed for some Wilson mutations that reduce
protein stabilization or localize to the promoter region, but this project does not plan to
investigate copper metabolism.

Inhibition of ATP7B is a promising approach to help treat drug-resistant cancer cells,
according to studies. Rather than screening for small molecule inhibitors that inhibit
ATP7B, the proposed approach aims to identify the proteins that regulate ATP7B (Inoue
et al., 2010; Janardhanan et al., 2022; Leonhardt et al., 2009). Small molecule inhibitors
can be discovered through "drug repurposing" by screening available inhibitor libraries
on the market. However, inhibitor discovery alone cannot answer fundamental scientific

questions about the regulation of ATP7B in cancer and why its expression increases.
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Furthermore, discovering the regulation of ATP7B will provide important information
for the literature not only in the field of cancer but also in the development and pathology
of Wilson's disease. Identifying the reasons for increased expression can provide better
inhibitor options in the future. Additionally, if ATP7B and other transporter proteins are
regulated by similar factors, inhibition of a single regulator target may reduce different
proteins with similar functions.

The goal of this study is to identify specific transcription factors and epigenetic
modifications that regulate the ATP7B gene and to understand their role in diseases
associated with ATP7B dysfunction, including cancer drug resistance. The study uses
genomic locus proteomics, CASPEX, to identify proteins that interact with the ATP7B
gene and efficient gRNAs to investigate transcription factors. The study then confirms
the targeting efficiency of the gRNAs via ChIP and selects positively enriched
transcription factor candidates to regulate ATP7B expression via mass spectrometry.
Furthermore, the study uses CRISPR-mediated knockout (Ko) and overexpression (Ox)
of these transcription factors to test their role in ATP7B regulation and cancer drug
resistance. The findings of this study provide new insights into the mechanisms of ATP7B
gene regulation and may have implications for the understanding and treatment of
diseases associated with ATP7B dysfunction. The identification of these transcription
factors as key regulators of the ATP7B gene could potentially be targeted in future
therapeutic strategies. As a result, from this study, identification of specific transcription
factors and epigenetic modifications that regulate the ATP7B gene will provide new
insights into the development of therapeutic strategies targeting these regulatory
mechanisms for diseases associated with ATP7B dysfunction, including cancer drug

resistance.
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Chapter 2:MATERIALS AND METHODS

2.1 Cell line maintenance and HEK-CASPEX Construction

HEK293T (ATCC) and HUH?7 cells maintained at DMEM high glucose medium
(Sigma Aldrich, D5796), containing 10% heat inactivated FBS and 1% Penicillin-
Streptomycin. Inducible CASPEX (Addgene; 97421) plasmid co-transfected with Piggy-
bacTransposase (System Biosciences; PB210PA-1) with Lipofectamine 3000 (Thermo;
L300015) on 10x10* seeded HEK293Ts on 6 wells. 24 hours from transfection medium
changed and at 48 hours after transfection, 2 ug/ml puromycin added to the medium to

allow cells to be selected for 4 days.

2.2 Flow Cytometry and Single Cell Sorting

After the selection with puromycin, HEK-CASPEX Cells treated with 2 pg/ml
doxycycline to express CASPEX construct with +GFP. In the end of the 48™ hours with
doxycline, cells collected, and cells contained in PBS containing 1% FBS. Then, single
+GFP cells sorted with channel Sony Cell Sorter (SH800S) on a 96 well plate with one
cell on one well. Single cells allowed to grow on puromycin containing medium for 14
days, then visible single colonies delivered on 12 well plates. HEK-CASPEX single
colonies treated with 2pg/ml doxycyline for 48 hours. Then, colonies collected for flow
cytometry to validate +GFP efficiency expression of HEK-CASPEX colonies. The best

colony selected for further validations and frozen.

2.3 Immunoflourescence Staining (IF)

HEK-CASPEX single colony expressing 99% +GFP on its population, growed, and
seeded on coverslips covered with Poly-L-Lysine (Sigma, P1274). Then, allowed to grow
with doxycyline for 48 hours to prepare for fixation step. Cells were washed with PBS
and fixed with both on -20°C with methanol and with 4% Paraformaldehyde in room
temperature. Next, cells were permabilized with 0.3%Triton X for 15 minutes and
blocked with 1% Bovine Serum Albumin (BSA) (Sigma; 9048) containing PBS for 15
minutes. Coverslips treated with primary antibody of 1:100 diluted anti-V5 (Invitrogen,
R960) for overnight at +4°C. Coverslips washed with PBS 3 times and incubated with
anti-mouse IgG - Alexa Fluor 594 (Abcam, ab150116) secondary antibody for 1 hour at
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room temperature. Next, coverslips washed for 3 times and mounted with DAPI (Abcam,
ab228549). Coverslips analyzed under a fluorescence microscope (Axiocam 506 mono

Imager M1 from Zeiss).

2.4 Immunoprecipitation

HEK-CASPEX Cells and HEK293T cells seeded on 2.5 x 10° and treated for 48
hours with doxycline. Then, cells were trypsinized and washed with PBS. Pellets were
lysed with RIPA buffer (EcoTech Biotechnology, RIPA-100) on ice for 30 minutes with
vortexing. Mixture was centrifuged at 16.000 x g at +4°C for 15 minutes and supernatant
collected as proteins and stored at -80°C. Proteins were quantified with BCA kit (Pierce;
23225). 500 pg of proteins used for immunoprecipitation protocol and samples incubated
with anti-FLAG (Sigma, F1804) and mouse IgG (Abcam; ab37355) for 4 hours at +4°C.
Next, antibody-lysate complexes incubated with protein g Dynabeads (Invitrogen;
10003D) for overnight. Then, Laemli buffer containing beta-mercaptoethanol added to
the samples and incubated at 95°C. for 10 minutes to elute the samples. Eluted samples
loaded on SDS-PAGE gel, then transferred on the PVDF membrane for overnight with
wet-transfer. Next day, membranes blocked with 5% NFDM (BioRad, 1706404) for 1
hour and incubated with 1:7500 anti-FLAG in 5%NFDM for overnight. The membrane
washed with 1% TBST and incubated with 1:5000 secondary antibody anti-mouse HRP
(Abcam; ab6789). LICOR Oddysey Imaging system used for imaging of membranes.

2.5 Western Blotting

Cells trypsinized and washed with PBS. Pellets were lysed with RIPA buffer
(EcoTech Biotechnology, RIPA-100) on ice for 30 minutes with vortexing. Mixture was
centrifuged at 16.000 x g at +4°C for 15 minutes and supernatant collected as proteins
and stored at -80 °C. Proteins were quantified with BCA kit (Pierce; 23225). 30 to 100
ng of proteins per SDS-PAGE well prepared and incubated with Laemli buffer containing
beta-mercaptoethanol or DTT to induce bonds at 95°C. SDS page transferred with wet-
transfer overnight on a PVDF Membrane (Bio-Rad #1620177). Next day membranes
blocked with 5% NFDM (BioRad, 1706404) for 1 hour and incubated with different
antibodies in 5%NFDM for overnight. Membranes washed with 1% TBST for 3 times
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and incubated with appropriate to primary antibody, secondary antibody-HRP linked for
1 hour. Then, membranes visualized and analyzed on LICOR system.

Following antibodies used in this study: anti-GAPDH rabbit (Cell Signalling
Technologies, 14C10), anti-ATP7B Rabbit (ABclonal, A5676), anti-ATP7B Rabbit
(Santa Cruz, sc-373964), anti-ATP7B rabbit (Novus NB100-360), anti-FLAG mouse
(Sigma, F1804), anti-V5 mouse (Invitrogen, R960), anti-TP53 rabbit (Abclonal, A3185).

2.6 Cloning of ATP7B promoter targeting gRNAs

gRNAs designed in Benchling software (www.benchling.com) with highest
efficiencies possible with 7 different regions and 2 gRNA for each region (Table 2.1).
Lentiguide hygro plasmid (Addgene; 139462) digested and its sticky ends
dephosphorylated with antactric phosphatase (NEB; M0289). gRNAs annealed and
ligated into cut Lentiguide hygro plasmid with T4 PNK enzyme (NEB, M0201) and T4
Ligase (NEB, M0202). Then, annealed plasmids transformed into competent bacteria to
isolate and confirm that insertion of gRNA with a Polymerase Chain Reaction (PCR)
reaction. With hU6 forward and reverse of each gRNA PCR performed and reaction run
on gel to confirm 250 bp. Selected colonies isolated and prepared for lentiviral

production.

Table 2.1 ATP7B Promoter Targeting gRNAs Primer List

gRNA
for
Promote Forward Primer Reverse Primer
r
regions
NT CACCGTATTACTGATATTGGTGGG | aaacCCCACCAATATCAGTAATAC
gl.1 CACCGTGAGATCCCAGTACAGTGT | aaacACACTGTACTGGGATCTCAC
gl.2 CACCGGGCTCACCCACCGCCTGCG éaaCCGCAGGCGGTGGGTGAGCC
g2.1 CACCGCGTAGACTAGTGTTCGGCG | aaacCGCCGAACACTAGTCTACGC
02 CACCGCACTGCTGTCCCGCCCACG | aaacCCGTGGGCGGGACAGCAGT
' G GC
031 CACCGATTACCTTAGATTCATGAC | aaacTGTCATGAATCTAAGGTAAT
' A C
032 CACCGAAAATTTAGCTACACTGGA | aaacGTCCAGTGTAGCTAAATTTT
' C C
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033 ggCCGCAGTGAAGCAGAAGAAAA aaacCGTTTTCTTCTGCTTCACTGC

3.4 CACCGAAGTTGTTGAGGTGAGCAG | aaacGCTGCTCACCTCAACAACTT
' C C

o1 CACCGTTTAAGTGACGTGTTAACA | aaacTTGTTAACACGTCACTTAAA
: A C

242 CACCGCGTGTTAACAATGGCAGTT | aaacAAACTGCCATTGTTAACACG
: T C

5.1 CACCGTACTGCTATTCAGGAAGCT | aaacTAGCTTCCTGAATAGCAGTA
: A C

252 CACCGCCTGAACAAAAATATGTAG | aaacCCTACATATTTTTGTTCAGG
' G C

6.1 CACCGTCATAAAAGCAACACTACA | aaacCTGTAGTGTTGCTTTTATGA
' G C

62 CACCGTTGTGCTCCATGGACCATG | aaacGCATGGTCCATGGAGCACA

go- C AC

7.1 CACCGGCTAACTTAGACATGTAGT | aaacACTACATGTCTAAGTTAGCC

472 CACCGTTAGACATGTAGTAGGAAA | aaacTTTTCCTACTACATGTCTAA
: A C

2.7 Lentiviral Production

Early passage HEK293T cells seeded on 3.5 x 10% on 100mm plates and next day
antibiotic free medium changed. Then, transfection mixed prepared with 2.25 pg psPAX2
(Addgene, 12260), 250 ng VSVG (Addgene, 8454) and finally 2.5 pg of plasmid, and up
to 200 ul Optimem (31985062) added. On another tube, 200 pl Optimem and 15 pl PEI
(Sigma; 408727) prepared and 2 tubes mixed, incubated for 25 minutes in room
temperature. Then, transfection mixture added gently on the HEK293Ts incubated for 18-
24 hours and medium changed. Furthermore, after 48" and 72" hours of transfection
medium collected 2 times. To concentrate viral particles medium filtered and mixed
PEG8000 (Sigma; 25322). 24 hours of later, mixture centrifuged at 3000 x g for 30
minutes and pellet dissolved with PBS, then aliquoted on viral transduction, stored at -
80°C.

Viral transductions complete by seeding of 5%10* cells on a 6 well plate and 30 pl of viral
particle delivered after 24 hours of seeding with 8ug/ml protamine sulfate. Then, next

day medium changed and let them grow for 1 day. At 48" hour of transduction, medium
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changed with 300 pg/ml hygromycin for selection procedure. Between 2 days, medium

changed and antibiotic added until control cells die completely.

2.8 T7E Assay

Stable gRNA containing HEK293T cells seeded 5 x 10* on 6 well plate, 1 day later
pspCas9-GFP (Addgene; pX458) plasmid which contains active Cas9 under the promoter
of CMV, transfected with PEI protocol. Cells collected 72 hours later and from the pellets
genomic DNA isolation performed with Macherey-Nagel NucleoSpin Tissue kit
according to the manufacturers protocol (MN, 740952.50). T7E primers specially
designed for our gRNAs to specifically span around 1000 bp as gRNA placement from
400 to 600 bp from T7E Forward-Reverse primer (7able 2.2). With T7E primers Phusion
PCR (NEB, MO0530) performed according to the manufacturers protocol. 1000 bp
products set with a reaction on thermal cycle with T7E enzyme (T7E reaction contains
denaturation, annealing, digestion) (NEB; M0302). T7E recognizes the mismatches that
Cas9+gRNA created on targeted area. Reaction ran on a 1% gel and quantified with
Image] software. Then, percentage of gene editing calculated with % gene modification

=100 x (1 — (1- fraction cleaved)"?).

Table 2.2 T7E Primers to Amplify Region

T7E Forward Primer Reverse Primer

?egion‘ GAGAAAACGTCTGTGAGCCCA | CCCTTCATTTGGGACCGG
ZRegion‘ GACGTGTTAACAATGGCAGT | GGTCCCAAAGGAAGCAACC
?egion' TTATTAGTGGAGGGCAAGGC | CACGCCGAACACTAGTCTAC
4Regi°n' GCAACACTACAGAGGACAGT | CTTCTGTAGGGGTACTTGCC
Is‘egion' CTTCTCTGATGCTAGACCACA | CTGCCATTGTTAACACGTCAC
?egion‘ CCTCCAGATATTGCCAAATGC | GGTTCTTCCCTGTCATACGT
1;egi°n‘ GGTTGAGAACCAGTGGTTTAC | GGTTCTTCCCTGTCATACGT
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2.9 Chromatin Immunoprecipitation (ChIP)

Stable gRNA containing HEK-CASPEX cell lines growed on 100 mm with inducing
doxycyline for 48 hours. Then, 9 million cells collected and fixed with 1% of PFA in PBS
for 10 min in room temperature. Then, mixture divided into 3 tube and added 125 mm
glycine to quench the reaction. Pellets washed 3 times and centrifuged at 1000 x g. ChIP
Lysis buffer with SDS (10 mM Tris; 1 mM EDTA; 140 mM NaCl; 1% Triton X-100;
0.1% Na-deoxycholate; 1% SDS; 1 mM PMSF; Protease Inhibitor Cocktail) and
incubated on ice for 15 minutes. Next, samples sonicated to shear the DNA-protein
complexes with Diagenode-Bioruptor Sonication Machine with 45 sec on 15 sec on, 40
cycles. Then centrifuged at 10000 x g for 10 min and supernatant is sheared chromatin
which stored at -80°C for further steps.

Protein A/G dynabeads washed twice with Tris Edta and PBST buffer to prepare for
pulldown reaction. 1nput separated as 1 tube for further reactions. For FLAG and IgG
tubes, lysates occupied with only beads for 30 minutes in room temperature as a pre-
clearence step. While its preclearing, on another tube, FLAG-Bead complexes prepared
by adding 10 pg of antibody from FLAG and IgG tubes. 20 pl of Protein A/G beads used
for each reaction. 1 hour later, Antibody-Bead complex mixed with cleared lysates and
rotated on +4°C for overnight. Furthermore, ChIP tubes washed with following buffers
to reduce the background activity: ChIP lysis buffer, low-salt buffer (0.1% SDS, 1%
Triton-X 100, 2 mM EDTA, 20 mM Tris-HCI, 140 mM NacCl), high salt buffer (low-salt
buffer, 500 mM NaCl), LiCl buffer (0.25 M LiCl, 1% IGEPAL-CA 630, 1%
deoxychalate, 1 mM EDTA, 10 mM Tris) and Tris-EDTA. Elution step requires Elution
buffer which is freshly prepared everytime (1% SDS and 0.1 M NaHCO3), to rip-off
DNA-protein complex from the beads. Elution repeated 2 time with 15 minutes of
rotation. Then, samples are treated with RNAase A (Thermo Fisher Scientific, 12091021)
and 5M of NaCl for 30 minutes in 37°C. Proteinase K treatment applied for 1 hour at
65°C. Finally, ChIP DNA clean-up kit used to prepare DNA for qPCR reaction (Zymo
Research, D5205).

qPCR primers designed specifically for gRNAs as in spanning around gRNAs with
80-180 bp ordered from Macrogen. qPCR reaction ran on RocheLight Cycler 480 device.
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Table 2.3 ATP7B Promoter gRNAs ChIP-qPCR Primers.

ATP7B
Prgrlllql(;ter Forward Primer Reverse Primer

Region
gl.2 CTTCCTTTGGGACCCACGG CGCAGACTCAGCTCCCAG
g2.2 GTAGACTAGTGTTCGGCGTGG CTGTCAATCACAGGCCACG
g3.4 GACGGGCAAGTACCCCTACA GAAAGGAGCTGGTGCCTGTG
g4.2 AGCAGAGGATTCAACATAAGCT GAAACCGGATCTTCCTTCTCATC
g5.1 GCCTGAACTTTTGAAAGAATTAGG | CACCTACATATTTTTGTTCAGGCTG
g6.1 CAGAGTCTGACAAAAGTGGTAAG | GTCCTGAGAAAGCAAACTGTC
g7.1 CTGTTTCTGCATTCAATCTAGTG GTGGTCTAGCATCAGAGAAG
2.10 qRT-PCR

RNA extraction was performed using the Zymo RNA Isolation Kit (Zymo, R1051).

A total of 500 ng of RNA from each sample was reverse transcribed into cDNA using M-

MLYV Reverse Transcriptase (Thermo Fisher Scientific, 28025013). Subsequently, 10 ng

of the synthesized cDNA was loaded onto qPCR plates and combined with LightCycler
480 SYBR Green I Master mix (Roche Diagnostics, 04707516001) and 0.15 uM of qPCR
primers. Primers designed from NCBI Primer Blast tool (7able 2.4). Roche Light Cycler

480 device used to run samples with an annealing temperature of 55 °C. qPCR results

calculated with 244D method normalizing with GAPDH and Controls.

Table 2.4 Expression qPCR Primers

Gene Forward Primer Reverse Primer
EAPD AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
ATP7B | GTGGGCAATGACACCACTTT TGGGTGCCTTTGACATCTGA
TP53 | GCAGTCAGATCCTAGCGTCG gg{{TGTTTTCAGGAAGTAGTTT
o CTTGTTTCGGCACTTTGCAGCT
CGCTGGAATCAGTCACTGTCAG | G
er1 | TACAGGAATCTGCATCAGGTAC
AGG CACGTTGGGAATGAGCTTCGT
TOX4 | GATTTCCGGAGGCAACTICC GGCAGCCTGTGTATCACGAA
ATPTA
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TTT GGA ACT TGT TGT GAG AGG GCC ACG GAG CAG TAT
GGG AG

ABCC
CCT GGT TGA TGA AGG CTC ACG GTC ACT TGC AAA GGA
TGT GA

CTR1 [ TGC GTA AGT CAC AAGTCA AGG TGA GGA AAG CTC AGC
GCA ATC

ERCCI [ GCTGGCTAAGATGTGTATCCTG
G ATCAGGAGGTCCGCTGGTTTCT

RADS52

CACGCAGCAGAATGTGGATTTT | AGCTGGACCCTCACAAATGC

2.11 CASPEX Biotinylation and Streptavidin Pulldown

HEK-CASPEX + Stable gRNA cell lines seeded on 10 x 150 mm plates coated PLL
with 60% confluency. Then, 2 pg/ml doxycyline induction applied to the cell lines for 48
hours. 500 uM final concentration of Biotin-tyramide phenol (Iris Biotech-LS 3500) and
incubated for 30 minutes at incubator. Next, H>O, added with a final concentration of
ImM to the plates and shaked gently for 1 minute to start biotinylation. 1 minute later
medium removed and quickly added dexotification buffers (Cold PBS Containing 10 mM
Sodium Azide (Thermo; 26628-22-8), 10mM Sodium Ascorbate (Thermo; 134-03-2),
5mM TROLOX (Thermo; 53188). Then, washed 3 times with PBS and trypsinized and
pellets washed 2 times with PBS.

CASPEX biotinylated pellets first exploded with Hypotonic buffer (20 mM Tris-
HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,) and incubated on ice for 30 minutes with
vortexing 3 times in total. In the end of the incubation, 10% of NP40 added and vortexed
for 30 seconds. Samples centrifuged for 30 min on 3000 x g and supernatant contains
cytosolic proteins while pellet contains nuclear proteins. Pellet and supernatant separated
and stored. Pellet resuspended with RIPA Buffer and incubated on ice for 30 min. Next,
samples were sonicated on Bioruptor for 30 min with 30 cycle. Finally, samples are
centrifuged at 14000 x g for 30 min and supernatant contains nuclear proteins. Protein
concentrations quantified by Pierce BCA Assay kit. 4~5 mg of protein incubated with
400 pl of Streptavidin Magnetic beads overnight. Then, bead protein complexes washed
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2 times with RIPA, 1M KCI, 0.1 M Na,COs buffers which will be prepared for mass

spectrometry analysis.

2.12 Mass Spectrometry

For the mass spectrometry analysis, protein mixtures were prepared and subjected to
on-bead trypsin digestion using Streptavidin beads. This involved washing the beads with
an 8M urea solution and treating the proteins with DTT and iodoacetamide for reduction
and alkylation, respectively. Following alkylation, the beads were washed with
ammonium bicarbonate solution and incubated overnight with trypsin at 37 °C. The
resulting peptide mixtures were collected and desalted using C18 STAGE to remove salts.
Subsequently, the peptides were analyzed using C18 nanoflow reversed-phase liquid
chromatography (nLC) coupled with a Q Exactive Orbitrap mass spectrometer. The
samples were resolved on a C18 column using a gradient of acetonitrile and formic acid,

and the eluted peptides were monitored by MS1 scanning.

2.13 LFQ Analysis

The raw files obtained from mass spectrometry experiments were processed using
MaxQuant software. The analysis was performed with specific parameters, including
classical LFQ (Label-Free Quantification) analysis and an identification number set to 2.
Trypsin digestion was used for protein fragmentation, and the human proteome FASTA
file from Uniprot with the accession number UP000005640 9606 was utilized for protein
identification. The IBAQ (Intensity-Based Absolute Quantification) method was
activated during quantification. For peptide matching between different runs, the "Match
between runs" feature was enabled. Additionally, the quantification method used was
Razor, and unique peptides were considered for analysis.

Furthermore, analysis of protein group files from MaxQuant was performed using
the Cassiopeia LFQ analysis tool obtained from GitHub. Cassiopeia utilizes the Limma
package and various statistical tools to identify proteins and assess the enrichments in
LFQ (Label-Free Quantification) data (Varnavides et al., 2022). By applying these
analytical methods in R software, Cassiopeia enables a comprehensive exploration of the
proteomic data, allowing for the identification and characterization of proteins of interest

and the evaluation of their quantitative changes in the LFQ analysis.
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Lastly, the analyzed data was further examined by comparing it to the human
transcription factor database and the MORF (Multiplexed Ox of Regulatory Factors)
library to identify specific transcription factors associated with the observed changes.
Volcano plots were generated using R software, with p-value cutoffs and LogFC (fold
change) thresholds set at both 0.5 and 1. These plots allowed for the visualization and
highlighting of transcription factors that exhibited significant changes in expression and
were potentially involved in the regulatory processes underlying the observed biological

phenomena.

2.14 Generation of Knockout and Overexpression Cell lines

Ko cell lines generated by annealing of gRNAs into LentiCRISPR-V2 plasmid
(Addgene; 52961) by annealing and digestion of plasmid with Bsmb1-V2 (NEB; R0739).
Additionally, we generated Ox of selected transcription factors. In shortly, coding
sequence of each transcription factor determined on NCBI (7able 2.5). Primers ordered
according to the desired Ox vector (Addgene; 163447). pLJC2-GPT2-3XFLAG plasmid
digested with Pacl (NEB; R0547), Notl (NEB; R0189) to generate sticky ends and
remove the gene inserted (GPT2). Next, using HEK293T cDNA with Phusion PCR and
primers of selected transcription factor of interest, we amplified desired region. Again,
desired insertable fragment double digested and run on a 1% gel. By using, MN Gel/PCR
cleanup Kit, selected fragment isolated. Cloning performed with T4 ligase and its
conditions. Transformed plasmids isolated and prepared for viral particle production.
Then, viral particles produced as previously transfected and transduced on cells.

Table 2.5 Knockout and Overexpression Primers.

TOX4-Pacl-F ATATATTTAATTAAATGGAGTTTCCCGGAGG

TOX4-NotI-R ATATATGCGGCCGCTTTCACAAACACCACTGT
GTTTG

ATF3-Pacl-F ATATATTTAATTAAATGATGCTTCAACACCCA
GG

ATF3-Notl-R ATATATGCGGCCGCGCTCTGCAATGTTCCTTC
TTTTATC

LEFI-Pacl-F ATATATTTAATTAAATGCCCCAACTCTCCGGA
GG
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LEF1-NotI-R ATATATGCGGCCGCGATGTAGGCAGCTGTCAT
TCTTGG
TOX4 KO gl-F CACCGATGGTGTTGAGGATTTCCGG
TOX4 KO gl-R aaacCCGGAAATCCTCAACACCATC
TOX4 KO g2-F CACCGTCCTAATGCCACTTTTGGTG
TOX4 KO g2-R aaacCACCAAAAGTGGCATTAGGAC
ATF3 KO gl-F CACCGTGTCAGCGACAGACCCCTCG
ATF3 KO gl-R aaacCGAGGGGTCTGTCGCTGACAC
ATF3 KO g2-F CACCGAAAGTGCCGAAACAAGAAGA
ATF3 KO g2-R aaacTCTTCTTGTTTCGGCACTTTC
LEF1 KO gl-F CACCGAACATCAAATAAAGTGCCCG
LEF1 KO gl-R aaacCGGGCACTTTATTTGATGTTC
LEF1 KO g2-F CACCGTCAGGAGCCCTACCACGACA
LEF1 KO g2-R aaacTGTCGTGGTAGGGCTCCTGAC
ATP7B KO-F CACCGCTCATTAAAGCTACCCACG
ATP7B KO-R AAACCGTGGGTAGCTTTAATGAGC

2.15 Luciferase Assays

ATP7B promoter cloned with following primers into pMDR1-1202 plasmid
(Addgene; 37627) with Smal and Bglll enzymes (NEB; R0141, R0144) to remove
MDRI gene, remaining is empty luciferase vector. Amplifications comleted with Phusion
PCR from genomic DNA of HEK293T, and desired lengths of promoter digested with
same enzymes and cloned into the luciferase vector with T4 ligase enzyme. Finally, DNA
sequences of putative ATP7B promoter (200, 500, 1000, 2000, 3000 bp) from
transcription start site cloned and ready for transfection.

HEK293T cells seeded on PLL coated 96 well plate 1.5 x 10* and 1 day later,
transfection completed with Lipofectamine 3000 manufacturer’s protocol. 18 to 24 hours
later medium changed and at 48 hours later 30 pg of Luciferin delivered on medium and
allowing 1 min to penetrate cells, next, luminescence read completed on microplate reader
(Synergy H1 Hybrid reader, BioTek). After that medium removed and cells lysed on plate
with 25 ul of 0.2% of SDS solution for 10 min in RT. Then, Pierce BCA kit used for
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quantification of the protein amount from a well. Total Relative Luminescence Unit
divided by Total protein from a well to determine Relative Luminescence Unit per Protein
(ng).

Additionally, For the HDAC inhibitor experiments, cells were transfected with
exactly the same protocol, 24 hours of later medium changed and 5uM of (MS275,
Chidamide, KD5170, PAOA, Pyroxamide) added and on 72th hour of transfection

luminescence read taken with total protein concentration.

Table 2.6 Cloning Primers of ATP7B Promoter

ATATCCCGGGAATGTCTTGCGAAGGGCAAAAA
ATP7Bp-3kb-SMA1-F T
ATATCCCGGGCCTGTCCTTTAAGTCTGGTTAGT
ATP7Bp-2kb-SMA1-F G

ATP7Bp-1kb-SMAI1-F ATATATCCCGGGAAAACGTCTGTGAGC
ATP7Bprom-0.5kb-Smal-

F ATATATCCCGGGGGTGCGGAGTTCACTCTT
Smal-ATP7Bp-200bp-F ATATATCCCGGGAGAACACTGTGGCACC
ATP7Bprom-Bglll R ATATATAGATCTAACCGCCCCTTCATTTGGGA

2.16 Transcription Factors ChIP-qPCR

For the ChIP-qPCR of selected transcription factors (ATF3, TOX4). Same protocol
from 2.9 followed and CASPEX regions gRNA targeting ChIP-qPCR primers used to
span the area. ChIP-qPCR calculated by Input% method and fold change method.

%Input = 100*2" (Ctlnput-Log (% of Input Saved)) — CT Antibody)

Fold Change = 244D

2.17 Cisplatin and Copper Treatment

Desired cells (HEK-HUH?7) and generated cell lines seeded on 96 well, 4 x 10%.
Following day cells treated with cisplatin and copper treatments (Cisplatin: 100 to 0 uM,
Copper: 2 to 0 mM). Allowing cells to incubate for 72 hours.
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2.18 Sulforhodamine B Assay

72 hours of incubation with drugs 96 well plates fixed with 50% of TCA (Sigma,
T6399) for 1 hour at 4°C. Plates are washed with water 5 times and allowing them to dry
for 1 day. Then, 0.4% and 50 pl of SRB (Santa Cruz, sc-253615) solution used for dying
viable cells for 30 min at RT. Next, plates were washed 5 times with 1% of Acetic Acid
and allowed to dry. After plates dried, 10 mM of Tris-Base solution (Sigma, T1503) used
for solving the dye and measurements completed on microplate reader at 564 nm (Hybrid

reader, BioTek).

2.19 Colony Formation Assay

A total of 500 cells were plated on 12-well plates. After one day, the cells were
treated with varying concentrations of Cisplatin (0.5 pM, 1 uM, and 2 puM). The cells
were then allowed to incubate for three days. Then, fresh medium replaced and cells
growed 11 more days when colonies become visible. Finally, plates fixed with ice cold
methanol for 20 minutes. Then, plates dyed with 0.5% of crystal violet and washed with

distilled water. Scanner used to record results.
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Chapter 3:RESULTS

3.1 In-Silico Analysis of ATP7B

3.1.1 Conservation of ATP7B Promoter

Transcription factors possess conserved sequences that allow them to recognize
distinct motifs in DNA, enabling them to regulate gene expression levels. Our study
aimed to investigate the extent of conservation within the ATP7B promoter region by
conducting a comparative analysis across eight different animal species (He et al., 2011;
Martinez Corrales & Alic, 2020; Nitta et al., 2015). Specifically, we analyzed the DNA
sequence from the transcription start site (+1) to -3000 base pairs (bp) upstream of the
ATP7B transcription start site. The primary objective was to identify conserved regions
within this promoter region that play a critical role in the functioning of the copper
ATPase (Figure 3.1).

Through the comparison of DNA sequences across these diverse animal species, we
successfully identified specific areas within the ATP7B promoter that demonstrated a
notable degree of conservation. Notably, regions such as -600 bp and between -900 to -
1000 exhibited a high level of conservation. These conserved regions signify the
functional significance of DNA motifs in regulating ATP7B expression. It suggests that
specific transcriptional modulators may have the ability to influence ATP7B expression
by acting as activators or repressors in these conserved areas.

Furthermore, this analysis also reveals that conservation within the ATP7B promoter
extends up to -3000 base pairs, even among hominids. This finding suggests the presence
of additional regulatory regions within this extended region of the promoter. The
conservation of these regulatory elements across closely related species underscores their
functional importance and raises intriguing possibilities regarding their role in the precise
control of ATP7B expression. Further investigation of these conserved regions could
provide valuable insights into the transcriptional regulation of ATP7B and offer potential

avenues for therapeutic intervention in conditions associated with ATP7B dysregulation.
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Figure 3.1: Conservation Analysis of ATP7B Promoter Across Eight Species from
+1 Transcription Start Site to -3000 bp.

This figure illustrates the conservation of the ATP7B promoter region across eight
different species. The analysis spans from the +1 Transcription Start Site to -3000 bp
upstream of the ATP7B gene. By comparing the sequences from various organisms, we
can identify regions that are evolutionarily conserved, indicating potential functional
significance in regulating ATP7B gene expression. The conservation analysis provides
valuable insights into the critical regulatory elements governing the expression of ATP7B

across different species.

3.1.2 Potential Transcriptional Regulators of ATP7B

Through our analysis of the conserved ATP7B promoter region, spanning from the
transcription start site to -3000 base pairs, we discovered numerous transcription factor
motifs. These motifs provide binding sites for transcriptional and epigenetic regulators,
enabling them to modulate the regulation of ATP7B.

To identify potential transcriptional regulators within this region, we utilized two
databases: TRANSFAC and PROMO. The TRANSFAC database revealed the presence
of 122 distinct transcription factors, while the PROMO database identified 80 potential
transcription regulators associated with ATP7B (Farré et al., 2003; Matys et al., 2006).
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Notably, there were 22 transcription factors that were common to both databases within
the analyzed region. Among these regulators, some are well-known for their transcription

factor binding sites (TFBSs), including P53, LEF1, POU2F1, and MAZ (Figure 3.2).

Importantly, among the identified transcription factors as potential regulators of ATP7B,
there were factors (MAZ, STATI1, LEF1, P53) associated with tumor proliferation and
carcinogenesis. This suggests a potential link between ATP7B regulation and processes
related to tumor development and progression (X. Li et al., 2021; Olivier et al., 2010;
Santiago et al., 2017a; Yang et al., 2019).

TRANSFAC PROMO

YY1, LEF1, CREBP1, HNF1A, POU2F1, MEFZ2A, PAX,
E2F, IRF1, HOXD, GATA-1, NFAT1, MAZ, STAT1,
AP2ALPHA, NF1, P53, XBP1, CEBPA, ERALPHA, SRY, IK

Figure 3.2 Identification of Potential Transcriptional Regulators of ATP7B
Promoter from -3000 bp to +1 Transcription Start Site Using TRANSFAC and PROMO

Databases.

Figure generated with Dr. Selahattin Can Ozcan and Baris Sergi, PhD Candidate.
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3.2 HEK-CASPEX Cell Line Generation and Targeting ATP7B Promoter

3.2.1 Generation of HEK-CASPEX Cell line

To determine the precise location of proteins on the DNA, we employed the
CASPEX system, which utilizes the APEX2 protein for proximity labeling. This
engineered protein enables the detection of proteins in close-proximity, thereby
facilitating their identification (Gao et al., 2018; Myers et al., 2018). APEX2 is an ideal
biotinylation protein for the detection of transcriptional regulators due to its rapid
biotinylation capability. With a short exposure time of only 1 minute to hydrogen
peroxide (H2O2), APEX2 efficiently biotinylates proteins in proximity (Lam et al., 2014;
Nguyen et al., 2020; Qiu et al., 2019). This quick labeling process allows for the accurate
identification and characterization of transcriptional regulators associated with the
ATP7B promoter. By harnessing the targeting capability of dCas9 towards DNA and
utilizing efficient guide RNAs (gRNAs), CASPEX can specifically target a desired locus
on the DNA. Subsequently, through the biotinylation ability of APEX2, proteins
associated with the DNA, including epigenetic, chromatin, and transcriptional regulators,

can be labeled and identified using mass spectrometry (Figure 3.3B).
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Figure 3.3 ATP7B CASPEX Labelling and Biotinylation Mechanism
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A) Initiation of CASPEX transcription using an inducible system with doxycycline,
followed by the rapid biotinylation process, which is completed within 1 minute
upon the introduction of hydrogen peroxide (H20). Representative principle of
CASPEX protein biotinylation, highlighting the proximity radius of
approximately 400 base pairs (bp), which enables the selective labeling of
proteins in the immediate vicinity of the targeted genomic locus.

B) Illustration of gRNA design and its targeting locations on the ATP7B promoter,
displaying the precise and efficient guide RNA (gRNA) design for the CASPEX
system.

C) Schematic representation of the ATP7B transcriptional machinery and
biotinylation, demonstrating the involvement of transcription factors and
enhancer-promoter interactions that contribute to the assembly of the RNA-Pol
IT transcriptional machinery for ATP7B gene expression. Figures generated with

Biorender.

The CASPEX plasmid incorporates the Tet-on 3G (TRE3G) promoter, which allows
for precise and controllable induction of transcriptional activation through the addition of
Doxycycline(Randolph et al., 2017). This inducibility feature prevents excessive
accumulation of the ATP7B promoter and reduces background interference in mass
spectrometry analysis (Figure 3.3C).

Additionally, the CASPEX system includes a Piggybac transposase site, facilitating
a cut-and-paste mechanism for integrating the CASPEX plasmid into the genome of
HEK293T cells. By co-transfecting CASPEX and the Piggybac transposase, we generated
the HEK293T-CASPEX cell line to ensure stable integration, the transfected cells
underwent puromycin selection, followed by the utilization of flow cytometry to select
colonies exhibiting the +GFP marker on the CASPEX cassette (Figure 3.4A).
Subsequently, individual colonies were isolated and allowed to grow independently,
enabling the selection of the most robust colony expressing CASPEX efficiently. This
meticulous colony selection process ensures optimal biotinylation steps for subsequent
mass spectrometry analysis, leading to a reduced background signal (Figure 3.4B). This
experimental approach enables us to investigate the proteins associated with the ATP7B
promoter in a precise and controlled manner. The combination of the CASPEX system,

inducible promoter, and single-cell isolation techniques contributes to the robustness and
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reliability of our analysis, providing valuable insights into the regulatory landscape

surrounding ATP7B.

31



Results

32

Events

Events

Events

¥1,000

Events

-DOX
438
352 7
264 -
176
58 -
0 :
0 10° 10? 10* 10° 10°
EGFP-A-Compensated
+DOX (Group #2)
e B: 90.97%

EGFP-A-Compensated

-DOX
aien §: 0.00%
1
164
]
J
123 1
-
4
2
]
41 4
]
-
04
0 102 10° 104 10° 10%
EGFP-A-Compensated
+DOX (Colony #2)
39 B: 09.55%

[
=

[
G

=) -
o o
I S T N T S T AT S T U A T T A T W

(=]

o 100 10° 104 108 10°
EGFP-A-Compensated

+DOX (Group #1)
B: 80.35%

1,000

2
=
2
o 0 10* 10° 10°
EGFP-A-Compensated
+DOX (Group #3)
g B:96.12%
=
a
13
2
0 102 10° 10¢ 10° 108
EGFP-A-Compensated
+DOX (Colony #1)
g "] §:97.71%
= ]
21 7]
164
P j
E .
£ ]
1.1 7]
05
1] T i
1] 102 10° 104 10° e
EGFP-A-Compensated
+DOX (Colony #3)
-] 5] 8:99.74%
= ]
20 ]
1.5
8 j
£ .
&
1.0
057
O :.

o 102 10? 0 10° 108
EGFP-A-Compensated

32



Results 33

Figure 3.4: HEK-CASPEX Cell Line Single Cell Sorting and GFP Confirmation.

A) Polyclonal cell population expressing the GFP marker was visually demonstrated,

showing the successful introduction of the CASPEX system.

B) Single colonies exhibiting the GFP marker, which were carefully observed and

isolated for subsequent investigations.

Figure generated in collaboration with Ayca Acar, MSc Student.

3.2.2 Validation of HEK-CASPEX Cells

To validate CASPEX expression in the HEK-CASPEX cell line, we assessed the
efficiency of +GFP expression in single colonies. Among these colonies, colony #3
demonstrated a 99% efficiency in expressing +GFP. To further confirm CASPEX
expression, we employed doxycycline induction and performed immunoprecipitation (IP)
followed by Western blotting with anti-FLAG antibody. CASPEX, a 180 KDa protein,
was specifically detected in Colony #3, validating its expression in the cell line (Figure
3.5A).

To investigate the localization of CASPEX, we conducted immunofluorescence (IF)
assays. Notably, CASPEX contains a P2A sequence that separates GFP from FLAG-
dCas9-APEX2-VS5 through a self-cleaving peptide(Liu et al., 2017). After 48 hours of
doxycycline induction, we utilized anti-V5 antibody to detect CASPEX localization
(Figure 3.5B). The results confirmed the nuclear localization of CASPEX, indicating its
presence in the appropriate cellular compartment. This localization data secured the way
for further preparations involving biotinylation and targeting of the ATP7B promoter.
The successful validation of CASPEX expression and its nuclear localization in the HEK-
CASPEX cell line provides a solid foundation for biotinylation and ATP7B promoter

targeting steps.
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Figure 3.5 HEK-CASPEX Cell Line Verification using Immunoprecipitation (IP)
and Immunofluorescence (IF).
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+ dox

A) Immunoprecipitation (IP) was performed using Anti-FLAG antibodies to validate the
presence and expression of the CASPEX system.

B) IF analysis was conducted using Anti-V5 antibodies to visualize and confirm the

expression and localization of the V5 tag in the CASPEX system.

Figure generated in collaboration with Ayca Acar, MSc Student.

3.2.3 Targeting ATP7B Promoter with 7 Different gRNAs and gRNA Efficiency

To target the ATP7B promoter effectively using the CASPEX system, we defined
seven distinct regions spanning from the +1 transcription start site to -3000 base pairs.
Considering the biotinylation capacity of CASPEX, which covers approximately 350

base pairs, we designed gRNAs that were optimized for on-off targeting efficiency within
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each region (Hsu et al., 2013; Xiang et al., 2021). As the targeting location is the promoter
region, the efficiency of gRNAs may vary. To select the most efficient gRNA from each
region, we designed two gRNAs for each region and included one non-targeting gRNA
as a control. These gRNAs were then cloned into the Lenti-guide (hygro) backbone, and
viral particles were prepared. To assess the efficiency of gRNAs, the viral particles were
delivered to HEK293T cells along with the transfection of pspCas9-GFP. The cells were
allowed to incubate for 72 hours to generate indel sequences, which served as indicators
of gRNA efficiency.

To validate the efficiency of gRNA targeting the ATP7B promoter in regular 293T cells,
we enhanced the T7EI assay (Figure 3.6A). Based on the T7EI analyses, we selected one
gRNA from each region that exhibited promising efficiency(Sentmanat et al., 2018).
These selected gRNAs were then further validated for their efficiency in the HEK-
CASPEX cell line (Figure 3.6B).

This detailed process of gRNA selection ensures that we identify the most efficient
gRNAs for targeting the ATP7B promoter in the context of the CASPEX system. The
validation of gRNA efficiency will contribute to the accuracy and reliability of
subsequent experiments and biotinylation steps in investigating the transcriptional

regulation of ATP7B.
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Figure 3.6 Efficiency Assessments of HEK-CASPEX gRNAs Targeting ATP7B
Promoter.

A) T7E Analysis of ATP7B Promoter Targeting gRNAs: The efficiency of gRNAs
targeting the ATP7B promoter region is assessed using the T7 endonuclease I (T7E)
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assay. The ATP7B promoter sequences, amplified using the specific gRNAs, were
subjected to T7E analysis to detect the presence of indels (insertions or deletions)

resulting from CRISPR-Cas9 cleavage.

B) Quantification and Analysis of T7E Results: Image analyzed with Imagel to
determine the gene editing efficiency of each gRNA. The gene editing efficiency is
calculated using the formula: Gene editing efficiency = 100 x (1 - (1 - fraction) ~!?),
where "fraction" represents the proportion of cleaved DNA fragments compared to the

total amount of DNA.

Figure generated in collaboration with Ayca Acar, MSc Student.

3.2.4 Validation of Selected gRNAs and CASPEX Targeting Through ChIP on HEK-
CASPEX Cells.

In the T7EI assay results, the gRNA showing higher gene editing activity was
selected, and its corresponding viral particles were delivered to HEK-CASPEX cells.
After 48 hours of doxycycline induction, CASPEX expression was observed, and cell
pellets were prepared for ChIP experiments. Before proceeding with ChIP, we assessed
the sonication capability of HEK-CASPEX cells by optimizing parameters such as cell
number, sonication time, cycle number, and different buffers. Based on the sonication
results, we determined that 50 cycles were optimal for obtaining 150-200 base pairs of
shared DNA, which is ideal for subsequent ChIP experiments (Figure 3.7A).

For the ChIP experiments, CASPEX, which contains 3x FLAG tags at the N-
terminal, was utilized for the pulldown of the targeted ATP7B promoter sequence. Anti-
FLAG antibodies were employed for this purpose, while IgG was used as a negative
control.

To analyze the ChIP-qPCR results, we designed primers that spanned approximately 25
base pairs of the gRNAs and additional qPCR primers spanning around 80-150 base pairs.
The qPCR results were reported as Input% and Fold change, which allowed us to consider
both IgG and Non-Targeting gRNA samples. Regions 1 and 2 exhibited a high percentage
of Input (between 20-30%), indicating efficient pulldown. However, in other regions, the
percentage of Input was not as high (Figure 3.7B). Considering the challenges in qPCR
amplification such as temperature, AT rich regions, heterochromatin, and to ensure a
comprehensive analysis, we considered both the Input% and Fold change values to
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identify and validate the most suitable gRNA for targeting each region of the ATP7B
promoter(Kurtenbach et al., 2019).

In the case of region 3, both gRNAs showed issues during the ChIP-qPCR experiments.
As a result, new gRNAs were designed and successfully applied to target the ATP7B
promoter, with g3.4 demonstrating a three-fold enrichment compared to the control

samples (Figure 3.7C).
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Figure 3.7 Targeting Efficiency of gRNAs to ATP7B Promoter via ChIP-qPCR.

A) Sonication Optimization of ChIP: Different sonication conditions were tested to
determine the optimal settings that result in appropriately 150-200 bp sized
chromatin fragments for subsequent ChIP experiments.

B) ChIP-qPCR of gRNAs Targeting ATP7B Promoter on HEK-CASPEX Cells with
Input% Demonstration: CASPEX pulldown performed with anti-FLAG antibody and

Mouse IgG used as a control

C) Region-3 gRNAs: Trouble shooting with the design and ChIP-qPCR of 4 different
gRNAs on region-3.

D) Fold Calculation and Demonstration of Each Region: The fold enrichment of each

gRNA is calculated based on the ChIP-qPCR results.

Figure generated with Ayca Acar, MSc Student.

Following the successful confirmation of all gRNAs for targeting the ATP7B promoter,
the HEK-CASPEX cell line, along with the eight different cell lines each containing a
specific gRNA, were prepared for biotinylation and subsequent mass spectrometry
analysis (Figure 3.7D). This approach aims to delve deeper into the transcriptional
regulation of ATP7B by identifying and characterizing the proteins associated with the

targeted regions.

3.3 Identification of Transcriptional Regulators of ATP7B via Mass Spectrometry

3.3.1 Biotinylation of Transcriptional Regulators of ATP7B

HEK-CASPEX cells harboring confirmed gRNAs (validated through T7EI and ChIP
assays) were induced with doxycycline for 48 hours to initiate APEX2 biotinylation. To
confirm the biotinylation signal and reduce background noise during subsequent mass
spectrometry analysis, cell lysates were divided into cytoplasmic and nuclear fractions
for biotinylation background confirmation. Given the abundance and localization of
transcription factors within the cell, nuclear protein extraction was prioritized. To
minimize protein misidentification during LC-MS/MS analysis, streptavidin-coated

magnetic beads were utilized for efficient and selective enrichment of the biotinylated
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proteins (Figure 3.8A). Next, biotinylation was performed on the first three regions of
interest, and the extent of biotinylation was assessed by comparing it to the non-targeting
gRNA using streptavidin-horseradish peroxidase (HRP) blotting (Figure 3.8B). To
optimize the pull-down efficiency using streptavidin beads, we compared streptavidin-
HRP agarose beads to streptavidin-magnetic beads. While agarose beads exhibit stronger
binding to biotinylated proteins, magnetic beads offer greater precision and are more
suitable for mass spectrometry-based identification (Figure 3.8C). Therefore, we
continued the pull-down process using magnetic beads to prepare our biotinylated

samples for subsequent mass spectrometry analysis.

Cytosolic Isolation Nuglear Isolation

Non-Targeting ATP7B Non-Targeting ATP7B
Guide Guidet.2 Guide Guide1.2

Dox - + + B + + Dox - + + - + +

Biotin / H,0, . s E e + Biotin/H,0, . s * . - +

jidin HRP

I TR

Cc Ultralink Streptavidin Magnetic
beads beads

Figure 3.8 CASPEX Proximity Biotinylation and Enrichment of HEK-CASPEX
Cell Lines.

A) Comparison of Cytosolic and Nuclear Proximity Biotinylation using Streptavidin-
HRP Blot

B) Streptavidin-HRP Blot of Non-Targeting gRNA and ATP7B Promoter Regions:

C) Comparison of Agarose Beads and Magnetic Beads for Protein Enrichment:
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These experiments provide essential information about the specificity and efficiency
of CASPEX proximity biotinylation and protein enrichment, allowing us to identify
proteins in close proximity to the targeted genomic regions of the ATP7B promoter. The
results shed light on potential transcriptional regulators and other factors involved in

ATP7B regulation and cisplatin resistance mechanisms.

Figure generated with Ayca Acar, MSc Student.

3.3.2  Mass Spectrometry Results of HEK-CASPEX ATP7B Promoter

Following the successful CASPEX biotinylation of the eight HEK-CASPEX cell
lines containing targeting gRNAs and the non-targeting gRNA as a negative control,
protein samples were meticulously prepared for pulldown experiments and subsequent

Label-Free Quantification (LFQ).

The biotinylated protein samples from each cell line were subjected to pulldown
assays to selectively isolate the biotinylated proteins of interest. This step aimed to enrich
the transcription factors associated with the ATP7B promoter region. Subsequently,
Label-Free Quantification (LFQ) analysis was performed on the HEK-CASPEX
samples(Tyanova et al., 2016). According to the statistical analysis, raw intensity
distributions were examined and compared among the seven samples containing the
targeting gRNAs, along with the control sample (Figure 3.9) (Varnavides et al., 2022).
Notably, the raw intensity distributions showed striking similarities between the peaks of

the seven targeting gRNA samples when compared to the control sample.
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Figure 3.9 Raw Intensities and Distributions of 7 Regions Compared to Non-

Targeting gRNA.

el .

8

The distributions of intensities for each region are plotted to visualize the variability

and spread of protein abundance in the proximity of the targeted genomic loci. By

comparing these distributions to the non-targeting gRNA, we can assess the specificity

and efficiency of CASPEX proximity biotinylation for each specific region of interest.

IBAQ (Intensity-Based Absolute Quantification) values revealed the identification

of top proteins in region 1, with HISTH3A, PRSS1, and RPL8 emerging as representative

proteins (Figure 3.10A). To refine our analysis and exclude potential contaminant

proteins, further selection criteria were applied. Contaminant proteins such as PRSSI,

ACTB, and histone variants were identified and targeted for exclusion from our analysis

(Figure 3.10B). By implementing these additional selection analyses, we aimed to ensure
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a more accurate and focused identification of the proteins specifically associated with the
transcriptional regulation of the ATP7B promoter in region 1.
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Figure 3.10 Region 1 - Top Identified Proteins and Contaminants Based on IBAQ
Values from Mass Spectrometry Analysis.

A) Top identified proteins in region 1, as determined by their respective IBAQ
values. The IBAQ values provide a quantitative measure of protein abundance,
allowing us to rank the proteins based on their relative levels in the sample.
These top identified proteins are potential candidates involved in ATP7B

regulation and cisplatin resistance mechanisms in this specific region.
B) The top contaminant proteins identified in Region 1, based on their IBAQ values.

Figure generated with Dr. Selahattin Can Ozcan.

3.3.3 Identification of the Transcription Factors Regulating ATP7B

To focus specifically on transcription factors and streamline our data analysis by
excluding other proteins, we conducted a comparative analysis of our results with
transcription factor databases. Specifically, we compared our data with the Human
Transcription Factor Database and MORF (Mulplexed Ox of the Regulatory Factors)
library which contains 1500 to 1800 transcriptional regulators (Joung et al., 2023; S. A.
Lambert et al., 2018). By performing these comparisons, we aimed to identify and
highlight the presence of transcription factors, as well as chromatin and epigenetic
regulators, within each region of interest. This approach allowed us to narrow down our
focus to the key regulatory factors that potentially play a role in the transcriptional

regulation of the ATP7B gene.
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The utilization of these transcription factor databases provided valuable insights and
served as a valuable resource in our analysis. By aligning our data with established
knowledge on transcription factors and regulatory elements, we gained a deeper
understanding of the potential transcriptional regulatory network associated with the

ATP7B gene (http://humantfs.ccbr.utoronto.ca/). To refine our selection of transcriptional

regulators, we implemented cutoffs based on statistical analysis. Several factors were
considered, including LogFC (logarithmic fold change), p-values, the presence of
transcription factor information in the databases, and the availability of the MORF library
(Figure 3.11A).

Based on these criteria, we aimed to identify the most significant transcriptional
regulators associated with the ATP7B gene. The statistical analysis allowed us to
prioritize regulators that exhibited significant changes in expression levels (LogFC) and
provided a measure of confidence in the observed differences (p-values) (Figure 3.11).
This comprehensive comparison and analysis of our data with transcription factor
databases contributed to the identification and characterization of the key regulatory
factors involved in ATP7B gene expression, further enhancing our understanding of its
transcriptional regulation mechanisms.

In our research, we successfully detected several predicted and hypothesized
transcription factors, including TP53, ATF3, HOXD13, LEF1, MAZ, PAX6, and YY1,
during the in stage of our CASPEX project (Figure 3.11).

Subsequently, we utilized seven volcano plots to identify potential transcriptional
regulators associated with the ATP7B promoter. We would like to assess the presence
and overlap of these regulators across the various regions of interest. In this analysis, we
discovered that GATA6, HOXB6, NR2F1, NFIC, NME2, TOX4, POU3F2 were top
identified transcriptional regulators in multiple regions, indicating their presence in
overlapping regions of the ATP7B promoter. This finding suggests a potential role for
these transcriptional regulators in the regulation of ATP7B expression (Figure 3.12).

Given the considerable number of transcriptional regulators identified in this analysis
(over 150), it becomes crucial to validate their credibility as regulators of ATP7B through
further in-vitro confirmations. Consequently, we will employ additional assays and
experiments to assess the functional relevance and significance of these regulators in the

transcriptional regulation of ATP7B.
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By systematically reducing the number of identified transcriptional regulators and
subjecting them to rigorous validation processes, we aim to establish a more refined and
credible set of regulators that are directly involved in the control of ATP7B expression.
Notably, according to the TRANSFAC database, we identified over 150 transcription
factors that have the potential to bind to the ATP7B gene, ranging from the +1
transcription start site to -3000 base pairs. Through in silico analysis, we further
determined the specific base pairs to which these factors bind on the DNA. These
comprehensive results highlight the powerful and precise nature of our CASPEX system.
The successful detection of these transcription factors serves as a significant milestone in
our CASPEX project, indicating our system's ability to effectively identify and

characterize transcription factors.
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Figure 3.11 Enrichment of Transcriptional Regulators of ATP7B From CASPEX

Proteome Compared to Non-Targeting gRNA. Highlighted protein are transcription

factors and all of them passed to the LogFC > 1 (LogFC > 0.5 for region-2 to

demonstrate abundance of identified transcriptional regulators)

A) Enrichment of transcriptional regulators in Region 1 compared to the non-

targeting gRNA. B) Region-2 C) Region-3 D) Region-4 E) Region-5 F) Region-6 G)

Region-7
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Figure 3.12 Promoter Mapping of CASPEX Proteome Enrichment and Localization
of Transcriptional Regulators on ATP7B Promoter in 7 Regions.

To investigate the regulatory landscape of ATP7B, CASPEX proteome enrichment was
performed across seven distinct regions of the ATP7B promoter. The relative abundance
of transcriptional regulators in each region was assessed, and LogFC > 1 and p-Value <

0.05 were used as cut-off thresholds to identify significant enrichments.

Figure generated with Dr. Selahattin Can Ozcan.
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3.4 Selection of Transcription Factor Candidates from CASPEX Mass
Spectrometry

To uncover the transcriptional regulators of ATP7B, it was crucial to carefully select
the appropriate transcription factors for further investigation. Several criteria were
employed to guide this selection process, including the detection of a transcription factor
in multiple regions, the identification of distinct peptides in mass spectrometry analysis,
and consideration of the correlation between the transcription factor and ATP7B
expression in different cancers (Figure 3.73) (T. Li et al., 2020). Based on specific
criterias, including their presence in multiple regions, detection of distinct peptides in
mass spectrometry analysis, and correlation with ATP7B expression, and ChIP-seq
correlations on ATP7B promoter, four transcription factors were chosen: ATF3, LEF1,
TOX4, and TP53. These transcription factors demonstrated strong potential based on the
established criteria, previous literature and will be subjected to comprehensive

experimental validation to elucidate their role as transcriptional regulators of ATP7B.
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Figure 3.13 Correlation of ATP7B with 20 Transcription Factors in Different

Cancers

To investigate the potential regulatory network of ATP7B in various cancer types,
we analyzed the correlation between ATP7B expression and 20 selected transcription
factors using data from the TIMER 2.0 database. The correlation analysis was performed

using Spearman's correlation coefficient, and p-values were considered for significance.
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3.4.1 ATF3

Activating Transcription Factor-3 (ATF3) is a member of the cAMP binding protein
family and plays a significant role in regulating various metabolic pathways, particularly
glucose metabolism. It is characterized by its ability to interact with other proteins
through a bZip domain. In the cancer perspective, ATF3 is a crucial regulator in
chemotherapy, particularly in the context of cisplatin therapy (Ku & Cheng, 2020).

In lung cancer cell lines, ATF3 expression is predominantly upregulated following
cisplatin treatment. This upregulation suggests a potential involvement of ATF3 in the
cellular response to cisplatin-induced stress. ATF3 also linked closely with the P53 as a
stabilizor of the protein (Yan & Boyd, 2006). Conversely, in liver cancers, ATF3 levels
are observed to be decreased when compared to normal liver tissue. This dysregulation
of ATF3 expression in liver cancers may contribute to the pathogenesis of hepatocellular
carcinoma (HCC) (St. Germain et al., 2010).

Interestingly, increased levels of ATF3 have been found to induce cell death in HCC
through apoptosis. This suggests that ATF3 may serve as a potential therapeutic target
for promoting apoptosis in HCC cells. Further investigations into the mechanisms
underlying ATF3-mediated apoptosis could provide valuable insights into the
development of novel therapeutic strategies for HCC (J. Shen et al., 2016).

ATEF3 exhibits distinct expression patterns and functional implications in different
cancer types, highlighting its complex and context-dependent roles in tumorigenesis and
chemotherapy response. In our CASPEX Mass Spectrometry analysis, ATF3
demonstrated significant enrichment in region 2-3 and exhibited more than a 2-fold
change compared to the non-targeting gRNA (Figure 3.11B-C, Figure 3.12).
Interestingly, ATF3 showed a lower correlation with ATP7B across different cancers
(Figure 3.13). However, considering its role as a stress factor, we hypothesized that the
correlation of ATF3 with ATP7B may be influenced by the treatment of cisplatin on cells.

The low level of correlation between ATF3 and ATP7B in various cancers suggests
that their regulatory interactions may be context-dependent and influenced by specific
cellular conditions (Huo et al., 2023). As ATF3 is known to be involved in stress
responses, it is possible that its correlation with ATP7B could be modulated by the
presence of cisplatin, a chemotherapy drug. The induction of ATF3 in response to

cisplatin-induced stress might affect its relationship with ATP7B, highlighting the
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intricate interplay between transcription factors and their target genes in response to
therapeutic interventions.

To investigate the role of ATF3 in the regulation of ATP7B expression, we generated
an ATF3 Ko cell line in HEK293T cells, where we previously identified ATF3 on the
ATP7B promoter through CASPEX proteome analysis (Figure 3.14). Subsequently, we
observed a significant decrease in ATP7B expression in the ATF3 Ko cell line compared
to the non-targeting gRNA control, with a 70% reduction in the ATF3 mRNA expression.
To further elucidate the regulatory role of ATF3 on ATP7B, we also established a stable
ATF3 Ox cell line, which led to a 1.63-fold increase in ATP7B expression (Figure 3.14B).

To validate the influence of ATF3 on ATP7B expression in a different cellular
context, we employed a hepatocellular carcinoma cell line, HUH7. As in our findings in
HEK293T cells, we observed a significant reduction in ATP7B expression in the ATF3
Ko HUHT7 cells, with a 55% of difference compared to the control (Figure 3.14C).
Conversely, the stable Ox of ATF3 in HUH?7 cells resulted in a 2.12-fold increase in
ATP7B expression (Figure 3.14D). It is worth noting that the observed differences in
ATP7B expression between the two cell lines may be attributed to inherent variations in
the basal regulatory mechanisms of ATP7B expression, as ATP7B is known to be highly
expressed in HEK293T cells compared to HUH7 cells.
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Figure 3.14 Effects of ATF3 Expression on ATP7B Expression in HEK293T and

Huh?7 Cell Lines.
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A) Ko of ATF3 and its effect on ATP7B expression on HEK293T cells. B) HEK-
ATF3 Ox. C) Huh7-ATF3 Kos. D) Huh7-ATF3 Ox. E) Western blot of ATF3
Ox effects on ATP7B on HEK293T. F) Huh7-ATF3 Ox. Western blot.

In a surprising contrast to the observed increase in ATF3 mRNA levels and its role as a
transcriptional regulator, Ox of ATF3 at the protein level resulted in a slight reduction in
ATP7B protein levels in HEK293T cells (Figure 3.14E). The discrepancy between the
molecular weight of ATF3 (27 kDa) and ATP7B (150 kDa) suggests that the reduction in
ATP7B protein levels may not be directly mediated by ATF3. Other regulatory
mechanisms or interactions between ATF3 and ATP7B may be responsible for this
observation. In contrast, the protein level of ATP7B remained stable upon ATF3 Ox in
HUHT7 cells (Figure 3.14F). This consistency in ATP7B protein levels suggests a cell line-
specific response, indicating that the interplay between ATF3 and ATP7B may be
influenced by the cellular context of HUH7 cells.

3.4.2 Promoter Strength of ATP7B

To investigate the promoter strength of ATP7B, we constructed luciferase reporter
plasmids containing various lengths of the ATP7B promoter region, ranging from +1 TSS
to -200, -500, -1000, -2000, and -3000 bp (Figure 3.15A). These constructs were
transiently transfected into cells to assess their ability to drive luciferase expression,
serving as a proxy for promoter strength.

Our results revealed that the ATP7B promoter exhibited the highest activity within the
region spanning -1000 to -2000 bp. These regulatory regions play a crucial role in
modulating the activity of the ATP7B promoter, potentially by interacting with cis-
regulatory elements in proximity to the +1 TSS (Figure 3.15B).
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Figure 3.15 Promoter Strength of ATP7B and the Effects on Control and ATF3 Ox.

A) The ATP7B promoter was isolated and cloned onto a luciferase backbone,
allowing for the evaluation of its transcriptional activity. B) Promoter assay of ATP7B
was performed using various lengths of the luciferase constructs (200, 500, 1000, 2000,
and 3000 bp). C) A promoter assay was carried out in stable HEK-3x FLAG Empty
Vector Cell line to provide a baseline measurement of ATP7B promoter activity. D)
Promoter assay on HEK-ATF3 Ox cells was conducted to examine the impact of ATF3
Ox on the ATP7B promoter activity and normalized to the Empty Vector values as

previously described.

These regulatory regions may contain essential transcription factors and other regulatory
elements as GC/AT box elements and RNA Poll II binding sites etc. that contribute to
the precise control of ATP7B expression.

Considering the observed increase in ATP7B expression upon ATF3 Ox in qPCR
experiments, we aimed to identify specific cis-regulatory regions within the ATP7B
promoter that are targeted by ATF3. To this end, we generated a control construct
containing the backbone of the ATF3 Ox vector without any specific regulatory elements
(3xFLAG Empty construct). Additionally, we established a stable cell line serving as the

control for comparative analyses.
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Upon transfection of these constructs into both the HEK-Control and HEK-ATF3 Ox cell
lines, we observed that ATF3 Ox led to an increase in luciferase expression specifically
from the -200, -500, and -1000 bp regions of the ATP7B promoter (Figure 3.15C). This
suggests that ATF3 may interact with these cis-regulatory regions, thereby enhancing the
transcriptional activity of the ATP7B promoter.

To directly investigate the binding sites of ATF3 on the ATP7B promoter and confirm its
regulatory role, we performed ChIP assay. We utilized HEK293T and HUH?7 cell lines
overexpressing ATF3 (ATF3 Ox) for these experiments, along with an IgG control for
comparison (Figure 3.16). Using specific ChIP-qPCR primers designed to target seven
regions identified through CASPEX analysis, we assessed the binding of ATF3 to the
ATP7B promoter. Among these regions, we focused on regions 1, 2, and 6 to provide
evidence of ATF3 binding and its impact on ATP7B expression regulation (Figure
3.16A). The enrichment scores (%Input) for these regions were relatively high, indicating
a strong binding of ATF3 to the ATP7B promoter in this cell line. However, in HUH7
cell line, we observed relatively lower enrichment scores for ATF3 binding, suggesting
that the regulatory mechanism of ATF3 on ATP7B expression may vary in different cell
lines. This difference in enrichment scores suggests that ATF3 may still have a regulatory
effect on ATP7B expression in HUH7 cells, but the extent of binding and enrichment
may differ compared to HEK293T cells (Figure 3.16B).

61



Results 62

A
HEK-ATF3 Ox
8 ke s sk 5k
—_ IgG
65— Bl ATF3 Ox
3
£ 4-
X
- i i
T T
L |
R1 R2 R3 R6
B
HUH7-ATF3 Ox
0.3
~ IgG
! B ATF3 Ox
_ 0.2-
=
Q
£
X
0.1
7 : b
0.0l > M € . >
R1 R2 R3 R6

Figure 3.16 ChIP-gPCR of ATF3 on ATP7B Promoter Regions.

A) ChIP-qPCR analysis was performed in the HEK-ATF3 Ox cell line using CASPEX
ChIP-qPCR primers targeting Region 1 (R1), Region 2 (R2), Region 3 (R3), and Region
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6 (R6) of the ATP7B promoter. The enriched DNA fragments from each region were
quantified using qPCR %lInput, providing valuable insights into the direct interaction
between ATF3 and these regulatory elements on the ATP7B promoter.

B) Similarly, ChIP-qPCR was carried out in the Huh7-ATF3 Ox cell line, focusing on
Region 1 (R1), Region 2 (R2), Region 3 (R3), and Region 6 (R6) of the ATP7B promoter.

Through the ChIP-qPCR assays, we confirmed the specific binding of ATF3 to these
regions of the ATP7B promoter. The enrichment of ATF3 at these sites further supports
its role in the regulation of ATP7B expression. These findings provide valuable insights
into the direct interaction between ATF3 and the ATP7B promoter, shedding light on the
underlying regulatory mechanisms involved.

These findings highlight the significance of cis-regulatory elements and the potential
involvement of ATF3 in the regulation of ATP7B expression. Further investigations are
needed to elucidate the precise mechanisms by which ATF3 interacts with these
regulatory regions and modulates ATP7B promoter activity.

Furthermore, we conducted viability assays to assess the effect of ATF3 on ATP7B
and its relation to cisplatin. We utilized stable cell lines with ATF3 Ko - HEK-ATF3 Ko-
1 and HEK-ATF3 Ko-2 (corresponding to gRNA 1 and gRNA 2) - to examine the
response to cisplatin in the absence of ATF3 (Figure 3.17). The ATF3 Ko cells displayed
increased stability and higher viability when exposed to different doses of cisplatin
compared to the HEK-Non-Targeting gRNA control cells. The IC50 dose of the control
group was 3.38-fold lower than that of HEK-ATF3 Ko-1 and 2.18-fold lower than that of
ATF3 Ko-2. Conversely, in our experiments, the cisplatin response assay conducted on
HEK-ATEF3 Ox cells, where ATF3 was overexpressed, revealed a notable decrease in cell
viability (Figure 3.17B). Contrary to the Ko responses, the viability of ATF3 Ox cells
was reduced on the cisplatin response curve. In accordance with the expected results in
response to cisplatin, reduced ATF3 expression increased the resistance of HEK293T
cells to become more viable, while ATF3 Ox resulted in sensivity against copper (Figure
3.18).

Then, we assessed cellular response to cisplatin and copper on the HUH7 cell line to
evaluate viability. We found that ATF3 Ko cells exhibited greater protection against
cisplatin, leading to increased resistance. However, in the case of copper, ATF3 Ko cells

showed reduced viability and increased sensitivity (Figure 3.17C).
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Based on our findings, we can speculate that ATF3 plays a context-dependent role in
cell lines with respect to ATP7B and the response to cisplatin and copper (Figure 3.17).
In HEK293T cells, ATF3 Ko led to increased stability and viability in the presence of
cisplatin, indicating a potential protective effect of ATF3 against cisplatin-induced
cytotoxicity. Conversely, ATF3 Ox resulted in reduced cell viability upon cisplatin
exposure. These observations suggest that ATF3 may act as a modulator of cisplatin
response in HEK293T cells. In the HUH7 cell line, ATF3 Ko cells exhibited enhanced
resistance to cisplatin, suggesting a potential role of ATF3 in sensitizing HUH7 cells to
cisplatin-induced cell death. On the other hand, ATF3 Ko cells showed reduced viability
and increased sensitivity to copper. This suggests that ATF3 may play a complex role in
regulating cellular responses to different cytotoxic agents, with varying effects on cell

viability depending on the specific context.
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Figure 3.17 Effects of ATF3 Expression on Cisplatin Sensitivity.

A) Cisplatin response of HEK-ATF3 Kos. Viability performed with SRB Assay with
NT gRNA stable cell line as a control. B) Cisplatin response of HEK-ATF3 Ox.
HEK-3x FLAG Empty cell line used as control. C) Cisplatin response of HUH7-
ATF3 Kos.
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Figure 3.18 Effects of ATF3 Expression on Copper Sensitivity.
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A) ATF3 Ko in HEK293T cells: The effects of ATF3 Ko on copper sensitivity in
HEK293T cells were assessed. B) Copper response of HEK-ATF3 Ox. C) Copper
response of Huh7-ATF3 Kos.

3.4.3 LEFI

The transcription factor Lymphoid-enhancer binding factor 1 (LEF1) plays a crucial
role in the canonical Wnt/B-Catenin pathway. LEF1 has been specifically implicated in
epithelial-mesenchymal transition (EMT), a process recognized as a hallmark of cancer
migration and invasion (Mu et al., 2019; Santiago et al., 2017; Zhao et al., 2019). Our in-
silico analysis successfully identified LEF1, specifically locating it on the 5th region of
ATP7B CASPEX Proteome. Despite its distance from the promoter region, we aimed to
explore the potential effects of LEF1 on ATP7B.

To investigate this, we initiated the cloning of LEF1 Kos and generated stable cell
lines using both HEK-293T and HUH7 cell lines. On HEK-293T, LEF1 Ko gRNA-1
reduced the LEF1 by 2-fold comparing to the non-target, however, it doesn’t affect the
ATP7B expression (Figure 3.19). Additionally, alongside the Kos, we also generated
LEF1 Ox constructs to investigate the consequences of LEF1 Ox in relation to ATP7B.
Ox of LEFI increases the ATP7B expression by 1.3-fold on 293Ts (Figure 3.19B).

In the HUH7 cell line, the delivery of LEF1 Ko gRNA (LEF1 Ko gl) led to a
significant reduction in LEF1 mRNA expression compared to the non-targeting gRNA,
with a fold change of 0.5. Interestingly, the mRNA expression of ATP7B, the target gene
of interest, also showed a 60% reduction on mRNA level (Figure 3.19C). These findings
indicate a potential correlation between LEF1 expression and ATP7B regulation in HUH7
cells.

Furthermore, when LEF1 was overexpressed in the HUH7 cell line, ATP7B mRNA
expression showed a substantial increase, with a fold change of 2.5. This suggests that
elevated LEF1 expression may positively influence ATP7B expression levels (Figure
3.19D)

To evaluate the effects of LEF1 Ox at the protein level, we examined two cell lines:
HEK-3x FLAG empty (control) and HEK-LEF1 Ox (Figure 3.19E). Interestingly, in the
HEK-LEF1 Ox cells, the protein level of ATP7B exhibited a slight reduction compared
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to the control, contrary to the transcriptional level findings. This observation suggests that
LEFI may potentially interact with protein partners involved in ATP7B regulation,
leading to alterations in ATP7B protein levels.

In the HUH7 cell line, consistent with the mRNA expression results, we also
observed a decrease in ATP7B protein levels. This suggests that the reduction in ATP7B
expression occurs at both the transcriptional and translational levels in HUH7 cells
(Figure 3.19F).

Taken together, these findings imply that LEF1 may have a complex role in
regulating ATP7B, potentially involving protein-protein interactions. It is important to
note that these results highlight the influence of cell line variations on the observed
effects. Therefore, the differences observed between cell lines should be taken into
consideration when interpreting the relationship between LEF1 expression and ATP7B
regulation.

Previously, we generated various lengths of ATP7B promoter constructs, including
200, 500, 1000, 2000, and 3000 base pairs (bp) fused to a luciferase reporter (Figure
3.14A-B). These constructs were transfected into two cell lines: HEK-Control and HEK -
LEF1 Ox. Our results indicate that LEF1 Ox has a notable effect on enhancing luciferase
expression when utilizing ATP7B promoter constructs. Specifically, we observed
significant increases in luciferase activity with the 500, 1000, and 3000 bp constructs.

These findings suggest that LEF1 may play a crucial role in promoting the utilization
of ATP7B promoter regions of these lengths, leading to enhanced luciferase expression.
This data supports the hypothesis that LEF1 positively influences the activity of ATP7B
promoter regions, particularly those with lengths of 500, 1000, and 3000 bp (Figure 3.20).
These results provide valuable insights into the specific impact of LEF1 on ATP7B

promoter-driven gene expression in the context of luciferase reporter assays.
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Figure 3.19 LEF1 Expression Effects on ATP7B.

A) Transcriptional changes of HEK-LEF1 Ko (gl-g2) and ATP7B. B) ATP7B
mRNA fold change on HEK-LEF1 Ox. C) Transcriptional changes of HUH7-
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LEF1 Ko (gl-g2) and ATP7B. D) ATP7B mRNA fold change on HUH7-LEF1
Ox. E) HEK-LEF1 Ox western blotting, LEF1 Ox plasmid contains 3x FLAG
epitope which used to blot on 51 KDa. F) HUH7-LEF1 Ox western blotting.
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Figure 3.20 ATP7B Promoter Assay on LEF1 Ox. Putative ATP7B
promoters transfected on both HEK-Empty Vector cells and HEK-LEF1 Ox
cells. LEF1 Ox results normalize to the Empty vector values.

To further investigate the impact of LEF1 expression, we conducted viability assays
using Cisplatin and Copper treatments to examine any correlation with ATP7B. In
HEK293T cells, we unexpectedly observed that LEF1 Kos resulted in increased cell
viability, which was not correlated with ATP7B expression (Figure 3.21A). Conversely,
Ox of LEF1 Ox did not significantly affect the viability of HEK293T cells (Figure 3.27/B).

Additionally, we examined the response to copper treatment and found a significant
increase in cell viability in LEF1 Kos of the HEK293T cell line (Figure 3.20C-D). This
increase in viability may be attributed to alternative targets of LEF1 rather than ATP7B.
On the other hand, there was no change when LEF1 was overexpressed in the viability of
HEK293T cells upon copper treatment.

During our investigation into the effects of LEF1 expression on HUH7 cells, we
observed similar trends as seen in HEK293T cells. Specifically in LEF1 Kos, resulted in
a marginal increase in cell viability following cisplatin treatment, while Ox of LEF1 did

not exert a significant impact on cell viability under the same conditions (Figure 3.22).
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These findings indicate that LEF1 expression may influence the cellular response to

cisplatin, regardless of ATP7B involvement.
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Figure 3.21 Cisplatin and Copper Responses of LEF1 Expression.
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A) Cisplatin response of LEF1 Kos on HEK293T. B) Cisplatin response of LEF1
Ox on HEK293T. C) Copper response of LEF1 Kos on HEK293T. D) Copper
response of LEF1 Ox on HEK293T.
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Figure 3.22 LEF1 Expression Effect on Cisplatin and Copper Response.
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A) Cisplatin response of LEF1 Ko on HUH7. B) Cisplatin response of LEF1 Ox on
HUH?7. C) Copper response of LEF1 Kos on HUH?7. D) Copper response of LEF1
Ox on HUH?7.

Furthermore, in the case of copper treatment, both LEF1 Kos and Ox resulted in a
significant decrease in cell viability in HUH7 cells (Figure 3.22). These findings indicate
that LEF1 expression can influence the cellular response to copper, suggesting a more
complex context in which LEF1 may interact with other factors or pathways beyond
ATP7B regulation.

Taken together, our results demonstrate that LEF1 expression can impact the cellular
response to cisplatin and Copper in HUH?7 cells, suggesting that its effects are not solely

reliant on ATP7B but rather involve intricate and multifaceted cellular mechanisms.

3.44 P53

P53 is a well-known protein that plays a crucial role in apoptosis and is extensively
studied in the context of cancer treatment. Mutations in P53 can lead to the development
of drug resistance in cancer cells (Chee et al., 2013; Di Pietro et al., 2012; Han et al.,
1999). In our CASPEX Proteome analysis, we identified P53 in regions 1, 6, and 7,
highlighting its potential involvement in the regulation of ATP7B and its response to
cisplatin treatment (Figure 3.11).

To further investigate the properties of P53 in relation to ATP7B and cisplatin, we
performed Ox experiments in both the HEK293T and HUH?7 cell lines. In HEK293T cells,
Ox of TP53 led to a significant increase in ATP7B mRNA levels, indicating its role in
upregulating ATP7B expression (Figure 3.23). However, in the HUH7 cell line, which
harbors a mutated form of p53, Ox of TP53 resulted in apoptotic cell death rather than an

increase in ATP7B expression.

We generated two different stable cells that overexpress p53 (abbrevieated as p53 ox-1
and 2 on Figure 3.23). While, in p53 ox-1, there was little change in ATP7B protein levels.
However, in p53 ox-2, there was a significant increase in ATP7B protein levels (Figure
3.22B). To solve this inconsistency, we conducted western blot analysis on HEK-P53 Ox-

2 cells and observed that ATP7B levels were restored to normal levels. These results
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imply the existence of protein-protein interactions that aid in maintaining the balance of

ATP7B expression following transcriptional activation (Figure 3.22C).
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Figure 3.23 P53 Ox Effect on ATP7B.

A) ATP7B mRNA fold change on P53 Ox on HEK293T. B) Western Blotting of
ATP7B on P53 Ox on HEK293T with 2 biological replicates. C) Westernblot of
P53-0Ox-2. D) Luciferase change of HEK-P53 Ox cell line with ATP7B promoter

contructs.

These findings highlight the intricate relationship between P53, ATP7B, and
cisplatin response, emphasizing the importance of studying the protein-protein
interactions and regulatory mechanisms that modulate ATP7B expression in the context

of P53 activation.
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Figure 3.24 Cisplatin and Copper Responses of P53 Ox.

A) Effect of P53 Ox on Cisplatin response of HEK293T. B) Copper Response of
HEK-P53 Ox.

Furthermore, we conducted viability experiments to evaluate the response of P53 Ox
to cisplatin and copper. Surprisingly, we observed that P53 Ox did not significantly affect
the viability of the HEK-P53 Ox cells in both cisplatin and copper treatments (Figure
3.24).
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3.5 TOX4 as a Novel Regulator of ATP7B and Cisplatin Resistance.

TOX4, also referred to as TOX High Mobility Group Box Family Member 4, is a
transcription factor that has been identified as a constituent of two distinct protein
complexes, namely the protein phosphatase complex 1 and the PAF1C complex. Previous
studies have reported that TOX4, along with its binding partners, recognize platinylated
DNA, which in turn facilitates the recruitment and maintenance of other transcription
factors involved in DNA repair mechanisms at the specific binding site (Puch et al., 2011;
T. Wang et al., 2023).

TOX4 possesses a nuclear localization signal and a high mobility box group, which
contribute to its structure and mechanism of activation as a transcription factor(T. Wang
et al., 2023). The nuclear localization signal enables TOX4 to be transported into the
nucleus, where it exerts its transcriptional regulatory functions (Figure 1.1). Meanwhile,
the high mobility box group, which is a characteristic feature of TOX4, is involved in
DNA binding and protein-protein interactions. This structural element enables TOX4 to
interact with specific DNA sequences and other transcriptional factors, thereby
influencing gene expression. The combined action of the nuclear localization signal and
the high mobility box group allows TOX4 to effectively modulate transcriptional
processes and contribute to the regulation of cellular functions (Ding et al., 2015; L. Wang
et al., 2022).

TOX4, a candidate regulator of ATP7B, was identified in multiple regions of the
HEK-CASPEX ATP7B proteome analysis. Notably, region-1 exhibited a 1.47-fold
change, region-2 showed a 0.63-fold change, region-3 demonstrated a 1.56-fold change,
and region-6 displayed a 1.47-fold change in enrichment, as determined by statistical
analysis after mass spectrometry. These findings suggest that TOX4 may play a role in
the regulation of ATP7B and in cisplatin resistance.

To further investigate the relationship between ATP7B and TOX4, we examined their
expression correlations across various cancer types. Our analysis demonstrated a
consistent and significant correlation between the expression levels of ATP7B and TOX4
across a wide range of cancer types. In over 20 different cancers, including breast, kidney,
liver, and prostate, we observed a strong positive association between the expression of
ATP7B and TOX4. These findings were supported by data obtained from large-scale

cancer databases such as TCGA and Timer-Cistrome (Figure 3./3). This consistent
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upregulation of TOX4 alongside ATP7B in diverse cancer types implies a potential co-
regulatory mechanism or functional association between the two.

In order to explore, we specifically investigated the expression of TOX4 in breast, kidney,
liver, and prostate cancers. In these cancer types, we observed a positive correlation
between TOX4 and ATP7B expression (Figure 3.32). This positive correlation further
supports the notion that TOX4 may contribute to the regulation of ATP7B expression in

a context-specific manner within these cancer types.
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Figure 3.25 The Effects of TOX4 Expression on ATP7B at Transcriptional and
Protein Level.
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A) HEK-TOX4 Ko gl and g2: The mRNA fold change of TOX4 and ATP7B in
HEK-TOX4 Ko cells (g1 and g2) was measured. B) HEK-TOX4 Ox: The effects of TOX4
Ox on ATP7B. C) HUH7-TOX4 Ko gl and g2. D) HUH7-TOX4 Ox: The impact of
TOX4 Ox on ATP7B transcriptional change in HUH7 cells. E) HEK-TOX4 Ox Western
Blot. (TOX4-FLAG) F) HUH7-TOX4 Ox Western Blot.

To investigate the role of TOX4 in the regulation of ATP7B, we generated TOX4 Ko
cell lines to examine its impact on ATP7B expression (3.19A). We observed a significant
reduction in ATP7B expression in TOX4-Ko cell line gl, indicating the involvement of
TOX4 in the regulation of ATP7B (Figure 3.19B). Conversely, when TOX4 was
overexpressed in HEK293T cells, we observed a 1.5-fold increase in ATP7B expression,
suggesting a regulatory mechanism between TOX4 and ATP7B at the promoter level.

Additionally, we generated TOX4 Ko HUH?7 cells and observed a significant
decrease in TOX4 mRNA levels, resulting in a reduction of ATP7B expression (Figure
3.25). However, the magnitude of change in ATP7B expression was lower compared to
that in HEK293T cells. Subsequently, stable Ox of TOX4 in HUH7 cells led to a 3-fold
increase in ATP7B expression compared to the control (Figure 3.19D). Then, we blotted
ATP7B (150 kDa), TOX4 Ox which has 3xFLAG epitope (100 KDa) to assess TOX4 Ox
effects on ATP7B protein level. Interestingly, when assessing protein levels, we observed
minimal changes in ATP7B expression level of TOX4 Ox in both HEK293T and HUH7
cell lines (Figure 3.25). However, there was a significant increase in ATP7B protein
levels in the HUH7 cell line. These observations suggest that the effects of TOX4 on
ATP7B expression may be cell line-specific and could be influenced by the baseline
expression levels of ATP7B, which are higher in HEK293T cells and relatively lower in
HUH?7 cells. Results suggest that TOX4 expression effects ATP7B independent from the
cell line context, comparing these two HEK293T and HUH?7 cell lines.

To investigate the specific cis-regulatory regions targeted by TOX4 within the
ATP7B promoter, we conducted a series of experiments. Initially, we assessed the effect
of TOX4 Ox on ATP7B expression using promoter assay, which revealed an increase in
ATP7B expression (Figure 3.26) Building upon these findings, our aim was to identify
the specific regions within the ATP7B promoter that interact with TOX4.
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Figure 3.26 TOX4 Ox Increases Luciferase Activity on ATP7B Promoter.

Transfection of ATP7B Promoter Constructs with Luciferase: HEK-3x FLAG Empty
(Control) and HEK-TOX4 Ox cell lines were transfected with ATP7B promoter
constructs fused to luciferase. The luciferase activity was measured using Relative
Luminescence Units (RLU) per microgram of protein (ug). The data compare luciferase
activity levels in the control and TOX4 overexpressing cells. HEK-TOX4 Ox Fold
Change Normalized to HEK-3x FLAG Empty Control: The fold change in luciferase
activity in HEK-TOX4 Ox cells was calculated and normalized to the luciferase activity
in HEK-3x FLAG Empty (Control) cells. The results highlight the relative increase in

luciferase activity upon TOX4 Ox compared to the control.

To achieve this, we generated a control construct containing the backbone of the
TOX4 Ox vector (3xFLAG Empty construct) and established a stable cell line as a control
for comparative analyses. We then transfected different sizes of ATP7B promoter
constructs (ranging from 200 to 3000 bp) into both the HEK-Control and HEK-TOX4 Ox
cell lines (Figure 3.26). Our luciferase assay results indicated that TOX4 Ox specifically

enhanced luciferase expression from the -1000 bp region of the ATP7B promoter,
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suggesting that TOX4 interacts with this specific cis-regulatory region, thereby increasing

the transcriptional activity of the ATP7B promoter (Figure 3.26).

To further investigate the binding sites of TOX4 on the ATP7B promoter and confirm
its regulatory role, we performed ChIP assays. For this purpose, we utilized TOX4-
overexpressing cell lines (HEK293T and HUH7) and included an IgG control for
comparison (Figure 3.27). Using specific ChIP-qPCR primers designed to target seven
regions identified through CASPEX analysis, we assessed the binding of TOX4 to the
ATP7B promoter. We focused our analysis on regions 1, 2, 3, and 6 to provide evidence
of TOX4 binding and its impact on ATP7B expression regulation (Figure 3.27). The
enrichment scores (%Input) for these regions were relatively high in the HEK-TOX4 Ox
cell line, indicating a strong binding of TOX4 to the ATP7B promoter especially on
Region-1: 0.16, Region-2: 0.27, Region-6: 0.17 which are considerebly good enrichments
in terms of transcription factor binding on enhancing regions, however on Region-3: 1.26
which states that a strong indication of binding. Additionaly, Region-4 binding of TOX4
is negative.

As having identified TOX4 on CASPEX proteome analysis in regions 1, 2, 3, and 6
of the ATP7B promoter, we sought to provide direct evidence of TOX4 binding to the
promoter region. To do so, we performed luciferase promoter assays and ChIP

experiments (Figure 3.21).
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Figure 3.27 TOX4 Binds to the ATP7B Promoter Validated with ChIP-qPCR.
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A) TOX4 ChIP-gPCR on HEK-TOX4 Ox Cells: ChIP-qPCR was performed using
anti-FLAG antibody to specifically pull down TOX4-bound DNA fragments from
chromatin in HEK-TOX4 Ox cells. As a negative control, IgG was used

B) TOX4 ChIP-gPCR on HUH7-TOX4 Ox Cells: Similar to (A), ChIP-qPCR was
performed on HUH7-TOX4 Ox cells using anti-FLAG antibody to assess TOX4 binding
to the ATP7B promoter.

In the luciferase promoter assay, we observed that Overexpression of TOX4 (TOX4
Ox) led to an increase in luciferase expression specifically on the 1000 bp-Luc construct.
This result indicates that TOX4 enhances the activity of the ATP7B promoter, supporting
its role as a regulator of ATP7B expression. To further elucidate our findings, we
conducted ChIP experiments to directly demonstrate the binding of TOX4 to the ATP7B
promoter. Our results confirmed that TOX4 binds to the vicinity of the 1000 bp region of
the promoter on HEK293T, providing direct evidence of its interaction with the regulatory
elements of ATP7B (Figure 3.27).

Notably, in the HUH7 cell line, the enrichment scores for TOX4 binding were
relatively lower, suggesting that the regulatory mechanism of TOX4 on ATP7B
expression may vary in different cell lines. Nevertheless, these findings collectively
suggest that TOX4 binds to the ATP7B promoter and plays a role in regulating its
expression, with potential variations across different cell lines (Figure 3.27).

Furthermore, we conducted viability assays to examine the impact of TOX4 on
ATP7B and its relationship with cisplatin treatment. We utilized stable cell lines with
TOX4 Ko, specifically HEK-TOX4 Ko-1 and HEK-TOX4 Ko-2 (corresponding to gRNA
1 and gRNA 2) - to assess the response to cisplatin in the absence of TOX4 (Figure 3.28).
Interestingly, the TOX4 Ko cells exhibited increased sensitivity to cisplatin, displaying
lower viability when exposed to varying doses of the drug compared to the control cells
transfected with non-targeting gRNA. The IC50 dose of HEK-TOX4 Ko-2 was found to
be 2-fold lower than that of the control. Conversely, in HEK-TOX4 Ox cells, which
overexpress TOX4, we observed a significant increase in cell viability, with a 2.5-fold

higher viability compared to the control (Figure 3.28).
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Figure 3.28 TOX4 Expression Levels Modulate Cisplatin Resistance and
Sensitivity.

A) Cisplatin Response of HEK-TOX4 KO Cells: HEK-TOX4 Ko cells were exposed to
varying concentrations of cisplatin, and their viability was measured. B) Cisplatin
Response of HEK-TOX4 Ox Cells: HEK-TOX4 Ox cells were subjected to cisplatin
treatment at different concentrations. C) Cisplatin Response of HUH7-TOX4 KO Cells:
HUH?7 cells with TOX4 Ko were treated with concentrations of cisplatin in the graph. D)
Cisplatin Response of HUH7-TOX4 Ox Cells: Lastly, HUH7 cells overexpressing TOX4

were exposed to different doses of cisplatin.

In contrast to the response observed with cisplatin, the downregulation of TOX4
expression resulted in increased resistance of HEK293T cells to copper, as indicated by
higher viability in the presence of the metal. Conversely, Ox of TOX4 in HEK-TOX4 Ox
cells restored the sensitivity of cells to copper, leading to reduced viability (Figure 3.29).

On the other hand, in the HUH7 cell line, the downregulation of TOX4 resulted in
increased resistance to cisplatin, as evidenced by a 2.5-fold higher IC50 value (Figure
3.28C). This suggests that TOX4 plays a role in modulating the sensitivity of HUH7 cells
to cisplatin-induced cytotoxicity. However, upon TOX4 Ox in HUH7 cells, we observed
a slight increase in cisplatin resistance. This may indicate that TOX4 has additional
targets than ATP7B and effects within the cisplatin pathway, potentially influencing other
proteins involved in cisplatin resistance, such as CTR1, ATP7A, MRP2, GSH, ERRCCI1,
BRCA1/2, and VDAC (Galluzzi et al., 2011).

Interestingly, we found that TOX4 Ko consistently rendered cells sensitive to copper
treatments, which is consistent with the role of TOX4 in regulating ATP7B (Figure 3.29).
In contrast, TOX4 Ox led to increased sensitivity to copper, suggesting a potential
regulatory mechanism between TOX4 and copper-related pathways. These findings
highlight the complex and context-dependent role of TOX4 in modulating cellular
responses to different treatments and emphasize the need for further investigation to
elucidate the underlying mechanisms.

Based on the results highlight the complex and context-dependent role of TOX4 in

the response of cells to different treatments, such as cisplatin and copper. The modulation
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of TOX4 expression have a significant impact on cell viability and drug resistance,

suggesting its involvement in the regulation of cellular responses to these agents.
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Figure 3.29 TOX4 Expression Levels Modulate Copper Resistance and Sensitivity.

A) Copper Response of HEK-TOX4 KO Cells: HEK-TOX4 Ko cells were exposed to
varying concentrations of copper, and their viability was measured. B) Copper Response
of HEK-TOX4 Ox Cells. C) Copper Response of HUH7-TOX4 Ko Cells. D) Copper
Response of HUH7-TOX4 Ox Cells.

As we previously confirmed ATP7B Ko verification by qPCR and Western Blotting.
TOX4 Ox on these cells protected toxic dose of copper, TOX4 could have additional
targets than ATP7B (Figure 3.31).

To investigate the long-term effects of cisplatin exposure and the response in relation
to TOX4, we conducted a colony formation assay using different doses of cisplatin (0,
0.5, 1, 2 uM) (Figure 3.30). In the HEK-293T cell line, we observed that TOX4 Ox
provided significant protection against cisplatin-induced damage at a dose of 1 uM, while
TOX4 Ko (gl and g2) sensitized the cells to cisplatin. These findings suggest that TOX4
may play a role in modulating the response to cisplatin-induced DNA damage and
participate in DNA repair processes, as the absence of TOX4 resulted in increased
sensitivity to cisplatin.

Similarly, in the HUH7 cell line, similar results observed, with the cells showing
higher sensitivity to cisplatin compared to HEK293T cells. This could be attributed to
differences in the expression levels of proteins involved in the cisplatin pathway and
ATP7B. Upon TOX4 Ox, HUH7 cells were protected against cisplatin at a dose of 0.5
uM, allowing them to grow more, while the absence of TOX4 resulted in cell death
(Figure 3.30B). These findings suggest that TOX4 may play a critical role in modulating
the response to cisplatin in HUH7 cells and highlight the importance of TOX4 in
regulating cell viability and survival under cisplatin-induced stress.

Indeed, the upregulation of TOX4 led to increased levels of ATP7B in both
HEK293T and HUH?7 cell lines. However, it is important to consider that TOX4 may
have additional targets within the cisplatin pathway that can influence the viability
outcomes. These targets include ATP7A, ABCC2, CTR1, ERRCI, and RADS51. In HEK-
TOX4 Ox cells, we observed an increase in both ATP7B and ATP7A levels. Interestingly,
the levels of ABCC2, which engages in multidrug resistance, were significantly reduced

(Figure 3.31A). This suggests that the excretion of cisplatin from the cells may be
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compromised. Additionally, while the levels of ERCC1 and CTR1 remained unchanged,
the levels of RADSI, involved in DNA damage repair, were significantly increased in
response to TOX4 Ox. In HUH7 cells, we observed an increase in both ATP7B and
RADSI1 levels, while the levels of ATP7A and ABCC2 were decreased (Figure 3.31B).
These findings indicate that the Ox of TOX4 affects the cisplatin pathway, but the
prediction of viability outcomes may vary between cell lines due to the specific targets of

TOX4 and their effects on gene expression levels.
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Figure 3.30 TOX4 has Dual Role as Resistance and Sensitization against Cisplatin

on 293T and HUH7.

A) Colony formation performed on HEK293T cells with modulated TOX4

Expression (Ox, Kos) and Cisplatin doses (0, 0.5, 1, 2 uM). B) Colony formation
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performed on HUH7 cells with modulated TOX4 Expression (Ox, Kos) and
Cisplatin doses (0, 0.5, 1, 2 uM).
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Figure 3.31 Potential Targets of TOX4 on Cisplatin Pathway.
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Figure 3.32 Correlation of TOX4 with ATP7B in Breast, Kidney, Liver and
Prostate Cancer.
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3.6 Epigenetic Regulation of ATP7B

3.6.1 HDAC Inhibitors

Epigenetic changes as acetylation and methylation patterns could lead to ATP7B
expression changes and effect its expression to drive cancer cells towards resistance or
Wilson’s disease phenotypes (Contreras-Sanzon et al., 2022; H. J. Kim & Bae, 2011;
Shanmugam et al., 2022). In our laboratory, a Luciferase Knock-in cell line was generated
on the HEK-293T cells by Baris Sergi, PhD student. The Luciferase gene was integrated
into the transcription start site of the ATP7B promoter. Subsequently, a drug screen was
conducted using an epigenetic drug library and inhibitors targeting epigenetic modifiers
such as HDACs, BETs, and methylation. From this screen, candidate inhibitors were
identified that specifically target the activity of HDACI and HDAC3. These inhibitors
resulted in a direct increase in Luciferase expression, which is correlated with ATP7B
expression.

To assess the functionality of our ATP7B Knock-in system, we generated single
colonies from HEK293T cells and measured luciferase expression. Among the generated
colonies, HEK-Ki Colony 5, 6, and 8 exhibited relatively high luciferase expression
levels, with RLU/ug values around 4-5 (Figure 3.32A).

Next, we aimed to demonstrate the responsiveness of the Knock-in system to
exogenous changes. We overexpressed a known, novel regulator of ATP7B, MTF1, using
a doxycycline-inducible backbone. The Ox of MTFI1 further increased luciferase
expression in HEK-Ki #5 and HEK-Ki #6 cells, which harbor the ATP7B promoter
(Figure 3.32B).
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Figure 3.33 Modulation of ATP7B Knock-in (Ki) and Exogenous ATP7B Promoter
Activity by HDAC Inhibitors.
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A) Knock-in validation with luciferase expression: HEK-Ki colonies (Colony 5, 6,
and 8) were subjected to luciferase reporter assay to confirm the successful
knock-in of ATP7B. B) MTF1 Ox Activity on HEK-Ki Colonies: The impact of
MTF1 Ox on HEK-Ki colonies was assessed. C) Comparison of 1kb ATP7B
Promoter Strength with MDR1-1202 and CMV-Luc: D) Effects of HDAC
Inhibitors on 1kb ATP7B-fLuc: The effects of HDAC inhibitors on the 1kb
ATP7B promoter were evaluated using a fusion luciferase construct (1kb
ATP7B-fLuc). HDAC inhibitors were administered to examine their modulatory

impact on ATP7B expression.

Additionally, we utilized the 1kb ATP7B promoter-Luc construct, along with other
promoter constructs such as MDR1-1202, CMV-Luc, and an empty vector, to evaluate
their activity (Figure 3.32C). The lkb ATP7B promoter exhibited strong promoter
activity comparable to the MDR1-1202 promoter, providing further confirmation of the
HDAC inhibitors identified through the epigenetic drug screen. These inhibitors target
HDAC activity, leading to specific acetylation patterns that influence gene expression(#.
J. Kim & Bae, 2011). Moreover, the plasmids used in the experiments interact with histones,

potentially influencing their regulatory patterns (Mladenova et al., 2009).

To investigate the expression changes induced by HDAC inhibitors, we transfected
HEK?293T cells with the 1kb ATP7B-fLuc construct and treated them with five selected
HDAC inhibitors (MS275, Chidamide, KD5170, Pyroxamide, and PAOA) at a
concentration of SuM. After 48 hours, we measured luciferase expression and calculated
the RLU/Protein ug values. Among the inhibitors, MS275 and KD5170 significantly
increased ATP7B promoter expression by 1.53-fold and 2.67-fold, respectively,
compared to the control transfection (Figure 3.32D).

Furthermore, the magnitude of the upregulation induced by MS275 and KD5170
invites speculation about the interplay between chromatin remodeling and ATP7B
transcriptional control. These HDAC inhibitors likely exert their influence by modulating
the acetylation status of histones, thereby altering the chromatin landscape and

accessibility of transcriptional machinery to the ATP7B promoter. Elaborate
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investigations into the epigenetic modifications induced by MS275 and KD5170,
specifically in the context of ATP7B regulation, would shed light on the mechanistic
intricacies governing their potent effects.

Importantly, these findings open avenues for potential therapeutic applications.
Given the pivotal role of ATP7B in cellular copper homeostasis and its implication in
various pathophysiological processes, the capacity to modulate its expression via HDAC
inhibitors introduces a novel avenue for therapeutic intervention. Harnessing the distinct
properties of MS275 and KD5170 to selectively enhance ATP7B expression could hold
promise for addressing disorders associated with aberrant copper metabolism and cancer

drug resistance.
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Chapter 4:DISCUSSION

In this study, we aimed to investigate the transcription factors associated with
cisplatin resistance in relation to ATP7B. To achieve this goal, we employed an
innovative proximity labeling method to specifically target the ATP7B promoter region
from the transcription start site (+1) to 3000 base pairs upstream. Our study aimed to
identify transcription factors that are correlated with the expression of ATP7B with
CASPEX system(Myers et al., 2018). Using a combination of biotinylation, nuclear
protein isolation, and LC-MS LFQ techniques, we identified TOX4 as a transcription
factor involved in ATP7B regulation in cancer types.

Initially, we examined the conservation of the ATP7B promoter across eight different
species and identified conserved regions within the promoter. Specifically, we focused
on the region spanning from -1000 bp to -3000 bp of the ATP7B promoter, which
displayed a high degree of conservation. To facilitate our investigations, we implemented
various optimization steps. This included the generation of a stable cell line expressing
CASPEX in HEK293T cells, which allowed for precise and targeted labeling. To ensure
the reliability of our results, we employed sorting techniques and performed single colony
selection, ensuring the consistency and accuracy of our experimental model.

Subsequently, we proceeded to validate the efficiency of the selected gRNAs through
T7E and ChIP assays, ensuring effective targeting of the ATP7B promoter with the
CASPEX system. Our analysis revealed that while gRNA efficiency on the target site is
an important factor, it can vary between different cell lines. We encountered challenges
with Region-3, requiring us to troubleshoot and test multiple gRNAs before successfully
achieving the desired enrichment in the ChIP-qPCR assays.

To investigate the biotinylation potential of the CASPEX system, we performed our
initial CASPEX biotinylations using the non-targeting gRNA on Region-7 with eight
different stable cell lines, each containing CASPEX and targeting gRNAs specific to
different regions of the ATP7B promoter. HEK-CASPEX cells harboring validated
gRNAs were induced with doxycycline for 48 hours to initiate APEX2-mediated
biotinylation. To confirm the specificity of the biotinylation signal and minimize
background noise during subsequent mass spectrometry analysis, cell lysates were
divided into cytoplasmic and nuclear fractions, with a focus on isolating nuclear proteins

where transcription factors predominantly reside.
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To ensure efficient enrichment of biotinylated proteins for subsequent analysis, we
compared the use of agarose and streptavidin magnetic beads. Based on our evaluation,
we opted to utilize streptavidin magnetic beads for the pulldown experiments due to their
superior performance. Following successful CASPEX biotinylation in the eight HEK-
CASPEX cell lines containing targeting gRNAs, along with the non-targeting gRNA
control, protein samples were meticulously prepared for pulldown experiments and
subsequent Label-Free Quantification (LFQ) analysis. Upon examining the raw intensity
distributions, we observed striking similarities in the peak patterns of the seven targeting
gRNA samples compared to the control sample. To further analyze the enriched proteins,
we performed limma and statistical analysis, comparing the samples containing targeting
gRNAs to the non-targeting gRNA sample for each of the seven regions within the
ATP7B promoter.

Through the utilization of transcription factor databases and comparative analysis,
we successfully identified over 150 different transcriptional regulators in our dataset. This
comprehensive analysis provided valuable insights and served as a valuable resource for
our study. By aligning our data with existing knowledge of transcription factors and
regulatory elements, we gained a deeper understanding of the potential transcriptional
regulatory network associated with the ATP7B gene.

During the in silico analysis stage of the CASPEX project, we specifically focused
on identifying transcription factors involved in the regulation of ATP7B. Through this
analysis, we successfully detected several predicted and hypothesized transcription
factors, including TP53, ATF3, HOXD13, LEF1, MAZ, PAX6, and YY 1. These findings
further supported the involvement of these transcription factors in the regulation of
ATP7B.

To refine our selection of transcription factors for further investigation, we applied
specific criteria. This included factors such as identification of a transcription factor in
multiple regions, significance determined by p-value and log-fold change, and correlation
between ATP7B expression and the candidate transcription factor. Based on these
criteria, we selected ATF3, LEF1, P53, and TOX4 as the most promising transcription

factors for further validation through experimental approaches.

In our exploration of various transcription factors, distinctive effects on ATP7B

expression were evident. LEF1 Ox led to increased ATP7B transcription but conflicted
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with protein abundance. P53 Ox transiently enhanced ATP7B transcription. Interestingly,
neither LEF1 nor P53 alterations influenced Cisplatin response in compare to the
literature (Chee et al., 2013; Han et al., 1999; Santiago et al., 2017).

Among the factors studied, ATF3 emerged as a compelling candidate. We
investigated ATF3's impact on the ATP7B promoter using the CASPEX proteome
approach within regions 2 and 3. Luciferase assays and ChIP-qPCR analyses verified
ATEF3's binding across regions 1, 2, and 3, corresponding to the genomic span 1000 bp to
200 bp upstream of the ATP7B promoter. Notably, ATF3's effects on cisplatin response
diverged from its impact on ATP7B expression (Fu et al., 2021). ATF3 Ox heightened
ATP7B expression, rendering cells more sensitive to cisplatin. Conversely, ATF3 Kos
increased cisplatin resistance compared to the control. In light of the contrasting effects
observed in ATF3's influence on ATP7B expression and its impact on cellular response
to cisplatin, we decided to exclude ATF3 from further consideration as a primary
candidate.

Subsequent studies have highlighted the importance of TOX4 in RNA pol II
elongation and its involvement in the development of murine T cells (T. Wang et al.,
2023). Moreover, TOX4 has been reported to have a crucial role in maintaining
pluripotency in embryonic stem cells. Interestingly, in cancer-related proteomic analyses,
TOX4 has been found to exhibit similarities with PNUTS and WDRS&2, particularly in
their localization to platinylated DNA. When platinum-based drugs are employed in
chemotherapy, TOX4 and its associated proteins recognize these specific DNA locations
and bind to them. This binding may potentially modify the platinum adducts, enabling
them to evade cellular death. Furthermore, TOX4 may recruit DNA repair factors and
manipulate transcriptional regulators, thereby influencing DNA repair processes and
transcriptional activity (M. Lambert et al., 2018; Puch et al., 2011). TOX4 identified as a
potential transcriptional regulator of ATP7B, based on its presence in multiple regions of
the CASPEX proteome analysis. The significant fold changes in enrichment observed in
different regions further support the involvement of TOX4 in the regulation of ATP7B.
Specifically, region-1, region-2, region-3, and region-6 exhibited notable changes in
enrichment, indicating a potential role for TOX4 in modulating ATP7B expression.

In summary, our study revealed that TOX4 serves as a regulator of ATP7B
expression in both HEK293T and HUH?7 cell lines. Ko of TOX4 resulted in a reduction
in ATP7B expression, while Ox of TOX4 led to an increase in ATP7B transcription,
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regardless of the cell line. To adress the regulatory role of TOX4 on ATP7B, we
conducted luciferase promoter assays using the ATP7B promoter construct. Our findings
suggested that TOX4 may bind to the ATP7B promoter region around 1000 bp, thereby
enhancing its expression.

We performed chromatin immunoprecipitation followed by ChIP-qPCR to confirm
TOX4 binding to the ATP7B promoter. Interestingly, we observed successful TOX4
binding on Region-3 of the ATP7B promoter in HEK293T cells, located approximately -
950 bp from the transcription start site. However, the results obtained from the HUH7
cell line were more complex, with reduced enrichment, indicating potential differences in
ATP7B chromatin regulation between the two cell lines. This discrepancy may be
attributed to variances in basal ATP7B levels and chromatin accessibility of the promoter
between HEK293T and HUH7 cells.

Furthermore, we conducted drug response assays using cisplatin and copper to
evaluate the viability of cells in the presence or absence of TOX4, aiming to validate the
correlation with ATP7B. In HEK293T cells, Ko of TOX4 sensitized cells to cisplatin,
while TOX4 Ox rendered cells more resistant to cisplatin-induced cell death. However,
in the case of HUH?7 cells, the mechanism was more intricate, as TOX4 Ko resulted in
increased viability against cisplatin. Additionally, TOX4 demonstrated variable responses
in the presence of copper, depending on the cell line.

These findings indicate that TOX4 may act as a modulator of platinylated DNA from
the literature, potentially influencing DNA repair mechanisms and orchestrating the
recruitment of transcription factors to protect cells from cisplatin-induced cell death
(Puch et al., 2011). Overall, our study sheds light on the intricate regulatory mechanisms
involving TOX4 in ATP7B expression and its potential implications in cancer therapy
and resistance. Further investigations are needed to elucidate the precise molecular
mechanisms by which TOX4 influences ATP7B regulation and to explore its therapeutic

potential in overcoming drug resistance in cancer.
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Chapter 5:CONCLUSION

In conclusion, our findings shed light on the role of TOX4 as a potential regulator of
ATP7B expression and its implications in cellular response to cisplatin and copper.
Through our investigations on HEK293T and HUH?7 cell lines, we observed that TOX4
plays a critical role in modulating ATP7B expression, with its Ko resulting in reduced
expression and Ox leading to increased transcription. The ATP7B promoter luciferase
assay further supported our hypothesis by demonstrating that TOX4 binds to the ATP7B
promoter, particularly around the -1000 bp region, thereby enhancing its expression.
Furthermore, our ChIP-qPCR analysis revealed TOX4 binding on Region-3 of the
ATP7B promoter in HEK293T cells, while the complexities observed in HUH7 cells
suggest differential regulation. These findings highlight the importance of TOX4 in the
regulation of ATP7B and provide insight into the potential mechanisms underlying
cisplatin resistance. The observed effects of TOX4 on the response to cisplatin and copper
further suggest its involvement in DNA repair processes and its ability to modulate the
cellular fate in response to these agents. Moving forward, future studies should aim to
elucidate the precise molecular mechanisms by which TOX4 regulates ATP7B expression
and investigate its potential as a therapeutic target for enhancing the efficacy of cisplatin-

based chemotherapy and understanding copper-related disorders.
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