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ABSTRACT

Identification of the Transcriptional Regulators of ATP7B gene by Genomic
Locus Proteomics and Their Effect on Cisplatin Resistance
Ayca Acar
Master of Science in Cellular and Molecular Medicine

July 24, 2023

ATP7B is a copper pump that plays a vital part in cellular homeostasis. It removes the
excess metal from the cells to prevent the toxic results of copper accumulation.
Insufficient ATP7B activity results in copper gathering in the body, culminating in
Wilson’s disease. Upregulation of ATP7B conversely causes the removal of platinum-
based drugs along with copper, leading to drug resistance. Understanding the
transcriptional regulation of ATP7B may shed light on the mechanisms of disease
progression.

Metal Regulatory Transcription Factor 1 (MTF1) is a well-studied regulator of
ATP7B; however, its expression does not always correlate with ATP7B expression in
cancers. The expression of a transcription factor does not always have to be correlated
with the expression of the target gene. But the probability that ATP7B is regulated by a
single transcription factor is also very low, thus indicating the necessity to identify novel
regulators of ATP7B. An in-silico analysis using TRANSFAC/PROMO software was
performed to find these additional factors. It was found that several transcription factors
may bind to the ATP7B promoter, which was focused around -3000 to +1, indicating that
the regulatory sequences are most likely located in this region.

A novel proximity labeling methodology called “Genomic Locus Proteomics” was
used in this thesis to identify the transcription factors that regulate ATP7B expression. In
this technique, the deadCas9 (dCas9) protein is fused to the APEX2 enzyme, and the
protein is guided to the ATP7B promoter via specific gRNAs. The efficient gRNAs
spanning the -3000 to +1 region were determined by T7E assay and ChIP-qgPCR
experiments. The proteins near the dCas9-targeted regions of the ATP7B promoter were
subsequently biotinylated with the APEX2 enzyme and pulled down with streptavidin-
magnetic beads. The marked proteins were then identified with mass spectrometry, and
several proteins were selected based on their enrichment scores and their associations
with cancer progression and drug resistance in cancers.

The target gene PINX1 (Pin2/TRF1-Interacting Protein) was analyzed to illuminate
its relationship with ATP7B activity, and it was shown that overexpression of this gene
leads to an increase in ATP7B expression. Furthermore, PINX1 overexpression in the
HEK293T and Huh7 cells increased the cell viability against cisplatin treatment. This
resistance to cisplatin is attributed to the heightened ATP7B activity in the cells. Our
findings indicate a transcriptional connection between PINX1 and ATP7B. This
relationship may play a role in the progression of the disease and could potentially be
utilized to develop more effective therapies.

Keywords: ATP7B, copper, cisplatin resistance, Wilson’s disease, proximity labeling
assay, mass spectrometry
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OZETCE

ATP7B Geninin Transkripsiyonel Regiilatorlerinin Genomik Lokus Proteomik
Yontemi ile Tammmlanmasi ve Cisplatin Direncine Etkilerinin Arastirllmasi
Ayca Acar
Hiicresel ve Molekiiler Tip, Yiiksek Lisans
24 Temmuz 2023

ATP7B, hiicresel homeostazda hayati bir rol oynayan bir bakir pompasidir. Bakir
birikiminin toksik sonuglarini 6nlemek i¢in hiicrede biriken fazla metali ekzositoz yolu
ile hiicreden uzaklastirir. Yetersiz ATP7B aktivitesi, viicutta bakir toplanmasina neden
olarak Wilson hastaligina neden olur. ATP7B'nin expresyonundaki artig ise tam tersine,
platin bazli ilaglarin bakirla birlikte hiicreden atilmasina neden olarak ilag direncine yol
acar. ATP7B'nin transkripsiyonel seviyede regililasyonunu anlamak, bu genin
disregiilasyonu sonucu olugan hastaliklarin mekanizmalarin1 anlamaya yardime1 olabilir.

Metal Diizenleyici Transkripsiyon Faktorii 1 (MTF1), ATP7B'nin en ¢ok ¢aligilmis
transkripsiyonel diizenleyicisidir, ancak ekspresyonu, kanserlerde ATP7B ekspresyonu
ile her zaman iligkili degildir. Bir transkripsiyon faktoriiniin ekspresyonu her zaman hedef
genin ekspresyonu ile iliskili olmak zorunda degildir. Ancak ATP7B'nin tek bir
transkripsiyon faktorii tarafindan diizenlenme olasilig1 da ¢ok diisiiktiir, bu da ATP7B'nin
diizenleyicilerinin tanimlanmasi gerekliligini gostermektedir. ATP7B  anlatimim
diizenleyen ek faktorleri bulmak i¢in, TRANSFAC/PROMO yazilimi kullanilarak bir in-
silico analiz gerceklestirildi ve birkag¢ transkripsiyon faktdriintin -3000 ila +1 civarinda
odaklanan ATP7B promotdriine baglanabilecegi bulundu, bu da diizenleyici dizilerin en
cok bu bolgede toplandigini géstermektedir.

ATP7B ekspresyonunu diizenleyen transkripsiyon faktorlerini tanimlamak icin bu
tezde “Genomik Lokus Proteomik™ adli yeni bir proximity-labeling metodolojisi
kullanilmistir. Bu teknikte, dCas9 proteini APEX2 enzimi ile birlestirilmis ve protein,
spesifik gRNA'lar araciligiyla ATP7B promotoriine yonlendirilir. -3000 ila +1 bolgesini
kapsayan gRNA'lar, T7E ve ChIP-qPCR deneyleri ile belirlendi. ATP7B promotdriiniin
dCas9 hedefli bolgelerinin yakinindaki proteinler daha sonra APEX2 enzimi ile
biyotinlendi ve streptavidin-manyetik bead ile ¢oktiiriildii. Isaretlenen proteinler daha
sonra kiitle spektrometresi ile tanimland1 ve zenginlestirme puanlarina ve kanserlerde ilag
direnci ile iliskilerine gore birkag protein hedef olarak secildi.

ATP7B aktivitesi ile iliskisini aydinlatmak i¢in hedef gen PINX1 (Pin2/TRF1-
Interacting Protein) analiz edildi ve bu genin asir1 ekspresyonunun ATP7B
ekspresyonunda bir artisa yol actig1 gosterildi. Ayrica, HEK293T ve Huh7 hiicrelerinde
PINXI1 asirt ekspresyonu, sisplatin tedavisine karsi hiicre canliligini arttirdi. Analiz
sonuclart PINX1 ve ATP7B arasinda transkripsiyonel bir sekilde bir baglant1 oldugunu
gostermektedir. Bu iliski hastaligin ilerlemesine sebep olabilir ve daha etkili tedaviler
gelistirmek icin kullanilabilir.

Anahtar Kkelimeler: ATP7B, bakir, cisplatin direnci, Wilson’s hastaligl, kiitle
spektrometrisi
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Introduction 1

Chapter 1:
INTRODUCTION

1.1  ATP7B function in copper metabolism

Copper is a metal utilized in cells during many essential processes such as tissue
generation and cellular respiration. Oxidation of this metal however gives rise to the
formation of oxygen radicals. Copper metabolism is strictly controlled in the cells via
various pathways to ensure they obtain sufficient copper to maintain their homeostasis
while preventing the copper amounts from reaching toxic levels (Polishchuk & Lutsenko,
2013). ATP7B is a P-type ATPase that plays an essential part in copper metabolism in
the cell and secures the correct trafficking of copper. ATP7B resides in Golgi and gets
located in lysosomes when the copper levels are increased in the cell to hinder harmful

copper accumulation (Polishchuk & Lutsenko, 2013).

1.1.1 ATP7B and Wilson’s Disease

Such a significant role requires strict control and maintaining the balance between
gene expression, and the copper levels in the cells is crucial for stable homeostasis. As
expected, the dysregulation of ATP7B activity results in several physiological problems
(Figure 7.1). A deficiency of ATP7B expression leads to copper gathering in the brain
and liver and inevitably leads to the progression of a rare disease called Wilson’s Disease
(Ala, Walker, Ashkan, Dooley, & Schilsky, 2007). The disease symptoms vary from liver
failures to neurological defects while the beginning of the symptoms ranges from
childhood to 40 years of age based on the genetic background and epigenetic changes

(Poujois & Woimant, 2019).
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Figure 1.1: Schematic representation of the relationship between dysregulation of ATP7B
activity and physiological disorders.

A study of next-generation sequencing data conducted in 2019 revealed that the
prevalence of Wilson’s disease is 13.9 per 100.000. However, this ratio increases
dramatically in isolated regions such as Crete and the Canary Islands, where the
occurrence of the disease rises to 35 per 100.000 (Gao, Brackley, & Mann, 2018). The
current common therapy for Wilson’s disease includes the use of a chelator agent to
remove heavy metals such as copper from the body; however, this method does not
correct the copper metabolism in the body and could result in unfavorable outcomes
(Greig et al., 2019). Gene therapy approaches propose a permanent solution to the disease
by utilizing adenoviral vectors to restore ATP7B expression activity for patients suffering
from Wilson’s disease (Greig et al., 2019). Understanding the molecular basis behind the
disease could provide new approaches to developing treatments for the disease.

Another P-type ATPase, ATP7A is also involved in the maintenance of copper
homeostasis in the cell and resembles ATP7B in structure. Both ATP7A and ATP7B
function in the removal of copper via exocytosis. Deficiency in ATP7A activity also
results in a genetic disease called Menkes disease (Linz & Lutsenko, 2007). Mutations in
ATP7A lead to copper accumulation in the intestine, however, copper absorbance is
limited, and results in a copper deficiency in the liver and brain, similar to Wilson’s

disease (Fujisawa et al., 2022). When copper levels are elevated in the cells, both of these
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proteins get transported to the vesicular components adjacent to the plasma membrane

(La Fontaine & Mercer, 2007).

1.2 Role of ATP7B in cisplatin resistance

1.2.1 Cisplatin

Cisplatin is a platinum-based chemotherapeutic drug used in the treatment of several
cancer types such as lung, ovarian, head, and neck cancers. Cisplatin affects the cells
either by damaging DNA by the formation of DNA adducts or generating oxidative stress
in the cells and resulting in apoptosis (Dasari & Bernard Tchounwou, 2014). The cellular
uptake of cisplatin induces the reaction between the drug and the purine residues on the
nucleic acids and then causes the generation of cross-links in DNA. This may activate the
DNA repair mechanisms in the cells, and hinder the cell cycle (Yimit, Adebali, Sancar,
& Jiang, 2019).

Reactive oxygen species (ROS) are the byproducts of oxidative phosphorylation in
mitochondria. Incomplete reduction of oxygen generates ROS complexes and may
undercome the ROS-scavenging systems in the cells and leads to oxidative stress (Ray,
Huang, & Tsuji, 2012). The cisplatin treatment disrupts the antioxidant components in

the cells and results in an increase in oxidative stress (Saad, Najjar, & Alashari, 2004).

1.2.2  ATP7B plays a role in cisplatin resistance

Many patients develop resistance against cisplatin treatment over time which leads to
poor prognosis and disease recurrence. The drug resistance may stem from alterations of
cisplatin efflux in the cells or detoxification of the drug via various mechanisms (Dasari
& Bernard Tchounwou, 2014). In vitro experiments demonstrate that in ovarian
carcinomas, ATP7B expression was shown to be higher compared to normal ovarian
cells. Due to its role as a metal pump, it was suggested that ATP7B is involved in the
efflux of cisplatin from the cells and leads to resistance to the cisplatin therapy
(Nakayama et al., n.d.). In cisplatin-resistant cells, ATP7A and ATP7B are mostly
shuttled to the cell periphery from the Golgi network to export cisplatin. Thus, inaccurate
localization of ATP7B hinders the cisplatin to interact with its target nuclear DNA and
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eventually results in chemotherapeutic resistance (Kalayda, Wagner, BuB3, Reedijk, &
Jaehde, 2008).

In addition to the increased drug efflux by the copper pumps ATP7A and ATP7B,
high-affinity copper uptake protein CTR1 could also be involved in the decreased influx
of the cisplatin (Schoeberl et al., 2022). However, only the alterations in the ATP7A and
ATP7B levels in the cells were linked with the platinum-based drug resistance
(Lukanovi¢, Herzog, Kobal, & Cerne, 2020). Moreover, the knock-down of ATP7A did
not reverse the cisplatin resistance, but suppressed ATP7B expression led to the DNA
adduct formation, and could significantly reverse the drug resistance phenotype (Mangala
et al., 2009).

The relationship between platinum drug resistance and ATP7B expression was also
indicated with the localization shift of ATP7B from Golgi to the vesicles in drug-resistant
cancer cell lines (Kalayda et al., 2008). Targeting the copper pump of the cells thus may
increase the efficiency of drug-based therapies for cancer via manipulating the

mechanisms that would lead to resistance phenotypes.

1.3 Regulation of ATP7B expression

ATP7B gene is located on the 13" chromosome and consists of 21 exons (Telianidis,
Hung, Materia, & Fontaine, 2013). The core promoter sequence of the ATP7B gene was
proposed to reside in the bidirectional promoter region between ATP7B and ALGI11
genes which host several transcription factor binding motifs (Hoflich, Brieger, Zeuzem,
& Plotz, 2021). So far, a few potential transcription factors which could regulate ATP7B

activity were proposed, and their binding sequences were analyzed.

1.3.1 Transcriptional Regulation

The transcriptional regulation process aids the cells to respond and adapt to the
changes in their environment by controlling the transcription activity of a gene and
therefore organizing the cellular signaling mechanisms. Numerous proteins are involved
in the regulation via DNA-protein interactions to either recruit the transcriptional
machinery to the target site or initiate epigenetic mechanisms such as histone
modifications (Casamassimi & Ciccodicola, 2019). Transcription factors control a gene’s

expression by binding to the target gene and then recruiting necessary components of
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transcriptional machinery such as polymerases and regulatory proteins (Lee & Young,

2013).

1.3.2  Transcription factors controlling ATP7B activity.

The presence of metal-responsive elements (MREs) in the ATP7B promoter region
suggests that transcription factors could bind to the region upon the increase in metal
levels (Oh, Kim, Park, Hahn, & Yoo, 1999)(Culotta & Hamer, 1989). Metal Regulatory
Transcription Factor 1 (MTF1) binds to the consensus sequences of MREs located near
the promoter of genes that are involved in mediating the metal levels in the cells. The
binding is induced by the efflux of metal ions such as zinc into the cells and MTF1 gets
located in the nucleus to activate the transcription of the target genes (Tavera-Montafiez
et al., 2019). The binding of MTF1 to the ATP7B promoter was verified and shown that
this binding enhances the ATP7B gene activity (Stalke et al., 2020).

Figure 1.2: Metal responsive element (MRE) on the promoter region of a target gene,
occupied by MRE-binding transcription factor 1 (MTF1).

Represented data adapted from Fujie, Hara, & Kaji, 2016.

Dysregulations in MTF1 activity also disrupt ATP7B expression. It had been
demonstrated in a study that a homozygous variant that distorts the MTF1 binding site on
the ATP7B promoter region leads to reduced ATP7B activity and Wilson’s Disease (H.
L. Chen et al., 2018). However, in cancers, ATP7B levels are not always correlated with
MTF]1 levels (H. Liu, 2022). Expression of a transcription factor does not always have to
be correlated with the expression of the target gene. But the probability that ATP7B is
regulated by a single transcription factor is also very low, thus indicating the necessity to
identify novel regulators of ATP7B to shed light on the mechanisms leading to cisplatin

drug resistance.
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Possible binding sites of several liver-specified transcription factors such as HNFI,
HNF2, and CTF were also identified at the upstream of ATP7B coding region (Loudianos
et al., 1999). Transcription factor EB (TFEB) is also a major regulator of lysosomal genes
and its binding to specific loci on ATP7B promoter region was demonstrated only by the
presence of platinum-based drugs in the medium and as a result, increases ATP7B activity
and maintains the resistance phenotype (Petruzzelli et al., 2022). The binding of these
factors and how their effects induce cisplatin resistance via the ATP7B activation

pathway remains a current interest in the field.

1.3.3 Epigenetics

Epigenetics are defined as the inheritance of genetic information without altering the
DNA sequence. Chromatin structure contains DNA and histones and the change in this
structure affects the gene activity. If the modifications on DNA and histones result in a
more open structure, the transcriptional machinery can be recruited to the target sequence,
and the gene is turned on. On the other hand, if the chromatin structure is more condensed,
the transcription activity is diminished (Hess-Stumpp, Bracker, Henderson, & Politz,
2007). These epigenetic changes are controlled by histone-modifying enzymes by the
addition or detachment of chemical groups through the processes such as acetylation or

methylation (Cohen, Porgba, Kamieniarz, & Schneider, 2011).

1.3.4 Histone Deacetylation

Post-translational modifications on histones could affect the expression of a target
gene. Several histone modifications have been identified and one of the commonly
studied modifications is the acetylation of the amino groups on lysine residues on the
histone tails. This reversible process is maintained by the two classes of enzymes called
histone acetyltransferases (HATs) and histone deacetylases (HDACs). Removing the
acetyl group on the histone tails by HDAC activity usually results in the suppression of
the gene expression by the enhancement of the DNA-histone interaction and by inhibiting
the access of the transcriptional proteins binding to the DNA (Gallinari, Di Marco, Jones,
Pallaoro, & Steinkiihler, 2007). Histone deacetylation could also lead to additional
posttranslational modifications such as methylation or ubiquitination and unbalanced

HDAC activity would result in some physiological problems (Seto & Yoshida, 2014).
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HDAC family of proteins is divided into four categories based on their sequence
homologies. Class I proteins are labeled as HDAC1, HDAC2, HDAC3, and HDACS.
Class II proteins are labeled as HDAC4, HDACS, HDAC6, HDAC7, HDACY9, and
HDACI10. Class III proteins are labeled as sirtuins and have NAD-dependent deacetylase
activity. Class IV protein is labeled as HDAC11 (Seto & Yoshida, 2014).

1.3.5 Bromodomains

Histone acetylation mark could result in the recruitment of bromodomain-containing
proteins and bromodomain extra-terminal proteins (BETs) to the site and enhances
transcriptional activity by the further recruitment of transcriptional machinery (Cochran,
Conery, & Sims, 2019). BET inhibitors are chemical drugs that block the ‘reading’
activity of the bromodomain proteins on the acetylated residues on the histone tails and

could alter the transcriptional activity (Chueh, Tse, Togel, & Mariadason, 2015).

1.3.6 Epigenetic changes alter gene (ATP7B) expression

Evidence suggests that epigenetic regulation of ATP7B plays a vital role in Wilson’s
disease progression. Epigenetic changes consist of alterations in gene expression level
without any change or mutation in the nucleotide sequence itself (Jaenisch & Bird, 2003).
In mouse disease models, histone deacetylases HDAC4 and HDACS levels were
diminished when the copper amounts are increased. As a result, histone acetylation marks
are imbalanced in the cells, disrupting the gene regulation (Sarode et al., 2021).
Investigating the epigenetic alterations in the ATP7B gene is also crucial to shed light on

the mechanism of the gene’s regulation.

1.4  Proximity Labeling Assays

Proximity labeling assays are used to demonstrate protein-protein interactions which
employ the biotin tag to label adjacent proteins interacting with a target protein or a
genomic locus (Trinkle-Mulcahy, 2019). These techniques are usually coupled with mass
spectrometry to identify the target proteins, also as an advantage, compared to the prior
labeling protocols, these assays allow the researchers to study these interactions in their

native state (Ummethum & Hamperl, 2020).
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The main component of proximity labeling assay is derivatives of peroxidases that
oxidize compounds using hydrogen peroxide in the medium. The initial protocols
involved horseradish peroxidases (HRP) which were wuseful to perform
immunofluorescence experiments (Mayer & Bendayan, 1997). A modified version of
ascorbate peroxidase (APEX) obtained from peas took over the stage and was utilized by
its smaller size and ability to remain active in the cytosolic medium. The enzyme adds
biotin tags to the adjacent proteins in the presence of hydrogen peroxide and biotin-
phenol, specifically reacting with tyrosine residues (Lam et al., 2014)(Ummethum &

Hamperl, 2020).

1.4.1 CRISPR- guided assays

Combining genome editing technologies with proximity labeling assays has been a
great tool to shed light on DNA-protein interactions. In genome editing techniques, a
double-strand break is introduced and the repair pathways in the cell are activated to
repair the break without a major loss of the genomic sequence (D. B. T. Cox, Platt, &
Zhang, 2015). In CRISPR-Cas9 systems, Cas9 protein is recruited to the desired genomic
locus by a guide RNA and performs a cleavage at the site. When a DNA template was
introduced in the cell, the machinery could perform a homology-directed repair to fill in
the cleavage site thus creating a customized sequence. A directed targeting of Cas9 can
result in the loss of the sequence and could affect the transcription efficiency or result in
an inactive protein translation, thus producing a knock-out of the gene (Doudna, 2020).
On the other hand, dead Cas9 (dCas9) proteins that have no endonuclease activity are
solely used to target a specific genomic locus. These techniques can be used to monitor
gene regulation both in a transcriptional and epigenetic manner. In different experimental
setups, dCas9 can be fused with specific enzymes to visualize protein relations by
microscopy techniques or investigate their binding partners with immunoprecipitation
(Saifaldeen, Al-Ansari, Ramotar, & Aouida, 2020)(Kanafi & Tavallaei, 2022).

A novel technique termed “Genomic Locus Proteomics” was introduced recently
which utilizes an APEX2 enzyme fused with dCas9 (CASPEX), and it can be targeted to
a specific locus with designed guide RNAs and can add a biotin tag to all the adjacent
proteins (Figure /.3). The strong interaction between biotin and streptavidin assists in

performing pulldown experiments with streptavidin-coated beads, then the labeled
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proteins can be identified by mass spectrometry and their enrichment scores can be

evaluated (Myers et al., 2018).

SgRNA

Figure 1.3: dCas9-APEX2 mediated proximity labeling assay

Represented data adapted from (Myers et al., 2018).

In this thesis, the “Genomic Locus Proteomics” method was used to examine the
transcriptional regulation of ATP7B. 15 different gRNAs that target the ATP7B promoter
region from the transcription start site (TSS) to the upstream region of 3000 base pairs
(bp) were designed initially and transfected to HEK293T cell lines that express CASPEX
protein. The choice for that region stems from the presence of putative promoter
sequences and regulatory sequences in that area (Hoflich et al., 2021). The proteins near
the dCas9-targeted regions of the ATP7B promoter were subsequently biotinylated with
the APEX2 enzyme and identified with mass spectrometry. Several transcription factors
were selected based on their enrichment scores and their association with cancer
progression. The relationship between the target proteins and the ATP7B expression was
analyzed with in vitro experiments. qPCR analysis showed that overexpression of PINX1
(Pin2/TRF1-Interacting Protein) leads to an increase in ATP7B activity. The

overexpression of this gene also increases the cell viability against cisplatin treatment in

9
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hepatocellular cancer cell lines. Thus, PINX1 is proposed as a potential regulator of

ATP7B in a transcriptional manner.

10
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Chapter 2:
MATERIALS AND METHODS

2.1 Cell Culture and Cell Lines

HEK293T, Huh7, and Dul45 cell lines (ATCC, CRL-3216, HTB-81) were grown at 37 C
and 5% CO; conditions. HEK293T and Huh7 cell lines were grown in DMEM-high
glucose (Sigma Aldrich, D5796), heat-inactivated 10% fetal bovine serum, 100 U/ml of
penicillin, and 100 pg/ml of streptomycin. Du145 cells were grown in RPMI-1640 (Sigma
Aldrich, R8758), heat-inactivated 10% fetal bovine serum, 100 U/ml of penicillin, and
100 pg/ml of streptomycin.

2.2  Generation of HEK293T-CASPEX cell lines

2.2.1 Generation of a stable dCas9-APEX2 expressing cell line and confirmation with
flow cytometry

HEK293T cells were seeded as 5x10*in a 6-well plate. After 24 hours, the cells were
transfected with dCas9-APEX2 (Addgene; 97421) and Piggy-Bac Transposase (System
Biosciences; PB210PA-1) using Lipofectamine 3000 (Thermo; L300015). After 24
hours, their media were changed with fresh media, and the cells were treated with 2 pg/ml
puromycin. At the end of the selection, which was marked by the 100% of non-transfected
control HEK293T cells were dead, the cell medium was changed again. The cells were
treated with 2 mg/ml doxycycline for 48 hours. Then, the cells were trypsinized and sorted
by Sony Cell Sorter (SH800S) based on their GFP positive signals into a 96-well plate as
1 cell/1 well.

When microscopically observable colonies were formed, the cells were trypsinized and
passaged into 12-well plates. Then they were divided into 2 when the cells reached
optimum confluency, and one group was treated with 2 pg/ml doxycycline for 48 hours.
The cells were again sorted by the Cell Sorter to calculate the GFP-positive cells in the

population.
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2.2.2  Immunofluorescence Staining

HEK293T cells were placed on coverslips and fixed using ice-cold methanol for 20
minutes at -20°C. Following this, they were permeabilized with 0.1% Triton X-100 for
15 minutes at room temperature and then blocked with 1% BSA for 15 minutes at room
temperature. The samples were subjected to overnight treatment with a 1:100 dilution of
anti-V5 antibody (Invitrogen, R960) at 4°C. Next, the samples were washed with PBS
and exposed to goat anti-mouse IgG H&L - Alexa Fluor 594 secondary antibody (Abcam,
ab150116) for 1 hour at room temperature. After a 5S-minute PBS wash, the coverslip was
mounted with DAPI (Abcam, ab228549) on a glass slide. Finally, the specimen was

observed under a fluorescence microscope (Axiocam 506 mono Imager M1 from Zeiss).

2.2.3 Immunoprecipitation

HEK293T and HEK293T-CASPEX cells were treated with 2 mg/mL doxycycline for 48
hours and then lysed with RIPA buffer (EcoTech Biotechnology, Sigma Aldrich,
#R0278) for 30 minutes at 4°C. They were centrifuged for 10 minutes at 10000g. The
supernatant was collected and analyzed with a BCA assay to determine protein
quantification. The lysates were mixed with anti-FLAG antibody (Sigma, F1804) and
magnetic beads. Then the Laemmli buffer was added to elute the antibody-protein
complexes from the beads. The samples were incubated for 10 minutes at 95°C and loaded
onto an SDS-PAGE gel. After electrophoresis, they were transferred onto a PVDF
membrane, blocked with 5% NFDM (BioRad, 1706404), and incubated with suitable
secondary antibodies which are goat anti-rabbit IgG (Abcam, ab97051) or goat anti-
mouse IgG (Abcam, ab97023). The membrane was imaged by the LI-COR Odyssey FC
Imaging system (LI-COR Biosciences).

2.2.4 Western blot

Cell pellets were lysed with RIPA buffer (EcoTech Biotechnology, Sigma Aldrich,
#R0278) for 30 minutes at 4°C and centrifuged at 15.000 g for 15 minutes at 4°C. The
supernatant was quantified with Pierce™ BCA Protein Assay Kit (Thermo Fischer
Scientific, 23225) to determine the protein concentrations. 2mg/ml Bovine Serum
Albumin (BSA) was diluted with dH,O in several concentrations ranging from 0.4 to 2

mg/ml to use as a standard control for quantification. Reagent A and Reagent B from the

12
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kit were mixed at a 50:1 ratio to generate the working solution. BSA standards and
proteins were added to a 96-well plate (25 pL/well) and mixed with the working solution
(200 pL/well) and incubated for 30 minutes at 37 °C. Their absorbance at 562 nm was
measured with a Bio-Tek HI Synergy microplate reader. Protein concentrations were
calculated by subtracting blank values and normalizing them to the standard curve.

The Laemmli sample buffer (BioRad, 1610747) was added to the protein samples and
incubated for 10 minutes at 95°C. 30 ug protein for each sample was loaded and separated
in 4-15% Mini-PROTEAN Precast SDS-PAGE gel (BioRad, 4561083). They were
transferred onto the PVDF membrane (Bio-Rad #1620177) for 120 minutes at 200 mA at
4 °C. Then the membranes were blocked with 5% NFDM (BioRad, 1706404) for 1 hour
at room temperature. The membranes were blotted with primary antibodies for target
proteins at 4°C overnight. The antibodies used in this thesis are GAPDH (Abcam,
ab9485), ATP7B (ABclonal, A5676), ATP7B (Santa Cruz, sc-373964), ATP7B (Novus,
NB100-360), MTF1 (Santa Cruz, sc365090), FLAG (Sigma, F1804), V5 (Invitrogen,
R960), TP53 (Abcam, ab131442). Then the membranes were washed with TBST and
blotted with the HRP-conjugated secondary antibodies Goat anti-Rabbit (Abcam,
ab205718) and Goat anti-Mouse IgG (Abcam, ab97023) at 1:5.000 dilution for 1 hour in
room temperature. The membranes were washed with TBST 3 times, and their signal was
detected with Immobilon Forte Western HRP substrate (Millipore, WBKLS0500) and
imaged by LI-COR Odyssey FC Imaging system (LI-COR Biosciences).

2.3 Cloning of gRNASs targeting ATP7B promoter into HEK293T cells

Lenti-guide hygro plasmid (Addgene, 139462) was digested with BsmBI enzyme (NEB,
R0739) and dephosphorylated with Antarctic Phosphatase enzyme (NEB, 0289). Guide
RNAs (gRNAs) targeting the ATP7B promoter region were designed using the Benchling
database (https://benchling.com) (Table 2.7). NT guide RNAs were designed based on

literature, where the targeting activity of gRNAs was investigated and the gRNA
sequences with no targets were determined (Doench et al., 2016). gRNAs were annealed
with T4 PNK enzyme (NEB, M0201) and ligated into the cut Lenti-guide hygro backbone
by T4 Ligase (NEB, M0202). Then, the samples were transformed into competent

bacteria and streaked onto LB-agar plates containing ampicillin. Upon the formation of
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bacterial colonies, plasmid DNA was isolated, and the cloning of correct gRNA
sequences was confirmed by PCR analysis.

For virus production, initially, HEK293T cells were seeded as 2 x 10° onto 10-cm plates.
After 24 hours, 2500 ng of the cloned plasmid with the correct sequence of gRNA was
mixed with packaging vectors 225 ng of VSV-G (Addgene, 8454) and 2250 ng of
psPAX2 (Addgene, 12260) in 200 pl serum-free DMEM. The mixture was also mixed
with 15 pl Fugene6 (Promega, E2693) and 200 ul serum-free DMEM. The final solution
was added to 10-cm plates drop by drop. After 24 hours, the cell medium was replaced
with a fresh medium. At the time points of 48 and 72 hours after transfection, the media
was collected from the plates and filtered through 45-um filters to remove the cell debris.
PEG8000 in 10% final concentration (Sigma, P2139) was added to the samples and
incubated overnight at 4°C. Then they were centrifuged at 3000 g for 30 minutes. The
pellet was resuspended in 160 pl PBS and stored at -80°C.

For virus transduction, HEK293T cells were seeded as 5 x 10*onto a 6-well plate. After
24 hours, the cells were transduced with 30 pl virus and 8 pg/ml protamine sulfate. The
next day, the cell medium was changed to a fresh medium. The cells then were treated
with 250 pg/ml hygromycin. After the selection was completed, the cells were isolated
and collected for further experiments to verify the gRNA cloning and determine their

targeting efficiency via T7E and ChIP-qPCR assays.

Table 2.1: gRNA sequences targeting the ATP7B promoter region.

gRNA Forward Primer Reverse Primer

gl.1 CACCGTGAGATCCCAGTACAGT | aaacACACTGTACTGGGATCTC
GT AC

gl.2 CACCGGGCTCACCCACCGCCTG | aaacCGCAGGCGGTGGGTGAGC
CG CC

g2.1 CACCGCGTAGACTAGTGTTCGG | aaacCGCCGAACACTAGTCTAC
CG GC

g2.2 CACCGCACTGCTGTCCCGCCCAC | aaacCCGTGGGCGGGACAGCAG
GG TGC

g3.1 CACCGATTACCTTAGATTCATGA | aaacTGTCATGAATCTAAGGTA
CA ATC

g3.2 CACCGAAAATTTAGCTACACTG | aaacGTCCAGTGTAGCTAAATT
GAC TTC

14
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g3.3 CACCGCAGTGAAGCAGAAGAAA | aaacCGTTTTCTTCTGCTTCACT
ACG GC

g3.4 | CACCGAAGTTGTTGAGGTGAGC | aaacGCTGCTCACCTCAACAAC
AGC TTC

g4.1 CACCGTTTAAGTGACGTGTTAAC | aaacTTGTTAACACGTCACTTA
AA AAC

g4.2 CACCGCGTGTTAACAATGGCAG | aaacAAACTGCCATTGTTAACA
TTT CGC

g5.1 CACCGTACTGCTATTCAGGAAG | aaacTAGCTTCCTGAATAGCAG
CTA TAC

g5.2 CACCGCCTGAACAAAAATATGT | aaacCCTACATATTTTTGTTCAG
AGG GC

g6.1 CACCGTCATAAAAGCAACACTA | aaacCTGTAGTGTTGCTTTTATG
CAG AC

g6.2 CACCGTTGTGCTCCATGGACCAT | aaacGCATGGTCCATGGAGCAC
GC AAC

g7.1 CACCGGCTAACTTAGACATGTA | aaacACTACATGTCTAAGTTAG
GT CC

g7.2 CACCGTTAGACATGTAGTAGGA | aaacTTTTCCTACTACATGTCTA
AAA AC

NT CACCGTATTACTGATATTGGTGG | aaacCCCACCAATATCAGTAAT
G AC

2.4  Determining the targeting efficiency of gRNAs

2.4.1 T7FE assay

HEK?293T cells were seeded as 5 x 10*onto a 6-well plate and transduced with the gRNA

viral particles and selected with hygromycin. Then gRNA expressing HEK293T cells

were seeded as 5 x 10* onto 6-well plates transfected with pSpCas9(BB)-2A-GFP plasmid

(Addgene, 48138) which expresses a functional Cas9. Transfection protocol includes the

mixing of 6 uL Pei with the 2 pg of the plasmid and 100 pL. serum-free DMEM. The

transfection mix was incubated at room temperature for 15 minutes and then transferred

to the plate drop by drop. After 48 hours, the cells were collected by centrifugation and

their genomic DNA was isolated Macherey-Nagel NucleoSpin Tissue kit (MN,
740952.50). 250 ng of genomic DNA from each sample was amplified by PCR using the

Phusion enzyme (NEB, M0530) and the primer sequences designed to amplify the 1000
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bp around the targeted regions on the ATP7B promoter (Table 2. 2). The amplified
products were digested with T7E endonuclease I enzyme (NEB, M0302) for 1 hour at

37°C. The cut samples were run on 1% agarose gel at 90 V for 40 minutes and imaged by

Gel Doc XR+ Imaging System (Biorad, 1708195).

Table 2. 2: T7E primer sequences targeting the seven regions on the ATP7B promoter.

T7E Forward Primer Reverse Primer

Region 1 GAGAAAACGTCTGTGAGCCCA | CCCTTCATTTGGGACCGG
Region 2 GACGTGTTAACAATGGCAGT GGTCCCAAAGGAAGCAACC
Region 3 TTATTAGTGGAGGGCAAGGC CACGCCGAACACTAGTCTAC
Region 4 GCAACACTACAGAGGACAGT | CTTCTGTAGGGGTACTTGCC
Region 5 CTTCTCTGATGCTAGACCACA | CTGCCATTGTTAACACGTCAC
Region 6 CCTCCAGATATTGCCAAATGC | GGTTCTTCCCTGTCATACGT
Region 7 GGTTGAGAACCAGTGGTTTAC | GGTTCTTCCCTGTCATACGT

2.4.2  Chromatin Immunoprecipitation

HEK293T-CASPEX cells were crosslinked with 1% formaldehyde (Sigma Aldrich,
818708) for 10 minutes at room temperature. Then 125 mM glycine was added to the
cells and centrifuged at 1000 g for 5 minutes at 4°C. The cell pellet was washed with cold
PBS twice and resuspended in ChIP Lysis Buffer (10 mM Tris; | 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. Then the samples were sonicated
with a Bioruptor Plus sonication device (Diagenode) at 45 seconds on/15 seconds of
conditions at a power setting high. They were centrifuged at 10.000 g for 10 minutes at
4°C. The supernatant containing the sonicated chromatin was stored at -80°C.

Dynabeads® (Thermo Fisher protein A and G magnetic beads, 10001D-10004D) were
washed with 0.5 mL PBST and 0.5 mL TE twice. Then the sonicated samples were
incubated with the magnetic beads for 30 minutes at 4°C to clear the lysate and prevent
nonspecific binding. FLAG (Sigma, F1804) and mouse IgG (Santa Cruz, sc-2025)
antibodies were also incubated with magnetic beads and 100 uL PBST for 1 hour at room

temperature. Then the antibody-bead complex was washed with 0.5 mL PBST and 0.5
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mL ChIP lysis buffer. The pre-cleared lysate was then added to the antibody-bead
complex and incubated overnight at 4°C.

The next day, the samples were washed twice with the buffers which are given as ChIP
lysis buffer, low-salt buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 20 mM Tris-
HCI, 140 mM NaCl), high salt buffer (low-salt buffer, 500 mM NaCl), LiCl buffer (0.25
M LiCl, 1% IGEPAL-CA 630, 1% deoxycholic acid, ] mM EDTA, 10 mM Tris) and
Tris-EDTA. DNA was eluted with the addition of a buffer containing 1% SDS and 0.1 M
NaHCOs3 and incubation for 15 minutes at room temperature. Then the samples were
treated with RNase A (0.3 mg/ml) (Thermo Fisher Scientific, 12091021) and SM NaCl
for 30 min at 37°C. Proteinase K (0.3 mg/ml) (Thermo Fisher Scientific, EO0491) was
added and samples were incubated for 1 hour at 65°C. ChIP DNA was cleaned up with
the use of the ChIP DNA Clean & Concentrator kit (Zymo Research, D5205).

For qPCR quantification, primer sequences designed to target the seven regions on the
ATP7B promoter were listed in Table 2.3. The samples were run on the Roche

LightCycler 480 device.

Table 2.3: ChIP primer sequences targeting the seven regions on the ATP7B promoter.

ATP7B-ChIP | Forward Primer Reverse Primer

gl.2 CTTCCTTTGGGACCCACGG CGCAGACTCAGCTCCCAG

g2.2 GTAGACTAGTGTTCGGCGTG | CTGTCAATCACAGGCCACG
G

g3.4 GACGGGCAAGTACCCCTACA | GAAAGGAGCTGGTGCCTGT

G

g4.2 AGCAGAGGATTCAACATAA | GAAACCGGATCTTCCTTCT
GCT CATC

g5.1 GCCTGAACTTTTGAAAGAAT | CACCTACATATTTTTGTTCA
TAGG GGCTG

g6.1 CAGAGTCTGACAAAAGTGGT | GTCCTGAGAAAGCAAACTG
AAG TC

g7.1 CTGTTTCTGCATTCAATCTA | GTGGTCTAGCATCAGAGAA
GTG G

2.4.3 gRT-PCR

RNA was isolated from the samples using Zymo RNA Isolation Kit (Zymo, R1051). 500

ng RNA from each sample was converted to cDNA using M-MLV Reverse Transcriptase
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(Thermo Fisher Scientific, 28025013). Then, 10 ng cDNA was loaded onto qPCR plates
and mixed with LightCycler 480 SYBR Green I Master mix (Roche Diagnostics,
04707516001) and 0.15 uM of qPCR primers. The primer sequences designed to amplify
a gene of interest are listed in Table 2.4. The samples were incubated at 95°C for
5 minutes, followed by 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds, and 72°C

for 1 second. The samples were run on Roche LightCycler 480 device. Fold change values

were calculated using the 2-24¢D method.

Table 2.4: Primer sequences targeting the gene of interest for gRT-PCR analysis.

Gene Forward Primer Reverse Primer
GAPDH | AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
ATP7B GTGGGCAATGACACCACTTT | TGGGTGCCTTTGACATCTGA
MTF1 GGGGAAAAGCCATTTCGGTG | GGGGCAGAAGAAGGGTCTTT
PINX1 GGACTCGGAGCTACCATCAA | TTGTCCGAGGAATCTGTGGT
POU3F2 | GAAAAGGATGACCCCTCCCG | TGTGGTGGAGTGTCCCTACT
PRDM16 | GAACCACGTCTATGGGGAAC | GCTTTTCTACCCTGCTGTAGA
MEN1 ?GGCCGACCTGTCTATCATC iCGGAGACCTTCTTCACCAG
TP53 GCAGTCAGATCCTAGCGTCG C(C}(T:XGTTTTCAGGAAGTAGTT
T

2.5  Proximity Labeling of ATP7B promoter region.

2.5.1 Biotinylation and pulldown with streptavidin

HEK293T-CASPEX-gRNA cells were treated with 2 pg/ml doxycycline for 48 hours.
Then, biotin tyramide phenol (Sigma, SML2135) dissolved in DMSO was added to the
cell medium to reach a final concentration of 500 uM. They were incubated for 30 minutes
at 37°C and H20; diluted in serum-free DMEM was added to the medium to reach a final
concentration of 1 mM. The medium was removed quickly after 60 seconds and the cells
were washed three times with cold PBS containing 100 mM Sodium azide, 100 mM
Sodium ascorbate, and 50 mM TROLOX to detoxify the medium. They were washed
with cold PBS for additional two times and then the cells were trypsinized. They were

centrifuged at 400 g for 4 minutes and the cell pellet was stored at -80°C.
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When the pellets were thawed, they were lysed with hypotonic extraction buffer (20 mM
Tris-HCI, pH 7.4, 10 mM NacCl, 3 mM MgCl2) and incubated for 30 minutes at 4°C. 10%
NP-40 was added to the cells and vortexed for 10 seconds at the highest speed. They were
centrifuged for 30 minutes at 3000 rpm and the supernatant which contains the
cytoplasmic content was stored at -80°C. The remaining pellet was resuspended with
RIPA lysis buffer and incubated for 30 minutes at 4°C. Then, the DNA was sonicated
with a Bioruptor Plus sonication device (Diagenode) at 45 seconds on/15 seconds of
conditions at the power setting high. They were centrifuged for 30 minutes at 14,000xg
and the nuclear protein contents were transferred into a new tube. Their protein contents
were measured by BCA assay (Thermo Fischer Scientific, 23225). 5 mg protein from
each sample was loaded onto Streptavidin-coated magnetic beads (Thermo Fischer
Scientific, 88816) and were incubated overnight at 4 °C. Remaining protein samples were
stored for western blot analysis. The next day, the pulldown samples were isolated with
a magnetic rack, and the samples were washed with RIPA buffer, | M KCl, and 0.1 M

Na,COs solutions respectively.

2.5.2 Mass Spectrometry

They were washed with 2 M urea in 10 mM Tris-HCI and with 50 mM Tris at pH 7.4. 20
mM DTT was added to the samples and then 100 ul of 55 mM iodoacetamide prepared
in 100 mM ammonium bicarbonate was added. They were incubated for 1 hour. Then,
they were treated with the trypsin solution (Pierce, 90058) and incubated overnight at
37°C. The next day, formic acid was added to the samples at a final concentration of 5%
and centrifuged for 30 minutes at 14,000 g. The supernatant was collected and analyzed

in the Orbitrap Mass Spectrometer (Thermo Scientific, QExactive Orbitrap).

2.5.3 Proteomics Analysis

Data analysis was conducted with MaxQuant software (J. Cox & Mann, 2008). The
protein group files then were examined with Cassiopeia (Varnavides et al., 2022) program
for quality control and normalization steps for the label free-quantification (LFQ).
Enrichment analysis was applied to the proteins detected in the ATP7B promoter region

compared to the non-targeting control. Depending on their enrichment scores and their
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association with cancer prognosis before, several proteins were chosen as target

transcriptional regulators of ATP7B.

2.6  PINXI relationship with ATP7B expression.

2.6.1 Generation of stable cell line overexpressing PINXI.

pLJC2-GPT2-3xFLAG (Addgene, 163447) plasmid was digested with Pacl (NEB,
R0547) and Notl enzymes (NEB, R189) and dephosphorylated with Antarctic
Phosphatase enzyme (NEB, 0289). Primer sequences targeting the first and last twenty
bases of the PINX1 cDNA sequence were designed to generate the overexpression (OX)
constructs (Table 2.5). Primers were also digested with Pacl and Notl enzymes and ligated
into the cut backbone by T4 Ligase (NEB, M0202). Then, the samples were transformed
into competent bacteria and streaked onto LLB-agar plates containing ampicillin. Upon the
formation of bacterial colonies, plasmid DNA was isolated, and the cloning of correct
gRNA sequences was confirmed by PCR analysis.

For virus production, initially, HEK293T cells were seeded as 2 x 10° onto 10-cm plates.
After 24 hours, 2500 ng of the cloned plasmid with the correct sequence of gRNA was
mixed with packaging vectors 225 ng of VSV-G (Addgene, 8454) and 2250 ng of
psPAX2 (Addgene, 12260) in 200 pl serum-free DMEM. The mixture was also mixed
with 15 pl Fugene6 (Promega, E2693) and 200 ul serum-free DMEM. The final solution
was added to 10-cm plates drop by drop. After 24 hours, the cell medium was replaced
with a fresh medium. At the time points of 48 and 72 hours after transfection, the media
was collected from the plates and filtered through 45-um filters to remove the cell debris.
PEG8000 in 10% final concentration (Sigma, P2139) was added to the samples and
incubated overnight at 4°C. Then they were centrifuged at 3000 g for 30 minutes. The
pellet was resuspended in 160 pl PBS and stored at -80°C.

For virus transduction, HEK293T cells were seeded as 5x10*onto a 6-well plate. After 24
hours, the cells were transduced with 30 pl virus and 8 pg/ml protamine sulfate. The next
day, the cell medium was changed to a fresh medium. The cells then were treated with 2
ug/ml puromycin. After the selection was completed, the cells were isolated and collected

for further experiments.
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2.6.2 Generation of CRISP2-Cas9 knockout of target genes.

Lenti-guide-CRISPR (Addgene, 52961) plasmid was digested with BsmBI enzyme
(NEB, R0739) and dephosphorylated with Antarctic Phosphatase enzyme (NEB, 0289).
Primer sequences targeting the exons of the target genes were designed to generate the
knock-out (KO) constructs (Table 2.5). Oligos were annealed with T4 PNK enzyme
(NEB, M0201) and ligated into the cut backbone by T4 Ligase (NEB, M0202). Then, the
samples were transformed into competent bacteria and streaked onto LB-agar plates
containing ampicillin. Upon the formation of bacterial colonies, plasmid DNA was
isolated, and the cloning of correct gRNA sequences was confirmed by PCR analysis.
For virus production, initially, HEK293T cells were seeded as 2 x 10° onto 10-cm plates.
After 24 hours, 2500 ng of the cloned plasmid with the correct sequence of gRNA was
mixed with packaging vectors 225 ng of VSV-G (Addgene, 8454) and 2250 ng of
psPAX2 (Addgene, 12260) in 200 pl serum-free DMEM. The mixture was also mixed
with 15 pl Fugene6 (Promega, E2693) and 200 ul serum-free DMEM. The final solution
was added to 10-cm plates drop by drop. After 24 hours, the cell medium was replaced
with a fresh medium. At the time points of 48 and 72 hours after transfection, the media
was collected from the plates and filtered through 45-um filters to remove the cell debris.
PEG8000 in 10% final concentration (Sigma, P2139) was added to the samples and
incubated overnight at 4°C. Then they were centrifuged at 3000 g for 30 minutes. The
pellet was resuspended in 160 pl PBS and stored at -80°C.

For virus transduction, HEK293T cells were seeded as 5 x 10*onto a 6-well plate. After
24 hours, the cells were transduced with 30 pl virus and 8 pg/ml protamine sulfate. The
next day, the cell medium was changed to a fresh medium. The cells then were treated
with 2 ug/ml puromycin. After the selection was completed, the cells were isolated and

collected for further experiments.

Table 2.5: Primer sequences targeting the PINX1, PRDM16, POU3F2, and MENI1 genes.

Target Gene | Forward Primer Reverse Primer
PINX1 OX | ATATATTTAATTAAATGT | ATATATGCGGCCGCTTTGGAATC
CTATGCTGGCTGAACG TTTCTTCTTCTTCTTTTTC
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PINX1 KO | CACCGACGATTCCAAGT | aaacCTGGCCAAACTTGGAATCGT

TTGGCCAG C
PRDM16 ATATATTTAATTAAATGC | ATATATGCGGCCGCGAGGTGGT
O0X GATCCAAGGCGAGGG TGATGGGGTGAAATG
POU3F2 ATATATGCTAGCATGGC | ATATATGGATCCCTGGACGGGC
O0X GACCGCAGCGTCTAAC GTCTGCACC
POU3F2 CACCGCAAACTGGGATT | CACCGCCAAGCAGTTCAAGCAG
KO TACCCAAG CGG

MENI1 OX | ATATATGCTAGCATGGG | ATATATGCGGCCGCGAGGCCTTT
GCTGAAGGCCGCCCA GCGCTGCCGCT

MENI1 KO | AAACTCTTGCGGTCACA | CACCGCATGCGCTGTGACCGCA
GCGCATGC AGA

2.6.3 Generation of stable cell lines overexpressing the target genes

Cell lines stably overexpressing PRDM16, POU3F2, and MEN1 were generated using
the same protocol described in Chapter 2.6.1 and primer sequences written in Table 2.3.
To overexpress TP53, pLenti6/V5-p53 wt (Addgene, 22945) plasmid was transformed
into competent bacteria, plasmid DNA was isolated, and viral particles were generated

using the same protocol described in Chapter 2.6.1.

2.6.4 Western Blot

The PINX1 protein level was quantified using the same protocol as described in Chapter
2.2.4.

2.6.5 RT-gPCR

The PINX1 expression level was quantified using the same protocol as described in

Chapter 2.4.3.

2.6.6 Generating the ATP7B promoter constructs

HEK29T cells were lysed, and their genomic DNA was isolated using a Macherey-Nagel
NucleoSpin Tissue kit (MN, 740952.50). ATP7B promoter constructs were amplified
22
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from the genomic DNA by using the Phusion enzyme (NEB, M0530) and primers
designed to amplify the desired length products of the ATP7B sequence (Table 2.6). The
amplified products and pMDR1-1202 (Addgene, 37627) plasmid were both digested with
Smal (NEB, R0141) and BglIl (R0144) enzymes. The constructs were ligated, and their
viral particles were generated and transduced into HEK293T cells using the same protocol
as described in Chapter 2.6.

Table 2.6: Primer sequences designed to amplify different lengths of the ATP7B
promoter.

ATP7B Forward Primer Reverse Primer

construct

200 bp ATATATCCCGGGAGAACAC | ATATATAGATCTAACCGCCCC
TGTGGCACC TTCATTTGGGA

500 bp ATATATCCCGGGGGTGCGG | ATATATAGATCTAACCGCCCC
AGTTCACTCTT TTCATTTGGGA

1000 bp ATATATCCCGGGAAAACGT | ATATATAGATCTAACCGCCCC
CTGTGAGC TTCATTTGGGA

2000 bp ATATATCCCGGGGTCCTTT | ATATATAGATCTAACCGCCCC
AAGTCTGG TTCATTTGGGA

3000 bp ATATATCCCGGGGCGAAGG | ATATATAGATCTAACCGCCCC
GCAAAAATC TTCATTTGGGA

2.6.7 Measuring luciferase activity

HEK293T, HEK-PINX1 OX, and HEK-PRDM16 OX cells were seeded as 1 x 10° onto
96-well plates and after 24 hours, they were transfected with the mini-ATP7B promoter
constructs using Lipofectamine 3000 reagent (Thermo, L3000001). The transfection
protocol includes the mixing of 6 pL Lipo3000 reagent with 2 pg of the plasmid and 100
pL serum-free DMEM. The transfection mix was incubated at room temperature for 30
minutes and then transferred to the plate drop by drop. After 48 hours, the cells were
treated with 6 mg/ml luciferin, and the luciferase activity was measured with the

microplate reader (Synergy H1 Hybrid reader, BioTek).
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2.6.8 ChIP-gPCR

The PINX1 enrichment at the ATP7B promoter was quantified using the same protocol
as described in Chapter 2.4.2.

2.6.9 Drug treatment

HEK?293T and HEK293T-PINX1 OX cells were seeded as 1 x 105 onto 6-well plates and

treated with increasing doses of cisplatin and copper for 72 hours.

2.6.10 Sulforhodamine B (SRB) Cell Viability Assay

Cells were seeded as 4 x 10° on 96-well plates and treated with cisplatin and copper after
24 hours. They were treated with several doses of cisplatin for 72 hours and then fixed
with 50% (w/v) TCA (Sigma, T6399) for 1 hour at 4°C. They were washed with deionized
water. After the plates are dried, the samples were treated with 0.4% (w/v) SRB (Santa
Cruz, sc-253615) for 30 min at room temperature. They were washed with 1% acetic acid
and then treated with 10 mM Trizma base (Sigma, T1503) for resolution. Their
absorbances at 564 nm were measured with the microplate reader (Synergy H1 Hybrid

reader, BioTek).

2.6.11 Colony Formation Assay

Cells were seeded as 1 x 10°on 12-well plates and after 24 hours, they were treated with
cisplatin. After 72 hours, the medium was replaced with fresh medium. After 10 days,
when microscopically observable colonies started to grow, the plates were fixed with cold
methanol for 10 minutes. Then they were treated with 0.5% (w/v) crystal violet and
washed with dH,O. The results were quantified by using ImageJ (Schneider, Rasband, &
Eliceiri, 2012).

2.7  Generation of CRISPR-Cas9 KO of MTF1

HEK293T-MTF1 KO cell lines were generated using the same protocol as described in
Chapter 2.6.
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Table 2.7: Primer sequences targeting the ATP7B and MTF1 genes.

Gene Forward Primer Reverse Primer
MTF1 CACCGAAATTTAGGTGCGA | AAACTCGTGATCGCACCTAAATT
TCACGA TC

2.8 HDAC inhibitor activity increases ATP7B expression

2.8.1 Drug treatment

HEK?293T cells were seeded as 1 x 10° onto 6-well plates and treated with 10 uM of
selected drugs of BET and HDAC inhibitors for 72 hours.

2.8.2 RT-gPCR

The ATP7B expression level was quantified using the same protocol as described in

Chapter 2.4.3.

2.8.3 SRB Cell viability assay

HEK?293T cells were seeded as 1 x 105 onto 6-well plates and treated with increasing
doses of N-acetyl-L-cysteine (NAC) for 72 hours. Cell viability was quantified using the

same protocol as described in Chapter 2.6.9.

2.8.4 Reactive Oxygen Species (ROS) quantification

HEK293T cells were seeded as 1 x 10° onto 6-well plates. The next day, they were treated
with 5 mM NAC, 10 uM epi-drugs, 10 uM cisplatin, and H>O». After 48 hours, the cells
were centrifuged for 5 minutes at 400 g. Reactive oxygen quantification was performed
with Muse Oxidative Stress Kit (Luminex, MCH100111). Initially, the pellet was
resuspended with 1:100 diluted 1X Assay buffer. Then, it was diluted again with 1X
Assay buffer at a 1:80 ratio. 150 pL of the final solution was added onto 50 pL cell
suspension and they were incubated for 30 minutes at 37°C. The samples were analyzed
with Muse Cell Analyzer (Merck Millipore) and the percentage of ROS-positive cells in

the population was calculated.
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2.9  Statistical Analysis

Data were analyzed using GraphPad Prism version 9.0. Significant analyses were
performed with student’s t-test and a value of p < 0.05 was considered statistically

significant.
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Chapter 3:
RESULTS

3.1  Generation of HEK293T-CASPEX cells

Generating a stable cell line expressing CASPEX protein only in the presence of
doxycycline is essential for the proximity labeling assay. To achieve this aim, the
HEK?293T cell line was chosen for its high transfection efficiency and high expression of
ATP7B compared to other cell lines. qPCR analysis showed that among many normal

and cancer cell lines, endogenous ATP7B levels were the highest in HEK293T cells
(Figure 3.1).
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Figure 3.1: HEK293T cells have the highest endogenous expression of ATP7B.

qPCR analysis showing ATP7B expression in different cell lines. The figure was
generated by Ph.D. Student Baris Sergi.

Firstly, HEK293T cells were transfected with dCas9-APEX2 plasmid and Piggy-Bac
Transposase as explained in the previous section. Transposase enables the integration of
the plasmid into the genome through ‘TTAA’ sites (Zhao et al., 2016). After puromycin
selection was completed for the cells, they were treated with doxycycline and after 24

hours the cells were analyzed with flow cytometry. For the first polyclonal cell collection,
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GFP-positive cell lines were 96.12% (Figure 3.24). Then, the cells were sorted with the
cell sorter, and the single colonies were grown. Selected colonies were again treated with
doxycycline and analyzed with flow cytometry. The results showed that this cell
population grown from a single cell had 99.74% GFP-positive cells (Figure 3.2B).
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Figure 3.2: Flow cytometry analysis to sort GFP-positive HEK293T-CASPEX colonies.

The figure was generated with Batuhan Altay. (A) Flow cytometry results for polyclonal

HEK293T-CASPEX cells, showing GFP-positive cell ratios -/+ doxycycline conditions
(B) Flow cytometry results for HEK293T-CASPEX cells after sorting and obtaining a
single colony, showing GFP-positive cell ratios -/+ doxycycline conditions.

Immunofluorescence and immunoprecipitation experiments further supported the

confirmation of CASPEX protein expression in the presence of doxycycline. Initially,

HEK293T-CASPEX cells were stained with an anti-V5 antibody since the dCas9-APEX2
28



Results 29

plasmid has both V5 and FLAG tags. The location of dCas9-APEX2 protein in the
nucleus was confirmed by DAPI staining (blue) which stains DNA, GFP staining (green),
and V5 staining (red) patterns (Figure 3.34). When the cells were treated with dox,
CASPEX protein is expressed and a green GFP signal could be seen. However, when
there is no dox treatment, the GFP signal could not be observed. The red signal also could
be seen from the cells which express V5 tagged-CASPEX protein in the presence of
doxycycline. Imaging results demonstrate that CASPEX protein is expressed in the cells

only in the presence of doxycycline.
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Figure 3.3: Confirmation of CASPEX protein expression in HEK293T-CASPEX cells

The figure was generated with Batuhan Altay. (A) Immunofluorescence assay of
HEK293T-CASPEX cells performed with anti-V5 antibody to examine the location of
CASPEX protein. (B) Immunoprecipitation assay of HEK293T-CASPEX cells
performed with anti-FLAG antibody to verify the expression of CASPEX protein.

Immunoprecipitation assay of HEK293T-CASPEX cell lysates with anti-FLAG antibody

also verified the doxycycline-inducible system of the cell line. Mouse IgG antibody was
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used as a negative control and as expected, there was no band at the size of CASPEX
protein. On the other hand, the protein lysates obtained from doxycycline-treated
HEK293T-CASPEX cells resulted in a band at the 180 kDa size indicating the presence
of CASPEX expression (Figure 3.3B). Taken together, these experiments support the
generation of a stable HEK293T-CASPEX cell line expressing the dCas9-APEX2 protein

in a doxycycline-inducible system.

3.2 Cloning of gRNASs targeting ATP7B promoter region into HEK293T cells

The putative ATP7B promoter region resided between TSS (+1) to -3000 bp region and
was targeted with 15 different gRNAs. In silico analysis conducted on TRANSFAC and
PROMO databases showed the presence of many transcription-binding motifs in the 3000
bp region (Wingender, Dietze, Karas, & Kniippel, 1996)(Messeguer et al., 2002). 22
factors were found from both databases, which were associated with tumor progression
before (Figure 3.4). So, the 3000 bp area was divided into seven regions regarding the
biotinylation capacity of the APEX2 enzyme which is 20 nm (Tan et al., 2020), and two
gRNAs were designed for each region (Table 2.7).

TRANSFAC PROMO

YY1, LEF1, CREBP1, HNF1A, POU2F1, MEF2A, PAX,
E2F, IRF1, HOXD, GATA-1, NFAT1, MAZ, STAT1,
AP2ALPHA, NF1, P53, XBP1, CEBPA, ERALPHA, SRY, IK

Figure 3.4: Transcription factor binding analysis of ATP7B promoter.

The figure was generated by Dr. Selahattin Can Ozcan and Ph.D. Student Baris Sergi.
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These gRNAs were cloned into Lenti-guide hygro backbone and plasmids were
transformed into competent bacteria. After the plasmid DNA isolation, the cloning of
gRNAs was confirmed with PCR amplification and gel electrophoresis. The presence of
bands at 200 bp size verified the cloning, and the viral particles for each plasmid were
generated (Figure 3.5). Both HEK293T and HEK293T-CASPEX cells were transduced

with these viral particles and selected against hygromycin treatment.
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Figure 3.5: PCR confirmation for cloned gRNAs into LentiGuide-hygro vector and
transformed into bacteria.

3.3 Determining the targeting efficiency of gRNAs

The targeting efficiency of the gRNAs is very essential to the proximity labeling assay
since lower targeting efficiency could lead to false-negative results after the mass
spectrometry analysis. Thus, gRNAs targeting the correct sequences on the ATP7B
promoter region were verified with two molecular techniques called T7E and ChIP

assays, and for each region, one gRNA with the higher targeting efficiency was selected.
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3.3.1 Confirmation of gRNA efficiency with T7E assay

HEK?293T cells were treated with gRNAs spanning the 3000 bp on the ATP7B promoter
region. These cells were then transfected with pSpCas9(BB)-2A-GFP plasmid (Addgene,
48138), which expresses a functional Cas9 and results in the cleavage of the targeted
regions on the promoter. The cleavage efficiency of the gRNAs was then quantified with
the T7E method. In this technique, an enzyme called T7 Endonuclease is used to
recognize and digest the structural deformities on DNA (Mashal, Koontz, & Sklar, 1995).
After the targeted CRISPR/Cas9 activity, the non-homologous end-joining (NHEJ) repair
mechanism could result in mutations in the cut area and the T7E enzyme cuts the DNA
mismatches (Guschin et al., 2010). The separation of the samples by agarose-gel
electrophoresis resulted in both full-length and cut products which confirms the
endonuclease activity in the targeted region (Figure 3.64).

Gene editing efficiency for each gRNA was quantified using the formula of (% gene
modification = 100 x (1 — (1- cut fragment)"?)) (Guschin et al., 2010). Several gRNAs
showed high targeting efficiency such as gl.2, g2.2, and g6.1 (Figure 3.6B). For each
region, one gRNA with better editing efficiency was selected to continue to further

confirm its efficiency with ChIP-qPCR assay.
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Figure 3.6: T7E assay.

(A) Gel electrophoresis image of T7E analysis of 15 gRNAs spanning a region of 3000
bp at ATP7B promoter to determine their targeting efficiency. (B) Gene editing efficiency
of gRNAs was calculated using the formula of (% gene modification = 100 x (1 — (1- cut
fragment)'’?)) (Guschin et al., 2010). The figure was generated with Batuhan Altay.

3.3.2  Confirmation of gRNA binding to ATP7B promoter region

The targeting efficiency of gRNAs was further confirmed with ChIP-qPCR experiments.
HEK293T-CASPEX cells cloned with the gRNAs which were selected after the T7E
assay based on their gene-editing scores were fixed and sonicated for 50 cycles. The
sonicated DNA was imaged on agarose gel that is sized below 250 bp and further ChIP
experiments were performed with this protocol (Figure 3.74). Compared to the negative
control mouse IgG and non-targeting gRNA, the enrichment scores of the gRNAs were
calculated according to the %input formula (%input = 100*2* (Adjusted input-Ct (IP))
(Solomon, Caldwell, & Allan, 2021). Except for the gRNAs targeting region 3, all gRNAs
showed enrichment compared to the IgG compartment (Figure 3.7B). It was concluded

that these gRNAs get localized to the promoter region when induced with doxycycline.
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Figure 3.7: ChIP-qPCR experiment to determine the targeting efficiency of gRNAs
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The figure was generated with Batuhan Altay. (A) Sonication assay was performed with
HEK293T cells on BioRuptor Sonicator for 50 cycles with 45 sec on/15 sec off
conditions. (B) ChIP-qPCR assay for HEK293T-CASPEX cells expressing different
gRNAs which target the seven regions on ATP7B promoter. The enrichment scores for
each gRNA were calculated as %input normalized to negative control mouse IgG. (C)
For Region 3, four different gRNAs were designed, and their targeting efficiency was
quantified with ChIP-qPCR assay. g3.4 was selected due to its higher enrichment at the
targeted region on the ATP7B promoter. (D) Fold enrichment values for each gRNA were
normalized to non-targeting guide RNA control, confirming the binding of the gRNAs to
the target regions using the formula of (Fold Enrichment =2*(gRNA IgG — gRNA FLAG)
/ 2A(NT IgG — NT FLAG)).

For Region 3, initially designed gRNAs did not show an enrichment after ChIP-qPCR
analysis. This result could stem from the fact that the targeted region was AT-rich and the
designed qPCR primers were not optimal for the experiment protocol. Thus, additional
gRNAs were designed and labeled as g3.3 and g3.4 (Table 2.7). After generating the
stable cell lines expressing these gRNAs, they were sonicated and precipitated with anti-
FLAG antibody. %input calculation demonstrated that HEK293T-CASPEX-g3.4 cells
showed an enrichment of the binding of gRNA on region 3 of the promoter sequence
(Figure 3.7C). Also, double normalization with non-targeting gRNA results was
calculated and further confirmed the binding of the selected gRNAs to the targeted
regions on the ATP7B promoter (Figure 3.7D).

3.4  Proximity Labeling of ATP7B Promoter Region

3.4.1 Biotinylation confirmation of HEK293T-CASPEX cells

HEK293T-CASPEX cells expressing the gRNAs with the higher targeting efficiency
were treated with biotin phenol and H>O». At the targeted regions on the ATP7B promoter,
the proteins near the gRNA binding region were biotinylated. The biotinylation of
proteins was confirmed with a western blot assay using Streptavidin-HRP (Figure 3.8).
Initially, the cytosolic fraction and nuclear fraction of the HEK293T-CASPEX-NT and
HEK293T-CASPEX-gl.2 samples were analyzed with streptavidin-HRP blot. Only in the
presence of doxycycline, biotin, and H»O», the proteins were biotinylated which is
indicated by the pattern of proteins on the membrane (Figure 3.84). The biotinylation
pattern also demonstrates the efficiency of the additional nuclear-isolation step in the

protocol to yield more purified nuclear proteins. This isolation step removed the non-
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specific biotinylation products before the mass spectrometry analysis. Next, the
HEK293T-CASPEX-g2.2 and HEK293T-CASPEX-g3.4 samples were biotinylated and
imaged by the Streptavidin-HRP blot resulting in a protein pattern similar to the previous

blot (Figure 3.8B).
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Figure 3.8: Western blot confirmation of biotinylated HEK293T-CASPEX samples

(A) Streptavidin-HRP blot of cytosolic protein and nuclear protein fragments isolated
from HEK293T-CASPEX-NT and HEK293T-CASPEX-g1.2 samples. (B) Biotinylation
confirmation of HEK293T-CASPEX cells expressing NT guide, gl.2, g.2.2, and g3.4
with Streptavidin-HRP blot. (C) Pulldown assay for biotinylated HEK293T-CASPEX-
g1.2 cells using streptavidin-coated magnetic beads, confirming the pulldown efficiency.
The figure was generated with Batuhan Altay.

When dCas9-APEX2 is expressed and adds a biotin tag to the proteins at the targeted
region, the next step requires the pulldown of those tagged proteins. Streptavidin binds
very strongly to the biotin via noncovalent interactions, thus the protein of interest could
be isolated from a sample by adding a biotin tag to the protein and performing a pulldown
with streptavidin-coated beads (Chivers, Koner, Lowe, & Howarth, 2011)(Santos-
Barriopedro, van Mierlo, & Vermeulen, 2021). The HEK293T-CASPEX-gl.2 cells
treated with biotin phenol and H>O, were incubated with streptavidin-coated magnetic
beads overnight. The next day, the samples were put on a magnetic rack to isolate the
protein-bead complexes from the flowthrough. Then, the flowthrough solution and the
protein samples dissociated from the streptavidin beads were imaged by the streptavidin-
HRP blot (Figure 3.8C). The pulldown efficiency was verified since there were not any
biotinylated proteins remaining in the flowthrough solution, indicating the majority of the

biotinylated proteins were pulled down with the magnetic beads. The whole sample
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groups were then biotinylated, pulled down with the indicated protocol, and sent to the

mass spectrometry analysis to identify the proteins resided at the ATP7B promoter region.

3.4.2 Mass Spectrometry Analysis

Mass spectrometry analysis was performed on the Orbitrap Mass Spectrometer (Thermo
Scientific, QExactive Orbitrap). The data was analyzed on MaxQuant software (J. Cox &
Mann, 2008) and Cassiopeia (Varnavides et al., 2022) program for quality control and
normalization steps for the label free-quantification (LFQ) analysis. The proteins detected
at the ATP7B promoter were identified and their enrichment scores were calculated. MA
plots were generated based on the average expression and logFC enrichment values of
the proteins (Figure 3.9). MA plots are a visualization of biological data comparing two

measurements between the experiment groups (Gatto, Breckels, Naake, & Gibb, 2015).
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Figure 3.9: MA plots for the targeted regions on the ATP7B promoter.
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The figure was generated with Dr. Selahattin Can Ozcan. Mass spectrometry analysis was
conducted for the targeted regions on the ATP7B promoter sequence. The proteins with
logFC values higher than 2 were depicted as pink, and higher than 1 were depicted as
blue. The proteins with a logFC value between 0 and 1 were depicted as red and the others
as grey. The target proteins TP53, MEN1, POU3F2, and PINX1 were enriched compared
to the NT control.

3.5  Potential Regulators of ATP7B

Mass spectrometry analysis identified many proteins residing at the ATP7B promoter.
Based on their enrichment scores and their association with cancer progression and
chemotherapeutic drug resistance, several proteins were selected. Among these proteins,
a telomerase inhibitor, PINX1, a tumor suppressor, MEN1, and several transcription
factors TP53, POU3F2, and PRDM16 were selected to investigate their role in ATP7B
regulation. The relationship between these target proteins and the ATP7B expression was
investigated. Firstly, the correlation between ATP7B expression and the target proteins
in different cancer types was analyzed using the TIMER?2.0 database (T. Li et al., 2020).
In most of the cancer cell lines, the target proteins’ expression was correlated with ATP7B
expression (Figure 3./0). Next, changes in the expression of target proteins were

examined to understand their impact on ATP7B expression.
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Figure 3.10: Correlation between ATP7B and the target proteins in cancers.

3.5.1 TP53

Tumor protein (TP53) is a tumor suppressor gene whose activity was lost in many human
cancers (Aubrey, Strasser, & Kelly, 2016). The transcription factor analysis conducted on
TRANSFAC/PROMO databases demonstrated that the targeted region on the ATP7B
promoter had a binding motif for TP53 (Figure 3.4). TP53 protein was also identified in
mass spectrometry analysis and its overexpression in the hepatocellular carcinoma cell
line was generated. TP53 overexpression resulted in an increase in ATP7B expression

both in protein and RNA levels in the Huh7 cells (Figure 3.117).
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Figure 3.11: TP53 overexpression increases the ATP7B expression in Huh7 cells.

Huh7-P53 OX cells were lysed and the P53 expression (A) and ATP7B expression (B)
levels were quantified with qPCR analysis. (C) The same lysates were blotted against
anti-ATP7B antibody, anti-p53, and anti-GAPDH antibodies.

3.5.2 MENI

Menin 1 (MEN1) was also found to be enriched in region 5 on the ATP7B promoter
(Figure 3.9). MENI1 gene is a tumor suppressor, and its levels are found to be reduced in
melanoma cancer cells. These cells also show insufficient DNA-repair activity after
double-strand breaks (Fang et al., 2013). Thus, it was proposed that MENT1 could regulate
the ATP7B expression and to investigate its relationship with ATP7B activity, both its
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overexpression and knock-out constructs were generated and treated to HEK293T and

Huh7 cells.

MEN1 cDNA was amplified and cloned into the pLJC2-GPT2-3xFLAG (Addgene,
163447) backbone, and its viral particles were transduced into both HEK293T and Huh?7
cells. After the selection ended, the cells were lysed, protein samples were blotted with
an anti-FLAG antibody, and the protein's overexpression was confirmed (Figure 3.72). In
HEK-MENI1 OX cells, ATP7B expression levels were decreased by qPCR analysis

however at the protein level, there was an increase in ATP7B expression (Figure 3.124).
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Figure 3.12: Generation of HEK-MEN1 OX and Huh7-MEN1 OX cell lines.

MENI1 overexpressing HEK293T (A-B) and Huh7 (C-D) cells were analyzed with both
qPCR and Western blot assays to determine the effect of MEN1 OX on ATP7B levels.

A similar controversy was observed in Huh7-MEN1 OX cells. ATP7B fold change was
increased according to the qPCR analysis, however at the protein level, ATP7B levels
were diminished in the cells. This difference might be the result of some post-
transcriptional modifications which balance the levels of ATP7B to prevent any
disturbances in the copper metabolism in the cells.

To investigate the outcome of diminished MENT1 activity on the ATP7B expression,
CRISPR-mediated knock-out of the MENT1 construct was generated and its viral particles
were transduced into the cells. Due to a lack of antibodies against the target proteins, we
examined the mRNA levels of MEN1 and the other proteins to validate the targeting
efficiency. While CRISPR technology does not affect the transcription of genes, it can
cause changes in mRNA stability due to insertion-deletion (INDEL) mutations introduced
by the NHEJ mechanism, leading to a decrease in the expression of the target gene
(Tuladhar et al., 2019). Thus, the decrease in MEN1 expression was verified with qPCR
(Figure 3.13). The knockout of MEN1 did not lead to significant changes in ATP7B
expression levels in either HEK293T or Huh7 cells, suggesting that MENT1 is likely not

functioning as a transcriptional regulator of ATP7B.
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Figure 3.13: Generation of HEK-MEN1 KO and Huh7-MEN1 KO cell lines.

MENI1 expression was diminished in HEK293T and Huh7 cells with CRISPR-mediated
knockout and confirmed by the quantification of MEN1 expression in the cells with
qPCR. ATP7B expression was also quantified with qPCR in the HEK-MENI1 KO and

Huh7-MENI1 KO cells.

The cells were treated with cisplatin and the cell viabilities were quantified with SRB
assay to investigate whether the alterations of ATP7B expression in MEN1 OX cells also
affect the cells’ response to cisplatin. MEN1 overexpression increased the cell viability
at certain doses of cisplatin whereas MEN1 knockout did not change the cell viability in
HEK293T cells (Figure 3./44). However, the increase in cell viability could not be a
result of ATP7B activity since both qPCR and Western assays did not yield any
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significant results. Also, in Huh7 cells, both MEN1 OX and MEN1 KO phenotypes did

not change cell viability compared to the control cell lines (Figure 3./4B).
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Figure 3.14: SRB cell viability assays for cisplatin-treated HEK293T-MEN1 OX/MEN1
KO and Huh7-MEN1 OX/MENI1 KO cells.

Both MEN1 OX and MENT1 KO cell lines were treated with cisplatin and the cell viability
was measured with SRB assay.

3.5.3 POU3F2

The POU Class 3 Homeobox 2 protein (POU3F2) is a member of the class of proteins
with a POU-domain and is usually expressed in the developmental and neuronal
differentiation processes (He et al., 1989). POU3F2 is a transcription factor and its
expression was found to be increased in breast cancer cells that could induce
radioresistance (Zhang et al., 2023). POU3F2 was also enriched during the biotinylation
process of the ATP7B promoter regions 1, 4, and 5, thus it was hypothesized that this
protein may regulate ATP7B expression (Figure 3.9).

To test this hypothesis, overexpression of POU3F2 was generated in HEK293T and Huh?7
cells. In HEK-POU3F2 OX cells, ATP7B expression did not change significantly
compared to the control cell lines (Figure 3./5B). However, in Huh7-POU3F2 OX cells,
ATP7B levels were decreased both at RNA and protein levels (Figure 3.76). This decrease
could propose a potential regulatory mechanism of ATP7B by POU3F2 in liver cancer
cells by directly binding POU3F2 to the ATP7B promoter region or by recruiting

additional proteins to alter the gene’s expression.
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Figure 3.15: Generation of HEK-POU3F2 OX cell lines.

POU3F2 overexpressing HEK293T cells were analyzed with both qPCR and Western
blot assays to determine the effect of POU3F2 OX on ATP7B levels.
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Figure 3.16: Generation of Huh7-POU3F2 OX cell lines.

POU3F2 overexpressing Huh7 cells were analyzed with both qPCR and Western blot
assays to determine the effect of POU3F2 OX on ATP7B levels.

To investigate the reverse effect, POU3F2 activity was decreased in the cells by the
CRISPR-mediated knock-out model. The decrease in POU3F2 expression was verified
with qPCR (Figure 3.174). In HEK293T cells, POU3F2 KO increased the ATP7B
expression however, in Huh7 cells, the knock-out of POU3F2 did not significantly alter
the ATP7B expression (Figure 3.17D).
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Figure 3.17: Generation of HEK-POU3F2 KO and Huh7-POU3F2 KO cell lines

POU3F2 expression was diminished in HEK293T and Huh7 cells with CRISPR-mediated
knockout and confirmed by the quantification of POU3F2 expression in the cells with
qPCR. ATP7B expression was also quantified with qPCR in the HEK-POU3F2 KO and

Huh7-POU3F2 KO cells.
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The response of HEK and Huh7 POU3F2 OX cells to the cisplatin treatment was also
studied with SRB assay. There was no change in the cell viability between the normal
and overexpression cell line (Figure 3.7/8). The effect of POU3F2 overexpression on
ATP7B activity may not also influence the cisplatin or copper efflux in the cells, so there

was no change in cell viability upon drug treatment.
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Figure 3.18: SRB cell viability assays for cisplatin-treated HEK293T POU3F2
OX/POU3F2 KO and Huh7-POU3F2 OX/POU3F2 KO cells.

Both POU3F2 OX and POU3F2 KO cell lines were treated with cisplatin and the cell
viability was measured with SRB assay.

3.5.4 PRDMI6

According to the mass spectrometry analysis, the PR domain containing 16 (PRDM16)
was one of the enriched proteins at the ATP7B promoter of HEK293T cells. It is a
transcription factor that is involved in the development of brown adipose tissue (Seale et
al., 2008). In both lung adenocarcinoma and thyroid cancer, PRDM16 is proposed as a
tumor suppressor since its overexpression in cancers resulted in the suppression of
proteins associated with epithelial-to-mesenchymal transition (EMT) (Fei et al., 2019)
(W. L. Liu et al., 2021). These findings about the relationship between PRDM16 and
cancer development raised the possibility of the role of PRDM16 in cisplatin resistance
through the transcriptional regulation of ATP7B. To investigate this proposed regulation,
PRDM16 expression was overexpressed in both HEK293T and Huh7 cells and the change
of ATP7B levels in these cells was examined with qPCR and Western blot assays. In
HEK293T cells, PRDM16 OX did not result in a significant change in ATP7B levels both

54



Results 55

at RNA and protein levels (Figure 3./94, B). In Huh7 cells, PRDM16 overexpression did
not alter the ATP7B in the protein level however it increased the ATP7B fold change by
twofold at the RNA level (Figure 3./9C, D). Thus, PRDMI16 could alter ATP7B

expression either by direct binding or recruiting other proteins to the promoter site.
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Figure 3.19: Generation of HEK-PRDM16 OX and Huh7-PRDM16 OX cell lines.

PRDM16 overexpressing HEK293T and Huh7 cells were analyzed with both (A-B)
gqPCR and (C-D) Western blot assays to determine the effect of PRDM16 OX on ATP7B

levels.
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PRDM16 overexpression altered the cells’ response to cisplatin treatment in HEK293T

cells at certain doses however it did not affect their response against copper (Figure 3.20).
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Figure 3.20: SRB cell viability assays for cisplatin and copper-treated HEK293T-
PRDM16 OX cells.

Both PRDM16 OX and PRDM16 KO cell lines were treated with cisplatin and the cell
viability was measured with SRB assay.

The effect of PRDM16 overexpression on ATP7B activity was also examined via
luciferase reporter assay. Reporter assays are techniques used to determine the regulatory
potential of a target promoter by cloning the sequence into a detectable reporter protein
such as luciferase (Cheng et al., 2010). Initially, the putative ATPB promoter sequence
was cloned in a luciferase-gene backbone, and different lengths of fragments were
transfected into HEK293T-PRDM16 OX cells, and the relative luciferase signals were
measured (Figure 3.2/4). However, the luciferase reporter assay with the ATP7B
constructs of various size did not significantly change ATP7B promoter activity in
HEK293T-PRDM16 OX cells (Figure 3.2/B). PRDMI16 could be involved in the
recruitment of additional proteins that alter the cells’ response against cisplatin or could

regulate other transcription factors which directly bind to the ATP7B promoter region.
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Figure 3.21: Promoter Activity of ATP7B in HEK293T-PRDM16 OX cell lines.

A) Generation of ATP7B promoter constructs. (B) ATP7B promoter activity of
HEK293T-PRDM16 OX cells normalized to untransfected HEK293T cells.

3.6  PINXI relationship with ATP7B expression

The analysis was conducted for the seven regions, and, for Region 1, region 4, and region

6, PINX1 was found to be enriched compared to the non-targeting control (Figure 3.9).

PINX1 is a telomerase inhibitor protein that binds to hTERT and decreases its activity

(Zhou & Lu, 2001). In several cancer types, PINX1 overexpression also affects the cell’s
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destiny against chemotherapeutic drugs. Thus, the protein was selected to investigate its

potential role in the regulation of ATP7B.

3.6.1 Alterations in PINXI expression affect ATP7B expression.

To assess if the altered levels of PINX1 expression affect the ATP7B levels, both
overexpression and knock-out of PINX1 constructs were generated. PINX1 cDNA was
amplified and cloned into the pLJC2-GPT2-3xFLAG (Addgene, 163447) backbone.
Then, its viral particles were generated and transduced into both HEK293T and Huh?7
cells to generate cell lines that stably overexpressed PINX1. Huh7 cells were also chosen
since they have a higher endogenous expression of ATP7B after HEK293T cells (Figure
3.1). Comparing the results between the two cell lines could also provide novel
information about the regulation of the gene in a different cellular background. To verify
the PINX1 overexpression, the cells were analyzed with a western blot assay using an
anti-FLAG antibody, and the overexpression of the protein was confirmed (Figure 3.22).
The fold change of ATP7B in these cells was studied with qPCR assay and the results
indicated that there was an increase in ATP7B expression (Figure 3.224). However, at
the protein level, PINX1 OX slightly decreased the ATP7B expression (Figure 3.22B).
The decrease might stem from a potential activation of some post-transcriptional
modification triggered by PINX1 OX which also affects ATP7B levels.

In Huh7 cells, PINX1 overexpression resulted in an increase in ATP7B expression both
in RNA and protein levels (Figure 3.22). These findings support the hypothesis of the
potential role of PINX1 as a regulator of ATP7B activity, thus additional molecular assays

were performed to study the function of the target protein.
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Figure 3.22: Generation of HEK-PINX1 OX and Huh7-PINX1 OX cell lines

PINX1 overexpressing HEK293T and Huh7 cells were analyzed with both qPCR and
Western blot assays to determine the effect of PINX1 OX on ATP7B levels.

To examine the reverse effect, PINX1 expression was silenced in both HEK293T and
Huh7 cells by designing specific gRNAs that target the exons of PINX1 and then ligating
into Lenti-guide-CRISPR (Addgene, 52961) backbone. The decreased PINX1 expression
in these cells was verified with qPCR analysis (Figure 3.23). In HEK-PINX1 KO cells,

ATP7B expression was initially decreased, however, the results were not reproducible in
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the second biological replica, suggesting the first result showing a decrease in ATP7B
expression might be incorrect. Alternatively, this might be the result of a mechanism in
the cells that restores the ATP7B levels in the cells after a while to maintain copper
homeostasis in the cell. In Huh7-PINX1 OX cells, ATP7B expression was also decreased

suggesting a relationship with PINX1 and ATP7B in a transcriptional manner.
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Figure 3.23: Generation of HEK-PINX1 KO and Huh7-PINX1 KO cell lines.

PINX1 expression was diminished in HEK293T and Huh7 cells with CRISPR-mediated
knockout and confirmed by the quantification of PINX1 expression in the cells with
qPCR. ATP7B expression was also quantified with qPCR in the HEK-PINX1 KO and

Huh7-PINX1 KO cells.
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The effect of PINX1 overexpression on ATP7B activity was also examined via luciferase
reporter assay. The luciferase signal in HEK293T-PINX1 OX cells transfected with
exogenous ATP7B promoter constructs with various sizes was increased compared to the
untransfected HEK293T cells (Figure 3.24). The increase in ATP7B promoter activity

decreases in 2000 bp, suggesting a potential repressor activity in that region.
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Figure 3.24: Promoter Activity of ATP7B in HEK293T-PINX1 OX cell lines.

ATP7B promoter activity of HEK293T-PINX1 OX cells normalized to untransfected
HEK293T cells.

3.6.2 PINXI binds to the ATP7B promoter.

To verify the results of the presence of PINX1 at the ATP7B promoter region, ChIP-
qPCR analysis was performed. Both HEK293T-PINX1 OX and Huh7-PINX1 OX cells
were fixed, sonicated, and pulled down with an anti-FLAG antibody. The enrichment of
PINXI1 at the determined seven regions on the ATP7B promoter was quantified by the
%input method. Gene desert (GD) primer was used as a negative control since gene desert
region do not contain protein-coding genes (Ovcharenko et al., 2005). In HEK293T cells,
PINX1 was mostly enriched in region 1 on the ATP7B promoter and in Huh7 cells,
PINX1 was mostly enriched in region 2 (Figure 3.25).
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Figure 3.25: ChIP-qPCR analysis for investigating PINX1 occupancy at ATP7B promoter
region.

ChIP-gPCR analysis was performed in (A) HEK293T-PINX1 OX and (B) Huh7-PINX1
OX cells using an anti-FLAG antibody and determining the PINX1 occupancy at the
seven regions on the ATP7B promoter, results were calculated by the %input method.

ChIP-gPCR and luciferase-reporter assays resulted in a significant enrichment in the
ATP7B promoter at the -1000 bp region in HEK293T-PINX1 OX cells. Both experiments
confirm the presence of PINXI at the targeted region on the ATP7B promoter and its
effect on the enhancement of ATP7B gene activity.
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3.6.3 Alterations in PINXI expression affect the cells’ response to cisplatin.

The effect of PINX1 overexpression and PINX1 knock-out on the colony-forming ability
of HEK293T and Huh7 cells were analyzed with colony formation assay. HEK293T cells
were treated with 0.5 uM cisplatin for 72 hours and the colony numbers after the drug
treatment were quantified. Changes in PINX1 expression did not affect the colony

formation capabilities of HEK293T cells, as seen in Figure 3.264.
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Figure 3.26: Colony formation assay for cisplatin-treated PINX1 OX and PINX1 KO cells
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Clonogenic images and their quantifications for cisplatin-treated (A) HEK-PINX1 OX
and HEK-PINX1 KO, (B) Huh7-PINX1 OX and Huh7-PINX1 KO cells.

After the cisplatin treatment, the number of colonies formed did not change for Huh7-
PINX1 OX cells. However, in Huh7-PINX1 OX cells, an increase in colony formation
ability was observed. This alteration could result from an increase in the copper pump

activity in the cell, which is a reverse effect compared to the qPCR analysis (Figure 3.26).

We speculated that an increase in PINX1 overexpression might influence the response of
cells to cisplatin treatment, potentially impacting ATP7B expression levels as well. To
test this hypothesis, HEK293T and HEK-PINX1 OX cells were treated with increasing
doses of cisplatin and the cell viability was measured with sulforhodamine B (SRB)
viability assay. SRB assay measures the total protein content of the cell population and
could yield a result for the cell viability after treatment of the cells with a chemical (Vichai
& Kirtikara, 2006). Compared to the nontreated HEK293T cells, PINX1 overexpression
resulted in resistance against the cisplatin treatment. On the other hand, when HEK-
PINX1 KO cells were treated with cisplatin, there was not any change in the cell viability

compared to the nontreated control cells (Figure 3.274).
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Figure 3.27: SRB viability assay for cisplatin-treated HEK293T-POU3F2 OX/POU3F2
KO and Huh7-POU3F2 OX/POU3F2 KO cells.

Both PINX1 OX and PINX1 KO cell lines were treated with cisplatin and the cell viability
was measured with SRB assay.
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Also, in hepatocellular carcinoma cell lines, the overexpression of PINXI1 slightly
increased the cell viability against cisplatin. However, the reverse effect was not observed
in Huh7-PINX1 KO cells, the cell viability did not change compared to the control cell
line (Figure 3.27B). PINX1 overexpression thus increases ATP7B expression which in
turn could increase the efflux of cisplatin from the cells and block the drug’s activity and

result in an increase in the cell viability.
3.6.4 Gene expression correlation between ATP7B and PINXI

As one of the enriched proteins in the ATP7B promoter region, PINX! (Pin2/TRF1-
Interacting Protein) was selected and further studied as a potential regulator of ATP7B
activity. First, the correlation between PINX1 and ATP7B in cancers was investigated. In
glioblastoma, PINX1 expression is positively correlated with ATP7B expression (Figure
3.284). Analysis was conducted using RNA-seq data from the TIMER2.0 public database
(T. Li et al., 2020). Also, in thyroid carcinoma (THCA) and liver hepatocellular
carcinoma (LIHC), PINX1 expression was found to be positively correlated with ATP7B
expression (Figure 3.28B, C).
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Figure 3.28: Correlation between ATP7B and PINX1 expression in cancer types.

Correlation between ATP7B and PINX1 expression was analyzed in (A) GBM, (B)
THCA, and (C) LIHC using TIMER2.0 software. The data was obtained from 153 GBM,
509 THCA, and 371 LIHC samples.

3.7  HDAC inhibitor activity increases ATP7B expression

3.7.1 The activity of BET inhibitors and HDAC inhibitors on ATP7B expression

Epigenetic drug library screening performed by Ph.D. Student Baris Sergi revealed that
many drugs which affect histone modifications and epigenetic marks are also involved in
the change of ATP7B expression. Some of these drugs were selected and their effect on

ATP7B expression in HEK293T cells was investigated by qPCR analysis (Figure 3.29).
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Figure 3.29: The effect of epidrugs on ATP7B expression in HEK293T cells.

BET inhibitors could disrupt the interaction of bromodomains and acetylation marks, and
block the recruitment of transcription factors (Pérez-Salvia & Esteller, 2017). Thus, their
effect on gene expression got us to contemplate their potential impact on ATP7B
expression. The three BET inhibitors (JQ1, I-BET151, CPI-203) did not change the
ATP7B expression in HEK293T cells whereas several HDAC inhibitors (Chidamide,
KD5170, Pyroxamide, MS-275, PAOA) increased the ATP7B expression more than
twofold. Further experiments were performed with these selected HDAC inhibitor drugs.

HDACSs remove the acetyl group from histones and are mostly connected with reduced
gene expression. As expected, inhibitors of HDAC activity make DNA more accessible
to several proteins by hindering deacetylase activity and could increase gene expression
at target regions (Z. Wang et al., 2009). The drugs found to increase ATP7B expression

in HEK293T cells were also given to prostate and liver cancer cell lines (Figure 3.30).
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Figure 3.30: Effect of drugs on ATP7B expression in different cell lines.

(A) HEK293T, Huh7, and Dul45 cells were treated with BET inhibitors CPI1-203, I-BET-
151, JQ1, and their effects on ATP7B expression were analyzed with qPCR assay. (B)
HEK293T, Huh7, and Dul45 cells were treated with HDAC inhibitors Chidamide,
KD5170, Pyroxamide, MS-275, PAOA, and their effects on ATP7B expression were
analyzed with qPCR assay.

BET inhibitors that did not change ATP7B expression in HEK293T cells did also not
change the expression in Dul45 cells. In the hepatocellular carcinoma cell line, however,
these three drugs increased the ATP7B expression (Figure 3.304). Hepatocellular
carcinoma and prostate cancer lines were treated with HDAC inhibitors which increased

ATP7B expression twofold in HEK293T cells. Chidamide, KD5170, Pyroxamide, and

PAOA did not result in a significant change in ATP7B expression in these cancer cell
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lines, although MS-275 increased ATP7B expression approximately fourfold in Huh?7
cells and twofold in Dul45 cells (Figure 3.30B).

The HDAC inhibitors that increase the ATP7B expression were also given to HEK-MTF1
KO cells. HEK293T-MTF1 KO cells wepg analyzed with qPCR to verify the knock-out
of MTF1 expression and it was shown that MTF1 fold change decreased significantly
compared to the control sample, confirming the knock-out generation (Figure 3.3/4). The
same cells were also analyzed with qPCR assay, and it was found that upon the generation
of the MTF1-KO model, ATP7B expression also decreased significantly (Figure 3.31B).
As a transcriptional regulator of ATP7B, deficient MTF1 expression in the cells resulted

in a decline in ATP7B expression.

A
HEK MTF1 KO
HEK MTF1 KO
e 2.5
' $ 20
£ 1.0 O 15-
5 o 1.5
3 I'E 1.0
S 04
ED.S- E
E E 0.5
0.0- 0.0- T T T
TG S I AT A A GG G A . A o
S EE TS N N R A
C
gPCR
6_
mn ATP7B
m MTF1
)
2 41
&
&
(5]
k=4
2 2
o_
“é \*9 é{’\h va & 6"\&
§F L N Q R 4%
] & dé\ Qﬁ«"

HEK MTF1 KO cells +
HDAC inhibitors

Figure 3.31: Generation of HEK293T-MTF1 KO cells.
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(A) qPCR analysis of HEK293T-MTF1 KO cells to confirm the knock-out of the gene
expression. (B) The same colonies were also analyzed with qPCR to examine the change
in ATP7B expression. Target gene expression was normalized to GAPDH expression,
and relative expression was calculated with the 224D method. (C) HEK-MTF1 KO cells
were treated with HDAC inhibitors MS-275, PAOA, Chidamide, and Pyroxamide, and
their effects on ATP7B expression were analyzed with qPCR assay.

The treatment of MS275, PAOA, Chidamide, and Pyroxamide to the HEK-MTF1 KO
cells did not only revert the expression of ATP7B and MTF1 to normal levels but also,
they were increased more than twofold (Figure 3.37/C). To investigate the reverse effect,
a stable cell line of MTF1 overexpressing HEK293T cells was generated, and the
overexpression was confirmed by qPCR assay (Figure 3.32). The copper treatment further
increased the MTF1 overexpression indicating the copper induces the MTF1 activity in

the cells to further activate the expression of genes associated with copper homeostasis.
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Figure 3.32: HDAC inhibitors increase MTF1 and ATP7B activity.

(A) HEK-MTF1 OX cells were generated and the overexpression of MTF1 expression
was verified with qPCR. (B) HEK-MTF1 OX cells were treated with copper and the
change in ATP7B expression was quantified by qPCR. (C) HEK-MTF1 OX cells were
treated with HDAC inhibitor MS-275, and bromodomain inhibitor CPI-203, and their
effects on ATP7B expression were analyzed with qPCR assay.

HEK-MTF1 OX cells were then treated with MS275 and ATP7B expression increased
significantly compared to the copper-treated cells (Figure 3.32C). When the same cells
were treated with bromodomain inhibitor CPI-203 however ATP7B expression did not
change compared to the non-treated HEK-MTF1 OX cells (Figure 3.32C). The HDAC
inhibition results in a more open chromatin state and leads to an increase in not only

ATP7B activity but also the transcription factor MTF1 which plays a vital role in

maintaining copper balance in the cells.

3.7.2  The increase in ATP7B activity by HDAC inhibitors does not depend on

oxidative stress generated by the drugs.

HDACs have been found to regulate oxidative stress levels in the cell through several
pathways such as inhibition of SLC7A11 (L. Wang et al., 2018). We wanted to determine
whether the change of ATP7B expression upon HDAC inhibitor treatment is a result of
increased ROS levels in the cell. For this purpose, HEK293T cells were treated with a

ROS scavenger called NAC which can enhance the glutathione levels in the cell to reduce
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oxidative stress (Halasi et al., 2013). According to the viability assays, 5 mM NAC was
chosen as an optimal dose for further experiments (Figure 3.334).

The cells were treated with selected HDAC inhibitor drugs and with NAC, and the ROS-
positive cells were sorted with Muse Cell Analyzer. The drug cisplatin and H>O»

treatment increased the ROS-positive cells in the population however it decreased upon
NAC treatment (Figure 3.33B).
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Figure 3.33: ATP7B expression does not increase due to the oxidative stress resulting
from drug treatment.

(A) SRB viability assay was performed, and the optimal dose of NAC was selected as 5
mM. (B) HEK293T cells were treated with cisplatin and H2O>, which are both to known
to induce oxidative stress, NAC, a ROS scavenger, and selected HDAC inhibitors. The
percent of ROS-positive cells in the population was calculated with Muse Cell Analyzer.
(C) gPCR analysis to investigate the change in ATP7B expression in drug-treated cells,
indicating the increase in ATP7B expression is not connected with the oxidative stress

induced by the drug treatment.

The same cells were lysed and their ATP7B expression was analyzed with qPCR. The
treatment of the cells with the selected drugs increases the ATP7B expression, as depicted
in Figure 3.33. Not surprisingly, upon NAC treatment and the subsequent decrease in
ROS levels, the expression of the ATP7B gene did not diminish. Thus, the increase in
ATP7B expression resulting from HDAC inhibitor treatment is not dependent on ROS

activity.
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Chapter 4:
DISCUSSION

Targeting gene regulation holds significant advantages in various areas, ranging from
gaining insights into molecular and genetic changes driving disease progression to
developing novel therapies for those diseases. The activity of the ATP7B gene is
intricately controlled within cells through precise regulations. This control mechanism
can be likened to a delicate weighing scale, and any deviation from the balance can lead
to physiological disorders, either due to metal accumulation or the expulsion of chemical
drugs from the cells.

A deficiency in ATP7B activity results in the harmful accumulation of excess copper,
which becomes toxic to the cells. Conversely, overexpression of this gene in cancers leads
to the expulsion of platinum-based drugs from the cells before they can target and attack
the intended sites. Understanding the transcriptional and epigenetic regulation of ATP7B

could shed light on how dysregulations in gene activity contribute to disease progression.

4.1 Identifying PINXI as a regulator of ATP7B

In this thesis, the Genomic Locus Proteomics approach was used to explore the
regulators of ATP7B gene activity. The ATP7B promoter region was analyzed using
public databases and several transcription-factor binding sites were discovered (Figure
3.4). gRNAs spanning the region from +1 (TSS) to the -3000 bp region were designed
and cloned into the HEK293T-CASPEX cells. Mass spectrometry analysis and the
subsequently performed ChIP-qPCR assays demonstrated that PINX1 binds to the
ATP7B promoter region both in HEK293T and Huh7 cells. The direct binding of PINX1
to this region proposes a mechanism of gene regulation between the two genes. Not
surprisingly, in-vitro experiments that asses both the RNA expression and protein levels
displayed that PINX1 affect the ATP7B activity.

Telomeres are repeated sequences of DNA located on the end of chromosomes which
get shortened after each cell division cycle. Eventually, this shortage leads to a critical

loss of genomic locus and the cell enters senescence (Zhou & Lu, 2001). To avoid this
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destiny, the telomerase enzyme adds telomere repeats to the ends to protect the telomere
length however usually most somatic cells do not have active telomerase activity.
Telomerase activity is maintained by the catalytic unit of telomerase reverse transcriptase
(TERT) and its RNA component (Jafri, Ansari, Algahtani, & Shay, 2016). Several
telomere-binding proteins such as TRF1 and TRF2 mainly function in the preservation of
chromosome ends and the telomere length (H. L. Li et al., 2016). Telomerase activity is
regulated in the cells by various controlling mechanisms however transformed cells and
usually in cancer cells, telomerase activity is restored providing the cells an escape from
senescence and they could continue to divide indefinitely (Zhou & Lu, 2001).

PINX]I gene encodes a 45 kDA-protein which affects telomerase activity (Zhou & Lu,
2001). PINX1 protein binds to the human TERT (hTERT) via its TID domain (telomerase
inhibitory domain), which is stationed at its C-terminal region. The binding of PINX1 to
the catalytic unit of hTERT inhibits its activity, leads to telomere shortening, and
eventually gives rise to crisis (Zhou & Lu, 2001). Unsurprisingly, PINX1 expression
and/or activity loss was observed in many cancers, such as hepatocellular carcinoma and
ovarian cancer. The decrease in expression usually stems from a loss of heterozygosity
(LOH) in the genomic locus of the PINXI coding region. This specific region was found
to host many known tumor suppressor genes and LOH mutations usually occur in these
sequences during tumor initiation (H. L. Li et al., 2016) Diminishing PINX1 activity
results in chromosomal instability and gives rise to an increase in tumorigenicity. Thus,
PINXI is reputed as a tumor suppressor (H. L. Li et al., 2016)

PINXI1 also interacts with microtubules and its function is crucial in the correct
separation of chromosomes in the cell cycle process. The decrease in PINX1 activity leads
to lagging chromosomes, potentially coupled with the chromosomal instability in tumor
cells (Yuan et al., 2009). PINX1 activity was also suppressed in a cohort of non-small
cell lung cancer (NSCLC) patients and hypothesized to be used as an indicator for the
disease progression (Tian et al., 2017). Reduced PINX1 activity also results in telomerase
activation in cervical cancers. A well-studied tumor suppressor p53 was revealed as a
transcriptional activator of PINX1 (Wu et al., 2014). In gastric cancers, increased PINX]
expression reduces c-Myc expression, an oncogenic transcription factor while inhibiting
the protein’s binding to its target A”TERT. This increased activity of PINX1 slows cell
growth by decreasing telomerase activity (H. bin Wang et al., 2010).
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PINX1 expression is usually diminished as a result of loss of heterozygosity mutations
(LOH) in many cancers which led to the classification of the gene as a potential tumor
suppressor (Zhou et al., 2011). PINX1 expression was found to be lower in ovarian cancer
tissues compared to the normal tissue (Cai et al., 2010). In another study, the single
nucleotide variants (SNPs) in the PINX1 gene in ovarian cancers were associated with
poor response to the platinum-based cancer therapies (Sun, Tao, Huang, Wu, & Gu,
2017).

In several cancer types, PINX1 overexpression affects the cell’s destiny against
chemotherapeutic drugs. Response to cisplatin and paclitaxel drugs is weakened by
increased levels of PINX1 activity in cervical carcinomas, whereas reducing the protein’s
activity sensitizes the cells to paclitaxel (Tian et al., 2014). Our research also drew a
connection between PINXI1 activity and cisplatin cytotoxicity in cancer cells. It was
shown that in the hepatocellular carcinoma cell line, PINX1 overexpression protects the
cells against the cisplatin treatment, and they resist the higher doses of the drug compared
to the normal cells (Figure 3.27).

The reduced levels of PINX1 in cancers result in chromosomal instability in the cells,
and PINX1 is referred to as a putative tumor suppressor (H. L. Li et al., 2016). However,
PINX1 was not identified as a transcriptional regulator, thus its role in gene regulation
should be investigated in detail. The binding of PINX1 to the ATP7B promoter was
demonstrated with ChIP-qPCR assay. PINX1 levels are enriched in the first two regions
which were targeted by the gRNAs spanning the 1000 bp on the ATP7B promoter (Figure
3.25). The protein resides in the promoter region in both HEK293T and Huh7 cells.

PINXI1 binds to hTERT and hinders its activity and gets localized to telomeres with
its associate proteins (Zhou & Lu, 2001). PINX1 also has an RNA binding domain and
similarly, yeast PINX1 is associated with RNA processing (Yoo, Oh, & Park, 2009).
ChIP-qPCR analysis demonstrated the presence of PINX1 at the ATP7B promoter
(Figure 3.25). PINX1 could recruit other proteins to the ATP7B promoter which could
work as a team to regulate the gene’s activity. Transcription factors have been shown to
contain RNA-binding domains and occupy chromatin regions (Oksuz et al., 2023).
Further, the role of PINX1 in transcriptional regulation could be explored by analyzing
these interacting complexes which could change the chromatin accessibility in the target
region. These altered chromatin marks could be defined with experimental procedures

such as ATAC-seq and the role of this team of proteins in the transcription process could
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be illuminated (Ji et al., 2018). Also, performing ChIP-seq analysis could assist the
illustration of the binding sites of PINX1 and its interacting proteins on DNA, preferably
on the promoter sequences (Park, 2009). Identifying the binding partners of PINX1 and
their relationships with ATP7B expression could be the next step of this project to

illuminate the significance of gene regulation pathways in disease progression.

4.2  Potential Regulators of ATP7B

Mass spectrometry analysis resulted in many target proteins which could be potential
transcriptional regulators of the ATP7B gene. The relationship between the target genes
and ATP7B activity was studied in both HEK293T and Huh7 cells to investigate the effect
of different cell backgrounds on the regulation process. Both cell lines have high
endogenous ATP7B expression (Figure 3./). The modifications in the transcription
factors’ activity had different outcomes in the cancer cell line compared to the normal
cell line. For instance, MEN1 OX resulted in resistance to cisplatin treatment in
HEK293T cells however Huh7-MEN1 OX cells were more sensitive to the cisplatin
treatment (Figure 3.7/2). Cancer progression may alter the transcriptional regulation of
certain genes, and in this case, additional factors may be involved in the ATP7B activity
in cancer cell lines. Investigating the regulation mechanisms of a gene both in normal and
cancer cell lines is beneficial to examine the differences in the transcription regulation
process. The next step in this research could be developing a similar experimental
procedure to label the proteins on the ATP7B promoter in different cancer cell lines and
study the target proteins’ influence on the drug resistance in these cells.

One of the target proteins was MEN1, which is a tumor suppressor and the loss of
MENT activity leads to tumor formation (Zablewska et al., 2003). MEN1 was found to
interact with other proteins to inhibit their activity. It could also recruit HDACs and other
additional proteins to the telomere sequences and could be involved in the transcriptional
silencing of the genes (Suphapeetiporn, Greally, Walpita, Ashley, & Bale, 2002). The
presence of MEN1 at the ATP7B promoter suggests that MEN1 could also regulate the
ATP7B activity. MEN1 overexpression did not result in a significant change in ATP7B
expression (Figure 3.7/2) and it did not alter the cell viability against cisplatin treatment
(Figure 3.14). Although MENI could not affect ATP7B activity in a transcriptional

manner, it could recruit other additional factors to the promoter area.
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POU3F2 is a transcription factor that was also enriched in the ATP7B promoter region
however its overexpression did not significantly change the ATP7B activity (Figure 3.15)
or alter the cell viability after the drug treatment (Figure 3.20). In colon cancers, through
p53 activity and ROS generation, POU3F?2 is regulated, and it regulates tNOX expression
to determine the cell survival against oxaliplatin treatment (H. Y. Chen et al., 2018).
Although the viability assays did not result in a change in HEK293T-POU3F2 OX cells
against cisplatin treatment, POU3F2 may recruit and activate additional factors other than
ATP7B in cancer cells to sensitize the cells to the platinum-based drug.

PRDM16 is one of the transcription factors identified after the mass spectrometry
analysis. Due to its classification as a tumor suppressor and its role in metastasis as a
transcriptional regulator of certain proteins (Fei et al., 2019), PRDM16 was also targeted
to investigate its effect on ATP7B activity. Although HEK293T-PRDM16 OX cells
resisted the cisplatin compared to normal cells (Figure 3.20), the luciferase reporter assay
did not confirm the direct effect of PRDM16 OX on the ATP7B expression (Figure 3.21).
Thus, PRDM16 might not be a regulator of ATP7B in a transcriptional manner, rather it

could interact with other factors to control the gene expression.

4.3  Epigenetic Alterations Control ATP7B Expression

Epigenetic control mechanisms could also be modified in different cells such as
bromodomain inhibition decreased the ATP7B activity in HEK293T cells however the
same treatment increased the activity in Huh7 cells (Figure 3.30). The same difference
was observed upon HDAC activity inhibition; the treatment with the pyroxamide drug
increased the fold change of ATP7B in normal cell lines but decreased the fold change of
ATP7B in the cancer cell line. Moreover, the increase in gene expression was a direct
result of epigenetic changes rather than a result of increased oxidative stress in the cell
(Figure 3.33). Investigating the alterations in the regulation mechanisms occurring in the
cells during cancer development is crucial and may shed light on the understanding of the

resistance phenotypes of cancer cells against certain drugs.
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Chapter 5:
CONCLUSIONS

ATP7B plays a crucial role in maintaining copper balance in the body and can
influence cell response to cancer treatments. Therefore, investigating the regulatory
mechanisms controlling ATP7B expression could offer valuable insights into developing
innovative cancer therapies.

In this research project, PINX1 emerged as a potential regulator of ATP7B gene
expression. The upregulation of PINX1 led to an increase in ATP7B expression and
subsequently resulted in resistance to cisplatin treatment. By targeting both epigenetic
and transcriptional regulators of the ATP7B gene, it is possible to have significant
translational effects in overcoming drug resistance in cancer therapies and developing

novel treatment approaches for Wilson's disease.
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