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Abstract

The primary objective of this project is to investigate how commonly used cancer drugs affect
MRNA expression and chromatin organization in human erythroleukemia cells. As a model,
K562 cells derived from a patient in blastocyst crisis (2) were utilized, evaluating the leukemia
cells’ cellular responses to cancer medicines vinblastine and doxorubicin. Vinblastine and
doxorubicin were chosen due to the distinct pathways they target in the cell: while
doxorubicin intercalates into DNA and inhibits topoisomerase Il activity, which eventually
cause cell death, vinblastine targets microtubules to stops mitotic division and excessive
proliferation. Expression of mRNA was investigated in cells harvested at Oh, 6h, 24h and 24h
+ one week recovery. Chromatin accessibility with ATAC-seq was investigated in K562 cells
harvested at Oh, 1h, 6h, 24h and 24h + one week recovery. Then DNA (ATAC-seq) and RNA
(mRNA-seq) extraction and library preparation were performed on three replicates, and the
genome-wide results was investigated via sequencing. The results showed a strong correlation
between the biological replicates, indicating that the experimental conditions were sustained
in these biological variables. Differential Expression of mRNA upon doxorubicin and
vinblastine treatments was performed by comparing the mRNA levels in drug-treated samples
to non-treated (Oh) upregulated and down regulated genes were identified and MA plots
generated to visually analyze the differentially expressed genes at different time points after
drug treatment and one week recovery. To find enrichments of functional gene categories
among the drug-induced or -repressed genes, gene ontology analyses were performed.
Finally, the Integrative genomics viewer (IGV) tool was used to visually explore the mRNA
levels and their differential expression pattern during drug treatments. For ATAC-seq, detailed
data analysis was not performed due to limitation of time, and data was only visually explored
through IGV. Taken together, doxorubicin treatment showed slow initial response within 6h
followed by an extensive change in gene expression in 24h, involving several different
biological processes. The response was more inclined towards chemoresistance rather than
inducing apoptosis or cell death. There was a sustained increase in mRNA levels of doxorubicin
treated leukemia cells during recovery week. The overall expression change in the recovery
samples was majorly linked with not only gaining back the tumourigenic properties and
restoring the mechanism which were affected by doxorubicin action but, based on changes in
MRNA expression, it looks like doxorubicin treatment made the tumour cells more aggressive.
The initial, 6h, response to vinblastine increases mRNAs involved in cytoskeleton. Upon 24h
vinblastine treatment the tumour cells experienced stress due to shear force and structural
deformity, and they induced genes supporting tumourigenesis. An increase in total mRNA
levels was detected in vinblastine-treated K562 leukemia cells, which was particularly evident



during recovery. The results indicated that the cells that survived vinblastine treatment
focused on recovering its structural form. Overall, the results indicated that monotherapy
does not effectively work against leukemia cells as K562 leukemia cells not only survived the
drug treatments but also induced mRNAs involved in resistance against drug treatment.
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Sammanfattning

Syftet med detta projekt var att underséka hur vanligt anvanda cancerldkemedel paverkar
mRNA-uttryck och kromatinorganisation i humana erytroleukemiceller. Som modell anvandes
K562-celler fran en patient i blastocystkris (2), for att utvardera leukemicellernas svar pa
cancerlakemedel vinblastin och doxorubicin. Vinblastin och doxorubicin valdes pa grund av
deras distinkta mekanismer i cancercellen: medan doxorubicin interkaleras i DNA, hammar
topoisomeras ll-aktivitet vilket orsakar celldod, riktar vinblastin sig mot mikrotubuli for att
stoppa mitotisk delning och proliferation. Uttryck av mRNA undersoktes i celler vid O-timmar,
6-timmar och 24-timmar drogbehandling, samt efter en veckas aterhamtning fran 24-timmars
drogbehandling. Kromatintillgdnglighet med ATAC-seq undersdktes i K562-celler vid O-
timmar, 1-timmar, 6-timmar, 24-timmar och 24-timmar + en veckas aterhamtning. Darefter
utfordes DNA (ATAC-seq) och RNA (mRNA-seq) extraktion och biblioteksberedning pa tre
biologiska replikat, och ©6ppna DNA-regioner samt mRNA expression undersoktes via
sekvensering. Resultaten visade en stark korrelation mellan de biologiska replikaten, vilket
indikerar att resultaten var upprepbara. Differentiellt uttryck av mRNA vid doxorubicin- och
vinblastinbehandlingar utfordes genom att jamféra mRNA-nivaerna i lakemedelsbehandlade
prover med obehandlade (O-timmar). Uppreglerade och nedreglerade gener identifierades
och MA-grafer genererades for att visuellt analysera de differentiellt uttryckta generna vid
olika tidpunkter efter lakemedelsbehandling och en veckas aterhamtning. For att hitta
anrikningar av funktionella genkategorier bland de lakemedelsinducerade eller -undertryckta
generna, utférdes genontologianalyser. Slutligen anvandes verktyget Integrative Genomics
Viewer (IGV) for att visuellt utforska mRNA-nivaerna och deras differentiella uttrycksmonster
under lakemedelsbehandlingar. For ATAC-seq utfordes inte detaljerad dataanalys pa grund av
tidsbegransning, men genomets 6ppenhet undersdktes visuellt genom IGV. Sammantaget
inducerade doxorubicinbehandling en langsamt men langvarig forandring av genuttrycket,
vilket involverade flera olika biologiska processer. Doxorubicinbehandlade K562-celler
andrade genuttryck att stdda kemoresistens snarare an att inducera apoptos eller celldéd.
Behandlingen hade en Ilangvarig inverkan pa mRNA-nivder som strackte Oover
aterhdmtningsveckan. Den totala uttrycksforandringen i aterhamtningsproverna var
forknippad med aterhamtning av tumorigena egenskaper och aterstallning av mekanismener
som stoder cellernas tillvaxt. Vinblastine fororsakade snabb 6kning av mRNA involverade i
cytoskelettet. Vid 24-timmars vinblastinbehandling upplevde tumoércellerna stress pa grund
av grovt elongerad struktur, och de inducerade gener som stéder tumaorbildning. En 6kning av
totala mRNA-nivaer detekterades i vinblastinbehandlade K562-leukemiceller, vilket var
sarskilt tydligt under aterhdamtningen. Resultaten visade att cellerna som Overlevde
vinblastinbehandling fokuserade pa att aterstalla sin strukturella form. Sammantaget visade
resultaten att monoterapi inte fungerar effektivt mot leukemiceller eftersom K562-



leukemiceller inte bara overlevde ldkemedelsbehandlingarna utan ocksa inducerade mRNA
som ar involverade i resistens mot lakemedelsbehandlingar.

Nyckelord: K562-celler, mRNA-seq, ATAC-seq, Doxorubicin, Vinblastin
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1. Introduction

This master’s degree project investigates how commonly used cancer drugs affect the gene
expression in human erythroleukemia cells. Human erythroleukemia is characterized by
accumulation of actively proliferating cells derived from bone marrow. The hematopoietic
precursors acquire multiple gene mutations and chromosomal rearrangements which results
in development of erythroleukemia cells (1). In this study K562 cells (human erythroleukemia
cells isolated from a patient in 1975 (2)) are used as a model to investigate cellular responses
to cancer drugs - vinblastine and doxorubicin. Vinblastine and doxorubicin were chosen due
to the distinct pathways they target in the cell: while doxorubicin intercalates DNA and
inhibits topoisomerase Il activity which eventually causes cell death, vinblastine targets
microtubules to stop mitotic division and proliferation.

1.1 Background

1.1.1 Hallmarks of Cancer

Cancer is the leading cause of death globally. According to WHO, cancer is accountable for 10
million deaths worldwide in 2020. It not only decreases life expectancy significantly
worldwide but also is an economic burden (3). Cancer is a genetic disease which is a measure
of uncontrolled cell proliferation and progression, caused by both hereditary and
environmental factors (4). Mutations in the genome, due to hereditary and environmental
factors, enables the slow progression of normal cells to become tumourigenic and ultimately
leads to malignancy. During the evolution from normal to tumourigenic, the cell acquires
essential regulatory defects in normal proliferation and homeostasis (5). Hallmarks of cancer
are the functional capabilities of cancer cells that help them with the uncontrolled
proliferation, survival, metastasis, and progression. In 2000, the first six hallmarks of cancer
were proposed (Hanahan and Weinberg). Novel characteristics like self-sufficient growth
signals, resistance to growth-inhibition signals, resistance to apoptosis, unlimited potential
for replication, maintained angiogenesis, and tissue invasion and metastasis collectively
directs a cell towards tumourigenesis (5). In 2011, two emerging hallmarks and two enabling
characteristics, which help in activating the functional capability, were introduced (6) (Figure
1.1 A) (7). Later, in the beginning of 2022, another set of emerging hallmarks and enabling
characteristics were introduced (Figure 1.1 B) (7). There are many different types of cancers
depending on the cell microenvironment and the tissue it originates from. The pathway each
cancer type follows to attain these characteristic functions, depends on the mutations which
are already present or acquired in the later stages of tumourigenesis. During cancer
development the potential cancer cells sooner or later breach all anticancer mechanisms and
attain all these functional capabilities resulting in unruly proliferation, heterogeneity, and
metastasis of cancer tissue (7).
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Figure 1.1 The hallmarks of cancer. A) Functional abilities obtained by cancer cells. B) Identification of additional cancer
hallmarks, i.e., unlocking phenotypic plasticity, epigenetic reprogramming, revoking activity from senescent state, and
microbiome contribution. (Adapted from 7)

1.1.2 Human Myelogenous Leukemia Origin and Characteristics

Human myelogenous leukemia originates in bone marrow by the accumulation of
undifferentiated blast cells. In normal haematopoiesis, the self renewal ability of
hematopoietic stem cells (HSCs) generates multipotent progenitors (MPPS) which give rise to
different types of differentiated cells. Inherited or acquired mutations in HSCs and its
progenitors’ cells cause formation of leukemia stem cells (LSCs) which ultimately give rise to
leukemic blast cells (Figure 1.2) (8).
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Figure 1.2 Hematopoiesis and leukemia formation. Hematopoietic stem or differentiating cells can give rise to leukemia.
(Adapted from 8).

1.1.3 Translocation Between Chromosomes 9 and 22 Creates a
Philadelphia Chromosome with a Potent Oncogene

Philadelphia chromosome is the distinguishing characteristic of human myelogenous
leukemia which occurs on hematopoietic stem cells. It is formed from the translocation of
segments between chromosome 9 and chromosome 22 (Figure 1.3). This translocation results
in the formation of BCR-ABL1 oncogene which encodes a protein with tyrosine kinase activity
(12). Formation of the Philadelphia chromosome transforms an HSC into a LSC giving rise to
clonal myeloproliferative diseases. BCR-ABL1 oncogene is involve in three major mechanisms
for the diseases progression; i) modified adhesion to stromal cells and extracellular matrix, ii)
constitutively active mitogenic signaling and iii) decreased apoptosis. However, the
progression of diseases mechanism among patients is highly individual depending upon
mutations acquired after BCE-ABL1 formation and HSC subtype in which Philadelphia
chromosome was first formed (12).
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Figure 1.3: Formation of Philadelphia Cchromosome. Fusion of ABL (chromosome 9) and BCR (chromosome 22) creates a
BCR-ABL oncogene with increased tyrosine kinase activity giving rise to clonal myeloproliferative diseases. (lllustration by
Teresa Winslow, included with permission (9)).

1.1.4 Human Myelogenous Leukemia Cell Line - K562

The human myelogenous leukemia cell line - K562 was established in 1970 from pleural
effusion of a terminal patient in a blastocyst crisis. It was the first human cell line that showed
resemblance to human erythroleukemia cells. The cell line has a positive Philadelphia (Ph)
chromosome and contains the original hypotriploid karyotype of the patient, a feature that
was not successfully done before (2, 10). The cells are an excellent model to study cellular
mechanisms, gene expression and differentiation in human erythroleukemia, all important
for leading towards prospective therapeutic modalities (11).

1.1.5 Doxorubicin Inhibits DNA and RNA Synthesis and Causes Cell
Death in Tumour Cell

Doxorubicin belongs to a family of anthracycline anticancer drugs that are extracted from
Streptomyces bacterium. It is a potent antineoplastic drug with a complex mechanism of
action (Figure 1.4). It's effectively used against acute leukemia to kill actively proliferating
tumour cells. However, drug resistance and severe side effects limit the efficacy and use of
the drug. The exact molecular mechanism and chemoresistance of the drug is not completely
known (13).

11



1.1.5.1 Intercalates into DNA
Doxorubicin intercalates into DNA, inhibits DNA and RNA and, consequently, protein

synthesis, resulting in cell death. The drug enters tumour cells through passive diffusion and
makes a complex with 20S subunit of the proteasome (14). This doxorubicin-containing
complex enters the nucleus through a nuclear pore and intercalates into DNA which inhibits
DNA and RNA synthesis. Apoptosis Induced by doxorubicin is associated with upregulation of
p53 protein, which blocks DNA synthesis by activating the cyclin-dependent kinase (cdk) p21
protein that binds to the dividing tumour nuclear antigen. This causes inhibition of DNA
polymerase resulting in restricting cell growth and DNA repair. Drugs' ability to block DNA
synthesis leads to cell death (13).

1.1.5.2 Inhibits Topoisomerase Il Activity
Doxorubicin inhibits topoisomerase |l activity. Topoisomerase is an enzyme that has the

ability to modify DNA topology by cleaving one strand of the DNA duplex and allowing the
other to pass through it, thus unwinding DNA in front of the replication and transcription
machineries. Doxorubicin inhibits ligation of cleaved DNA duplex by stabilizing the
topoisomerase || DNA cleavage intermediates, resulting in double stranded break and repair
failure leading to apoptosis. Cell death due to topoisomerase Il inhibition is dependent on
the concentration of topoisomerase Il in the cell. Decreased levels of this enzyme can cause
doxorubicin resistance. Topoisomerase Il concentration is crucial for the effectiveness of the
drug and any alteration in its gene expression can cause doxorubicin resistance. Mechanism
like intercalation in DNA causes cell arrest which ultimately leads to cell death whereas
inhibition to topoisomerase Il activity directly causes apoptosis (13, 14).

1.1.5.3 Reactive Oxygen Species (ROS) Generation and Damage to DNA

Doxorubicin has the ability to oxidize into unstable metabolites and then convert back to
doxorubicin meanwhile releasing reactive oxygen species. The generation of free radicals
causes oxidative stress that can damage membranes and DNA, and cause cell death. ROS are
released in the cell by the activity of NOS (nitric oxide synthase), NADPH oxidase (NOX),
mitochondrial-dependent ROS production mechanisms. Doxorubicin also affects iron
homeostasis by interacting with iron regulatory protein and ferritin. The damage caused by
this interaction can also lead to apoptosis in the cell. Another cellular function which is
affected by doxorubicin is calcium homeostasis. Alteration in this causes dysfunction of
mitochondrial membrane. Calcium is crucial for normal muscle function, alteration in its levels
also causes cardiotoxicity (15, 16).

1.1.5.4 Other Anti-Cancer Pathways Induced by Doxorubicin
Doxorubicin can also induce other cellular processes in cells which can lead to cell death and

cell growth arrest. It can induce apoptosis through caspase dependent pathways. Doxorubicin
can also induce autophagy. Inhibition of the caspase pathway in cells can lead to initiating
autophagy. The stress, ROS generation and disruption of homeostasis of different cellular
functions can induce autophagy. In autophagy a lysosome is created in a cell and organelles

12



are recycled. Senescence is another mechanism which can be induced by Doxorubicin. In
Senescence the cell stays metabolically active but stops dividing. It's an alternative way
adopted by cancer cells to avoid apoptosis. Activation of such processes can increase the
chances of cancer recurrence. Another cause of cell death which can be induced is necrosis.
This mechanism is also induced in actively proliferating cells when apoptosis is avoided by
cell. The DNA damage and ROS generation can induce programmed necrosis. Necrosis also
cause inflammatory response as the cell content is released after necrosis (13,14).

Cell cycle arrest Apoptosis

*

1 Fe? (altered
iron metabolism)

/M Cardiotoxicity Mitochondria

Abbreviations: ATP: Adenosine Triphosphate; Ca2+: Calcium; Fe*: Iron; NOX: NAD(P)H Oxidase; O2: Oxygen; O2-: Superoxide Anion;
MPTP: Mitochondrial Permeability Transition Pore; ROS: Reactive Oxygen Species; RYR2: Cardiac Calcium Release Channel.

Figure 1.4 Doxorubicin mechanism of action — Intercalates into DNA, Inhibits Topoisomerase Il activity and Generation
of reactive Oxygen Species (ROS) (Adapted from 14)

1.1.5.5 Cardiotoxicity by Doxorubicin
The most eminent adverse effect of doxorubicin is cardiotoxicity which causes damage to

heart cells as well as apoptosis and necrosis. Induced apoptosis and generation of ROS is the
main cause of cardiomyopathy. Calcium depletion in the sarcoplasmic reticulum of
cardiomyocytes initiates cell death. Other mechanisms such as mitochondrial dysfunction,
disturbance in iron and calcium homeostasis, activity of nitric oxide, release of inflammatory
cytokines and autophagy directly affect the cardiomyocytes which cause heart failure in
patients. (17)
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Figure 1.5. Doxorubicin induced cardiotoxicity — calcium dysregulation, mitochondrial dysfunction and release of ROS
cause cardiomyopathy (Adapted from 17)

1.1.6 Vinblastine — Inhibiting Cytoskeletal Dynamics

Vinblastine belongs to the vinca alkaloid class of drugs, extracted from the plant Catharanthus
roseus. It is a microtubule targeting cancer drug. Microtubules are important structural and
functional components of cytoskeleton in the cells (Reviewed in 18). Microtubules have
fundamental roles in maintaining the cell shape, transport of material and cell division.
Microtubules are dynamic polymers consisting of a and B tubulin heterodimers, which form
a filamentous tube-like structure. It has B tubulin facing plus(+) end and a tubulin facing minus
(-) end (Figure 1.6). Microtubules show dynamic polymerization and depolymerization:
Microtubule “treadmilling” is explained as growth at one end of the filament and equivalent
shortening at the other end (Figure 1.7 a). “Dynamic instability”, instead, refers to the end of
a microtubule alternating between phases of comparatively slow continuous expansion and
fast shortening (Figure 1.7 b). Both these behaviours are regulated by microtubule associated
proteins (MAPs). The dynamic polymerization behaviours are crucial for microtubule
associated structural and functional mechanisms (Reviewed in 19)

14
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Figure 1.7 showing the Microtubules show dynamic polymerization and depolymerization behaviors. a Microtubule
treadmilling: growth at one end of the filament and equivalent shortening at the other end. b Dynamic instability: the end of
a microtubule alternating between phases of comparatively slow continuous expansion and fast shortening. ¢ Microtubule

dynamics can be slowed down by vinblastine attached to high-affinity sites at the plus end of the microtubule (Adapted from
19)

Microtubules play a fundamental role in mitosis, required for assembly of the mitotic spindle
and separation of sister chromatids. In this regard, microtubules are an excellent target for
cancer drugs that have the ability to suppress mitotic division by inhibiting the spindle at the
start of anaphase, and subsequently, lead to apoptosis after a long mitotic blockage.
Vinblastine is one of the potent antimitotic cancer drugs used as cancer chemotherapy.

15



Vinblastine binds with the plus end of microtubule with high affinity whereas with the minus
end it binds with reduced affinity (Figure 1.7 c). It significantly affects the dynamic
polymerization behaviours during mitosis as it inhibits the proper assembly of the mitotic
spindle and lessens the tension at kinetochores. This causes the chromosomes to be stuck at
spindle poles and incapable of moving towards the spindle equator (Figure 1.8). As a result,
the cell cycle is stuck in metaphase and its signal to transfer to anaphase is blocked which
eventually leads towards cell death (Reviewed in 19).

Figure1.8 Showing effect of vinblastine on BS-CS-1 cells. A and B shows control cells with normal spindle formation. C and D
show vinblastine treated cells. In D chromosomes are stuck at poles (Adapted from 20).
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1.2 Analysing the Effects of Vinblastine and Doxorubicin
in Erythroleukemia Cells

Vinblastine and doxorubicin are toxic and potent drugs with anticancer activity. Their specific
mechanism of action has made them common chemotherapy agents against cancer. The aim
of this investigation was to gain a deeper knowledge on how cells respond to and recover
from vinblastine and doxorubicin treatments. The changes in gene expression programs were
analysed through mRNA-seq, i.e., by isolating and quantifying poly-A containing RNAs.
Furthermore, chromatin organization was monitored using ATAC-seq. The results uncover
gene regulation pathways that are adjusted in response to doxorubicin and vinblastine and
increase the knowledge on how cancer cells adapt to drug treatments.

1.3 Limitations

ATAC-seq libraries were generated and sequenced, and examples browser images are
included. However, due to limitation of time, detailed data analysis of ATAC-seq is not
included in report. The Discussion is mainly focused on mRNA-seq data analysis.

17



2. Methodologies

The project aim was to investigate how commonly used cancer drugs affect mRNA expression
and chromatin organisation in human erythroleukemia cells. The human erythroleukemia
cells were treated by cancer drugs - vinblastine and doxorubicin - that block cell cycle and
inhibit DNA and RNA synthesis, respectively. Expression of mRNA was investigated with
mRNA-seq at the following time points of drug treatment: Oh, 6h, 24h and 24h + 1 week
recovery. Chromatin accessibility with ATAC—seq was investigated at Oh, 1h, 6h, 24h and 24h
+ 1 week recovery. Then data analysis was performed on collected data.

2.1 Cell Line and Media

In this study K562 cells (human erythroleukemia cell line) were used as a model to
investigate cellular responses to cancer drugs. K562 cells were cultured in RPMI-1640 (Gibco)
media supplemented with 10% FBS, L-glutamine and penicillin/streptomycin.

2.2 Cell Culture

The work was performed in sterile condition in a laminar flow workbench. The cells were
cultured in T-75 flasks using prewarmed 37 °C media. The cell culture was incubated at 37° C
and 5% CO2.

2.3 Drug Treatment

The cell culture for each replicate was divided into two flasks labelled as Vin (Vinblastine) and
Dox (Doxorubicin). 1 uM Vinblastine and Doxorubicin was added in the labelled flasks for drug
treatment. To analyse mRNA levels and chromatin accessibility during recovery, the drug-
containing media was removed, the cells washed twice in pre-warmed media, and the cells
cultured for one week at 37°C in a media that did not contain the drug.

2.4 Cell Harvesting

Four replicates of cell culture were maintained by replacement of old media with new media
every 2-3 days. Before harvesting cells, the number of cells in culture media were counted
using a hemocytometer. The confluency of cells was adjusted to 0.4 million cells/mL for
mRNA-seq and 50,000 cells/ml for ATAC-seq. For mRNA-seq, 1 million cells were pelleted in a
15 mL tube with centrifugation (300G for 4 min) and the cell pellet resuspended in ice cold
Phosphate Buffered Saline (PBS). The cell pellets formed were then flash frozen on dry ice and
stored at -20°C, and later used for mRNA-seq library preparation. For ATAC-seq the 50 000
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cells were instantly treated with Tn5 transposase and processed with ATAC-seq library
preparation protocol.

2.4.1 Day 1 — 0h, 1h and 6h Samples

2.4.1.1 Harvesting Ohrs Samples and Drug Treatment
For each replicate, a non-treated control sample (Oh) was harvested before the drug
treatments. After harvesting the Ohrs sample, 1M Vinblastine respective Doxorubicin was
added.

2.4.1.2 Harvesting 1h and 6h Samples
After 1hrs of drug treatment cells were harvested for ATAC-seq. At 6hrs cells were harvested
for both mRNA-seq and ATAC-seq experiments. The cell culture flasks were placed back in
incubator for next 24h.

2.4.2 Day 2 — 24h Samples

At 24hrs of drug treatments cells were harvested for both mRNA-seq and ATAC-seq. After
harvesting the 24hrs samples, the remaining cell culture was carefully washed with fresh pre-
warmed media to remove the drugs. The cell culture from each drug treated cell culture flask
was transferred into a falcon tube for washing. The falcon tubes were centrifuged at 300G for
4 min. The media was removed and discarded. Cell pellets were resuspended in fresh pre-
warmed media. The resuspended cells were centrifuged again at 300G for 4 min. The Media
was then removed and discarded. The cell pellet was again resuspended in pre-warmed
media. The washing step was repeated, and the cell pellet was resuspended again in fresh
pre-warmed media. The cell culture flasks containing washed cells were placed back in the
incubator for one-week recovery.

2.4.3 Day 5 — Media Change

On day 5 (day four of the recovery), media was changed in all cell culture flasks. The cell
culture from flasks was transferred in falcon tubes. The falcon tubes were centrifuged at 300G
for 4 min. The media was removed and discarded. The cell pellet was resuspended in fresh
pre-warmed media.

2.4.4 Day 8 — One-Week Recovery samples

After one week recovery from the 24h drug treatment, cells were harvested for both mRNA-
seq and ATAC-seq experiments.
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2.5 RNA Extraction and Library Preparation for mRNA-
Seq

2.5.1 Trizol RNA Extraction

The frozen K562 cell samples were thawed at room temperature. Then drosophila cells (25000
cells/sample) were added into each sample tube. The Drosophila cells function as a
normalization control, enabling comparison of total mRNA levels in drug-treated cells. The
extraction of total RNA was conducted by adding 500 pL of Trizol to the cell pellet. White
globes were formed in the tube which were broken down through vigorous mixing until they
were completely broken down. The samples were incubated on ice until 130 pl chloroform
was added in each sample tube. The samples were thoroughly mixed on a vortex and
incubated on ice for 1 minute. The samples were then centrifuged at 18,000 G for 5 minutes
at 4°C. In Trizol-mediated phase separation the RNA is present in the uppermost aqueous
phase, which was carefully transferred in a new Eppendorf tube (~300 pl). The pink phenol
layer was carefully avoided in this step. In the next step 750 pl of 100% ethanol and 1 pl
GlycoBlue was added into each sample and the sample was vortexed to mix thoroughly. The
samples were centrifuged at 18,000 G for 20 minutes at 4°C. After centrifugation RNA and
GlycoBlue formed a blue pellet in the bottom of the tube. If the blue pallet was not visible,
another 1 ul of GlycoBlue was added. The supernatant was carefully removed and discarded.
750 uL of 75% ethanol was added for washing the pellet. The sample was gently mixed by
inversion, then centrifuged at 18,000 G for 4 minutes at 4°C. The residual liquid was removed,
and the RNA pellet was air dried for 5 minutes. After air drying, the RNA pellet was
resuspended in 26 pl Milli-Q water. The extracted total RNA was quantified using Qubit ™ with
RNA broad range kit. After measurement of RNA concentration, the samples were flash frozen
in the -80°C freezer. After flash freeze the samples were stored at -20°C for later use in library
preparation.

2.5.2 Library Preparation for mRNA-seq

Library preparation was done using illumina® Stranded mRNA prep kit (21). The kit uses polyT-
containing beads that select polyA-containing mRNAs from 25-1000 ng of total RNA. After
selecting the polyA-containing mRNAs, cDNAs are prepared and unique indices added, tagging
each sample with dual index barcodes. To begin library preparation 1000 ng of total RNA from
each sample was transferred to a 96-well plate. To equalise volumes, milliQ water was added
to attain a total volume of 25 ul in each sample well. The first step of the protocol was
purification and fragmentation of mRNA. mRNA with poly-A tails, present in the total
extracted RNA, were captured and purified by Oligo (dt) magnetic beads. The purified mRNA
was then fragmented. The fragmented mRNA was primed using random hexamer primers,
and reverse transcribed using Reverse Transcriptase enzyme to generate complementary
DNA (cDNA). In the following step, the second strand cDNA was synthesised, during which the
template RNA was removed and replaced with DNA. To achieve strand specificity, dUTP was
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used instead of dTTP. The next step was to adenylate the 3’ end of each blunt ended fragment.
Then adenine (A) was added to the 3’ end which prevents fragments from ligating to one
another and provides a complementary overhang for subsequent ligation of adapters which
have corresponding Thymine (T) on their 3’ end. The following step was anchor ligation which
adds pre-index anchors to the end of cDNA fragments. Then anchor ligated fragments were
purified using magnetic beads. The next step was amplification of the library, which involved
selective amplification of anchor ligated fragments and addition of indexes and primer
sequences. That was an important step regarding cluster generation in illumina sequencing,
generating indexed libraries with sample-specific adapters at each end of DNA fragments. The
final step was to clean up the library using magnetic beads). For library quality control the
libraries were analysed in Bioanalyzer™ using a DNA high sensitivity chip (24). The library
prepared samples were pooled together and sent to NGS for illumina sequencing.

2.6 Library Preparation for ATAC-Seq

The library preparation for ATAC-seq was carried out using omni ATAC protocol (22). The
protocol requires freshly harvested 50,000 viable cells. Before starting the protocol, lysis
buffer and wash buffers were prepared. The protocol begins with cell lysis for which the cells
pellets were resuspended in lysis buffer and wash buffer. The use of these buffer solutions
increases the permeability of cells, removes mitochondria and prepares cells for
tagmentation reaction. The next step was a tagmentation reaction in which TN5 enzyme
fragments DNA and inserts adapters to the fragmented DNA. The tagmentation master mix
was prepared just before the reaction and cells were incubated in the reaction mixture. The
following step was to clean up chromatin using Qiagen MinElute® reaction cleanup kit (23).
Then PCR amplification was done with 5 cycles. The next step was gqPCR to determine the
additional amplification needed so the samples don't get over amplified. An aliquot of each
sample was prepared for qPCR, and the amplification curve analysed to determine additional
amplification cycles needed. After the qPCR determination of additional cycles needed, final
amplification of samples was conducted. The final step was to clean up the library using
magnetic beads. For library quality control the library prepared samples were analysed in
Bioanalyzer™ using a DNA high sensitivity chip (24). The library prepared samples were pooled
together and sent to NGS for illumina sequencing.

2.7 Data Analysis — mRNA-Seq Workflow

2.7.1 Quality Control of Sequenced Reads

The raw sequence fastq data files were downloaded and analyzed using FastQC (25). The
different modules in the fastqc report give an overview about the quality of sequencing data
and were used to ensure good quality of the reads. Variations in the per base sequence
content was used for determining the necessary trimming of bases at the end of reads.
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2.7.2 Alignment of Reads to Reference Genome

To find out which mRNAs the reads belong to, each read pair was mapped against a human
reference genome hg38 using HISAT2 alignment tool (26). To count reads aligning to exons of
each gene, FeatureCount from the subread package (27) was used. The reads that mapped
to exons of each gene were recorded in a text file and analysed to query replicate correlation
and obtain mRNA levels for each gene.

2.7.3 Correlation Between Biological Replicates

The count of reads per mRNA was used for analysing the similarity of the three biological
replicates (BRs) using Pearson’s and Spearman's correlation. The correlation coefficient was
calculated with Pearson and Spearman's methods, which indicate the degree of correlation
between the BRs. The correlation plots were generated to visually analyse the strength of
correlation between the BRs.

2.7.4 Differential Expression of Genes Using Deseq2

To find out if the sample groups express genes differentially, differential analysis of data was
performed. Differential analysis was done in R by using the DESeqg2 tool (28). In order to
compare the variation in gene expression from Ohrs to different time points after drug
treatment and 1 week recovery, information in the form of upregulated and down regulated
genes was generated. MA plots were generated to visually analyse the differentially
expressed genes at different time points after drug treatment and 1 week recovery.

2.7.5 Gene Ontology Analysis

To find enrichments of functional gene categories among the drug-induced or -repressed
genes, Gene ontology was performed. Gene ontology was performed on DAVID gene ontology
website (29, 30).

2.7.6 Integrative Genomics Viewer (IGV)

IGV (31) is an application to visualise mapped reads to the genome. Here, the IGV tool was
used to visually explore the mRNA levels and their differential expression pattern during drug
treatments.
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3. Results

3.1 Measurement of RNA and DNA Concentration

The following results shows the total RNA concentration, mRNA concentration and DNA
concentration of drug treated and control K562 cells. Total RNA concentration was measured
after trizol RNA extraction at Oh, 6h, 24h and 24 + 1 week recovery. mRNA concentration was
measured after library preparation for mRNA-seq samples at Oh, 6h, 24h and 24 + 1 week
recovery. DNA concentrations were measured after ATAC-seq library preparation at Oh, 1h,
6h, 24h and 24 + 1 week recovery.

Table 3.1 Total RNA concentrations of Biological replicates (BR) 1, 2 and 3 for doxorubicin (Dox) and Vinblastine (Vin)
treated K562 cells at different time points.

Total RNA Concentration (ng)
Time point BR1 BR2 BR3
Oh 491000 905000 4280
Dox Vin Dox Vin Dox Vin
6h 827000 333000 630000 361000 7200 7550
24h 730000 399000 399000 731000 24950 18780
24h + 619000 333000 704000 202000 2990 5040
1 week rec
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Table 3.2 mRNA concentrations of Biological replicates (BR) 1, 2 and 3 for doxorubicin (Dox) and Vinblastine (Vin) treated
K562 cells at different time points.

mRNA Concentration (ng)

Time point BR1 BR3

Oh 112.728 110.796 67.802

Dox Vin Dox Vin Dox Vin
6h 29.96 109.06 100.142 29.568 167.342 112.98
24h 47.614 20.23 41.79 42.294 48.426 64.596
24h + 60.256 286.762 178.696 8.946 30.002 22.26

1 week rec

Table 3.3 DNA concentrations of Biological replicates (BR) 1, 2 and 3 for doxorubicin (Dox) and Vinblastine (Vin) treated
K562 cells at different time points

DNA Concentration (ng)
Time point BR1 BR2
Oh 4231.38 26.54
Dox Vin Dox Vin
1h 3197.38 4.14 5.78 1024.34
6h 2331.7 465.74 58.44 1316.52
24h 509.74 1567.48 890.56 6274.94
24h +1 99.54 79.38 114.54 118.66
week rec

3.2 Quality of Final Libraries for mMRNA-Seq and ATAC-

Seq

The final libraries for mRNA-seq and ATAC-seq were checked for their quality before

sequencing. The average fragment length of 300bp — 400bp was expected for all libraries. The
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MRNA -seq library trace resembled a single high wave pattern. The ATAC-seq library followed
a flowing wave like pattern. Figure 3.1 and Figure 3.2 present the examples of final library for
mRNA-seq and ATAC-seq, respectively.
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Figure 3.1 Presents BR1 6h — dox library trace as an example of final library for mRNA-seq.
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Figure 3.2 Presents BR1 24h +1 week rec — vin library trace as an example of final library for ATAC-seq.
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3.2 FastQC Report Gives Information on Read Quality

In this study there were 3 biological replicates with 7 samples for each replicate. As it was a
paired-end experiment, the 21 samples generated 42 quality reports. The expected per base
content is 25% for each nucleotide (A, C, G or T) but due to library preparation the first few
bases often show variation due to which they are trimmed off the fragment. The reads from
mRNA-seq contained variation in their first 12 bases, due to which they were trimmed.

Sequence content across all bases
100
*T
%C
90

80
70
60
50
40

30

20

10

123456789 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
Position in read (bp)

Figure 3.3 Presents an example for the per base sequence content of Reads of BR1 24h — dox. The expected per base content
is 25 % for each base. The first 12 bases show variation due to the library preparation method used.

3.3 Correlation of mMRNA Expression Between Biological
Replicates

To investigate the similarity between the three biological replicates, the count of reads on
each gene was counted and correlation plots were generated for each time point. The Pearson
and Spearman's correlations were close to one for the majority of replicate comparisons and
only a few showed slightly lower but acceptable values (Figure 3.4; Table 3.4). Figure 3.4 shows
an example for the correlation plots of biological replicate 1,2 and 3 for Oh samples, whereas
Table 3.4 presents the calculated Pearson and Spearman's values.
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Figure 3.4 presents an example for correlation of mRNA levels in the biological replicates 1,2 and 3 for Oh samples. In the
correlation plot each circle represents a gene, and the x- and y-axis show the gene’s mRNA level in respective replicate. The
circles are coloured by density, where high density of genes is indicated in red and yellow, and low density with blue and
green. The correlation plots (a, b and c) shows a strong correlation as it shows that the two variables increase with each
other and form a linear line indicating positive correlation.

Table 3.4 presents Pearson and Spearman correlation between biological replicate 1, 2, and 3. A value closer to “1” indicate
a strong correlation between the two replicates.

Time point Pearson’s Value Spearman's Value
BR1BR: BR1BR3 BR2BR3 BR1BR: BR1BR3 BR2BR3

Ohrs 0.966 0.936 0.889 0.983 0.959 0.971
6hrs Dox 0.991 0.974 0.980 0.982 0.967 0.974

Vin 0.978 0.975 0.946 0.972 0.955 0.971
24hrs Dox 0.979 0.847 0.908 0.971 0.943 0.927

Vin 0.969 0.844 0.801 0.963 0.942 0.902
24h + 1 week Dox 0.991 0.776 0.787 0.984 0.913 0.898
Rec

Vin 0.992 0.871 0.827 0.989 0.931 0.923
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3.4 Differential Expression of mMRNA Upon Doxorubicin

and Vinblastine Treatments

To know which genes changed mRNA expression during the drug treatments, expression of

genes at each time point was compared with Oh expression. A total of 6 MA plots were

generated to visually analyze the change in mRNA expression in different time points after

drug treatment and 1 week recovery. Table 3.5 represents an overview of the up regulated

and down regulated genes in drug treated and recovery samples in comparison to the Oh

sample. Figure 3.5 and Figure 3.6 show MA plots to visually analyze the change in gene

expression.

Table 3.5 Presents the number of up and down regulated genes in 6h, 24h and 24 + 1 week recovery samples after
treatment with doxorubicin and vinblastine.

Time point UPREGULATED DOWNREGULATED
Dox Vin Dox Vin

6h 9 63 14 6

24h 510 100 305 29

24h + 1 week rec 811 342 415 75

10

Doxorubicin &h

Doxorubicin Treatment

Doxorubicin 24h

Doxorubicin 24h
+ 1 Week Recovery

W Up=9
r v
"'é, = g "
3, R
2 Down = 14 Down = 305 Down =415
I
-5 L] 5 10 15 0 =5 0 5 10 15 n =5 ] ] 10 15 20

Average Log2 Expression

Figure 3.5 Shows the significant change in the mRNA expression after treatment with doxorubicin in 6h, 24h and 24h +1 week
recovery samples. The x and y axis present the log 2fold change in expression. The expression of each time point (6h, 24h and
24h + 1 week rec) after treatment with doxorubicin is compared with Oh expression. The gray circles show the genes which
have not changed. The red circles show the up regulated genes as compared to 0 h expression whereas the blue circles show
the down regulated genes as compared to the Oh expression.
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Figure 3.6 Shows the significant change in the mRNA expression after treatment with Vinblastine in 6h, 24h and 24h +1
week recovery samples. The x and y axis present the log 2fold change in expression. The expression of each time point after
treatment vinblastine is compared with Oh expression. The gray circles show the genes which have not changed. The red
circles show the up regulated genes as compared to 0 h expression whereas the blue circles show the down regulated genes
as compared to the Oh expression.

3.5 Gene Ontology for Enrichments of Functional Gene
Categories

Gene ontology was performed to get an idea about the biological process the differentially
expressed genes are involved. Gene ontology was performed on DAVID gene ontology
website. Table 3.6 presents the enrichments of functional gene categories among the drug-
induced or -repressed genes. The biological process with statistically significant values (P value
<0.05) were selected and presented in the table.

Table 3.6 presents enriched gene oncology terms in doxorubicin and vinblastine treated cells. The biological process with
statistically significant values (P value < 0.05) were selected and presented in the table.

Differential Doxorubicin Vinblastine
Expression

Time Point

6h Up None e Stress Fibre
Regulated e Focal Adhesion
Genes e Muscle Protein

e Cytoskeleton

e Actin Filament Binding

e LIM Zinc-Binding

e Plasma Membrane

e Hypertrophic
Cardiomyopathy

e Dilated Cardiomyopathy

e Proteolysis
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6h Down

Developmental Protein

None

Regulated Calcium signalling Pathway
Genes Cytoplasm

ATP Binding

Midbody

Microtubule Binding

Nucleoplasm

Chromosome

Cell Cycle
24h Up Extracellular Matrix e Actin Filament Binding
Regulated Focal Adhesion e Immunoglobulin Subtype
Genes PI3K-Akt Signalling Pathway e Igg Binding Protein

ECM-Receptor Interaction
Scavenger Receptor Activity
Protein-Lysine 6-Oxidase Activity
Copper lon Binding

Collagen Fibril Organization
Endocytosis

Disulfide Bond

Glycoprotein

Plasma Membrane

Stickler Syndrome

Collagen

Endoplasmic Reticulum
Organization and Lumen
Flagellum and Cilium
Endodermal Cell Differentiation
Substrate Adhesion-Dependent
Cell Spreading

Proteolysis Involved in Cellular
Protein Catabolic Process
Cysteine Peptidase, Asparagine
Active Site

Lysosome

Insulin-Like Growth Factor
Binding Protein

Epidermal Growth Factor-Like
Domain

Proteolysis

Cell Surface Receptor IPT/TIG
lon Channel Activity
Extracellular ATP-Gated Cation
Channel Activity

Sensory Perception of Pain
Postsynaptic Membrane
Assembly

e Regulation of Immune
Response

e Osteoclast Differentiation

e Cell Surface Receptor
signalling Pathway

e Staphylococcus Aureus
Infection

e Angiotensin Maturation

e Beta Amyloid Metabolic
System

¢ Renin-Angiotensin System

e Cell Migration

e Cell Adhesion

e Fibronectin

e Response to Mechanical
Stimulus

e Apoptosis

e Extracellular Region

e Proteolysis

e Metallopeptidase Activity

e Blood Microparticle

e Misfolded Protein Binding

e Extracellular Matrix

e Disulphide Bond

e Glycogen

e Calcium lon Binding

e Cortical Actin Cytoskeleton

e Insulin-Like Growth Factor
Binding Protein

e Epidermal Growth Factor-
Like Domain

e Basic-Leucine Zipper
Domain
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Lipid Metabolism

Neuron Cell-Cell Adhesion
Tumour Necrosis Factor-Like
Domain

Peptide Catabolic Process
Lipoprotein Metabolic Process
Von Willebrand Factor
Receptor Complex

Basic Helix-Loop-Helix (Bhlh)
Domain

Fibronectin

Proteoglycans in Cancer

Transcription from RNA
Polymerase Il Promoter
Transcription Factor
Activity, Sequence-Specific
DNA Binding

Chromatin

24h Down
Regulated
Genes

Glycyl Lysine Isopeptide (Lys-Gly)
(Interchain with G-Cter In
SUMO2)

Isopeptide Bond

Ubl Conjugation

Protein Folding

Chaperone

Heat Shock Protein Hsp90
Unfolded Protein Binding
ATPase Activity

Ribosomal Protein S5 Domain 2-
Type Fold

Protein Stabilization

Stress Response
Nucleotide-Binding

WD Repeat

Negative Regulation of Nuclear-
Transcribed mRNA Catabolic
Process, Deadenylation-
Dependent Decay
CRD-Mediated mRNA
Stabilization

Ribonucleoprotein Complex
Positive Regulation of
Cytoplasmic Translation

mMRNA Splicing and Processing
Mitochondrion

Protein Biosynthesis,
Translational Initiation

Internal Ribosome Entry Pathway
Ribonucleoprotein Complex
mRNA Splicing, Via Spliceosome
Response to Unfolded Protein

Transcription Regulatory
Region Sequence Specific
DNA Binding
Transcription / Cell Division
and Chromosome
Partitioning

Nucleoplasm

Isopeptide Bond

RNA Polymerase Il Core
Promoter Proximal Region
Sequence-Specific DNA
Binding

Polar Residue
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Chaperone-Mediated Protein
Complex Assembly

Positive Regulation of
Telomerase RNA Localization to
Cajal Body

WD Repeat

Helicase

DNA Duplex Unwinding
Glycolysis / Gluconeogenesis
Spliceosomal Snrnp Assembly
SMN Complex

Gemini Of Coiled Bodies

'De Novo' IMP Biosynthetic
Process

Ligase

Purine Biosynthesis and
Metabolism

DNA-Directed RNA Polymerase
DNA Repair and Damage
TFIIH Complex

Nuclear Pore Complex

MRNA Transport

GTP Binding

Proteasome Complex

Ligase

Positive Regulation of Peptidyl-
Serine Phosphorylation
Positive Regulation of Neuron
Death

Fatty Acid Metabolism
Positive Regulation of
Transcription from RNA
Polymerase Il Promoter

IL-17 signalling Pathway

Lipid and Atherosclerosis

Tau Protein Binding

24+1
Week
Recovery
Up
Regulated
Genes

Glycoprotein

Plasma Membrane

Disulphide Bond
Transmembrane

Cytoplasmic and Extracellular
Domain

Actin Binding

Protein Digestion and Absorption
Extracellular Matrix

Endoplasmic Reticulum Lumen

Extracellular Region
Glycoprotein

Disulfide Bond
Hydroxylation

Collagen /Collagen Trimer
Extracellular Matrix
Structural Constituent
Conferring Tensile Strength
Protein Digestion and
Absorption
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Collagen

Receptor-Mediated Endocytosis
Beta -Amyloid Binding
Cargo-Receptor Activity
Transferrin

Iron lon Homeostasis
Hydroxylation

Nucleosome Core
Nucleosome Assembly
Nuclear Chromosome

Histone

Carcinogenesis

CENP-A Containing Nucleosome
Negative Regulation of
Megakaryocyte Differentiation
Citrullination

Fibronectin

Tetraspanin

Innate Immunity

Proteolysis Involved in Cellular
Protein Catabolic Process
Cysteine Peptidase, Histidine
Active Site

Proteinase Inhibitor 129,
Cathepsin Propeptide
FERM/Acyl-Coa-Binding Protein,
3-Helical Bundle

Glycation

Immunoglobulin

Extracellular Space

Von Willebrand Factor
Integrin-Mediated signalling
Pathway and Integrin Binding
Epidermal Growth Factor
Insulin-Like Growth Factor
Binding Protein

LDL-Receptor

Myosin Complex

Calmodulin Binding

Cul3-RING Ubiquitin Ligase
Complex

Kelch Protein

Cellular Oxidant Detoxification
Peroxidase Activity

Haem Peroxidase

Sterol Binding and Transport

Endoplasmic Reticulum
Lumen

Platelet-Derived Growth
Factor Binding
Extracellular Matrix
Organization

Von Willebrand Factor
Nucleosome Core
Telomerase Organization
Glycyl Lysine Isopeptide
(Lys-Gly) (Interchain with G-
Cter In Ubiquitin)
Systemic Lupus
Erythematosus
Histone-Fold

Histone Core

Impaired Methylation by
N6AMT1

Abolished Ufmylation
DNA Replication-
Dependent Nucleosome
Assembly

TATA Box Binding Protein
Associated Factor (TAF)
CENP-A Containing
Nucleosome

Negative Regulation of
Megakaryocyte
Differentiation

DNA Replication-
Independent Nucleosome
Assembly

Protein Heterodimerization
Activity

Protein Domain Specific
Binding

DNA-Templated
Transcription, Initiation
Neutrophil Extracellular
Trap Formation
Alcoholism

Viral Carcinogenesis
Citrullination
Ehlers-Danlos Syndrome
IQ Protein Domain

Kazal Domain
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Lipid Transport

Cholesterol Metabolism and
Homeostasis

Glycogen Binding

Dynein Light Intermediate Chain
Binding

ATP-Dependent Microtubule
Motor Activity

Netrin

Autophagosome

Sensory Perception of Sound
SH2 Domain

Regulator of Chromosome
Condensation 1/Beta-Lactamase
Inhibitor Protein Il

Regulation of Neuron Death
PI3K-Akt signalling Pathway
Negative Regulation of
Endothelial Cell Migration
Protein Processing

Visual Perception

Na+ Channel, Amiloride-Sensitive
Complement and Coagulation
Cascades

Cell Junction

Immunoglobulin E-Set

General Substrate Transporter
Scavenger Receptor Activity
Tyrosine-Protein Kinase, Active
Site

Superoxide-Generating NADPH
Oxidase Activity

Ferric Reductase, NAD Binding
Protoporphyrinogen IX
Biosynthetic Process

Defence Response to Gram-
Positive Bacterium

Variably Charged Protein
VCX/VCY1

BPTI/Kunitz Inhibitor
Negative Regulation of
Endopeptidase Activity
ECM-Receptor Interaction
PI3K-Akt signalling Pathway
Microsome

Iron lon Binding

Defence Response to
Gram-Positive Bacterium
Myosin Complex

Innate Immunity

Cell Junction

Relaxin signalling Pathway

24+1
Week
Recovery
Down
Regulated
Genes

Mitochondrion

Mitochondrion Inner Membrane
Mitochondrial Translation
CROSSLNK:Glycyl Lysine
Isopeptide (Lys-Gly) (Interchain
With G-Cter In SUMO?2)

Ubl Conjugation

Angiogenesis

Focal Adhesion
Glycolysis /
Gluconeogenesis
Pleckstrin Homology
Domain

Carbon Metabolism
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RNA-Binding

mRNA Splicing

MRNA Processing

MRNA Transport
Spliceosomal Complex
Transmembrane Beta Strand
Porin Complex and Activity
DNA Damage and Repair

2 Iron, 2 Sulfur Cluster Binding
Protein Biosynthesis
Aminoacyl-tRNA Synthetase
Ligase

Cysteine and Methionine
Metabolism

Citrate Cycle (TCA Cycle)
Glycolysis / Gluconeogenesis
Ribonucleoprotein

High Mobility Group (HMG)
Positive Regulation of Telomere
Maintenance in Response to
DNA Damage

Regulation of Chromosome
Organization

Regulation of DNA Replication
Protein Disulfide Isomerase
Activity

Amyotrophic Lateral Sclerosis
Parkinson Disease

Prion Disease

Iron

Electron Carrier Activity
GTP-Binding
Tetratricopeptide Repeat
Growth Regulation

Electron Transport

Luminal

Viral Myocarditis
Angiogenesis

Calcium lon Binding

Plasma Membrane/Transm
embrane

Immunoglobulin Subtype
Positive Regulation of Cell
Migration

Actin Binding

Glycyl Lysine Isopeptide
(Lys-Gly) (Interchain with G-
Cter In SUMO2)
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3.6 Visual Analysis — Cancer Drugs Elicit Profound
Changes in Gene Expression

Integrative genomics viewer (IGV) is an application to visually analyze the genomic data. The
IGV tool was used to visually explore the differential expression of different genes. In Figure
3.7 the change in mRNA expression of example genes with doxorubicin treatment can be
visually analyzed. Gene CD69 is an example of a down-regulated gene. CD69 belongs to type-
C lecithin family. It is a surface protein which is highly upregulated upon expression of the Bcr-
Abl gene and acts as a marker for Bcr-Abl activity (32). It can be noted that at Oh the CD69 is
showing high expression but its expression subsequently decreased upon treatment with
doxorubicin and not restored in recovery samples. The second example is up-regulated gene
ENC1. ENC1 - ectodermal-neural cortex 1 gene belongs to the kelch-related family of actin-
binding proteins. The gene has a function in oxidative stress response in malignant
transformation of cells (33). It can be seen that the expression of ENC1 is highly up regulated
in 24h + 1 week recovery samples. The last example is the UBC gene, which has a function in
ubiquitylation. These proteins are conjugated with other target proteins. Reportedly these
proteins show high expression in cancer cells and help them sustain high proliferation and
overcome stresses (34). Figure 3.8 presents same example genes for chromatin accessibility
under doxorubicin treatment. It can be noted that despite different mRNA expression the
different genes present same pattern of signal at the gene promoters. There is an increase in
signal from Oh to 24h. During recovery the signal at gene promoter is again decreased.

In Figure 3.9 the change in mRNA expression of example genes with vinblastine treatment can
be visually analyzed. Gene CD69 is again down regulated with vinblastine treatment same as
with doxorubicin treatment. It can be noted that at Oh the CD69 is showing high expression
but its expression subsequently decreased upon treatment with vinblastine and not restored
in recovery samples. The second example is the up-regulated gene ACTG1 - Actin gamma 1.
ACTG1 is an actin family gene and constituent of cytoskeleton which also helps proliferation
and migration of tumour cells (35). The expression of ACTG1 is considerably increased with
vinblastine treatment in 6h and 24h both but restored back to normalin 24h + 1 week recovery
samples. The last example is the EEF1A1 gene - elongation factor 1 A which has a function in
protein elongation (36). It is a housekeeping gene and its function is not affected substantially
with vinblastine treatment. Figure 3.10 presents same example genes for chromatin
accessibility under doxorubicin treatment. It can be noted that despite different mRNA
expression the different genes present same pattern of signal at the gene promoters. There is
an increase in signal from Oh to 6h. At 24h and recovery samples the signal at gene promoter
is again decreased.
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Changes in mRNA Levels
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Figure 3.7 presents the change in mRNA expression of example genes with doxorubicin treatment. CD69 is an example of a
down-regulated gene. The second example is up-regulated gene ENC1. The last example is the UBC gene with unchanged
expression after the doxorubicin treatment.
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Chromatin Accessibility Signal
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Figure 3.8 presents example genes for changes in chromatin accessibility under doxorubicin treatment. It can be noted that

despite different mRNA expression (Figure 3.7) the different genes present same pattern of signal at the gene promoters.
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Changes in mRNA Levels
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Figure 3.9 presents change in mRNA expression of example genes with vinblastine treatment. CD69 is an example of a down-
regulated gene. The second example is the up-regulated gene ACTG1. The last example is the EEF1A1 gene with unchanged
expression after the treatment
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Figure 3.10 presents example genes for changes in chromatin accessibility under doxorubicin treatment. It can be noted that
despite different mRNA expression (Figure 3.9) the different genes present same pattern of signal at the gene promoters.
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4.Discussion

Splicing, capping,
Transcription poly A -tailing Translation

Pre - mRNA » mMRNA Protein

DNA

The central dogma of molecular biology, i.e., that DNA is transcribed into pre-mRNA which is
processed into mature mRNA and then translated into protein, explains the flow of genetic
information from instructions to functional products. This conversion of information from
DNA to functional protein is known as gene expression. Gene expression analysis can illustrate
which proteins the cell produces and uncover functions of cells under different circumstances,
i.e., during various diseases conditions or targeted treatments. The abundance of gene
transcripts can give a snapshot of current and future activities of cells or tissue. In this regard,
measuring mRNA levels is considered cheaper and to have a higher throughput than
measuring protein levels (37). Indeed, mRNA-seq is the most widely used tool to analyse
MRNA expression and to identify differentially expressed genes between cells and conditions.
As explained earlier cancer is a complex and noxious disease. During the evolutionary journey
of normalcy to malignancy, a cancer cell acquires hallmark capabilities (5,67) to rebel against
the normal function of the body. The hallmarks of cancer (5,6,7) also serve as therapeutic
targets to inhibit molecular mechanisms that are crucial for maintenance of tumour cells. A
targeted therapeutic can block a crucial pathway or a functional capability in the particular
tumour, and inhibit its progressive growth and proliferation. Doxorubicin and vinblastine are
cytotoxic drugs that target two major pathways in cancer cells; RNA/DNA synthesis, and cell
proliferation, respectively. Doxorubicin intercalates in the DNA, stops topoisomerase Il
activity, causes mitochondrial dysfunction, releases ROS and disturbs homeostasis of calcium
and iron. Vinblastine, instead, disturbs the cytoskeletal dynamics which has a critical role in
cell structure and division. In this study, cellular responses to doxorubicin and vinblastine were
analysed via mRNA-seq and ATAC-seq to uncover how gene expression and chromatin
environment change in drug-treated erythroleukemia cells.

There were three biological replicates used in the study. The Pearson and Spearman's
correlations were close to one for the majority of replicate comparisons and only a few
showed slightly lower but acceptable values (Figure 3.4, Table 3.4). The strong correlation
between the BRs shows that the experimental conditions were sustained in these biological
variables.
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4.1 Doxorubicin Triggers Global Change in mRNA
EXxpression

Doxorubicin caused a slow and extensive change in expression: During doxorubicin treatment,
only 9 genes were upregulated by 6h. However, by 24h-treatment, 510 genes had increased,
and 305 decreased mRNA levels. After one week recovery from a single 24h treatment even
more genes (811 up, 415 down) had changed expression. From this pattern of overall change
in mRNA levels, it can be speculated that with doxorubicin it takes 24hr to show a noticeable
change in gene expression. With 1 uM concentration, 6h is not enough to provoke a significant
change in expression of genes, as measured on the level of mature mRNA. However,
doxorubicin has multiple mechanisms of action in the cell (Figure 1.4), which is reflected as an
extensive change in overall expression of genes at 24 h treatment and recovery. Particularly,
the tremendous change in overall expression in recovery samples, i.e., after multiple rounds
of mitotic divisions, indicates that the tumour cells are trying to recover from the trauma and
adapt to the experienced conditions by reprogramming gene expression.

4.2 Vinblastine Causes an Increase in mRNA Levels

Both doxorubicin and vinblastine target hallmarks of cancer, aiming to stop cell proliferation.
However, vinblastine has a different mechanism of action compared to doxorubicin; It targets
microtubule dynamics which are integral for mitosis and cell structure. During vinblastine
treatment, cells show significant and gradual increase in mRNA levels. With 6h treatment 63
genes were upregulated and only 6 genes down regulated. At 24h, 100 genes showed
increased and 29 genes decreased levels of mRNA. After one week recovery, the cells
continued to show a major increase in mRNA levels; 342 genes were up regulated and 75
genes down regulated. The increase in mRNA levels start at 6h treatment which means the
effects of the drug begins within 6hrs, and continues changing the gene expression and, based
on microscopic inspections, the cell structure and division during the following hours of
treatment. The major increase in mRNA levels after one week recovery indicates that tumour
cells survive the ripping effects of vinblastine, and pass the adapted gene expression to their
daughter cells.

4.3 The Initial Response to Doxorubicin Decreases mRNAS
of Calcium Signalling Pathways

Doxorubicin enters the cells through passive diffusion by making a complex with 20S subunit
of the proteasome. Doxorubicin has the capability to immediately increase its intracellular
concentration and it can diffuse into cell organelles. Doxorubicin has multiple targets and high
affinity to bind and affect the molecular mechanism. There was a significant initial change in
expression expected but doxorubicin showed a slow initial response on mature mRNA level.
Gene ontology analyses uncovered that down-regulated mRNAs were involved in calcium
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signalling, microtubule binding, chromosome and cell cycle. The calcium signalling pathway is
usually upregulated with doxorubicin treatment to initiate the extrinsic pathway of apoptosis
(Reviewed in 14). The down regulation of microtubule binding to chromosome and cell cycle
clearly indicates that tumour cells are slowing down division or probably moving towards cell
cycle arrest. This could also indicate that doxorubicin has caused DNA damage in tumour cells
to which the first response is to reduce cell division. Meanwhile also induced a survival
pathway to escape apoptosis.

4.4 Chemoresistance Response of Leukemia Cells With 24h
Treatment of Doxorubicin

4.4.1 Leukemia cells Enhances Proliferation Potential after
Doxorubicin Treatment

24h doxorubicin treatment provoked an extensive change in gene expression, involving
several different biological processes. Interestingly, the PI3K-Akt signalling pathway was
upregulated. The activation of PI3K-Akt signalling pathway promotes doxorubicin resistance
and tumourigenesis (Reviewed in 14). Additionally, insulin-like growth factor binding proteins
were increased at 24h treatment. These proteins act as regulators for insulin - like growth
factors (IGFs) which have a crucial role in cell progression and apoptosis suppression
(Reviewed in 38). Similarly, Epidermal growth factor-like domain is upregulated in 24h-treated
cells. Epidermal growth factors function in cell growth and differentiation (Reviewed in 39).
The activation of growth factors indicate that cells are resisting apoptosis. The initial response
involving calcium signalling and DNA damage repair seemed to involve preventing apoptosis
and slowing proliferation, but only within 24h the tumour cells are inducing mechanisms to
enhance proliferation. Despite DNA damage and oxidative stress in tumour cells, they
maintain proliferative capacity. Upon doxorubicin treatment, the K562 erythroleukemia cells
initiated multiple mechanisms which can support proliferation and growth. These mechanisms
included increasing mRNA levels of glycoproteins and their membrane transporter proteins.
Specifically, p - glycoproteins have characteristic mechanisms to efflux drug molecules out of
tumour cells. Reportedly, tumour cells upregulate the expression of these proteins to inhibit
drug induced cell death (41). Lipid metabolism expression levels were also increased at 24h.
The activation of this mechanism could indicate that tumour cells either adapt the membrane
composition or, after restored cell proliferation, need high amounts of lipids for growth and
membrane formation. Lipid synthesis also reportedly helps cancer cells to resist oxidative
stress and energy stress (Reviewed in 40).

4.4.2 Stabilizing Cell Structure Under Stress

Interconnected biological processes such as Protein-lysine 6-oxidase activity, Copper ion
binding and Collagen fibril organization were found upregulated upon 24h doxorubicin
treatment. Protein-lysine 6-oxidase is a copper containing enzyme that has function in
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collagen and elastin maturation. This enzyme regulates the tensile strength of cells and is
important in maintaining cell shape (Reviewed 42). The upregulation of biological processes
regulating cell shape suggest that the cells are adapting gene expression against the tearing
forces. Doxorubicin causes dysregulation in calcium homeostasis of cells. Calcium regulation
is crucial for cytoskeleton structure and function. Doxorubicin increases the levels of calcium
in tumour cells which cause disruption in cytoskeleton structure. The upregulation of the
above mentioned mechanism provides support for maintaining the stable structure of cells.

4.4.3 PI3K-Akt Pathway Potential Role in DNA Damage Repair

The upregulated pathways of cell proliferation and lipid metabolism in 24h doxorubicin-
treated cells indicate that biological processes that support proliferation and tumourigenesis
are activated in drug-treated cancer cells. The mechanisms which help to ensure energy to
sustain proliferation seem activated. Finally, based on inspection of the cells under a light
microscope, the tumour cells maintained their shape and structure in 1 puM
doxorubicin. Strangely, genes related to DNA repair and damage were down regulating.
Studies have shown that the PI3K-Akt pathway plays a significant role in activating DNA
damage repair and providing survival signals to tumour cells (43). The increased levels of the
PI3K-Akt pathway could help tumour cells in DNA damage repair and proliferation.

4.4.4 Halt Protein Synthesis and Replication but Proliferating - How?

24h doxorubicin treatment reduced mRNA levels of Chaperones, Heat shock protein Hsp90,
unfolded protein binding, protein stabilization and Stress response. All these genes maintain
protein homeostasis and counteract protein-damaging stress conditions, provoked e.g. by
heat shock. Heat shock proteins are essential in cancer development and help tumour cells in
survival (Reviewed in 44). Other mechanisms like protein biosynthesis, mRNA splicing, DNA
duplex unwinding, ligase, helicase, and polymerase. At 24h doxorubicin treatment, mRNAs
associated with stress response, replication, transcription and protein synthesis were
reduced. Since doxorubicin intercalates into DNA preventing both RNA and DNA synthesis, it
can be assumed that suppression of transcription and protein synthesis causes reduced need
for chaperones that aid in protein folding. The decreased expression of genes encoding ligases
and helicases, which are essential for DNA duplex unwinding, replication, RNA synthesis and
mitosis, could indicate DNA damage and/or block in replication and transcription.

4.5 The Sustained Increase in mRNA Levels of Doxorubicin
Treated Leukemia Cells During Recovery Week

4.5.1 Recovering Structure and Homeostasis of Cells

Heat shock has been shown to trigger a rapid and transient change in gene expression in K562
leukemia cells (45). The stress induced by doxorubicin, instead, causes a sustained change in
MRNA levels in the same leukemia cells, even when the drug is washed away. The genes whose
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expression remained changed after one week recovery were involved in formation of Plasma
membrane, Transmembrane, Extracellular matrix, Na+ channel and collagen. Collagen is the
main component of the extracellular matrix and helps in cell proliferation and growth (46).
Also, other biological processes related to cell structure like, actin binding, myosin complex
were up regulated after doxorubicin treatment. As discussed earlier, doxorubicin disturbs the
calcium homeostasis, and affects the cytoskeleton. So, in the recovery phase the cell appears
to restore actin and myosin function, which is crucial for normal cell division and cytoskeleton.
After one week recovery, genes related to Splicing, and mRNA processing and transport were
also down regulated. Dysregulation in mRNA processing and splicing has been coupled to
cancer progression and growth and also shown to induce drug resistance (47). It is one of the
hallmarks of cancer. Down regulation genes involved in iron synthesis can also be noted in
recovery samples. Doxorubicin causes an increase in iron levels (13) and down regulation in
genes related to iron can be linked to recovery from doxorubicin action. Therefore, the results
suggest that during one week recovery the cells not only recovered their structural properties
but also balanced the homeostatic function of calcium and iron.

4.5.2 Doxorubicin Treatment Give Rise to Aggressive Tumour Cells

Mechanisms which help in cell growth and proliferation are also up regulated such as: the
PI3K-Akt signalling pathway, Scavenger receptor activity, insulin - like growth factors and
Epidermal growth factors. Cell proliferating mechanisms which were initiated during drug
treatment to induce chemoresistance, continue to increase and support proliferation. Now
when the tumour cells are not under cytostatic stress and gaining its structural and functional
ability back, the sustained increase in mRNA levels of these mechanisms indicate that the
dividing ability of tumour cells have increased many folds. Instead of inducing cell death,
doxorubicin strengthens the tumourigenic properties. The overall expression change in the
recovery samples is majorly linked with not only gaining back the tumourigenic properties and
restoring the mechanism which were affected by doxorubicin action but it looks like
doxorubicin treatment made the tumour cells more aggressive. Doxorubicin indeed did not
initiate any noticeable mechanism which initiates cell death or causes apoptosis.

4.6 The Initial Response to Vinblastine Increases mRNAS
of Cytoskeleton

Microtubules are an important structural and functional component of the cytoskeleton, and
they have fundamental roles in maintaining the cell shape, transport of material and cell
division. Vinblastine is a microtubule targeting drug that inhibit and blocks cell cycle. Upon 6h
of vinblastine treatment, K562 cells upregulated genes related to microtubules and
microfilaments. This Initial response to vinblastine increased mRNAs of stress fibre, focal
adhesion, muscle protein, cytoskeleton and actin filament binding protein. The upregulation
of mRNAs related to cytoskeleton shows that cells counteract vinblastine treatment by
upregulating cytoskeletal components, likely due to affecting the normal structure of cells.
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Contraction is an important function of muscle stress fibre (49) and muscle protein (48). The
increased levels of mRNAs for stress fibre and muscle protein indicate that the tumour cell is
under mechanical stress like stretching. There is no significantly affected down regulated
biological process within 6h of vinblastine treatment.

4.7 Leukemia Cells Strive to Survive Structural Deformity
Caused by 24h Treatment of Vinblastine

24h treatment with vinblastine upregulated genes involved in response to mechanical
stimuli. The activation of this biological process indicates that cells are under influence of
shear force. Microtubules play a fundamental role in mitosis, required for assembly of the
mitotic spindle and separation of sister chromatids. When vinblastine binds to the a and
tubulin heterodimers it hinders the normal mitosis division and separation of chromosomes
(Figure 1.8). This causes long mitotic blockage leading to apoptosis. With 24 h treatment some
genes for apoptosis were up-regulated indicating that K562 tumour cells were under apoptotic
stress. Visual inspection via microscopy confirmed that K562 cells experienced mitotic
blockage as the cells appeared severely elongated. On the other hand, genes for insulin-like
growth factor binding protein and epidermal growth factor-like domain were upregulated and
it helps in proliferation and growth as mentioned earlier. Genes involved in response to
mechanical stimuli, cell migration and adhesion were also upregulated at 24h. This suggests
that tumour cells are under mechanical stress struggling for survival. Intriguingly, genes
involved in osteoclast differentiation showed increased mRNA levels in vinblastine-treated
cells. Osteoclasts are specialized cells in bone marrow which give special compartmentalized
shape to bone by degrading it with acids and lytic enzymes (50). Osteoclasts are part of the
tumour microenvironment in bone marrow and help in survival and migration of tumour cells
(51). 24h treatment with vinblastine increased levels of Immunoglobulin subtype, I1gG binding
protein and Regulation of immune response. Immunoglobulins are expressed in myelogenous
leukemia and have significant functional roles in proliferation and apoptosis. A study showed
that myelogenous leukemia patients with higher expression of immunoglobulins showed poor
survival rate indicating immunoglobulins have a role in tumour pathogenesis (52). The
upregulation of above mentioned genes showed that tumour cells are activating pathways
that can help them survive. Genes that were down-regulated upon 24h of vinblastine
treatment were involved in transcription, cell division, chromosome partitioning, and polar
residue. As mentioned earlier vinblastine binds to microtubule and dysregulates the dynamic
polymerization behaviours which are crucial for microtubule associated structural and
functional mechanisms.
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4.8 Increase in mMRNA Levels of Vinblastine Treated
Leukemia Cells During Recovery

After one week recovery from 24h vinblastine treatment, an overall increase in mRNA levels
was detected (Figure 3.9). Especially, genes involved in extracellular region, ECM-receptor
interaction, extracellular matrix organization, Glycoprotein, Collagen and extracellular matrix
structural constituent conferring tensile strength showed increased mRNAs
levels. Glycoprotein and collagen, together with some other macromolecules, form a three-
dimensional structure in which cells reside. This structure mediates signal transduction
through receptors and regulates cell survival, migration and differentiation. ECM is part of the
microenvironment of tumour cells, and modifications in the ECM affects the proliferation and
growth of tumour cells (53). With vinblastine treatment the tumour cells get stuck in mitosis
and obtain an abnormal elongated shape. The microscopic inspection of cells showed that
cells are in an elongated and stretched shape. The upregulation of extracellular matrix
structural constituent conferring tensile strength, suggests that after one week of recovery,
tumour cells are recovering from the mechanical stress induced by vinblastine. After one week
recovery, genes involved in angiogenesis and glycolysis were down regulated. These two
processes usually support tumourigenesis. Instead, processes such as focal adhesion, calcium
ion binding, plasma membrane and immunoglobulin subtype showed decreased levels of
MRNA. These processes were initially upregulated by the vinblastine treatment, but after a
week recovery, their mRNA levels were below the levels in untreated K562 cells. Taken
together, these results indicate that K562 cells that survive vinblastine treatment upregulate
genes that aid in surviving mechanical stress, and even during recovery, focus on restoring its
structural form.

4.9 Chromatin Accessibility upon Treatment with
Doxorubicin and Vinblastine

To understand how doxorubicin and vinblastine affect chromatin organization, ATAC-seq was
performed. The IGV tool was used to visually analyse the chromatin accessibility at drug-
affected genes to gain an understanding on how respective drug treatment affected the
chromatin accessibility. The visual inspection confirmed that the ATAC-seq experiments were
technically solid, giving the characteristic increased signal at gene promoters (Figure 3.8,
Figure 3.10). However, the genes showed rather similar changes in chromatin accessibility
regardless of their up- or down-regulation. This could be caused by the severe changes to the
cell and DNA by vinblastine (collects cells to mitosis) and doxorubicin (intercalates to DNA
blocking DNA and RNA-synthesis). Detailed data analysis is needed for interpretation of results
of ATAC-seq data. Doxorubicin intercalation in DNA and inhibit topoisomerase Il activity. These
mechanisms of action can cause condensation of chromatin. The data shows that there is a
gradual increase in expression from Oh to 24h under doxorubicin treatment while during
recovery the expression is substantially reduced. Vinblastine causes structural deformity to
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leukemia cells under treatment. The cells become elongated and stretched. Vinblastine stops
cell division by inhibiting mitosis. The vinblastine treated leukemia cell shows an increase in
expression from oh to 6h and the expression is reduced in 24h. All the example genes show
the same pattern for both drugs. Without further information it is difficult to conclude the

results.
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5. Conclusions and Future Perspective

5.1 Monotherapies are Inefficient Against Leukemia

This master’s degree project investigated how commonly used cancer drugs affect gene
expression in human erythroleukemia cells. The change in expression analysed through
mRNA-seq suggested that the K562 cells were more inclined toward doxorubicin resistance
rather than inducing apoptosis. Meanwhile vinblastine gave an ambiguous picture, the tumour
cells experienced shear force and deformity while under treatment and mechanisms
supporting tumourigenesis were also activated. Changes in drug concentration and treatment
time may potentially alter the outcomes significantly. An important aspect is the mono-
treatment of tumour cells. Usually in cancer therapy, combinations of drugs targeting different
hallmark capabilities are used. This strategy decreases the likelihood of drug resistance in
tumour cells. Mono therapy is considered relatively ineffective in cancer therapy (Reviewed
in 54). The outcomes of this study provide particular baseline knowledge on how the cancer
cells adapt to monotherapies. In later stages more precise investigations can be performed to
analyse combination therapies.

5.2 Scope for Further Study

In Scope for further study, a comparative study with different drug concentration, increased
treatment time points and combined drug treatment with adjusted concentration can be
performed. The outcomes can be compared and effects under different circumstances can be
determined. Another study can be performed on selected candidate genes contributing to
drug resistance mechanisms to determine their sensitivity to drug treatments. This can help
to discover drug resistance biomarkers at a later stage and can contribute towards
personalized therapies depending upon the genetic profile of cancer cells. Microenvironment
of a tumour cell holds significant importance for its survival and progression (51). The effect
of these drugs can be analysed in an optimal cancer mouse model (55) leading to a more
precise picture of mechanism of action and drug resistance. Last but not the least, the gene
expression after cytotoxic drug treatment of real time samples can be studied. Major
investigation studies like these have the potential to improve drug treatment in cancer
patients.
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