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ABSTRACT
INVESTIGATING THE MECHANISMS OF TELOMERE MAINTENANCE IN
ZEBRAFISH TISSUES AND HUMAN BRAIN CANCER CELL LINES
Naz Serifoglu
M.Sc. in Neuroscience
Advisor: Michelle Marie Adams
Co-Advisor: Ayca Arslan Ergiil

September 2019

Telomeres are nucleoprotein complexes formed at each end of the chromosomes to
protect these ends from deterioration. In each round of cellular division, telomeric
sequences shorten due to the end replication problem of DNA polymerase. Progressive
telomere shortening results in replicative senescence in healthy somatic cells. To evade
replicative senescence, cells need to maintain their telomere length either by activating
the telomerase enzyme or through the alternative lengthening of telomeres (ALT).
Telomerase is a holoenzyme, which is composed of dyskerin, telomerase RNA subunit
(TR or TERC), and telomerase catalytic subunit (TERT). Dyskerin and TR are
constitutively expressed in all cells but TERT expression is silenced in adult somatic
cells. Thus, telomerase activity is dependent on the expression of TERT. Current
studies show that TERT re-activation is a common feature of cancer cells and 85-90%
of cancers utilize telomerase enzyme in maintaining telomeres to become immortal.
Remaining of cancer cells maintain their telomeres by the alternative lengthening of
telomeres (ALT), which is a DNA repair pathway dependent mechanism. Current
models suggest that ALT is achieved by homology-directed DNA repair, through the

interaction of multiple proteins.
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DNA methylation is regarded as a key player in epigenetic silencing of transcription.
DNA methyltransferase inhibitors are currently being used in cancer treatments.
Recent studies show that DNA methyltransferases and their expression levels impact
both telomerase- and ALT mediated lengthening of telomeres, and have different
outcomes in different tissue types.

In this study, we worked on the zebrafish brain and human brain cancer cell lines. In
zebrafish brain, we observed differences in methylated regions at Spl binding site
between young and old that can be associated with telomere shortening. By silencing
DNMT1 and DNMT?3B in brain cancer cell lines, we investigated the changes in gene
expression levels of telomerase and ALT related genes, telomerase activity, population
doubling time and replicative senescence status. To further investigate TERT
regulation, we introduced mutations to the Spl binding sites in the promoter region
and measured the promoter activity with luciferase assay. Our results show that Spl
methylation sites in the telomerase promoter region are critical in brain aging,
dependent on their position. We propose a therapeutical option for brain aging and

tumorigenesis.
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OZET
ZEBRABALIGI DOKULARINDA VE INSAN BEYIN KANSERLERINDE
TELOMERLERIN SURDURULME MEKANIZMALARININ INCELENMESI
Naz Serifoglu
Norobilim Lisansiistii Programi, Yiiksek Lisans
Tez Danigmani: Michelle Marie Adams
Tez Es Danismani: Ayca Arslan Ergiil

Eyliil 2019

Telomerler kromozom sonlarinda bulunan niikleoprotein yapilardir ve kromozom
uclarmi korurlar. Hiicre boliinmesinin her turunda telomerler, DNA polimerazin
calisma mekanizmasina bagl olarak kisalirlar. Telomer uzunlugu kritik bir uzunlugun
altina dustiigiinde, saglikli somatik hiicreler replikatif senesense girerler. Replikatif
senesensi atlatmak i¢in hiicrelerin telomer uzunluklarini korumaralar1 gerekmektedir.
Bu telomeraz enzimi veya telomerlerin alternatif uzatilmasi (ALT) ile saglanabilir.
Telomeraz holoenzimi diskerin, telomeraz RNA alt iinitesi (TR veya TERC) ve
telomeraz katalitik alt tinitesinden (TERT) olusur. Diskerin ve TR hiicrelerde her daim
sentezlenir ancak TERT ifadesi eriskin somatik hiicrelerde susturulur. Buna baglh
olarak telomeraz aktivitesi, TERT geninin ifade edilmesine baglidir. Giincel yayinlar
gostermektedir ki TERT geninin yeniden aktive edilmesi kanser hiicrelerinin sik
goriilen bir Ozelligidir. Kanserlerin %85-90’1 telomeraz enzimi ile telomer
uzunluklarim stirdiirtirler ve dliimsiizliiklerini saglarlar. Geriye kalan kanser hiicreleri,
telomerlerini ALT ile devam ettirirler. ALT DNA tamir mekanizmas1 temelli bir
yolaktir. Giincel modeller ALT mekanizmasini ¢oklu protein etkilesimiyle saglanan

homolog rekombinasyon tamiri ile agiklar.
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DNA metilasyonu, gen ifadesinin susturulmasinda 6nemli bir epigenetik yol olarak
kabul edilmektedir. DNA metilasyonunu engelleyen ajanlar giiniimiizde kanser
tedavilerinde kullanilmaktadir. Yakin zamanda yapilan calismalar gostermistir ki
DNA metiltransferaz enzimleri ve ifade seviyeleri, hem telomeraz enzimine bagli hem
de ALT mekanizmasina bagli telomer uzunlugu siirdiiriilmesini doku tipine baglh
olarak etkilemektedir. Biz bu ¢alismada Geng ve yash zebrabalig1 beyinlerinde, Spl
baglanma bolgesinde metilasyon seviyesinde farklari gézlemledik. Bu metilasyon
farklarinin telomer uzunlugunu etkiledigini diisiiniiyoruz. DNMT1 ve DNMT3B
ifadesini engelledigimiz insan beyin kanseri hatlarinda, telomeraz ve ALT
mekanizmasiyla ilgili genlerin ifade seviyesini, telomeraz aktivitesini, popiilasyon
katlanma zamanini ve replikatif senesens durumunu inceledik. TERT promotor
aktivitesini lusiferaz Ol¢iimii ile, Spl baglanma bolgelerinde, bolgeye yonelik
mutasyonlar varliginda ve yoklugunda hesap ettik. Bulgularimiz TERT promotor
bolgesinde Spl metilasyon alanlarinin, pozisyona bagli olarak, beyin yaslanmasinda
onemli oldugunu gostermektedir. Biz sonuglarimiz dogrultusunda beyin yaglanmasi

ve timor olusumu i¢in bir tedavi secenegi dnermekteyiz.

Anahtar Sozciikler: Yaslanma, zebrabaligi, beyin kanserleri, telomeraz, TERT, ALT,
Sp1, gen ifadesi, qTRAP, bolgeye yonelik mutasyon
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CHAPTER 1

INTRODUCTION

1.1. Telomeres: Structure and Function

Linear eukaryotic chromosome ends are specialized nucleoprotein complexes,
known as telomeres. In mammals, telomeric DNA consist of double-stranded tandem
repeats of 5’-TTAGGG-3’ followed by 3-guanine-rich single-stranded overhangs.
Telomeric repeats interact with the Shelterin complex, and this interaction protects
chromosome ends from being recognized as DNA damage [1]. Shelterin is a
multimeric protein complex and consists of TRF1, TRF2, TIN2, RAP1, POT1, and
TPP1 in humans [2]. Association of telomeric repeats with Shelterin complex, result
in the formation of a lariat like structure, known as the t-loop.

Several cascades of molecular events lead to t-loop formation. Double-
stranded telomeric repeats fold back on itself, and the terminal single-stranded
overhang invades into duplex TTAGGG repeats. This invasion displaces double-
stranded TTAGGG repeats and forms the displacement loop (d-loop). Displaced
telomeric repeats at d-loop are only bound by POT1 and TPPI. Double-stranded
TTTAGG repeats are directly bound by TRF1, TRF2, and POT1 [2]. Rest of the
Shelterin complex members do not have the capacity to interact with the telomeric
repeat sequences. RAP1 interacts with TRF2 to localize on telomeres [3] [4]. TPP1
interacts with POT1 and shown to be enhancing POT1 affinity to TTAGGG repeats
[5]- TIN2 is accepted as a central component of the Shelterin complex since it directly
interacts with TRF1, TRF2, and TPP1 [6]. Overall, this molecular arrangement
maintains and protects telomeres.

The primary function of telomeres is to protect chromosome ends from being

recognized as DNA damage. This way, telomeres contribute to genomic stability by



preventing chromosome fusions [1]. They also function in nuclear architecture and
chromosome positioning by helping the organization of chromosomes [7].

Telomere shortening is known to be accompanying healthy aging and
telomeres are accepted as mitotic clocks. In humans, telomeres are 8 to 12 kbp in length
at birth, and total loss of 2 to 4 kbp in average telomere length is observed in
chromosomes [8]. Pathological telomere dysfunctions, such as short telomeres due to
telomerase deficiency in early development and telomere uncapping, are shown to be
accelerating aging in mammals. Experimental mouse models with shortened and
lengthened telomeres show decreased and increased life span, respectively [9] [10].
Meta-analysis studies in humans also indicate a strong relationship between premature
mortality and short telomeres [11].

Telomeres shorten due to the working mechanism of DNA polymerase and
thus the end replication problem in cells, in the absence of the telomerase enzyme.
Apart from the end replication problem, exonucleolytic activities and oxidative
damage are also shown to be contributing to telomere shortening [12] [13]. After a
critical point is reached, shortening of telomeres triggers either apoptosis or growth
arrest, known as the replicative senescence. Replicative senescence is believed to be

the initial barrier against tumor formation and accepted as a hallmark of aging [14].

1.2. Replicative Senescence
Senescent cells can be characterized by the absence of proliferation markers,
enlarged cell size, increase in senescence-associated f-galactosidase activity, and

. INK4
increased pl6

expression [15]. The onset of replicative senescence is usually
determined by the length of the shortest telomere, but the loss of TRF2 or POT1

(telomere uncapping) can also lead to cell cycle arrest [16].
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Figure 1.1: Telomere induced DNA damage response pathways. A) Telomere length mediated DNA
damage response activates p16, ATM, and ATR mediated pathways. B) Capping protein-mediated DNA
damage response activates ATM or ATR mediated pathways depending on the lost telomere capping
molecule.

Telomere induced DNA damage response (DDR) is achieved by several
different signaling events (Figure 1.1). Shortening of telomeres shown to be inducing
pl6™**-Rb, ATM, and ATR mediated pathways. In the p16"™“*-Rb pathway, pl16
inhibits CDK4 and CDK6, which represses Rb. Release of the inhibition of Rb results
in replicative senescence [17]. In ATM and ATR signaling, stimulation of CHK1 and
CHK2 activates p53. p53 can induce apoptosis or activate p21 to induce senescence.
Telomere uncapping induced DNA damage response is mediated by ATM or ATR,
depending on the lost capping protein. TRF2 loss and double stand breaks result in
ATM-mediated DNA damage response. POT1 loss and single-strand breaks induce
ATR mediated DNA damage response [17]. In both pathways, cells either enter

replicative senescence, through p21 activity or enter apoptosis, through p53 activity.



By preventing further cellular divisions, replicative senescence protects the
genetic information from being lost and contributes to genomic stability. However,
growth arrest can be by-passed by the loss of tumor suppressors and other oncogenic
changes. When the growth arrest is by-passed, telomeres continue to shorten and
eventually, chromosome bridge-fusion-breakage cycles occur. These cycles result in
genomic instability and increased risk of cancer [7]. Extensive cell death occurs;
however, certain rare cells escape the crisis, start maintaining their telomeres and
become malignant. This can be achieved by either re-activating or up-regulating the
telomerase reverse transcriptase (TERT) gene, coding for the catalytic subunit of the
telomerase holoenzyme, or lengthening their telomeres by the alternative lengthening
of telomeres, using DNA recombination pathways [18] [19].

1.3. Telomerase

Telomerase is the enzyme that can elongate telomeres by adding TTAGGG
repeats onto chromosome 3’-ends de novo. It is a ribonucleoprotein complex, and in
humans, it consists of TERT, telomerase RNA component (TERC or TR) and human
telomerase-associated protein 1 (TEP1) or dyskerin (DKCI1). For telomerase to
function, several proteins are required. Regulator of Telomere Elongation Helicase 1
(RTEL1), Telomerase Cajal body protein 1 (TCAB1) and CST complex (Cdc13/Ctcl,
Stnl, and Ten1) are some of the identified contributors to telomerase activity in yeast.
For telomere replication, T-loop needs to dissociate. RTEL1 helicase is the enzyme
responsible for t-loop dissociation. DNA replication yields in a blunt-ended telomere
end at the leading-strand synthesis and an RNA primer-ended telomere end in lagging
strand synthesis. RNA primer-ended telomere ends are processed by the CST complex
and Apollo before telomerase activity. TCABI in the Cajal bodies promotes assembly

of telomerase and telomerase localizes onto the replicated and processed telomere.



Localization is achieved by interaction with TCABI and TPP1 and telomeres add 50
to 100 base pairs of new telomere repeats to the G-overhang. When the telomerase
activity is done, CST complex and DNA polymerase-a perform a fill-in reaction and
nucleolytic processing. This way, extended telomeres are closed to further telomerase
action [20].

Telomerase activity is dependent on TERT expression. TERC and DKC1 are
constitutively expressed, but TERT expression is highly regulated [1]. TERT is active
during early development in humans, but gets transcriptionally silenced between the
12th and the 18th weeks of gestation [21]. However, in adults, TERT is actively being
expressed in stem cell compartments and embryonic stem cells. In somatic cells,
TERT expression or telomerase activity are usually undetectable or at low levels [22].
In contrast, in 85-90 % of cancer cells, TERT is up-regulated, which leads to the re-
activation of telomerase [23].

1.4. TERT Re-activation and Telomerase Regulation in Cancer

Majority of cancer cells maintain their telomeres through re-activation of the
TERT gene, and several cellular events can contribute to this re-activation. Epigenetic
modifications are one such example. They play a major role in TERT re-activation,
and the most common ones are DNA methylation in CpG islands, histone methylation,
and histone acetylation. Methylation is generally associated with gene silencing, and
it functions by inhibiting protein binding to the target DNA sequence. However, in the
TERT promoter site, the opposite is observed. In healthy adult somatic tissues, CpG
islands of the TERT promoter is hypo or non-methylated. On the contrary, cancer cells
with TERT expression, have methylated CpG islands at TERT promoter site. CCCTC
binding factor (CTCF) inhibitory proteins are one of the reasons behind hypo-

methylation of CpG at the TERT promoter sites [24].



The methylation code, produced by DNA methyltransferases, DNA
demethylases, and several other interacting proteins, differ in between cell types. In
colon cancer cell line HCT116, and lung cancer cell line H209, proximal promoter site
up to -150 bp shows no DNA methylation and shows hypermethylation between -150
and -650 bp. In embryonic stem cells, hypomethylation is observed between -650 and
-400 bp, and no methylation is observed from -400 bp to transcription start site [25].
Current studies suggest that methylation code at the TERT promoter site can have
different outcomes at different severities depending on the cell type.

Promoter mutations can also lead to TERT expression and the telomerase re-
activation. Human tumors show variation in terms of frequency of TERT promoter
mutations. In colon, pancreatic, breast, prostate, and thyroid cancers, TERT promoter
mutations are not observed frequently. On the other hand, in cancers such as primary
glioblastoma, oligodendrogliomas, medulloblastoma, and liver cancer TERT
promoters are frequent. Other brain cancers such as astrocytoma and neuroblastoma
also show mutations at the TERT promoter site but less frequently, where the
frequency is around 10% [26]. Mutations at the TERT promoter site can re-activate
the expression through several transcription factors. The core promoter, which is upto
-2000 bp from the transcription site, has binding sites for transcription factors like
Myc/Max and Spl [27]. Mutations at SP1 binding site were shown to be affecting
transcription factor binding and thus the promoter activity. In the same study, it was
also shown that SP1 over-expression increased the telomerase activity in a cell type-
dependent manner [27]. Analysis of conserved binding sites at the promoter area up to
-4000 bp from the ATG start codon of TERT showed that first 1000 bp is critical and

sufficient for regulation of TERT expression [28]. Number of studies report cell type-



dependent response to mutations at the TERT promoter site, and a recent model was

proposed to explain this difference in cellular response (Figure 1.2).
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Figure 1.2: Relationship between TERT promoter mutations and proliferative advantage in
tumor-initiating cells. A) Proliferative outcomes in tumor-initiating cells from stem cell compartments
with long telomeres. B) Proliferative outcomes in tumor-initiating cells from differentiated cell
compartments with short telomeres. Adapted from Chiba et al. 2015

In this model, the response firstly relies on the telomerase positivity and
telomere length of the tumor-initiating stem cell. If the cell is telomerase positive and
has long telomeres in the first place, mutations affecting proliferation would cause a
strong advantage towards tumor formation. On the other hand, mutations at the TERT

promoter site would be neutral in terms of tumor formation. In other words, mutations



of TERT promoter at such cells, will not be a tumor-initiating event since it does not
cause a proliferative advantage. If the tumor-initiating cell is from a telomerase
negative differentiated cell compartment with short telomeres and has mutations that
are increasing cell proliferation, even though the cell has a strong tumor initiating
advantage due to cellular senescence or apoptosis, it will not be able to form a tumor.
However, if the same cell type has a mutation at the TERT promoter area that is
activating telomerase, it will have a strong advantage towards tumor formation since
it can avoid cellular senescence [29].

1.5. ALT Mechanisms in Cancer

Apart from the telomerase-dependent lengthening of telomeres, cells can avoid
entering into cellular senescence by the alternative lengthening of telomeres (ALT).
This phenomenon was first observed in telomerase knock-out model of yeast. Even
though the model was telomerase-deficient, it was able to maintain telomere length
and continue proliferation. When a double knock-out for RADS52 was performed, these
cells failed to survive and proliferate [30]. Since RADS52 is an important protein for
double-strand break repair by homologous recombination, these observations were the
first to suggest that telomeres could be maintained through DNA recombination-
dependent pathways. Other studies, using exogenous DNA integration into telomeres,
have shown the presence of ALT and shed light on how it employs homologous
recombination [31].

Several models have been proposed to explain the working mechanism of ALT
(Figure 1.3). The first model is based on break-induced repair, and the DNA is
synthesized away from the break site using an HR donor template, which is the
telomeric DNA in this case. This model is divided into three sub-models. In the first

two sub-models, there is a loss of genetic material in the recipient telomeres, but the



timing of the lagging strand is different. In the third sub-model, unidirectional
replication fork requires a Holliday junction at the end of the process. In this model,
both the donor and the recipient telomeres are semi-conserved [32] [33]. The second
model suggested for ALT is unequal telomeric sister chromatid exchange (T-SCE) due
to the observation of increased sister chromatid exchange in ALT positive cells [34].
The last model is based on the presence of extrachromosomal telomeric repeats
(ECTRs) in ALT positive cells. In this model, extrachromosomal telomeric repeats are
suggested to be templates in telomere elongation through homologous recombination
(HR) driven telomere elongation or rolling circle replication [31].

Current studies suggest that 10-15% of cancer cells utilize ALT to maintain
telomeres [17]. ALT-positive cells are characterized by the presence of heterogeneity
in telomere lengths, high level of telomeric sister chromatid exchange,
extrachromosomal telomeric repeats, and the AL T-associated promyelocytic leukemia
bodies (APBs), special telomeric nuclear bodies [35] [36]. Although the mechanism
and the cause of ALT are still not well characterized, several different proteins and
complexes are shown to be contributing to the ALT activation during cell
immortalization and cancer progression. Alpha Thalassemia/Mental Retardation
Syndrome X-linked (ATRX), Death Domain Associated Protein (DAXX) and
transcription activating histone variant H3.3 are amongst the most studied proteins in
ALT. ATRX and DAXX form a chromatin remodeling complex that functions in the
deposition of H3.3 histone variant into telomeric and pericentromeric chromatin [31].
Identification of ATRX and DAXX inactivating mutations in ALT positive cells
suggested that ATRX and DAXX loss is promoting ALT activation. ATRX loss

increases susceptibility to DNA damage at heterochromatic regions and replicative



stress [37]. Several studies showed that ATRX re-expression suppresses the ALT

mechanism [38] [39].
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Figure 1.3: Currently proposed ALT mechanisms. A) Break Induced Repair based ALT model. B)
Sister Chromatid Exchange based ALT model.C) Homologous Recombination and Rolling Circle based
ALT model. Adapted from Amorim et al. 2016.

Other proteins associated with ALT phenotype include but not limited to
RADS50 Double-Strand Break Repair Protein (RADS50), RADS51 Recombinase
(RADS51), Structural Maintenance of Chromosome 5 and 6 (SMC5/6) complex, WRN
RecQ Like helicase (WRN), Telomeric Repeat Binding factor 2 (TRF2), MUSS81
Structure-Specific Endonuclease Subunit (MUSS81), X-Ray Repair Cross
Complementing 6 (Ku70), X-Ray Repair Cross Complementing 5 (Ku80), Flap
Structure-Specific Endonuclease (FEN1), Chromobox 3 (CBX3), BLM RecQ Like
helicase (BLM), Anti-Silencing Function 1 Histone Chaperone (ASF1), SWI/SNF
Related Matrix Associated Actin Dependent Regulator of Chromatin Subfamily A

Like 1 (SMARCALL), and Replication Protein A (RPA) [31]. Early studies in yeast
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show that ALT mechanism is achieved by homologous recombination through RAD50
and RADS51 [40]. In human WI38-VA13/2RA cell line, depletion of RADS1 results in
telomere shortening. Moreover, an increase in apoptosis is observed in these RADS1
depleted cells [41]. SMC5/6 Complex depletion in U-2 OS cell line results in
shortening of telomeres, disruption of ALT-associated promyelocytic leukemia bodies
formation, and impaired extrachromosomal telomeric repeats formation [42]. WRN
helicase deficiency in U-2 OS and VAI13 cell lines, result in inhibition of ALT-
associated promyelocytic leukemia bodies formation and shortening of telomeres [43].
Depletion of TRF2 and disruption of Shelterin complex in SUSM1 and U-2 OS cell
lines decrease telomeric signals and shortens telomeres [44]. Depletion of MUSS81 in
GM847, U-2 OS, and SAOS-2 cell lines shown to be inhibiting T-SCEs and results in
growth arrest. On the other hand, MUSS81 depletion does not affect telomere length in
these cell lines [45]. Ku70/80 is shown to be promoting proliferation in ALT positive
cell line CCL75.1 and depletion results in reduced number of extrachromosomal
telomeric repeats. However, telomere length remains unchanged when Ku70/80 is
depleted [46]. FEN1 depletion is associated with telomere dysfunction and in U-2 OS
cell line inhibition of FENI results in increased telomeric DNA response [47]. RNA
sequencing experiments revealed an association of CBX3 with ALT pathways [37].
Another study revealed that CBX3 is contributing to the maintenance of sister telomere
cohesion and telomere length through interaction with TINF2 [48]. Over-expression
of BLM Helicase in WI-38 VA-13/2RA and GM-847 cell lines increases telomeric
DNA synthesis [49]. Depletion of ASF1 in IMR90, WI38, and HeLa is shown to be
inducing ALT hallmarks. Extrachromosomal telomeric repeats and ALT-associated
promyelocytic leukemia bodies forms in the absence of this protein [S0]. SMARCAL1

inhibition in HelLa 1.3 and U-2 OS cells results in accumulation of extrachromosomal
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telomeric repeats and telomere-associated DNA damage response [51]. RPA depletion
in GM-847 and U-2 OS cell lines accumulates G-rich telomeric single-stranded DNA
and results in proliferation arrest [52].

1.6 DNA Methyltransferases, Cancer, and Stemness

DNA methylation is a key epigenetic modification involved in gene expression
regulation and genomic integrity maintenance. It is a heritable and reversible
modification that is regulated by DNA Methyltransferases (DNMTs). These proteins
transfer methyl groups from S-adenosyl-L-methionine (SAM) to the C-5 position of
the cytosines [53]. DNMTT1 is accepted as maintenance DNMT since it preferentially
methylates hemimethylated DNA. DNMT2 is actually an RNA methyltransferase. It
methylates the cytosine-38 in the anticodon loop of aspartic acid tRNA [54].
DNMT3A and DNMT3B, known as the de novo methyltransferases, both have a
preference to methylate unmethylated CpG dinucleotides [55]. DNMT3L, last member
of DNMTs, lacks enzymatic activity and functions in the binding of de novo
methyltransferases to SAM [55].

Typically, tumor cells exhibit aberrant DNA methylation patterns during
malignant transformation [56]. Recent findings suggest that the relationship between
telomeres, methylome, aging, and cancer is more intricately linked than originally
supposed. DNMT1 depletion in healthy cells increases microsatellite instability and
chromosomal translocation frequency [57]. DNMT1, DNMT3A, and DNMT3B are
shown to be over-expressed in colon, prostate, breast, and liver cancers. Silencing of
DNA methyltransferases in an antisense approach inhibits tumorigenesis [58]. Studies
on stem cell differentiation revealed a direct link between telomere integrity, de novo
DNA methylation, and stem cell pluripotency. Embryonic stem cells (ESCs) and

induced pluripotent stem cells (iPSCs) with short telomeres exhibit reduced expression
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of DNMT3A and DNMT3B [59] [60]. A recent study showed that ESCs with short
telomeres cannot differentiate stably, and thus their proliferation capacity is limited.
In these cells, Nanog regulation is impaired, and both DNA and Histone 3 Lysine tri-
methylation are altered. Enforced DNMT3B expression or telomere elongation, rescue

differentiation capacity, and impaired DNA methylation [61].
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CHAPTER 2
OBJECTIVES AND RATIONALE:

In this thesis, we aimed to shed light on telomere maintenance during aging of
the zebrafish brain, in the brain cancers and the effect of DNA methylation for both
conditions we aimed to provide data for future translational studies. We had four
objectives and our first objective was to study telomere shortening in a zebrafish model
of aging. For this purpose, we have measured the telomere length in the different
organs of the aging wild-type zebrafish and investigated the methylation levels of
TERT promoter in these samples. Although zebrafish adult tissues produce telomerase
at low levels, we expected to observe a decreasing trend through the aging process
with different speeds in an organ-specific manner. Observation of long telomeres in
some of the old zebrafish tissues lead us to study methylation levels in the TERT
promoter since TERT promoter is rich in CpG islands and telomerase activity is
generally dependent on TERT transcription.

Our second and third objectives were concerning the telomere maintenance in
human brain cancer cell lines and DNA methylation machinery. Our second objective
was to focus on the telomerase-dependent telomere maintenance in these cell lines.
For this purpose, we have investigated the effect of point mutations affecting Sp1
binding sites at the TERT promoter, the effect of DNA methylation inhibition in the
gene expression of telomerase-associated genes, and the telomerase activity. The third
objective was focused on the alternative lengthening of telomeres in these cell lines.
We investigated the expression of ALT-associated genes for this purpose when the
DNA methylation was blocked. For both of these objectives, telomere lengths were

also measured in the presence and absence of DNA methylation.
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Our last objective was to investigate the relationship between the DNA
methylation machinery and the onset of replicative senescence. Our rationale was
based on that DNMTs are accepted as stemness markers and over-expressed in most
tumor cells. Population doubling assays and Beta-Galactosidase staining experiments

were performed for this objective.
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CHAPTER 3

MATERIALS AND METHODS
3.1 Materials

3.1.1. Cell Culture Reagents

Table 3.1.1: List of cell culture reagents

DMEM F-12 w/o L-Glutamine w/o
Hepes

L0090, BioWest, Nuaillé, France

PBS

L0615-500, BioWest, Nuaillé, France

Trypsin

L0930-100, BioWest, Nuaillé, France

L-glutamine

25030-024, Gibco, Paisley, UK

Non Essential Aminoacids

X0557, BioWest, Nuaillé, France

Penicillin-Streptomycin

15140122, Gibco, Paisley, UK

Fetal Bovine Serum

S181H-500, BioWest, Nuaillé, France

DMSO

1.16743.1000, Merck, Billerica, USA

Vidaza/Azacytidine

8699538774815, Erkim ilag, Istanbul,
Turkey

Adriamycin/Doxorubicin

8699511796056, Saba ilag, Istanbul,
Turkey

Cell Culture grade water

L0970-500, BioWest, Nuaillé, France

3.1.2. General Enzymes

Table 3.1.2: List of general enzymes

Phusion High Fidelity Master Mix with
High GC content

F-532, Thermo Scientific, Vilnius,
Lithuania

Taq DNA polymerase

A140303, Ampligon, Odense, Denmark

ZymoTaq PreMix

E2004, Zymo Research, Irvine, USA
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Table 3.1.2:

Continued

Fast Start SYBR Green Master

04 673 492 001, Roche, Mannheim,
Germany

SensiFAST ™ SYBR® No-ROX Kit

BI0-98020, Bioline, Luckenwalde,
Germany

3.1.3. General Kits, Reagents and Chemicals

Table 3.1.3: List of general kits, reagents and chemicals

QIAamp DNA Mini Kit

51304, Qiagen, Hilden, Germany

DNeasy Blood&Tissue Kit

69506, Qiagen, Hilden, Germany

Epitect Fast DNA Bisulfite Kit

59824, Qiagen, Hilden, Germany

EZ Methylation Lightning Kit

D5030, Zymo Research, Irvine, USA

PureLink Quick PCR Purification Kit

K310001, Thermo Fisher Scientific,
Vilnius, Lithuania

DNA Clean & Concentrator ™-25

D4034, Zymo Research, Irvine, USA

Zyppy Miniprep Kit

D4019, Zymo Research, Irvine, USA

ZymoPURE Plasmid Maxiprep Kit

D4202, Zymo Research, Irvine, USA

RNeasy Mini Kit

74104, Qiagen, Hilden, Germany

RNase free DNase set

79254, Qiagen, Hilden, Germany

Transcriptor High Fidelity cDNA
Synthesis Kit

05081963001, Roche Diagnostics,
Mannheim, Germany

Senescence f-gal staining kit

9860, Cell Signalling Technologies,
Frankfurt am Main, Germany

Luciferase Assay

E1500, Promega, Madison, USA

Transfex

ACS-4005, ATCC, Virginia, USA

Nuclease Free Water

AM9937, Ambion, Austin, USA

PBS Tablets

P4417-100TAB, Sigma, St. Louis, USA

Trizma® Base

T1503-1KG, Sigma, St. Louis, USA
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Table 3.1.3: Continued

Boric Acid 1.00165.1000, Merck, Darmstadt,
Germany

EDTA E5134-500G, Merck, St. Louis, USA

Agarose Tablets BI0-41027, Bioline, Luckenwalde,
Germany

Ethidium Bromide A1152,0025, AppliChem, Darmstadt,
Germany

DNA ladder BIO-33053, Bioline, Luckenwalde,
Germany

Loading dye B7024S, New England Biolabs,
Ipswich, USA

3.1.4. Cloning Enzymes and Buffers

Table 3.1.4: List of cloning reagents

pGL3-Basic Luciferase Reporter Vector | E1751, Promega, Madison, USA

T4 DNA ligase M0202S, New England Biolabs,
Ipswich, USA

Ligation Buffer B0202S, New England Biolabs,
Ipswich, USA

Kpnl-HF R3142S, New England Biolabs,
Ipswich, USA

Sacl-HF R3156S, New England Biolabs,
Ipswich, USA

Dpnl-HF RO176S, New England Biolabs,
Ipswich, USA

CutSmart Buffer B7204S, New England Biolabs,
Ipswich, USA
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3.1.5. Microbiology Reagents and Solution Recipes

Table 3.1.5: List of microbiology reagents and solution recipes

Agar 1802.00, Conda, Madrid, Spain

NaCl 1.06404.1000, Merck, Darmstadt,
Germany

Tryptone LP0042, OXOID, Hampshire, England

Yeast Extract 1.03753.05000, Merck, Darmstadt,
Germany

Ampicillin 8699828270126, Kocak Farma,
Istanbul, Turkey

LB Agar 20 g Agar, 20 g NaCl, 10 g Tryptone, 5
g Yeast Extract per liter. Autoclave.
1000x Ampicillin is added around 56
°C, in the final concentration of 1x

LB Broth 10 g NaCl, 10 g Tryptone, 5 g Yeast

Extract per liter. Autoclave. 1000x
Ampicillin is added after cooling, in the
final concentration of 1x

3.1.6. siRNAs and Reagents

Table 3.1. 6: List of siRNA and Reagents

DNMTI1 ON-TARGETplus siRNA

L-004605-00-0005, Dharmacon,
Lafayette, USA

DNMT3B ON-TARGETplus siRNA

L-006395-00-0005, Dharmacon,
Lafayette, USA

GAPDH ON-TARGETplus siRNA

D-001830-10-05, Dharmacon,
Lafayette, USA

Non-Targeting ON-TARGETplus
siRNA

D-001810-10-05, Dharmacon,
Lafayette, USA

RNAse free 5x siRNAbuffer

B-0020000-UB-100, Dharmacon,
Lafayette, USA
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Table 3.1. 6: Continued

DharmaFECT Reagent 1

T-2001-03, Dharmacon, Lafayette, USA

3.1.7 qTRAP Buffers and Reagents

Table 3.1.7: List of qTRAP Buffers and Reagents

Hepes-KOH sc- 286007A, ChemCruz, Dallas, USA

MgCl, MAO00350500, Scharlau, Barcelona,
Spain

KCl1 P9541-500G, Sigma, St. Louis, USA

EGTA E3889-100G, Sigma, St. Louis, USA

PMSF 830000-5G-F, Sigma, St. Louis, USA

Chaps C3023-1G, Sigma Aldrich, St. Louis,

USA

Beta-Mercaptoethanol

8.05740.0250, Merck, Darmstadt,
Germany

Glycerol K49564692 742, Merck, Darmstadt,
Germany

Tween 8.22184.0500, Merck, Lyon, France

BSA P6155-100GR, BioWest, Nuaillé,

France

CHAPS Lysis Buffer

1 mM MgCl,, | mM EGTA, 0.1 mM
PMSF, 0.5% Chaps, 10% glycerol, 5
mM Beta-Mercaptoethanol, 10 mM
Tris-HCl, complete to 10 ml with cell
culture grade water. Store at +4°C

10 x QTRAP Buffer

200 mM Tris-HCI, 15 mM MgCl,, 630
mM KCI, 0.5% Tween, 10 mM EGTA,
Img/ml BSA, complete to 10 ml with

cell culture grade water. Store at -20°C
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3.1.8 Equipments Used

Table 3.1.8: List of Equipments Used

Thermal Cycler T100, Biorad
Centrifuge 5810 R, Eppendorf
Centrifuge Microfuge 16, Beckman Coulter
qPCR Mic qPCR, Bio Molecular Systems
Incubator Galaxy 170 R, New Brunswick
Laminar Flow Class II Safety Cabinet, Metisafe
Microscope DP71 CKX41, Olympus
pH meter SevenEasy, Mettler Toledo
Spectrophotometer ND-1000, Nanodrop
Power Supply PS 1006 P, Apelex
Gel Tank MSCHOICE7, Cleaver Scientific
Imaging Cabinet Fluorchem FC3, Protein Simple
Luminometer Lucetta, LONZA
Orbital Shaker 613.11.001, Isolab

3.2 Methods

3.2.1. Zebrafish Maintenance:

Wild-type zebrafish (AB) is used for tissue collection. All fish were kept in
Techniplast aquarium system, with a 14:10 hour light: dark cycle. All fish are fed ad-
libitum, twice with dry flakes and once with Artemia, on a daily basis.

3.2.2. Tissue Collection :
Fish used in tissue collection is given in Table 3.1.1 Age groups are determined

as 8-, 13-, 19- and 25-month old. Fish are euthanized in ice-water for 10 minutes until
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the gills stop moving and decapitated with a scalpel in ice-cold 1 x PBS. Organs were
dissected, snap frozen in liquid nitrogen and stored in - 80°C until DNA isolation.
Gender determination is performed by direct gonadal examination. Samples with no
visible gonad remained as undetermined and labeled as no gonad (NG). Experiments

are approved by Bilkent University Animal Ethics Committee with approval number

of 2014/18.
Table 3.2.1: List of zebrafish used in tissue collection.
Fish ID | Sex | Length | Weight | Date of Date of Age
Birth Death (Months)

N1 F 4.3 0.79 06/05/2014 | 04/06/2015 13
N2 F 32 0.41 06/05/2014 | 04/06/2015 13
N3 NG | 3.1 0.29 06/05/2014 | 04/06/2015 13
N4 F 3.4 0.36 24/10/2013 | 04/06/2015 19
NS NG | 4.5 0.94 24/10/2013 | 09/07/2015 | 25
N6 NG | 4.0 0.54 24/10/2013 | 09/07/2015 | 25
N7 NG |35 0.54 24/10/2013 | 09/07/2015 | 25
N8 NG | 4.0 0.51 24/10/2013 | 09/07/2015 | 25
N9 NG | 4.0 0.57 24/10/2013 | 09/07/2015 | 25
N10 NG |42 0.87 24/10/2013 | 09/07/2015 | 25
N11 F 3.0 0.30 16/10/2014 | 09/07/2015 8
N12 F 32 0.31 16/10/2014 | 09/07/2015 8
N13 M 3.1 0.30 16/10/2014 | 09/07/2015 8
N14 F 3.1 0.32 16/10/2014 | 09/07/2015 8
N15 M 32 0.31 16/10/2014 | 09/07/2015 8
N16 M 32 0.27 16/10/2014 | 09/07/2015 8
N17 M 3.1 0.31 16/10/2014 | 09/02/2016 | 8
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Table 3.2.1: Continued

FishID | Sex | Length | Weight | Date of Date of Age
Birth Death (Months)
N18 F 4.5 1.25 17/12/2014 | 09/02/2016 13
N19 F 4.0 1.17 17/12/2014 | 09/02/2016 13
N20 F 4.3 1.22 17/12/2014 | 11/02/2016 13
N21 F 4.5 1.06 17/12/2014 | 11/02/2016 13
N22 M 3.7 0.51 09/07/2014 | 16/02/2016 19
N23 F 4.3 0.90 09/07/2014 | 22/02/2016 19
N24 F 4.5 0.78 09/07/2014 | 22/02/2016 19

3.2.3. Cell Culture:

Cell lines are cultured according to suggestions from ATCC’s website and kept
in 37°C with 5% CO2. A172, Daoy, SW1088, and WI-38 VA-13 subline 2RA are
bought from ATCC and HEK293T cell line is provided by Aerts Kaya lab from
Hacettepe University, PEDI-STEM. All cell lines are cultured in DMEM medium
(BioWest) with 1% Penicillin-Streptomycin (Gibco), 1% L-glutamine (Gibco), 1%
Non-Essential Amino Acids (BioWest) and 10% FBS (BioWest). Complete medium
is renewed twice a week, and cells are passaged once in every week. A172, Daoy, and
HEK293T are passaged in 1:10 ratio. SW1088 and WI-38 VA-13 subline 2RA are
passaged in 1:5 ratio. Cells were routinely checked for mycoplasma contamination
using BioWest’s MycoKit.

3.2.4. DNA Isolation:

For genomic DNA isolation from zebrafish tissues, Qiagen’s QIAamp DNA

Mini kit is used according to the manufacturer’s instructions. 180 pl Buffer ATL is

added to tissues in 1.5 ml eppendorf tubes and 20 pl proteinase K added on top of the
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mixture. Tissues are disrupted with a sterile syringe, the mixture is vortexed and
incubated overnight at 56°C. Completely lysed samples are briefly centrifuged and
200 pl Buffer AL is added. Samples are then incubated at 70°C for 10 minutes, briefly
centrifuged and 200 pl 96-100% ethanol is added. Samples are mixed by vortexing for
15 seconds and briefly centrifuged. Mixture, including the precipitate, is transferred to
QIAamp mini spin columns and centrifuged at 6000 x g for 1 minute. QIAamp mini
spin column is transferred into a clean 2 ml collection tube and 500 pl Buffer AW1 is
added onto the column matrix. Samples are centrifuged at 6000 x g for 1 minute and
the QlAamp mini spin column is transferred into a new collection tube. 500 pl AW2
is added and centrifuged at 20,000 x g for 3 minutes. QIAamp mini spin columns are
transferred into a 1.5 ml collection tube, 200 ul Buffer AE is added, incubated at room
temperature for 1 minute and centrifuged at 6000 x g for 1 minute. Previous step is
repeated by transferring the elute to the spin column. Eluted DNA concentration and
elution quality is checked with Nanodrop ND-1000. Isolated zebrafish DNA samples
are used in telomere length measurements, bisulfite conversion, and sequencing
experiments.

For genomic DNA isolation from brain cancer cell lines, Qiagen’s DNeasy
Blood & Tissue kit is used according to manufacturer’s instructions. Cells are
collected, and centrifuged at 1500 x rpm for 5 minutes. Culture medium is removed,
and the cell pellets are resuspended in 200 pl 1 x PBS. Following 20 pl proteinase K
addition, 200 pl buffer AL is added to each tube, and mixed thoroughly by vortexing
for 15 seconds. Tubes are incubated for 10 minutes at 56°C, and 200 pl 96-100% EtOH
is added after the tubes are cooled down. Tubes are mixed thoroughly by vortexing,
and the mixture is pipetted into a DNeasy Mini Spin Column. Columns are centrifuged

at > 6000 x g for 1 minute, and the flow-through is discarded. Spin column is placed
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into a new collection tube, and 500 pl buffer AW1 is added. Tubes are centrifuged at
> 6000 x g for 1 minute. After discarding the flow through, and collection tubes, and
the spin column is placed into a new collection tube. 500 ul Buffer AW2 is added, and
the tubes are centrifuged at maximum speed for 3 minutes. Column is transferred into
a clean 1.5 ml eppendorf, and 50 ul Buffer AE is added directly onto the column
matrix. After a 1-minute incubation at room temperature, samples are centrifuged at >
6000 x g for 1 minute. For increased DNA yield, last step is repeated after reloading
Buffer AE to the column matrix. Following DNA isolation, each samples
concentration and quality is checked with Nanodrop ND-1000. Isolated DNA samples
are used for TERT promoter amplification, and telomere length measurement
experiments.

3.2.5. Bisulfite Conversion:

EpiTect Fast DNA Bisulfite kit (Qiagen), and EZ DNA methylation kit (Zymo
Research) is used according to manufacturer’s instructions. For EpiTect Fast DNA
Bisulfite, these steps are followed. 25 pul (250 ng) DNA, 15 ul RNase-free water, 85 pul
Bisulfite solution, and 15 pl DNA protect buffer is mixed in 0.2 ml PCR tube. Mixture
1s incubated at 95°C for 5 minutes, 60°C for 20 minutes, 95°C for 5 minutes, and 60°C
for 20minutes in a thermal cycle. Upon completion of bisulfite conversion, PCR tubes
are briefly centrifuged, and transferred into a clean 1.5 ml eppendorf tubes. 310 pl
freshly prepared Buffer BL with 1% carrier RNA is added to each sample, vortexed,
and briefly centrifuged. 250 pl 96-100% ethanol is added on top, vortexed for 15
seconds, and briefly centrifuged. Mixture is transferred into MinElute DNA spin
columns, and centrifuged for 1 minute at 10,000 x g. Flow-through is discarded, and
500 pl Buffer BW is added to each spin column. Samples are centrifuged for 1 minute

at 10,000 x g, flow through is discarded, and 500 ul Buffer BD is added to each spin
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column. Columns are incubated at room temperature for 15 minutes, and centrifuged
for 1 minute at 10,000 x g. Flow-through is discarded, 500 ul Buffer BW is added, and
samples are centrifuged at 10,000 x g for 1 minute. Last step is repeated once, and 250
ul 96-100% ethanol is added to each spin column. Samples are centrifuged for 1 minute
at 10,000 x g, columns are transferred into new 2 ml collection tubes, and centrifuged
for 1 minute at 10,000 x g. Columns are transferred into 1.5 ml eppendorf tubes, 15 pl
Buffer EB is directly added onto the center of the spin column, and incubated 1 minute
at room temperature. Following incubation, samples are eluted by centrifuging at
10,000 x g for 1 minute. Purified samples are stored at -20°C for long term storage.
For EZ DNA Methylation Lightning kit following procedure is performed. 130
ul Lightning Conversion Reagent is added to 20 ul DNA sample in 0.2 ml PCR tube,
mixed, and briefly centrifuged. Mixture is incubated at 98°C for 8 minutes, and 54°C
for 1 hour. 600 ul M Binding Buffer is loaded into Zymo spin IC column- collection
tube assembly. Sample is loaded into the spin column with the M Binding Buffer, and
mixed by inverting the tubes several times. Columns are centrifuged at full speed for
30 seconds, and the flow through is discarded. 100 pl M Wash Buffer is added into the
column, centrifuged at full speed for 30 seconds, and the flow-through is discarded.
200 pl L-desulphonation Buffer is added, and the columns are incubated for 20 minutes
in room temperature. Following incubation, samples are centrifuged at full speed for
30 seconds. Columns are washed twice by adding 200 ul M Wash Buffer to the
column, and centrifuging at full speed for 30 seconds. Columns are then placed into
1.5 ml eppendorf tubes, and 10 pul M Elution Buffer is directly added to the column
matrix. Samples are centrifuged at full speed, and eluted samples are stored at -20°C

for short term, and -80°C for long term storage.
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Bisulfite treated DNA is quantified with Nanodrop ND-1000 with RNA

quantification settings, where 40 ug/ml for Ab260 is equal to 1.

3.2.6. PCR for TERT Promoter Sites:

PCRs are performed for amplifying core, and distal TERT promoter area from
different cell lines while adding restriction enzyme recognition site at each end of the
product. Primer pair for core promoter is TERT 4F: 5’- GGT ACC TCG CCG CAC
GCA CCT GTT -3’, and TERT 2R: 5’-GAG CTC CAC GAA CGT GGC CAG CGC-
3’. For distal promoter area TERT 5F: 5’-GGT ACC ACC AGT GGC CGT GTG GCT
T-3” with TERT 2R. Thermo Scientific’s Phusion High Fidelity Master Mix with High
GC content is used for reactions. 50 ng of genomic DNA is used as a template. Each
reaction contains 10 pl 2x Phusion Master Mix, 0.5 ul of each primer, and 0.4 pl
DMSO for distal promoter amplification or 0.8 pl DMSO for core promoter
amplification. Volume is completed to 20 pl with PCR grade water. Annealing
temperature is decreased to 68.5°C from 69.4 for distal promoter, and decreased to
71.1°C from 72.9°C for core promoter by adding DMSO. Cycling conditions are 98°C
for 90 seconds (initial denaturation), 98°C for 10 seconds, 68.5-71.1°C for 20 seconds,
72°C for 30 seconds (total of 30 cycles), and 72°C for 5 minutes (final extension).
Expected PCR product is 1144 bp for the distal, and 574 for the core promoter site.

To increase restriction enzyme digestion efficiency, six random nucleotides are
added before the restriction enzyme recognition site by PCR. Both for core, and distal
promoter new TERT reverse: 5’- ATG TAG GAG CTC CAC GAA CGT GGC -3’ is
used. For core promoter area new TERT 4F: 5°- GTA ATA GGT ACC TCG CCG
CAC GCA -3’ is used, and for the distal promoter area new TERT 5F: 5’- GTA TGA
GGT ACC ACC AGT GGC CGT G -3’ is used as forward primer. 15 ng PCR product

is used as template DNA in a 50 pl reaction. 4%, and 2% DMSO is used for core, and
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distal promoter amplification, respectively. Final primer concentration was 0.1 uM for
each reaction. Cycle conditions are 98°C for 1 minute 30 seconds (initial denaturation),
98°C for 10 seconds, 69.4°C for 20 seconds, 72°C for 30 seconds (total of 30 cycles),
and 72°C for 5 minutes (final extension). Expected PCR product size is 1156 for the
distal, and 582 for the core promoter site. All PCR products are run on 1% agarose gel
for 1 hour, and cleaned up with PureLink PCR purification kit before restriction
enzyme digestion.

3.2.7. PCR for Bisulfite Sequencing:

Zebrafish TERT promoter sites are amplified following bisulfite treatment for
sequencing. ZymoTaq Premix (Zymo Research) is used for PCRs. Tert-CpG F: 5°-
ATA GTA GGA TAG GGT TTT GGT TTT G-3’, and Tert-CpG R: 5’-CCT TCA
ATT CTT CAA AAA ATT AAC TC-3’ are used for promoter amplifications. Each
50 pl reaction is consisted of 25 pul ZymoTaq Premix, 2 pl forward primer, 2 pl reverse
primer, 4 ul bisulfite converted DNA, and 17 ul PCR grade water. Cycling conditions
are 95°C for 7 minutes (initial denaturation), 95°C for 1 minute, 54°C for 2 minutes,
72°C for 2 minutes (total of 40 cycles), and 72°C for 10 minutes (final extension).
Expected product size is 232 bp. All PCR products are run on 1.5% agarose gel for 1
hour. Amplified reactions are sent for Sanger sequencing. Sequence alignments are
done on ApE-A Plasmid Editor v2.0 (by Wayne Davis) to reference sequence obtained

from ZFIN Data on GRCz10 for TERT gene.

3.2.8. PCR Clean Up:

PureLink PCR purification kit (Invitrogen) is used for PCR products. 4
volumes of Binding Buffer HC (B3) with isopropanol is added to 1 volume of PCR
sample, and mixed thoroughly by pipetting. Sample is loaded into a PureLink Spin

Column in a collection tube, and centrifuged at >10,000 x g for 1 minute. Flow through
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is discarded, and 650 pl Wash Buffer W1 with ethanol is added onto the column
matrix. Samples are centrifuged at >10,000 x g for 1 minute, and the flow through is
discarded. After returning the spin column back to the same collection tube, tubes are
centrifuged at maximum speed for 3 minutes. Columns are then transferred into a new
1.5 ml eppendorf, and 50 pl elution buffer is added to the center of the column.
Following 1 minute incubation at room temperature, samples are centrifuged at
maximum speed for 3 minutes. Purified PCR products’ concentration and quality is
checked with Nanodrop ND-1000, and stored at 4°C.

3.2.9. Restriction Enzyme Digestion:

Kpnl-HF, Sacl-HF, and Dpnl-HF restriction enzymes are bought from NEB,
and stored at -20°C upon arrival. Kpnl-HF, and Sacl-HF are used for pGL3-Basic
(Promega), and TERT promoter digestion. Dpnl-HF is used for digestion of template
DNA from site-directed mutagenesis PCRs. For each digestion reaction, 1 microgram
of DNA is used. For double digestion, DNA sample volume is completed to 43 pl with
Nuclease free water. For Dpnl digestion, the volume is completed to 44 pl with
Nuclease Free water. 5 pul 10x SmartCut Buffer is then added to PCR tubes containing
DNA, and water. 1 pl of Kpnl-HF, and 1 pl of SacI-HF are used in pGL3, and TERTp
digestion reactions, and 1 pl of Dpnl-HF is used for site directed mutagenesis samples.
All reactions are set up on ice, and incubated at 37°C for 15 minutes. For inactivation
of double digestion, tubes are incubated at 65°C for 20 minutes. For Dpnl digestion
inactivation, tubes are incubated at 80°C for 20 minutes.

3.2.10. DNA Clean Up:

Zymo DNA clean and concentrator kit is used according to manufacturer’s

protocol with minor modifications to clean up restriction enzyme digested pGL3-

Basic, and TERTp samples prior to ligation reaction. Five volumes of DNA binding
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buffer is added to each volume of PCR product. The mixture is loaded into the Zymo
Spin Column, and centrifuged at 11,000 x g for 1 minute. 200 pl DNA Wash Buffer is
added directly to the column, and centrifuged at 11,000 x g for 1 minute. Wash step is
repeated, and the column is transferred into a clean 1.5 ml eppendorf. 25 pl DNA
elution buffer is added directly to the center of the column, and centrifuged at 11,000
x g for 1 minute. Eluted PCR samples are quantified using Nanodrop ND-1000.
3.2.11. DNA Ligation:

1:3 molar ratio of plasmid: insert is used in core promoter ligation reactions,
and 1:5 molar ratio is used for distal core ligation reactions. All calculations are made
using NEBioCalculator (New England Biolabs). Length of pGL3-Basic is 4818 bp.
Insert length is 538 for new TERT 2R-4F reaction (core promoter), and 1150 for new
TERT 2R-5F reaction (distal promoter). 28,6 ng pGL3-Basic is used for both ligation
reactions. For core promoter ligation, 15.99 ng DNA is used, and for distal promoter
ligation 34 ng DNA is used. 2 ul 10 x T4 DNA ligase buffer is added to tube containing
vector, insert, and water. 1 ul T4 ligase is then added on ice, and reaction is incubated
at room temperature for 10 minutes. Ligation product is directly used for

transformation without further steps.

3.2.12. Transformation:

Ligation and Dpnl-HF digestion products are directly used for transformation
without further isolation steps. Chemically competent Jm109 strain of E. coli is used
for transformation. For ligation reactions, 5 ul is mixed with 50 pl bacteria on ice. For
digestion reactions, 2 pl is mixed with 50 pl bacteria on ice. After incubation at 4°C
for 5 minutes, 200 ul LB without antibiotics is added on tubes containing bacteria, and

plasmid DNA. Bacteria is incubated for 1 hour at room temperature, and then spread
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on LB plates with Ampicillin. Plates are incubated at 37°C overnight, and colony PCR

is performed to check formed colonies.

3.2.13. Colony PCR:

Colonies are numbered on the plate, and touched with the pipette tip without
contacting the agar. Tips are then submerged into 20 ul PCR grade water, and then put
into 15 ml falcons containing 1 ml LB with Ampicillin. Tubes containing PCR grade
water: bacteria suspension are incubated at 95°C for 15 minutes following 12°C for 15
minutes. After cooling down, samples are spun down briefly, and kept on ice. For
PCRs Taq DNA Polymerase 2x master mix (Ampliqon) is used. RVprimer3: 5’- CTA
GCA AAA TAG GCT GTC CC- 3’, and GLprimer2: 5’- CTT TAT GTT TTT GGC
GTC TTC CA -3’ are used as primers. 10 pl reaction contains 5 pl enzyme premix,
0.2 pl of each primer, 4.1 ul PCR grade water, and 0.5 pl bacteria sample. Cycle
conditions are 95°C for 2 minutes (initial denaturation), 95°C for 20 seconds, 50.1°C
for 20 seconds, 72°C for 1 minute (30 cycles), 72°C for 5 minutes (final extension).
Expected band size is 1220 bp for vector construct containing the distal promoter site,
and 675 bp for vector construct containing the core promoter site. All PCR products

are run on 1% agarose gel for 1 hour.

3.2.14. Plasmid Isolation:

Zyppy Plasmid Miniprep (Zymo), and ZymoPure Plasmid Maxiprep (Zymo)
kit are used for plasmid isolation following the manufacturer’s instructions. Mini prep
products are used for sequencing, and maxi prep products are used for transfection
experiments. For mini prep, 600 pl of bacterial culture grown in LB is transferred into
a clean 1.5 ml eppendorf, and 100 pl 7x Lysis Buffer is added. Tube is mixed by
inverting 4 to 6 times, and incubated for 2 minutes. After complete lysis, 350 pl ice

cold Neutralization buffer is added, and mixed thoroughly. Sample turns yellow, and
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precipitate is formed when the neutralization is completed. Then the sample is
centrifuged at > 11,000 x g for 4 minutes. Transfer the supernatant without disturbing
the pellet into a Zymo-Spin IIN column in a collection tube. Centrifuge the samples
for 15 seconds at > 11,000 x g, and discard the flow-through. Return the Zymo-Spin
IIN column to the collection tube, and 200 pl Endo-Wash buffer. Centrifuge the
samples for 30 seconds at > 11,000 x g, and discard the flow-through. 400 pul Wash
buffer is then added to the column, and the samples are centrifuged for 1 minute at >
11,000 x g. The column is transferred into a clean 1.5 ml eppendorf, and 30 pl Elution
buffer is directly added to the column matrix. Following 1 minute of incubation,
samples are centrifuged at > 11,000 x g for 1 minute to elute the plasmids.

For maxi prep, 150 ml bacterial culture grown in LB is centrifuged at > 3,220
x g for 10 minutes to pellet the cells. Bacterial cell pellet is resuspended completely
with 14 ml ZymoPure P1, and then 14 ml ZymoPure P2 is added. Following addition,
immediately mix gently by inverting the tube 6 times, and incubate at room
temperature for 3 minutes. When the cells are completely lysed, it turns into clear
purple, and the solution appears viscous. 14 ml ZymoPure P3 is added, and mixed
thoroughly but gently by inverting the tubes. Solution turns into yellow, and a yellow
precipitate is formed when the neutralization is completed. ZymoPure syringe filter is
placed upright in a tube rack, the lysate is loaded into it, and incubated 8 minutes at
room temperature. When the precipitate is floated to the top, luer lock plug is removed
from the bottom of the syringe, and placed into a clean 50 ml falcon tube. Plunger is
placed in the syringe, and the solution is pushed through the filter until 35 ml of cleared
lysate is recovered. 14 ml ZymoPure Binding buffer is added to cleared lysate, and
mixed thoroughly by inverting the tube 10 times. 50 ml reservoir is removed from the

top of the ZymoSpin V-P Column Assembly and placed into a 50 ml falcon tube. It is
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important to make sure that the connection between the 15 ml conical reservoir, and
V-P column is finger tight. 14 ml of the mixture is added to 15 ml conical reservoir &
V-P column assembly, and centrifuged at 500 x g for 2 minutes. This step is repeated
until the entire sample is passed through the column, and the 50 ml falcon is emptied
in between the centrifuge steps. 5 ml ZymoPure Wash 1 buffer is added to the column,
and centrifuged at 500 x g for 2 minutes. After the 50 ml falcon is emptied, and the
column is placed back into it, 5 ml ZymoPure Wash 2 buffer is added to the column,
and centrifuged 2 minutes at 500 x g. This step is performed twice. The V-P column
is removed from the 15 ml conical reservoir, and placed in a collection tube. V-P
column in collection tube is centrifuged at > 10,000 x g for 1 minute to remove buffer
residues, and transferred into a clean 1.5 ml eppendorf. 400 pl ZymoPure Elution
Buffer is added directly to the column matrix, incubated at room temperature for 10
minutes, and centrifuged at > 10,000 x g for 1 minute in a micro centrifuge. Following

plasmid isolation all samples are quantified with Nanodrop ND-1000.

3.2.15. Site Directed Mutagenesis of TERT Promoter:

Isolated plasmid containing A172 TERTp distal is serially diluted so that final
concentration was 1,3 ng/ul. Used primers, and final concentration used in PCRs are
shown in Table 3.2.2. 2x Phusion Mater Mix with High GC (Thermo Scientific) is
used for mutagenesis PCRs. For primer pairs with annealing temperatures higher than
72°C DMSO is added to reactions. Final DMSO percentages are listed in Table 3.2.3.
Each reaction contains 10 pl 2x Phusion premix, 1 pl plasmid, 2 pl forward, and
reverse primer mix, and completed to 20 pl with PCR grade water or PCR grade water:
DMSO mixture. For SDM PCRs cycle conditions are 98°C for 1 minute (initial
denaturation), 98°C for 10 seconds, 72°C for 2 minutes 15 seconds (30 cycles), and

72°C for 5 minutes (final extension) except primer pair 11. Cycle conditions for this
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construct is 98°C for 1 minute (initial denaturation), 98°C for 10 seconds, 70.8°C for
15 seconds, 72°C for 1 minute (30 cycles), and 72°C for 5 minutes (final extension).

All SDM PCR products are run on 1% agarose gel for 1.5 hour.

Table 3.2.2: Primer pairs used in site directed mutagenesis experiments, and final

concentrations in the reaction.

Primer | Forward Primer (5’ to Reverse Primer (5’ to | Final Primer
Pair 3’) 3’) Mix
Concentration

SDM1 | GCGCACGTAATAGCC | CAGGGCAATTACGT | 0.5 uM

CTGGCCCCGGC GCGCAGCAGGAC
SDM 2 | GCGAGTTTCCGGCAG | AGCGCTGCCGGAAA | 0.5uM
CGCTGCGTCCTG CTCGCGCCGCGAG
SDM 3 | CCGCGGCCATACCCT | GGAGAGGGTATGG | 0.1 uM
CTCCTCGCGGCG CCGCGGAAAGGAA
G
SDM 4 | CCTTTCCAAGGCCCC | CGGGGCCTTGGAAA | 0.5 uM
GCCCTCTCC GGAAGGGGAG
SDM S | GCCCTCCCATACCCTC | GGGGAGGGTATGG | 0.1 uM
CCCTTCCTTTC GAGGGCCCGGAGG
G

SDM 6 | CAGCCCCTTCCGGGC | GCCCGGAAGGGGCT | 0.1 uM
CCTCCCAG GGGCCGGGG

SDM 7 | GGTCCCCGAACCAGC | GGGGCTGGTTCGGG | 0.1 uM
CCCCTCCGGGC GACCCGGGAGGG

SDM 8 | GACCCCTCCCGGGTC | GACCCGGGAGGGG | 0.5uM
CCCGGCCC TCGGGACGGG

SDM 9 | GGACCCCGAACCGTC | CGGGACGGTTCGGG | 0.05uM
CCGACCCCTCC GTCCGCGCGGAG

SDM GCCTCCTCCAAGCGG | GGGGTCCGCTTGGA | 0.1 uM
10 ACCCCGCCCCATC GGAGGCGGAGCTG
G
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Table 3.2.2: Continued

Primer | Forward Primer (5’ to Reverse Primer (5’ to | Final Primer

Pair 3’) 3’) Mix
Concentration

SDM CCTTCCATATCCGCCT | AGGCGGATATGGA | 0.5uM

11 CCTCCGCG AGGTGAAGGGG

SDM CCCGGGTCCAACCGG | CTGCTCCGGTTGGA | 0.1 uM

12 AGCAGCTGCGCTG CCCGGGGGTCTGGG

SDM GAAGCGCGAACCAGA | GGGTCTGGTTCGCG | 0.1 uM

13 CCCCCGGAGTCC CTTCCCCGCCCG

SDM CTGGAGGCAAACCTG | GACCCAGGTTTGCC | 0.1 uM

15 GGTCTCCGGATC TCCAGGTCCGGAC

SDM CGCCCCGTATCCGGA | GTCCGGATACGGGG | 0.5uM

16 CCTGGAGGC CGTCGGGCTC

SDM CGTCCCCATTCGCGTC | TAGACGCGAATGGG | 0.25 uM

17 TACGCGCCTC GACGAACCCGAG

SDM CCCTCGCCTTCTGAG | GTTCTCAGAAGGCG | 0.5uM

18 AACCTGCAAAG AGGGGTCCCCAC

SDM GACGGGACCTATCCG | CCCACCGGATAGGT | 0.5uM

19 GTGGGTGATTAAC CCCGTCGAGAAAAG

SDM GTGCCGGGTTCCAGG | ACCCTGGAACCCGG | 0.1 uM

20 GTCAAGGCCG CACTCTGTCTG

Table 3.2.3: Final DMSO concentration in the site directed mutagenesis reactions

Primer | Final DNMSO Primer Concentration | Final DNMSO
Concen | Concentration Concentration
tration

SDM1 | %10 SDM 11 %0

SDM 2 | %10 SDM12 %10

SDM 3 | %10 SDM 13 %10

SDM 4 | %0 SDM 15 %10

SDM 5 | %10 SDM 16 %0
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Table 3.2.3: Continued

Primer | Final DNMSO Primer Concentration | Final DNMSO
Concen | Concentration Concentration
tration

SDM 6 | %10 SDM 17 %0

SDM 7 | %10 SDM 18 %0

SDM 8 | %10 SDM 19 %0

SDM 9 | %10 SDM 20 %8

SDM %10

10

3.2.16. Transfection:

All cell lines are plated 24 hours before transfection to 6 well plates with 25 to
50% confluency depending on their doubling time. Per each well of a 6 well plate,
200 pl of serum free DMEM F12 is mixed with 2 ug plasmid DNA, and 4 pl transfex
transfection reagent (ATCC) under the laminar flow. Mixture is vortexed, centrifuged
briefly, and incubated 15 minutes at room temperature. Medium is meanwhile replaced
with 2 ml complete DMEM F12 without P/S. After the incubation is done, 200 pl of
transfex: plasmid complex is added to the different areas of the wells in a drop wise
manner, and incubated 24 hours at 37°C with 5% CO2. For 24 well plates, components

of the mixture are scaled down by 4.

3.2.17. Luciferase Assay:

Four volumes of cell culture grade water is mixed with 5 x cell culture lysis
reagent (Promega), and equilibrated to room temperature prior starting the protocol.
At the 24th hour of transfection, growth medium is removed, and cells are rinsed with
1 x PBS. For 6 well plates, 128 ul lysis buffer is added, culture plates are rocked

several times, and then the cells are scraped. Scraped cells are transferred into 1.5 ml
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eppendorf tubes, and put on ice. Each sample is vortexed 15 seconds, and centrifuged
at 12,000 x g for 15 seconds at room temperature. Supernatant is transferred into a new
1.5 ml eppendorf. 20 pl of the cell lysate is set aside for luciferase assay, and the rest
is stored at -70°C. Luciferase assay reagent is thawed at room temperature, and
equilibrated to room temperature with the samples. 100 pl of the luciferase assay
reagent is dispensed to luminometer tubes for each sample. Luminometer (Lucetta
Single Tube Luminometer, LONZA) is programmed to perform 2 seconds
measurement delay following a 10 seconds measurement read. 20 pl cell lysate is
added to luminometer tube, and mixed by pipetting up, and down for 3 times. The tube
is placed in the luminometer, read is initiated and recorded.

3.2.18. siRNA Transfection:

DNMTI1, DNMT3B, GAPDH, and Non Targeting ON-TARGETplus siRNAs
are purchased from Dharmacon, GE Healthcare. 5 nmol siRNA pellet is resuspended
in 100 pl RNase free 1x siRNA buffer by pipetting up, and down 3-5 times. Tubes are
securely sealed, and placed on orbital mixer for 30 minutes at room temperature. Tubes
are briefly centrifuged, and quantified with Nanodrop ND-1000. For siRNA 13.3 ng/ul
is equal to 1uM. 20 uM siRNA stocks are aliquoted, and stored at -20°C.

A172, Daoy, SW1088, and WI-38 VA-13 subline 2RA are plated one-day prior
transfection to 6, 24 or 96 well plates. 5 uM siRNA solution is prepared with 1x siRNA
buffer from 20 uM stock solution. In separate tubes siRNA, and DharmaFECT
transfect reagent 1 is diluted with serum free antibiotic free DMEM-F12. For each well
of 6 well plates, 10 pl of 5 uM siRNA is mixed with 190 pl medium (tube 1), and 2 pl
DharmaFECT reagent is mixed with 198 pul medium (tube 2). Contents of the tubes are
gently mixed by pipetting, and incubated for 5 minutes at room temperature. Tube 1

and Tube 2 is mixed by pipetting, and incubated for 20 minutes at room temperature.
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1600 pl complete medium without antibiotic is added to achieve transfection medium
with 25 nM final siRNA concentration. Culture medium is aspirated from wells, 2 ml
transfection medium is added to each well, and cells are incubated at 37°C with 5%
CO2. At 24 hours post transfection, medium is changed with complete culture medium
to reduce cytotoxicity. Cells are incubated 48 hours post transfection for gene
expression analysis, and 96 hours post transfection for protein analysis.

3.2.19. Azacytidine and Adriamycin Treatment of Cell Lines:

20 uM Azacytidine (Er-kim), 10 nM Azacytidine (Er-kim), and 10 nM
Adriamycin (Saba Ilag) treatments are used as positive controls for Beta Galactosidase
staining experiments. 20 uM Azacytidine is used for positive controls for qPCR
experiments. A172, Daoy, SW1088, and WI-38 VA-13 subline 2RA seeded onto 6
(for qPCR) or 96 well plates (for Beta Galactosidase staining) one-day prior treatment.
Stocks are diluted in complete medium, and added to the cell culture plates. Mediums
with anticancer drug are replaced with complete medium at the 24th hour, and cultured

until 96 hours post treatment.

3.2.20. RNA Isolation:

At 48-hour post siRNA transfection, growth medium is removed, and cells are
rinsed with 1x PBS twice. Cell are trypsinized, collected, and centrifuged at 500 x g
for 5 minutes. Pellets are washed with 1 x PBS once, centrifuged at 500 x g for 5
minutes, and placed on ice after the supernatant is discarded. RNeasy Mini Kit
(Qiagen) is used for RNA isolation from cell lines, and all steps are performed at room
temperature. 20 pl 2M DTT is added per 1 ml of buffer RLT prior starting the RNA
isolation. 350 pl RLT buffer with DTT is added to the cell pellet, and the pellet is
resuspended. Following resuspension 350 pl freshly prepared 70% ethanol is added to

each sample, and the mixture is transferred to the column. Columns are centrifuged at
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> 8,000 x g for 15 seconds, and the flow through is discarded. 350 ul buffer RW1 is
added, and the samples are centrifuged at > 8,000 x g for 15 seconds. To eliminate
DNA carryover, RNase-free DNase Set (Qiagen) is used. 10 ul of DNase I stock is
mixed with 70 ul buffer RDD, mixed by inverting the tube, and quick spun. 80 pl
DNase I working solution is added directly to the column matrix, and incubated at
room temperature for 15 minutes. 350 pl buffer RW1 is added on top following the
incubation, and samples are centrifuged at > 8,000 x g for 15 seconds. Flow through
is discarded, placed back to the collection tube. 700 pl buffer RW1 is added, and
centrifuged at > 8,000 x g for 15 seconds. Flow through is discarded, 500 ul RPE is
added, and centrifuged at > 8,000 x g for 15 seconds. 500 ul RPE buffer is added again,
and centrifuged at > 8,000 x g for 2 minutes. Columns are transferred into a new
collection tube, and centrifuged at maximum speed for 1 minute to eliminate RPE
buffer remains. Columns are transferred into 1.5 ml eppendorf tubes, and 30 ul RNase
free water is added directly to the column matrix. After centrifugation at > 8,000 x g
for 1 minute. Concentration, and quality of RNA samples are measured with
Nanodrop ND-1000. Samples are stored at -20°C for short term, and at -80°C for long
term storage.

3.2.21. cDNA Synthesis:

Transcriptor HighFidelty cDNA synthesis kit (Roche) is used for cDNA
synthesis. Kit reagents are thawed on ice prior to use. For Daoy, A172, and WI-38
VA-13 subline 2RA 3 ug RNA is used for cDNA synthesis. For SW1088 1 ug RNA is
used for cDNA synthesis. 1 pl anchored oligo(dt) primer is added to RNA samples in
PCR tubes. Volume of the tube is completed to 11,4 pl with nuclease free water.
Reagents are mixed, centrifuged briefly, and incubated at 65°C for 10 minutes. After

the incubation is done, tubes are immediately placed on ice. 4 pl 5x reaction buffer,
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0.5 pl RNase inhibitor, 2 ul ANTP mix, 1 ul DTT, and 1,1 pl reverse transcriptase are
added to each RNA: primer: water mix on ice. Tubes are mixed carefully, briefly
centrifuged and placed into a thermal cycler with a heated lid. Samples are incubated
at 50°C for 30 minutes, and 85°C for 5 minutes. After the incubation is done, samples
are diluted with nuclease free water, and stored at -20°C until further use.

3.2.22. qPCR:

Sensifast SYBR No ROX 2x master mix (Bioline) is used for qPCR
experiments. Primers are listed in Table 3.2.4. For 20 pl reaction, each tube contains
10 pl 2x master mix, 2 pl primer mix or 1 pl of each primer, 6 pl PCR grade water,
and 2 pl cDNA. Reactions are carried out in Mic qPCR (Bio Molecular Systems).
Cycle conditions are 95°C for 2 minutes (initial denaturation), 95°C for 5 seconds,
60°C for 10 seconds, and 72°C for 20 seconds, total of 45 cycles. Gene expression is

calculated by normalizing to RPL13A (neuro-housekeeping gene), and delta delta Ct

method.
Table 3.2.4: List of qPCR primers.
Primer | Forward (5’ to 3°) Reverse (5’ to 3’)
pair
ATRX | CGCTGAGCCCATGAGATAAA | AGTGCAGCTCACAATCCCAT
CBX3 | TGTACAGGAGAGTTCGCTGC | GAGCTATTACGTTCGCGGC
DAXX | CGAGAGACGGTTTCTGAGCA | GCTGTTAGCGGTGGCCATA
GG
DNMT | TGGAAAGAGACAGCTTAACA | CGTAATTTGGTTTCCAAGTC
1 GAA ACATA
DNMT | ACCGGCCATACGGTGGA GTGTTGAGCCCTCTGGTGAA
3A
DNMT | TCGTGCAGGCAGTAGGAAAT | GCCATTTGTTCTCGGCTCTG
3B
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Table 3.2.4: Continued

Primer | Forward (5’ to 3’) Reverse (5’ to 3°)

pair

FEN1 CCGCTAAGCTGAGAAGGGAG | GGAGGGATGACTGGCCTTTG

RPL13 | AGCCTACAAGAAAGTTTGCC | TCTTCTTCCGGTAGTGGATC

A TAT TTGGC

TERT | TGTCAAGGTGGATGTGACGG | GAGGAGCTCTGCTCGATGAC

TR CCCTAACTGAGAAGGGCGTA | AGAATGAACGGTGGAAGGC

G

TRF2 | AGCCCTACCTCCTCACGATG | AGGATTCCGTAGCTGCCTTG

WRN GAAAGAAAGGCATGTGTTCG | TGGGGAAAAACTGACATGG
GA AAGA

3.3.23. Population Doubling Assay:

Cells are counted with Biirker counting chamber prior seeding to 24 well
plates, and incubated at 37°C with 5% CO2 for 96 hours, post siRNA or cytotoxic drug
treatment. Cells are washed with 1x PBS twice, trypsinized, and counted. Formulas
for population doubling assays are given below.

Cells underwent n population doublings = 3.32 x (log (Number of cells
harvested)-log(Number of cells inoculated))

Multiplication rate (r) = 3.32 x (log (Number of cells harvested)-log (Number
of cells inoculated))/(t2-t1)

Population doubling time (PDT) = 1/r

3.3.24. Beta Galactosidase Staining:
To measure replicative senescence, SA f-gal staining kit (9860S, Cell
Signaling Technologies) is used according to manufacturer’s suggestions. Fixative

solution is diluted to 1x with dH2O prior starting to staining protocol. Culture medium
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is aspirated, and each well is washed with 500 pl 1 x PBS for 24 well plates. PBS is
removed, 250 pl 1x fixative solution is added, and cells are incubated for 15 minutes
at room temperature. Staining solution is prepared by re-dissolving 10x staining
solution at 37°C while shaking, and diluting to 1x. For each well, Beta Galactosidase
staining solution is prepared by mixing 232.5 ul staining solution, 2.5 ul staining
solution supplement A, 2.5 ul staining solution supplement B, and 12.5 pl 20 mg/ml
X-gal in DMF. pH should be between 5.9 and 6.1 for successful staining. After
staining, fixative solution is aspirated, and wells are washed twice with 500 pl 1x PBS.
250 pl Beta Galactosidase staining solution is added, and cells are incubated at 37°C
over-night in a dry incubator. Cells are checked for blue color development, beta gal
staining solution is removed, 70% glycerol is added, and wells are imaged using
Olympus DP71 CKX41. Plates are stored at 4°C after imaging. Image quantification
is done using Fiji (ImageJ) software. Unbiased and blind measurements were followed
in counting.

3.3.25. Telomere Length Measurement:

Fast Start SYBR Green Master (Roche) is used for telomere length
measurements in zebrafish tissues. DNA samples are diluted to 10 ng/ul, and measured
with Nanodrop ND-1000 prior setting up the reaction. Primer pairs are listed below in
the Table 3.2.5. 20 pl reaction contains 10 pl 2x Fast Start SYBR Green Master, 2 pl
DNA,2 pl primer mix, and 6 pul PCR grade water. Reactions are performed in a
LightCycler® 480 (Roche). Cycle conditions are 95°C for 10 min (initial
denaturation), 95°C for 15 seconds, and 60°C for 1 minute (total of 40 cycles). Relative
telomere length is calculated by the formula 2”-(Cttelo- Ctp3dio).

Sensifast SYBR No ROX 2x master mix (Bioline) is used for telomere length

measurements in cell lines. DNA samples are diluted to 10 ng/ul, and measured with
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Nanodrop ND-1000 prior starting the protocol. Primer pairs are listed below in the
Table 3.2.5. 20 pl reaction contains 10 pl 2x master mix, 2 ul DNA, 2 pl primer mix,
and 6 ul PCR grade water. Reactions are carried out in Mic qPCR (Bio Molecular
Systems). Cycle conditions are 95°C for 3 minutes (initial denaturation), 95°C for 5
seconds, 60°C for 15 seconds, and 72°C for 20 seconds, total of 40 cycles. Relative

telomere length is calculated by the formula 2”-(Cttelo- Ct36b4).

Table 3.2.5: List of telomere length measurement primers.

Primer Forward (5’ to 3°) Reverse (5’ to 3’)
pair

zebrafish- | ATAGTAGGATAGGGTTTTG | CCTTCAATTCTTCAAAAAAT
Telo GTTTTG TAACTC

zebrafish- | GGGGACGGCAGAAGAAAT | AGGTCCACACTAAGCAAGCC
P3dio GA

human- CGGTTTGTTTGGGTTTGGGT | GGCTTGCCTTACCCTTACCC

Telo TTGGGTTTGGG TTTGGGTT | TTACCCTTACCCTTACCCT
human- | CAGCAAGTGGGAAGGTGT | CCCATTCTATCATCAACGGG
36B4 AATCC TACAA

3.3.26. qTRAP:

Culture medium is removed, washed twice with 1x room temperature PBS, and
trypsinized. Cells are counted with a Biirker counting chamber. 300.000 cells are
centrifuged at 500 x g for 5 minutes, and resuspended in 1 ml 1x room temperature
PBS. Cells are centrifuged at 650 x g for 5 minutes at 4°C. PBS is removed, and 75 pl
freshly prepared 1x Chaps Lysis is added. Samples are incubated for 30 minutes on
ice, and then centrifuged at 14.000 rpm for 20 minutes at 4°C. Cell lysate is transferred
into a new tube, aliquoted, and stored at -80°C until use. ACX: 5’- GCG CGG CTT
ACC CTT ACC CTT ACC CTA ACC-3’ and TS: 5’- AAT CCG TCG AGC AGA

GTT-3’ used as primers. Components, and cell lysates are thawed on ice prior to use.
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5 ul cell lysate (4000 cells/ul) is mixed with 0.9 pl 10x TRAP buffer, 0.4 pul 10 mM
dNTP, 1ul 14.49 uM primer TS, 1 pl 1 mg/ml BSA, and 0.6 ul PCR grade water.
Samples in 0.2 ml PCR tubes are incubated at 30°C for 30 minutes, and at 95°C for 5
minutes. Tubes are immediately put on ice. Mixture of 10 pl 2x Sensifast SYBR master
mix, 1 pl 4.44 uM primer ACX, and 0.1 pl 10x TRAP buffer is added. Reactions are
transferred into mic qPCR tubes, and placed inside the instrument. Cycle conditions
are 95°C for 2 minutes (initial denaturation), 95°C for 5 seconds, 50°C for 6 seconds,
and 72°C for 10 seconds (total of 45 cycles), followed by a melt curve. Calculations
are made by plotting a standard curve using positive control dilution series vs. log10
of number of cells. Unknown test sample data is converted to relative telomerase
activity by using the linear equation.

3.3.27. Statistical Analysis:

The GraphPad Prism 8 (GraphPad Software, Inc.) was used for statistical
analysis. For zebrafish experiments homogeneity of variance is tested with
Kolmogorov-Smirnov and Sharpio-Wilk tests. For cases with equal variance
univariate analysis of ANOVA is used, followed by Tukey’s test. For cases with
unequal variance, non-parametric Kruskal-Wallis test is used, followed by Dunn’s test.
For human cell line experiments, homogeneity of variance is tested with Sharpio-Wilk
tests. In Luciferase assay experiments, RM One-Way ANOVA with Geisser-
Greenhouse correction and Sidak’s multiple comparison is used for data analysis. In
population doubling time experiments and Beta-Galactosidase staining experiments,
Ordinary One-Way ANOVA with Dunnet’s multiple comparisons is used for data
analysis. In qTRAP experiments, Ordinary One-Way ANOVA with Geisser-
Greenhouse correction and Sidak’s multiple comparisons is used for data analysis. In

gene expression analysis experiments, Ordinary One-Way ANOVA with Dunnet’s
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multiple comparisons is used in the analysis. In all experiments, a cut off of p<0.05 is

used for statistical significance determination.
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CHAPTER 4
RESULTS
4.1. Telomere Lengths Change Throughout Aging in All Organs

Comparison of telomere length during aging in different zebrafish organs are
shown in Figure 4.1 and 4.2. In heart samples, telomere length increases after the 8th
month and stay relatively high until the 19th month. Kruskal-Wallis test for multiple
comparison showed significant effect of age on telomere lengths in heart samples
(KW=10.34, p=0.0159). The Dunn’s test revealed a significant change in telomere
length at 19th and 25th months of age in heart. In brain samples, telomere length seems
to fluctuate between ages. Telomeres lengthen between the 13th and the 19th months,
reaching the lowest levels at 25 months of age. Kruskal-Wallis test shows a significant
effect of age on telomere lengths in brain samples (KW=8.958, p=0.029). With
uncorrected Dunn’s test, we found significant change in telomere length between 8-
and 25-month (p=0.0113) and 19- and 25-month (p=0.0241) For heart and brain
samples, transition between 19th and 25th months of age seems critical for telomere
erosion. Overall telomere length average, for all ages is 36.25 (SE: 7.675, n=21) for
the heart, and 17.8 (SE: 4.365, n=22) for the brain.

For the rest of the organs, no significant change in telomere length was found
in the aging process. Intestine, spleen, and gills have the highest numerical differences
at 19 months of age. Muscle and skin showed varied telomere lengths through aging.
Spleen, skin, and caudal fin have overall higher telomere lengths, in accordance with
their regenerative capacities. The high variation within a group indicates that there are
individual differences. Although we group fish according their age, and assume normal
distribution in the group, fish of the same age exhibit different cellular characteristics.

These results show that telomere length depend on the organ type and is variable
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throughout the lifespan.
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Figure 4.1: Relative telomere length in aging zebrafish heart and brain. Y-axis shows the age in
months and X-axis shows the relative telomere length. Graphs are drawn using GraphPad Prism. Error
bars represent the +SEM. *: p =0.03, #: p=0.0113, ##: p = 0.0241.
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Figure 4.2: Relative telomere length in aging zebrafish organs. Y-axis shows the age in months and
X-axis shows the relative telomere length. Graphs are drawn using GraphPad Prism. Error bars represent
the +SEM.

4.2. Brain Samples Show Variation in Distal Upstream Zebrafish TERT Gene
Methylation
Due to high sample variation in telomere length, distal TERT promoter region

in individual tissues is analyzed with bisulfite sequencing for brain, skin, spleen, and
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muscle samples. These tissues were selected because they showed different critical
periods for telomere shortening. Brain and spleen showed a similar pattern, with an
increase between 13th and 19th month and a decrease between 19th and 25th month.
Muscle had stable telomere length until throughout aging process. Skin samples
showed a reversed pattern, with long telomeres only at 8 months.

Figure 4.3, 4.4, 4.5 and 4.6 shows sequence alignment of the bisulfite converted
distal TERT promoter. Figure 4.3 and Figure 4.7 shows the hypo-methylated site at
chromosome 19 position 627,118 (-972) in brain samples N9 and N10 in detail. These
are shown with an arrow. For skin (Figure 4.4), spleen (Figure 4.5), and muscle (Figure
4.6) this region is conserved. These samples did not show methylation changes in

transcription binding sites at the distal TERT promoter.

Sample
ID

* * * * * * * *

N1t 1>~~T-C-GC-CT-AAGC-TTGG-TTGG-TTTAGTTT-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>87

N1l 1>~~T-C-GC-CT-AAGC-TTGG-TTGG-TTTAGTTT-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>87

N14  1>~~T-C-| TT ~-TTTAGTTT-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>87

N12 1>~ C—| TTAGTTT-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>89

N1 GTTM%TCGGTT TTC T 'GGTTTTAGTTTTGGTTTC| TTTTGTTTTCGGTTTA>91
A -T-G

N23 -TTGG: TCGGTT TTCG-GT' 'GGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>80
N24 —-TTGG-TTTA( T-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>88
N5 T TTAGTTT-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>89
N6 -TTGG-TTTA( T-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>85
N9 —TTGG—gTA T-T-GGTTTCGGTTTTAGTTTCG-GTTTTGGTTTTAGTTTTGGTTTC-GGTTTTGTTTTCGGTTTA>87
N10 -TTGG-

TA("I‘T—T—GGTTTCGGTTTTAGTTTCG—GTTTTGGTTTTAGTTTTGGTTTC—GGTTTTGTTTT.GGTTTA) 84

* * * * * * * * * *
88>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>187
88>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>187
88>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>187
90>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>189
92>GTCGTATCGGTTTAGAGTAGTA( TCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>191
81>GTCGTATCGGTTTAGAGTAGTA( TCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>180
89>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>188
90>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>189
86>GTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>185
88>GTC GTA;EgTTTAGAGTAGTAGTT}FGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATAC GGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>187

8 5>G'IFTA TTTAGAGTAGTAGTT GTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTG>184
X b
* * *

188>AAGAATTGAAGG A >200
188>AAGAATTGAAGG A >200
188>AAGAATTGAAGG AATCCCAAAC>209
190>AAGAATTGAAGG A >202
192>AAGAATTGAAGG AGAA >207
L6 A A ACARACCAGAACCCCACAACTACAATCGGAAGGG0GGCaGGGGACGAGCGCCCCCTGOCACACGETACCTOTATTT &~~~ >269
189>AAGAATTGAAGG A >201
1A T3S CARAAT TACAATTTCTCATCTTC TG TAGGAGGGTGAAGCTTARGACAGARRAGAGATARARTAGARGTCAGCAGATCC? - >280
186>AAGAATTGAAGG >198
188>AAGAATTGAAG >198
185>AAGAATTGAAGG >196

Figure 4.3: Sequence alignment of distal TERT promoter site in brain samples. Aligned sequences
are from N11,N14,N12, N1, N23, N24, N5, N6, N9, and N10 respectively. Disrupted Sp1 binding sites
are shown with an arrow. Alignments are made to sample N11 with Ape-A plasmid editor
v2.0.Mismatches are highlighted with red and gaps are shown with hyphen.
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ID
* * * * * * * *
N12 G-CAT-GAG-A--GG-CTTAGTTTTGGTTTCTGGATTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>83
N17 A TA TTGGTTT TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>79
N14 iTTGGT’I‘T TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>79
N1 TTGGTTT TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>86
N24 AGTTTTGGTTT: TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>85
NS TTGGTTT TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>82
N6 TTGGTTT TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>82
N9 TAGTTTTGGTTT TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>84
N10 TAGTTTTGGTTT TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGT>86
* * * * * * * * * *

84>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>183
80>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>179
80>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>179
87>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>186
86>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>185
83>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>182
83>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>182
85>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>184
87>TTAGTCGTATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTT>186

* *

184>TTGAAGAATTGAAGGA-CA >201
180>TTGAAGAATTGAAGGA >195
18 0>TTGAAGAATTGAAGGA—.A-= >199
187>TTGAAGAATTGAAGGA~~~~~ >202

18T A TR AT AT CART TCTCAGCTTATG GG ATGATG T TATAG T TT T TG T TARAGGCCARAAGGATGTCAATACTTTASTGACCATTAT -2 2
183>TTGAAGAATTGAAGGA~

~~~>198
183>TTGAAGAATTGAAGGA >198
185>TTGAAGAATTGAAGGA >200
187>TTGAAGAATTGAAGGA >202

Figure 4.4: Sequence alignments of distal TERT promoter site in skin samples. Aligned sequences
are from N12, N17, N14, N1, N24, N5, N6, N9 and N10 respectively. Alignments are made with Ape-

A plasmid editor v2.0. Mismatches are highlighted with red and gaps are shown with hyphen.

Sample

ID
N12

* * * * * * * * *

-T—AAACGGCATT GCTTGG-ATTAGTTTTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>92
ATT

N17 TTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>83
N14 TAGTTTTGGTTTCG TTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>94
N1 TAGTTTTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>91
N23 TAGTTTTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>94
N6 TAGTTTTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>91
N9 TTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>92
N10 TAGTTTTGGTTTCGG-TTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCG>90

* * * * * * * * * *

93>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>192
84>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>183
95>TA" TTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>194
92>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>191
95>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>194
92>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>191
93>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>192
91>TATCGGTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGA>190

* * *

193>ATTGAAGGA >201
184>ATTGAAGGAAAAACCAAAACCCTATCCAACTATAARA>220
195>ATTGAA >202
192>ATTGAAGGA >200
195>ATTGAAGGA >203
192>ATTGAAGGA >200
193>ATTGAAGG >200
191>ATTGAAGGA >199

Figure 4.5: Sequence alignments of distal TERT promoter site in spleeen samples. Aligned
sequences are from N12, N17, N14, N1, N23, N6, N9 and N10 respectively Alignments are made with

Ape-A plasmid editor v2.0. Mismatches are highlighted with red and gaps are shown with hyphen.
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Sample

ID « * N * * * * * *

NI2 1>ACTG—ATCGGCATTGGATTGG TTTAG-TTTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>97
NI7 1>~~~G-A G-TTTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>90
N12 1>ACTG-A AG-TTTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>97
NI 1> TGG TTTA TTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>93
N23 1> F TGG-TTTAG-TTTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>96
N5 1> TC GCAT GATT TTA TTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>100
N6 1> G: TTG T TTA TTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>96
No 1> C TTG TGG-TTTA( TTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>96

N10 1] C GGITTGG TTTAG-TTTGGTTTCGGTTTTAGTTTCGGTTTTGGTTTTAGTTTTGGTTTCGGTTTTGTTTTCGGTTTAGTCGTATCG>93

* * * * * * *
98>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>197
91>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>190
98>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>197
94>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>193
97>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>196

101>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>200
97>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>196
97>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>196
94>GTTTAGAGTAGTAGTTTCGGTTTAATTGGCGGAGTTGTAGATATTTAATTTGGATACGGTTTTTTTATAGTTAATAGCGAGTTAATTTTTGAAGAATTGA>193

* * *
198>AGG A >201
191>A >270
198>AG! >201
194>AGG A >197
197>AGG A >200
201>AGG A >204
197>AGG >199
197>AGG AAAAACCTTATCCCTATCTAA>220
194>AGG >197

Figure 4.6: Sequence alignments of distal TERT promoter site in muscle samples. Aligned
sequences are from N17, N12, N1, N23, N5, N6, N9 and N10 respectively. Alignments are made to
sample N12 with Ape-A plasmid editor v2.0. Mismatches are highlighted with red and gaps are shown

with hyphen.
Brain samples of N9 and N10 had extremely short telomeres that can be
explained by a change in binding capacity of SP1 transcription factor at the 972nd

position from tert transcription start site. Figure 4.7 shows brain samples in detail with

an alignment to the reference sequence of interest (labeled as ORI, obtained from

NCBI). Sp1 binding site is indicated with an underlie, and the change in the nucleotide

1s indicated with bold letters.

Fligh Methylation Sequence Sample

Ori - CCGCACCGGCCCAGAGCAGCAGCTTCGGTTCA ID

N24 Yes TCGTATCGGTTTAGAGTAGTAGTTTCGGTTTA SPYS py DR
N23 Yes TCGTATCGGTTTAGAGTAGTAGTTTCGGTTTA N23- ]
N14 Yes TCGTATCGGTTTAGAGTAGTAGTTTCGGTTTA N14

N12 Yes TCGTATCGGTTTAGAGTAGTAGTTTCGGTTTA N12

N1 Yes TCGTATCGGTTTAGAGTAGTAGCTTCGGTTTA N1

N5 Yes TCGTATCGGTTTAGAGTAGTAGTTTCGGTTTA N5

N6 Yes TCGTATCGGTTTAGAGTAGTAGTTTCGGTTTA N6

N9 No TCGTATTGGTTTAGAGTAGTAGTTTTIGGTTTA N9=§

N10 No TTGTATTGGTTTAGAGTAGTAGTTTTGGTTTA N10-

T T 1
0 100 200 300

Relative Telomere Length

Figure 4.7: Relative telomere length in individuals and methylation status between 627,112 and

627,

137 of chromosome 19. Table shows fish ID, methylation status and alignment to reference

sequence. Graph is drawn using GraphPad Prism. Error bars represent the +SEM.
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4. 3. Hypomethylation at ch19: 627,118 (-972 from tert transcription start site) is
Related with Aging in Zebrafish Brains

To further analyze hypomethylation at ch19: 627,118 (-972) position of TERT
promoter, zebrafish brain samples from a previous study [62] are used for bisulfite
sequencing experiments (Figure 4.8). In the old animals (26 to 32.5 months old), four
out of five samples had the same hypomethylation mark at the -972nd position whereas

none of the young animals (8 to 8.5 months old) show hypomethylation at the -972nd

position.
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young old

Figure 4.8: Relative telomere length and methylation status in -972th position of TERT promoter
in young and old zebrafish brains. Y axis shows the relative telomere length and X axis shows the
age groups. Individual data points are color coded according to their methylation status, where
methylation is shown with black and hypo-methylation is shown with white. Graph is drawn with
GraphPad Prism. Error bars represent the +SEM.

4. 4. Mutations at SP1 Binding Sites Abrogate Promoter Activity in Brain Cancer
Cell Lines

To further analyze SP1 binding to TERT promoter and its regulatory role,
A172, Daoy, and SW1088 cell lines are transfected with mutant and wild type TERT
promoters in pGl3 plasmid vector. Transfected cells are subjected to luciferase assay
24 hours post transfection. Normalized promoter activities are shown in Figure 4.9 and

4.10, and normalized to TERT distal promoter without mutation (no mutation).
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Repeated measures One-Way ANOVA with Geisser-Greenhouse correction and with

Sidak’s multiple comparison is applied to data.

Table 4.1: Effect of SP1 binding site mutations on TERT promoter activity

Plasmid ID A172 Daoy SW1088
Sdm 1 6.6 fold reduction | 20 fold reduction | 5 fold reduction
Sdm 2 No activity No activity No activity
Sdm 3 10 fold reduction | No activity 50 fold reduction
Sdm 4 40 fold reduction | No activity No activity
Sdm 9 No activity No activity No activity
Sdm 13 No activity No activity No activity
Sdm 16 No activity No activity No activity
Sdm 17 10 fold reduction | 12.5 fold 5 fold reduction
reduction
Sdm 18 10 fold reduction | 8.3 fold reduction | 2 fold reduction
Sdm 19 No activity No activity No activity

SDM 2 (A172 p=0.0012, F=1.808, Daoy p=0.0007, F= 1.808, SW1088
p=0.0006, F=0.2324), SDM 9 (A172 p=0.0014, Daoy p=0.0007, SW1088 p=0.0005),
SDM 13 (p=0.0014, Daoy p=0.0007, SW1088 p=0.0005), SDM 16 (A172 p=0.0014,
Daoy p=0.0007, SW1088 p=0.0005) and SDM 19 (A172 p=0.0014, Daoy p=0.0007,
SW1088 p=0.0005) abrogated promoter activity completely in all cell lines. SDM 4
showed very low activity only in A172 (p=0.0013) and completely abrogated the
promoter activity in Daoy (p=0.0007) and SW1088 (p=0.0006) cell lines. Other mutant
promoters showed varied promoter activity depending on cell type. SDM1 reduced
promoter activity 6.6 fold in A172 (p=0.0011), 20 fold in Daoy (p=0.0007), and five-
fold in SW10888 (p=0.0012). SDM3 reduced ten-fold in A172 (p=0.0013) and
SW1088 (p=0.0008), 50 fold in Daoy (p=0.0002). SDM4 completely abrogated
promoter activity in Daoy (p=0.0002) and SW1088 (p=0.0006) whereas reduced 40
fold in A172 (p=0.0013). SDM 17 reduced promoter activity ten-fold in A172

(p=0.0005), 12.5 fold in Daoy (p=0.0002) and five-fold in SW1088 (p=0.0015). SDM
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18 resulted in ten-fold reduction in A172 (p=0.0005), 8.3 fold in Daoy (p=0.0002) and

2 fold in SW1088 (p=0.0032).
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Figure 4.9: Normalized promoter activity in A172 and Daoy cell lines. Y axis shows the relative
promoter activity and X axis lists the mutant and wild type TERT distal promoter. A) A172. B) Daoy.

No mutation value is set to 1. Graphs are drawn using GraphPad Prism. Error bars represent the +SEM.
kK.
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Figure 4.10: Normalized promoter activity in SW1088 cell line. Y axis shows the relative promoter
activity and X axis lists the mutant and wild type TERT distal promoter. No mutation value is set to 1.
Graphs are drawn using GraphPad Prism. Error bars represent the +SEM. ***: p<(0.001

4.5. DNA Methylation Inhibition Through RNAi Does Not Change Population

Doubling Time in Brain Cancer Cell Lines

>
=]
(@]

A172 Daoy SW1088
n B 0
5 5 g 60~
2 2 3
£ ry £
g £ 2
E = E
= ® £
£ £ 2
2 : g
a a 8
e c
8 2 S
g 3 k]
g g &
o & o
siRNA treatment SiIRNA treatment

siRNA treatment

Figure 4.11: Population doubling time in brain cancer cell lines. Y axis shows the population
doubling time in hours and X axis lists the treatment type. Population doubling time in A) A172, B)
Daoy, C) SW1088. Final concentration of 25 nM siRNA is used for transfection. Scrambled is non-
targeting siRNA. Graphs are drawn using GraphPad Prism. Error bars represent the +SEM.

siRNA treated cells are tested for population doubling time to investigate the
effect of DNA methylation machinery on proliferative capacity. Population doubling

times are given at Figure 10 and scrambled siRNA is non-targeting siRNA. Ordinary
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One-Way ANOVA with Dunnet’s multiple comparisons is applied to data. No
treatment group is the control group. None of the cell lines showed a significant change
in population doubling time with siRNA treatment (A172 p=0.323, F=0.8330, Daoy

p=0.5579, F=1.526, SW1088 p=0.1326, F=3.379).

4.6. Inhibition of DNA Methylation Have Different Outcomes on Cellular
Senescence Induction Depending on Cell Type

To investigate the relationship between DNA methylation and proliferative
capacity, siRNA and cytotoxic drug treated cells are stained for Beta-Galactosidase
and shown in Figure 4.11. Ordinary One-Way ANOVA with Dunnet’s multiple
comparisons is applied to the samples, no treatment group is the control group.

In A172 cell line Adriamycin, a chemotherapeutic agent that blocks
topoisomerase 2, increased the number of senescent cell significantly (p=0.0026,
F=6.375). DNMT1 and DNMT3B siRNA treatment, 10 uM Azacytidine, and 20 uM
Azacytidine treatment also numerically increased the number of senescent cells, even
though there is no statistical significance (Figure 4.12A).

In Daoy cell line, none of the treatments resulted in a statistically significant
increase in the number of beta Galactosidase positive cells (p=0.4644, F=1.013)
(Figure 4.12B). In SW1088 cell line, number of beta Galactosidase positive cells
significantly increased with DNMT1 siRNA (p=0.0201, F=35.11) and DNMT3B
siRNA (p<0.0001) treatment. 10 nM Azacytidine, a chemical agent that blocks DNA
Methyltransferases, also increased the number of senescent cells (p<0.0001) (Figure
4.12C). DNMTT siRNA treatment increased the number of senescent cells by 10-fold
(p=0.0201), DNMT3B siRNA treatment increased the number of senescent cells by
25-fold (p<0.0001), and 10 nM Azacytidine treatment increased the number of

senescent cells by 35-fold (p<0.001).
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Figure 4.12: Beta-Galactosidase staining in brain cancer cell lines. Y axis shows the percentage of
Beta-Galactosidase positive cells and X axis shows the treatment. Final concentration of 25 nM siRNA
is used for transfection. A) A172, B) Daoy, C) SW1088. Scrambled is non-targeting siRNA. Graphs
are drawn using GraphPad Prism. Error bars represent the +SEM. *: p<0.05, ***: p<0.001, ****:
p<0.0001.
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4.7. Inhibition of De Novo DNA Methylation Machinery Affects Telomerase
Activity in Brain Cancers

To investigate the relationship between DNA methylation machinery and
telomere maintenance, siRNA treated cell lines are subjected to quantitative telomeric
repeat amplification protocol (qTRAP) 96 hours post transfection (Figure 4.13).
Ordinary One-Way ANOVA with Sidak’s multiple comparisons test is used for data

analysis. No treatment group is used as the control group.

qTRAP
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Figure 4.13: Effect of RNAi treatment on telomerase activity. Y axis show the relative telomerase
activity and X axis shows the cell type and treatment. Hek293t is used for positive control. Serial
dilution of Hek293t is required for standard curve generation, where linear equation is used for relative
telomerase activity measurement. Scrambled is non-targeting siRNA. Graph is drawn using GraphPad
Prism. Error bars represent the +SEM. *: p<0.05, **: p<0.01.

Amongst the brain cancer cell lines, Daoy had the highest telomerase activity.
Silencing of DNMT3B reduced telomerase activity in all brain cancer cell lines
whereas silencing of DNMT1 had no visible effect on telomerase activity. In A172

cell line, telomerase activity is reduced by two-fold with DNMT3B siRNA transfection
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(p=0.0120, F=7.111) and remained unchanged with DNMT1 siRNA transfection. In
Daoy, DNMT3B silencing reduced telomerase activity by 2.5-fold (p=0.0073,
F=6.823). In SW1088, short term silencing of DNMT3B reduced telomerase activity
by three-fold (p=0.0320, F=7.908). In both cell lines, DNMTI1 inhibition did not
change the telomerase activity.
4.8. Inhibition of DNA Methyltransferases Does Not Change TERT Expression
however, Changes hTR Expression in Brain Cancer Cell Lines

To better understand the relationship between telomerase activity and DNA
methylation machinery, brain cancer cell lines and WI-38 VA-13 Subline 2RA are
transfected with siRNA or treated with 20 uM Azacytidine, and analyzed for gene
expression 48 hours post treatment. In siRNA treated cells DNA Methyltransferase
silencing is controlled with qPCR using primers against DNMT1, DNMT3A and
DNMT3B. Ordinary One-Way ANOVA with Dunnet’s multiple comparisons test is
used for analysis. Outliers are identified with Grubbs test, with alpha set to 0.05 and
removed from the data. Non Targeting siRNA (Scrambled) is used as the control
group. In A172 cell line DNMT1 siRNA treatment numerically decreased DNMT1
expression 48 hours post transfection (Figure 4.14A). DNMT3A expression remained
unchanged in DNMTI1, DNMT3B, and scrambled siRNA treatments as expected
(Figure 4.14B). DNMT3B siRNA treatment did not result in a decrease in DNMT3B
expression levels (Figure 4.14C). In Daoy cell line, DNMT1 siRNA treatment
numerically reduced the DNMT]I expression (Figure 4.15A). DNMT3A expression
remained the same in all treatments (Figure 4.15B). DNMT3B expression was

significantly reduced in DNMT3B siRNA treated Daoy cells (Figure 4.15C).
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Figure 4.14: Expression of DNA Methyltransferase in A172 cell line 48 hour post treatment. Y
axis shows the normalized relative gene expression and X axis shows the treatment type. Final
concentration of 25 nM siRNA is used for transfection. A) DNMT1 expression levels, B) DNMT3A
expression levels, C) DNMT3B expression levels. Scrambled is non-targeting siRNA. Graphs are drawn
using GraphPad Prism. Error bars represent the +SEM.
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Figure 4.15: Expression of DNA Methyltransferase in Daoy cell line 48 hour post treatment. Y
axis shows the normalized relative gene expression and X axis shows the treatment type. Final
concentration of 25 nM siRNA is used for transfection. A) DNMT1 expression levels, B) DNMT3A
expression levels, C) DNMT3B expression levels. Scrambled is non-targeting siRNA. Graphs are drawn
using GraphPad Prism. Error bars represent the +SEM. *: p<0.05

In SW1088, treatment with siRNA against DNMT1 reduced the expression
levels numerically. Interestingly, in this cell line DNMT3B siRNA treatment
numerically increased the DNMTI1 expression levels (Figure 4.16A). Numerical
changes in DNMT3A expression levels was observed in all groups (Figure 4.16B).

DNMT3B siRNA treatment numerically reduced the DNMT3B and DNMT]1 levels
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(Figure 4.16C). In VA-13, DNMT1 was numerically reduced with siRNA treatment
against DNMT1 (Figure 4.17A). DNMT3A expression levels remained the same in all

groups (Figure 4.17B) and DNMT3B siRNA treatment was not effective (Figure

4.17C).
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Figure 4.16: Expression of DNA Methyltransferase in SW1088 cell line 48 hour post treatment. Y
axis shows the normalized relative gene expression and X axis shows the treatment type. Final
concentration of 25 nM siRNA is used for transfection. A) DNMT1 expression levels, B) DNMT3A
expression levels, C) DNMT3B expression levels. Scrambled is non-targeting siRNA.Graphs are drawn
using GraphPad Prism. Error bars represent the +SEM.
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Figure 4.17: Expression of DNA Methyltransferase in VA-13 cell line 48 hour post treatment. Y
axis shows the normalized relative gene expression and X axis shows the treatment type. Final
concentration of 25 nM siRNA is used for transfection. A) DNMT1 expression levels, B) DNMT3A
expression levels, C) DNMT3B expression levels. Scrambled is non-targeting siRNA.Graphs are drawn
using GraphPad Prism. Error bars represent the +SEM.
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TERT expression was highest in Daoy amongst the cell lines (Figure 4.18A).
DNMTI1, DNMT3B and 20 uM Azacytidine treatments showed no statistically
significant effect on TERT expression levels in brain cancer cell lines (A172 p=0.2431,

F=1.665, Daoy p=0.4226, F= 0.9897, SW1088 p=0.5500, F=0.7486) (Figure 4.18 B-

D).
hTERT A172
. 1,59 . 2,07
g g
(0] (0]
2 2 151
(0] (0]
(e)] ()]
— —_— 170_
© &
= =
E E 0,5- ﬁ
N =
0,0' T é T
T - m o
L - o c£
E Z =2 ¥
8 5§ Z 0
O [a] ;3
n <
siRNA
Daoy SW1088
. . 31
o Q.
) )
[0] Q
S = & 21
o % o
—_ = —_
i — @ 1
= = = 14
i — i
= = =
= 0-
e ks
= o
= S
Zz ©
[m] 3]
n
- [—
SIRNA SIRNA

Figure 4.18: Expression of hTERT in brain cancer and control cell lines. Y axis shows the
normalized relative gene expression and X axis shows the treatment type. Final concentration oft he
treatments are 25 nM for siRNAs and 20 uM for Azacytidine. A) All cell lines without treatment, B)
Treated A172 cells, C) Treated Daoy cells, D) Treated SW 1088 cells. Scrambled is set to 1. Graphs are
drawn using GraphPad Prism. Error bars represent the +SEM.

On the other hand, constitutively expressed hTR showed statistically

significant changes in expression levels in all cell lines. 20 uM Azacytidine treatment
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significantly decreased expression of hTR in A172 (p=0.0301, F=1.026) (Figure
4.19A) and WI-38 VA-13 Subline 2RA (p=0.0467, F=3.133) (Figure 4.19D), whereas
increased expression in Daoy (p=0.0002, F=0.7305) (Figure 4.19B). 20 uM
Azacytidine treatment did not result in a significant change in SW1088 cell line, even
though the expression was decreased. On the other hand, DNMTI1 silencing in

SW1088 increased the expression of hTR significantly (p=0050, F=2.239) (Figure

4.19C).
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Figure 4.19: Expression of hTR in brain cancer and control cell lines. Y axis shows the normalized
relative gene expression and X axis shows the treatment type. Final concentration oft he treatments are
25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-13. Scrambled
is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. *: p<0.05, **: p<0.01,
*H%: p<0.001
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4.9. Inhibition of DNA Methyltransferases Show Cell Specific Effects on ALT
Associated Genes in Brain Cancer Cell Lines

To decipher the relationship with ALT associated genes and telomere
maintenance in brain cancer cell lines, qPCR experiments for ATRX, DAXX, TRF2,
FENI, WRN, and CBX3A are performed 48 hours post treatment of 25 nM siRNAs
or 20 uM Azacytidine. Ordinary One-Way ANOVA with Dunnet’s multiple
comparisons test is used for analysis. Outliers are removed with Grubbs test, with

alpha set to 0.05. Non Targeting siRNA (Scrambled) is used as the control group.
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Figure 4.20: Expression of ATRX in brain cancer and control cell lines: Y axis shows the
normalized relative gene expression and X axis shows the treatment type. Final concentration oft he
treatments are 25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-
13. Scrambled is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. *:
p<0.05, **: p<0.01
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ATRX expression significantly decreased with DNMT1 siRNA (p= 0.0206,
F=1.831) and Azacytidine (p=0.0012) treatment in A172 cell line (Figure 4.20A). In
Daoy, silencing of DNMT3B increased the expression of ATRX (p=0.0046, F=18.44)
(Figure 4.20B). In SW1088, changes in ATRX expression levels was not statistically
significant (Figure 4.20C). In WI-38 VA-13 Subline 2RA, Azacytidine treatment

decreased ATRX expression significantly (p=0.0319, F=1.151) (Figure 4.20D).
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Figure 4.21: Expression of DAXX in brain cancer and control cell lines: Y axis shows the
normalized relative gene expression and X axis shows the treatment type. Final concentration oft he
treatments are 25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-
13. Scrambled is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. ***:
p<0.001
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For brain cancer cell lines, interference of DNA methylation through RNA1 or
Azacytidine treatment did not significantly changed the DAXX expression levels
(Figure 4.21A-C). In WI-38 VA-13 Subline 2RA DAXX expression significantly
(F=65.75) with DNMT1 siRNA treatment (p<0.001), DNMT3B siRNA treatment

(p<0.001) and Azacytidine treatment (p<0.001) (Figure 4.21D).
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Figure 4.22: Expression of TRF2 in brain cancer and control cell lines: Y axis shows the normalized
relative gene expression and X axis shows the treatment type. Final concentration oft he treatments are
25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-13. Scrambled
is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. *: p<0.05, **: p<0.01,
% p <0.001, ****: p< 0.0001

In A172 and Daoy cell lines, DNA methylation inhibition through RNAi or

Azacytidine did not changed TRF2 expression levels (Figure 4.22A-B). In SW1088,
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TRF2 expression increased with DNMT1 (p=0.0179, F=2.086) and DNMT3B
(p=0.0353) silencing (Figure 4.22C). In WI-38 VA-13 Subline 2RA TRF2 expression
decreased with silencing of DNMTI1 (p<0.0001, F=0.03138) and DNMT3B (p=
0.0010) siRNA treatment. Azacytidine treatment also decreased the expression levels

of TRF2 (p<0.0001) in WI-38 VA-13 Subline 2RA (Figure 4.22D).
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Figure 4.23: Expression of FEN1 in brain cancer and control cell lines: Y axis shows the normalized
relative gene expression and X axis shows the treatment type. Final concentration oft he treatments are
25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-13. Scrambled
is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. *: p<0.05, **: p<0.01,
A% p <0.001, ****: p< 0.0001

In A172 cell line FENI expression decreased with DNMTI silencing
(p=0.0176, F=0.5955) and Azacytidine treatment (p=0.0002) (Figure 4.23A). In Daoy,

Azacytidine treatment significantly decreased FEN1 expression (p=0.0084, F=2.179)
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(Figure 4.23B). Azacytidine treatment decreased (p=0.0299, F=2.633) the expression
of FENI in SW1088 also (Figure 4.23C). In WI-38 VA-13 Subline 2RA, DNMT1
inhibition (p=0.0078, F=1.497) and Azacytidine treatment (p=0.0005) decreased

expression levels of FEN1 (Figure 4.23D).
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Figure 4.24: Expression of WRN in brain cancer and control cell lines: Y axis shows the normalized
relative gene expression and X axis shows the treatment type. Final concentration oft he treatments are
25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-13. Scrambled
is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. *: p<0.05, **: p<0.01

In A172 cell line, WRN expression significantly decreased with
DNMTI1siRNA (p=0.0065, F=1.325), DNMT3B siRNA (p=0.0170) and Azacytidine
treatment (p=0.0016) (Figure 4.24A). Daoy, SW1088 and WI-38 VA-13 Subline 2RA

showed no significant change in WRN expression profile induced by siRNA or
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Azacytidine treatment (Figure 4.24B-D). In SW1088, DNMT3B silencing increased
the expression levels of CBX3 (p=0.0063, F=0.4791) (Figure 4.25D). A172, Daoy and
WI-38 VA-13 Subline 2RA did not show any significant change with RNAi or

Azacytidine treatment (Figure 425A, C, D).
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Figure 4.25: Expression of CBX3 in brain cancer and control cell lines: Y axis shows the normalized
relative gene expression and X axis shows the treatment type. Final concentration oft he treatments are
25 nM for siRNAs and 20 uM for Azacytidine. A) A172, B) Daoy, C) SW1088, D) VA-13. Scrambled
is set to 1. Graph is drawn using GraphPad Prism. Error bars represent the +SEM. *: p<0.05, **: p<0.01
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4.10. Short Term Inhibition of DNA Methyltransferases Do Not Change
Telomere Length Significantly

To see the effect of short term silencing of DNA Methylation machinery,
siRNA treated cells are subjected to qPCR based telomere length assay 96 hours post
transfection. Data is subjected to Ordinary One-Way ANOVA with Sidak’s multiple

comparison. In all cell lines, treatments are normalized to no treatment group.
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Figure 4.26: Relative Telomere length. Y axis shows the relative telomere length and X shows the
treatment. Y axis shows the relative telomere length and X axis show the treatment type. Figure A)
Relative telomere length in 25 nM siRNA treated A172 cells. Figure B) Relative telomere length in 25
nM siRNA treated Daoy cells. Figure C) Relative telomere length in 25 nM siRNA treated SW1088
cells. Graphs are drawn using GraphPad Prism. Error bars represent the +SEM.

None of the treatments changed telomere length significantly in brain cancer
cell lines. In A172, telomere length seems to be increased with DNMT3B and
scrambled siRNA treatment (Figure 4.26A). In Daoy, telomere length seems to
increase with DNMT1, GAPDH and Scrambled siRNA treatment. DNMT3B siRNA
treatment decreased the telomere length (Figure 4.26B). In SW1088, telomere length
was unchanged with DNMT1 siRNA treatment, and decreased with DNMT3B,

GAPDH and Scrambled siRNA treatment (Figure 4.26C).
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CHAPTER 5

DISCUSSION

5.1. Variation in Telomere Length is Related to the Regenerative Capacity of the
Organs

Telomere length is varied amongst organs and changes during the aging
process. Regenerative capacities can be the underlying reason for the variation in
telomere lengths. A study on aging zebrafish revealed that gonads and gills have the
highest levels of tert expression, whereas heart and brain have the lowest levels [63].
In the same study, they have shown that telomeres elongate during adulthood but
shorten dramatically with old age. These findings support the variance observed in
telomere lengths and suggest that 19 months of age is the critical time point for rapid
shortening of the telomeres. Yet again, since qPCR based telomere length assay
measures the average telomere in the cells and is not chromosome specific, these
findings can be confirmed with more specific techniques like Q-FISH (Quantitative
fluorescence in situ hybridization) and STELA (single telomere length analysis) [64].
Both of these techniques are higher in resolution, compared to the qPCR based system,

and provide chromosome specific telomere length.

5.2. Methylation Variation at TERT Promoter Can Affect Sp1 Binding to Target

Sites and Hypomethylation at -972th position is only seen in old zebrafish brains

In brain samples, variation in methylation levels at -972nd position of the tert
promoter is observed. Analysis with ConTra v2.0, transcription factor analysis
program, revealed that -972nd position was part of Sp1 binding site. In the TATA-less
promoters, Sp1binding site clustering is a common feature, and zebrafish tert promoter
has 16 Sp1 binding sites [63]. Spl is shown to be required for telomerase catalytic

subunit expression and activates the tert promoter with c-myc and NF-kB,
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synergistically. Even though methylation is generally associated with transcriptional
silencing, the opposite is observed in TERT promoter. Highly methylated CpG islands
in tert promoter area are observed in telomerase positive ZF4 cell lines and zebrafish
embryos [65]. In this study two animals with extremely short telomeres showed
hypomethylation at the -972nd site. Bisulfite conversion and sequencing of an
independent cohort revealed the same hypomethylation mark in four out of five old
brain samples. None of the young animals had hypomethylation at this site. This
strongly suggests that hypomethylation at the -the 972nd site is associated with the
aging brain. Our data and methylation status of the tert promoter in telomerase positive
cells increases the likeliness of a change in binding capacity of Sp1 transcription factor
to its target site that is, in turn, affecting the telomere length. To further test this
observation, chromatin immunoprecipitation experiments for Spl can be performed,

followed by qPCR for quantification, and the sample size can be increased.

5.3. SP1 Binding to Target Sequences is Required for TERT Promoter Activity
in Brain Cancer Cell Lines

To further decipher the inhibition of SP1 binding to TERT promoter, brain
cancer cell lines are transfected transiently with plasmid constructs with or without
mutations at the predicted SP1 binding sites. Promoter activity is measured with
luciferase assay 24 hours post-transfection. All of the constructs abrogated the
promoter activity in varying severity. In a similar study using HeLa cell line reported
a decreased TERT promoter activity in the presence of SP1 binding site mutations
[66]. Yet, our findings suggest a tighter regulation of TERT expression by SP1
transcription factor in brain cancer cell lines, when compared to HeLa cells. To further
investigate this phenomenon observed in brain cancer cell lines, a reporter assay with

an internal control can be used.
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5.4. Short Term Silencing of DNA Methyltransferases Do Not Change Population
Doubling Times however Changes the Induction of Cellular Senescence between
Cell Types

Brain cancer cell lines were not affected by short term silencing of DNMT1
and DNMT3B in terms of population doubling time even though both of these
enzymes are accepted as stemness markers. Yet, some samples showed within-sample,
and this situation sheds questions in terms of data trustability. This problem can be
achieved by using an automated cell counting system, and cell viability test, for the
seeding and the collecting steps of the cells. On the other hand, reduction in the activity
of DNA Methylation machinery had an effect on induction of replicative senescence.
Inhibition of DNA methylation through chemotherapeutic agent, Azacytidine or
silencing of DNMT1 and DNMT3B, caused an increase in the percentage of Beta-
Galactosidase positive cells in the SW1088 cell line. A172 and Daoy cell lines did not
show a statistically significant change in the entrance to replicative senescence
pathway. A172 only showed an increase in the number of replicative senescent cells
with 10 nM Adriamycin (Doxorubicin) treatment. This data shows that brain cancer
cell lines used in this study have different severity in terms of immortality, and
different agents in varying concentrations have different cellular outcomes. This can
be explained by the differences in accumulated mutations between cells. Apart from
Beta-Galactosidase staining, amount of p16 and p21 can be measured with Western
Blot to investigate the cells at an earlier stage of the cellular senescence pathway.
5.5. Inhibiting the De Novo DNA Methylation, Not the Maintenance DNA
Methylation, Reduces Telomerase Activity

To evaluate telomerase activity and decipher the relationship with the DNA

Methyltransferases, highly sensitive quantitative telomeric repeat amplification
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protocol (QTRAP) is performed. Amongst the brain cancer cell lines, Daoy had the
highest telomerase activity. Transcriptional silencing of DNMT3B reduced the
telomerase activity significantly in all cell lines, whereas DNMT1 silencing did not
have a significant effect on the activity of the telomerase enzyme. In A172 and
SW1088, silencing of DNMT3B almost completely abrogated the enzymatic activity.
In the Daoy cell line, the telomerase activity was significantly reduced with DNMT3B
silencing, yet again, this cell line showed high telomerase activity. This can explain
the immortal capacity and resistance to replicative senescence observed in population
doubling and Beta-Galactosidase staining experiments in this cell line. DNMT3B is
known to be required for the subtelomere methylation, and thus telomere maintenance
and chromosome stability [67]. Our findings suggests that DNMT3B is also required
for the telomerase activity and thus the maintenance of the telomeres in these brain
cancer cell lines. To further study the relationship between telomerase activity and

DNMT3B, stable knock out experiments can be performed.

5.6. Expression of the Catalytic Subunit of Telomerase Holoenzyme Does Not
Change Significantly with RNAi but Telomerase RNA Component Expression
Depends on DNA Methylation

Silencing of DNA Methyltransferases or inhibition of DNA Methylation
machinery through chemotherapeutic agents did not change the expression of the tert
catalytic subunit (TERT) in brain cancer cell lines significantly. On the other hand,
these treatments changed the expression levels of the RNA subunit of the telomerase
enzyme. In A172 and WI-38 VA-13 Subline 2RA, Azacytidine treatment decreased
the expression of TR, whereas it increased the expression in the Daoy cell line. In
SW1088, DNMTI1 silencing but not Azacytidine treatment increased the TR

expression significantly. This is interesting because a recent study using breast cancer
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cell lines showed that TR promoter is heavily methylated, expressed in low levels and
contributing to tumorigenesis [68].

Our findings suggest that DNA Methylation is required for the TR but not for
TERT expression. Yet, qPCR experiments for TERT expression had high variance,
and this could mask the significant changes in the expression pattern. This problem
can be achieved by using probe-based qPCR since the technique provides higher
sensitivity. Increasing the technical replicate number can also provide more
meaningful data. These findings are interesting because they show cell type dependent
effects of the treatments. Further experiments can be performed in stable knock out
models and multiple silencing of DNA Methyltransferase family members.
5.7. ALT Associated Genes Show Variable Response to the Inhibition of DNA
Methylation Depending on the Cell Type

It is well known that telomerase-dependent and ALT mediated telomere
maintenance can co-occur inside a cell. To test some of the characterized ALT-
associated, DNA methylation machinery is interfered in brain cancer cell lines. For the
ATRX gene, inhibition of DNA methylation decreased expression levels in A172, and
WI-38 VA-13 Subline 2RA increased in Daoy. Generally, ATRX is lost in ALT
positive cells [69], and a decrease in expression can induce or contribute to ALT
phenotype. DAXX, the molecular partner of ATRX, did not significantly changed in
brain cancer cell lines used with the treatments. On the other hand, in ALT positive
control cell line WI-38 VA-13 Subline 2RA DAXX expression decreased with DNA
methylation inhibitory treatments. Inhibition of DNA methylation can contribute to
cellular immortality by inducing ALT phenotype, through loss of ATRX in A172 and
WI-38 VA-13 Subline 2RA, and loss of DAXX in WI-38 VA-13 Subline 2RA. In

SW1088 cell line, TRF2 expression increased with RNA interference.
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Table 5.1: List of ALT associated genes that are significantly affected by DNA

methylation inhibition

Gene Cell line Treatment Effect
ATRX Al172 DNMt1 siRNA, Decrease
Azacytidine
Daoy DNMT3B siRNA | Increase
VAI3 Azacytidine Decrease
DAXX VA13 DNMTI1 siRNA, Decrease
DNMT3B siRNA,
Azacytidine
TRF2 SW1088 DNMTI1 siRNA, Increase
DNMT3B siRNA
VA13 DNMT]1 siRNA, Decrease
DNMT3B siRNA,
Azacytidine
FENI1 Al172 DNMTTI1 siRNA, Decrease
Azacytidine
Daoy Azacytidine Decrease
SW1088 Azacytidine Decrease
VA13 DNMTT]1 siRNA, Decrease
Azacytidine
WRN Al72 DNMTTI1 siRNA, Decrease
DNMT3B siRNA,
Azacytidine
CBX3 SW1088 DNMT3B siRNA | Increase

In WI-38 VA-13 Subline 2RA, all treatments decreased the TRF2 expression
levels. Molecular outcomes of the changes in TRF2 expression can be seen as a double-
edged sword since an increase can contribute to cellular immortality, and a decrease
or loss can lead to chromosome fusion-breakage cycles. FEN1 expression patterns

were decreased in all cell lines with Azacytidine treatments. DNMTI silencing
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decreased the FEN1 expression in A172 and WI-38 VA-13 Subline 2RA. Decrease in
FENI is favored in cancer cell lines since the DNA damage response would increase,
and immortality can be ceased. Yet again, this requires a functioning tumor suppressor
genes. Evaluation of gene expression levels of tumor suppressors will be beneficial in
these cell lines. WRN expression changed significantly only in the A172 cell line with
treatments. A decrease or deficiency in WRN is also favored since it inhibits the
formation of ALT-associated promyelocytic leukemia bodies and shortens telomeres.
CBX3 expression only changed significantly in an SW1088 cell line with DNMT3B
silencing. Increase in CBX3 in cancer cells can promote tumorigenesis further.
Overall, this data shows that DNA methylation has different outcomes depending on
the cell type and previously accumulated mutations. Further experiments can be
performed in stable knock out models and synergistic silencing of DNA
Methyltransferase family to validate these findings. Furthermore, these cell lines can
be tested for the presence of ALT-associated promyelocytic leukemia bodies and

extrachromosomal telomeric repeats with PNA-FISH.

5.8. Short Term Silencing of DNA Methyltransferases Do Not Change the
Telomere Lengths

Telomere lengths do not seem to get affected by short term silencing of
DNMTI1 and DNMT3B. Due to variation, to better evaluate the relationship, these
experiments need to be repeated. Yet again, this technique is known to be limited by
the variations between and within batches, resolution and it provides the mean length
measure. Higher throughput techniques like Q-FISH and STELA can be used instead
of the qPCR based method. Duration of silencing protocol is another limiting factor.
Long term inhibition of DNA methylation machinery or silencing of DNA

Methyltransferases can be beneficial for further experiments.
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CHAPTER 6

CONCLUSIONS AND FUTURE PROSPECTS

In this thesis, telomere maintenance in aging zebrafish and human brain
cancers is studied. In zebrafish, telomere lengths change throughout aging in all
organs. Telomere length also varies between samples of the same age. Bisulfite
sequencing of distal tert promoter revealed hypomethylation at the 627,118 (-972) site.
With the inclusion of an independent cohort, bisulfite sequencing experiments showed
hypomethylation at -972 of the tert transcription start site is related to aging. This
finding was interesting because -972nd site was a part of the Spl binding site and
hypomethylation at this site can change the binding dynamics. Spl is a transcription
factor and regulate tert expression both directly and through interactions with c-myc
and NF-xB. Mutant promoter constructs are transfected to brain cancer cell lines for
measuring the regulatory role of SP1 in TERT expression. These constructs showed
lower promoter activity compared to the wild type. The population doubling time of
brain cancer cell lines did not change with interfered DNA methylation machinery.
Cell line-specific induction of replicative senescence is observed in chemotherapeutic
agents or siRNA treatments. Silencing of DNA Methyltransferases decreased the
telomerase activity, but this short term treatment did not change the average telomere
lengths significantly. Expression of TERT did not change with Azacytidine or siRNA
treatment. TR and ALT-associated genes showed varying response to inhibition of
DNA methylation.

This project provides a preliminary understanding of telomere maintenance in
brain cancers and suggests therapeutic possibilities. Scope of this work can be
increased by additional experiments. Mutations in patients treated with Azacytidine

can be investigated since previously accumulated mutations are affecting the cellular
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outcomes of methylation inhibition. Moreover, identified mutations can be used as a
diagnostic panel to select the treatment type in patients. To further decipher the
relationship between SP1 binding to TERT promoter, both in zebrafish and human
brain cancer cell lines, ChIP experiments can be performed. Luciferase assay for TERT
promoter can be performed in cell lines after inhibition of DNA methylation. Stable
knock outs for DNA Methyltransferases can also be used to investigate the long term
cellular outcomes. Since transient silencing of DNMT1 and DNMT3B result in
different cellular dynamics, DNMT3A and DNMT3L can be included in the project in
the future. Combinatorial knock out of DNA Methyltransferases can be investigated
to see the synergistic effect on telomere maintenance and tumorigenesis. Brain cancer
cell lines used in this study can be tested for ALT-associated promyelocytic leukemia
bodies and extrachromosomal telomeric repeats with PNA-FISH to study the ALT
pathway further. Other ALT or telomerase associated genes can be included in the

project.
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Mon May 20, 2019 15:57 +03

5f2r.ape from 1 to 1144

Alignment to

Al+sdml-gl2.abl basecalls from 361 to 1

Matches (| ):282
Mismatches (#):8
Gaps( ):925
Unattempted(.):0

* * * * * * * * * *
1 ACCAGTGGCCGTGTGGCTTCTactgctgggctggaagtcgggectectagetetgecagtecgaggettggagecaggtgectggaccececgaggttgeecect 100

361 361
* * * * * * * * * *

101 ccaccctgtgegggegggatgtgaccagatgttggecteatet t t ttgtggctggtgtgaggegece 200

361 361
* * * * * * * * * .

201 ggtgcgcggccageaggagegectggetecatttoccaceotttotegacgggacegececggtgggtgattaacagatttggggtggtttgeteatggt 300

361 361
* * * * * * * * * *

301 ggggacccctcgeegec acctge t tgtgtc ccaagtcge tgttge actccgggagg 400

361 361
* * * * * * * * * *

401 tcccgegtgeccgtccagggagcaatgegtectegggttegt tctacgcgecteegtectecectteacg ttcgtggtgeece 500

361 361
* * * * * * * * * *

501 t tggaggcagccctgggtctecggat. aagggt tgttcccagggectce 600

361 361

* * * * * B * * * *
601 acatcatggcccctcectegggttaccccacagectaggecgattegacctetetecgetggggecctegetggegtecctgcacectgggagegegage 700

361 361
* * * * * * * * * *

701 ggc gcgg agax ccggg agctgcgetgtecggggec. tcccagtggattcgecgggcacaga 800

361 361
* * * * *

801 cgcccaggaccgc cttcccac t C accc cacccgtcctgecccttcaccttccagecteccgectectecgegeggaccecege 900
lillliillililllllliIiiIiiliiilliiiillliiillllih\\\\\\\\\\\\\IIIIIIIIIIIIII\\\\\\\\\\\\H\\\\\

361 CTGCCCCTTCACACT GATCCGCCTCCTCCGCGCGGACCCCGC 315

* *

901T\T?\|||T|||||||||TTT\HH?T\ T Lm0 i ‘TTTIIIITI\HHHHT\TT\T\T\?1000

[T
314 CCCGTCCCEACCCCTCCCGEGTECCCGEE CCAGCCCCTTLthhLLLALLLA L LL LLLLL

fAﬂ

*Q—

JLLA11LLthhLLLLbLLLLLLLLLL&LGGLGLGA 215
1001 tttca C tCCt [cac: ccct tgcgctcect 1100
LI °I'|T il ?\?m?\ﬁw?nnmmf HH\\\\HH\THTITITIIIIIITII?HT\? i
214 TC. GGCAbLbLJhLbLLLLhLLth 'AGCCCTGGCCCCGGCH 'CCCCGCGATGCCGCGCGCTCCCCGCTGCC CCGTGCGCTCCCTG 116
1101 cgcagccactaccgegaggtge 1144
mm||||||||||||mmmmmmmm | |
115 GCAGCC CT, C CCACGTTCGTGGAGCTCTTACGCGTGCTAGCCCGGGCTCGAGATCTGCGATCTAAGTAAGCTGGCA 16
1144 ~~mmmmmmmm e 1144

15 TCCGGTAACGGGATT 1
*

Figure A.2: Sequence of SDM 1. Promoter sequence is aligned to reference sequence (NC_000005.10,
GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid editor v2.0.
Mismatches are highlighted with an #.

Tue May 21, 2019 10:17 +03
sdml-gl2.abl from 1 to 361
Alignment to

G4+Al72-GL2.abl from 1 to 286

Matches(|):279
Mismatches (#):4
Gaps( ):81
Unattempted(.)
* * * * * * * * *
TCCCGTTA-CCGGA! AGATCGCAGATCTCGAGCCCGGGCTAGCAC ‘GCCAGCGGCAGCACCTCG 98
Ill\\l\\\\l\\\\\\|||l|||||\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\||||||||\\\\\\\\\\\H\\\IIIIIIIH\
1 GTTACCCGGA AGCGGCAGCRCCTC 97
* * * * * * * * *
99 GTAGTGGCTGCGCAGC. ACGGCTCGGC. CCGGGGCCAGGGCT-ATTACGTGCGCAGCAGGA 197
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\Illl\\\\\lllllllll\
98 GTAGTGGCTGCGC GCAGGGAGCGCACGH bbthLAGGGC CCCACGTGCGCAGC GGA 197
* * *
* * * * * * * * * *
198 CGCAGCGCTGCCTGAAACTCGCGCCGC C AAGGA CCGGRAAGGGGCTGGGCCGGGGACCCG 297
|\\\\\\\\\\\\\\\\||||I|I||\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\\||||||||\\\\\\\\\\\\\\\llllllllll
198 CGCAGCGCTGCC 'GGGGCCGCGGAAAGGA.
* * * *
* * * * * * *
298 GGA( TCGGGACGGGGCGGGGTCCGCG( ‘GGATCT TGT GGGGCAGGG 361
286 286

Figure A.3: Sequence of SDM 2. Promoter sequence is aligned to plasmid with no mutation.
Alignments are made with with Ape-A plasmid editor v2.0. Mismatches are highlighted with an #.
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Tue Jun 11, 2019 20:28 +03
5f2r.ape from 1 to 114
Alignment to

Sdm3-RV3_A6.abl from 1 to 1655

Matches(|):1134
Mismatches (#):5
Gaps( ):522
Unattempted(.

 —— 1111 1T ??TTZT%ZZ?“”“T‘?TTTT"“?TTT ”

1111
CCGAAGTCAGGTGCAGACATTTCTCTATCGATAGGTACCACCACTGGCCGTOTGECTTCTACTGCTGGECTGOARCTCGEGCCTCCTAGETCTECAGTCE 100
* *

-

63 gaggcttggagccaggtgcctggaccccgaggttgecctccaccctgtgegggegggatgtgaccagatgttggectcatctgeccagacagagtgecggg 162
T T T
101 GAGGCTTH 'CAGGTGCCTGGACCCC TTGCCCTCCACCCTGTGCGGGC TGTGACC, TGTT CTCATCTGCCAGACAGAGTGCCGGG 200
163 gccca tcaaggccgttgt cccggtgcgecggeccagcaggagegect: ctccattt 262
AT TT\T\T\T‘I’\?H\??|T|?|??||\?HT’?\T\?\H??\||||||||mHH\HH?HTTNHTHH
201 GCCCAGGGTCAAGGCCGTTGTGG! ,GTGCGCGGCCAGCAGGAGCGCCTGGH LALL LLLLLLb CGGGACCG 300

*

1 T???J?TTTTTTT?\M TTH?HHﬁ'm|||||11|1\\mmw\\\\\||||||||\H?\C\ZZ‘T’\C\\?\?TTTT %Tm

]
TT TGGTTT

30 TGTGTCAAGGAGH 400
* *
* * * * * * * *
363 aagtcgt tgt tccgggaggs tg g cctegggt: agccgcgtctacgeg 462
|\\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\\||||||||\\\\\\\\\\\\\\\\IIIIIIIII\
401 AAGTCGC TGTTGC AFTFFFFFAF”TCCCGCGTGCCCGTCCAGGGAGCAATGCGTCCTCGGGTTCGT AGCCGCGTCTACGCG 500
* * * * * * * *

NIl \?TTTTTTTTTTTTT?TTTTTTTTTT?\?‘h?TTT??T?TTTT%?TTTTC\?\?TTT???TTT?%T??T|TTTTT???TTTTT?%TTTT??miIZ -

501 CCTCCGTCCTCCCCTT TTCGTGGTGCCCGGAGCCCGACGCCH 'GCGTCCGGACCTGGAGGCAGCCCTGGGTCTCCGGATCAGG! 00
56 cacatcatggcccctccctegggt accccacaqcctaggccg cg cctctctcegety 662
HHHTTHT\H\\IIIIIIIII\\HHTTHHHHIIIIIIII\HH\ H T T T
601 'CAAAGGGTCGCCGCA( CG CCTGTTCCCAGGGCC 'CC. CCCCACAGCCTAGGH CT CT TCH 700

L
663 ccctcgctggcgtccct c gagcgcgag t ggagcagctgcgetgte 762
TT?\HHHH [T T TTHHH T
701 CCTCGCTGGCG CTGGGAGCGCGAGCGGCGCGCGGGCGGGGAAGCGCGGCCCAGACCCCCGGGTCCGCCCGGAGCAGCTGCGCTGTC 800

801 GGGGCCAGGCCG CCGTCCTGC 900

e ??TTTTT%? ???TTTTTT"thTtT%?C?T?TTTT?? AT ?\??|?T|?TTTTTTT%?TTC\????TTETT?TTTT?TTT o

* * * * * * * * *
863 cttcaccttccaget t cccagcccctece 962
Il\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\||||||||||\\\\\\\\\\\\\\\\IIIIIIIII\I\\\\\\\\\\\\!IIIIIIIII
901 CTTCACCTTCCAGCTCC CTCCTCCGCGCGGACCCCGCCCCGTCCCGACCCCTCCCGGGTCCCCGGCCCAGCCCCTTCCGGGCCCTCCCAGCCCCTCCC 1000
* * * * * * *

@

553 srssessnocgenss -iﬁﬁ‘fﬁﬁmfmmﬁ?ﬁ%m Wﬁ? mﬁ?mmmkﬁmm%m..m.?m

1001 CTTCCTTTCCGCGGCC, TTCAGGCAGCG! AGCCCTGGCCCCGGCCACCCC-GCG 1099
* * * *
* * * * * * * *
1063 at t. tgcgetecctgctg cgaggtgc 1145
CLCUUTETLT M T TEET T LTI TITL W |||||l||\\\\\\\\\\\\\\\ IIIIIIII\\\\\\\\\lllllllllllllll
1100 ATGCCGCGCGCT-CCCGCTG-CGAGCCGTGCGCT-CCTGCT GTGCTGC- GCTGGCCACGTTCGTGGAACTCTTACCGTGET 1194
* e * *

1145 1145
1195 ACCCGGGTCAGATCTGGAATTAAGTAACTTGGATTCCGGACTGTAGGTAAACCCCCT CCAAAACTAAGAAAGGCCGGGCCTTTTTCCCTGGAG 1294
* * * * * * * * * *

1145 1145

Figure A.4: Sequence of SDM 3. Promoter sequence is aligned to reference sequence (NC_000005.10,
GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid editor v2.0.
Mismatches are highlighted with an #.

Tue May 21, 2019 10:21 +03
sdmd-gl2.abl from 1 to 158
Alignment to

G4+A172-GL2.abl from 1 to 286

Matches(|):155
Mismatches (#):3
Gaps( ):128
Unattempted(.
* * * * * * * * *
1 CCACGTA-CCGGATGCC-AGCTTACTTAGATCGCAGATCTCGAGCCCGGGCTAGCACGCGTAAGAGCTCCACGAACGTGGCCAGCGGCAGCACCTCGCGG 98
| | W] \\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\H\\IIIIIIIII
1 CCGGTTACCCGGATGCC AGCCCGGGCT. CGGCAGCACCTCGCGE 100
* *
* * * * * N
99 TAGTGGCTGCGCAGC. 158
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\lllllllllllllllllllllllllllllllllll
101 TAGTGGCTGCGCA GCGGCATCECEGECETAECCEEGECCARGECTTCCCACGTGCGCAGCAGGACGE 200
* . * *
158 158
201 AGCGCTGCCTGAAACTCGCGCCGCH A 'GGGGCCGCGGAAAGGAA T CCGGAAGGGGCTGGG 286
* * * * * * * *

Figure A.5: Sequence of SDM 4. Promoter sequence is aligned to plasmid with no mutation.
Alignments are made with with Ape-A plasmid editor v2.0. Mismatches are highlighted with an #.
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Tue May 21, 2019 10:29 +03
sdm9-gl2.abl from 1 to 345
Alignment to

G4+A172-GL2.abl from 1 to 286

Matches(|):279
Mismatches (#):5

Gaps( ):63
Unattempted (.
* * * * * * * * *
1 TTACGTA--CGGATGCCAAGCTTACTTAGATCGCAGATCTCGAGCCCGGGCTAGCACGCGTAAGAGCTCCACGAACGTGGCCAGCGGCAGCACCTCGCGG
| O L LCCEELLLLLEET LT \\\\\ LLLLELLLL \\\\\\\ \\\\\\\\\II IIIIII\\\\ \\\\\\\\\\\ \IIIIIIIII\
1 CCGGTTACCCGGATGCCAAGCTTACTTAGATCGCAGATCTCGAGCCCGGECT. GTARGAGCTCCAC CCAGCGGCAGCACCTCGC
* *
* * * * * * * * * *
99 TAGTGGCTGCGCAGCAGGGAGCGCA GGGCCAGGGCTTCCCACGTGCGCAGCAGGACGC
|\\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\||||||||\\\\\\\\\\\\\\\\IIIIIIIII\
101 TGECTGCGCAGE TGCGCAGCAGEACE
*
* * * * * * * * * *
199 AGCGCTGCCTGAAACTCGCG TGGGCCGGGGACCCGGGA
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\llllllllllll
201 AAA GAAGGEGCTCE -
*
* * * * *
299 GGGGTCGGGACGGGGCGGGGTCCGCGCGGAGGAGGCGGAGCTGGAAG 345
286 286

198

N

00

Figure A.6: Sequence of SDM 9. Promoter sequence is aligned to plasmid with no mutation.

Alignments are made with with Ape-A plasmid editor v2.0. Mismatches are highlighted with an #.

Mon May 20, 2019 16:34 +03
sdml3-rv3.abl from 1 to 835
Alignment to

5£2r.ape from 1 to 1145

Matches(|):802
Mismatches (#):5

Gaps( ):366
Unattempted(.
* * * * * * * * * *
N e
—
1 ACCAGTGGCCGTGTGECTICTactgotgggetggaagtegggectectagetetgcagtecgaggettygag
* * * * * * * * * *
101 ACCCTGTGCGGGCGGGATGTGACCAGATGTTGGCCTCATCTGCCAGACAGAGTGCCGGGGCCCAGGGTCA
I!\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIIII
74 ccaccctgtgcgggcgggatgtgaccagatgttggcctcatctgccagacagagtgccggggcccagggt
H b
* * * * * * * * * *
201 AGGCCGTTGT TGGTGTGAGGCGCCCGGTGCGCGGCCAGCAGGAGCGCCTGGCTCCATTTCCCACCCTTTCTCGACGGGACCGCCCCGGT TGATT
PECCLELERUECELERLLEEECEE L L L L PLEE LT
174 aggccgttgtggctggtgt tggctccattt tttct tgggtgatt
* * * * * * * * * *
* * * * * * * * * *
301 AAC TT TGGTTTGCTCATGGT! 'CCCTCGCCGCCTGAGAACCTGCAAAGAGAAATGACGGGCCTGTGTCAAGGAGCCCAAGTCGCGGGG
PECCEELLCLECELE LR CU L L L EE L LD LLL LT LT
274 aacagatttggggtggtttgctcatggtgggga tg gtgte,
* * * * * * * * * *
* * * * * * * * * *
401 AAGTGTT ACTCC CCGCGTGCCCGTCCAGGGAGCAATGCGTCCTCGGGTTCGTCCCCAGCCGCGTCTACGCGCCTCCGTCCTC
PECCLLCCRCECELECT LR LR LD L LT
374 aagtgttgc act tcccgegtgecegt gcgtectegggttegtecccagecgegtetacgegectecgtect
* * * *
* * * * * * * * * *
501 CGGAGCCCGACGCCCCGCGTCCGGACCTGGAGGCAGCCCTGGGTCTCCGGATCAGGCCAGCGGCCARAGGGTC
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIII\
474 ttcgtggt: gogt tgga ggcagccctgggtctccggatcaggccagcggccaaaggg
* * * * * * * * * *
601 GCCGCACGCACCTGTTCCCAGGGCCTCCACATCATGGCCCCTCCCTCGGGTTACCCCACAGCCTAGGCCGATTCGACCTCTCTCCGCTGGGGCCCTCGCT
CELCCEELET LR EELEECEE R L L EE LT UL EEEEE L LLEEEET L
574 tgtt tccacatcat tccctegggtt t ttcgacctctetccgetggggeccteget
* * * * * * * * * *
* * * * * * * * * *
701 GCGAACCAGACCCCCGGGTCCGCCCGGAGCAGCTGCGCTGTCGGGGCCAGGCC
|\\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\|||||||||Il\\\\\\\\\\\\\\||||||||\\\\\\\\\\\\\\\\IIIIIIIII\
674
* * * * * *
* * *
801 GGGCTCCCGGTGGGATTCGCGGGCACAA, TCC.
I\\\\\\\l\\l\\\\\IIIIIIIII\l\lllllllllllllllllllllllllllllllllllllllllllll\\ | |
774 gggeteccagt-ggattegegggeacagacgoccaggacegegetteccacgtage t acccgtcctgeccctteacctte
* * * * *
834
873 cagctccgectece gt t gg t ag ctccecttectttee
* * * * * * * * * *
834 M
973 gcgg gccctetect. gagtttcaggcagcgctgegtectgetgcgeacgtgggaagecctggecccggecaccceccgegatgecgegeg
* * * * * * * * * *
835 835
1073

ctececeecgetgecgagecgtgegetecctgetgegecagecactaccgegaggtgectGCCGCTGGCCACGTTCGT 1145
* * * * * * *

835

1072

Figure A.7: Sequence of SDM 13. Promoter sequence is aligned to reference sequence
(NC_000005.10, GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid

editor v2.0.

Mismatches are highlighted with an #.
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Mon May 20, 2019 16:38 +03
sdmlé-rv3.abl from 1 to 768
Alignment to

5f2r.ape from 1 to 1145

Matches(|):734
Mismatches (#):8
Gaps( ):429
Unattempted(.):

* * * * * * *
1 GCCGACA'I‘T‘I‘CTCTATCGATAGGTACCACCAL:Ah\z(,(, TACTGCTGGGCTGGAAGTCGGGCCTCCTAGCTCTGCAGTCCGAGGCTTGGAGC 100
IIIIIIIIIIIIIIIIIIIII\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\HIIIIIIIII\
1 ggg tggaagt gggcctcctagctctgcagtccgaggcttqq gc 74
* * * * * * * * * *
101 TTGCCCTCCACCCTGTGCGGGCGGGATGT C. TGTT CTCATCTGCCAGACAGAGTGCCGGGGCCCAGGGTCAA 200
II\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\||||||||||\\\\\\\\\\\\\\\IIIIIIIII\
75 ccccgaggttgecctccacectgtgegggegggatgtgaccagatgttggecteatet gtg tcaa 174
H * * * * * * * * *
* * * * * * * * * *
201 CGTT CCCTTTCTCGACGGGACCGCCCCGGT TGATTA 300
II\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\
175 ggccgttgtgget ctccatt tttot tgggtgatta 274
* * * * * *
* * * * * * * * * *
301 ACAGATTT TGGTTTGCTCATGGT! 'CCCTCGCCGCCTGAGAACCTGCAAAGAGAAATGACGGGCCTGTGTCAAGGAGCCCAAGTCGCGGGGA 400
II\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\||||||||||\\\\\\\\\\\\\\\IIIIIIIII\
275 acagatttggggtggtttgctcatggtgggga g 374
* * * * * * * 9% * *
* * * * * * * * * *
401 AGTGTTGCAGGGAGGCACTCCGGGAGGTCCCGCGTGCCCGTCCAGGGAGCAATGCGTCCTCGGGTTCGTCCCCAGCCGCGTCTACGCGCCTCCGTCCTCC 500
PEVECPECLCCEEEEEEL DL EE L EEE P LE L DL P LT
375 agtgttg actc tgccegtec tgcgtcctegggttegtecccagecgegtetacgegecteegtectee 474
* * * * * * * * * *
* * * * * * * * * *
501 'GGCATTCGTGGTGCCCGGAGCCCGACGCCCCGTATCCGGACCTGGAGGCAGCCCTGGGTCTCCGGATCAGGCCAGCGGCCARAGGGTCG 600
II\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\IIllIIIII\\\\\\\\\\\\\\\||||||||||\\\\\\\\\\\\\\\IIIIIIIII\
475 ttcgtggt: ggtetecggateaggecageggecaaagggteg 574
* * * * * b
* * * * * * * * * *
601 CAGCCTAGGCCGATTCGACCTCTCTCCGCTGGGGCCCTCGCTG 700
II\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\\IIIIIIIIII\
575 taggecgattegaccteteteegetggggecctegety 674
*
* * *
701 .GCGCGCGGGC. 741
|||\\\\\\\\\\\\\|||||||||||\\\\\\\\\\\lllllllllllll\\\llllllllllllllllllllllllllllllllllllll
675 tgcgetgt 774
* * * * * * * * *

742 “T 744
775 ggctcccagtggat gcccaggaccgeget: tgg acccgtcctgecccttcacctteca 874
* * * * * * * * * *

745 745
875 g t. tcccgaccce tcccottec 974
* * * * * * * * * *

* *
i O LN Tl i e
I I |
975 ggccccgecctetectegeggegegagtttecaggecagegetgegtectgetgegeacgtgggaageect tgccgegeget 1074
* * * * * * * * * *
766 T. 768

I | | |
1075 cccecgetgecgagecgtgegetecctgetgegecagecactaccgegaggtgectGCCGCTGGCCACGTTCGT 1145
* * * * * * *

Figure A.8: Sequence of SDM 16. Promoter sequence is aligned to reference sequence
(NC_000005.10, GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid
editor v2.0. Mismatches are highlighted with an #.
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Mon May 20, 2019 16:03 +03
A3+sdml7-rv3.abl basecalls from 1 to 808
Alignment to

5f2r.ape from 1 to 1144

Matches(|):772
Mismatches (#):6
Gaps( ):396
Unattempted(.):0

* * * * * * * * * *
. TGC"““mTTCTCmcG“AGGT“°TT‘f’T‘fT?TTTTTTTT?TTTTTTTT?TT???TT‘f‘f’?‘?‘fTT‘TTTTTTTTT?TTTTT?T??T?T?T???TT?? .
1 GTGGCCGTGTGGCTTCTactqctgggctggaagtcgggcctcctagctctqcaqtccgaggctt 70
* * * * * * * * * *
101 TTGCCCTCCACCCTGTGCGGGCGGGATGTGACCAGATGTTGGCCTCATCTGCCAGACAGAGTGCCGGGGCCCAGGGT 200
\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\
71 aggttgccctecaccetgt tgtgaccagatgttggcctcatctgecagacagagtgecggggeccagggt 170
* * * * * * * *
* * * * * * * * *
201 CTGGCTCCATTTCCCACCCTTTCTCGACGGGACCGCCCCGE! TGA 300
\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\ |
171 cgectggetecattteccaccetttetegacgggacegecceggtgggtaa 270
H b % * * *
* * * * * * * * * *
301 CAGATTT TGGTTTGCTCATGGT TCGCCGCCTGAGAACCTGH AGAAATGACGGGCCTGTGTCAAGGAGCCCAAGTCGCGG 400
\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\
271 acagatttggggtggtttgctcatggt 370
* * * * *
* * * * * * * * * *
401 ‘GTTCGTCCCCATTCGCGTCTACGCGCCTCCGTCC 500
\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\||||||||||||\\\\\\\\\\\\\\\\\\\|||||||||ll|\\\\\\\\\\\\\\\\\\\
371 gttcgtccccagccgcgtctacgegcctccgt 470
*
* * * * * * * * * *
501 'CAGCGGCCAAAGGG 600
\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\||||||||||||\\\\\\\\\\\\\\\\\\\||||||||||||\\\\\\\\\\\\\\\\\\\
471 gccage cqgccaaaggg 570
* * *
* * * * * * * * * *
601 CTAGGCCGATTCGACCTCTCTCCGCTGGGGCCCTCG 700
\\\\\!IIIIIIIIIIII\\\\\\\\\\\\\\\\\\IIIIIIIIIIIIII\\\\\\\\\\\\\\\\\IIIIIIIIIIIII\\\\\\\\\\\\\\\\\\\
571 goctaggeegattegacctetetecgetggggeceteg 670
* * * * * * * *
701 TGCALLLLbbb GCGCGAGCGGCGCGCGGGC CCCGGGTCCGCCCGGAGCAGCTGCGCTGACAGGGCCAGG 800
\\\\\\IIIIIIIIIIIII\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\l\l\\\\\\\
671 ccf o ga 70
* * * * * * * *
801 CCCGGCAC: 808
| [H] | 8]
771 ccgggcteccagtggatt t tcctgccccttcacctt 870
* * * * * * * * * *
808 808
871 ccagctccgectect cccga tcccgggtecceg tccggg gccectecccttecttte 970
* * * * * * * * *
808 808
971 cgcggccccgecctetectecgeggegegagtttcaggcagegetgegtectgetgegeacy t a gcgatgccgege 1070
* * * * * * * * * *
808 808

1071 gctcccegetgecgagecgtgegeteectgetgegeagecactaccgegaggtgctGCCGCTGGCCACGTTCGT 1144
* * * * * * *

Figure A.9: Sequence of SDM 17. Promoter sequence is aligned to reference sequence
(NC_000005.10, GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid

editor v2.0. Mismatches are highlighted with an #.
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Mon May 20, 2019 16:43 +03
sdml8-rv3.abl from 1 to 680
Alignment to

5f2r.ape from 1 to 1145

Matches(|):648
Mismatches (#):4
Gaps( ):521
Unattempted(.)

* * * * * * * *
1 GGCAAAACATTTCTCTATCGATAGGTACCACCA&AhuLL, TACTGCTGGGCTGGAAGTCGGGCC LLL TAGCTCTGCAGTCCGAGGCTTGGA 100
Illllllllllllllllllllllll\\ \\\\\ \\\\\ IIIII IIII\ \\\\\ [T IIII||| \\\ FEPLLLLLLLELTTEL T
1 gggctggaagt. ctagctctgcagtccgaggettgga 72
o * * * *
* * * * * * * * * *
101 CCTCCACCCTGTGCGGGCH ATGT! C. TGTT CTCATCTGCCAGACAGAGTGCCGGGGCCCAGGGTC 200
I\\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIII\
73 ttg tcca tg tgtgaccagatgttggcctcatctge gagtgcce tc 172
H * * * * * * * * *
* * * * * * * * * *
201 AAGGCCGTTG' GGAGCGCCTGGCTCCATTTCCCACCCTTTCTCGACGGGACCGCCCCGGTGGGTGAT 300
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIII\
173 aaggccgttgtgget ctccatttcccaccctttct cgacgggacegecceggtgggt gat 272
* * *
* * * * * * * * * *
301 TAAC. TT TGGTTTGCTCATGGT! 'CCCTCGCCTTCTGAGAACCTGCARAGAGAAATGACGGGCCTGTGTCAAGGAGCCCAAGTCGCGGG 400
PECECCEL LU LD DTN LT ] \\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIII\
273 taacagatttggggtggtttgctcatggt tgc. 372
* * * * * * * 9% * *
* * * * * * * * * *
401 ‘GGTTCGTCCCCAGCCGCGTCTACGCGCCTCCGTCCT 500
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIII\
373 gtgccegt aatgegtectegggttegtecceageegegtetacgegecteegtect 472
* * * *
* * * * * * * * * *
501 'CCGGAGCCCGACGCCCCGCGTCCGGACCTGGAGGCAGCCCTGGGTCTCCGGATCAGGCCAGCGGCCARAGGGT 600
I\\\\\\\\\\\\\\\\|||||||||\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\\IIIIIIII\\\\\\\\\\\\\\\\IIIIIIIII\
473 ttcgtggt t t tggqtctccggatcaggccagcggccaaagggt 572
* * * * * * *
* * * * *
601 ACAGCCTAGGCCGATTCGACC. — ———— 679
I\\\\\\\\\\\\\\\\IIIIIIIII\\\\\\\\\\\\\\\IIIIIIIIII\\\\\\\\\\\\\\lIIIIIIII\\\\\llllllllllllllllll
573 ggccgattcgacctctctccgctggggcccthc 672
e
680 680
673 tggcgtccctgeacce ggcgeg agacccceggy tgcgetg 772
* * * * * * * * * *
680 680
773 cgggctcccagtgga t tcctgccecttcacctte 872
* * * * * * * * * *
680 680
873 cagctccgectectecgegeggaccecgeccegteccgaccccteccgggts tccccttectttee 972
* * * * * * * * * *
680 680
973 gcg tcotect tttcaggcagegetgegtectgetgegeacgt + t 1072
* * * * * * * * * *
*
680 680

1073 ctceceecgetgecgagecgtgegetecctgetgegecagecactaccgegaggtgctGCCGCTGGCCACGTTCGT 1145
* * * * * * *

Figure A.10: Sequence of SDM 18. Promoter sequence is aligned to reference sequence
(NC_000005.10, GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid
editor v2.0. Mismatches are highlighted with an #.
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Fri Jul 05, 2019 14:05 +03
G3+A172-RV3.abl basecalls from 1 to 850
Alignment to

F5+A172SDM19-RV3.abl from 1 to 711

Matches(|):706
Mismatches (#):5
Gaps( ):139
Unattempted (. )
* * * * * * * * * *
‘GGGCCGAAATTTCTCTATCGATAGGTACCACCAGTGGCCGTGTGGCTTCTACTGCTGGGCTGG. GGCCTCCTAGCTCTGCAGTCCGAGGCTTG 100
\\\II\I IIIIIIIIIII \\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\
GG— CCGACATTT TC' CTCCTAG AGT CCGAGG 98
* * * * * * * * * *
101 GAGCCAGGTGCCTGGACCCCGAGGTTGCCCTCCACCCTGTGCGGGCGGGATGTGACCAGATGTTGGCCTCATCTGCCAGACAGAGTGCCGGGGCCCAGGG 200
\\\H\IIHIIIHIIIH\\\H\\\H\\\H\\IHIIIHIIIH\\\H\\\H\\\H\\\HIIIHIIIH\\\H\\\H\\\H\\\H
99 GCCA( GGTGCC GG GCCGGGGCCC AGGG 198
* * * * * * * * *
201 TCAAGGCCGTTGT TGGTGT! GGAGCGCCTGGCTCCATTTCCCACCCTTTCTCGACGGGACCGCCCCGGTGGGTG 300
\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\\\\\\\\\\\\\IIIIIIIIIIII\\\\\\\Ill\\\\\\\\\\
199 TCAAGGCCGTTGTGGCTGGTGT! bblbLbLbbLL TTTCTCGACGGGACCTATCCGGTGGGTG 298
* *
* * * * * * * * * *
301 CCCCTCGCCGCCTGAGAACCTGCAAAGAG: ACGGGCCTGTGTCAAGGAGCCCAAGTCGCG 400
\\\H\IIHIIIHIIIH\\\H\\\H\\\H\\IHIIIHIIIH\\\H\\\H\\\H\\\HIIIHIIIH\\\H\\\H\\\H\\\H
299 'AACAGA TTG TGCTCATGGTGGGGACCCCTCGCCGCCTGAGAACCT 398
* *
* * * * * * * *
401 GCGT! GCCCG 'CCAGGGA( 'AGCCGCGTCTACGCGCCTCCGTC 500
\\\H\IIHIIIHIIIH\\\H\\\H\\\H\\IHII IIIH\\\H\\\H\\\H\\\HIIIHIIIH\\\H\\\H\\\H\\\H
399 AGGTCCCGCG 'GCCH C 'CGGGT" C TCTACGCGCC 'CCG' 498
* * *
* * * * *
501 .GCCAGCGGCCAAA( 600
\\\H\IIHIIIHIIIH\\\H\\\H\\\H\\IHIIIHIIIH\\\H\\\H\\\H\\\HIIIHIIIH\\\H\\\H\\\H\\\H
499 CTTCALbJLLbbL TGGT 'ACGCCCCGCGTCCGG! TCTCCGGA! T "AG( 598
f * * e
* * * * * * * * * *

601 GTCGCCGCACGCACCTGTTCCCAGGGCCTCCACATCATGGCCCCTCCCTCGGGTTACCCCACAGCCTAGGCCGATTCGACCTCTCTCCGCTGGGGCCCTC 700

H\\\H
599 GTCGCCGCACGCACCTGTTCCCAGGECCTCCACATCATG: TCTCTCCGCTGREGCCCTE 698

* * * * * * * * * *
701 ??T??TTT??TTGCACCCTGGGAGCGCGAGCGGCGCGCGGGCGGGGAAGCGCGGCCCAGACCCCCGGGTCCGCCCGGAGCAGCTGCGCTGTCGGGGCCAG 800
699 GCTGGCGTCCCT 710
* *
* * * * *
801 GCCGGGCTCCCAGTGGATTCGCGGGCACAGACGCCCAGGACCGCGCTTCT 850
711 711

Figure A.11: Sequence of SDM 19. Promoter sequence is aligned to reference sequence
(NC_000005.10, GRCh38.p7 1294771-1299989). Alignments are made with with Ape-A plasmid
editor v2.0. Mismatches are highlighted with an #.
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Figure A.12: Beta-Galactosidase Staining of A172 cell line. A)10 nM Adriamycin siRNA, B) 25 nM
DNMT1 siRNA, C) 25 nM DNMT3B siRNA, D) 25 nM GAPDH siRNA, E) 25 nM Scrambled siRNA,
F) No treatment, G) 10 nM Azacytidine, H) 20 uM Azacytidine. Images are taken with Olympus DP71
CKX41, 96 hours post treatment. 10x lens is used for imaging.
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Figure A.13: Beta-Galactosidase Staining of A172 cell line. A)10 nM Adriamycin siRNA, B) 25 nM
DNMT1 siRNA, C) 25 nM DNMT3B siRNA, D) 25 nM GAPDH siRNA, E) 25 nM Scrambled siRNA,
F) No treatment, G) 10 nM Azacytidine. Images are taken with Olympus DP71 CKX41, 96 hours post
treatment. 10x lens is used for imaging.
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Figure A.14: Beta-Galactosidase Staining of SW1088 cell line. A)10 nM Adriamycin siRNA, B) 25
nM DNMTTI siRNA, C) 25 nM DNMT3B siRNA, D) 25 nM GAPDH siRNA, E) 25 nM Scrambled
siRNA, F) No treatment, G) 10 nM Azacytidine, H) 20 uM Azacytidine. Images are taken with Olympus
DP71 CKX41, 96 hours post treatment. 10x lens is used for imaging.
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