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Abstract

DNA repair is important in maintaining genome integrity. Failure of DNA
repair systems may lead to genomic instability and hence carcinogenesis. This
study aimed to investigate (1) how the genetic variations affect the functions of DNA
repair proteins; and (2) how DNA repair mechanisms are involved in cancer drug

resistance.

The human DNA repair gene human nth endonuclease Ill-like 1 (E. coli)
(NTHL1) is involved in base excision repair, and was chosen for investigating the
effect of sequence variations on DNA repair activity. Humans and yeast have
similar DNA repair mechanisms, and the NTG2 gene is the yeast homologue of
NTHL1. Therefore, NTG2-knockout Saccharomyces cerevisiae (S cerevisiae) was
used as the study model for examining the influence of sequence variations on
NTHL1. Yeast expression vectors were constructed to express the wildtype and
two mutant human NTHL1 proteins, and the mutant protein carried a frameshift
mutation at 105 amino acid position (FS105) or a missense mutation at 239 amino
acid position (D239Y). Yeast cells expressing the wildtype or mutant human
NTHL1 protein did not demonstrate increased cytotoxicity to DNA damaging
reagents. However, treatment with methyl methanesulphonate arrested the cell cycle
a S phase in yeast cells carrying no recombinant plasmid or plasmid with the
frameshift construct, but not in yeast cells expressing the wildtype NTHL1 protein or
the D239Y mutant protein. This indicates that functional NTHL1 protein can
prevent S-phase cell cycle arrest after genotoxic treatment. Thisfinding may aid in
the development of asimple protein functional assay using the S. cerevisiae model to

detect the effects of other SNPs’ on proteins, such as apoptotic proteins that are drug
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targets.

In another part of the study, the involvement of DNA repair pathways in drug
resistance was investigated. The comet assay was used to evaluate the relationship
between DNA damage, DNA repair and Photofrin-mediated photodynamic therapy
(Ph-PDT) in U87 glioma cells. Results showed that Ph-PDT prominently induced
DNA damage, followed by repair being observed 24 hours after treatment with
Ph-PDT in glioma cells. Quantitative reverse transcription-polymerase chain
reaction, Western blotting and gene knockdown assays demonstrated that alkB,
alkylation repair homolog 2 (E. coli) or ALKBH2 of the DNA damage reversa
pathway was significantly increased at both mRNA and protein levels from 30
minutes to 48 hours post-treatment with Ph-PDT in relatively resistant glioma cells.
Conversely, down-regulating ALKBH2 expression enhances Ph-PDT efficiency.
Chromatin immunoprecipitation assay confirmed that TP53 may play a role in
promoting the transcription of ALKBH2 after Ph-PDT. TP53 and ALKBH2-related
proteins were further investigated to explore their involvement in regulating
ALKBH2 expression after Ph-PDT. Quantitative RT-PCR and Western blotting
showed that the expression of c-Jun N-terminal kinases (JNKs) and nucleophosmin
(nucleolar phosphoprotein B23, numatrin) or NPM 1 increased rapidly after Ph-PDT.
Gene knockdown and mRNA stability assays demonstrated that the increase in
NPM1 was aso involved in Ph-PDT resistance by affecting TP53 mRNA stability
and thus ALKBH2 expression. The identification of ALKBH2 involvement via the
regulation of TP53 mRNA stability by NPM1 contributing to Ph-PDT resistance may

provide insight into the development of more effective therapies for glioblastoma.
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Chapter 1
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1.1 Thedeoxyribonucleic acid (DNA) damage

response

Many external and internal DNA damaging agents may threaten the stability of
the cell genome® Hydrolytic reactions, non-enzymatic methylations, reactive
oxygen species, ionising radiation, ultraviolet light and various chemical reagents
produce DNA aberrations and damage, which are potentialy cytotoxic.® In
humans, highly conserved DNA damage sensor mechanisms deal with such DNA

damage.®?

An integrated signaling network, known as the DNA damage response may
cause the damaged cells to initiate different cellular processes (Fig. 1.1).> These
processes mainly result in (1) apoptosis, (2) transcriptional responses, (3) checkpoint
activation, (4) tolerance and/or (5) DNA repair.>* By activating the DNA damage
response, DNA lesions are detected and the fate of the cdl is determined: the cell

survives or undergoes programmed cell death.?

The DNA damage response activates and controls diverse biological downstream
effects. Therefore, failure in the DNA damage response increases the risk of
several disease such as cancer.” DNA repair being an important component of this
response and thus exploration of DNA repair pathways can further knowledge in
how the cell maintains genome integrity, prevent cancers caused by DNA repair
malfunction, and how to enhance the therapeutic responses of the cancer treatments

that function by generating DNA damage.



| DNA damages from different sources |

U

| Damage sensors ‘

U
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break repair
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Programmed cell ﬂ Cell survival with
death mutations

Damage repair
and
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Fig. 1.1 DNA damage sensor mechanisms. (Adapted and modified from reference 2)



1.2 DNA repair pathways

A comprehensive DNA repair system is necessary for repairing DNA damage
caused by different endogenous and exogenous genotoxins.>®’ Ineffective or
incorrect repair of these deleterious lesions may lead to serious consegquences
including impaired cellular function and cancer. In a cell, DNA and diverse types
of DNA threats are present in both mitochondria and the nucleus. In order to
maintain DNA integrity, different combinations of DNA repair pathways are adapted

and used for DNA damage repair.

1.2.1 Nuclear DNA repair pathways

Various forms of DNA damage may be generated in nuclear DNA. They can
be classified into four major types. base modifications, strand breaks, crosslinks and
mismatches (Fig. 1.2).2 Six major nuclear DNA repair pathways are directed to
specific types of DNA damage:®’

(1) Direct reversal (DR) repair for repairing bases modified with chemical groups;

(2) Base excision repair (BER) repairs DNA damage formed by alkylation, oxidation
and deamination of bases;

(3) Nucleotide excision repair handles bulky DNA lesions;

(4) Double strand break repair deals with double strand breaks;

(5) Trandesion synthesisis asystem for tolerance of DNA damage;

(6) Mismatch repair pathway removes mismatches and small insertion/deletion

| oops 1,2,6,7,9-15
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Fig. 1.2 Different types of DNA damage and their corresponding repair pathway. (Adapted and modified from reference 8)



1.2.1.1 Direct reversal pathway

In DR pathways, the modified bases can be eliminated by chemically reversing it
without using a complementary DNA strand as a template and without excising the
modified base, i.e. no breakage of the phosphodiester backbone by any glycosylase,
lyase and exonuclease. All known DR repair proteins, except photolyase for
repairing the thymine dimer, are involved in the removal of akylated DNA
damage!® Depending on the type of base modification, two reactions by
6-O-methylguanine-DNA methyltransferase and DNA dioxygenase are engaged in

this pathway.*?

1.21.1.1 O-6-methylguanine-DNA methyltransferase-mediated DR pathway
O-6-methylguanine-DNA methyltransferase is mainly responsible for the
alkylation of guanine bases. This enzyme flips the damaged base into the active
site and binds the akyl groups of the base to the cysteine residue in itself. The
binding of an akyl group is irreversible and hence results in the inactivation and
degradation of the O-6-methylguanineDNA methyltransferase (Fig. 1.3)."
Therefore, the newly synthesised O-6-methylguanine-DNA methyltransferase is

essential for further repair activity.’

1.2.1.1.2 DNA dioxygenase-mediated DR pathway

Two nuclear DNA dioxygenases called AlkB, akylation repair homolog 2 (E.
coli) (ALKBH2) and AlkB, akylation repair homolog 3 (E. coli) (ALKBH3) have
been identified to be involved in DR pathway. These enzymes belong to the alpha
ketoglutarate dioxygenase family. ALKBH2 acts on double-stranded DNA,

especialy the DNA located close to replication forks. Unlike ALKBH2, ALKBH3
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repairs nuclear single-stranded DNA and ribonucleic acid (RNA) of actively
transcribing genes.’®  The preferential DNA substrates for these dioxygenases are

DNA alkylation damage, particularly 1-methyladenine and 3-methylcytosine.*®

These enzymes oxidise akyl groups of the modified bases in a reaction
dependent on oxygen, ketoglutarate and iron. The reaction finaly releases
formaldehyde from methylated lesions or acetaldehyde from ethylated lesions.
Succinate and carbon dioxide are also produced during the reaction. As the DR
pathway removes the reactive alkyl groups from modified bases without any

nuclease activity, the damaged DNA can be repaired correctly (Fig. 1.4).%

1.2.1.2 Baseexcision repair pathway

The BER pathway fixes small base lesions, the most frequently occurring type of
lesion in the genome, which can arise from any type of oxidation, alkylation or
deamination. BER is important as front-line protection and is highly conserved
among species, as incorrect repair of the smal base lesions leads to
mis-incorporation of DNA bases by DNA polymerases which will result in
mutations. The BER pathway requires four types of enzymes for proper function.
These ae DNA glycosylases, apurinic/apyrimidinic or abasic (AP)

endonucleases/lyases, DNA polymerases and DNA ligases.

In addition, there are various steps involved in BER and the enzymes given here
work in an integrated manner (Fig. 1.5):%
(1) Recognition of damage by a DNA glycosylase.

(2) An AP siteis generated by a DNA glycosylase.
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(3) An AP siteis recognised by an AP endonuclease and the phosphodiester bond at
the 5” end of the AP site is cleaved.

(4) The deoxyribose-phosphate group at the 5” end of the strand break is excised by
a phosphodiesterase.

(5) A one-residue gap isfilled by aDNA polymerase.

(6) A nick is sealed by a DNA ligase.>*#*%

In human cells, this multi-step BER process, named “short patch BER”, is the

11,24,25

major pathway responsible for repairing base and sugar damage. In contrast

though, a minor “long patch BER” pathway for repairing single strand breaks is

present in all organisms.?>?4%

Long patch BER pathway leaves afragmented sugar
derivative at the 3’ end of the strand break. This derivative is a
polymerase-blocking lesion and is removed by phosphodiesterases. The 5’ end of
the strand break requires no additional modification. The oligonucleotide
containing the 5’-incised AP site is then excised by interaction with a complex,
which is formed by the combination of proliferating cell nuclear antigen (PCNA),
DNA polymerase beta and DNA polymerase delta/epsilon, and flap endonuclease 1.
The nick is finaly sealed by DNA ligase®?#**? The main differences between

short patch and long patch BER are shown in Table 1.1.%

1.2.1.3 Nucleotide excision repair pathway
Nucleotide excision repair pathway repairs bulky helix-distorting lesions, e.g.
ultraviolet lesions, intrastrand crosslinks and large chemically modified DNA

adducts. Large multiple protein complexes are required for nucleotide excision
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Table 1.1  Comparison between short patch BER and long patch BER.
(Adapted and modified from reference 24)
Properties Short patch BER Long patch BER
(1) Gap formation A gap with a single A gap with several
nucleotide nucleotides
(2) Types of DNA damage Base damage excised by  Base damage excised
bifunctional and by only monofunctional
monofunctional DNA DNA glycosylase
glycosylases
(3) Level of cellular DNA High level of DNA Low level of DNA
polymerase polymerase beta polymerase beta
(4) Level of cell-cycle Low level of PCNA High level of PCNA

regulated factor — PCNA

12



repair activity. The nucleotide excision repair pathway initialy starts from damage
recognition followed by cleavage of the DNA strand with the lesions, excision of the
lesions, gap filling and ligation.”®  Global genomic repair and transcription-coupled
nucleotide excision repair are two distinct pathways involved in nucleotide excision
repair. These pathways share most of the DNA repair proteins but differ in how

repair isinitiated.?’

1.2.1.3.1 Global genomic repair pathway
Global genomic repair is transcription-independent and repairs lesions from
non-transcribed regions of the genome. Many different kinds of DNA repair
proteins are involved in this repair system. The basic steps of global genomic
repair are (Fig. 1.6A):*#%®
(1) Damage recognition by severa protein complexes consisting of
(a) xeroderma pigmentosum, complementation group C with RAD23 homolog B
(S cerevisiae) complex,
(b) replication protein A1 with xeroderma pigmentosum, complementation group
A complex and
(c) damage-specific DNA binding protein 1 with damage-specific DNA binding
protein 2 complex.
(2) DNA unwinding by general transcription factor 11H.
(3) Lesion excision by excision repair cross-complementing rodent repair deficiency
protein complex, including complementation group 5 (ERCC5), 4 and 1.
(4) Resynthesis of the DNA strand by DNA polymerase delta and epsilon.
(5) Ligation of the newly synthesised DNA strand to the original strand by DNA

ligase 1.%°

13
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1.2.1.3.2 Transcription-coupled nucleotide excision repair pathway
Transcription-coupled nucleotide excision repair acts on DNA damage in the
transcription region of active genes triggered by RNA Polymerase Il stalling. The
two nucleotide excision repair pathways are similar and the difference lies only in
the initiation step. Transcription-coupled nucleotide excision repair starts with the
assembly of a protein complex which degrades RNA Polymerase II.  The protein
complex is a combination of excision repair cross-complementing rodent repair
deficiency, complementation group 8 and 6. Another difference between the repair
pathways is that the DNA damage is verified only by a protein — xeroderma
pigmentosum, complementation group A — in transcription-coupled nucleotide
excision repair whereas different protein complexes are used to verify the DNA

damage in global genomic repair (Fig. 1.6B).1>*°

1.2.1.4 Doublestrand break repair pathway

Double strand break repair pathway is used to repair double strand breaks
produced from ionising radiation, reactive oxygen species and replication errors.
Double strand breaks are especially dangerous to genomic integrity because no
complementary DNA template can be used for accurate repair. Therefore, a
complicated repair system with two discrete pathways is necessary for handling this
type of DNA damage. The associated pathways are non-homologous end-joining

pathway and homol ogous recombination repair pathway.*

1.2.1.4.1 Non-homologous end-joining pathway
Non-homologous end-joining pathway is error-prone but predominant in

repairing double strand breaks in mammals. Since more than 90% of DNA in
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mammalian cells is non-coding, simple non-homologous end-joining is tolerated in

cells® This end-joining pathway repairs double strand breaks according to the

following steps (Fig. 1.7A):®

(1) A heterodimer of two proteins, which are X-ray repair complementing defective
repair in Chinese hamster cells 6 and 5, binds to the ends of the double strand
breaks.

(2) DNA-dependent protein kinase is a catalytic subunit. It combines with the
heterodimer to form the holoenzyme.

(3) Two ends of the break are brought together to form a DNA synapsis.

(4) A complex, which is formed by polynucleotide kinase and Artemis (a nuclease),
process the ends to remove DNA.

(5) The recruited proteins and protein complexes for processing of the DNA ends are
removed by autophosphorylation of DNA-dependent protein kinase before
end-joining.

(6) DNA ends are ligated and the DNA is restored.

1.2.1.4.2 Homologous recombination repair pathway
Compared to the non-homologous end-joining pathway, homologous
recombination repair pathway is error-free and more complex. Homologous
recombination repair deals with double strand breaks within replicated DNA or those
generated at the broken replication forks>*** As the homologous recombination
repair process is complicated, a general description is given below (Fig. 1.7B).%
(1) The repair pathway is triggered by a MRN complex, consisting of MRE11
meiotic recombination 11 homolog A (S cerevisiae), RAD50 homolog (S

cerevisiae) and nibrin.
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(2) The ends of the break are then processed by meiotic recombination 11 homolog
A (S cerevisiae) and telomeric repeat binding factor 2, interacting protein and
the homologous DNA template is recognised by RAD52 homolog (S. cerevisiae)
(RAD52), amediator protein.

(3) The homologous recombination is initiated by loading the 3’ end of the strand
with the break and the DNA template into the recombinase machinery, including
RAD51 homolog (RecA homolog, E. coli) (S cerevisiae), breast cancer 1, early
onset and breast cancer 2, early onset proteins.

(4) The joint proteins and the DNA strands are stabilised by “Holliday junctions” or
strand exchange. DNA strands are finally synthesised and separated by alpha

thalassemia/mental retardation syndrome X-linked protein.

1.2.1.5 Trandesion synthesis

Although translesion synthesis is classified as a DNA repair pathway, it is
inherently different from the others described so far as it is error-prone and can
tolerate a certain degree of DNA damage. This then allows the damaged cell to
tolerate, temporarily, the unexcised damaged DNA and thus prevent cell cycle arrest.
This pathway involves DNA synthesis from the distorted DNA template using
Y-family polymerases that lack 3’ to 5” exonuclease activity.®*® The low fidelity and
weak processivity of these enzymes allow DNA to be synthesised from DNA strands
containing pyrimidine dimers induced by ultraviolet light, oxidative DNA lesions
and AP sites.  Mutations may be introduced to the newly synthesised DNA, but it
can prevent cell death by limiting the formation of double strand breaks when the
DNA is seriously damaged.®*  Five important proteins, which are DNA polymerases

zeta, eta, lota, kappa and REV1 homolog (S cerevisiae) (REV1), carry out the
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processes of translesion synthesis®* From the genetic and biochemical data of
these proteins, both the polymerase-switching model and the gap-filling model have

been used to elucidate the mechanism of translesion synthesis.

The polymerase-switching model is specific for DNA lesion bypass at the
primer-template terminus of the replication fork. It allows forward progression of
DNA replication. Recruitment of trandesion synthesis polymerases to the DNA
lesion begins with the PCNA monoubiquitination by ubiquitin-conjugating enzyme
E2 (RAD6 homolog)/RAD18 homolog (S. cerevisiae) heterodimer and the loading of
9-1-1 complex onto the lesion. An interchange of the replicative polymerase to the
trandesion synthesis polymerases is then mediated and DNA synthesis continues
past the distorting lesion, finally restarting the stalled replication fork (Fig.

1.8A).3738

The polymerase-switching model is used to explain the DNA repair at the
replication fork and in the S phase of the cell cycle, whereas the gap-filling model is
used to understand the transesion synthesis-assisted DNA lesion bypass in the
regions containing ssDNA gap opposite the blocking leson. The trangesion
synthesis polymerases, PCNA, 9-1-1 clamp and REV1 are recruited to the region
with a gap. These proteins then fill the single-stranded DNA gap with the newly
synthesised nucleotide chain with the help of polymerase while the lesion opposite
the gap is ignored during this gap-filling. This chain is then ligated onto the
original DNA chain. Ultimately, the lesion on double-stranded DNA can be
repaired by other DNA repair pathways before the next round of replication (Fig.

1.8B).3"
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When the translesion synthesis polymerases are recruited to the DNA lesions,
they will take over the job of the highly stringent replicative DNA polymerases, such
as DNA polymerase beta, which are aready present. How this exchange occurs

remains to be clarified.*’

1.2.1.6 Mismatch repair

Mismatch repair removes base mismatches formed by deamination, oxidation,
methylation and replication errors. Mismatch repair is a ssmple and conserved

pathway and involves just 3 steps (Fig. 1.9):%

(1) Mismatch recognition. The base-base mismatches and small insertion/deletion
mispairs are recognised and localised by a complex, which is composed of mutS
homolog 2, colon cancer, nonpolyposis type 1 (E. coli) and mutS homolog 6 (E.
coli) proteins, or the large insertion/deletion mispairs by another complex, which
is composed of mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli) and
mutS homolog 3 (E. coli);

(2) Strand discrimination and excision. The heterodimers of MutS homologues
with adenosine triphosphatase activity, post-meiotic segregation 2 and
exonulcease | interact with PCNA to facilitate strand discrimination near the
mismatches and remove errors by excision; and

(3) DNA replication and ligation.*-*

21



Mismatch recognition

PCNA

MutS homolog 2
Heterodimers of

Exonulcease I MutS homologues
Post-meiotic segregation 2

Excision

ESSSs==sces  / ( )—b

N -
Resynthesis
DINA polymerases Ligation
ﬂ v
\""!-u-‘/ v

Fig. 1.9 Mismatch repair pathway. (Adapted and modified from reference 40)

22



1.2.2 Mitochondrial DNA repair pathways

In contrast to the nucleus, the mitochondria accumulate large amounts of reactive
oxygen species, since they are the centre for oxidative phosphorylation and close to
the free-radical producing electron transport chain.  In mitochondria, the dominant
type of DNA damage is therefore reactive oxygen species-generated oxidative
damage. Therefore, mitochondrial DNA repair pathways are more adapted to deal
with DNA damage from oxidative stress when compared to their nuclear

counterparts.

Although it is clear that DNA repair exists in the mitochondria, it still remains
unclear how DNA repair pathways work in combination in the mitochondria. DR,
BER and DSB, but not NER repair pathways, were found to exist in the
mitochondria.  The absence of nucleotide excision repair in the mitochondria may
be due to the lack of large multiprotein complexes required for nucleotide excision
repair activity. Although mismatch repair and transesion synthesis proteins have
been found to be present in the mitochondria, their role in mitochondrial DNA repair

isstill under investigation.

In principle, mitochondrial DNA repair is similar to nuclear DNA repair with the
exception that nuclear DNA repair requires more proteins. Mitochondrial DNA
repair mechanisms is still not fully understood, and yeast may be a good model for

study based on the similarity between human and yeast DNA repair systems.

DNA repair pathways and DNA repair proteins are highly conserved. In

particular, the homology between yeast and human genes is around 80%.% Since
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most of the DNA repair proteins are similar in structure and function between human
and yeast, human DNA repair pathways can be extrapolated from the anaysis of

yeast systems.

1.2.3 Conservation of DNA repair pathways

DNA repair pathways show a high degree of evolutionary conservation. It is
useful to study simple organisms to learn the fundamentals about the critical
pathways in complex organisms. Many human DNA repair genes were first
discovered by characterising their homologues in prokaryotes and yeast.** The
sequence homology of DNA repair genes between prokaryotes and eukaryotes may
be not high, but the structural and functional homology of DNA repair proteins

involved in various of DNA repair mechanismsis.”

BER isthe focus of this section and the budding yeast Saccharomyces cerevisiae
(S cerevisiae) is used as the model as described in Chapter 2, therefore a more
detailed comparison for BER in S. cerevisiae and Homo sapiens (H. sapiens) is

illustrated in the following section.

1.2.3.1 Similarities of human and yeast BER

Since DNA repair pathways and proteins are well conserved among eukaryotes,

the functions of most DNA repair proteins in human and budding yeast are

similar.?%4”  Both human and budding yeast have five important DNA repair

pathways, athough the budding yeast repair pathways are more simple than the

4,647 4,47

human ones. Fewer DNA repair proteins are present in budding yeast.
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BER pathways in humans and budding yeast are found to show marked
conservation.?*®*  For example, seven DNA glycosylases have been identified in
human BER and at least five of these glycosylases can also be found in S
cerevisiae® The BER genes and proteins in humans and budding yeast are

summarised in Table 1.2 and their differences are summarised bel ow. 22254648

1.2.3.2 Differences between human and yeast BER

These differences are summarised as follows:

(1) Differences between the function of APEX nuclease (multifunctional DNA
repair enzyme) 1 (APEX1) in H. sapiensand Apnlin S cerevisiae. They share
similar substrates but they are different in structure.*®

(2) S. cerevisiae does not have a homologue to ligase 111.%#

(3) The Pol B and X-ray repair complementing defective repair in Chinese hamster
cells 1 (XRCC1) of H. sapiens operate in BER pathways. However, in S
cerevisiae, Pol 3 contributes to the DNA end-joining pathway and XRCCI-like is
responsible for S phase onset and M phase restraint.*®

(4) Although both H. sapiens and S cerevisiae contain 8-oxoguanine DNA

glycosylase, they handle oxidative damage using different mechanisms.*®

In summary, BER pathways in humans and budding yeast consists of different
steps and involve different DNA repair proteins, although both of these pathways
deal with DNA base damage using similar mechanisms. A few of the DNA repair
proteins mentioned above are significantly different between humans and budding
yeast, while other DNA repair proteins involved in BER pathways have functions

conserved in both humans and budding yeast. Because of these conserved
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Table 1.2  Homologues of BER genes in H. sapiens and S. cerevisiae. (Adapted
and modified from reference 22)

Enzymes H. sapiens S. cerevisiae

DNA glycosylase

Uracil DNA glycosylase UNG UNGI
3MeA DNA glycosylase MPG MAGI
8-oxoguanine DNA glycosylase/AP lyase 0GGI 0GGI
8-oxoguanine DNA glycosylase/AP lyase NEILI Absent
Thymine glycol DNA glycosylase/AP lyase NTHLI NTGI1/OGG2 NTG2
Mut Y G:A mismatch glycosylase/AP lyase MYH Absent

TDG T:G mismatch DNA glycosylase DG Absent

AP endonuclease

Endonuclease 111 APEX] Absent
Endonuclease III APEX2 APN2
Endonuclease IV Absent APNI
Additional factors
Flap endonuclease FENI RTHI/RAD27
8-0x0-dGTPase NUDTI Absent
Proliferating cell nuclear antigens PCNA POL30
Replication Factor C RFCI RFC
XRCC1 XRCC1 Absent
DNA polymerase POLB POLA4
POLD POL3
POLE POL2
DNA ligase LIGI/LIG3 CDC9
Abrreviations:

UNG: uracil-DNA glycosylase; MPG: N-methylpurine-DNA glycosylase; OGGI: 8-oxoguanine
DNA glycosylase (H. sapiens); NEILI: nei endonuclease VIII-like 1 (E. coli); NTHLI: nth
endonuclease Ill-like 1 (E. coli); MYH: mutY homolog (E. coli); TDG: thymine-DNA glycosylase;
APEX]I: APEX nuclease (multifunctional DNA repair enzyme) 1; APEX2: APEX nuclease
(apurinic/apyrimidinic endonuclease) 2; FENI: flap structure-specific endonuclease 1; NUDT!: nudix
(nucleoside diphosphate linked moiety X)-type motif 1; PCNA: proliferating cell nuclear antigen;
RFC1: replication factor C (activator 1) 1, 145 kDa; XRCC1: X-ray repair complementing defective
repair in Chinese hamster cells 1; POLB: polymerase (DNA directed), beta; POLD: polymerase (DNA
directed), delta 1, catalytic subunit 125 kDa; POLE: polymerase (DNA directed), epsilon; LIGI:
ligase I, DNA, ATP-dependent; LIG3: ligase III, DNA, ATP-dependent.
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functions and the relative simplicity in handling S. cerevisiae, it is the model of

choice for investigating the functions of polymorphic BER proteins.

1.3 DNA repair and cell cycle checkpoints

The DNA repair genes and their related mechanistic pathways play a critical role

inthecell cycle™  Thecell cycleis divided into four phases:**>?

(1) Gl phase I Rapid biosynthesis and cell growth;
(2) Sphase 0 DNA synthesis;
(3) G2 phase I Continued cell growth and synthesis of mitotic proteins; and

(4) M phase 0 Mitosis.

Cel cycle checkpoints occur at the G1/S boundary, G2/M boundary and

metaphase/anaphase boundary in M phase. 2%

Different DNA repair genes are
involved in different cell cycle checkpoints. Ataxia telangiectasia mutated, tumour

protein p53 (TP53) and cyclin-dependent kinase inhibitor 1A (p21, Cipl) genes have
been identified to be essential for G1/S checkpoint arrest.**>*>>°"%  Cel|s deficient
in any of these genes can bypass the G1/S arrest.®*® "™ For controlling the G2/M
checkpoint, ataxia telangiectasia mutated, ataxia telangiectasia and Rad3 related,
cyclin-dependent kinase inhibitor 1A (p21, Cipl), TP53, growth arrest and
DNA-damage-inducible, alpha and breast cancer 1, early onset genes are

necessary,*9°3°>°7°6264-67.7275  pAD5]-like genes X-ray repair complementing

defective repair in Chinese hamster cells 2 and 3 have been shown to regulate the
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metaphase/anaphase checkpoint. Their main function is to reduce chromosome

mis-segregation.”®

Cdll cycle checkpoints are the key eventsin cell cycle progression/control and in
carcinogenesis.  When DNA is damaged, the cell cycle will halt in order to alow
for DNA repair through different DNA repair pathways and thus the damaged cell
remains in a checkpoint status. Failure or reduced efficiency in DNA repair
mechanisms may alow the cell to continue with the cell cycle.””  The consequences
may include uncontrolled cell growth, adverse drug responses of some anti-cancer
drugs (e.g. chemotherapy drug -- 6-thioguanine), birth defects, accelerated ageing

78-82

and other diseases, such as ataxia telangiectasia. Abnormal checkpoint

functions have been demonstrated in cancer cells.> "%

The above evidence indicates that DNA repair genes are closely related to cell
cycle and carcinogenesis because they take part in the control of cell growth.
Defects in DNA repair genes such as breast cancer 1, early onset, breast cancer 2,
early onset, mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli), excision
repair cross-complementing rodent repair deficiency, complementation group 2 and

XRCC1 have been proved to induce various cancers.®®

Their importance in
carcinogenesis has been confirmed by the yeast homologues of human DNA repair
genes, transgenic studies and gene targeting studies. Many studies have aso
demonstrated that cancer cells exhibit down-regulation or altered function of these

proteins encoded by DNA repair genes.® %%
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1.4 DNA repair genesand functional single

nucleotide polymor phisms (SNPs)

In addition to mutations, SNPs are also major factors affecting DNA repair
capacity, carcinogenesis and efficacy of cancer treaments.®*% SNPs in DNA
repair genes have been found to be associated with cancers in many clinica
epidemiological studies.'®!  For instance, breast cancer 2, early onset 372 HH
genotype is significantly associated with breast cancer risk and prenatal viability.'%
The polymorphism Ser326Cys in the 8-oxoguanine DNA glycosylase protein is

associated with lung cancer development.'®

Moreover, T alelein exon 7 (position
18067) of the X-ray repair complementing defective repair in Chinese hamster cells

3 gene has been found to be associated with skin cancer.'%*

The results of these epidemiological studies warrant investigation of DNA repair
genes with the corresponding SNPs by functional studies. The effect of SNPs on
DNA repair genes have been explored using cell culture models. Ataxia
telangiectasia mutated gene is a good example in that it has been extensively studied
using lymphoblastoid cell lines. It was found that the presence of ataxia
telangi ectasia mutated hapl otypes correlated with high breast cancer risk and adverse
radiotherapy responses due to low levels of ataxia telangiectasia mutated messenger
RNA (mRNA) transcripts.’®  Another example is mismatch repair gene deficiency
in HeLa cells, which causes resistance to 6-thioguanine by shortening G2/M

checkpoint arrest.®?
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DNA repair genes with functional SNPs may encode deleterious proteins, so
functional data about the expressed proteins are important. An example is the
highly abnormal protein expression of ataxia telangiectasia mutated, breast cancer 1,
early onset and TP53 in high-grade breast tumours, which may be involved in breast

cancer pathogenesis.’®

Another example is the importance of the protein from
xeroderma pigmentosum, complementation group C gene in cancer prevention.
The xeroderma pigmentosum, complementation group C protein initiates the
cisplatin DNA damaging treatment-mediated signal transduction process and hence
results in activation of the TP53 pathway and cell cycle arrest.  Thisin turn allows

DNA repair and apoptosis to take place.*”’

In addition, functional data about the expressed proteins may help develop a new
drug and prevent drug resistance. For example, a recent study revealed that
Simaomicin o works against cancer via abrogating bleomycin-induced G2

checkpoint.'%

If the compound is studied in relation to the interaction of different
DNA repair genes with functional SNPs, new information may become available on

the best way to prescribe drugs and prevent drug resistance.

As the DNA repair capacity of the cells very much depends on DNA repair
protein activity, it is worth studying how SNPs affect the functions of DNA repair
proteins and therefore may aid to prevent cancer drug resistance. In the following
sections, some background regarding the work covered in Chapter 2, which is to

examine the effects of SNPs on DNA repair protein’s functions, is introduced.
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1.5 Human nth endonuclease I ll-like 1 (E. coli)

(NTHL2)

1.5.1 DNA repair and NTHL1

The structure of human NTHL1 protein has been predicted and confirmed from
its orthology. The NTHL1 protein contains five conserved domains near the
C-terminal: (1) active sites, which are the catalytic sites, including Lys 212 and Asp
239; (2) substrate binding pocket; (3) minor groove reading motif, which stabilises
holes in the DNA base stack; (4) helix-hairpin-helix signature motif, which may
interact with the DNA backbone and (5) iron-sulphur binding domain in
DNA-(apurinic or apyrimidinic site) lyase, which locates conserved basic residues
for interaction with the DNA phosphate backbone (Fig. 1.10).2°™° At the
N-terminal tail, NTHL1 possesses a unique sequence with an inhibitory role. This
regulatory N-terminal tail inhibits the release rate of this enzyme from the multi-step
DNA repair reaction mediated by NTHL1. As a result, human NTHL1 has a

relatively low activity when compared with its E. coli counterpart.

The NTHL1 protein is a DNA repair enzyme that is involved in the BER

p athw. ay. 116-118

It is a bifunctional enzyme, which can act as a DNA N-glycosylase
for removing oxidised pyrimidines, or an AP lyase for introducing a single strand
nick at the AP site.  Enzymes with homology to NTHL1 are also found in bacteria
and yeast. All these conserved proteins found in bacteria, yeast and humans have a

similar specificity for the types of DNA damage." ™
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1 a.a. 312 a.a.

: minor groove reading motif (141-143, 146, 185 a.a. positions)

: helix-hairpin-helix signature motif (214-221 a.a. positions)
: substrate binding pocket (224, 279, 283 a.a. positions)

: active site (239 a.a. position)

: iron-sulphur binding domain (289-309 a.a. positions)

Fig. .10 NTHL1 protein structure. (Adapted and modified from reference 115.)



This highly conserved NTHL1 protein is also related to cancer pathogenesis.
Goto et al.’s study showed that reduced NTHL1 expression and abnormal
distribution in the cytoplasm of primary gastric cancer tissue contribute to the
pathogenesis of gastric cancer.™*® The expression level of the NTHL1 protein is
also closely related to the pathogenesis of astrocytomas and colorectal cancer.*?*%

This protein is aso involved in cancer drug resistance and additiona details are

given in Chapter 1.5.3.

1.5.2 Comparison of human NTHL 1 and yeast homologue

NTG2

In yeast, two homologues of the human NTHL1 exist: NTG1 and NTG2. Two
encoded proteins from the yeast genes show significant similarity to human NTHL1;
only NTG2, but not NTG1, contains both important conserved domains as their
human homologues. The domains are a putative active site helix-hairpin-helix

122124 gince there

domain and an iron-sulphur cluster located near the C-terminus.
is no iron-sulphur cluster, and a putative mitochondrial transit sequence is formed in
the NTGL1 protein, the protein may be more likely involved in mitochondrial DNA
repair.’**'?®  On the other hand, NTG2 is defined as a yeast homologue of human
NTHL1 due to its highly conserved sequence and protein structure

(http://www.nchi.nlm.nih.gov/homol ogene/?term=NTHL1).

Both NTHL1 and NTG2 proteins have similar binding specificity and
recognition for a spectrum of base damage products. The specific DNA substrates
processed by the enzymes are listed in Table 1.3.48117:1%
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Table 1.3  The DNA substrates for NTHL1 and NTG2.
(Adapted and modified from references 48, 116 and 125)

NTHL1 NTG2

Abasic sites,
Dihydrouracil,
Formamidopyrimidine (fapy),
5-hydroxycytosine,
5-hydroxyuracil and

Thymine glycol
Dihydrothymine, 5-hydroxy-6-hydrothymine,
5-hydroxy-dihydrothymine, 5-hydroxy-6-hydrouracil and
6-hydroxy-dihydrothymine, 5-hydroxy-5-methylhydantoin
Uracil glycol,
Urea and

B-ureidoisobutyric acid
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1.5.3 NTHL1 and cancer treatment

Human NTHL1 protein has been proposed to be a target gene for cancer
therapy.”?”  However, studies have revealed a relationship between NTHL1 protein
and cancer treatment resistance. A review from lde et al. concluded that the
efficacy of anticancer drugs and radiotherapy can be potentiated by depletion of

DNA glycosylases resulting from reduced BER activity."?®

Another study on Y-box-binding protein 1 indicated that it stimulates NTHL1
activity by forming a Y-box-binding protein /NTHL1 complex, and the cytotoxicity
of cisplatin in mammary adenocarcinoma MCF7 cell line was intensified after
knockdown of NTHL1.**®  The association of NTHL1 with Y-box-binding protein 1
may provide a clue about the role of NTHL1 in resistance to cisplatin and as a
marker for predicting the drug responses and patient prognosis in different cancers,

including breast and ovarian cancers.

In addition to Y-box-binding protein 1, NTHL1 also interacts with a mismatched
repair enzyme, mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli).
Knockdown of mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli) results
in resistance to 6-thioguanine and temozolomide in NTHL1 proficient and/or
deficient cells. Both 6-thioguanine and temozolomide are used in the treatment of
glioblastomas and other cancers. Therefore, interaction between NTHL1 and mutS
homolog 2, colon cancer, nonpolyposis type 1 (E. coli) may affect the DNA repair
pathways involved in 6-thioguanine or temozolomide treated glioma cells and thus
treatment outcomes.**  Therefore, it is worthwhile to investigate the role of

NTHL1.

35



Taken together, these pieces of evidence, the SNPs’ effects on the function of
NTHL1 should be investigated to prevent failure in cancer treatment. NTHL1 is
just one example in which genes or proteins can affect the efficacy of cancer
treatment. Other DNA repair genes have also been shown to be involved in

determining cancer treatment outcome.

1.6 DNA repair genesand cancer treatment

The DNA repair genes and their related mechanistic pathways play a critical role
in the treatment outcome of chemotherapy.’* DNA repair is activated in order to
reduce cell death caused by different cancer therapies, including radiotherapy and

131-133

chemotherapy using a platinum agent. In addition, DNA repair pathways

repair the DNA damage generated by anticancer agents, and may therefore influence

L4135 For example, O°-benzylguanine

the treatment outcome of chemotherapy.
and its derivatives have been developed to inactivate the DNA repair protein
O-6-methylguanineeDNA  methyltransferase, and thus to re-sensitise the
O°-alkylating anticancer drugs used. However, an American study showed that the
O-6-methylguanine-DNA methyltransferase polymorphism Gly160Arg reduced the
inactivation of this enzyme by the drug and hence resulted in resistance to cancer

chemotherapy to this anticancer agent.**®

In this polymorphism, the amino acid at
position 160 is glycine in the wildtype protein, but is replaced by arginine in the
mutant protein. The mutant protein is more resistant to inactivation by the drug.

Therefore, the role of DNA repair genes and their influence on the chemotherapeutic

outcomes and hence drug development is an important area of research.

Photodynamic therapy (PDT) is now increasingly used in the treatment of
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cancers and has been reported to induce obvious DNA damage but also repair in
different cancer cells™ % The associated DNA repair after PDT may affect PDT
efficacy. In the following sections, PDT and its association with DNA repair are

described in detail.

1.7 Photodynamic therapy

PDT is an emerging adjuvant therapy used in the treatment of different tumours,

macula degeneration and psoriasis. '

PDT has severa advantages over
traditional treatment regimens. Compared with surgery and radiotherapy, PDT
causes |ess severe long-term morbidity with comparable treatment outcomes.*  In
a clinical study by Zhao et al., it was shown that PDT can be effectively used on
patients with nasopharyngeal carcinomas (8 out of 10 had complete responses,
meaning that al signs of cancer of the patients disappeared, to PDT) and this

treatment caused few major side effects.**

Mild generalised skin photosensitive
reactions were seen.**® In another study by Lou et al., PDT provided good
cosmetic outcomes and minimised the disease-associated symptoms without
reduction of the patients’ physical abilities, e.g. swallowing.**”  Photodynamic
therapy can also be the re-treatment of choice in cases of recurrence and incomplete
tumour responses after standard therapies and/or PDT as PDT does not compromise
re-treatment effectiveness. For example, in the research study conducted by
Hornung et al. in 1998, meso-tetrahydroxyphenylchlorin-mediated PDT did not

induce resistance or interfere with the treatment outcomes of conventional therapies

or PDT in breast cancer cells.**®
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1.7.1 Working principleof PDT

The basic mechanism of PDT utilises (1) the preferential accumulation of
photosensitisers in tumour cells, (2) oxygen in tissues and (3) light, to kill the

tumour cells.'*®

After tumour cells have taken up the photosensitiser, light is
applied to excite the photosensitising molecules to a higher energy level. A small
portion of the excited molecules then return to the ground state with the release of
energy in the form of fluorescence, but most of the molecules go through
intersystem crossing to a longer-lived triplet state. These longer-lived molecules
release their energy subsequently by reacting with organic cellular substrates and
reacting with ground state oxygen by mediating the Type | (aredox reaction) and 11
(an energy transfer process) photo-oxidative reactions.  These reactions result in the
generation of several chemically reactive molecular species including radical ions,

reactive oxygen species and singlet oxygen (Fig. 1.11).°%%*

At the cellular level, these reactive molecular species, especially singlet oxygen,
destroy different cellular organelles, with DNA being one of the targets. If this
damage is not repaired, the tumour cells would be killed via apoptosis and/or
necrosis. 4921 As singlet oxygen can only diffuse within a short distance, the
concentration and distribution of photosensitisersisimportant in killing tumour cells.
However, different animal and clinical studies have demonstrated that concentration

154-156

IS not an essential determinant for PDT responses. Therefore, other killing

mechanisms must also be present for tumour destruction by PDT.

Targeting the vascular systems surrounding the tumour is an indirect method of

killing the tumour at the tissue level. Since the blood vessels are destroyed, the
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3PS*: Excited photosensitiser at triplet state

Fig. 1.11  Theworking principle of PDT. (Adapted and modified from reference 150)
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tumour cells die because of hypoxia and/or starvation. Significant tumour cell

death can also be a consequence of immunological effects triggered by PDT.**%

1.7.2 Localisation of photosensitisers

The distribution of photosensitisers in a cell depends mostly on their
hydrophobicity with hydrophobic molecules binding onto membranes. However,
photosensitisers may re-distribute to other cellular organelles after light irradiation.
Several target sites of photosensitiser binding have been investigated.™®  The target
Sites are:

1. Membranee Plasma memebrane is the first target site of PDT. Some
photosensitisers also locate in the nuclear membrane or other intracellular
membranes. The disruption of the plasma membrane causes cell death by
necrosis.*®

2. Lysosomes: Lysis of lysosomes may cause inactivation of cellular
compartments and thus is responsible partially for tumour cell death after PDT.®*

3. Mitochondriaz Most types of photosensitisers used are localised in the
mitochondria, for example, Photofrin and 5-aminolevulinic acid. Mitochondria
are the critical sites as release of cytochrome ¢ from mitochondria leads to
apoptosis.’®

4. Nucleus. The nucleus is not a usua PDT target, but hydrophobic PDT
sensitisers may bind onto the nuclear membrane. Finally, DNA damage occurs
in PDT-treated cells because the nuclear membrane is immediately broken down
after light illumination.'®®

5. Endoplasmic reticulum.

6. Golgi apparatus.
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1.7.3 Photosensitiser classifications

Photosensitisers can be classified into 3 groups: (1) Porphyrin; (2) Chlorophyll
and (3) Dyes.!®™ Examples of photosensitisers belonging to these 3 groups are

listed in Table 1.4.1%*

Photosensitising drugs can also be grouped into different generations according
to the year of discovery as well as the modifications on the photosensitisers. The
photosensitisers developed in the 1970s to early 1980s are called “First generation”,
e.g. Photofrin, and in the late 1980s “Second generation”, e.g. 5-aminolevulinic acid.
The “Third generation” photosensitisers refer to those photosensitising drugs with
modifications, such as biological conjugates. These terms are still used, but may
cause confusion as the new generation photosensitisers may not be better than the

old ones.'®

1.8 Photofrin-mediated Photodynamic therapy
(Ph-PDT)

1.8.1 Photofrin

Photofrin, aso known as porfimer sodium, is a first generation photosensitiser.
Photofrin-mediated PDT is most commonly used for cancer treatment and has
aready been approved for the treatment of different solid tumours by the U.S. Food

and Drug Administration. %1’

The chemical structure of Photofrin is illustrated in Fig. 1.12. Photofrin is a
mixture of oligomers formed by haematoporphyrin units.
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Table 1.4  Photosensitiser classifications. (Adapted from reference 163)

. . Chlorophyll
Generation Porphyrin o Dyes
First Photofrin
Second Benzoporphyrin Chlorins; Phtalocyanine;
derivative; Purpurins; Napthalocyanine
S5-aminolevulinic acid; Bacteriochlorins
Texaphyrins
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Haematoporphyrin
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Fig. 1.12 Thestructure of Photofrin. (Adapted and modified from
http://en.wikipedia.org/wiki/Porfimer_sodium)
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1.8.2 Applicationsof Ph-PDT

Photofrin is recommended for use in high-grade dysplasia in Barrett's

oesophagus and different cancers.  The uses of Photofrin are listed in Table 1.5.1%®

1.8.3 Theassociation of DNA repair with Ph-PDT

resistance

DNA repair activity has been observed in different cell types after Ph-PDT. "%
In the study of DiProspero and her colleagues, enhanced recovery from Ph-PDT
induced DNA damage was found in PDT resistant mouse fibrosarcoma cells and

Chinese hamster ovary multi-drug resistant mutant cells.*®

This result implies that
DNA repair is related to Ph-PDT resistance.  Although different mechanisms have
been suggested to explain the causes of resistance in Ph-PDT, the role of DNA repair

mechanisms has not been investigated extensively.

1.8.4 Ph-PDT resistancein glioma treatment

1.8.4.1 Glioblastoma multiforme and treatment resistance

Glioblastoma multiforme is one of the most common tumours affecting the brain
and is notoriously difficult to cure. The median survival of patients with gliomais

12 to 15 months with the survival rate being less than 5% at 5 years.*°*"°

The common therapeutic modalities used for other tumours are also applied to
glioblastomas, namely, chemotherapy, radiotherapy and surgery.!™ However,
glioma cells are particularly resistant to therapy, and coupled with the problem of the
blood-brain-barrier and the susceptibility of heathy brain tissue to damage during
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Table 1.5

Applications of Photofrin.

(Adapted and modified from reference 157)

Approved indications

Pending for regulatory
approval

Adjuvant therapy

High-grade dysplasia in
Barrett's oesophagus,

Advanced stage
oesophageal tumours,

Prophylatic treatment for
bladder cancers,

Advanced non-small-cell
lung cancer and

Early stage lung cancer

Early stage oesophageal
cancer,

Head and neck cancers
and

Superficial bladder cancer

Brain tumour,
Head and neck cancers,
Intrathoracic tumours and

Intraperitoneal tumours
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treatment, new adjuvant therapies are clearly needed to tackle this

treatment-resistant tumour.*>*"

1.8.4.2 Glioblastoma multiforme and Ph-PDT

Clinical trials using Ph-PDT for treating gliomas are underway and reports are
emerging about resistance in and/or no responses to Ph-PDT in vitro or in vivo."**"”
The situation was seen in Rigual et al.’s study of head and neck dysplasia or cancer,
where some patients failed to respond or only partially responded to Ph-PDT.}&1%
The underlying cellular mechanisms leading to failure to respond to Ph-PDT are not
fully understood. Several proteins and signalling pathways have been shown to
play significant roles in resistance to Ph-PDT by various suggested mechanisms.
One of these is cellular antioxidant defence mechanisms which help to cope with the
oxidative stress-induced damage of Ph-PDT, such as increased expression of Heme

181-183

oxygenase-1 and superoxide dismutase. Activation of anti-apoptotic proteins

and pathways is another proposed protective mechanism against Ph-PDT.}""8
Prostaglandin-endoperoxide synthase 2 is an anti-apoptotic protein that can be
up-regulated by Ph-PDT and initiates treatment resistance.’®'¥ |n addition, the
changes in the microenvironment of the area adjacent to the tumour may account for
the resistance observed.®®*"'®  PDT uses oxygen and destroys the capillaries in the
PDT-treated and adjacent areas. Hypoxia in these areas causes the induction of
“ADAM17-EGFR-PI3K-Akt” pathway and other responsive genes, e.g. epidermal
growth factor receptor, that facilitate the tumour invasiveness and minimise the
efficacy of Ph-PDT.2*'%  The interactions of these different pathways and proteins

will enhance tumour cell proliferation and differentiation, promote invasion, and

prevent apoptosis, leading to the decreased cytotoxicity of Ph-PDT.
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As Ph-PDT has been reported to induce obvious DNA damage and repair in
different cancer cells, different DNA repair pathways may be also related to Ph-PDT

resistance in glioblastoma multiforme. X34

Thus, DNA repair genes, which
belong to individual repair pathways and do not participate in other biochemical
pathways, and DNA repair-related genes should be studied to understand the

relationship between DNA repair mechanisms and the development of resistance in

Ph-PDT. The following genes were investigated in Chapter 3.

1.9 DNA repair and DNA repair-related genes and

proteins

1.9.1 AIKB, alkylation repair homolog 2 (E. coli) of DNA

direct reversal repair pathway

ALKBH2 is the E. coli AIkB homologue. It isinvolved in DNA dioxygenase
-mediated DNA repair pathway and its function is to remove 1-methyladenine and
3-methylcytosine.  This protein prefers to repair double-stranded DNA.*°
Therefore, ALKBH2 has been found to locate in the nucleus and redistribute to
replication foci during S-phase of the cell cycle® Research has shown that
ALKBH2 couples with PCNA to accumulate in the replication foci by a new

PCNA-binding motif **

The structure of ALKBH2 includes two binding sites for the co-factors and
active site pocket for flipping the bases¥'®  The function of ALKBH2 protein
depends on the binding of two co-factors, a-ketoglutarate and ferrous ion, onto the
binding sites of ALKBH2 protein.***
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The detailed repair mechanism performed by ALKBH2 is explained in Section
1.21.1.2. As ALKBH2 is a new gene and its role has not yet been confirmed in
DNA repair, the association of this gene and Ph-PDT or cancer treatment responses

still awaits further investigation.

1.9.2 REV1homolog (S. cerevisiae) of translesion

synthesis

Therole of REV1 DNA repair protein isto recruit DNA polymerases involved in
trandesion synthesis. Two alternative splicing transcripts, which encode REV1
protein of different sizes, have been found, but their biological significance has not

yet been defined. These proteins are around 138 kDa and 43 kDa.

The REV1 protein has a BRCA1 C-termina domain, which is a domain for
protein-protein interactions, e.g. with PCNA, and an interacting motif for polymerase
(DNA directed) kappa REV1 has aso been associated with cytotoxicity and
mutagenicity in cisplatin-treated ovarian cancer cells but the relationship between

translesion synthesis or REV1 and Ph-PDT remains to be investigated.

1.9.3 RAD52 homolog (S. cerevisiae) of double strand

break repair pathway

Rad52 is involved in double strand break repair. It binds to the ends of
single-stranded DNA and mediates the annealing of the complementary strands. It
has been found to interact with RAD51 homolog (RecA homolog, E. coli) (S

cerevisiae), a DNA recombination protein.'®%®  Evanset al.’s study showed that B
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lymphoblastic cells deficient in double strand break repair demonstrated low
mutatation frequency and some of these mutations may be generated from intergenic

" The latter has been shown to

mutations produced by double strand break repair.*
be associated with the mutagenicity of Ph-PDT. Therefore, it is worth examining
how this repair is related to Ph-PDT resistance because mutations in cancer cells

caused by Ph-PDT may affect its responsiveness.

1.9.4 APEX nuclease (multifunctional DNA repair enzyme)

| of BER pathway

The APEX1 gene encodes the major AP endonuclease to repair abasic sites,
which is caused by hydrolysis;, DNA damaging agents or DNA glycosylases.
APEX1 cleaves the phosphodiester backbone of damaged DNA in abasic sites and

initiates the BER pathway.'®

PDT using different photosensitisers produce base modifications and oxidative
DNA damage, which are the substrates for BER, on DNA by PDT-generated reactive
oxygen species.*81992% - Another study showed that when APEX 1 was silenced, an
improvement in the cytotoxicity of haematoporphyrin-mediated PDT was seen.?®
These results imply that BER efficiency may affect the cytotoxicity of PDT and

result in PDT resistance.

1.9.5 X-ray repair complementing defectiverepair in
Chinese hamster cells 1 of short-patch BER pathway

XRCC1 protein plays a role in short-patch BER pathway and complexes with
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DNA ligase Ill, polymerase (DNA directed), beta and poly (ADP-ribose)
polymerase®® It may be involved in DNA manipulation during meiosis and
recombination in gametes®® Some polymorphic variations in this gene are
associated with radiotherapy resistance®®?® BER, which proceeds through either
short-patch or long-patch or both subpathways, may aso be responsible for reactive

oxygen species induced base damage after PDT as described in section 1.9.4.

1.9.6 Excision repair cross-complementing rodent repair
deficiency, complementation group 5 of nucleotide

excision repair pathway

ERCCS5 protein participates in the nucleotide excision repair pathway, which is
mainly responsible for repairing ultraviolet-induced DNA damage, to prevent the
development of genetic instability and thus cancer.®® Mutations in ERCC5 cause
Cockayne syndrome, which is characterised by severe growth defects and mental
retardation.”®”  This protein has severa variants, but their biological validity has not
been determined. Finlan et al. found that 5-aminolevulinic acid-mediated PDT did
not induce nucleotide excision repair in skin tissues, but no studies about the effect

of Ph-PDT on nucleotide excision repair have been found.?®

1.9.7 Tumour protein p53 (TP53) and phosphorylated

TP53 (p-TP53)

The TP53 protein is defective in most human cancers.  This suggests that TP53
has an important role in cancer prevention. Activation of TP53 isrelated to various
signalling processes from DNA damage, abnormal proliferation, hypoxia and loss of
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cell adhesion.®®#° |n the study of Donehower et al., TP53-deficient mice was
found to have a higher risk of developing multiple tumours. This finding implies

that TP53 isacritical functional protein. 22

The functions of TP53 include inhibition of the abnormal growth of cells and
angiogenesis, involvement in programmed cell death, DNA repair and cell cycle,
regulation of other genes via transcriptional activation and modulation of other

213-216

protein activities. Impairment of TP53 may also cause adverse drug responses

217,218

and ageing. The involvement of different TP53 forms, including mutant TP53
and wildtype TP53, in PDT with various photosensitisers and cell types have been
extensively investigated, although results are inconsistent. For example, fibroblast
cells with mutant TP53 were shown to be more resistant to Ph-PDT than the cells
with wildtype TP53.2° In contrast, colon cancer cells with abrogated TP53 has no
effect in sensitivity to Ph-PDT.*® Therefore, the participation of TP53 in Ph-PDT

may be cell type-dependent.

1.9.8 Proliferating cell nuclear antigen

PCNA as a cdll regulator determines the eukaryotic cell fate since it affects the
cell cycle arrest, cell death and DNA repair. It also influences the processivity of
DNA polymerase Deltainvolved in DNA synthesis®*  The transcription of PCNA is
induced by TP53 as shown by promoter-reporter gene assay in Kannabiran and her
colleagues’ study.” In 2006, Banks et al. further showed that PCNA will
cooperate with TP53’s negative regulator, i.e Mdm2 p53 binding protein homolog
(mouse), to ubiquitinate TP53 protein followed by degradation resulting in decreased

TP53 stability.?*
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PCNA was demonstrated to stimulate and interact with different DNA repair
proteins of excision repair pathways, mismatch repair, double strand break repair and
trandesion synthesis, and another important regulator—TP53—via PCNA-

interacting peptide.

Under genotoxic stress, PCNA may bind proteins via a
newly discovered motif called AIkB homologue 2 PCNA-interacting motif. One of
the examples is ALKBHZ2, which co-localises with PCNA in the replication foci
during DNA repair.’® In several reports of PDT using haematoporphyrin and
Photofrin, the increase in PCNA expression level was suggested to be caused by

DNA damage and the related cellular responses, e.g. induction of DNA repair

proteins.??*%%®  Thus, PCNA-involved DNA repair may affect PDT effectiveness.

1.9.9 c-Jun NH2-terminal kinases (JNKs)

c-Jun NH2-termina kinases (JNKs) is a group of mitogen activated protein
kinases. There are 3 isoforms (JNK1, JNK2 and JNK3) which are responsible for
stress sensing, for example, oxidative stress, inflammation and ultraviolet insult.

Activation of INKs is via phosphorylation by mitogen activated protein kinases.?’

JINKs can activate different proteins, including TP53. Different isoforms of
JINK's have different roles including phosphorylation, complex formation and TP53
regulation.?®® The relationship between TP53 and JNKs is suggested to be a
negative feedback mechanism. Expression of TP53 is increased if there is a
decrease in INK1 and an increase in INK2 expression, but overexpression of TP53

limits the phosphorylation of JNKs.2%°

Since JNK's phosphorylate TP53, and is therefore involved in TP53-dependent
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DNA repair, they should also play a part in DNA repair activities. JINKs enhance
DNA repair in cells through various mechanisms, for instance, transcriptional
activation of the activating transcription factor 2 or TP53 multimerisation by

dissociating TP53 from an E2 ubiquitin-conjugating enzyme. %%

DNA repair elicited by JNKs’ activation after treatment contributes to treatment
resistance®? In the study of Assefa et al., HelLa cells were protected from
Hypericin-PDT due to activation of JNKs whereas, in another study, Photofrin
treated human epidermoid carcinoma cells were found to be killed by Ph-PDT and
the activation of INKs?*** These contrasting results may be caused by the

presence of wild type or mutant TP53.2

1.9.10 Nucleophosmin (nucleolar phosphoprotein B23,

numatrin) (NPM 1)

NPM1 is a multifunctional nucleolar protein, which is abundant in proliferating
cells. This protein is a “chaperone” and thus has many biochemical activities,
including processing RNA, ribosome biogenesis and transport and anti-apoptotic

activity.”®

NPM1 is associated with DNA repair activity. Under ultraviolet irradiating
conditions, NPM1 interacted with PCNA to enhance nucleotide excision repair.*

The participation of NPM1 in DNA repair is also viainteraction with TP53.2%

Many proteins work with NPM 1, and TP53 is a well-documented NPM 1 partner.
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NPM1 increases the stability and transcriptional activity of TP53.2%%% The
stabilisation of TP53 may be due to the formation of a NPM1-Mdm2 p53 binding
protein homolog (mouse) complex to prevent ubiquitination and degradation of
TP53.2*  However, in contrast to previous reports, no co-immunoprecipitation of

NPM1 and Mdm2 was observed in the study of Bertwistle and his colleagues.®**

Li et al. found that an increase in NPM1 expression enhances cell surviva in
hypoxia by inhibition of TP53 phosphorylation at Serine 15 position and interaction
with TP53. Therefore, overexpression of NPM1 is characterised to promote
hypoxia-driven cancer progression.?”? This finding may relate NPM1 to PDT

resistance as PDT causes hypoxiain cancer cells after the treatment.
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1.10 Scope of project

This project consists of two parts. Firstly, a detection method using a yeast
model was developed to evaluate the SNPs’ effects on the function of DNA repair
protein. In the second part, the expression of DNA repair genes were examined in
relatively resistant glioma cells after Ph-PDT to investigate the involvement of DNA

repair in Ph-PDT resistance. The general outline of thisthesisis asfollows:

Chapter 2 To evaluate two SNPs’ effects on human NTHL1 DNA repair gene using

the yeast expression vectors and flow cytometry.

Chapter 3 To investigate the expression of six DNA repair genes and their

co-operating moleculesin relatively resistant glioma cells after Ph-PDT.

Chapter 4 Genera discussion and suggestions for future research.
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Chapter 2

SNPs’ effects on DNA repair proteins
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2.1 Introduction

Asthe NTHL1 geneis important for chemotherapy of glioblastoma, and different
polymorphisms may affect the DNA repair activity of the NTHL1 protein, this gene
has been targeted for the development of a simple, and rapid detection method for
analysing the effects of SNPs on the protein.  Two SNPs of the NTHL1 gene, which
include deletion of an adenine to cause a frameshift polymorphism of lysine at 105
amino acid position (FS105), and substitution of thymine for guanine to cause a
missense polymorphism with a change of amino acid from aspartic acid to tyrosine
(D239Y) at 239 amino acid position, were examined because different degrees in

protein function and structural damage may be caused by these SNPs.

Two different DNA damaging reagents, methyl methanesulphonate (MMYS)
and hydrogen peroxide (H.0,), were used to generate different types of
DNA damage. @~ MMS is an akylating agent used in cancer treatment
(http://www.mondof acto.com/facts/dictionary?methyl +methanesul fonate). This
agent is also commonly used in research to study the mechanisms involved in drug
resistance, for example, alkylating drug resistance in glioblastoma®*® MMS
produces mainly N-methylpurines in DNA.?**  Hydrogen peroxide is a well-known

genotoxic agent that oxidises DNA bases via reactive oxygen species.**

Specific questionsto be addressed in this chapter are asfollows:

1. What are the SNPs’ effects on the NTHL1 protein in response to different
genotoxic reagents?

2. lIs it possible to examine the SNPs’ effects by means of yeast expression

vector coupled with cell cycle analysis?
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2.2 Experimental design

The experimental design in this chapter is shown in Fig. 2.1. The human
NTHL1 complementary DNA (cDNA) was reverse-transcribed and amplified by
conventional polymerase chain reaction (PCR) from a human RNA sample. The
PCR product of human NTHL1 cDNA was digested by the restriction enzymes
EcoRI and HindIll. The digested human NTHL1 PCR product was then ligated into
pY X113 vector digested by the same restriction enzymes, to form the
pYX113-NTHL1 plasmid. By Escherichia coli (E. coli) transformation, the
pYX113-NTHL1 plasmid was separated from other products, i.e. non-ligated
plasmids and PCR products, and the amount of pYX113-NTHL1 plasmid was
multiplied. The size and sequence of pY X113-NTHL1 plasmid were confirmed by
PCR and sequencing respectively. The verified pYX113-NTHL1 plasmid was
further used to introduce two particular SNPs individually by site-directed
mutagenesis. Two plasmids, pY X113-FS105 and pY X113-D239Y, were generated.
All plasmids, including the pY X113 vector, were finally transformed into the mutant
NTG2-knockout yeast cells and then treated with different genotoxic agents.

Finally, cell survival assay, Western blotting and cell cycle analysis were performed.
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Restriction enzyme digested
NTHLI PCR products

l Ligation using T4 DNA ligase

Restriction enzyme digested
pYX113 plasmid DNA

pYX113-NTHL1 construct

lE .celi transformation

Confirmation of E.coli clones with pYX113-NTHL1 plasmid by:
1. Colony PCR and agarose gel electrophoresis

2. DNA sequencing

Plasmid extraction and site directed mutagenesis to introduce desired
single nucleotide polymorphisms (SNPs) into the NTHLI gene

O
1

Confirmation of pYX113-NTHL1 plasmid with desired SNPs by:
1. Colony PCR and agarose gel electrophoresis

2. DNA sequencing

Y east transformation and gene expression

!

The yeast cells with or without gene expression are treated with
different concentrations of DNA damaging reagents and analysed by:
1. Yeast cell cycle analysis by flow cytometry

2. Western blotting

Fig. 2.1 Schematic diagram of workflow in Chapter 2.
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2.3 Methodol OQY (The materials and reagents are listed in appendices.)

2.3.1 Construction of plasmid

2.3.1.1 Amplification of NTHL1 by reversetranscription —

polymer ase chain reaction (RT-PCR)

Principle

Reverse transcription

RNA is reverse-transcribed into cDNA using a reverse transcriptase and
primers. RT is an RNA-dependent DNA polymerase to transcribe, initialy, the
single-stranded RNA into single-stranded cDNA and subsequently forms double
helix DNA. The cDNA formed is used as the template for real-time polymerase

chain reaction.

Conventional PCR

PCR is a molecular biology technique for DNA amplification to generate many
copies of a particular DNA sequence. The product is obtained by the repeated
heating and cooling of the reaction mixture, i.e. thermal cycling. It provides
suitable temperatures for DNA melting and enzymatic replication of the DNA. In
PCR, there are two main components. (1) primers, which are short DNA fragments,
are designed to be complementary to the target region; and (2) a thermostable DNA
polymerase used in repeated amplification. During the progression of PCR, the
generated PCR products themselves are used as templates for amplication, so achain

reaction occurs and the DNA template is exponentially amplified.

Melting temperature of the primersis predicted by the following equation:**
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650
69.3°C + (GC% x 041 - , )
Primer Length (bp)

The final annealing temperature and cycle number are optimised experimentally.

The time of extension depends on the PCR product size.

Procedures

Reverse transcription

Briefly, 5 ug total RNA extracted from human U87 glioma cells was added to the
RT mixture, which contained 1X reaction buffer, 5 uM oligo (dT)1g primer, 1 mM
dNTPs, 20 units RiboLock™ RNase Inhibitor and 200 units of RevertAid™
M-MuLV Reverse Transcriptase. The sample was mixed, centrifuged and
incubated for 60 minutes at 42°C. The RT reaction was stopped by heating at 70°C

for 5minutes. The cDNA products were stored at -20°C until use.

Conventional PCR for NTHL1 amplification

Conventional PCR were performed in GeneAmp® PCR System 9700 (Applied
Biosystems, Carlsbad, CA, USA). Fifty nanograms of cDNA (one bacterial/yeast
colony in case of colony PCR) were amplified by 0.5 uM of primersin 25 uL PCR
master mix with 0.5 units of FastStart high fidelity enzyme, 0.2 mM dNTPs and 3.5
mM of MgCl,. The amplification cycle was carried out as follows: 1 cycle for
denaturation (95°C/5 minutes) followed by 35 cycles for amplification (95°C/15
seconds, 60°C/1 minute and 72°C/1 minute) and final extension of 10 minutes at
72°C. The PCR products were subjected to agarose gel electrophoresis and
sequencing for examination. The primers used for amplifying NTHL1 genes are

listed in Table 2.1.
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Table 2.1  Primers used in NTHL 1 amplification for construction of plasmid.

Primers S 55 to 31 Positions in NTHL1
SyencelCReby mRNA sequenced
(1) NlexppF1 ATATAAGAATTCATTATGGATGTGTA 20-40
GTCCGCAGGAGTCC
(2) NlexppR1 |CAATATAAGCTTTCAGAGACCCTGGG 941-958
CGGC

a. The sequences highlighted in grey are the restriction enzyme sites of EcoRI in NlexppF1 and
HindIII in NlexppR1.

b. The underlined sequence of NlexppF1 is the Kozak sequence for yeast cell protein expression.

c. The boxed sequences in both primers are additional sequences to enhance restriction enzyme
digestion

d. The primers were designed from Homo sapiens NTHLI mRNA sequence (Accession no.:
NM_002528) by using Oligo program version 6.57 (Molecular Biology Insights, Cascade, CO,
USA).
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2.3.1.2 Restriction enzyme digestion
Principle

Thisis a molecular biology method using restriction endonucleases to cleave the
double-stranded DNA at a specific nucleotide sequence, the restriction site.  The
cleaved DNA fragments can be used for fingerprinting, plasmid construction and the

determination of restriction fragment length polymorphism.

Procedures
Two restriction enzymes and pY X113 vector were used for constructing the
plasmid. They are: (1) EcoRI recognises “GAATTC” DNA sequence and (2) HindllI

recognises “AAGCTT” DNA sequence.

First restriction enzyme digestion using EcoRlI:

Ten microlitres of PCR products from NTHL1 PCR amplification or 0.4 pg
plasmid DNA (pYX113) were added to 20 pL of restriction enzyme digestion
mixture containing 1X buffer and 10 units of EcoRIl. The mixture was incubated
for 16 hours at 37°C and the reaction was stopped by incubating for 20 minutes at

65°C.

Second restriction enzyme digestion using Hindll|I:

Ten microlitres of EcoRI digested product (both PCR products and plasmid DNA)
were added to 20 pL of restriction enzyme digestion mixture containing 1X Buffer R
and 10 units of Hindlll. The mixture was incubated for 16 hours at 37°C and the

enzyme reaction was inactivated by incubating for 20 minutes at 80°C.
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2.3.1.3 Ligation

Principle

This enzymatic method makes use of T4 DNA ligase to link up two DNA strands
that have a break in both complementary strands of DNA (double strand break). In
this project, EcoRI and Hindll1 produce sticky ends in the PCR products and plasmid

DNA for linkage.

Procedures

The procedures were performed according to the manufacturer’s manual.
Briefly, 0.1 pg of restriction enzyme digested pY X113 vector and about 5.5 ng
restriction enzyme- digested NTHL1 PCR product (insert) (3:1 molar ratio over
vector calculated by equation 1°) were added to 20 pL of DNA ligation mixture
containing 1X T4 DNA ligase Buffer and 1 unit of T4 DNA ligase. The mixture
was incubated for 10 minutes at 22°C and the reaction was stopped by incubating for
5 minutes at 70°C. Five microlitres of the mixture containing pY X113 vector with
NTHL1 coding sequence (pY X113-NTHL1 plasmid) were used for transformation
of 50 pL of chemically competent E. coli cells. The schematic diagram of

pY X113-NTHL1 plasmid isshown in Fig. 2.2.

"Equation 1:

Amount of vector (ng) x Size of insert (kb)
insert

= Amount of insert (ng)
Size of vector (kb) x (Molar ratio of

vector
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Fig. 22  Theschematic diagram of pYX113-NTHL 1 construct.
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2.3.2 E. coli transformation

Principle

Transformation is a molecular biological method to transfer foreign genetic
material (plasmid DNA) into bacterial cells. Two procedures can be used to make
the bacterial cells permeable to plasmid DNA: (1) chilling cells in the presence of
divalent cations, e.g. Ca®*, and then heat shock at 42°C (chemical competence) or (2)
shocking them with an electric field (electro-competence). In this section, E. coli
transformation by the chemical method was used to select the E. coli cells with
pYX113-NTHL1 plasmid and increase the plasmid amount as bacterial cells

propagate very quickly.

Procedures

Preparation of chemical competent E. coli cells:

One colony of One Shot® TOP10 Chemically Competent E. coli cell was
inoculated from LB agar plate into 2 mL LB broth and incubated at 37°C overnight
with shaking at 250 rpm. One millilitre of cells cultured overnight was inocul ated
into 100 mL LB broth and incubated for about 3 hours at 37 °C with shaking at 250
rpm to obtain an OD600 reading of approximately 0.2 to 0.4 (log phase of E. coli).
The culture was then chilled on ice for 15 minutes and centrifuged for 10 minutes at
4000 rpm at 4°C. The supernatant was discarded and the cell pellet was
resuspended in 40 mL cold 0.1 M CaCl,. The cells were kept on ice for 30 minutes
and centrifuged for 10 minutes at 4000 rpm at 4°C. The supernatant was removed
and the cell pellet was resuspended in 6 mL 0.1 M CaCl, plus 15% glycerol solution.
One hundred microlitres of the cell suspension were aliquoted into sterile eppendorf

tubes and stored at -80°C.
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E. coli transformation:

The cells were thawed on ice and 1 pL of pYX113-NTHL1 plasmid DNA was
added to the cells for each transformation. The cells were mixed gently and
incubated on ice for 30 minutes.  After incubation, the cells were heat-shocked for
30 seconds at 42°C followed by incubation on ice for 2 minutes. The cells were
recovered by adding 250 pL pre-warmed SOC broth and shaken at 37°C for 1 hour
at 225 rpm.  Ten microlitres and 100 pL from each transformation were spread on a
pre-warmed LB agar plate containing 100 ug/mL ampicillin and incubated overnight
at 37°C to sdlect successfully transformed clones. The identity of the clones was

confirmed by analysing PCR products using agarose gel electrophoresis and

sequencing.

2.3.3 Isolation of plasmid DNA

Principle

Plasmid DNA extraction is achieved in 3 parts: (1) bacterial cell growth, (2) lysis
of bacterial cells and (3) plasmid DNA purification. In this project, QIAprep spin
miniprep kit was used for plasmid DNA extraction. The principle of this kit is
based on a modified alkaline lysis method to lyse bacterial cells, followed by
adsorption of DNA onto silica in the presence of high salt. Ribonucleic acids,
proteins and different impurities are removed in the washing steps and optimised
buffers are used to prevent these impurities from being retained on the silica
membrane.  Purified plasmid DNA is finaly eluted with eution buffer or
DNase/RNase-free distilled water, and is ready for immediate use in downstream

applications.
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Procedures

Plasmid DNA extraction using QIAprep spin miniprep kit was carried out
according to the manufacturer’s protocol. In brief, overnight culture of E. coli with
pY X113-NTHL1 plasmidsin 5 mL LB broth was centrifuged for 15 minutes at 6000
g a 4°C. The pelleted bacteria cells were resuspended and lysed using different
buffers. After centrifugation, the plasmid DNA was released into the supernatant,
and the supernatant was then loaded onto the silica column for binding of plasmid
DNA. The plasmid DNA was purified by a series of washing steps and eluted out

from the column by elution buffer for further applications.

2.3.4 Sequencing

Principle

The nucleotide order of a given DNA fragment can be determined by DNA
sequencing. The commonest sequencing method is the dye terminator method. In
dye terminator sequencing, low concentrations of chain terminating nucleotides
(called di-deoxynucleotides) |abelled with different fluorescent dyes are incorporated
during the extension of DNA synthesis at a specific site on the template DNA.
Different DNA fragments are terminated at the positions where a di-deoxynucleotide
isincorporated. These fragments are then separated according to size by capillary

electrophoresisin aviscous polymer using a DNA sequencer.

Procedures

Purification of PCR products:

Seven microlitres of PCR product amplified from pY X113-NTHL1 plasmid were

purified by 10 units of exonuclease | and 2 units of shrimp akaline phosphatase.
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The mixture of PCR products and enzymes was incubated for 30 minutes at 37°C

and inactivated for 10 minutes at 80°C.

Cycle sequencing:

Three microlitres of purified PCR product were added in 10 pL of cycle
sequencing mixture containing 2 UL of BigDye® Terminator v3.1 ready reaction mix
and 1.6 pmol of primer. The cycle sequencing was carried out as follows: 1 cycle
for denaturation (96°C/1 minute) followed by 25 cycles for amplification (96°C/10
seconds, 50°C/5 seconds and 60°C/4 minutes). After cycle sequencing, the final

volume of the product was made up to 20 pL with sterilised MilliQ H2O.

The primers used for determination of the DNA sequence of pYX113-NTHL1

plasmid arelisted in Table 2.2.

Purification and precipitation of extension products:

Twenty microlitres of cycle sequencing product were added to 80 pL of
ethanol/sodium acetate solution containing 90 mM sodium acetate, pH 4.6 and 60%
ethanol. The mixture was incubated for 30 minutes at room temperature and then
centrifuged for 20 minutes at maximum speed (~ 14000 rpm) in a microcentrifuge.
The supernatant was removed and 250 pL 70% ethanol was added to wash
the pellet. After washing, the mixture was centrifuged for 5 minutes at maximum
speed and dried in SpeedVac for 10 to 15 minutes. The products were protected

from light.
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Table 2.2  Primers used for DNA sequencing of NTHL1 gene-containing
plasmids with or without SNPs.

Positions in

Primers Sequences (5’ to 3') NTHLI mRNA
sequence’

(1) NlexppF1 ATATAAGAATTCATTATGGATGTG 20-40
TAGTCCGCAGGAGTCC

(2) NlexppR1 CAATATAAGCTTTCAGAGACCCTG 941-958
GGCGGC

(3) N1R2 TGTGGCTTTTCCTCGCTTCT 176-157

(4) N1F2 AGCTGTGGCACGAGATCAAT 837-856

(5) M13 forward GTAAAACGACGGCCAG -—-

a. The primers were designed from Homo sapiens NTHLI mRNA sequence (Accession no.:
NM_002528) by using Oligo program version 6.57 (Molecular Biology Insights).
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Sampl e resuspension:

The purified extension product was resuspended in 10 uL Hi-Di™ Formamide
and incubated for 30 minutes at room temperature. Before loading, the sample was
heated for 2 minutes at 95°C and placed on ice immediately. Finaly, the sample
was loaded into 3130 Genetic Analyser (Applied Biosystems) for size separation in

polymer by capillary electrophoresis.

2.3.5 Site-directed mutagenesis

Principle

Site-directed mutagenesis is atechnique to create amutation at a specific siteina
DNA molecule. The GeneTailor method used in this chapter is based on PCR with
the overlapping primers. Before the mutagenesis step, the DNA (the plasmid with
gene of interest) is methylated using DNA methylase and then linear PCR amplicons
carrying the desired mutation are produced. The amplicons are transformed
directly to E. coli and circularised by the host cell repair enzymes. The McrBC
endonuclease is used to digest the origina unmutated methylated DNA plasmid

templates. Theprincipleisillustrated in Fig. 2.3.
Procedures
The procedures were carried out following the GeneTailor™ site-directed

mutagenesis system manufacturer’s manual and is only briefly described here.

M ethylation reaction:

One hundred microlitres pY X113-NTHL1 plasmid DNA were added to the
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methylation mixture, which contains methylation buffer, 1X SAM buffer and 4 units

of DNA methylase. The sample was mixed and incubated for 1 hour at 37°C.

M utagenesi s reaction:

The linear mutated amplicons were amplified from the methylated plasmid DNA
templates using the overlapping primers with the desired mutations (FS105 or
D239Y). Inbrief, 12.5 ng of methylated plasmid DNA was amplified by 0.5 uM of
primers listed in Table 2.3 in 25 uL PCR master mix with 2 mM of MgCl, and 0.5
units of Phusion high-fidelity DNA polymerase. The amplification cycle was
carried out as follows: 1 cycle for denaturation (98°C/30 seconds) followed by 35
cycles for amplification (98°C/30 seconds, 60°C/1 minute and 72°C/4 minutes) and

final extension of 10 minutes at 72°C.

E. coli transformation:

The linear amplicons and the methylated plasmid DNA were transformed into

the One-Shot® MAX Efficiency® DH50™-T1R competent cells.

Clone confirmation:

The selected colonies from the LB agar plates were examined and analysed by
sequencing to confirm the presence of mutated plasmids with desired SNPs,
pY X113-FS105 and pY X113-D239Y, using the primers listed in Table 2.2. The
clones with mutated plasmids were then selected and the mutated plamids were

extracted for yeast transformation.
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Table 2.3

Primers used in site-directed mutagenesis of pYX113-NTHL1

plasmid.
. , nab Positions in NTHL1
Primers Sequences (5’ to 3') A e
(1) NTH1FS105_ AACATACGTGCCATGAGGA 311-345
MpF1M ACAAAAGGATGCACC (deletion of A base at 332)
(2) NTH1FS105_ TCCTCATGGCACGTATGTTG 300-329
pRIM ACGAGCTGTT
(3) D239Y_ ACTGTGTCTGGCATAGCAG 713-748
MpF1IM TGACACGCATGTGCAC (G > Tat 734)
(4) D239Y_ ACTGCTATGCCAGACACAG 701-732
pRIM TGCCCCAGGCCAC

ISH

The boxed sequences are the sites for site-directed mutagenesis of the desired SNPs.

The underlined bases are the desired mutated bases without changing the translated amino acids.
The primers were designed from Homo sapiens NTHL! mRNA sequence (Accession no.:
NM_002528) by using Oligo program version 6.57 (Molecular Biology Insights).
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2.3.6 Yeast transfor mation and gene expression

Principle
The modified lithium acetate method was used for yeast transformation in this

project, 247249

In this method, a lithium acetate solution with the plasmid DNA to
be transformed and excess carrier DNA is added to yeast chemical competent cells.
The introduced plasmid DNA is alowed to enter the cells by heat shocking and the
transformants containing the introduced DNA are selected on the selective agar, i.e.
appropriate synthetic dropout medium. The pY X113 vector used in this chapter isa
low-copy number plasmid with GAL1 promoter, so the target protein can only be
expressed from the introduced plasmid in yeast cells under galactose induction, i.e.
culturing the yeast cells in galactose-containing medium as the GAL1 promoter is

repressed in the presence of glucose.”**

Procedures

Preparation of chemical competent yeast cells:

Severa colonies were inoculated into 50 mL of yeast peptone dextrose broth and
vortexed vigorously for 5 minutes to disperse any clumps. The yeast cdl culture
was incubated at 30°C for 16-18 hours with shaking at 250 rpm to stationary phase
(OD,>1.5). Ten millilitres of the yeast cells cultured overnight were then
transferred to 100 mL of yeast peptone dextrose broth and incubated at 30°C for 3
hours with shaking (230 rpm) until the log phase (ODgy ~0.4-0.6) was reached.
The culture was centrifuged at 1000 g for 5 minutes at room temperature. The
supernatants were discarded and the cell pellets were resuspended in 15 mL sterile
distiled H,O. The centrifugation step was repeated and the supernatant
discarded. The cells were finaly resuspended in 500 pL freshly prepared sterile
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Tris-EDTA/lithium acetate solution.

Yeast transformation:

Plasmid DNA pYX113-NTHL1, pYX113-FS105 and pYX113-D239Y were
transformed individualy to NTG2-knockout yeast cells; NTG2 is the yeast
homologue to human NTHL1. One hundred nanograms each of these plasmid DNA
and 100 pg of DNA sodium salt from salmon testes were added to 100 pL of yeast
competent cells with 600 puL of polyethylene glycol 3350/lithium acetate solution.
The cell mixture was mixed by vortexing at high speed for 10 seconds and incubated
at 30°C for 30 minutes with shaking at 200 rpm. Seventy microlitres of dimethyl
sulphoxide were added to the cell mixture and mixed by gentle inversion. The cell
mixture was heat-shocked for 15 minutes at 42°C and chilled on ice for 2 minutes.
The cells were collected by centrifugation for 5 seconds at 14000 rpm at room
temperature. The supernatant was removed and the cells were resuspended in
500 pL of 1X Tris-EDTA buffer. One hundred microlitres of the resuspended cells
were plated on yeast synthetic dropout agar, which contains no uracil for selection of
colonies with desired plasmids, and incubated at 30°C until colonies were seen.
The colonies were selected and confirmed by analysing PCR products using agarose

gel electrophoresis and sequencing using N1exppFl and N1lexppR1 (Table 2.2).

Gene expression in yeast cells:

The selected clone with introduced plasmid DNA was incubated in yeast
synthetic dropout medium at 30°C with shaking at 200 rpm for 16-18 hours in
shaking incubator. The selected clone in glucose-containing broth was centrifuged

at 1500 g for 5 minutes at room temperature and the broth was discarded. The cell
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pellet was then sub-cultured into 50 mL galactose induction medium, which contains
galactose for gene expression from the pY X113 plasmids, until an optical density of
0.4 at 600 nm was obtained. The cells were incubated at 30°C with shaking at 200
rpm and were collected at different time points. The cell lysates from different time
points were analysed by Western blotting and the yeast cells with pY X113-NTHL1,
pYX113-FS105 and pYX113-D239Y plasmids were finally subjected to

DNA-damaging reagents.

2.3.7 Treatment with hydrogen peroxide and methyl

methanesulphonate

Principle

H.O, and MMS are oxidising and akylating agents respectively. H,0;
produces oxidised bases and MM S methylases both guanine (7-methylguanine) and
adenine (3-methyladenine) to cause base mispairing and replication blocks.?*
DNA damage caused by these agents is repaired by the BER pathway. NTHL1
functions both as a BER glycosylase and as a AP lyase. NTHL1 is also responsible

for repairing BER DNA damage induced by both DNA-damaging agents.

Procedures

Selected yeast cells were inoculated in 5 mL of yeast synthetic dropout medium
overnight. Approximately 2.5 x 10’ cells were sub-cultured to 5 mL of fresh yeast
synthetic dropout or galactose induction medium. Cells were incubated until
approximately 2-3 x 10’ cellmL was obtained, which were determined by a

haematocytometer using trypan-blue exclusion assay. The yeast cell samples were
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mixed with MMS at 0.02% or 0.2%, and H>O at 0.05 mM or 0.5 mM and incubated
for 20 minutes and 30 minutes respectively. The samples treated with MM S were
neutralised by 5% wi/v sodium thiosulphate. All samples were then washed twice
with sterile distilled water and centrifuged. The samples were used immediately for
cell survival assay or recovered in yeast synthetic dropout medium for 2 hours and
fixed for cell cycle analysis by flow cytometry to investigate the SNPs’ effects on the

NTHL1 protein.

2.3.8 Cdll survival assay

Principle

Cdl surviva was determined using the trypan blue exclusion method. The
number of viable cells present in a cell suspension was determined. The principle
of this assay is based on the exclusion of trypan blue dye by live cells, which possess
an intact cell membrane and is impermeable to trypan blue dye, whereas dead cells
with compromised membranes absorb the dye. Therefore, aclear cytoplasm is seen
in viable cells, but a blue cytoplasm would be observed in nonviable cells under
microscopic examination. In this study, the yeast cell suspensions after treating
with DNA-damaging agents were mixed with trypan blue dye and subjected to
improved Neubauer Chamber for counting the number of viable cells.

The percentage (%) of cell viability is calculated as follows:

mean number of viable cells of sample
mean number of viable cells of control

% of cdll viability = ( ) x 100

Procedures
For yeast cell survival test, yeast cell suspensions of each DNA-damaging

reagent treated samples were diluted in 1:10 in 1 mL distilled water. Fifty
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microlitres of the diluted sample were mixed with 50 pyL 0.4% w/v trypan-blue.
Ten microlitres of the stained samples were loaded into each side of the improved
Neubauer Chamber (Hausser Scientific, Horsham, PA, USA). The number of
unstained yeast cells was counted in five 1 x 1 mm® squares. The number of
unstained yeast cells, which is the number of viable cells of the counted yeast
suspension sample, was calculated by the following equation 2° and finaly the
percentage of viable cells of the different sampels were cal culated.

"Equation 2:

Number of cells counted in 5 squares x 5 x

Number of yeast cells (cellsimL) = . o0 s vtor x 10°

2.3.9 Western blotting

Principle

Western blotting is a gel electrophoresis technique to detect specific proteins.
Denatured proteins are separated in the gel according to the length of the polypeptide.
The proteins on the gel are transferred onto amembrane.  Finally, the target protein
is probed by its specific antibody on the membrane and detected by

chemiluminescence.

Procedure

Y east cell lysate preparation:

Yeast cell samples treated by different DNA-damaging agents were collected,
washed in ice-cold PBS and concentrations were adjusted by measuring the optical
density at 600 nm so that each sample had asimilar cell density. The samples were
then lysed in 100 pL yeast cell sample buffer and boiled for 5 minutes at 95°C.
The boiled samples were centrifuged at 14000 g for 5 minutes and the supernatants
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were collected.

Gel dectrophoresis:

Fifteen microlitres of each supernatant and Novex sharp pre-stained protein
standard were separated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis. The gel consisted of 4% stacking gel and 10% separating gel.
The samples and the marker were electrophoresed at 80V in stacking gel and at
100V in separating gel using mini-PROTEAN 3 system (Bio-Rad laboratories,
Hercules, CA, USA) with running buffer at room temperature. The time of
electrophoresis was 2 hours for separating the NTHL1 protein (~34.4 kDa), or actin

(ACT1, 41.7 kDa), from other proteins.

Gel blotting:

The separated proteins were transferred onto polyvinylidene fluoride membranes
in transfer buffer for 2 hours at 70V and 4°C using Mini Trans-Blot cell (Bio-Rad

laboratories).

M embrane blocking and primary antibody staining:

The membrane was blocked with 10 mL 5% wi/v non-fat milk in 1X Tris
buffered saline with Tween 20 (TBST) buffer with shaking for 1 hour at room
temperature. To examine protein expression, NTHL1 protein was detected by
probing with 1:1000 human NTH1 MAb (Clone 208521), mouse 1gG antibody in 5
mL 2% w/v bovine serum abumin and ACT1 protein by 1:1000 actin (C-11)
antibody in 5 mL 2% w/v bovine serum abumin. The membranes were incubated

with shaking for 16 hours at 4°C.
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Washing, secondary antibody staining and signal detection:

Before secondary antibody staining, the membrane was washed with shaking in
10 mL 1X TBST buffer (3 x 10 minutes) at room temperature. Corresponding
horseradish peroxide-labelled scondary mouse antibody in 5 mL 5% wi/v non-fat
milk for NTHL1 primary antibody-stained membranes or rabbit antibody in 5 mL
5% wi/v non-fat milk for ACTB primary stained-membranes were then used. The
membranes were incubated with secondary antibodies for 1 hour a room
temperature. The final complexes on membranes were visualised by enhanced

chemiluminescence autoradiography.

2.3.10 Yeast cell cycle analysis by flow cytometry

Principle
The improved flow cytometric analysis of the budding yeast cell cycle by Haase

23 gYTOX Green, which is a nucleic

& Reed was used in this experiment.
acid-specific stain, iswidely used for cell cycle analysis as the stain can increase the
fluorescence signal more than 500 fold after binding to nucleic acids. It is
necessary to use RNAse to eliminate the RNA, which is not of interest in cell cycle
analysis, since SYTOX Green can bind both DNA and RNA.®* In this project, the
cell cycle stages of yeast cell cultures were monitored to investigate the yeast cells’

ability to pass cell cycle checkpoints after DNA-damaging treatments.®® This

ability can indirectly reflect the DNA repair ability of the yeast cells.

Procedure

Yeast cdll fixation:

Ten million cells from an exponentially growing yeast culture (optical density of
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0.4 at 600 nm) were centrifuged for 5 minutes at 2000 rpm and the supernatant was
removed. One millilitre of 70% ethanol was added to the cells and resuspended by
vortexing (cells can be stored at 4°C indefinitely). Three millilitres of 50 mM
sodium citrate were added to 3 x 10° cells, i.e 300 pL of the cell suspension, mixed
and centrifuged for 5 minutes at 2000 rpm.  Sodium citrate chelates divalent ions to
prevent DNA degradation by DNases in the samples and thus the resolution of flow

cytometry analysisisimproved.

RNA digestion:

The supernatant of each fixed yeast sample was discarded and the fixed yeast cell
pellet was resuspended in 500 uL of 50 mM sodium citrate containing 0.1 mg/mL

RNase A. Thefixed cell sampleswereincubated for 2 hours at 37°C.

DNA staining:

Five hundred microlitres of 50 mM sodium citrate containing 2 pM SY TOX
Green were added to the RNA digested sample, thus the final concentration of
SYTOX Green nucleic acid stain in the sample was 1 pM. The sample was
sonicated for 45 seconds before being analysed by flow cytometry (Beckman Coulter,

Brea, CA, USA).

Flow cytometry setting for yeast cell cycle anaysis

Forward scatter, side scatter, AUX and FL1 channel were used in the settings for
yeast cell cycle analysis. The volts and gains of the channels were set respectively
as follows. FS were 674 and 5, SS were 490 and 20, AUX were 227 and 1, and FL1

were 391 and 2. One million cells were counted and different scatter plots of
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different channels based on measurements of different parameters were plotted for

analysis.

2.4 Reaults

2.4.1 Confirmation of thehuman NTHL1 cDNA (insert)

and pY X113 vector sequences

24.1.1 Using agarose gel electrophoresis

The human NTHL1 cDNA was reverse-transcribed from an anonymous human
RNA sample and amplified by PCR. The pY X113 vector was extracted from E.
coli bacterial colonies after transformation. The sizes of the NTHL1 cDNA PCR
product (the predicted size is 939 bp) and the linearised pY X113 vector (the
predicted size is 5806 bp after linearisation using EcoRI and Hindlll) were then
confirmed by agarose gel electrophoresis. As expected, the gel images show the
~950 bp DNA band from the NTHL1 RT-PCR product and ~5000 bp DNA band from

the plasmid DNA sample of E. coli cells transformed with pY X113 vector (Fig. 2.4).

2.4.1.2 Using sequencing analysis

The whole sequence of the human NTHL1 cDNA and part of the pY X113 vector
sequence were further verified by sequencing using different primers listed in Table
2.2. The NTHL1 cDNA sequence was identical to the coding sequence of NTHL1
MRNA reference sequence (accession no.: NM_002528), as indicated by alignment
using the Kalign (2.0) aignment tool (http://www.ebi.ac.uk/Toolg/kalign/). The
partia sequences of the pY X113 vector were also identical to the manufacturer’s

vector map.
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Fig. 2.4

A) (B)
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M NTHL1RT- M pYX113
PCR product vector

Examination of the sizes of NTHL1 RT-PCR product and pY X113
vector by agarose gel electrophoresis. (A) The size of the NTHL1
RT-PCR product (~939 bp). Lane M: Fermentas GeneRuler DNA
ladder mix. (B) The size of the pY X113 vector after linearisation
(~5806 bp). Lane M: Invitrogen 1 kb plus DNA ladder.
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2.4.2 Confirmation of the sequence of the pY X113-NTHL 1
plasmid

Clones with the pY X113 vector are ampicillin resistant, and several bacterial
clones which grew on LB agar with ampicillin were selected for plasmid DNA
preparation. The presence of the human NTHL1 cDNA insert in the extracted
plasmid DNA samples were then confirmed by PCR. The NTHL1 PCR product
from the extracted plasmid DNA samples (~939 bp) and the extracted plasmid after
linearisation using Hindl Il (~6745 bp) are shown in Fig. 2.5. Four out of 5 plasmid

samples contained the NTHL1 cDNA sequence, and the ligation efficiency of the

insert and vector was about 80%.

The sequence of the selected pY X113-NTHL1 plasmid was further confirmed by
sequencing using M13 forward primer, N1exppFl, NlexppR1l, N1F2 and N1R2
primers. The sequencing results are attached in Appendix 1. Multiple alignment
was performed and the result showed that al obtained sequences were identical to

their corresponding parts of the predicted pY X113-NTHL1 plasmid sequence.

2.4.3 Thepresence of thedesired SNPsin the

pY X113-NTHL 1 plasmid

FS105 and D239Y of NTHL1 were individualy introduced using site-directed
mutagenesis reactions into the human NTHL1 cDNA region in the pY X113-NTHL1
plasmids. The pYX113-NTHL1 plasmids with the introduced SNPs, i.e.
pY X113-FS105 and pY X113-D239Y plasmids, were examined by sequencing and

confirmed to carry the SNPs at the correct positions in the plasmids (Fig. 2.6).
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Fig. 2.5

A) (B)
(bp) (bp)
1500 12000

1200

5000
1000
900
800
700
600 2000
500
1650 R
M1 2 3 4 5 M Linearised
pYX113-
NTHL1
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Examination of the plasmid DNA samples by agarose ge
electrophoresis.  (A) The amplification of NTHL1 cDNA sequence
from the extracted plasmid DNA samples of different bacterial clones.
Lane M: Fermentas GeneRuler DNA ladder mix; Lane 1 to Lane 5: The
NTHL1 cDNA PCR products (~939 bp) from the extracted plasmid
DNA samples of Clone 1 to 5. Clone 2 contains pY X113 vector
without NTHL1 cDNA sequence and other clones contain pY X113
vector with the cDNA sequence (the desired plasmid). (B) The
extracted pYX113-NTHL1 plasmid after Hindlll linearisation with
expected size (~6745 bp). Lane M: Invitrogen 1 kb plus DNA ladder.
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(A) F5105: Deletion of an adenine (B)
base in DNA sequence to cause
frameshift in amino acid sequence

D239Y: G base = T base to
cause amino acid change from

aspartic acid to tyrosine
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Fig. 2.6

Confirmation of desired SNPs in the plasmids by sequence analysis.
(A) Amino acid position 105 in pY X113-FS105 and pY X113-NTHL1
plasmids sequenced with N1exppFl primer. (B) Amino acid position

239 in pYX113-D239Y and pYX113-NTHL1 plasmids sequenced with
N1lexppR1 primer.
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The DNA sequences obtained from sequence analysis were translated and aligned
with the human NTHL1 protein reference sequence (accession no.: NP_002519.1)
and the desired changes in amino acid are observed in the alignment results (Fig. 2.7

and Fig. 2.8).

2.4.4 Selection of the yeast clones containing desired

plasmids (pY X113-NTHL 1, -FS105 and -D239Y)

Several yeast colonies, which grew on yeast synthetic dropout agar, were
selected for colony PCR to confirm the presence of the desired plasmids in the yeast
cells. The NTHL1 PCR products with correct size from the yeast clones 1 to 5 are
shown in Fig. 2.9 and the plasmid contained in each of the yeast clones were further
verified by sequencing. Yeast clones with pY X113 vector, pYX113-NTHL1,
pY X113-FS105 and pY X113-D239Y plasmids were individually stored in yeast
synthetic dropout agar plates at 4°C and labelled as “control yeast cells”,
“y+hsNTHL1”, “y+hsFS105” and “y+hsD239Y” respectively. The yeast cells were

sub-cultured at regular intervals until use.

2.4.5 SNPs’ predicted effectson the human NTHL 1

protein

It is predicted that the FS105 SNP of the NTHL1 gene results in a premature stop
codon at the 136 amino acid position (by Transeq DNA sequence trandation tool:
http://www.ebi.ac.uk/Tools/emboss/transeq/) (Fig. 2.7). The early termination of
NTHL1 coding sequence leads to the loss of five conserved protein domains: (1)

active sites, (2) substrate binding pocket, (3) minor groove reading motif,
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FS1035

f_}‘ﬁ
NTHL1 ATCCGTGOCATGAGGAACAAAAAGGATGCACCTGTRGACCATCTRROGACTGAGCACTGE
FS105  ATCOGTGOCATGAGGAACAARAGGA TGCACETGTGRACBATCTGRGBACTGAGCACTGCT
N Dk p AP vDHLETEHEC
s T R v s vt wvlLsTa

NTHLI  TATGACTECAGTGEOCOCOCARAGGTACGCAGGTABCABGTGCTGCTGTCACTGATGCTC
FS105  ATGACTCBAGTGOROCOCCARAGE TACGCAGETACGAGB TGCTGC TG TCACTGATGCTCT
mene oS eIt i ottt/ i
- A G -0 D - A < o 3

Stop codon

Fig.27  Alignment result of the NTHL1 protein reference sequence
(accession no.: NP_002519.1) and the DNA sequence of the
pY X113-FS105 plasmid.

D239Y

}
NTHLI - ACTGTGTCAGGCATTUCAGTOACACUCATGTGCACAGAXTOGOC
D239Y - ACTGTGTCAGGCATTOCAGT ACACTCATITOCACAGAATOGCC
NTHLI T V.S G 1 AVDTHVYHRTIA
D23Y T VS GIAVYTHVYHRIA

Fig. 2.8  Alignment result of the NTHL1 protein reference sequence
(accession no.: NP_002519.1) and the DNA sequence of the
pY X113-D239Y plasmid.
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Fig.29  TheNTHL1 PCR products (~939 bp) from yeast clones 1-5.
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(4) helix-hairpin-helix signature motif and (5) iron-sulphur binding domain in
DNA-(apurinic or apyrimidinic site) lyase. As aresult, atruncated NTHL1 protein

would be produced.

Another SNP — D239Y causes the change from aspartic acid to tyrosine.
Asp239 of NTHL1 protein is one of the conserved active sites and inside a structural
residue from the prediction of a ConSeq tool (http://conseq.tau.ac.il/index.html) (Fig.
2.10).*° From the study of human 8-oxoguanine DNA glycosylase and its
orthologues, the invariant aspartic acid residue is suggested to activate a catalytic
nucleophile, a lysine residue (K), and assist in glycosylase or AP-lyase activity.?>
In addition, this SNPis predicted to be “damaging” and was proposed as an excellent

2% gince

candidate for disease-predisposition investigations in Savas et al.’s study.
aspartic acid carries a negative charge but tyrosine is a neutral molecule with a bulky
side chain, the D239Y polymorphism may affect both the structure and DNA repair

activity of the NTHL1 protein. The characteristics of aspartic acid and tyrosine are

summarised in Table 2.4.2%%2%

2.4.6 Expression of human NTHL 1 protein expression at

different time points after galactose induction

The human NTHL1 protein was expressed in y+hsNTHL1 cells from 2 hours to
8 hours after the GAL promoter of the plasmid was induced by adding galactose in
yeast culture medium, i.e. the galactose induction. No expression of the protein

was seen in the cells without galactose induction (Fig. 2.11).
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MCSPQESGMT ALSARM.TRS RSLGPGAGPR GCREEPGPLR RREAAAEARK
SHSPVKRPRK AQRLRVAYEG SDSEKGEGAE PLKVPWEPQ DWQQQLVNI R

AVRNKKDAPV DHLGTEHCYD SSAPPKVRRY QVLLSLMLSS QTKDQVTAGA
f fs f fff f

MORLRARGLT VDSI LQTDDA TLGKLI YPVG FWRSKVKY! K QTSAI LQQHY
f

GCGDI PASVAE LVALPGVGPK NMAHLANVAVAW GTVSG AVET HVHRI ANRLR
ff fffs f f

WIKKATKSPE ETRAALEEW. PRELWHEI NG LLVGFGQQTC LPVHPRCHAC
f f f

L egend:

f - A predicted functional residue (highly conserved and exposed).
- Apredicted structural residue (highly conserved and buried).

[3- Amino acid position 239

Fig. 210 Identification of functionally and structurally important residuesin
NTHL 1 protein sequence from the ConSeq tool.
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Table 2.4  Characteristics of aspartic acid and tyrosine. (Adapted and modified
from reference 258 and 259)

Amino acid Side chain Side chain charge Hydropathy Structure

polarity at pH 7.4 index”
(1) Aspartic acid (D) Polar Negative -3.5
(2) Tyrosine (Y) Polar Neutral -1.3

a.  The hydropathy index is calculated using Kyte and Doolittle’s method.
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Hours after galactose induction

2 hours 4 hours 6 hours 8 hours

Galactose induction + — + — + — + —

Fig. 2.11

a N
NTHLI1 l _ :
- e e

Detection of human NTHL1 proteins in y+hsNTHL1 cells at
different time points after galactose induction. NTHL1 protein is
~35 kDa. ACTL1 is actin (~42 kDa), a structural protein involved in
cell polarisation, endocytosis, and other cytoskeletal functions, which
acts as loading control for the Western blotting of S cerevisiae cell
lysates.
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2.4.7 Thecedl growth curves of yeast cellswith different

plasmids

The amount of starting yeast cell numbers was optimised to obtain 2-3 x 10’
cellssmL after 6 hours of sub-culturing from overnight culture. Yeast cells with
gaactose induction grew much slower than the cells without the induction (Fig.

2.12).

2.4.8 Thehuman NTHL1 protein expression in yeast cells

after galactose induction

Different forms of human NTHL1 proteins are expressed in the y+hsNTHL1,
y+hsFS105 and y+hsD239Y cellsin low-copy numbers when induced with galactose.
In Fig. 2.13, the Western blot shows that no human NTHL1 proteins were expressed
in any cells under normal culturing conditions. After galactose induction for 6
hours, no NTHL1 protein expression was present in the control yeast cells and
y+hsFS105 cells. However, the NTHL1 protein was detected in y+hsNTHL1 and

y+hsD239Y cells by Western blotting.

249 Yeast cell viability after treatment with DNA
damaging agents

All yeast cells with different plasmids had similar viability after trestment with
DNA damaging agents (Fig. 2.14). Yeast cells treated with MMS had a higher

survival rate when compared to cells treated with H,O,.
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(A) ==~ The control yeast cells
7 =0~ y+hsNTHLI
——y+hsFS105
=0 y+hsD239Y

Yeast cell number (x1 0’7 cells/mL)

Hours after subculture
(B)

Yeast cell number (xl(}? cells/mL)

=
-
-
-
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-
-
-

Hours after subculture

Fig. 212 The yeast cell growth curves with or without galactose induction.
(A) The yeast cells were incubated in galactose induction medium.  (B)
The yeast cells were incubated in glucose-containing yeast synthetic
dropout medium.  Yeast cells without the plasmid are the control yeast
cels, with pYX113-NTHL1 plasmid are y+hsNTHL1, with
pY X113-FS105 plasmid are y+hsFS105 and with pYX113-D239Y are
y+hsD239Y. Data are expressed as mean+SD of three independent
experiments.
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The control pYX113- pYX113- pYX113-

veast cells NTHL1 FS105 D239Y
Galactose induction + - + +
NTHL1 e —

Fig. 213 Detection of human NTHL1 proteins in yeast cells with different
plasmids before and after 6-hour galactose induction. ACTL1 acts as
loading control for the Western blotting of S. cerevisiae cell lysates.
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Yeast cell viability after treatment with DNA damaging agents (with or without galactose induction). (A) Yeast cells with
with MMS. (B) Yeast cells with different plasmids treated with H,O,. The data are presented as mean
+ SD of two independent experiments.  Yeast cells without the plasmid are the control yeast cells, with pY X113-NTHL1 plasmid
are y+hsNTHL1, with pY X113-FS105 plasmid are y+hsFS105 and with pY X113-D239Y are y+hsD239Y.
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2.4.10 Yeast cell cycle analysis

2.4.10.1 Treatment with low-dose methyl methanesulphonate

When yeast cells were cultured without galactose induction, it was found that
there was a slight increase in the number of cells in the G1 phase. Cells cultured
with galactose induction showed similar cell cycle patterns as their untreated control

after 2 hours of 0.02% MMS treatment (red linesin Fig. 2.15 and Fig. 2.16).

2.4.10.2 Treatment with high-dose methyl methanesulphonate

Two hours after removal from 0.2% MMS, the cell cycle patterns of all yeast
cells were shown to be arrested in the S phase if they had not received galactose
induction. Some yeast cells, including y+hsNTHL1 and y+hsD239Y, were aso
arrested in the G1 phase. In contrast, the cell cycle patterns of the yeast cells were
different if the cells were induced with galactose. The control and y+hsFS105 yeast
cells showed obvious S phase arrest, but both the y+hsNTHL 1 and y+hsD239Y cells
escaped from cell cycle arrest and show the same cell cycle patterns as untreated

cells (bluelinesin Fig. 2.15 and Fig. 2.16).

2.4.10.3 Treatment with low-dose hydrogen peroxide

Without galactose induction, different yeast cells were al arrested in S phase and
an increase in G2/M phase was observed in the control yeast cells after 2 hours of
0.5 mM H,O,treatment. In contrast, the cell cycle patterns remained unchanged in

all yeast cells. These results are shown in Fig. 2.17 (green lines).
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Fig. 215 Céll cycle patterns after 2 hours of treatment with 0.02% and 0.2% MMS. Yeast cells without the plasmid are the control
yeast cells, with pY X113-NTHL1 plasmid are y+hsNTHL1, with pY X 113-FS105 plasmid are y+hsFS105 and with pY X113-D239Y
arey+hsD239Y. Thedistribution of cellsin G1, S and G2/M phases of the cell cycle are indicated.
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Fig. 2.16  S-phase patterns after 2 hours of 0.02% and 0.2% MMS treatment. Yeast cells without the plasmid are the control yeast cells,
with pYX113-NTHL1 plasmid are y+hsNTHLI1, with pYX113-FS105 plasmid are y+hsFS105 and with pYX113-D239Y are
y+hsD239Y.



4!

Without Galatose With Galatose Without Galatose With Galatose
The control yeast cells y+hsNTHL1
2000 - Gl § GIM 7
1500
1000 B
o
/
=00 4 J/
J ’ d ¥ y N ¥ ! ! N T T T T T L | T T T T
100K 200K 00K 400K SDOK 100K 2000 300K 400K SO0 J00k 200K 300K 400K  BOOK 10K 200K 300K 400K SO6
FLI_Linesr FLA _Linear FLA_Linear FLI_Linear
y+hsFS5105 y+hsD239Y
2000 - -1
]
]
1800 -4
]
3
]
1000 - r
- .’_,.
500 " E
s : 4
4
T T T T T ¥ L] L J J - T T T T T T T T T
100K ZOOK 300K 200K SO0 100K 206K FOOM 400K S0OK 100K 200K 300K 400K 500K 100 200K 300K 400K 500k
FLA_Linear FLI_Linear FLA_Linear FLI_Linear

:] : No treatment

= : Treated with 0.5 mM H,0,

: Treated with S mM H,0,

Fig. 2.17

Céll cycle patterns after 2 hours of treatment with 0.5 mM and 5 mM H;O,.

Yeast cells without the plasmid are the control

yeast cells, with pYX113-NTHL1 plasmid are y+hsNTHL1, with pYX113-FS105 plasmid are y+hsFS105 and with
pY X113-D239Y are y+hsD239Y. The distribution of cellsin G1, S and G2/M phases of the cell cycle are indicated.



2.4.10.4 Treatment with high-dose hydrogen peroxide

After 2 hours of the genotoxic treatment, the yeast cells without galactose
induction were found to be dightly more in the S phase. A shift in the G2/M peaks
was observed in the yeast cells that were induced with galactose (purple linesin Fig.

2.17).

2.5 Discussion

In this part of study, two SNPs of human NTHL1 were examined for their
effects on the cytotoxicity and cell cycle pattern after MMS and H,O, treatments
in NTG2- knockout S cerevisae. NTHL1 is the human homologue of yeast
NTG2 and these enzymes repair similar DNA adducts (Table 1.2 and Table 1.3).%
The examination of SNPs’ effects was achieved by the transformation of yeast
expression vectors containing wild-type (WT) and mutated NTHL1 coding sequence.
The introduced plasmids included pYX113-NTHL1 (WT), pYX113-FS105
(mutated) and pY X113-D239Y (mutated). The NTHL1 expression in y+hsNTHL1
yeast cells was maximal after 6 hours of galactose induction (Fig. 2.11).
Yeast cells in galactose-containing induction medium grew dSlower than
those in glucose-containing yeast synthetic dropout medium as galactose is a
“non-conventional” carbon source for yeast growth and therefore adaptation time in
an induction medium is required.?*?®® The starting numbers of yeast cells were
optimised to ensure sufficient cells after 6 hours of subculture for MMS and H,0,

treatments.

The NTHL1 expression from different plasmids after 6 hours of subculture with
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or without galactose induction was also confirmed by Western blotting (Fig. 2.13).
From the Western blot, human NTHL1 identified by the NTHL1 antibody was
shown to be expressed in y+hsNTHL1 and y+hsD239Y yeast cells. However, no
NTHL1 expression was seen in the control and y+hsFS105 yeast cells. It was an
expected result since pY X113 vector of the control cells contains no NTHL1 coding
sequence and pY X113-FS105 plasmid encodes a truncated NTHL1 protein. This
truncated protein has a shorter peptide sequence (Fig. 2.7) and thus cannot be
recognised by the antibody. It is also possible that the truncated protein may not be

produced at all because of “nonsense-mediated MRNA decay” %

The yeast cells with or without human NTHL1 expression did not show different
survival rates after MMS and H,O, treatments (Fig. 2.14). This observation
indicates that there were no significant effects of human NTHL1 on the sensitivity of
the NTG2-knockout yeast cells to MMS and H,O,. No studies have yet reported
the relationship between MMS cytotoxicity and human NTHL1 protein expression.
However, results seen after MMS treatment is in agreement with similar studies
showing no effects on survival rate after treating the NTG2-knockout yeast with
MMS%5 |n contrast, protection against H,O, damage in the NTHL1
overexpressing-TK6 cells was reported by Yang et al.?® The discrepancy in the
cell survival rate may be explained by low expression of NTHL1 protein from the
low copy number plasmids used in our study. The reduced DNA repair capacity
seen in the NTG2-knockout yeast cells caused by the lost in NTG2 activity, is
compensated partly by the expressed NTHL1 protein. As a result, no “extra’
NTHL1 protein can cause “additional” DNA repair activity and contribute to the

protection from H,O, challenge in the yeast cells. Another possible reason is that
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other glycosylases/AP lyases of yeast, such as OGG1 and APN1, aso participate in
repairing the DNA lesions produced by MMS and H,O,. These repair activities

will affect the survival rate of yeast.

In cell cycle analysis, y+hsNTHL1 and y+hsD239Y cells were shown to escape
from S-phase cell cycle arrest after the release from high-dose MMS (0.2%)
trestment, but no obvious difference was seen in cells treated with low-dose MM S
(0.02%) (Fig. 2.16). This effect demonstrates that the extra human NTHL1 protein
can effectively eliminate the DNA adducts formed after MMS treatment in yeast.
MMS is an akylating agent used in cancer treatment, and produces N-methylpurines,
especially 7-methylguanines, which can be converted to formamidopyrimidine (fapy)
and abasic sites produced from the DNA adducts.®**?®®  Therefore, DNA synthesis
is blocked and cells are arrested in S-phase®” Asfapy is the preferential substrate
removed by yeast NTG2 and human NTHL1, NTG2-knockout yeast cells with
additional NTHL1 protein increase the effectiveness in removing fapy generated by
MMS. DNA synthesis continues after recovery from treatment with genotoxic
substances and the yeast cells are not arrested in S-phase. %%  Little fapy DNA
damage produced by 0.02% MMS may be a reason for there being no effect on cell
cycle patterns as the damage may be effectively removed by the compensating DNA

repair enzymes of yeast in a short period of time.

Hydrogen peroxide predominantly produces oxidation of purines and
pyrimidines, including thymine glycol and 8-oxo-7,8-dihydrodeoxyguanine.

1.270

Thymine glycol is another main DNA substrate of human NTHL No improved

protective effect is observed in NTHL1 expressing-yeast cells after 2 hours of
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0.5 mM and 5 mM H,0, treatments (Fig. 2.17). These observations suggest that
alternative DNA repair mechanisms, rather than BER initiated by NTHL1 play an
important role in repairing the H,O, induced damage in S. cerevisiae cells. The
most probable pathways responsible for this observation are NTG1- and
OGG1l-induced BER since the budding yeast mutants with either NTG1- or
OGG1-knockout showed elevated sensitivity to H.O, agents®”*  Hydrogen
peroxide has been reported to induce G2/M block in different types of cells.?%2"
However, G2/M phase arrest was not seen in yeast cells with galactose induction
after 0.5 mM H,0, treatment probably because a different carbon source is used and
different gene expression is induced in the cells with/without induction. Different
gene expression in yeast cells may affect the cell proliferating rate and trigger
different DNA repair mechanisms against oxidative stress. Consequently, the cells
were mildly arrested in G1 phase or remained unchanged in cell cycle patterns in our
experiments.  Significant arrest in G2/M phase was observed when cells were
treated with 5 mM H,O,. An explanation for the shift in G2/M peaks may be due
to extra-nuclear DNA resulting from inhibition in mitosis. Theinhibition of mitosis
in the yeast cells may be related to massive cell death. This theory is supported by
our results which shows that about 40-50% of cells died instantly after the high-dose

H.O, treatment (Fig. 2.14).

The wild type and Asp 239 mutated NTHL 1 proteins showed no difference in the
ability to prevent the cell cycle arrest in yeast cells after genotoxic treatments.
Thus, it may imply that D239Y polymorphism may not affect the glycosylase/AP
lyase activity of the NTHL 1 protein even though amino acid position 239 is an active

site. The change of amino acids of a protein may result in 3 outcomes:
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(1) inactivation of the protein; (2) decrease in the recognition and binding of
substrates and (3) decrease in specificity of binding.?®® In our case, the D239Y
mutated NTHL1 protein was active under cell cycle analysis since different cell
cycle patterns were obtained in yeast cells compared to that of full-length NTHL1
and with FS105 mutated proteins. However, the possibility that D239Y reduces a
protein’s binding and binding specificity on DNA lesions cannot be excluded from
our experiments. The indistinguishable result might also be attributable to the
end-point detection (2 hours after release from MM S/H,0, treatments) used in cell
cycle analysis, which may not be a suitable time point to discriminate the differences
in repair capacity between wild type and mutated proteins. Further work to

optimise the time points for examination is needed.

To date, studies on the effect of SNPs on protein function rely on prediction from
computational programs/databases and epidemiology studies on the diseases/drug
responses. Few functiona tests for proteins with polymorphisms have been
conducted because the effects of SNPs may be quite small in terms of protein
function and therefore difficult to detect. However, determining the effects of
polymorphisms on DNA repair activity is important for cancer treatment with
DNA-damaging agents since it may affect the therapeutic outcomes. Compared to
other methods in detecting the DNA repair activity using radioactive substances, our
method is safer and easier to handle. The only limitation is that the sensitivity is
not good enough to detect the SNPs with insignificant changes in protein function
and thus further improvement is required by optimising the time-points and adjusting

the dosage of genotoxic agents.
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In this study, yeast was used as a screening model.  Severa advantages of yeast
system make this a more favourable eukaryotic screening model (Table 2.5).2”
First, human proteins can be expressed, modified and function properly in yeast as
there is a high degree of conservation between yeast and human in fundamental
cellular processes, such as DNA repair and protein metabolism, and around 40% of
yeast proteins have similar amino acid sequences to their human homologues.?’¢%"
The biological function of human protein can be conserved in yeast, this can be
illustrated by the example of human Ras gene®® Viability was restored in
Ras-knockout nonviable yeast by expressing human Ras protein®'  Second,
genetic mutant yeasts are obtained easily since the desired genes can be intergrated
or deleted in the yeast genome by homologous recombination.”®  Third, the yeast
system is simple, fast growing and inexpensive, so it is suitable for high throughput
screening, e.g. SNP effects of different genes. Thisisin contrast to the mammalian

system which is not amenable for high throughput screening due to expensive culture

and slow propagation.?”

2.6 Conclusion

In conclusion, human NTHL1 protein is shown to be more sensitive in DNA
damage caused by MMS than H,0O, treatment in yeast cell cycle analysis.
Detection of SNPs’ effect by using the yeast cell expression vector followed by cell
cycle analysis is a cheap and simple method to perform. This method is
successfully used here to differentiate the SNPs in genes that produce seriousy
damaged proteins, such as NTHL1 protein with FS105, from the wild type protein.
As mentioned above, alternative DNA repair mechanisms, culturing conditions and

the dosages of DNA-damaging agent may interfere with the outcomes, thoughtful
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Table 2.5  Comparison between Yeast and Human cell systems for SNP effect
screening. (Adapted and modified from reference 274)
Technology Yeast cell system Human cell system

Advantages The expressed proteins can The expressed proteins can
maintain native conformation maintain native conformation
Eukaryotic environment Eukaryotic environment
Easy for genetic Physiologically relevant
manipulation environments
Null-background without
other human homologous
proteins and simple steps in
biological pathways enhances
easy detection of the effect
on a specific target human
protein
Simple culture and fast
growing
Inexpensive culture

Disadvantages It is not physiologically Difficult to culture and slow

relevant environment

No well-established protocol
for yeast screening of human
proteins

growing

The detection is influenced
by redundant pathway and
other homology proteins
Expensive culture
Difficult for genetic
manipulation
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planning and optimisation are needed. Systematic development in this method can
provide a simple means for protein functional anaysis and prediction in the

responses to different cancer drugs, especially those targeting DNA.
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Chapter 3
Relationship between DNA repair mechanisms
and glioma cell resistanceto

Photofrin-mediated photodynamic ther apy
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3.1 Introduction

Although Ph-PDT has been successful when used in combination with
conventional therapies to treat cancers, there has been recent reports of patients who
have not responded to Ph-PDT treatment. Different mechanisms have been
suggested to explain the cause of Ph-PDT non-responsiveness, e.g. induced
expression of survivine, an antiapototic gene, and increase in angiogenesis after
Ph-PDT. In this study, the role of DNA repair mechanism in Ph-PDT resistance
was investigated as Ph-PDT had been demonstrated to cause significant DNA
damage in different cell or animal models. Since several different DNA repair
pathways may be involved in the reduction of the therapeutic effect, the specific
genes representative of the main DNA repair pathways in humans were examined.
The six specific genes were (1) AlkB, akylation repair homolog 2 (E. coli)
(ALKBH2) of direct DNA damage reversal; (2) APEX nuclease (multifunctional
DNA repair enzyme) 1 (APEX1) of base excision repair, which removes small base
lesions; (3) X-ray repair complementing defective repair in Chinese hamster cells 1
(XRCC1) of short-patch BER, which is responsible for repairing single base damage;
(4) Excision repair cross-complementing rodent repair deficiency, complementation
group 5 (ERCC5) of nucleotide excision repair that repairs bulky, helix-distorting
lesions; (5) RAD52 homolog (S cerevisiae) (RAD52) of double-strand
break repair; and (6) REV1 of trandesion synthesis, which is a DNA

damage tolerance machinery.'#?%%2%

Another two man repar pathways
including  O-6-methylguanine-DNA  methyltransferase  direct repair and
mismatch repair pathways were not investigated in this study as the U87
cel line is O-6-methylguanine-DNA methyltransferase-deficient and mismatch

repair-proficient making the effects of Ph-PDT on these pathways difficult to
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examine. A gliomacell line was selected for study as the application of Ph-PDT in
treating gliomas is still under clinical trial. Gliomas are multiresistant to cancer
treatment and difficult to cure, therefore, the understanding of how gliomas develop
resistance to Ph-PDT may help enhance the therapeutic efficacy of Ph-PDT against

gliomas by targeting the causes of resistance.

To explore the influence of DNA repair on the responsiveness of Ph-PDT,

specific questions addressed in this chapter are asfollows:

1. Will Ph-PDT cause DNA damage and repair ?

2. Which DNA repair pathways will be involved in repairing Ph-PDT induced
DNA damage and thus affect the cytotoxicity of Ph-PDT?

3. How the DNA repair protein(s) interact with other proteins to develop

Ph-PDT resistancein cells?
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3.2 Methodol OQY (The materials and reagents are listed in appendices.)

3.2.1 Cdl Culture

Principle
Cdll culture is the process by which cells derived from multicellular eukaryotes

are grown under controlled conditions.

Procedures

The human glioblastoma U87 cell line was obtained from American Type Culture
Collection. The cells were maintained in complete MEMa medium and grown to a
monolayer in a humidified atmosphere at 37°C and 5% CO,. The U87 cells were
frozen and kept in liquid nitrogen to maintain the “age” and passage number of the
cells for the experiments throughout the study. Confluent U87 cells were washed
with phosphate buffered saline (PBS) solution and trypsinised with 0.05%
Trypsin-EDTA solution for 5 minutes at 37°C.  The cells were then centrifuged and
resuspended in freezing medium, i.e. 90% v/v complete MEMa medium with 10%
v/v cell culture grade dimethyl sulphoxide at 0°C. The resuspended cells were
aliquoted into cryotubes (1.5 mL per tube). The cryotubes were stored in an
alcohol freezer box filled with 100% isopropanol that alows slow freezing at
approximately -1°C/minute and left at -70°C overnight. The cryotubes were then
stored in liquid nitrogen until required for experiments. When required, the
cryopreserved cells were thawed quickly in a 37°C water bath. One vial of cells
was then washed with 10 mL PBS solution and the cell suspension was centrifuged
at 1200 rpm for 5 minutes. The supernatant was discarded and the cell pellet was

resuspended in a small volume of complete MEMa medium. The cells in flasks
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with the appropriate cell number, (depending on the sizes of culture flask/dish), was
finally transferred to the culture flask/dish and incubated in a humidified atmosphere
at 37°C and 5% CO, to allow growth until an adequate cell number was reached for

the experiments.

3.2.2 Cdl survival assay

Principle
The detailed principle is given on p.76. In brief, the trypan-blue dye can enter
dead cells but not live cells, therefore allowing live cells to be differentiated from

ones which have died.

Procedures

Human U87 glioma cells were diluted 1:9 in 500 pL PBS followed by staining
with 500 pL 0.4% wi/v trypan-blue. The number of viable and dead cells were
counted in fifty images taken by an automated Vi-CELL cell viability analyser
(Beckman Coulter), which is an automated cell counter, and calculated with the
dilution factor taken into account. Three replicates were performed on each

sample.

3.2.3 Photofrin-mediated photodynamic therapy

Principle
Photodynamic therapy utilises (1) the preferentiad accumulation of
photosensitisers in tumour cells versus normal cells, (2) oxygen in tissues and (3)

light, to kill the tumour cells.**

Photofrin was used as the photosensitiser in this
study because Photofrin is an approved drug for cancer therapy and clinical trials on
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glioma cases is still on-going.?®®

When tumour cells take up Photofrin, Photofrin
molecules are excited to a higher energy level by light irradiation. After reacting
with organic cellular substrates and ground state oxygen, the excited molecules
release their energy. These reactions generate several chemically reactive
molecular species, including radical ions, reactive oxygen species and singlet

0

oxygen.™™® DNA is destroyed by these reactive molecular species. If this damage

is not repaired, apoptosis and/or necrosis may result.?®®

Procedures

The U87 glioma cells (2 x 10°) were seeded onto 60 mm culture dishes with 3
mL complete MEMa medium and incubated overnight. For gene knockdown
experiments, 2 x 10° or 1 x 10° cells were seeded onto 35 mm culture dishes with 2
mL complete medium. Cells were then incubated in serum-free MEMa medium
containing 1 pg/mL Photofrin in 5% wi/v dextrose for at least 18 hours prior to
illumination.  This concentration of Photofrin and time for incubation were
optimised in a previous study, which showed maximum Photofrin uptake by glioma
cells after 18 hours.®’ A quartz-halogen lamp coupled with a 500 nm long pass
filter (Newport, Irvine, CA, USA) was used for illumination. The energy fluence
rate was 33.5 mW/cm? at a wavelength of 630 nm. The energy fluence rate was
measured by ILT70 OEM radiometer with detector for 400-800nm visble light
(Gigahertz-Optik Inc.). Different lethal doses (LD) of Ph-PDT were adjusted using
different light doses by changing illumination time. The light doses were
calculated by the following equation: Fluence rate (W/cm?) x time (seconds) = Light
doses (Jecm?). Two light doses, 0.8 Jcm? to obtain LD10 of Ph-PDT and 1.3 Jcm?

to LD40, were used in this study. Various controls were included in the study,
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which includes cell cultures without Photofrin and light illumination [no treatment
controls (CNT)], without Photofrin but illuminated [light controls (LC)], and with
Photofrin but not illuminated [dark controls (DC)]. Three hours after light
irradiation, the cells were used directly for cell survival analysis and akaline comet
assay (for examining DNA damage) or allowed to recover in complete medium for
various times before being analysed by (1) Chromatin immunoprecipitation, (2)
Western blotting, (3) real-time quantitative RT-PCR, and (4) alkaline comet assay
(for examining DNA repair). The significantly expressed gene(s) in the glioma
cells, which is(are) relatively resistance to Ph-PDT, and the gene of interest were
chosen for the gene knockdown experiments. The procedures are summarised in
Fig. 3.1. Glioma cells were recovered in complete medium 3 hours after Ph-PDT
and cells that remained attached to the culture dish were collected at different times
and used for examination. The cells that had recovered and remained dive are

considered to be relatively resistant to Ph-PDT.

3.2.4 Alkaline comet assay

Principle

Comet assay is a microgel electrophoresis technique to evaluate DNA damage at
the level of individual cells % |t can also be used to determine the DNA repair
ability of individual cells after recovering from damage.?*?* Cells are embedded
in athin layer of agarose set on a pre-coated microscopic slide. The cells are then
lysed, electrophoresed and then stained with ethidium bromide. The migration of
chromosomal DNA from the nucleus towards the anode increases with the increase
of DNA damage. The extent of migration depends on the size of the DNA and the

amount of DNA breakage. Thus, the shape of a cell is similar to a comet with atall
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Fig. 3.1  Schematic workflow of Photofrin-mediated photodynamic ther apy.
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and can be visuaised by fluorescence microscopy after ethidium bromide

staining.?>?*  Although the length and intensity of comet tail increases with DNA

damage, saturation in length and intensity may occur due to the electrophoretic

conditions. Therefore, both visual scoring and DNA % in comet tail should be used

294,295

in the analysis of DNA damage. As the relative intensity of fluorescence in

the comet tail is positively associated with DNA breaks, it can be expressed as DNA

% in comet tail using an image analysis software.”*?%

) _ The integrated tail intensity
DNA % in comet tail = ( : , — ) x 100
Thetotal integrated cell intensity

Procedures

The assay was performed according to the procedure of Collins et al.2*%”
After the U87 glioma cells were treated with Ph-PDT or 30% v/v hydrogen peroxide,
which was used as positive control, 4 x 10* were washed in PBS and mixed with 60
puL of 1% w/v low melting point agarose in PBS (37°C). The cells were then
embedded on a 1% w/v standard agarose pre-coated microscope side. The dlides
were immersed in working lysis buffer for 1 hour to denature the cellular proteins
and transferred to the akaline electrophoresis buffer for 30 minutes for DNA
unwinding at 4°C in the dark. After DNA unwinding, electrophoresis was
conducted for 30 minutes at 25V and 300mA in a Sub-Cell GT electrophoresis tank
(Bio-Rad laboratories). The dlides were then neutralised with 3 changes of
neutralising buffer for 5 minutes each and stained with 30 pL ethidium bromide (20
png/mL).  Individual comets were viewed at a final magnification of 400X using an
Eclipse E600 fluorescent microscope (Nikon, Tokyo, Japan) equipped with 590 nm
long pass emission filter and Komet 5.5 software (Kinetic Imaging Ltd., Nottingham,

UK). Cometsfrom three microgels on two slides of each sample were analysed and
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150 individual comets were counted.

3.2.5 Isolation of RNA

Two RNA isolation methods were used in this study, they were: (1) PureLink™
Micro-to-Midi™ Total RNA Purification Kit for real-time RT-PCR, as this method
yields high quality of RNA; and (2) a modified guanidinium isothiocyanate-phenol

-chloroform extraction method.

3.25.1 PureLink™ Micro-to-Midi™ Total RNA Purification Kit
Principle
This method is based on an improved guanidinium isothiocyanate extraction
method using an extraction column to isolate the RNA.*®  After RNA
precipitation using 70% (v/v) ethanol, RNA binds to the silica-based membrane in
the spin cartridge, and impurities are effectively removed by washing. RNA
adsorption on the solid phase, i.e. silica, relies on the pH and the salt content of the

buffers used.

Procedures

The procedures used were according to the manufacturer’s manual. In brief, the
U87 glioma cells were lysed directly in a culture dish by adding 300 pL of RNA
lysis buffer and the cells were resuspended by pipetting up and down. Three
hundred microlitres of 70% v/v ethanol were then added to the homogenised sample
and mixed thoroughly by vortexing. Then, the sample was transferred to the
column, centrifuged and washed using washing buffers. Finally, 30 pL of

RNase-free water were used to elute the RNA. The RNA samples were quantified
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by NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, MA, USA) and

stored at -70°C.

3.25.2 Madified guanidinium isothiocyanate-phenol-chloroform

extraction

Principle

Modified guanidinium isothiocyanate-phenol-chloroform extraction makes use of
TRIZOL LS reagent, which is an improved single-step RNA isolation method
originally developed by Chomczynski & Sacchi.®® TRIZOL LS reagent is a
mono-phasic solution of phenol and guanidine isothiocyanate which maintains the
integrity of the RNA, but disrupts cells and dissolves cell components. This
method is dependent upon the phase separation of the aqueous sample and TRIZOL
LS reagent. RNA remains in the agueous phase and is precipitated out by

isopropanal.

Procedures

Homogenisation and phase separation

The U87 glioma cells were lysed directly in a 35 mm or 60 mm diameter culture
dish by adding 300 pL or 750 puL TRIZOL LS reagent respectively. The
homogenised sample was collected into an eppendorf tube and incubated for 5
minutes at room temperature to allow complete dissociation of nucleoprotein
complexes. Eighty microlitres (for 35 mm dish) or 200 pL (for 60 mm dish) of
Phenol:Chloroform: Isoamyl Alcohol (25:24:1) were added to the sample and then
shaken vigorously for 15 seconds. After 15 minutes’ incubation at room

temperature, the sample was centrifuged at 12000 g for 15 minutes at 4°C.
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Following centrifugation, the mixture was separated into a lower pink
phenol -chloroform phase, an interphase and a col ourless upper agueous phase where

the RNA is.

RNA precipitation and wash

The agueous phase was transferred to a clean eppendorf tube. RNA
precipitation was carried out by adding isopropanol: 200 uL were added into 35 mm
dish or 500 pL into 60 mm dish. Incubation was then performed a room
temperature for 10 minutes. The sample was centrifuged at 12000 g for 10 minutes
at 4°C. After centrifugation, the supernatant was removed. The remaining RNA
pellet was washed with at least 1 mL cold 75% ethanol. The sample was mixed and

centrifuged at 7500 g for 5 minutes at 4°C.

Dissolution of RNA

The supernatant was removed and the RNA pellet was dried in air. The RNA
pellet was then re-dissolved in 30 pL diethyl pyrocarbonate-treated water and then
the RNA were quantified by NanoDrop 1000 spectrophotometer (Thermo Fisher

Scientific) and stored at -70°C.

3.2.6 Reversetranscription-polymerase chain reaction

Principle

Real-time PCR using TagM an assay

TagMan assay was used to measure the relative quantification of gene expression.
The principle of TagMan assay is based on the 5’ to 3’ exonuclease activity of Taq

DNA polymerase to cleave the dua-labelled TagMan probe. The TagMan probe is
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labelled with fluorescent dye at 5” end and a quencher at 3’ end. The quencher isa
dye molecule, which may convert the fluorescent light into heat or other light with a
wavelength undetected by the real-time instrument. During the amplification step
of PCR, i.e. the primers and probe is sitting on the complementary target sequence
(the PCR products), Tag DNA polymerase extends the primers and cleaves the probe
simultaneously. A fluorescent signal is produced after the probe cleavage because
the fluorescent dye is rel eased and separated from the quencher.?***®  The principle
is illustrated in Fig. 3.2. Therefore, the accumulative fluorescent signals in the
amplification stages of PCR are detected by sensors of real-time thermocyclers.
The relative changes in gene expression can be calculated based on the comparative
threshold (2“") method.***  This is a relative quantification method calculated by
mathematical equations without the use of a standard curve. First, differences in
thresholds (ACt) are obtained by normalising the amounts of a target gene in the
sample (Ctrarcer) and a caibrator (CtcaL), such as untreated sample, to the
housekeeping gene (Ctykg), i.€.
ACtrarcer = Ctrarcer-Ctike  and  ACtcar. = Cteac. - Clike.
Second, the normalised amount of the taget gene is relative to that of the calibrator,
i.e (AACt), by subtraction: AACt =ACtrarcer - ACtcaL. Since it is hypothesised
that the amount of target DNA is doubling in each PCR amplification cycle, the
relative quantitation of a target gene in a sample is finaly caculated by the
following equation:
Relative quantitation of atarget gene = 244

The mathematical equations used in this method are derived based on the criteria

that the amplification efficiencies of both target gene and housekeeping gene are

nearly equal and the efficiencies should be around 90 to 1009%.%%%%%
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Procedures

Reverse transcription

Briefly, 5 pg total RNA extracted from U87 glioma cells was added to the RT
mixture, which contained 1X reaction buffer, 5 yM oligo (dT)ig primer, 1 mM
dNTPs, 20 units RiboLock™ RNase Inhibitor and 200 units of RevertAid™
M-MuLV Reverse Transcriptase. The sample was mixed, centrifuged and
incubated for 60 minutes at 42°C. The RT reaction was stopped by heating at 70°C

for 5minutes. The cDNA products were stored at -20°C until use.

Conventional PCR for TP53 and NPM1 amplification

Conventional PCR was performed in GeneAmp® PCR System 9700 (Applied
Biosystems). Fifty nanograms of cDNA were added to 25 pL of standard PCR
master mix containing 1X PCR buffer, 0.2 mM of each dNTPs, 2.5 mM of MgCl,,
0.3 uM of primers and 0.5 units of AmpliTagq Gold DNA polymerase. The cycling
conditions were carried out as follows. 1 cycle for denaturation of 95°C/5 minutes.
Amplification was carried out for 25 cycles of 95°C/30 seconds; 55°C/
1 minute and 72°C/1 minute followed by a final extension step at 72°C/10 minutes.
The PCR products were subjected to agarose gel electrophoresis for examination.
The primers used for amplifying TP53 and NPM1 genes are listed in Table 3.1.
Glyceradehyde-3-phosphate  dehydrogenase (GAPDH) was used as the

housekeeping gene.

Real-time PCR

To quantify the relative gene expression, cDNA was then subjected to TagMan-

based real-time quantitative PCR. Briefly, 7.5 ng cDNA was added to 20 uL PCR
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Table 3.1 Primers used in RT-PCR.

Primers Sequences (5’ to 3")

Positions in reference
mRNA sequence’

(1) p53_rtpF1  TGTTCCGAGAGCTGAATGAG
(2) p53_rtpR1  CCCTTCTGTCTTGAACATGAG
(3) NPM1_pF1 TTGCTGCTGATGAAGATGATG

(4) NPM1-PR1 CCACTTTGGGAAGAGAACCA

1216-1235

1344-1364

628-648

929-948

a. The TP53 and NPMI primers were designed from Homo sapiens tumor protein p53 (TP53),
transcript variant 1, mRNA (Accession no.: NM 000546) and nucleophosmin (nucleolar
phosphoprotein  B23, numatrin) (NPMI), transcript variant 1, mRNA (Accession no.:

NM_002520) by using Oligo program version 6.57 (Molecular Biology Insights) respectively.
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mix containing 1X Universal PCR Master Mix and 1pL validated TagMan® gene
expression assay mix. The amplification cycle used was as follows: 1 cycle for
denaturation (95°C/10 minutes) followed by 40 cycles for amplification (95°C/15
seconds and 60°C/1 minute). The fluorescent signal was measured continuously
during the repetitive cycles with an Applied Biosystems 7500 Rea-Time PCR
system (Applied Biosystems). The relative change in gene expression was
calculated based on the 2*°T method. The validated TagMan® gene expression
assays used in this study are listed in Table 3.2. GAPDH was used as the

housekeeping gene for normalisation.

3.2.7 Western blotting

Principle
The detailed principleisgivenon p.77. In brief, target proteins are separated by

electrophoresis on an acrylamide gel for detection.

Procedure

Cdll lysate preparation

Cells were collected, washed in ice-cold PBS and lysed in 20 uL whole cell
extraction buffer. The protein concentration of the lysate was then quantified based
on the method of Bradford. In brief, 10 pL of the protein lysate sample were added
to 200 pL of diluted Bradford reagent (1 part reagent with 4 parts distilled water) in a
microtiter plate. Five dilutions of bovine serum abumin from 50 pg/mL to 500
ug/mL were used as protein standards. All samples and standards were assayed in

duplicates and mixed thoroughly. Finally, the samples were incubated at room
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Table 3.2  The validated TaqMan® gene expression assays. (Adapted and modified
from http://www.appliedbiosystems.com.hk/)

Gene  AwayID M oundary Location length (bp)
(1) ALKBH2 Hs00419572 ml NM_001001655.1  2-3 478 86
(2)REVI  Hs00249411 ml NM _001037872.1  2-3 268 63
(3) RAD52 Hs00172536 ml NM 1344242 2-3 197 65
(4) APEXI Hs00172396 ml NM 080648.1 3-4 510 81
(5) XRCCI Hs00959834 ml NM 006297.2 4-5 536 75
(6) ERCC5 Hs00164482 ml  NM 0001232  14-15 3407 118
(7) GAPDH Hs99999905 ml1  NM._002046.3 2-3 156 122
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temperature for 5 minutes and the absorbance was measured at 595nm. After
quantitation, the lysate was diluted to 4 pg/uL with buffer, mixed with equal volume
of 2X sodium dodecyl sulphate sample buffer and boiled for 3 minutes at 99°C.

Thus, the final protein concentration of the lysate was 2 pg/uL.

Gel dectrophoresis and gel blotting

Fifteen microlitres of each diluted sample were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. The gel consisted of 4% stacking gel
and 10% separating gel. The samples and pre-stained protein marker were
electrophoresed at 80V in stacking gel and at 100V in separating gel using
mini-PROTEAN 3 system (Bio-Rad laboratories) with running buffer a room
temperature. The time of electrophoresis was 1.5 to 2 hours depending on the
molecular weights of the proteins under investigation.  The separated proteins were
then transferred onto PV DF membranesin transfer buffer for 2 hours at 70V and 4°C

using Mini Trans-Blot cell (Bio-Rad laboratories).

M embrane blocking and primary antibody staining

The membrane was blocked with either 10 mL 5% non-fat milk or 5% bovine
serum albumin in TBST buffer, depending on the primary antibody (see Table 3.3),
with shaking for 1 hour at room temperature. The proteins of interest were detected
by probing different primary antibodies listed in Table 3.3 and incubated with

shaking for 16 hoursat 4°C. ACTB was used as |oading control.

Secondary antibody staining and detection

The membrane was then washed with shaking in 10 mL TBST (3 x 10 minutes)
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Table 3.3

Antibodies used in Western blotting.

Primary (1°) antibodies 1° antibody dilutions Blocking agent Secondary (2°) antibodies 2° antibody dilutions
(1) ABH2 antibody [hABH2-7] 1:1000 in 2% BSA, 1X 5% milk in 1X Anti-mouse IgG, HRP-linked 1:10000 in 5% milk,
TBST buffer TBST buffer antibody 1X TBST buffer

()

(©))

(C))

(C))

()

@)

®

®

REV1 antibody

p53 (FL-393) antibody
Phospho-p53 (Serl5)
antibody

NPM antibody
SAPK/JNK (56G8) Rabbit

mAb

Phospho-SAPK/JNK
(Thr183/ Thy185) antibody

PCNA antibody

B-Actin (C4) Antibody

1:500 in 2% BSA, 1X
TBST buffer
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1:10000 in 2% BSA,
1X TBST buffer
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1:10000 in 2% BSA,
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1:10000 in 5% milk,
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at room temperature. Corresponding horseradish peroxide-labelled anti-rabbit or
anti-mouse antibodies were used as secondary antibodies and incubated with shaking
for 1 hour at room temperature. The final complex was visualised by enhanced

chemiluminescence autoradiography.

3.2.8 Geneknockdown

Principle

Small interfering RNA (siRNA) is one type of double-stranded RNA molecule,
20-25 nucleotides in length, involved in RNA interference pathways. SIRNA is
intently engineered to downregulate a complementary mRNA, i.e. target mRNA.
When siRNA is introduced into the cell, it will associate with RNA-induced
silencing complex. This complex contains an endonulease called argonaute, which
digests double stranded RNA. Subsequently, SRNA binds to the target mRNA
with this complex. Therefore, double stranded RNA is formed by siRNA with

MRNA and argonauite degrades the RNA %%

There are two methods to introduce siRNA into the cells for gene knockdown.
They are: (1) by directly transfecting with synthetic oligonucleotides and (2) by
transfecting with RNAI plasmid. Synthetic oligonucleotides provide a convenient
way to knockdown the target gene, but the knockdown effect is short-lived. Thus,
this problem is solved by utilising RNAI plasmid, because the plasmid can
consistently express sSIRNA in the cells. However, the design and construction of

the plasmid is time-consuming and complicated.****®
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Procedures

For ALKBHZ2 knockdown by transfecting synthetic oligonucl eotides

Fifty percent confluent density of U87 glioma cells (1 X 10°) were seeded in 2
mL complete MEMa medium onto 35 mm dishes and left overnight. One hundred
picomolar ALKBH2 siRNA oligomers and 5 pL Lipofectamine 2000 transfection
reagent were diluted in 250 pL incomplete MEMa medium and mixed together for 5
minutes. The mixture was incubated for 20 minutes at room temperature and 500
pL oligomer-Lipofectamine 2000 complexes were added to each dish of cells that
had been washed and maintained in 1.5 mL incomplete MEMa medium. In mock
controls, the negative control RNA was used instead of siRNA. After 6 hours’
incubation, the cells were allowed to recover in 2 mL complete MEMa medium for
16 hours. Cultures were incubated as follows: (1) with Lipofectamine reagent
alone as a blank to examine the effect of Lipofectamine on Ph-PDT (Lipofectamine);
(2) with negative control RNA as a mock control (Neg CNT) and (3) with SRNA
(SALKBH2). After transfection and Ph-PDT treatment, cells were examined by
cell survival assay, RT-PCR using TagMan assay and Western blotting. The

workflow of ALKBHZ2 knockdown is shown in Fig. 3.3.

For NPM1 knockdown by transfecting RNAi plasmid

Ninety percent confluent density of U87 glioma cells (2 X 10°) were seeded in 2
mL complete MEMa medium. Two micrograms of NPM1 RNAi plasmid
(pSilencer 2.0 vector with 5> GGACAAGAAUCCUUCAAGA 3’) and 5 pL
Lipofectamine 2000 transfection reagent were diluted in 125 pL incomplete MEMa
medium and mixed together for 5 minutes. Therefore, the ratio of NPM1

RNAI plasmid to Lipofectamine 2000 is 1:2.5 (ug:pL). This ratio was optimised
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Fig. 3.3 Schematic wor kflow of ALKBH2 knockdown.
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experimentally for efficient NPM1 knockdown in U87 glioma cells. The mixture
was incubated for 20 minutes at room temperature and 250 uL NPM1 RNAIi
plasmid-Lipofectamine 2000 complexes were added to each dish containing 750 uL
incomplete MEMa medium. In mock controls, the non-specific dsRNAi control
plasmid was used instead of NPM1 RNAI plasmid. After 6 hours, the cells were
allowed to recover in 2 mL complete MEMa medium for 16 hours. Cultures were
incubated as follows: (1) with Lipofectamine reagent alone as a blank to examine the
effect of Lipofectamine on Ph-PDT (Lipofectamine); (2) with pSilencer 2.0 vector,
which containing negative control siRNA template, as amock control (vector) and (3)
with NPM1 RNAI plasmid (SNPM1). After transfection and PDT treatment, cells
were examined by cell survival assay, conventional RT-PCR and Western blotting.

The workflow of ALKBHZ2 knockdown is shown in Fig. 3.4.

3.2.9 Chromatin immunoprecipitation (ChlP) assay

Principle

Chromatin immunopreci pitation

ChIP is used to illustrate the DNA-protein interactions by determining the
protein binding sites, e.g. transcription binding sites, on the target genome region in
cellsor tissues. This method works by crosslinking the protein and DNA to form a
complex. The protein-DNA complex is then sonicated to fragment DNA into
shorter lengths. After sonication, this complex is immunoprecipitated out by an
antibody against the protein of interest. As a result, the DNA fragments, which
initially bound with the target protein, are dissociated from the complex and can be

examined by PCR.>®
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Real-time PCR using SYBR green

SYBR Green | is a cyanine dye, which binds to the minor groove of double
stranded DNA. At the beginning of PCR, the fluorescent signal from SYBR green
is minimal since little double-stranded DNA is present in the PCR mixture.
However, the fluorescent signal increases dramatically during annealing and
amplification since SYBR green dye binds to the newly synthesised PCR products.

The fluorescence signal is measured by real-time instruments, %>

Procedures

Cross-linking, quenching and collecting cells

U87 glioma cells were cross-linked using formaldehyde to a final concentration
of 1% at room temperature for 10 minutes in 35 mm dish. The fixation was then
guenched by the addition of glycine at a final concentration of 0.125 M. The cells

were washed with cold PBS with protease inhibitors and collected by scraping.

ChiP for TP53 and NPM 1 proteins

ChIP was performed using MAGnify™ chromatin immunoprecipitation system
according to the manufacturer’s protocol and is only briefly described here. The
cells were lysed and chromatin was released from the nuclel. The released
chromatin was sheared to around 200 to 500 bp fragment sizes by sonication in the
Sonicator 4000 ultrasonic liquid processor (Qsonica, LLC, Newton, CT, USA).
The crosslinked protein-protein and protein-DNA  fragments were then
immunoprecipitated by anti-TP53, anti-NPM1 or anti-IgG antibodies conjugated to
Dynabeads® Protein A/G. Anti-lgG was used as negative control as IgG protein

should not bind to DNA. Finaly, the crosslinking was reversed by heat treatment
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and DNA associated with TP53 was isolated by DNA purification magnetic beads.
The isolated DNA was analysed by both conventional and real-time PCR using
SYBR green quantitative PCR. The primers used for investigating the binding of
TP53 and NPM1-related transcription factors, which includes Spl transcription
factor (Spl) and nuclear factor of kappa light polypeptide gene enhancer in B-cells 1
(NF-kB), on ALKBH2 promoter region are listed in Table 3.4 and 3.5 respectively.

The locations of these primers on ALKBH2 promoter areillustrated in Fig. 3.5.

Conventional PCR examination:

Five microlitres of the DNA samples from ChlP assay were added to 25 pL of
conventional PCR master mix containing 1X PCR buffer, 0.2 mM of each dNTPs,
2.5 mM MgCl5,, 0.3 uM primers and 0.5 units of AmpliTag Gold DNA polymerase.
The cycling conditions were as follows: 1 cycle for denaturation at 95°C/5 minutes,
amplification for 25 cycles of 95°C/30 seconds; annealing temperature (Table 3.4
and 3.5)/1 minute and 72°C/1 minute followed by a final extension step at 72°C/10
minutes. The PCR products were subjected to agarose gel electrophoresis for

examination.

Quantification of binding by real-time PCR using SYBR green:

Five microlitres of the DNA samples from ChlP assay were added to 25 uL PCR
mix containing Maxima™ SYBR Green/ROX ¢gPCR Master Mix and 0.3 pM
forward and reverse primers of the target gene. The amplification cycle used was
as follows: 1 cycle for denaturation (95°C/10 minutes) followed by 40 cycles of
amplification (95°C/15 seconds and 60°C/1 minute). Fluorescence signal was

detected using an Applied Biosystems 7500 Real-Time PCR system and the relative
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Table 3.4  Primers used in PCR for ChIP assay of TP53 binding on ALKBH?
promoter region.

Positions in

. Sequences ALKBH?2 Annealing o e
Primers (5’ to 3" reference temperature Applications
(o]
sequence’ €
For conventional
pS3_  TGCTCCCACTC i PCR and real-time
M 1~ GrGacaaTa 2710238 60 PCR of position 1
binding site
. AACCacACe rencomentil
?2) P35 AAAATTCTGA  +147 to +125 60 o
R1 TAT PCR of position 2

binding site

For real-time PCR
-143 to -160 60 of position 2
binding site

4 PS3_ CAGCCGTGAT
®) T TCTCGACA

For real-time PCR
-138 to -155 60 of position 1
binding site

4 P53_ GCCACTGTCG
@ R2™  AGAATCAC

a. The primers were designed from selected region (109530294 to 109533293) of Homo sapiens
chromosome 12, GRCh37 primary reference assembly sequence (Accession no.: NC 000012),
which is -2000 and +1000 of ALKBH?2 promoter region, by using Oligo program version 6.57
(Molecular Biology Insights). +1 position is the transcription start site.
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6¢1

Table 3.5

Primers used in PCR for ChIP assay of NPM1-related transcription factors binding on ALKBH?2 promoter region.

Primers Sequences (5’ to 3')" P::;:izl;sciensf;llgfgz t?nl:[:)lggz;lt?l%e Applications
(1) Spl1_NFkBpF1 TAACCCCTGAGCCCATTAATCTA -1223 to -1201 55 Used in conventional PCR
(2) Spl1_NFkBpR1 CACCACCACAATCAAGATCTAAG -911 to -933 55 Used in conventional PCR
(3) SplpF1 CATTGAGGGGAGACAGAGTAAA -841 to -820 55 Used in conventional PCR
(4) SplpR1 GAACTCCTGGGTTAGAGCGAT -590 to -610 55 Used in conventional PCR
(5) Spl _NFkBpF2 ACCCCAGCCGTGATTCTC -163 to -146 55 Used in conventional PCR
(6) Spl_NFkBpR2 TAAACCGCACGCAAAATTCTGATAT +149 to +125 55 Used in conventional PCR
(7) NFkBpF1 CCTTAAAGGGGTGGACAGTTG +263 to +283 55 Used in conventional PCR
(8) NFkBpR1 CACCTGTGCATCAGAATCAGC +479 to +459 55 Used in conventional PCR
(9) SplpF2 GGGGACAGGATGGACAGATT +694 to +713 55 Used in conventional PCR
(10) Sp1pR2 TTTGCCAAACAGGACTGTGTAACT +927 to +904 55 Used in conventional PCR

The primers were designed from selected region (109530294 to 109533293) of Homo sapiens chromosome 12, GRCh37 primary reference assembly sequence (Accession no.:
NC_000012), which is -2000 and +1000 of ALKBH?2 promoter region, using Oligo program version 6.57 (Molecular Biology Insights, Cascade, CO, USA). +1 position is
transcription start site.
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Fig. 35  The schematic diagrams of primer locations on ALKBH2 promoter
region for ChlP assays. (A) PCR for amplifying TP53 binding sites.
(B) PCR for amplifying NPM 1-related transcription factors binding sites.
The arrows shown in this figure are primer locations on the promoter.
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gene expression levels were calculated by the 2°*“T method. GAPDH is used as

the housekeeping gene for normalisation.

3.2.10 mRNA stability

Principle
The influence of MRNA stability on gene expression can be examined using

1

actinomycin D, which is a transcription inhibitor.3**  The transcription of the target

geneis stopped at the time when actinomycin D is added (Time 0), so the subsequent

reduction in mRNA amount is an indication of mRNA stability.*"

Actinomycin D
inhibits transcription by binding onto the transcription initiation complex of DNA.

This binding prevents the transcription by RNA polymerase.®"

Procedures

U87 glioma cells (2 x 10°) were seeded onto 60 mm culture dishes with 3 mL
complete MEMa medium and left to incubate for more than 16 hours. The cells
were subjected to two conditions, i.e. with or without NPM1 knockdown, before
Ph-PDT. They were then incubated in serum-free MEMa medium containing 1
ug/mL Photofrin for at least 18 hours prior to illumination. Light irradiation of
cells was carried out using light dose of 1.3 Jcm? and cells were allowed to recover
for 5 hours after Ph-PDT in complete MEMa medium. Then, 2 pL of actinomycin
D were added into each dish (final concentration, 1 pg/mL) and incubated at 37°C.
A dish of cells was collected every hour for 5 hours.  Consequently, total RNA was
extracted from the cells and analysed by RT-real time PCR. Primers p53_rtpF1 and
p53_rtpR1 (Table 3.1) were used to amplify the TP53 PCR product and SYBR green

was used for signal detection (Chapter 3.2.9).
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3.2.11 Satistics

Data are presented as mean + SD except for the data on cytotoxicity, quantitation
of RNA levels at different time-points using real-time RT-PCR and mRNA stability,
which are presented as mean = SD. Statistical difference was determined by paired
t-test for Comet and ChiP assays, one-way ANOVA with Tukey post-test for mMRNA
quantification and cytotoxicity after gene knockdown, and two-way ANOVA with

Bonferroni post-test for mRNA stability.

3.3 Reaults

3.3.1 Ph-PDT cytotoxic effect on U87 glioma cells

Photofrin-treated U87 cells were exposed to white light passing through a 500
nm long-pass filter with the energy fluence rate of 33.5 mW/cm? at a wavelength of
630 nm. The selected light doses for the cell survival test were 0 Jcm?to 2.1 Jem?.
Cdl viability was determined 3 hours after illumination using the trypan-blue
exclusion method. Figure 3.6 shows the cytotoxicity of Ph-PDT on U87 glioma
cells at 1 pg/mL Photofrin. The toxicities in light controls (LC) were negligible.
However, increase in cytotoxicity was observed in Ph-PDT treated cells with
increased light doses, i.e. illumination time, from as low as a 0.8 Jcm? light dose.
The light doses 0.8 J/cm? and 1.3 J/cm? were chosen to obtain a lethal dose (LD) of
10, i.e. 10% cell death, and LD 40, i.e 40% cell death, after Ph-PDT for the

subsequent experiments.

3.3.2 Effectsof Ph-PDT on DNA damage
U87 glioma cells were exposed to different light doses, CNT at 0 Jem?, LC 1 at
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Fig. 3.6  Cytotoxicity of U87 glioma cells after Ph-PDT. The cells were
treated with or without 1 pg/mL Photofrin and different light doses, i.e.
Ph-PDT and light controls, respectively.
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0.8 Jem?® and LC 2 at 1.3 Jcm? respectively. LC 1 and LC 2 were used to mimic
the light doses used in LD 10 and LD 40 samples respectively. In Fig. 3.7, the
comet images of U87 glioma cells 3 hours after Ph-PDT show that no comet tail, an
indication of DNA damage, was visible in untreated control (CNT) and LCs, but
different degrees in tail intensity were observed in dark control (DC) and Ph-PDT
treated cells after exposure to different light doses. By quantifying the mean DNA
percentages in the comet tails, the DNA percentage, and therefore DNA damage of
LCs (~2%) were not significantly different from the CNT at 3hrs or 24hrs after
illumination (Fig. 3.8A). In contrast, glioma cells treated with Photofrin (1 pg/mL)
had noticeable DNA damage even in the dark control (DC) 3 hours after treatment
(8.1%, p<0.001 when compared with CNT). Light illumination further enhanced
the DNA damage to 13.9% in LD 10 and 33.2% in LD 40 (p<0.001 when compared

with CNT).

3.3.3 Involvement of DNA repair in relatively resistant

glioma cells after recovery from Ph-PDT

Since DNA damage increased rapidly 3hrs after Ph-PDT, experiments were
carried out to determine if DNA repair took place in those relatively resistant glioma
cells that survived after 24 hours. The comet assay showed that the comet tails in
DC, LD 10 and LD 40 were shortened after 24-hour recovery from Ph-PDT (Fig.
3.7). The mean comet tail DNA percentage in DC (3.3%), LD 10 (10.3%) and LD
40 (20.3%) were adso significantly decreased when compared with those 3 hours

after PDT (grey bars compared with black barsin Fig. 3.8A).
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Fig. 3.7 The comet images of U87 glioma cells 3 hoursand 24 hours after
Ph-PDT.
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DNA damage and repair in U87 glioma cells after Ph-PDT. DNA
damage was detected by the alkaline comet assay and quantified as
DNA percentage in tail. Cells were collected 3 hours (black bars) and
24 hours (grey bars) after the treatment. Hydrogen peroxide was used
as positive control in the comet assay. (A) DC, LD 10 and LD 40 cells
were significantly damaged when compared with the CNT, LC1 and
LC2cels. DC, LD 10 and LD 40 were also significantly repaired after
24 hours of recovery. Data from three independent experiments are
expressed as mean+SD and analysed using paired t-test (*** indicates
p<0.001). (B) Distribution of different comet classes at 3 hours (black
bars) and 24 hours (grey bars) after treatment. Significant increase of
Class0in DC and LD 10, and increase of Class 0 and Class | in LD 40
are indicative of DNA repair 24 hours after treatment. Data from three
independent experiments are expressed as mean+SD and analysed using
paired t-test (* indicates p<0.05 and ** indicates p<0.01).
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The DNA repair of the relatively resistant glioma cells could be further illustrated
by classifying the comet tails into an arbitrary scale of O-IV according to Zhao et
al.’s study, as shown in Fig. 3.8B.3* The classification is based on the DNA
percentages in comet tails: O represents no DNA damage and I11-1V represents
extensive DNA damage. After 24 hours of recovery from PDT, the fractions of
heavily DNA-damaged cells, i.e. class IllI-IV, in different light doses were
prominently decreased and the fractions of less DNA-damaged cells, i.e. class O-I,

were increased.

3.34 ALKBH2significantly expressed after Ph-PDT

The involvement of the six selected DNA repair pathways were evaluated by
determining the relative mRNA expression levels (2°4%") of their major DNA repair
genes in the relatively resistant glioma cells, i.e. cells survived 48 hours after
Ph-PDT. The six major DNA repair genes include: (1) ALKBH2 of direct reversal,
(2) APEX1 of base excision repair, (3) XRCCL1 of short-patch BER, (4) ERCC5 of
nucleotide excision repair, (5) RAD52 of double strand break repair, and (6) REV1 of
trandesion synthesis. Most of the target genes were expressed equally in both the
controls (i.e. CNT and DC) and Ph-PDT treated cells. Interestingly, ALKBH2 and
REV1 were significantly over-expressed in the cells which were recovering and
therefore less responsive to PDT. These cells showed 3-fold and 1.4-fold increases
in ALKBH2 and REV1 mRNA expression levels respectively when compared with
the controls (p<0.05) (Fig. 3.9A). The mMRNA expressions of ALKBH2 and REV1
were evidently induced from 0.5 hours and remained high until 12 hours (Fig. 3.9B).
ALKBH2 was maintained at 2 to 3-fold increase after 0.5 hours of Ph-PDT, which is

comparable to the mRNA level a 48 hours. However, REV1 was highly expressed
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Fig. 3.9

Relative mMRNA expression of DNA repair genes after Ph-PDT. (A)
The mRNA levels of different DNA repair genes in cells 48 hours after
Ph-PDT were determinated by quantitative real time RT-PCR.
ALKBH2 was significantly expressed in both LD 10 and LD 40 and
REV1 was significantly expressed in LD 10 when compared with dark
control. Data are expressed as mean+SD and analysed using one-way
ANOVA with Tukey's multiple comparison post-test of three
independent experiments (** indicates p<0.01). (B) Quantitative
real-time PCR of DNA repair genes at different time points after
Ph-PDT with LD 10. ALKBHZ2 and REV1 mRNA expression of LD 10
was significantly increased when compared to that of CNT and DC.
Note that the relative quantitation scale of al mMRNA expression graphs
are 0-4 except REV1 is 0-40 as REV1 mRNA was expressed at high
levels. Data are expressed as mean+SD and analysed by using
repeated measures one-way ANOVA with Tukey's multiple comparison
post-test of three independent experiments (*** indicates the whole
curve of LD 10 group is significant compared with both DC and CNT
with p<0.001).  GAPDH was used as housekeeping gene for
normalisation.
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at the mRNA level, with 20 to 35-fold increase at different time points after Ph-PDT
when compared to that at 48 hours. This highly expressed mRNA level may
indicate that the PDT-treated cells contained a large amount of unrepaired damage as
REV1 is responsible for DNA replication to bypass the damage and to aid the cell in

survival.

Sufficient time was required for the U87 glioma cells to recover and become
resistant: the cell number decreased gradually from 3 hours to 24 hours and this cell
number was maintained at 24-48 hours after Ph-PDT (data not shown). Therefore,
the time point at 48 hours was selected to be a starting point in this study. Two
lethal doses were also used at the beginning of this study to compare the differences
in DNA repair gene expression under a low lethal dose condition, which
produces cells with lower resistant ability to PDT, and a high lethal dose condition,
which results in cells with higher resistant ability to PDT. The study was then
followed by investigating the time course expression to further understand (1) when
the genes were expressed, especially those genes that were significantly expressed at
48 hours, and (2) any other DNA repair gene expression was notably changed before
48 hours after Ph-PDT, which might also be a sign of their involvement. Western
blotting was used to further examine ALKBH2 and REV 1 protein expression (~29
kDa and 138 kDa respectively) 48 hours and at different time points after Ph-PDT.
A dlight increase was seen in REV 1 protein expression at 48 hours (Fig. 3.10A) but
no significant changes were observed for different time points (Fig3.11A). In
contrast, ALKBH2 protein expression was up-regulated, in a time-dependent manner,
in the cells less responsive to Ph-PDT (Fig. 3.10B and 3.11B) but not in the control

cells.
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Fig.3.10 REV1 and ALKBHZ2 protein expression 48 hours after Ph-PDT.
(A) REV1 protein expression. (B) ALKBH2 protein expression.
ACTB is beta-actin, which acted as loading control. These are the
representative results from three independent experiments.
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REV1 and ALKBH2 protein expression after different time points
of Ph-PDT with LD 10. (A) REV1 protein expression. (B)
ALKBH2 protein expression. ACTB acts as loading control for
Western blotting of human cell lysates. The time course is started at
0.5 hours because the time for Ph-PDT experiment was 0.5 hours. The
CNT and DC samples were collected at 0.5 hour and the Ph-PDT treated
cells were then collected every 3 hours until 12.5 hours after Ph-PDT
experiment. These are the representative results from three

independent experiments.
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3.3.5 ALKBH2 knockdown significantly increasesthe

cytotoxic effect of Ph-PDT

Introducing SSIALKBH2 into cells can effectively knock down the mRNA and
protein expression [Lipofectamine aone and cells with negative control RNA (Neg
CNT)], as shown in Fig. 3.12A and B. Increased cell death was then seen in
ALKBH2 under-expressing cells following Ph-PDT (Fig. 3.13). The sensitising
effect was more evident with increasing light doses of the PDT, cytotoxicity was ~
10% at low light dose (0.8 Jcm?) and increased to ~ 25% at high light dose (1.3
Jem?).  ALKBH2 under-expressing cells were more sensitive to Ph-PDT induced

cell death when compared with the Neg CNT (Fig. 3.13).

3.3.6 Ph-PDT increases expression of TP53

According to the transcription element search system (TESS) web tool
(http://www.chil.upenn.edu/cgi-bin/tess/tess’RQ=WELCOME), TP53 is a potential
transcription factor that binds to the promoter of ALKBH2. Therefore, the role of
TP53 in Ph-PDT was first examined by RT-PCR and Western blotting. The mRNA
and protein expression of TP53 in U87 glioma cells increased after 0.5 hours of PDT.
At the mRNA level, TP53 expression was maximum at 0.5 hour (Fig. 3.14A).
However, TP53 protein expression was maximum at 3 hours (Fig. 3.14B). The
protein expression of the activated phosphorylated TP53 at Serl5 amino acid
position [pTP53 (Serl5)] was then investigated. It is because the phosphorylation
at Serl5 amino acid position of TP53 is an indication of DNA damage and lead to
DNA repair in cells33° pTP53 (Serl5) was aso found to increase from 3.5

hours, reach a maximum at 6.5 hours and then decline thereafter in relatively
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Effect of SRNA on ALKBH2. The experiments were performed 22
hours after ALKBH2 knockdown. (A) Relative mRNA expression of
ALKBH2. Cédlls were transfected with the antisense oligonucleotide
(sRNA) for knockdown and unrelated oligonucleotide as Neg CNT.
MRNA expression is relative to Neg CNT as Lipofectamine control is
just used to evaluate the effect of this transfecting reagent in target gene
expression. Data are expressed as mean+SD and analysed by using
one-way ANOVA with Tukey's multiple comparison post-test of three
independent experiments (** indicates p<0.05 and *** indicates
p<0.001). GAPDH was used as housekeeping gene for normalisation.
(B) Protein expression of ALKBH2. ACTB acts as loading control for
Western blotting. These are the representative results from three
independent experiments.
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Fig. 3.13
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Effect of SRNA on cytotoxicity. Surviva rate (%) of cells treated
with Lipofectamine alone (Lipofectamine) (dashed line with squares),
SAALKBH2 (dotted line with triangles) and Neg CNT (solid line with
circles) was assessed using the trypan blue assay. (A) Cells were
exposed to different light doses alone and (B) cells treated with Ph-PDT
(lug/mL). Data are expressed as meantSD and analysed by using
one-way ANOVA with Tukey's multiple comparison post-test of three
independent experiments (** indicates p<0.05 and *** indicates
p<0.001).
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Fig.3.14 Expression of TP53 and p-TP53 at different time points after
Ph-PDT. (A) TP53 mRNA expression increased rapidly (0.5 hour)
and declined gradually over time. Lane M is the DNA marker ladder.
(B) TP53 protein expression (~53 kDa) aso increased rapidly and
maintained up to 3.5 hours, then declined with time. p-TP53 protein
expression (~53 kDa) was significant increased from 3.5 hours, reached
amaximum at 6.5 hours and declined with time. GAPDH and ACTB
acted as loading controls for RT-PCR and Western blotting respectively.
These are the representative results from three independent experiments.
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resistant gliomacells (Fig. 3.14B).

3.3.7 Increased TP53 binding on ALKBH?2 after Ph-PDT

3.3.7.1 Optimisation of DNA shearing

The sonication conditions of U87 cells were optimised for generating DNA
fragments of 200-500 bp, which is the most suitable DNA fragment size range for
the ChIP assay (Fig.3.15). The U87 cell suspension was sonicated for 10 seconds
on ice, then paused for 30 seconds. Eleven cycles was determined to be optimum

for generating the most 200-500 bp fragments by software (data not shown).

3.3.7.2 ChlP assay on ALKBH2 promoter region

The participation of TP53 in the transcription of ALKBH2 during Ph-PDT was
explored using the ChIP assay. Two TP53 binding sites were predicted by TESS
at-190 bp and -14 bp from +1 transcription start site of ALKBH2 (Fig. 3.5). The
U87 glioma cells with or without Ph-PDT were treated as follows: (1) Input controls,
I.e. N0 immunoprecipitation, were used as positive control for determining the
amount of chromatin present and used in each reaction; (2) IPwith 1gG, i.e. immuno-
precipitated by 1gG antibody, was a negative control for indicating the amount of
background signal formed during ChiP assay procedures; and (3) IP with TP53, i.e.
immunoprecipitated by TP53 antibody. The conventional PCR result showed that a
PCR product could be amplified in the DNA sample extracted from cells treated with
Ph-PDT. This PCR product was amplified from -257 bp to +147 bp promoter
region of ALKBHZ2, where the predicted TP53 binding sites were. This result
implied that the binding of TP53 was increased after Ph-PDT on the promoter region

of ALKBH2 (Fig. 3.16A). Real-time PCR was then used to confirm and quantify
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Fig. 3.15
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Optimisation of the sonication cycles of U87 for ChlP assay. The
optimised sonication condition is 11 cycles since more DNA fragments
arein 200 to 500 bp after the sonication. The intensities of each DNA
band were quantified by KODAK Image Station 4000 (Carestream
Health, Inc, Rochester, NY, USA) and highest intensity was obtained in
the DNA band with 11 cycles of sonication (data not shown). Lane M
isthe 1 kb DNA ladder.
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Fig. 3.16 Interaction of TP53 with the ALKBH2 promoter. (A) ChIPs were
performed using anti-rabbit [1gG or anti-TP53  antibodies.
Immunoprecipitated DNA was analysed by conventional PCR for the
presence of ALKBH2 gene. These are the representative results from
three independent experiments. (B) ChIP samples analysed and
guantified by real-time PCR. The left pandl is for the predicted TP53
binding site (Position 1) and the right panel for the predicted TP53
binding site (Position 2). Data are expressed as mean+SD of three
independent experiments and analysed using paired t-test (*** indicates
p<0.001). GAPDH was used as housekeeping gene for normalisation.

160



the binding position of TP53 on ALKBH2 promoter. The result demonstrated that
more PCR products were amplified from the -257 bp to -138 bp of ALKBH2
promoter region in the Ph-PDT sample. Thisregion contains a TP53 binding site at
-190 bp, i.e. Position 1 shown in Fig 3.5. Therefore, it can be concluded that TP53

binding increased at position 1 (4.5-fold increase) after Ph-PDT (Fig. 3.16B).

3.3.8 TP53/ALKBH2 related protein expression at

different time points after Ph-PDT

To understand the mechanism of Ph-PDT resistance caused jointly by TP53 and
ALKBH2, for example, how TP53 is regulated to bind on the ALKBH2 promoter,
different TP53 and ALKBHZ2 related proteins were examined to link up the existing
known protein interactions with the findings in this study. The proteins of interest
include the following: (1) PCNA, which may reduce the DNA repair capacity of
ALKBH2 through binding; (2) INKs, which activates TP53 by phosphorylation; and
(3) NPM1, which stabilises TP53 protein. These proteins may be involved in

Ph-PDT resistance by interacting with TP53 and ALKBHZ2.

3.3.8.1 PCNA and JNKs

Little effect on the expressions of PCNA and tota JNKs were found after
Ph-PDT (Fig. 3.17). However, a high level of p-JNKs was found in relatively
resistant glioma cells (Fig. 3.17B). The phosphorylation of JNKs was sharply
increased and peaked at 0.5 hours after Ph-PDT. Both JNK1 and JNK2/3 were
phosphorylated, but the latter one to a greater extent after Ph-PDT. The levels of

phosphorylated JNK's decreased rapidly within 3 hours and remained at a low level
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Effect of Ph-PDT on PCNA, JNK and p-JNK protein levels. (A)
PCNA protein expression at different time points after Ph-PDT but no
difference observed. (B) JNK protein decreased dlightly in expression
9.5 hours after Ph-PDT and p-JNK protein increased significantly and
reached a maximum at 0.5 hours. ACTB acts as loading control for
Western blotting and these are the representative results from three
independent experiments.

162



up to 12.5 hours after Ph-PDT.

3382 NPM1

The protein level of NPM1 rapidly increased at 0.5 hours after Ph-PDT, then
declined gradually over the next 6 hours (Fig. 3.18). The corresponding mMRNA
level was aso dlightly increased, compared with control, 0.5 hours after Ph-PDT and
decreased to an undetectable level when analysed using SYBR safe DNA gel stain in
agarose gel electrophoresis at 6.5 hours after Ph-PDT.  As there was an increase in
NPM1 after Ph-PDT with a similar expression pattern as TP53, it is worth

determining the role of NPM 1 in Ph-PDT and its contribution to Ph-PDT resistance.

3.3.9 NPM1 knockdown significantly increasesthe

cytotoxicity of Ph-PDT

Compared with the controls (Lipofectamine alone and Lipofectamine plus
Vector), increased cell death was seen in NPM 1 knockdown cells after Ph-PDT (Fig.
3.19).  Approximately 45% of these cells died as compared with the
vector-transfected cells. In addition, these cells were more sensitive to Photofrin
aone. Under DC conditions, NPM1 knockdown cells experienced 25% more cell

death when compared with the cells with vector only.

3.3.10 Significant decreasein TP53 and ALKBH2

expression after NPM1 knockdown

As can be seen in Fig. 3.20, the mRNA and protein expression of TP53 and

ALKBH2 were suppressed after NPM1 knockdown. Compared with the cells
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Fig.3.18 Protein and mRNA expression of NPM1 at different time points
after Ph-PDT. (A) NPM1 protein expression increased sharply and
reached a maximum at 0.5 hours and declined back to control levels
after 9.5 hours. (B) NPM1 mRNA expression was increased only
dightly at 0.5 hours when compared with the controls. Lane M is
Invitrogen 1 kb plus DNA ladder. ACTB and GAPDH act as loading
controls for Western blotting and RT-PCR respectively. These are the
representative results from three independent experiments.
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Fig. 3.19 Cytotoxicity of Ph-PDT on U87 glioma cells after NPM 1 knockdown.
The cells were treated with 1 pg/mL Photofrin and 0.5 Jcm? light dose.
Data are expressed as mean+SD of three independent experiments and
analysed using one-way ANOVA with Tukey’s post-test (* indicate
p<0.05).
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Fig.3.20 The effects on TP53 and ALKBH2 expression after NPM1
knockdown. Both mRNA (A) and protein expression (B) of TP53 and
ALKBH?2 decreased significantly in CNT, DC and Ph-PDT treated cells
after the NPM 1 knockdown compared with those cells with vector alone.
Lane M in (A) is Invitrogen 1 kb plus DNA ladder. GAPDH and
ACTB act as loading controls for RT-PCR and Western blotting

respectively.  These are the representative results from three
independent experiments.
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under-expressing NPM1, the mRNA and protein levels of NPM1, TP53 and
ALKBH2 in vector-transfected cells were higher in DC and more so in Ph-PDT
treated cells. The same expression trends at very low levels were observed in the

cells under-expressing NPM1 in DC and after Ph-PDT.

3.3.11 Interaction of NPM 1 with different transcription

factorson ALKBH?2 promoter

To further study how NPM1 affected ALKBH2 expression and thus the
cytotoxicity of Ph-PDT, ChiP assay was performed to investigate NPM 1 binding on
ALKBH2 promoter region. As NPML1 is not a transcription factor, it has to bind
proteins through other transcription factors. TP53, Spl and NF-kB are three
transcription factors that may bind NPM1. Therefore, TP53, Spl and NF-kB
binding sites on ALKBH2 promoter region were predicted by TESS. Different
primers were designed to amplify the promoter region of ALKBH2 from -2000 bp to
+1000 bp, this region contains two TP53, six Spl binding sites and three NF-kB
binding sites (Fig. 3.5). However, no PCR product was amplified in the samples of
IP with IgG and IP with NPM1, i.e. immunoprecipitated with NPM1. This result
indicated that no binding of NPM1 via TP53, Spl and NF-kB binding sites on
ALKBH2 promoter from -2000 bp to +1000 bp region will occur. ChIP assay

results using NPM 1 antibody are shown in Fig 3.21.

3.3.12 Nucleophosmin affects TP53 mRNA stability after

Ph-PDT

As no NPM1 binding via the transcription factors on ALKBH2 promoter were
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Fig. 3.21
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ChlP assay result for studying the binding of NPM1 on ALKBH2
promoter region. ChIPs were performed using anti-rabbit 1gG or
anti-NPM 1 antibodies and the immunoprecipitated DNA was analysed
by conventional PCR. PCR products were amplified from six regions
of DNA (the locations of these regions are indicated as F1 to F6 in Fig.
3.5), which contains different NPM 1-related transcription factors. The
result is representative of two independent experiments.
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observed in the experiment mentioned above, the decrease in ALKBH2 expression
after NPM1 knockdown may be explained by the decrease in TP53 expression,
which may be affected by NPM1. To illustrate the relationship between NPM1,
TP53 and ALKBH2, mRNA stability assay was performed because NPM1 can
stabilise TP53 MRNA.*®  The U87 cells with or without Ph-PDT after NPM1
knockdown showed a more rapid decrease in the amount of TP53 mRNA than the
cells without NPM1 knockdown (Fig. 3.22). This result indicates that NPM1 help
in TP53 mRNA stabilisation. However, in the Ph-PDT treated cells with NPM1
knockdown the decrease in TP53 mRNA was reduced from 7 hours to 10 hours after
Ph-PDT when compared with the untreated cells with NPM1 knockdown. This
result means that Ph-PDT may help stabilise TP53 mRNA via other proteins or
mechanisms. The comparisons were made with the vector controls at different time

points.

The research questions and main results are summarised in Fig. 3.23.

3.4 Discussion

Numerous reports have shown that Ph-PDT induces significant DNA

137-140

damage. Different types of DNA damage may be observed, including
double strand breaks, single strand breaks, DNA base oxidation and
cross-links 138:139286317318 - A g DNA damage is not directly linked to the cell death
caused by PDT, little research has been conducted to investigate the involvement of
DNA repair in PDT. However, Penning et al. showed that the inhibition of a DNA

repair enzyme (poly(ADP-ribose)polymerase) activity and the formation of

irreversible DNA damage were correlated to the killing effect of haematoporphyrin
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Fig. 3.22
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MRNA stability of TP53 after NPM1 knockdown and Ph-PDT.
Data are expressed as mean+SD of three independent experiments and
anaysed using two-way ANOVA with Bonferroni post-test. ***
represent TP53 mMRNA stability of SsINPM1 when compared with that of
Vector and SINPM 1+Ph-PDT when compared with Vector+Ph-PDT are
significantly decreased with p<0.001 from 6 to 10 hours. GAPDH was
used as housekeeping gene for normalisation.
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Will Ph-PDT cause DNA damage in relatively resistant glioma cells?
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Will Ph-PDT cause DNA repair in relatively resistant glioma cells?
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I
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Which transcription factor(s) affect ALKBH2 expression after Ph-PDT?
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Any other protein(s) may cause resistance in Ph-PDT?

|
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Will NPM1 interact with TP53 and ALKBH2 to cause resistance in Ph-PDT?

NPM1 interferes with TP53 mRNA stability and thus affects both
TP53 and ALKBH2 expression to cause resistance in Ph-PDT

Fig. 3.23 Theflow of research questionsand main resultsin Chapter 3.
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derivative (HPD)-PDT in a murine fibroblast cell line; note that Photofrin is purified
form of HPD.*® This research article suggested that the involvement of DNA
damage and repair in PDT is cell type dependent. Another study by Gupta et al.
illustrated that enhanced DNA repair reduced the micronuclei formation, which is an
indication of cytogenetic damage, in the glioma cells and this damage caused the
cells to be relatively resistant to HPD-PDT.3® The DNA repair capacity is
determined not only by cell type, but aso oxygen concentration and subcellular
localisation of Photofrin. Since glioma treatment using Ph-PDT is still under
clinica tria, the detailed DNA repair mechanism involved in Ph-PDT for glioma
treatment should be studied so that the efficacy of Ph-PDT can be enhanced by

preventing DNA repair-induced resistance.

Based on the knowledge gained from previous studies mentioned above, our
preliminary focus was to examine the participation of DNA damage and repair in a
glioma cell line after Ph-PDT. Our results are consistent with other reports in that
the amount of DNA damage is positively associated with PDT light dosage '*%3%
DNA damage isincreased in Ph-PDT treatment groups (i.e. LD 10 and LD 40) when
the PDT light dose was increased (Fig. 3.8A). The DNA damage in treatment
groups are significantly different from that of the control groups (light control and
dark control). It is clear from the results presented here that light alone will not
cause significant DNA damage. As seen in the DC group, DNA was damaged to a
lesser extent when compared with that of the treatment groups. This effect may be
due to the low dose of light such as low ambient lighting affecting the cells during

the course of the experiments.  As Photofrin itself cannot localise to the nucleus and

cause DNA damage, the increased DNA damage in treatment groups could be
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explained by the impairment of the nuclear membrane after light irradiation. ™25

Consequently, sensitised reactive molecules, including photoproducts, can enter the

nucleus and damage DNA 32432

The level of DNA damage in treatment groups was reduced (Fig. 3.8A) and the
number of Class 0 and | cells were increased (Fig. 3.8B) after the cells were allowed
to recover for 24 hours. The DNA repair efficiency was less effective in the low
light dose (LD 10) treatment group than that in the high light dose (LD 40). Since
the DNA repair capacity of the cells should be the same, the difference in the
efficiency may be due to different DNA repair kinetics being activated by different
light intensities. These findings indicate that DNA damage and repair were induced
in the relativly resistant glioma cells after the cells were allowed to recover post
Ph-PDT treatment. Although DNA damage was also seen in DCs, the damage seen
was completely recovered after 24 hours. This may be because little DNA damage
was present in DC cells, but the participation of another DNA repair mechanism

cannot be excluded.

Our data demonstrate that DNA repair mechanisms are triggered in relatively
resistant glioma cells. However, it is not known which DNA repair pathways are
involved. To address this question, we used real-time quantitative PCR to quantify
the gene expression of six specific DNA repair genes and used Western blotting to
semi-quantify the target proteins. Asshown in Fig. 3.9, the ALKBHZ2 gene of DNA
damage reversal and the REV1 gene of translesion synthesis were expressed. Their
MRNA transcripts were expressed at a significantly higher level in Ph-PDT treated

glioma cells when compared with that of the control cells. This indicates that both
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DNA damage reversal and translesion synthesis mechanisms may play important

rolesin conferring resistance to glioma cells against Ph-PDT.

Some interesting findings are observed in Fig. 3.9. Compared to Fig. 3.11, the
protein expression of ALKBH2 did not show a U-shaped trend with a trough at 6.5
hr (Fig. 3.11) as shown in MRNA expression data (Fig. 3.9). It was probable that
the relative differences in mRNA expression between each time point are not large
enough to affect the expression of protein and be detected by Western blotting, which
isasemi- quantitative method. The figures also show that REV1 mRNA expression
is “abnormally” high after Ph-PDT. The REV1 gene is involved in transesion
synthesis, and alows damaged DNA to be tolerated by replicative bypass. When
trandesion synthesis is triggered, DNA replicates with mutations or errors and thus
DNA damage-induced mutagenesis occurs.®*’ Therefore, large amounts of DNA
damage may be introduced by Ph-PDT and thus increase in REV1 expression is
required to maintain cell survival. Although REV1 mRNA expression level was
very high but its protein expression level showed inconsistent results. This may be
due to the poor sensitivity of the REV 1 antibody, and therefore we further focused
on how ALKBH2 involved in Ph-PDT responsiveness as both mRNA and protein
expression levels of ALKBH2 are significantly higher in relatively resistant glioma

cdlls.

The ALKBH2 gene is not significantly expressed in normal brain cells but high

levels are found in liver and sex organs.'®%®

It is responsible for repairing
1-methyladenine, 3-methylcytosine and 1,N°-ethenoadenine on double stranded

DNA by oxidative demethylation.?®3* Cetica et al. showed that ALKBH2 was
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highly expressed in gliomas and suggested that aberrant ALKBH2 expression played

30 We aso found an

a part in tumour cell resistance to cancer treatments.
up-regulation of ALKBHZ2 in glioma cells from 30 minutes to 48 hours post Ph-PDT
treatment. This observation may imply that the photosensitised reactive productsin
Ph-PDT produce 1-methyladenine, 3-methylcytosine and/or 1,N°-ethenoadenine on
DNA. Most DNA damage studies on Ph-PDT targeted DNA damage caused by
oxidation. Here, we suggest that the photosensitised reactive products may also
cause DNA methylation and lipid peroxidation to produce methylated DNA damage
and ethenoadenine DNA lesions respectively. Prolonged high expression of
ALKBH2 aso indicates that its expression may modulate the cell’s responsiveness to
Ph-PDT. To confirm a specific role of ALKBHZ2 in affecting Ph-PDT response, we
used a gene-knockdown approach. As illustrated in Fig. 3.13, cytotoxicity of
Ph-PDT is enhanced after silencing the ALKBH2 gene expression. Lower
cytotoxicity of Ph-PDT was seen at two light doses in blank (Lipofectamine) and
mock (Neg CNT) samples as compared with the knockdown untreated U87 cells.

This may be due to the fact that lipofectamine may affect Photofrin uptake by U87

cells through alterationsin the cell membrane.

The transcription factor(s) involved in ALKBH2 transcription remains unknown.
We have observed increased TP53 binding on the ALKBH2 promoter region and the
expression of p-TP53 was rapidly increased after Ph-PDT. Therefore, TP53 is
critical for the regulation of ALKBH2 gene expression after Ph-PDT. TP53 is
involved in Ph-PDT, but the exact relationship of TP53 to Ph-PDT responsivenessis
controversial.  Some in vitro studies of human colon carcinoma, immortalised

Li-Fraumeni syndrome and promyelocytic leukaemia found that the cell lines with
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mutant TP53 have lower sensitivity to Ph-PDT than those with wild-type
TP53.219%13%2  This may be due to a decrease in TP53-dependent apoptosis after
Ph-PDT. However, Evans et al. found that the Ph-PDT induced apoptosis was
higher in the lymphoblastic cell line with mutant TP53 although the cytotoxic effects
of Ph-PDT on both cell lines were not different.’® Another important finding of
the Evans’ group was that the mutagenicity induced by Ph-PDT in the cell line with
mutant TP53 was higher. Therefore, the relationship between TP53 and Ph-PDT
responsiveness seems to be cell-type dependent. In our case, U87 glioma cell line
has awild-type TP53 and we found that wild-type TP53 was aso involved in relative
resistance to Ph-PDT via activation of the ALKBH2 DNA repair gene. These
results suggest that the resistance to Ph-PDT in cells with wild-type TP53 or mutant

TP53 may act via different mechanisms.

Ph-PDT resistance can be induced through interactions of diverse proteins, which
may lead to the changes in microenvironement of the cancer cells. In this study,
three proteins, namely PCNA, JNKs and NPM1, were selected for investigating their
roles in TP53-ALKBH2-involved Ph-PDT resistance as these proteins can interact

with TP53 and/or ALKBH2.

PCNA

Xie et al. showed that PCNA expression remained unchanged in nasopharyngeal
carcinoma bearing-nude mice examined after 14 days of 5-ALA-PDT.>** The
authors suggested that it may be because of no significant DNA damage being
induced by PDT. Consistent with ther findings, unchanged PCNA protein

expression in relatively resistant glioma cells after Ph-PDT was aso found in our
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study (Fig. 3.17A). However, another study conducted by Akramiene et al.
indicated that PCNA is significantly expressed in lung cancer-bearing mice within 7
days after Ph-PDT, and so the authors concluded that DNA repair mechanism was
triggered in lung cancer cells after Ph-PDT.?* The contradictory results may be
due to downstream tests being performed at different time points after Ph-PDT.
Although total PCNA protein expression is unaltered, the active form of PCNA,
phosphorylated PCNA, is not detected in this study. Therefore, whether PCNA
participates in Ph-PDT resistance and Ph-PDT induced DNA damage repair cannot

be determined.

JNKs

IJNKs have been shown to be up-regulated quickly after PDT in many
studies.’®3+3%  This rapid up-regulation of p-JNKs may be required for the
subsequent activation of TP53 [Phosphorylation (Serl5) of TP53 occurs at 6.5 hours
after Ph-PDT in this study (Fig. 3.14)] and hence DNA repair to prevent cell death
after PDT.?? Conversely, some studies have shown that the cytotoxicity of
Ph-PDT in other cell lines was not affected by the JNK inhibitor and concluded that

INKs are not the cause of Ph-PDT resistance >*3%

These contradictory results
may be explained by the differences in TP53 expression or status (wild type or
mutant type), distribution of Photofrin in different cell types, DNA repair capacity of
the cells and initiation of different INK-related pathways.?32*¥"3%®  IJNKs may also
be directly related to ALKBH2. p-JNKs level was shown to decrease after
knockdown of another human AlIkB homologue, ALKBHS8, and this lead to an

increase in cell death of bladder cancer cells by apoptosis.®® This is consistent

with our findings that ALKBH2 was increased when p-JNKs are decreased after
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Ph-PDT. Therefore, further study on the contribution of JINKs in glioma resistance

to Ph-PDT is needed.

NPM1

To investigate the role of the inductive response of NPM1 in Ph-PDT, the
Ph-PDT induced cell death in NPM1 under-expressing glioma cells was analysed
using cell survival assay. After Ph-PDT, the cell survival rate of glioma cells with
NPM1 knockdown was reduced by nearly 2-fold as compared with lipofectamine
and vector controls (Fig. 3.19). The reduction in survival rate indicates that NPM 1
protects glioma cells from Ph-PDT induced cell death and therefore may confer
Ph-PDT resistance. The light dose used in this experiment was lower than in other
experiments in order to enhance the observation of the differences in cell survival

rate after gene knockdown.

As NPM1 was found to affect the cytotoxicity of Ph-PDT, its possible role in
protecting glioma cells against Ph-PDT induced cell death via TP53 and ALKBH2
was investigated.  Strikingly, both TP53 and ALKBH2 expression were
significantly down-regulated after NPM1 knockdown (Fig. 3.20). Two potential
hypotheses of Ph-PDT resistance are proposed: (1) NPM1 acts on ALKBH2 promoter
via binding with transcription factors to regulate ALKBH2 transcription and (2)

NPM1 interferesin TP53 stability and thus ALKBHZ2 expression is affected.

To test the first hypothesis, different NPM1-related transcription factors were
studied as NPM1 does not bind to the ALKBH2 gene promoter directly. TP53, SP1

and NF-kB were chosen because these factors have been shown to interact with
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NPM1 in the promoter of a DNA repair gene called superoxide dismutase 2,
mitochondrial (SOD2).3****  Furthermore, the ALKBH2 promoter contains a
similar distribution of these sites, predicted from TESS, as the SOD2 promoter (data
not shown). However, no binding of NPM1 with any of these NPM1-related
transcription factors was found and, therefore, the second hypothesis was
subsequently tested. The resultsin Fig. 3.22 clearly show that NPM1 affects TP53
MRNA stability, thus suggesting that its main function may be through stabilisation
of TP53 mRNA, leading to increased binding of TP53 on the ALKBH2 promoter. It
is worth noting that TP53 mMRNA stability increases after Ph-PDT. This implies
that there are other proteins or factors induced by Ph-PDT that can stabilise TP53

MRNA.

3.5 Conclusion

DNA direct reversal pathway isimportant in Ph-PDT efficacy in treating gliomas.
The induction of ALKBH2 transcription after Ph-PDT is related to the binding of
TP53 on the promoter region of ALKBHZ2. Together with the participation of p-JNKs
and NPM1 as upstream activators of TP53, these findings may explain, at least in

part, the mechanisms leading to glioma cell resistance to Ph-PDT.
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Chapter 4
General Discussion and suggestionsfor further

study
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4.1 Introduction

Intact genetic materials, especially DNA, are vitally important in maintaining and
developing cells. However, DNA can be damaged by different exogenous and
endogenous DNA-damaging agents. If DNA damage is not repaired or if it is
repaired incorrectly, the lesions become mutations and may initiate genome
instability. The latter can lead to cancer and cancer treatment resistance.>**
Therefore, DNA repair is essentia for guarding the cells from cancer and
maintaining responsiveness to cancer trestment. Numerous DNA repair proteins,
which are mainly enzymes, are involved in the six main DNA repair pathways that
determine the repair capacity in mammals. Many investigations have proved that
individuals with reduced DNA repair capacity are associated with increased risks of

various cancers and resistance to cancer treatment3*43%®

Sequence variants,
especially SNPs, in DNA repair genes may explain the aterations in DNA repair

proteins leading to a decrease in DNA repair capacity.*®

4.2 Single nucleotide polymorphismsin DNA repair

genes affect their protein functions

There are studies investigating the relationship between different SNPs in DNA
repair genes, cancer susceptibility and/or clinical resistance to cancer therapy. For
example, SNPs in genes of mismatch repair and translesion synthesis pathways have
been identified to have a strong association with the risks of lung cancer and head
and neck cancer.®*’ Another epidemiological study has shown that SNPs in DNA
repair genes may be related to the better prognosis of lung cancer patients treated

348-350

with cisplatin. In different association and pharmacogenomics studies, SNPs

181



or haplotypes [i.e. a set of associated SNPs on a chromatid] in DNA repair genes
have been shown to be associated with (International HapMap Consortium, 2005)

high cancer risks and cancer treatment responses, 33

SNPsin DNA repair genes
can affect the DNA repair capacity by several means, including (1) gene expression,
(2) RNA splicing, (3) protein translation and (4) protein functions>**
Non-synonymous SNPs, which is a type of SNPs resulting in amino acid
substitutions, mainly act via atering the structures and functions of the proteins.
However, only about 30% of non-synonymous SNPs have an effect on their

354-356

proteins. Most of the structure-function studies of DNA repair genes are still

based on computational tools, such as SIFT, to predict the biological significance of

the non-synonymous SN Ps,2%8:357:358

In this thesis, two non-synonymous SNPs in
NTHL1 were selected for investigation based on the study of Savas et al. and the
predicted result from SIFT and ConSeq computational tools®®® FS105 in the
NTHL1 gene was predicted to have a premature stop codon and shown to affect DNA
repair capacity by ceasing NTHL1 protein transation and cause protein loss. This
result implies that the DNA repair capacity of a cell can vary depending on the
presence of SNPs in DNA repair genes. In contrast, D239Y of the NTHL1 gene
was predicted to cause protein inactivation via structural alteration although this
alteration was shown to have no effects on protein functions in terms of cell cycle
arrest and cytotoxicity after the cellular DNA had been damaged. As structura
ateration may not completely terminate the protein’s function, this may explain the
failure to detect the structural alteration of NTHL1 by the system in this thesis.**
Another possible reason is that this SNP may produce an effect too small to be

detected by this yeast-based system due to inadequate sensitivity. Taken together,

the functional effects of SNPs on DNA repair proteins should not simply be
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predicted by computational tools, but that confirmation by simple functional assays

are needed.

4.3 Functional study of SNPsin DNA repair genes

There are limited number of functional analysis assays that have been devel oped
to evaluate how SNPsin DNA repair genes affect their protein functions because the

360

vast majority of SNPs may not have any profound effects. Other reasons for the

lack of functional studies include laborious experimental steps and complicated

human gene knock-out experiments.®*

The heterozygous genetic background of
individual s’human cells may also render interpretations on the significance of SNPs
and their biological effects on the protein functions invalid because other unknown
or not investigated SNPs may also contribute to the observed effects®?  Therefore,
it is necessary to develop a convenient method, which without the disturbance of the
confounding factors in humans/human cells, in assessing the functional effects of
SNPs.  Yeast cells provide a suitable environment because they have highly
conserved DNA repair proteins as in humans at the structural level. In addition
yeast knock-out mutants can be easily obtained.**** Results from this study
shows that the yeast-based assay can distinguish a protein which has completely
abrogated BER activity, because of variations due to SNPs. This result confirms
the usefulness of the simple yeast assay as reported by Jeong et al. and Takahashi et
al. to screen and analyse many SNPs of DNA repair genes without complicated

36235 One major problem in using this assay is that the duration of cell cycle

steps.
arrest cannot linearly determine the drug responses in those with this particular SNP.
However, the assay can provide more information about the function of DNA repair

proteins affected by the variations, which is due to SNPs and, therefore, aid in the
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understanding of therapeutic responses in combination with epigenetic data.

4.4 The roles of DNA repair in cancer treatment

resistance

SNPs in DNA repair genes may affect an individual’s predisposition to cancer
risk and subsequent therapy. In addition, the interactions between DNA repair

proteins and DNA also play arolein cancer treatment responsiveness.

DNA repair pathways have been correlated to the chemotherapy and radiotherapy

284,366

resistance in clinical and in vitro studies. The main reason is that most of the

chemotherapeutic agents and ionising radiation kill cancer cells by introducing DNA

133,284,367

damage. The DNA damage produced by anticancer treatments can be
classified into double and single strand breaks, base modifications and DNA strand
crosslinks3®*3°  The damage stals the replication forks during DNA
replication/transcription and thus leads to cancer cell death>™ However, DNA
repair mechanisms repair the DNA damage induced by cancer treatment leading to
therapeutic resistance.®2  Photodynamic therapy has been used in the treatment of
cancer and resistance to PDT has been reported.'®893®  Compared with other
anti-cancer therapies, resistance to PDT occurs to a lesser extent. However many
studies have been conducted to explore the possible causes of resistance based on
different mechanisms, including microenvironment changes and expression of
anti-apoptotic proteins. The study described here is the first of its kind to
investigate the role of DNA repair mechanismsin the development of PDT resistance

S177,374,375

in cancer cell Unlike other cancer therapies, PDT does not induce cancer
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cell death by causing DNA damage.**?® Instead PDT destroys cancer cells by
damaging the target organelles, but notably, not the nucleus and eliciting apoptosis

via the caspase cascade.>**3"

But interestingly, DNA damage, the types of which
are similar to that in other cancer treatments, and DNA repair were seen in different
cell models after PDT.}38321324377 - Regarding these results, DNA damage and repair
pathways have been proposed to be involved in cellular responses to PDT and
development of PDT resistance®* In agreement with recent findings, DNA
damage and repair was observed in the Ph-PDT glioma cell model used in this study.
Yang et al.’s study demonstrated that silencing apurinicapyrimidinic endonuclease,
which is a DNA repair enzyme involved in the base excision repair pathway,
enhances the therapeutic efficacy and prevents resistance of haematoporphrphyrin

derivative-PDT in lung cancer cell and mouse models*™

In contrast,
apurinicapyrimidinic endonuclease was proved to have no response after Ph-PDT in
this study, the contradictory results may be due to different photosensitisersand PDT
conditions. However, ALKBH2, another DNA repair protein participated in direct
reversal pathway, is involved in Ph-PDT resistance. Based on the findings from
this present study and other studies, it can be concluded that DNA repair plays a

critical rolein cellular responsesto PDT and may initiate PDT resistance.

4.5 Regulation of DNA repair in cancer treatment

resistance

DNA dioxygenase-mediated direct reversal DNA repair pathway has been for the
first time discovered to be associated with PDT resistance. Nevertheless, another

pathway of direct reversal DNA repair mechanism is well-known to participate in
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other chemoresistance.3"83"

The O-6-methylguanine-DNA methyltransferase-
mediated direct reversal pathway has been confirmed to link up with alkylating drug
resistance, particularly temozolomide for treating gliomas®®  Temozolomide
cytotoxicity is mediated by production of O°-methylated guanine lesions in the DNA,
but O-6-methylguanine-DNA methyltransferase converts these toxic lesions into

non-toxic guanine to prevent cancer cell death.®

Recently, a DNA dioxygenase,
ALKBH2, has been recognised to be involved in the direct reversal DNA repair
pathway and removes alkylated bases on DNA by simple chemical reversion similar
to the O-6-methylguanineDNA methyltransferase action.®®  Therefore, it is
suggested that ALKBH2 causes PDT resistance in a way smilar to
O-6-methylguanine-DNA methyltransferase by eliminating the toxic DNA lesions in
PDT. However, the biological effects of ALKBH2 in PDT are still not fully
understood and further investigations are required. Involvement of different DNA
repair pathwaysin resistance to PDT and cancer therapy, including the direct reversal
DNA repair pathway shown in this thesis, indicates that precise regulation of DNA

repair is taking placein the cancer resistant cells.'%®*

TP53, named “the guardian of the genome”, is a key sensor of DNA damage and
initiator of subsequent biological processes.®? It functions as a transcription factor
to control target gene expression and triggers either DNA repair or apoptosis,

depending on the extent of DNA damage.®*®

This key protein has been
demonstrated to be a determining factor in cancer treatment outcomes through the
regulation of DNA repair mechanisms.*¢*¥®  Naumann et al. showed that the cells

with wild-type TP53 are more resistant to temozolomide than those with the mutant

TP53.38  Similarly, in this present study, wild-type TP53 has been shown to be
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associated with Ph-PDT resistance. These results are contrary to the genera
findings which shows that cells containing mutant TP53 are more resistant to

chemotherapy and PDT.3¥%3%

For instance, immortalised Li-Fraumeni syndrome
fibroblasts with mutant TP53 are more resistant to PDT because of impaired
TP53-dependent apoptosis.”*® These opposite observations may be clarified by
determining the mechanism/role of TP53 in DNA repair and apoptosis in different
cancer cells after various cancer therapies®® According to this study, wild-type
TP53 may be involved in the transcription of ALKBH2 DNA repair gene. This
finding may help explain the development of PDT resistance caused by
ALKBH2-mediated DNA repair. TP53 is responsible for a variety of cancer
treatment resistance. Therefore, the regulation of TP53 expression is important.
The expresson of TP53 can be governed a both post-trangational and
post-transcriptional levels using different approaches: (1) TP53 protein degradation
by ubiquitination; Mdm2 p53 binding protein homolog (mouse) is the main protein
that causes proteolytic degradation of TP53; (2) Covalent modification, such as
phosphorylation, to stabilise TP53 protein; (3) MRNA degradation by micro-RNAS,
which facilitate endonucleases to digest the TP53 mRNA followed by a decrease in
TP53 protein expression; and (4) MRNA stabilisation/destabilisation by binding with
different proteins, e.g. zinc finger, matrin type 3 protein, which binds at U-rich
region to prevent deadenylation of mRNA.***% |n this present study, NPM1 was
found to stabilise TP53 mRNA in PDT. In Palaniswamy et al.’s study NPM1 was
shown to take part in the polyadenylation process, which increases mRNA
stability.** Thus, NPM1 is possibly one of factors causing Ph-PDT resistance

through stabilisation of TP53 to transcribe ALKBH2.
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4.6 Limitationsand significance of the study

Limitations

There are some limitations in this study. First, the DNA glycosylase activity
assay using radioactive substances has not been developed in our laboratory, and so
the activity and substrate specificity of the expressed NTHL1 protein could not at
present be measured. However, human NTHL1 protein expressed in yeast and
bacteria was shown to have normal glycosylase activity for its specific substrates in
other studies.’®**  Second, only two SNPs were tested in the yeast-based systems
because of time and resource limitations. Third, Ph-PDT resistant glioma cells are
not available and so relatively resistant U87 glioma cells collected after recovery
from Ph-PDT were used. The resistant cells and other glioma cell lines may be

different in cellular responses after Ph-PDT.

Sgnificance

This study describes a simple yeast-based method for detecting the effects of
SNPs on protein functions. This method can eliminate the complicated procedures
for traditional functional assays for DNA repair activity, such as using radioactive
substances. This simplified method can “speed up” the investigation on SNPs’
effects and identify the possible target SNPs that may be involved in carcinogenesis
and drug responses for further investigation. The study of DNA repair has led to a
better understanding of the causes of PDT resistance. By knowing the relationship
between regulation of DNA repair and PDT resistance, a new therapeutic strategy
may be developed to improve PDT efficacy. The problem of glioma resistance to
PDT may be minimised by inhibiting DNA repair activity using DNA repair
inhibitors targeting different DNA repair enzymes®**® DNA repair inhibitors are
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used with DNA-damaging cancer therapy.>® However, back-up DNA repair
pathways may compensate for the inhibited pathway and reduce the therapeutic
effects of DNA repair inhibitors®* By understanding its regulators and the
pathway involved after PDT in this study, ALKBH2 may become a specific target for

developing DNA repair inhibitor, which can be used in combination with PDT.

4.7 Suggestionsfor further investigation

Studying the SNPs’ effects on DNA repar proteins, a newly developed
functional assay using a yeast-based system was established. However, it requires
to be validated by other fully developed functional assays, such as DNA glycosylase
activity assay for determining the activity of expressed proteins or nicking assay for

determining the function of the examined human proteins. The cell cycle assay

should also be performed on a time-point basis to examine the cell cycle arrest

patterns of yeast cells with different plasmids to increase the accuracy of the results.

In the second part of this project on the involvement of DNA repair in Ph-PDT
resistance, the cell line model is good for the basic investigation on how DNA repair
is involved in developing drug resistance. However, further investigation using
anima models is required to confirm that DNA repair is involved in Ph-PDT
resistance in vivo. AsALKBH2 isidentified as a key player in Ph-PDT resistance,
the interactions between ALKBH2 and other molecules should be further examined
in detail. The molecules or pathways required for further investigation are
illustrated in Fig. 4.1. By recognising the signalling partners of ALKBHZ2, it would
help understand the biological and physiological role of ALKBH2 and assist in

devel oping targeted therapy against PDT resistance.
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Appendix |  Sequencing resultsof pY X113-NTHL 1 plasmid
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Sequencing resultsof pY X113-NTHL 1 plasmid using N1exppF1 primer.
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Appendix I
General chemicals and reagents

Chemicals, materials and reagents

4-(2-hydroxyethyl)-1-piperazineethanesulphonic  (Sigma-Aldrich, St. Louis, MO, USA)

acid (HEPES)

Actinomycin D

Ammonium persul phate

Bovine serum albumin
Bromophenol blue

Cacium chloride

Dextrose

Dimethyl sulphoxide (culture grade)

Disodium  ethylenediaminetetraacetic
dehydrate
Ethanol

Ethidium bromide

Ethylene glycol tetraacetic acid
Formaldehyde solution (37%)
Galactose

Glucose

Glycerol

Glycine

Hydrochloric acid

Hydrogen peroxide

| sopropanol

Lithium acetate

Low melting point agarose
M ethylmethane sulphonate

acid

Phenol:Chloroform:lsoamyl Alcohol (25:24:1)

solution
Phosphate Buffered Saline, pH 7.6

Polyethylene glycol 3350
RNase A
Sodium acetate

Sodium chloride

Sodium citrate

Sodium dodecy! sulphate
Sodium hydroxide
Sodium thiosulphate
Standard agarose

Tris(hydroxymethyl)aminomethane
Triton X-100
Trypan blue solution (0.4% wi/v)

(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(BDH, Leighton Buzzard, UK)

(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(USB Corp., Cleveland, Ohio, USA)
(BDH, Leighton Buzzard, UK)
(Merck, Whitehouse Station, NJ,
USA)

(Sigma-Aldrich, St. Louis, MO, USA)
(BDH, Leighton Buzzard, UK)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(USB Corp., Cleveland, Ohio, USA)

(Sigma-Aldrich, St. Louis, MO, USA)
(USB Corp., Cleveland, Ohio, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Merck, Whitehouse Station, NJ,
USA)

(BDH, Leighton Buzzard, UK)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(RDH, Spring Valley, CA, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(FMC Corporation, Philadelphia, PA,
USA)

(USB Corp., Cleveland, Ohio, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)



Tween 20 (Bio-Rad laboratories, Hercules, CA,

USA)
B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA)
RNA extraction and RT
Diethyl pyrocarbonate treated water (Gibco, Carlsbad, CA, USA)

PureLink™  Micro-to-Midi™  Total RNA (Invitrogen, Carlsbad, CA, USA)
Purification Kit
RevertAid™ First Strand cDNA Synthesis Kit (Fermentas, Ontario, Canada)

TRIZOL LS reagent (Invitrogen, Carlsbad, CA, USA)

PCR

AmpliTag Gold DNA polymerase (Applied Biosystems, Carlsbad, CA,
USA)

Deoxynucleotide triphosphates (ANTPSs) (Amersham  biosciences, Uppsaa,
Sweden)

FastStart high fidelity enzyme (Roche, Schweiz, Switzerland)

Phusion high-fidelity DNA polymerase (Finnzymes, Espoo, Finland )

Real-time PCR

1X Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA,
USA)

Maxima™ SYBR Green/ROX gPCR Master (Fermentas, Ontario, Canada)
Mix (2X)
Vaidated TagMan® gene expression assays (Applied Biosystems, Carlsbad, CA,

USA)

Sequencing

BigDye® Terminator v3.1 ready reaction mix (Applied Biosystems, Carlsbad, CA,
USA)

Exonuclease | (Fermentas, Ontario, Canada)

Hi-Di™ Formamide (Applied Biosystems, Carlsbad, CA,
USA)

Shrimp alkaline phosphatase (Fermentas, Ontario, Canada)

Western blotting

Non-fat milk (Anlene, Australia)

Novex sharp pre-stained protein standard (Invitrogen, Carlsbad, CA, USA)

Polyvinylidene fluoride membranes (Amersham biosciences, Uppsaa,
Sweden)

Protease inhibitors (Roche, Schweiz, Switzerland)

Western Lightning Plus ECL (Fermentas, Ontario, Canada)

Western Lightning® Plus-ECL, Enhanced (Perkin Elmer, Waltham,

Chemiluminescence Substrate Massachusetts, USA)
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Antibodies
ABH2 antibody [hABH2-7]
Actin (C-11) antibody

Anti-mouse 1gG, HRP-linked antibody
Anti-rabbit 1gG, HRP-linked antibody

B23 (H-106) antibody

human NTH1 MAb (Clone 208521), mouse I1gG

antibody
Normal Mouse IgG

Normal Rabbit IgG
NPM antibody

p53 (FL-393) antibody
PCNA antibody

Phospho-p53 (Serl5) antibody
Phospho-SAPK/INK

antibody
REV 1 antibody

SAPK/JINK (56G8) Rabbit mAb

(Thr183/

B-Actin (C4) Antibody

Bacterial/Y east culture
LB agar
LB broth

Thy185)

One Shot® TOP10 Chemically Competent E.

coli cell

One-Shot® MAX Efficiency® DH5a™-T1R

competent cells.
SOC broth

Y east nitrogen base without amino acids

Y east peptone dextrose broth

Y east synthetic dropout medium without uracil

Cell culture
Dulbecco's PBS solution
Fetal calf serum (heat-inactivated)

Minimum Essential Media (MEM) o medium

Trypsin-EDTA solution
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(Abcam, Cambridge, MA, USA)
(Santa-Cruz  biotechnology,
Cruz, CA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Santa-Cruz  biotechnology,
Cruz, CA, USA)

(R&D Systems, Minneapolis, MN,
USA)

(Millipore, Billerica, MA, USA)
(Millipore, Billerica, MA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Santa-Cruz  biotechnology,
Cruz, CA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Abcam, Cambridge, MA, USA)

(Cell Signaling Technology, Danvers,
MA, USA)

(Santa-Cruz  biotechnology,
Cruz, CA, USA)

Santa

Santa

Santa

Santa

(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Invitrogen, Carlsbad, CA, USA)

(Invitrogen, Carlsbad, CA, USA)

(Invitrogen, Carlsbad, CA, USA)

(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)

(Gibco, Carlsbad, CA, USA)
(Gibco, Carlsbad, CA, USA)
(Gibco, Carlsbad, CA, USA)
(Gibco, Carlsbad, CA, USA)



Gene knoockdown

ALKBH2 Stealth RNAIi™ siRNA (HSS133558)
Lipofectamine 2000 transfection reagent
pSilencer 2.0 vector

PDT drug
Photofrin

Other reagents

Ampicillin

DNA sodium salt from salmon testes
DNase/RNase-free distilled water

EcoRI

HindllI

T4 DNA ligase

SYBR safe DNA gel stain

SYTOX Green | stain

GeneTailor™ site-directed mutagenesis system

QIAprep spin miniprep kit
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(Invitrogen, Carlsbad, CA, USA)
(Invitrogen, Carlsbad, CA, USA)
(Ambion, Carlsbad, CA, USA)

(Axcan Pharma, Quebec, Canada)

(Sigma-Aldrich, St. Louis, MO, USA)
(Sigma-Aldrich, St. Louis, MO, USA)
(Invitrogen, Carlsbad, CA, USA)
(Fermentas, Ontario, Canada)
(Fermentas, Ontario, Canada)
(Fermentas, Ontario, Canada)
(Invitrogen, Carlsbad, CA, USA)
(Invitrogen, Carlsbad, CA, USA)
(Invitrogen, Carlsbad, CA, USA)
(Qiagen, Hilden, Germany)
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Appendix |1l Recipes of reagents and buffers

Reagents Components

Purpose

Storage
Temperature (°C)

E.coli transformation
(1) 2100 mg/mL Ampicillin 100 mg ampicillin powder dissolved in 1 mL MilliQ
water and sterile filtered through a 0.22 um filter.

(2) LB agar Agar 15 g/L, Sodium chloride (NaCl) 5 g/L, Tryptone
(pancrestic digest of casein) 10 g/L and Y east extract 5

g/L.
LB agar plate:

35 g LB agar powder dissolved in 1 L MilliQ water and

autoclaved for 15 minutes at 121°C.
LB agar plate with 100 pyg/mL ampicillin:

35 g LB agar powder dissolved in 999 mL MilliQ water
and autoclaved for 15 minutesat 121°C. After the agar

cooled down to 50°C, 1 mL ampicillin (100 pg/mL)
added to the agar, mixed and pored onto the plates.

Selecting the bacterial cells
containing the introduced
plasmid DNA.

Culturing bacterial cells.

(3 LB broth NaCl 5 g/L, Tryptone (pancrestic digest of casein) 10 g/L Culturing bacterial cells.

and Yeast extract 5 g/L.

LB broth:

20 g LB broth powder dissolved in 1 L MilliQ water and

autoclaved for 15 minutes at 121°C.

-20
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Reagents

Storage

Components FLTBEEE Temperature (°C)

(4) 0.1 M Calcium chloride 0.1 M calcium chloride (CaCl,) powder madeupto 50  Preparing the cell membraneof =~ Room temperature

(CaCl,)

(5) SOC broth

Y east transfor mation

(1) Yeast peptone dextrose
(YPD) agar

(2) YPD broth

mL with MilliQ water. bacterial cellsto become

0.1 M CaCl; plus 15% glycerol solution:
0.1 M CaCl, powder (Sigma) and 1.5 mL glycerol
(100%) (BDH) made up to 10 mL with MilliQ water.

2% w/v bacto-tryptone, 0.5% wi/v bacto-yeast extract, 10 Recovering the heat shocked 4
mM NaCl (0.584 g), 2.5 mM potassium chlorideand 10 bacteria cells.

mM MgCl, and 20 mM glucose made up to 980 mL

MilliQ water. The pH of the broth was adjusted to 7.0

with sodium hydroxide (NaOH) and the broth autoclaved

for 15 minutes at 121°C.  After the medium cooled

down to 50°C, 20 mL wasfiltered for sterilisation, 50

mM glucose was added to the broth.

65 g YPD agar powder (20 g/L Bacteriological peptone, Culturing yeast cells. 4
10 g/L Yeast extract, 20 g/L Glucose and 15 g/L. Agar)

made upto 1 L with distilled water. Autoclaved for 15

minutes at 121°C.

50 g YPD broth powder (20 g/L Bacteriological peptone, Culturing yeast cells. 4
10 g/L Yeast extract and 20 g/L Glucose) madeupto 1L

with distilled water. Autoclaved for 15 minutes at

121°C.
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Storage

Reagents Components Purpose o
Temperature (°C)
(3) 10X TE buffer 0.1 M Tris-HCI and 10 mM disodium Making the yeast cell chemical Room temperature
ethylenediamine-tetraacetic acid (EDTA) dehydrate. competent.
The pH was adjusted to pH 7.5 with HCI and autoclaved
for 15 minutes at 121°C.
(4) 10X Lithiumacetate 1M LiOAc. ThepH was adjusted to 7.5with glacial  Making the yeast cell chemical Room temperature
solution acetic acid and autoclaved for 15 minutes at 121°C. competent.
(5) 50% Polyethylene 5 g PEG 3350 powder made up to 10 mL with sterilised Making the yeast cell chemical Room temperature
glycol (PEG) 3350 distilled water. competent.
solution
TE/LiOAc solution (Prepared fresh just prior to use):
1X TE buffer and 1X LiOAc solution.
PEG/LiOAc solution (Prepared fresh just prior to use):
1X TE buffer, 1X LiOAc solution and 40% PEG 3350
solution.
(6) 10 mg/mL DNA sodium 10 mg DNA sodium salt from salmon testes made up to 1 Reducing yeast membrane -20
salt from salmon testes mL with sterilised distilled water. binding to the introduced
plasmid DNA.
(8) Yeast SD (without 6.7 g/L Y east nitrogen base without amino acids, 1.92 Selecting the yeast cells 4

uracil) agar

g/L Yeast SD media supplement without uracil®and 20  containing the introduced plasmid
o/L Agar made up to 960 mL with distilled water. DNA.

Autoclaved for 15 minutes at 121°C.  After the medium

cooled down to 50°C, 40 mL filter sterilised 50% (w/v)

Glucose solution was added.
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Reagents

Components Purpose

Storage

medium

heat-inactivated foetal calf serum (FBS)

Temperature (°C)
(9) Yeast SD (without 6.7 g/L Y east nitrogen base without amino acids and 1.92 Selecting the yeast cells 4 or -20 in glycerol
uracil) broth g/L Yeast SD media supplement without uracil® made up containing the introduced plasmid stock
to 950 mL with distilled water. Autoclaved for 15 DNA and expressing the target
minutes at 121°C and cooled down to 50°C. human gene.
Yeast SD (without uracil) broth with glucose (YSDO
medium):
50 mL filter sterilised 40% (w/v) Glucose solution was
added.
Yeast SD (without uracil) broth with galactose
(induction medium):
50 mL filter sterilised 40% (w/v) Galactose solution was
added.
Cedll culture
(1) Phosphate buffered PBS, pH 7.4 was made up to 1 L of MilliQ water. 4
saline (PBS) buffer
(2) Minimum Essential --- (Gibco). 4
Medium Alpha (MEMa
medium)
(3 Complete MEMa 90% (v/v) MEMa medium and 10% (v/v) 4

aYeast SD media supplement without uracil containing 8 mg/L p-Aminobenzoic acid potassium salt, 18 mg/L Adenine hemisulphate, 380 mg/L Leucine and 76 mg/L of the following amino acids: Alanine, Arginine,
hydrochloride, Asparagine monohydrate, Aspartic acid, Cysteine hydrochloride monohydrate, Glutamic acid monosodium salt, Glutamine, Glycine, Histidine, myo-Inositol, Isoleucine, Lysine monohydrochloride,
Methionine, Phenylalanine, Proline, Serine, Threonine, Tryptophan, Tyrosine disodium salt and Valine.
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Storage

Reagents Components Purpose Temperature (°C)
(4) 0.05% (viv) 0.25% (w/v) Trypsin with tetrasodium EDTA solution -20
Trypsin-EDTA solution (1X) was diluted with Dulbecco's PBS solution to afinal

concentration 0.05%.

(5) Freezing medium 90% (v/v) complete MEMa medium and 10% (v/v) cell 4
culture grade dimethyl sulphoxide at 0°C.

Alkaline comet assay

(1) PBSbuffer Commercial PBS, pH 7.4 made up with 1 L of MilliQ  Wash cells and make buffers 4
water.

(2) H20,(30%) solution 10 mM H,0O, stock solution was made by mixing 10 yL  Induce oxidative stressin cells 4
of 30% H,O, solution with 10 mL PBS buffer. as positive control.

(3) Lysisbuffer 0.1 M disodium EDTA dehydrate, 10 mM Trisand 2.5 M Denature the cellular proteinsin 4
NaCl made up with 1 L of MilliQ water. lysis step.
The pH was adjusted to 10 with concentrated NaOH.
Working lysis buffer:
500 pL Triton X-100 per 50 mL lysis buffer was added
immediately before use.

(4) Alkaline€eectrophoresis 0.3 M NaOH and 1 mM disodium EDTA dehydrate made Denature DNA. 4

buffer up with 1 L of MilliQ water.
(5 Neutralising buffer 0.4 M Tris made up with 1 L of MilliQ water. Neutralise the alkaline buffers. 4

The pH was adjusted to 7.5 with concentrated HCI.
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Reagents

Components Purpose

Storage

Temperature (°C)
Western blotting
(1) Wholecdl extraction 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  Washing cells and dissolving -20
buffer acid (HEPES), 1 mM EDTA, 1 mM ethylene glycol samples
tetraacetic acid, 0.2 M NaCl, 0.5% Triton X-100, 10%
Glycerol and one tablet per 10 mL protease inhibitors
made up to 100 mL with MilliQ water.
(2) Sodium dodecyl 62.5 mM Tris-HCI (pH 6.8), 1% B-mercaptoethanol, 10% Denaturing proteins -20
sulphate sample buffer glycerol, 1% soodium dodecyl sulphate and 0.001%
bromophenol blue made up to 10 mL with MilliQ water.
(3) TBSbuffer, pH 7.6 20 mM Trisand 137 mM NaCl made up to 1 L with Washing membrane. 4
MilliQ water.
The pH was adjusted to 7.6 with concentrated HCI .
TBS-Tween 20 (TBST) buffer:
0.1% (v/v) Tween 20 was added to 1 L TBS buffer.
(4 1.5M TrissHCI, pH8.8 1.5M Tris made up to 150 mL with MilliQ water. Setting polyacrylamide gel 4
The pH was adjusted to 8.8 with concentrated HCI.
(5) 0.5M TrissHCI, pH6.8 0.5M Tris made up to 100 mL with MilliQ water. Setting polyacrylamide gel 4
The pH was adjusted to 6.8 with concentrated HCI.
(6) 10% Sodium dodecy! 10 g SDS powder make up to 100 mL with MilliQ water. Setting polyacrylamide gel Room temperature
suphate solution
(7) 10% Ammonium 100 mg ammonium persul phate powder make up to 1 mL Setting polyacrylamide gel -20

persulphate solution

with MilliQ water.
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Storage

Reagents Components Purpose o
Temperature (°C)
(8) Running buffer, pH8.3 25 mM Tris, 192 mM glycine and 0.1% (w/v) sodium Running gel 4
dodecyl sulphate made up to 1 L with MilliQ water.
The pH was adjusted to 8.3 with concentrated HCI.
(9) Transfer buffer, pH 8.3 50 mM Tris, 384 mM glycine, 20% (v/v) methanol and  Transferring the proteins on gel 4
0.1% (w/v) sodium dodecyl sulphate made up to 1 L with to membrane
MilliQ water. The pH was adjusted to 8.3 with HCI.
(10) Blocking buffer 5 g milk or 2 g bovine serum abumin made up to 100 Blocking membrane
mL with TBST buffer.
ChlP assay
(1) 37% formaldehyde --- (Sigma) To cross-link DNA and proteins  Room temperature
solution
(2) 25M glycinesolution  187.7 g glycine powder made up to 50 mL with MilliQ  To stop the cross-linking Room temperature
water. reaction
(3) PBS Commercial PBS, pH 7.4 and made up with 1 L of To wash the cells 4
MilliQ water.

Commonly used reagents
(1) 75% (v/v) ethanol 37.5 mL absolute ethanol make up to 50 mL with

ribonuclease free water.

(2) 95% (v/v) ethanol 47.5 mL absolute ethanol make up to 50 mL with
ribonuclease free water.

Room Temperature

Room Temperature
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