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Abstract

Breast cancer is the second most common cause of death after lung cancer in
developing countries. There is a great need to expand the range of biomarkers to
identify patients that can be treated using new therapies. Epigenetic silencing of
amino acid regulatory genes have been postulated as a predictive biomarker in breast
cancer and treatment based on modulating amino acid levels have been shown to be
effective in other cancers. In this study, I have examined how the amino acid
regulatory genes for glutamine (Glutamine synthetase, GLUL) and arginine
(Arginino-succinate synthetase, ASS1) synthesis are silenced via methylation in a
panel of breast cancer cell lines.

Using methylation array, bisulphite sequencing, pyrosequencing and chromatin
immuno-precipitation, it was determined that GLUL is silenced by DNA methylation
and loss of histone acetylation. Methylated breast cancer cells not expressing GLUL
were found to be highly sensitive to glutamine depletion. In a cohort of primary
breast cancer patients, 68% of patients were determined to be methylated and
showed a trend towards worse survival compared to non-methylated patients. Further
in vitro work confirmed that glutamine depletion was sufficient to induce tumour cell
death.

Using a similar method for ASS1, no cell line in our panel was found to be
methylated. However, in a cohort of breast cancer patients, 21% was determined to
be methylated. When ASS1 was silenced, depletion therapy using Arginine
Deiminase (ADI-PEG20) was sufficient to induce cell death.
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Silencing of amino acid regulatory genes via epigenetic modifications causes the
tumours to be auxotrophic for the amino acid. Depletion of that amino acid is
sufficient to induce cell death. Therefore, GLUL and ASS1 have been identified as
therapeutic targets for synthetic lethality in breast cancer.

3

Table of Contents

1

INTRODUCTION ............................................................................................ 18

1.1 Introduction to Breast cancer ............................................................................................... 18
1.1.1
Breast cancer incidence and mortality ............................................................................ 18
1.1.2
Risks factors .................................................................................................................. 21
1.1.3
Breast cancer staging system .......................................................................................... 24
1.1.4
Breast cancer development ............................................................................................. 25
1.1.5
Breast cancer classification ............................................................................................ 28
1.1.5.1
Atypical hyperplasia ............................................................................................. 28
1.1.5.2
In situ carcinoma................................................................................................... 28
1.1.5.3
Invasive carcinoma ............................................................................................... 29
1.1.6
Molecular profiling ........................................................................................................ 32
1.1.7
Breast cancer screening, diagnosis and treatment ........................................................... 34
1.1.7.1
Breast cancer screening ......................................................................................... 34
1.1.7.2
Breast cancer diagnosis ......................................................................................... 34
1.1.7.3
Breast cancer treatment ......................................................................................... 35
1.1.8
New biomarker for breast cancer .................................................................................... 37
1.2 Epigenetics and cancer .......................................................................................................... 39
1.2.1
DNA methylation ........................................................................................................... 39
1.2.2
Histone modifications .................................................................................................... 43
1.2.3
Chromatin structure........................................................................................................ 44
1.2.4
Alteration in DNA methylation as a biomarker ............................................................... 49
1.3

Synthetic lethality .................................................................................................................. 51

1.4

Cancer metabolism ................................................................................................................ 53

2

MATERIALS AND METHODS .................................................................... 58

2.1 Work with immortalised cell lines ........................................................................................ 58
2.1.1
Cell lines and culture conditions .................................................................................. 58
2.1.2
Glutamine deprivation .................................................................................................... 60
2.1.3
Survival analysis ............................................................................................................ 60
2.1.4
Autophagy analysis ........................................................................................................ 61
2.1.5
Chloroquine treatment .................................................................................................... 61
2.1.6
Arginine deprivation ...................................................................................................... 62
2.1.7
Arginine Deiminase (ADI-PEG20) administration ......................................................... 62
2.1.8
De-methylation and pro-acetylation treatment ................................................................ 63
2.1.9
shRNA transfection ........................................................................................................ 63
2.1.10
Plasmid transfection .................................................................................................. 67
2.2 DNA and RNA extraction and analysis ................................................................................ 69
2.2.1
DNA extraction from formalin-fixed paraffin-embedded (FFPE) tissues and cell lines ... 69
2.2.2
DNA bisulphite modification ......................................................................................... 70
2.2.3
450k Methylation array .................................................................................................. 72
2.2.4
Bisulphite sequencing .................................................................................................... 72
2.2.5
Pyrosequencing analysis................................................................................................. 77
2.2.6
Chromatin Immuno-Precipitation (ChIP) ........................................................................ 80
2.3 RNA and protein extraction and analysis ............................................................................ 83
2.3.1
RNA extraction from cell lines ....................................................................................... 83
2.3.2
Gene expression analysis ................................................................................................ 83

4

2.3.3
Protein analysis .............................................................................................................. 84
2.3.3.1
SDS-PAGE electro-blotting in reducing conditions ............................................... 84
2.3.3.2
Native gel separation............................................................................................. 88
2.4 Clinical samples ..................................................................................................................... 89
2.4.1
Cuneo’s cohort ............................................................................................................... 89
2.4.2
Tissue Micro-Array ........................................................................................................ 89
2.4.3
In silico dataset .............................................................................................................. 89
2.5 Statistical analysis ................................................................................................................. 91
2.5.1
Survival analysis ............................................................................................................ 91
2.5.2
In vitro data statistical analysis ....................................................................................... 92

3

GLUTAMINE SYNTHETASE ....................................................................... 93

3.1

Introduction ........................................................................................................................... 93

3.2 Epigenetic regulation............................................................................................................. 96
3.2.1
Methylation analysis ...................................................................................................... 96
3.2.1.1
450k methylation array ......................................................................................... 96
3.2.1.2
Bisulphite sequencing validation ......................................................................... 100
3.2.1.3
Pyrosequencing analysis ..................................................................................... 102
3.2.2
Expression analysis ...................................................................................................... 104
3.2.2.1
GLUL expression level in breast cancer cell lines ................................................ 104
3.2.2.2
Glutamine synthetase protein (GS) level in breast cancer cell lines ..................... 107
3.2.2.3
Correlation between methylation gene expression and protein level .................... 111
3.2.3
De-methylation effects on GLUL expression ................................................................ 113
3.2.4
Histone acetylation analysis ......................................................................................... 118
3.3 Functional analysis of Glutamine synthetase ..................................................................... 123
3.3.1
Glutamine deprivation .................................................................................................. 123
3.3.2
Autophagy induction .................................................................................................... 128
3.3.2.1
Autophagy response to gln deprivation ............................................................... 128
3.3.2.2
Autophagy repression effects on glutamine deprivation....................................... 131
3.3.3
GLUL re-expression ..................................................................................................... 135
3.4 Methylation analysis of GLUL in primary breast cancer tissues ....................................... 137
3.4.1
Primary tissue cohort.................................................................................................... 137
3.4.1.1
Methylation analysis ........................................................................................... 137
3.4.1.2
Tissue Micro-Array analysis ............................................................................... 143
3.4.1.3
TMA and methylation combined analysis ........................................................... 146
3.4.2
TCGA dataset .............................................................................................................. 149
3.5 Discussion ............................................................................................................................ 151
3.5.1
GLUL promoter region is epigenetically silenced in breast cancer cell lines ................. 152
3.5.2
GLUL methylation influences response to glutamine deprivation treatment .................. 156
3.5.3
Glutamine synthetase epigenetic regulation and breast cancer patients ......................... 161

4

ARGININO-SUCCINATE SYNTHETASE ................................................ 165

4.1

Introduction ......................................................................................................................... 165

4.2 Epigenetic regulation........................................................................................................... 167
4.2.1
Methylation analysis .................................................................................................... 167
4.2.1.1
450k methylation array ....................................................................................... 167
4.2.1.2
Pyrosequencing analysis ..................................................................................... 170
4.2.2
Gene expression analysis .............................................................................................. 172

5

4.3 Functional analysis of ASS1 ................................................................................................ 175
4.3.1
Arginine deprivation .................................................................................................... 177
4.3.2
ADI-PEG20 administration .......................................................................................... 180
4.4 Methylation analysis of ASS1 in primary breast cancer tissues ........................................ 183
4.4.1
Cuneo’s cohort ............................................................................................................. 183
4.4.2
TCGA dataset .............................................................................................................. 188
4.5 Discussion ............................................................................................................................ 192
4.5.1
ASS1 is not methylated in the breast cancer cell line panel ............................................ 193
4.5.2
ASS1 hyper-methylation relevance in breast cancer ...................................................... 195

5

FINAL REMARKS ........................................................................................ 197

6

REFERENCES ............................................................................................... 199

7

SUPPLEMENTARY TABLES AND FIGURES ........................................ 228

6

List of figures
Figure 1-1. Breast cancer incidence and mortality..................................................... 20
Figure 1-2. Breast anatomy. ....................................................................................... 26
Figure 1-3. Breast cancer development. ..................................................................... 27
Figure 1-4. Histological images of breast cancer. ...................................................... 31
Figure 1-5. DNA methylation pattern in normal and cancer cells. ............................ 42
Figure 1-6. Chromatin structure. ................................................................................ 48
Figure 1-7. Metabolic network................................................................................... 57
Figure 2-1. pSilencer plasmid. ................................................................................... 66
Figure 2-2. pcDNA3.1 (+) plasmid map. ................................................................... 68
Figure 2-3. Bisulphite conversion reaction. ............................................................... 71
Figure 2-4. GLUL CpG island. ................................................................................... 74
Figure 2-5. pGEM®-T vector map and reference points. .......................................... 76
Figure 2-6. Pyrograms from methylated and unmethylated DNA. ............................ 79
Figure 3-1. Methylation array analysis for Glutamine synthetase. ............................ 99
Figure 3-2. GLUL CpG Island bisulphite sequencing. ............................................. 101
Figure 3-3. Screening of cell lines for GLUL by pyrosequencing. .......................... 103
Figure 3-4. GLUL expression level analysis. ........................................................... 106
Figure 3-5. Glutamine synthetase protein analysis. ................................................. 109
Figure 3-6. 3D scatter blot of GLUL methylation and expression levels................. 112
Figure 3-7. GLUL re-expression analysis. ............................................................... 117
Figure 3-8. Histone acetylation analysis by ChIP. ................................................... 122
Figure 3-9. Effects of Gln deprivation on breast cancer cell lines. .......................... 127
Figure 3-10. Induction of autophagy in response to gln deprivation. ...................... 130

7

Figure 3-11. Effect of Chloroquine administration on survival and autophagy
induction during gln deprivation. ............................................................................. 134
Figure 3-12. GLUL re-expression and gln deprivation. ........................................... 136
Figure 3-13. Pyrosequencing analysis of GLUL promoter region of primary tissue
cohort........................................................................................................................ 139
Figure 3-14. Methylation analysis of normal and tumour samples. ......................... 140
Figure 3-15. Overall survival of primary tissue cohort based on methylation status.
.................................................................................................................................. 142
Figure 3-16. Primary tissue cohort survival based on TMA analysis. ..................... 145
Figure 3-17. Survival analysis on primary tissue cohort based on TMA and
methylation status..................................................................................................... 148
Figure 3-18. Array analysis of the methylation status of the TCGA dataset. .......... 150
Figure 3-19. GLUL modulation in low glutamine conditions. ................................. 160
Figure 4-1. Results of 450k Methylation array for Arginino-succinate synthetase. 169
Figure 4-2. Pyrosequencing analysis of ASS1 in breast cancer cell lines. ............... 171
Figure 4-3. Analysis of Arginino-succinate synthetase expression in breast cancer
cell lines. .................................................................................................................. 174
Figure 4-4. ASS1 silencing by shRNA in Hs 578T and SKBR3. ............................. 176
Figure 4-5. Effects of ASS1 knock-down on arginine deprivation in Hs 578T. ...... 178
Figure 4-6. Effects of ASS1 knock-down on arginine deprivation in SKBR3. ....... 179
Figure 4-7. IC50 analysis in shRNA transfected Hs 578T. ....................................... 181
Figure 4-8. IC50 analysis in shRNA transfected SKBR3. ........................................ 182
Figure 4-9. Pyrosequencing analysis of ASS1 promoter region in primary breast
cancer cohort. ........................................................................................................... 184
Figure 4-10. Methylation analysis of normal and tumour samples. ......................... 185

8

Figure 4-11. Survival of primary tissue cohort based on methylation status. .......... 187
Figure 4-12. 450k Methylation array analysis of TCGA’s dataset. ......................... 189
Figure 4-13. TCGA cohort survival based on methylation status. ........................... 191
Figure 7-1. GLUL methylation array in a bigger breast cancer cell line panel. ....... 228
Figure 7-2. Correlation of mRNA, protein and methylation level for Glutamine
synthetase. ................................................................................................................ 229
Figure 7-3. Enrichment of acetylated Histone3 and Histone4 across each tested gene
promoter region in various cell lines. ....................................................................... 232
Figure 7-4. Modulation of GLUL during glutamine deprivation treatment. ............ 233
Figure 7-5. Percentage of samples in each subset of primary breast cancer tissues.234
Figure 7-6. Liner regression between Arginino-succinate mRNA and protein level.
.................................................................................................................................. 235
Figure 7-7. Example images of SDS-PAGE electro-blotting analysis of Glutamine
synthetase. ................................................................................................................ 236
Figure 7-8. Example images of SDS-PAGE analysis of Arginino-succinate
synthetase. ................................................................................................................ 237

9

List of Tables
Table 2-1. Panel of Breast cancer cell lines. .............................................................. 59
Table 2-2. ASS1 shRNA constructs. ........................................................................... 65
Table 2-3. Bisulphite sequencing PCR primer sets. ................................................... 75
Table 2-4. Pyrosequencing primer sets. ..................................................................... 78
Table 2-5. ChIP qPCR primer set. ............................................................................. 82
Table 2-6. Antibodies used in SDS-PAGE electro-blotting....................................... 87
Table 3-1. Methylation status of the GLUL promoter region after the epigenetic
treatments. ................................................................................................................ 115
Table 3-2. Clinical characteristics of hypo- and hyper-methylated primary breast
cancer tissue samples. .............................................................................................. 141
Table 3-3. Clinical characteristics of GS-positive and GS-negative primary breast
cancer tissue samples. .............................................................................................. 144
Table 3-4. Clinical characteristics of hypo-methylated, hyper-methylated GSpositive and hyper-methylated GS-negative primary breast cancer tissue samples. 147
Table 4-1. Clinical characteristics of hypo- and hyper-methylated primary breast
cancer tissue samples. .............................................................................................. 186
Table 4-2. Clinical characteristics of hypo- and hyper-methylated in the TCGA
dataset....................................................................................................................... 190

10

List of Abbreviations

2D:

two dimensional

3D:

three dimensional

3'UTR:

untranslated region at 3' of the mRNA or trailer sequence

5'UTR:

untranslated region at 5' of the mRNA or leader sequence

ADI-PEG20:

Arginine Deiminase, ADI, with polyethylene glycol of 20 kiloDaltons, PEG 20

AI:

Aromatase inhibitor

AKT:

Alpha serine/threonine-protein kinase

arg:

L-arginine

ASS1:

Arginino-succinate synthetase

ATM:

Ataxia telangiectasia mutated

ATP:

Adenosine triphosphate

aza:

5-aza-2'-deoxycytidine

bp:

base pair in a nucleotide sequence

BRCA1/2:

Breast cancer gene1 and 2

BSA:

bovine serum albumin

BTN:

biotinylated

C.I.:

Confidence Interval

cDNA:

complementary DNA

ChIP:

Chromatin immuno-precipitation

citr:

L-citrulline

c-Myc:

Myelocytomatosis Viral Oncogene Homolog

CQ:

Chloroquine
11

Ct:

threshold cycle

ct:

control

DCIS:

Ductal carcinoma in situ

DIC:

Ductal invasive carcinoma

DMEM:

Dulbecco`s modification of Eagle`s medium

DMSO:

Dimethyl Sulfoxide

DNA:

Deoxyribonucleic acid

DNA:

deoxyribonucleic acid

DNMTs:

DNA Methyl-transferases

ECL:

Enhanced chemiluminescence

EDTA:

Ethylene-diaminetetra-acetic acid

EGFR:

Epidermal growth factor receptor 1

EMT:

Epithelial-mesenchymal transition

eNOS:

endothelial Nitric oxide synthases

ER:

Oestrogen receptor

F/U:

follow up

FBS:

Foetal Bovine Serum

FFPE:

Formaldehyde Fixed-Paraffin Embedded Tissue

FISH:

Fluorescence in situ hybridization

FOXO:

Forkhead box O

FOXO3A:

Forkhead box O3A

GAPDH:

Glyceraldehyde 3-phosphate dehydrogenase

GATA3:

GATA binding protein 3

gln:

L-glutamine or glutamine

GLS1:

Glutaminase 1

12

GLUL:

Glutamine synthetase gene

GS:

Glutamine synthetase protein

H&E:

Haematoxylin and Eosin stain

H.R.:

Hazard Ratio

h:

hour

H1:

Histone 1

H2A:

Histone 2A

H2B:

Histone 2B

H3:

Histone 3

H4:

Histone 4

H5:

Histone 5

HATs:

Histone acetyl-transferases

HBA2:

Haemoglobin A2

HDACs:

Histone deacetylases

HEPES:

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Her2:

Epidermal growth factor receptor 2

HIF1α:

Hypoxia inducible factor 1 alpha

HKII:

Hexokinase 2

IC50:

half maximal inhibitory concentration

IHC:

Immune-histochemistry

IPTG:

Isopropyl-β-D-1-thiogalactopyranoside

IUPAC:

International Union of Pure and Applied Chemistry

kb:

kilo-base pair in a nucleotide sequence

LCIS:

Lobular carcinoma in situ

LIC:

Lobular invasive carcinoma

13

LSD:

Lysine-Specific histone Demethylase

MDB:

Methyl binding protein

MeCP2:

methyl CpG binding protein 2

MGMT:

O6-methylguanine DNA methyltransferase

min:

min

mRNA:

messenger RNA

mTOR:

Mammalian target of Rapamycin

MTT:

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide

NH4:

ammonium

NO:

nitric oxide

PARP:

Adenosine diphosphate (ADP) ribose polymerase

PBS:

Phosphate buffered saline

PCR:

Polymerase chain reaction

PCR:

polymerase chain reaction

PI3K:

Phosphatidyl-inositide 3-kinases

PR:

Progesterone receptor

PTEN:

Phosphatase and tensin homolog

PVDF:

polyvinylidene difluoride

qPCR:

real-time PCR

R:

correlation coefficient

RFTA:

radio-frequency thermal ablation

RNA:

Ribonucleic acid

RNA:

ribonucleic acid

ROC:

Receiver Operating Characteristic

RPLP0:

ribosomal protein large P0

14

RPMI:

Roswell Park Memorial Institute medium

SDS:

Sodium Dodecyl Sulphate

sec:

sec

shRNA:

short hairpin RNA

siRNA:

short interfering RNA

SNPs:

Single nucleotide polymorphisms

T:

temperature

TBS-T:

Tris-Buffered Saline and Tween 20

TCA cycle:

Tricarboxylic acid cycle

TCGA:

The Cancer Genome Atlas

TDLU:

terminal ductal lobular unit

TE:

Tris-EDTA

TKI:

Tyrosine Kinase inhibitor

TMA:

Tissue Micro-array

TNB:

Triple negative breast cancer

TNM:

Tumour-nodal-metastatic staging

tsa:

Trichostatin A

TSS:

Transcriptional start site

VEC:

empty vector/plasmid

X-Gal:

5-bromo-4-chloro-3-indolyl-X-D-galactopyranoside

15

Acknowledgments

First and foremost I want to thank my supervisor, Prof. Peter Schmid, and his great
team, in particular Dr Alice Shia and PhD Karen O’Leary. It has been an honour to
exchange ideas with them, even if it mostly consisted of never-ending discussions
with no final agreement. We share the joy and enthusiasm for research, especially
when nothing worked, becoming really good friend.

Lastly, I would like to thank my family for always being there for me.

Thank you.

16

Candidate’s declaration

I declare that the research contained in this thesis, unless otherwise formally
indicated within the text, is the original work of the author. The thesis has not been
previously submitted to this or any other university for a degree, and does not
incorporated any material already submitted for a degree.

Signed

(Francesca Cavicchioli)

Dated 5th June 2014

17

1 Introduction

1.1

1.1.1

Introduction to Breast cancer

Breast cancer incidence and mortality

Breast cancer is the second most common type of cancer in the world accounting for
25% of all diagnosed neoplasms in 2012. 1.677 million cases have been diagnosed
worldwide in 2012 making it the most frequent in the world female population
(International Agency for Research on Cancer (IARC) 2014). Because of increased
life expectancy, industrialization and screening programmes, breast cancer incidence
remained higher in Western than developing countries (Figure 1-1 A, C). In 2012,
there were over 70 per 100,000 women in developed countries compared to below 40
per 100,000 women in developing nations diagnosed with breast cancer (Figure 1-1
C) (International Agency for Research on Cancer (IARC) 2014).

Breast cancer is also the second most common cause of death after lung cancer in
developed countries and the leading cause of death in developing countries (Alberg
and Sigh 2001, International Agency for Research on Cancer (IARC) 2014). Breast
cancer mortality in 2012 was 1.6 fold higher in Eastern than Western countries, with
0.324 and 0.198 million deaths per 100,000 respectively (Figure 1-1 B, C). These
differences in mortality can be attributed to life expectancy, screening programmes
that detect breast cancer at earlier stages and treatment availability in developing
countries (International Agency for Research on Cancer (IARC) 2014).
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C)
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Figure 1-1. Breast cancer incidence and mortality.
Colour-coded world-map showing estimates A) incidence and B) mortality of breast cancer.
Incidence and mortality for breast cancer are shown together as bar charts (C) for each country for
males and females. Increase in colour intensity in A) and B) represents an increase in incidence and
mortality rate respectively in a sample of 100,000 people. The data have been age-standardised
(International Agency for Research on Cancer (IARC) 2014).
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1.1.2

Risk factors

Worldwide, every woman has an estimated one in eight probability of developing
breast cancer in her lifetime (Lawvere et al. 2004, Ries et al. 2009). As with all types
of neoplasm, breast cancer presents a multifactorial aetiology and there is a wide
range of risk factors influencing the probability of developing the disease. Those
include age, reproductive life-style, endogenous and exogenous hormones, diet,
alcohol, smoking, obesity, physical activity, previous breast disease, genetics and
family history, and epigenetic modifications on the genome (discussed later).

The predominant risk factor for breast cancer is age and the stage of the disease at
diagnosis. Women over the age of 65 have a six fold greater risk (1 in 13) of
developing breast cancer than those below 65 (1 in 78) (Alberg and Sigh 2001,
Cancer Research 2012). The nature of the neoplasia also significantly influences
mortality and risk of recurrence. It has been shown that 5-year survival rates are
directly correlated with stage and advancement of the disease. Mortality rate is
increased 12 fold in the most advanced pathological stages of the disease, with 60%
survival when localised and 2% when un-staged (Ries et al. 2009). At the same time,
women diagnosed and successfully treated for a non-invasive breast cancer have
double the risk of having a second primary breast cancer or developing an invasive
cancer in their life (Cancer Research 2012).

Analysis on breast cancer incidence from the 1990s demonstrates how reproductive
life-style influences breast cancer development. Having fewer children, late
pregnancies and abstinence from breast feeding have been associated with increased
risk of breast cancer (Tavassoli and Devilee 2003, Cancer Research 2012). Those
21

data partly explained the lower incidence of this tumour in developing countries
where women are more likely to have multiple children, starting at an early age and
breastfeed. However, confounding factors, such as diet and lifestyle differences in
developed and developing nations, also influence this data (Tavassoli and Devilee
2003, Cancer Research 2012).

There is an approximate increased risk of 7-12% associated with habitual drinkers
(10g of alcohol intake a day) and 10-20% for smokers (Tavassoli and Devilee 2003,
Cancer Research 2012). Many of the studies on alcohol and smoking have
inconclusive leading to the conclusion that there is no causal relationship with breast
cancer. A lot of studies have been focused on the role of diet in breast cancer
incidence; most of them inconclusive. However, a clear association has been found
with fat intake (13% increased risk), and with soy-based food mimic of oestrogen
(15% reduced risk) (Cancer Research 2012).

Following on from this, overweight and obese women have a 10-20% higher risk of
developing breast cancer, increasing to 30% for women already in menopause
(Tavassoli and Devilee 2003, Cancer Research 2012). Conversely, frequent physical
activity in women correlates with a reduction in developing breast cancer of 20%
and 40% when already in menopause (Tavassoli and Devilee 2003, Cancer Research
2012).

Hormones, either endogenous or exogenous, play an important role in breast
development and carcinogenesis. There is a trend of increased risk in women with
higher levels of sex hormones, in particular oestrogen and progesterone (Tavassoli
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and Devilee 2003, Cancer Research 2012). There is a clear correlation between high
levels of insulin in the blood and breast cancer incidence in post-menopausal
women. This effect of insulinemia has been proposed to be mediated by an increase
in oestradiol production from adipocytes due to insulin stimulation (Tavassoli and
Devilee 2003, Cancer Research 2012). At the same time, women using oral
contraceptives or under menopausal hormonal replacement treatment have an
increased risk of 81% and 66% respectively of developing the disease compared to
women who have never used such compounds. The risk is temporary, returning to
levels of never-users after 10 or 5 years from the last treatment for oral contraceptive
and menopausal replacement therapy respectively (Tavassoli and Devilee 2003,
Cancer Research 2012).

A hereditary component of breast cancer is well recognised: a woman with a firstdegree relative, male or female, diagnosed with the neoplasia has double the risk of
developing the same pathology. It is important to note that only 15% of women with
breast cancer have a family history and of these only 85% will develop the disease
(Tavassoli and Devilee 2003, Cancer Research 2012). 20% of familial breast cancer
share a germ-line mutation on Breast Cancer genes 1 (BRCA1) or 2 (BRCA2)
(Tavassoli and Devilee 2003, Cancer Research 2012). These genes are involved in
homologous recombination, a key mechanism in DNA double break repair (Jasin
2002). Deletion or insertions of a few nucleotides and single-base substitutions are
the most common mutations found in BRCA1 and BRCA2, generating a premature
stop-codon and a non-functioning protein (Ewald et al. 2009). The absence of a
functioning protein increases the amount of genome instability and the inefficient
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DNA double-break repair promotes tumour progression (Jasin 2002, Ewald et al.
2009).

1.1.3

Breast cancer staging system

To determine the best therapy for each patient, it is necessary to have the tumour
staged and classified. Clinical staging is based on the patient’s first examination
prior to any treatment. This includes the patient’s physical status, imaging results
from mammography, biopsy and/or surgical examination. The pathological staging is
established based on clinical data and histological examination results from the
primary tissue after surgery. The examinations from these determine tumour grade:
grade 1 or lower (cancer cells are really similar to the epithelial cells they are derived
from), grade 2 or intermediate (cancer cells look abnormal but they are slow
growing), and grade 3 or higher (cancer cells look very different from the tissues
they are derived from and are also fast growing) (Tavassoli and Devilee 2003, Kataja
and Castiglione 2009).
The most widely used system is the TNM staging, where three parameters are
analysed to describe the tumour: T, N and M. The tumours are assessed based on the
Haematoxylin and Eosin (H&E) stained primary tissue sections. The T value
represents the tumour status: tumour size, presence of invasion, oedema and
inflammation. The score spans from T0 with no presence of primary tissues, to T4
when invasion is present. The N value corresponds to the lymph node status: N0
when no cancer cells are found in the regional lymph nodes to N3 when metastases
are present not only in the regional, but also in the distal lymph nodes. Finally the M
grade defines the metastatic status, with M0 if there are no metastases to M1 when
distant metastases are present (Tavassoli and Devilee 2003).
24

1.1.4

Breast cancer development

Normal breast is comprised of a system of epithelial tubules, called ducts, connecting
the secretory units, lobules, to the nipple, where the milk is secreted. The secretory
units in each lobule are called acini. The lobules and the distal end of the duct form
the terminal duct lobular unit (TDLU). Both tubules and lobules are formed by a
single layer of epithelial cells (luminal cells), forming the lumen, surrounded by a
layer of myo-epithelial or basal cells. The double layer structure is encircled by a
basement membrane, formed of laminin and collagen. The whole system is
surrounded by a layer of connective tissue and embedded into adipose tissues (Figure
1-2) (Young and Heath 2005).

Breast cancer development follows a serious of steps involving the TDLU, ending in
invasive breast carcinoma in the worst case scenario. The model, first described by
Wellings and Jensen (Wellings and Jensen 1976), implies that breast cancer starts as
a benign epithelial lesion with no atypical proliferation, but characterised by
abnormal structure of the duct or lobule. By atypical proliferation this evolves into
atypical hyperplasia in either duct or lobular section of the TDLU. Through
accumulation of genetic and epigenetic defects in the genome, the hyperplasia grows
and proliferates to become an early stage in situ carcinoma (Figure 1-3). The
invasive breast cancer eventually derives from the in situ carcinoma by genome
alteration,

epithelial-mesenchymal

transition

and

accumulation

of

cellular

abnormalities driven by micro-environmental stimuli (Vargo-Gongola and Rosen
2007, Allred et al. 2008, Butcher et al. 2009, Cichon et al. 2010, Naus and Laird
2010).
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Figure 1-2. Breast anatomy.
Normal breast is comprised of a system of ducts connecting the lobules to the nipple. Lobules are
formed by a group of acini, where the milk is produced. The lobules and the distal end of the duct
represent the terminal duct lobular unit (TDLU). The whole system is surrounded by a layer of
connective tissue and embedded by adipose tissues (Adapted from Young and Heath 2005).
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Figure 1-3. Breast cancer development.
The 5 stages of breast cancer development. Breast cancer starts as a benign epithelial lesion characterised by abnormal structure of the duct or lobule. This evolves in atypical
hyperplasia with extra cell layers into the lumen. The hyperplasia grows and proliferates to become an early stage in situ carcinoma which develops into invasive breast
cancer reaching towards the nearest blood vessels, causing metastasis formation.
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1.1.5

Breast cancer classification
1.1.5.1 Atypical hyperplasia

The term ‘atypical hyperplasia’ describes a group of cells proliferating in the TDLU.
In these lesions the original epithelial cells are replaced with multi-layer intraluminal
proliferation. Cells in this condition are evenly distributed and morphologically
identical to the native ones (Figure 1-4 A). Atypical hyperplasia is generally
considered the step prior to in situ carcinoma (Tavassoli and Devilee 2003).

1.1.5.2 In situ carcinoma
Breast in situ carcinoma is a benign disease, characterised by an uncontrolled
proliferation of small loose-cohesive cells into the lumen of ducts or lobules. The
myo-epithelial cell layer and the basal membrane are usually intact. Therefore the
disease is localised, making it the ideal target for excision treatment (Tavassoli
2003). The in situ carcinoma can be a ductal carcinoma in situ (DCIS) (Figure 1-4 B)
or lobular carcinoma in situ (LCIS) (Figure 1-4 C) based on the localization in the
terminal ductal lobular unit. 1% to 3.8% of all breast carcinoma are LCIS and 3.9%
to 17.5% are DCIS (Tavassoli and Devilee 2003, Li et al. 2005).

Ductal carcinoma in situ is classified into three grades, based on the cancer cell
differentiation. Grade 1 is characterised by small, differentiated cells with uniform
nuclei and a low mitotic rate. Grade 3 consists of highly atypical and undifferentiated
cells with multiple nucleoli and high proliferative rate, generating a mass of over 5
mm in diameter. Grade 2 represents an intermediate profile between the grade 1 and

28

3. 75% of DCIS are positive for oestrogen receptor (ER), 30% over-express the
epidermal growth factor receptor 2 (Her2). The relative risk to develop an invasive
carcinoma when diagnosed with a DCIS is 8-11 (Tavassoli and Devilee 2003).

Lobular carcinoma in situ can be subdivided into type A and B based on the cells
present. Type A lobular carcinoma is formed by small, uniform cells with round
nuclei and indistinct cell margins, while Type B consists of larger and more atypical
cells with abnormal chromatin and multiple nucleoli. LCIS is oestrogen receptor
(ER) and progesterone receptor (PR) positive in 60-90% of cases, and overexpression of the epidermal growth factor receptor 2 (Her2) is rare. The relative risk
in developing an invasive carcinoma when diagnosed with a LCIS is 6.9-12
(Tavassoli and Devilee 2003).

1.1.5.3 Invasive carcinoma
Invasive breast carcinoma describes a group of epithelial malignant cancers
characterised by invasion into the adjacent tissues and a tendency to metastasise.
Invasive breast carcinoma accounts for 22% of all female cancers, with good
prognosis if diagnosed at an early stage. It is classified as ductal or lobular invasive
carcinoma based on the in situ carcinoma it is associated with (Tavassoli and Devilee
2003).

Invasive ductal breast carcinoma (IDC) is associated with focal ductal carcinoma in
situ and represents 40-70% of all invasive carcinoma, i.e. 50-80% of all breast cancer
cases. As an in situ carcinoma it is rare in women below 40. There are not specific
macroscopic features associated with IDC due to variability in size and morphology.
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The tumour edge is usually unclear and poorly defined (Figure 1-4 D). IDC has
frequent mutations in BRCA1 or BRCA2, with 70-80% of ER positive cases, 6070% PR positive and 15-30% of cases over expressing Her2 (Tavassoli and Devilee
2003).

Invasive lobular carcinoma (ILC) is composed by non-cohesive singularly dispersed
cells in the presence of lobular carcinoma in situ. 5-15% of all invasive carcinoma
are lobular. The tumour is poorly delimited, formed by proliferation of small cells
that are either individually dispersed in the stroma or form linear cord around normal
ducts and lobules (Figure 1-4 E). 70-95% of ILC are ER positive, 60-70% PR
positive, but Her2 over-expression is lower than in IDC. In 63-87% of cases ILC
presents a deletion on the long arm of chromosome16, where the E-cadherin gene is
located. This gene is involved in cell-cell adhesion and maintenance of tissue
coherence, explaining the observed high tendency of ILC to metastasise. Patients
diagnosed with ILC frequently develop metastases in lung, bone, gastro-intestinal
tract, uterus and ovary (Tavassoli and Devilee 2003).
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A)

B)

D)

E)

C)

Figure 1-4. Histological images of breast cancer.
Examples of histological images from different types of breast cancer. A) Atypical hyperplasia characterised by multiple epithelial layers within the lumen. B) In situ ductal
carcinoma with cancer cell proliferation within the duct. C) In situ lobular carcinoma with abnormal cell proliferation in the lobules. D) Invasive ductal carcinoma and E)
Invasive lobular carcinoma with proliferating cells in the stroma surrounding ducts and lobules (Tavassoli and Devilee 2003).
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1.1.6

Molecular profiling

It is now known that a histological classification is not enough to fully describe the
heterogeneity of breast cancer disease. In the last ten years, high-throughput
microarray-based gene expression profiling has revealed how conventional
classification based on histological and molecular biomarkers was not sufficient to
describe the intrinsic heterogeneity of breast cancers (Perou et al. 1999, Perou et al.
2000, Li et al. 2005, Hu et al. 2006, Van der Auwera et al. 2010, Guedj et al. 2012).
This is particularly relevant when considering treatment for invasive and metastatic
breast cancer, where efficient and specific therapy is necessary.

The preeminent biomarkers in breast cancer are the oestrogen receptor (ER), the
progesterone receptor (PR) and the epidermal growth factor 2 (Her2/erbb2). During
the histological examination, each receptor presence is routinely evaluated by
immunohistochemistry (IHC) and considered in the breast cancer classification
(discussed previously). The assessment of Her2 over-expression also includes a gene
copy number examination by Fluorescence in situ hybridization (FISH) (Bertos and
Park 2011). Currently, based on the presence or absence of these three markers
breast cancer has been subdivided into three main groups: 1) Triple Negative (TNB)
or Basal cancers when negative for all these receptors, 2) Hormone-driven when
positive for either ER or PR but Her2 negative, and 3) Her-2 positive in which the
Her2 gene is amplified (Guedj et al. 2012). Hyper-activation or over-expression of
the protein ER, PR and Her2 has been associated with uncontrolled gene
transcription and an increase in cell proliferation (Pietras and Marquez-Garban 2007,
Fox et al. 2009).
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Recent micro-array data have identified 5 different breast cancer subtypes: luminal,
Her2-enriched, basal-like, Claudin-low and normal breast-like (Perou et al. 2000,
Sorlie et al. 2003, Hu et al. 2006).
Luminal breast cancers show a very similar expression profile to the luminal
epithelial cells and they can be subdivided in two groups based on ER and Her2
expression levels. The Luminal A subtype is characterised by over-expression of ERsignalling genes, under-expression of Her2 and represents 40% of all breast cancers.
Luminal B is characterised by lower expression of genes regulated by ER-signalling,
variable levels of Her2 and correlates with a worse clinical outcome and a higher
tendency to relapse. Luminal B is less frequent than Luminal A, representing 20% of
all breast cancer cases (Kittaneh et al. 2013).
The Her2-enriched subtype demonstrates over-expression of genes downstream
Her2-signalling and under-expression of luminal-associated genes, such as
cytokeratin. This subtype corresponds to 20-30% of all diagnosed breast cancers,
with a strong association with ductal carcinoma. Tumours included in this subtype
are usually negative for ER and PR expression (Kittaneh et al. 2013).
The basal-like subtype corresponds to 15% of invasive ductal carcinoma and
presents a similar profile to basal myo-epithelial cells. The basal-like genes such as
laminin and keratin are highly expressed in this subtype which is also negative for
ER, PR and Her2 (Kittaneh et al. 2013). However cancers included in this subtypes
are only a small part of the more heterogeneous group described as triple negative
(Nielsen et al. 2004, Carey et al. 2007). Basal-like is also associated with a mutation
in BRCA1 and a more malignant phenotype (Kittaneh et al. 2013).
The Claudin-low subgroup is part of the TNB as it includes cancers negative for ER,
PR and Her2. This subtype has a gene-expression profile associated with epithelial-
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mesenchymal transition (EMT). Tumours in this subtype over-express genes
involved in cell communication, extracellular matrix formation, cell differentiation,
migration, angiogenesis, immune-associated and stem-cell genes (Kittaneh et al.
2013).

1.1.7

Breast cancer screening, diagnosis and treatment
1.1.7.1 Breast cancer screening

The main aim of screening is to detect breast cancer at a very early stage, thereby
improving the prognosis of the disease. Mammography is the main technique in use
for screening and has been demonstrated to detect breast cancer at early stages, with
an associated reduction in mortality rate (International Agency for Research on
Cancer (IARC) 2002, Youlden et al. 2012). The mammography screening
programme in most developed countries involves women between 50 and 69 years of
age, who are screened by mammography every two years (Youlden et al. 2012).
Screening has also been used in several developing countries since 1980s, where
women over 50 are screened every two years by National Care unit (International
Agency for Research on Cancer (IARC) 2002).

1.1.7.2 Breast cancer diagnosis
Breast cancer diagnosis is based on clinical examination of the breast and lymph
nodes, mammography of both breasts and a core biopsy or needle aspiration
examination. The physical and menopausal status is included in the examination of
each patient, with personal and family cancer history. The neoplasia is evaluated and
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classified using the TMN staging system based on the H&E stained biopsies, ER, PR
and Her2 assessment as described previously (Kataja and Castiglione 2009, Youlden
et al. 2012).

1.1.7.3 Breast cancer treatment
Carcinoma in situ, DCIS and LCIS, are normally treated by breast-conserving
surgery. Adjuvant therapies, such as radiation and endocrine treatment, can be
considered after surgery to decrease the risk of recurrence and metastases. Invasive
carcinomas, IDC and ILC, are treated by mastectomy when the tumour is localised
and has not spread beyond the breast and lymph nodes. Neo-adjuvant treatment can
be administered to patients with late stage disease to reduce the tumour size before
surgery (International Agency for Research on Cancer (IARC) 2002, Kataja and
Castiglione 2009, Youlden et al. 2012).

Cancer treatment can be classified based on the period it is administered to the
patient, pre- or post-surgery, or based on the target. Neo-adjuvant treatment, chemoor endocrine therapy, is given before surgery. The aim of such treatments is usually
to reduce the tumour mass to make it operable. Adjuvant treatment, radiation chemoendocrine- Her2-targeting therapy or a combination of all of these, is administered to
un-operable patients or after surgery (Kataja and Castiglione 2009). Radiotherapy is
used after surgery, both breast-conservative or mastectomy, to eliminate any
remaining cancer cells in the tissues surrounding the tumour. It involves irradiating
the area for a number of cycles depending on the patient’s tumour characteristics
(Kataja and Castiglione 2009). Chemo-therapy includes drugs targeting a specific
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pathway, such as endocrine or Her2-targeting treatments, and those with a broader
range, such as platinum agents (Bosch et al. 2009).

Endocrine therapy is most suited for ER, PR positive tumours. It has been shown
that the presence of PR has no significant contribution in endocrine therapy and
clinical outcome; therefore treatments tend to have ER as the main target (Bardou et
al. 2003, Patel et al. 2007, Dowsett et al. 2008, Bartlett et al. 2011). Endocrine
treatment induces oestrogen deprivation by using Tamoxifen, Fulvestrant or
Aromatase Inhibitors (AIs). Tamoxifen and Fulvestrant prevent the receptor from
binding to the ligand, whereas AIs block oestrogen synthesis (Higgins and Baselga
2011, Wong and Chen 2012). Although endocrine therapy is efficient for the
treatment of primary breast cancers, 50% of patients will relapse and develop
metastases trough de novo or acquired resistance (Higgins and Baselga 2011, Wong
and Chen 2012).

Breast cancers with amplified Her2 are subjected to Her2-targeting therapy. This
includes two approved drugs: Trastuzumab and Lapatinib. Trastuzumab is a
monoclonal antibody against Her2 which blocks the receptor activation causing
specific cytotoxicity in the cancer cells over expressing Her2 (Clynes et al. 2000,
Junttila et al. 2009). Lapatinib is a Tyrosine Kinase Inhibitor (TKI) that blocks Her2
phosphorylation, therefore activation, thus repressing the downstream signalling
pathway. Her2-independent activation via PI3K/AKT determines the development of
resistance to the treatment (Higgins and Baselga 2011).
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Triple negative cancers do not respond to endocrine or Her2-targeting treatments.
Multiple approaches have been tested to treat pathways active in this breast cancer
subtype (Bosch et al. 2009, Higgins and Baselga 2011). For example, Centuximab, a
monoclonal antibody targeting the epidermal growth factor receptor (EGFR), present
in 45-70% of TNB, has shown promising results in combination with cis-platinum
(Higgins and Baselga 2011). Progress has also been made with anti-angiogenic
agents, for example, Bevatuzimab and Sunitinib, which have been tested in
combination with an anti-mitotic agent, Paclitaxel, and reported to increase
progression-free survival in TNB (Bosch et al. 2009, Higgins and Baselga 2011).
Furthermore, PARP (Poly-ADP-ribose polymerase) inhibitors have been tested in
breast cancer defective in DNA-break repair mechanisms, such as TNBs mutated for
BRCA1 and BRCA2. Those treatments have shown to positively enhance overall
survival when in combination with drugs inducing DNA breaks, such as Fluorouracil
or Mitoxantrone (Bosch et al. 2009, Higgins and Baselga 2011).

1.1.8

New biomarker for breast cancer

It is clear that breast cancer is not a homogenous entity, but comprises heterogeneous
subtypes differing from each other in clinical characteristics, disease course and
response to specific treatments. Understanding the molecular basis of this
heterogeneity is essential to improve and personalize the use of the conventional
treatment, as well as developing new therapies (Bertos and Park 2011). The
importance of validating new molecular biomarkers in cancer is becoming
increasingly apparent, as there is currently no available biomarker with the desired
sensitivity and specificity for the detection of early stages of development in breast
cancer.
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Tumour biomarkers can be proteins, RNA or DNA molecules measured in serum,
plasma or tumour tissue. ER, PR, Her2, BRCA1 and BRCA2 (discussed before),
Ki67 antigen and p53 are used to identify individuals with increased predispositions
to certain cancers, to screen for early malignancies, assist in diagnosis and to predict
therapy response and prognosis (Javanovic et al. 2010). Ki67 antigen, a non-histone
nuclear protein expressed only when cells are proliferating, has been shown to be a
prognostic marker of treatment response in breast cancer. p53 is instead a crucial
protein in cellular response to stress stimuli and genome integrity maintenance. Its
mutation has been associated with poor clinical outcome (Hirata et al. 2014).

Recently, it has become clear how cancer development is intrinsically linked with
accumulation of epigenetic modifications in the genome, in particular an increase in
DNA methylation (Hill et al. 2011, Park et al. 2011). DNA methylation not only
correlates with different stages in carcinogenesis, but also clearly discriminates
between cancer and normal tissues (Christensen et al. 2010, Hill et al. 2011). This
makes it a serious candidate not only as a reliable biomarker to detect cancer at early
stages, but also as a target for cancer therapies (Lewandowska and Bartoszek 2011).

Therefore it is of great interest to investigate the epigenetic mechanisms involved in
gene expression and their role in cancer development.
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1.2

Epigenetics and cancer

Epigenetic modifications are stable changes on the genome not involving the DNA
sequence but its structure. Two of the main epigenetic mechanisms will be
investigated in this study: DNA methylation and histone modification. They are
inherited by daughter cells and accumulate on the genome through the life of the
organism. These inherited changes could provide a useful resource for therapy and as
prognostic biomarkers (Qiu 2006).

1.2.1

DNA methylation

In mammalian cells, DNA methylation is a post-replication modification on the 5th
position of the cytosine pyrimidine ring when located next to a guanine nucleotide.
When cytosine and guanine are next to each other in a DNA sequence, they are
known as CpG dinucleotide or CpG sites. Clusters of CpG dinucleotide generate a
CpG island, whose length is usually between 400 and 4000 nucleotides (Bird 2002,
Sandoval and Esteller 2012). CpG islands are present in over half of the promoter
region of protein-coding genes, influencing their expression via cytosine methylation
(Rivera and Bennett 2010, Deaton and Brid 2011).

DNA methylation plays an important role in normal cells behaviour as well as in
cancer development. It is maintained by DNA methyl-transferases (DNMTs). At
each replication cycle DNA methylation patterns are copied and maintained by
DNMT1, whereas DNMT3a and DMNT3b are responsible for de novo methylation
(Rivera and Bennett 2010, Park et al. 2011, Alabert and Groth 2012). DNA
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methylation contributes to chromatin organization, silencing of transposable
elements, X-chromatin inactivation and tissue-specific gene expression. In tumours,
the physiological methylation trend is disrupted causing the inactivation of genes
involved in the cell cycle, cell adherence, DNA repair and apoptosis (Costello et al.
2000, Suijkerbuijk et al. 2010, Deaton and Brid 2011, Sandoval and Esteller 2012).

In normal cells, CpG dinucleotides tend to be unmethylated in the promoter region
and methylated across the rest of the genome. Cancer cells show the opposite pattern
with methylated CpG islands on the promoter region and unmethylated CpG sites
within the coding regions (Figure 1-5) (Javanovic et al. 2010, Suijkerbuijk et al.
2010). DNA hypo-methylation of the promoter region correlates to gene reactivation
and chromosomal instability, leading to up-regulation and over-expression of the
gene the promoter is related to. Promoter hyper-methylation is frequently associated
with gene inactivation resulting in gene silencing (Costello et al. 2000, Javanovic et
al. 2010, Suijkerbuijk et al. 2010, Deaton and Brid 2011, Park et al. 2011, Sandoval
and Esteller 2012).

DNA methylation silences gene expression via two main mechanisms: by blocking
transcriptional factors’ via steric conformation or by protein recruitment. In the first
scenario, hypo-methylated or hyper-methylated of the promoter region leads to
changes in binding of transcriptional regulatory proteins which bind specifically to
either unmethylated or methylated DNA (Javanovic et al. 2010). In the second
scenario, DNA methylation is recognised by methyl binding proteins and repressing
factors, such as the Histone Deacetylases (HDACs), mediating chromatin
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conformational changes, and therefore gene silencing (Klose and Bird 2006, Deaton
and Brid 2011, Park et al. 2011, Shoemaker et al. 2011).
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Figure 1-5. DNA methylation pattern in normal and cancer cells.
The black lines represent the levels of methylation, from low (0%) to high (100%), across different parts of the gene, including Shelf Shore CpG island regions 5’ and 3’
UTR and the gene body, in normal and cancer cells. This does not apply to the X-chromosome as one copy is completely inactivated.
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1.2.2

Histone modifications

Histones are small proteins, ranging in size from 11-17kDa, at the base of chromatin
structure. The core structure of the chromatin organization is composed by 8 histone
subunits, two Histone 2A (H2A), two Histone 2B (H2B), two Histone 3 (H3) and
two Histone 4 (H4). Together, they constitute a structure around which the DNA is
coiled, each coil consisting of 147 bp, forming the nucleosome. Histone 1 (H1) and
Histone 5 (H5) function as linkers and mediate the entry and exit of the DNA from
the nucleosome (Rivera and Bennett 2010, Hassler and Egger 2012, Hatzimichael
and Crook 2013). Post-transcriptional modifications on the histone tails can
dynamically modify the chromatin structure, determining activation or repression of
gene expression. Histone acetylation and methylation are the most common
modifications and predominantly involve Histone 3 and Histone 4. Acetylation
prevents methylation of the histone tails, so that the acetylation profile mirrors
alternative chromatin conformations (Nakao 2001, Lakowski et al. 2006).

Histone acetylation is actively modulated by Histone Acetyl-transferase (HATs) and
Histones Deacetylase (HDACs). HATs add and HDACs remove an acetyl-group on
lysines 5, 8, 12, 16, 20 on the N-terminal tail of H4 and lysines 9, 14, 18, 23 of H3
(Fuchs et al. 2006, Javanovic et al. 2010). Hyper-acetylation of these residues is
associated with active transcription and euchromatin conformation, whereas hypoacetylation correlates with gene silencing and heterochromatin structure (Javanovic
et al. 2010, Park et al. 2011, Lee and Lee 2012, Hatzimichael and Crook 2013).

If acetylation is associated with gene expression, histone tail methylation can be
associated with active or repressed gene states depending on the residue involved.
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Lysines on H3 and H4 can be mono-, di- or tri-methylated by S-adenosylmethionine
dependent methyl-transferase and removed by Lysine specific histone demethylase
(LSD) (Fuchs et al. 2006). Trimethylation on H3 lysine 9 and 27 and trimethylation
on H4 lysine 20 correlate with gene inactivation and condensed state of the
chromatin (heterochromatic). Conversely, trimethylation on H3 lysine 4 and 36 is
associated with gene activation (Fuchs et al. 2006, Park et al. 2011, Sandoval and
Esteller 2012).

Based on these observations, modifications of H3 and H4 are particularly relevant in
this study as a marker of gene expression, in particular acetylation as a nonambiguous marker of gene activation.

1.2.3

Chromatin structure

It has become evident that epigenetic modifications work as a whole to define the
chromatin structure and alter it dynamically during cancer development and normal
tissue differentiation. HDACs and DNMTs have been identified in complexes on the
DNA with and without intermediate proteins (Javanovic et al. 2010). Intermediate
proteins are represented by proteins containing Methyl Binding Domains (MBDs)
that recognise symmetric methylated CpG site and recruit HDACs (Klose et al. 2005,
Sharma et al. 2005, Ho et al. 2008). The MBDs HDACs and DNMTs have been
demonstrated to initiate recruitment of repressive complexes on gene promoter
regions, such as SIN3 Mi2-NuRD and CoREST-like complex, of which they are
important components (Lakowski et al. 2006).
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Previously published examples of gene modulation via chromatin remodelling
include Claudin-6 gene silencing in breast cancer, which has been shown to be
mediated by methylation via HDAC recruitment by MeCP2, leading to cell
proliferation, migration and invasion (Xu et al. 2012). There is also evidence that
Mi2-NuRD can inactivate gene expression via the activity of HDACs (Nakao 2001).
Furthermore, ER-negative breast cancer cell lines have been found to be
characterised by the co-existence of H3 and H4 hyper-acetylation and DNA hypermethylation in presence of a repressive complex on the promoter region of the
oestrogen receptor. The complex included DNMT, HDAC, LSD and MBD; absent in
ER-positive breast cancer cells lines (Sharma et al. 2005).

Recent studies have emphasised the strong connection between DNA methylation
and histone modifications. In ER-negative breast cancer cell lines treated with a
combination of a DNMT inhibitor (5-aza-2'-deoxycytidine) and a HDAC inhibitor
(Trichostatin A) there was a release of the repressing complexes from the promoter
region and the subsequent re-expression of ER (Sharma et al. 2005). Following on
from this, Trichostatin A has been shown to reduce the activity of LSD and
consequently histone acetylation. The changes in chromatin structure have been
shown to reactivate genes which have been associated with silencing via hypermethylation in their promoter region (Huang et al. 2011). These results emphasise
the role of histone modifications in stabilising the gene inactivation effect of DNA
methylation, leading to the importance of evaluating both epigenetic mechanisms
when studying gene epigenetic modulation.
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These results place DNA methylation in a more complex mechanism of regulation,
where it is not simply inducing gene repression, but also and more importantly
involved in the chromatin remodelling process (Figure 1-6). Methylation has been
shown to be the promoting marker for repressive complex binding; therefore DNA
methylation is of great interest as potential new marker of repressed gene which
could be targeted in breast cancer therapy.

46

47

Figure 1-6. Chromatin structure.
Illustration of how chromatin conformation changes from open (bottom right) to condense into the
nucleosome leading to chromosome structure. Methylated cytosines in CpG island are the binding site
for MDB proteins, that recruit the repressing complex responsible for histone de-acetylation and
chromatin condensation.
DNMT: DNA methyl transferase; MDB: Methyl-domain binding protein; HDAC: Histone
deacetylase; LSD: Lysine specific histone demethylase; H1: Histone 1; H2A: Histone 2A; H2B:
Histone 2B; H3: Histone 3; H4: Histone 4.
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1.2.4

Alteration in DNA methylation as a biomarker

Hyper-methylation of the gene promoter regions has been shown to be an early event
in cancer development and one of the most frequent aberration, with 600 to 1000
aberrantly methylated genes per tumour (Suijkerbuijk et al. 2010). DNA methylation
is not only involved from the early stages of the tumour, but has also been shown to
be tumour-specific. Within the same tumour type, methylation can be used to assign
subtypes and stages (Costello et al. 2000, Lambert et al. 2011, Sproul et al. 2011,
Walker et al. 2012). Methylation patterns for each tumour can also be found in the
surrounding tissues, up to 4 cm from the primary neoplasm (Love and Barsky 1996).
These data suggest that it may be possible to use methylation as an early marker to
detect cancer development earlier than clinically detectable.

DNA methylation patterns are not reflected in the DNA sequence and they cannot be
amplified by normal PCR (Laird 2010). However, bisulphite treatment deaminates
unmethylated cytosines to uracil, while the methylated cytosines remain unchanged
(Clark et al. 1994, Yan et al. 2006). This creates a difference in the sequence
between methylated and unmethylated CpG sites that can be amplified by PCR. The
sensitivity of the PCR allows us to detect little aberrations from a small amount of
biological material. DNA hyper-methylation thus results in an easier detectable
signal than many other genetic alterations, such as loss of heterozygosis (Javanovic
et al. 2010). Hence, it is likely that PCR will provide the best opportunity for
constructing multi-gene screening analysis to better characterise specific stages of
cancer development (Levenson 2007).
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As previously described, methylation patterns could provide a dynamic picture of
carcinogenesis, while mutations or Single Nucleotide Polymorphisms (SNPs) only
provide a snapshot of this process. DNA-genome wide profiling has shown a
significant association between specific methylation patterns in the peripheral blood
and risk-prediction of developing cancer (Teschendorff et al. 2009). Following from
this, utility of DNA methylation analysis in the blood of cancer patients has already
been demonstrated for the ATM (ataxia-telangiectasia mutated) gene. It has been
shown to be highly methylated in peripheral blood of women with bilateral breast
cancer when compared to matched controls, discriminating between normal and
cancerous tissues (Flanagan et al. 2009).

Based on these results, it is clear that DNA methylation has a strong potential as
diagnostic biomarker to detect and follow the tumour development from early stages.
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1.3

Synthetic lethality

Genetic or epigenetic mutations can identify susceptibility in a subset of cancers that
could be exploited for treatment causing synthetic lethality of the tumour cells.
Synthetic lethality occurs when genetic and/or epigenetic aberrations, arisen during
cancer development, cause the selective death of cancer cells. It also considered
synthetic lethality when a genetic or epigenetic condition is not lethal per se but
causes sensitivity to a specific drugs or micro-environmental change (Nijman 2011).

Genetic aberrations discriminating cancer from normal tissues have already been
exploited in cancer treatment based on synthetic lethality (Levenson 2007, Javanovic
et al. 2010), whilst epigenetic changes are now starting to be considered as potential
targets for new therapies. For instance, O6-methylguanine DNA methyltransferase
(MGMT), involved in DNA repair, has been shown to be repressed via methylation
in glioblastoma, colorectal carcinoma and melanoma, correlating to a better response
to treatment inducing DNA damages (Mikeska et al. 2012). Furthermore, ASS1, the
rate-limiting enzyme responsible for arginine synthesis (Wu et al. 1998, Delage et al.
2010), has been found to be silenced via methylation in melanoma, hepatocellular
carcinoma and prostate cancer treatment. Cancer cells lacking the enzyme via DNA
methylation have been shown to be auxotrophic for arginine and have been
successfully treated by arginine depletion therapy (Ensor et al. 2002, Feun et al.
2006, Szlosarek et al. 2006, Kim et al. 2009).

MGMT and ASS1 showed how epigenetic modifications can be exploited to predict
the tumour response to treatment and to develop new therapies based on the
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epigenetic

modifications

characterising

the

specific

tumour,

respectively.

Furthermore, ASS1 is a good example of how nutrient additions to tumours can be
exploited to design therapies that selectively target cancer cells. For this reason it
would be of great interest to investigate the epigenetic modulation of metabolismrelated genes with the aim of finding novel markers for synthetic lethality in breast
cancer. Epigenetic modifications that would alter the ability of cancer cells to
response to micro-environmental changes can be used to selectively treat these
tumours and cause cell death in the tumour.
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1.4

Cancer metabolism

It is known that cancer cells alter their metabolism compared to healthy tissues since
the discovery of the Warburg effect (Warburg et al. 1927, Warburg 1956). Cancer
cells have been shown to up-regulate anaerobic glycolysis and amino-acids uptake
compared to normal cells in concomitance with an increase in cell proliferation and
survival. This mechanism is facilitated by the increased supply of nutrients from the
micro-environment (Vander Heiden et al. 2009, Ferreira et al. 2012).

In the presence of oxygen, differentiated cells metabolise glucose to pyruvate
through aerobic glycolysis. Pyruvate enters the tricarboxylic acid (TCA) cycle to
generate cellular energy as adenosine tri-phosphate (ATP) molecules (Ferreira et al.
2012, Schulze and Harris 2012). This metabolic flow is strictly regulated mainly by
the Phospho-Inositide-3-Kinase (PI3K) and the alpha serine/threonine-protein kinase
(AKT) pathway, to respond to micro-environmental changes, such as nutrients’
supply and the presence of growth factors. This pathway is responsible for cell
survival and production of the metabolites, such as lipids, proteins and nucleic acids,
necessary for cell replication (Schulze and Harris 2012, Shanware et al. 2013). The
downstream effects include the translocation of the glucose transporter to the plasma
membrane increasing glucose uptake, repression of FOXO (Forkhead box O)
translocation into the nucleus suppressing gene expression, and the activation of
mTOR (mammalian target of Rapamycin) inhibiting autophagy. mTOR is also the
cellular sensor of amino acids supply in the cell and promotes protein turn-over and
amino acid recycling when necessary (Figure 1-7) (Nicklin et al. 2009, Shanware et
al. 2013).
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Cancer cells are characterised by the switch from aerobic to anaerobic glycolysis and
increased uptake of amino acids. Research on the mechanisms behind this metabolic
reprogramming is still ongoing, but an explanation could be the alteration of the
main pathways involved. PI3K-AKT pathway is one of the most altered in cancer,
mainly via activating mutations in PI3K and loss or inactivating mutations in PTEN
(phosphatase and tensin homolog) responsible for PI3K inactivation (Jones and
Schulze 2012). PI3K-AKT pathway activation up-regulates anaerobic metabolism as
well as autophagy and amino-acid intake (Shanware et al. 2013). The activation of
anaerobic glycolysis deprives cells of the intermediate metabolites for the synthesis
of proteins and lipids (Yuneva 2008). To compensate for the loss, cancer cells
increase the uptake of glutamine that would enter the TCA cycle to produce
metabolic energy and supply the biosynthetic intermediates the cell needs (Jones and
Schulze 2012, Moncada et al. 2012, Yabu et al. 2012, Lorin et al. 2013, Shanware et
al. 2013). At the same time deprivation stimuli, such as a decrease in amino acid
concentration, determine the activation of autophagy via mTOR and FOXO upregulation (Duran et al. 2012, van der Vos et al. 2012, Syed et al. 2013). For
example, low concentration of glutamine and/or arginine has been associated with
modulation of the PI3K-AKT mTOR pathway and autophagy induction in cancer
cells (van der Vos 2012, Duran 2012, Syed 2013). FOXO modulates the expression
of metabolic genes, such as glutamine synthetase, and can inhibit the autophagy
response that might cause cell death if not controlled (van der Vos et al. 2012, White
2012, Lorin et al. 2013).
The metabolic reprogramming characteristic of cancer cells is also influenced by
mutation and activation of other genes in cancer cells, such as over expressing
mutation of c-Myc (myelocytomatosis viral oncogene homolog) and activation of
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HIF1α (hypoxia inducible factor 1 alpha). c-Myc is a transcriptional factor overexpressed in cancer cells, whose activation leads to induction of lactate production,
glutamine uptake and translocation of glucose transporter on the plasma membrane
(Yuneva et al. 2007, Liu et al. 2012, Miller et al. 2012, Schulze and Harris 2012).
HIF1α is one the main transcription factors activated in the centre of the tumour in
response to hypoxic conditions, but can also be induced by PI3K-AKT and c-Myc.
When up-regulated, HIF1α induces constitutive activation of anaerobic glycolysis,
glucose uptake and autophagy (Thompson 2009, Jones and Schulze 2012, Lorin et
al. 2013). Together, these data explain the increased intake of nutrients and the
activation of anaerobic glycolysis characteristic of cancer cells (Jiang and
Deberardinis 2012).

The metabolic differences between healthy and cancer cells have been recently
exploited in developing new therapies, the majority still in the preclinical stage. Two
main strategies are currently being tested: interfering with anaerobic glycolysis to
induce cell death or blocking an over-activated PI3K-AKT pathway and the
subsequent autophagy induction (Schulze and Harris 2012, Shanware et al. 2013).
The first approach involves using analogues of glucose, blocking agents for glucose
transporters, inhibitors for steps of the glycolysis such as glucose phosphorylation by
Hekokinase 2 (HKII) and inhibitors of lactate removal from cancer cells to inhibit
glycolysis. Even though some of these drugs have shown promising results, they are
still under development. Cancer cells can induce compensatory mechanisms to
overcome these effects, such as increasing glucose uptake after treatment with a
glucose analogue. The other problem with this approach is that some of the
compounds used have serious side effects, such as blockage of glucose transporters
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in liver and brain (Schulze and Harris 2012, Ganapathy-Kanniappan and Geschwind
2013). The second approach consists of kinase inhibitors for PI3K-AKT-mTOR and
autophagy blockers. One example is Chloroquine, used alone or in combination with
chemotherapy. The clinical response has been modest and the side effects of this
treatment are still under scrutiny (Jang et al. 2013, Shanware et al. 2013). Recently,
loss of ASS1 has been used for identification of tumours sensitive to arginine
depletion therapy in hepatocellular carcinoma, melanoma, prostate cancer and
mesothelioma (Ensor 2002, Feun 2006, Szlosarek 2006, Kim 2009). Arginine
depletion treatment is based on the Mycoplasma-derived enzyme Deiminase, capable
of reducing arginine in citrulline and NH4 (Feun 2006). It is important to highlight
that lack of ASS1 expression in cancer cells is not sufficient to predict the response to
arginine depletion treatment. In absence of methylation on the promoter region,
cancer cells have been shown to develop resistance via ASS1 up-regulation, whilst no
resistance was found in methylated cells (Delage 2010).

Cancer metabolism has been shown to be drastically different from the physiological
state and little is known about the epigenetic modulations of the pathways involved.
Cancer metabolic reprogramming could potentially be a target for synthetic lethality
in breast cancer, as in the case of arginine depletion treatment. Non-essential amino
acid metabolism, in particular, may be a promising area of study, as healthy cells can
synthesise them when necessary. Epigenetic modifications should arise during
cancer development causing the gene silencing of the enzyme responsible for a nonessential amino acid synthesis, low nutrients treatment might be selectively lethal for
cancer cells. Therefore, the non-essential amino-acid metabolism could be a really
innovative and interesting area of investigation.
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Figure 1-7. Metabolic network.
Connections between metabolic pathways, e.g. glycolysis and TCA cycle, and signalling pathways,
such as PI3K-AKT, autophagy and gene expression (adapted from (Shanware et al. 2013).
PI3K: Phosphatidyl-inositide-3-kinases; AKT: serine/threonine-specific protein kinase; mTOR:
mammalian target of Rapamycin; TCA cycle: tricarboxylic acid cycle; FOXO: forkhead box O.
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2 Materials and methods

2.1

2.1.1

Work with immortalised cell lines

Cell lines and culture conditions

Human breast carcinoma cell lines were cultured in the recommended media (SigmaAldrich®) supplemented with Foetal Bovine Serum (FBS), 2mM of L-glutamine and
50µg/ml of Streptomycin and 0.5U/ml of Penicillin (Sigma-Aldrich®) (Table 2-1).
Cell lines analysed for glutamine-deprivation were grown in 4mM L-glutamine for a
minimum of one month to maximise the effect of the treatment.
The panel of 16 breast cancer cell lines used covered a range of disease types,
including 7 triple negative, of those 2 basal A, 4 basal B and 1 luminal, 6 Her2positive, and 3 ER/PR-positive (Table 2-1).
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Cell line ID
BT549

Media
RPMI

% FBS
10

Origin
Invasive ductal carcinoma

subtype
Triple negative, basal B

ER
-

PR
-

Her2
-

MDA-MB-231

DMEM

10

Adeno-carcinoma

Triple negative, basal B

-

-

-

MDA-MB-436

DMEM

10

Adeno-carcinoma

Triple negative, basal B

-

-

-

Hs 578T

DMEM

10

Triple negative, basal B

-

-

-

MDA-MB-468

DMEM

10

Adeno-carcinoma

Triple negative, basal A

-

-

-

Hcc1937

RPMI

10

Primary ductal carcinoma

Triple negative, basal A

-

-

-

MDA-MB-453

DMEM

10

Metastatic luminal carcinoma

Triple negative, luminal

-

-

-

SKBR3

McCoy’s 5a

10

Adeno-carcinoma

Her2 positive, luminal

-

-

+

MDA-MB-361

Leibovitz’s L-15

20

Adeno-carcinoma

Her2-positive, luminal

+

-

+

JIMT1

DMEM

10

Ductal carcinoma

Her2 positive, basal B

+

BT474

RPMI

10

Invasive ductal carcinoma

Her2 positive

+

Hcc1569

RPMI

10

Hcc1954

RPMI

10

T-47D

RPMI

ZR-75-1
MCF7

Her2 positive, basal A

-

-

+

Her2 positive, basal A

-

-

+

10

ER/PR positive, luminal

++

+

-

RPMI

10

ER/PR positive, luminal

+

-

-

RPMI

10

ER/PR positive, luminal

+

+

-

Ductal carcinoma

Adeno-carcinoma

Table 2-1. Panel of Breast cancer cell lines.
The cell line panel covered a wide range of different subtypes of breast cancer. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial
Institute (RPMI), McCoy's 5a Medium Modified or Leibovitz’s L-15 Medium. Cell lines differed by the expression of oestrogen receptor (ER), progesterone receptor (PR),
epidermal growth factor receptor 2 (Her2/neu). Cells that were not expressing the receptor were considered negative ("-"), whereas positive ("+") or over-amplified ("++").
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2.1.2

Glutamine deprivation

Cell lines were seeded in 24-well plate (Corning) in medium supplemented with
10% FBS, 50µg/ml of Streptomycin and 0.5U/ml of Penicillin (Sigma-Aldrich®),
without L-glutamine addition and left overnight to consume any trace of L-glutamine
from the serum. The next day, 4mM L-glutamine was added in the controls wells.
Cells were deprived up to 8 days and survival rate analysed by MTT assay.

2.1.3

Survival analysis

Cell survival was investigated using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) (Bio Basic Inc.), a yellow tretazole which is reduced
to purple formazan from metabolically active cells. Briefly, cells were seeded in 96or 24-well plates depending on the experimental set-up, treated and the survival
fraction analysed at different time points by MTT. At each time point, the medium in
each well was replaced with medium containing 2mg/ml MTT. After 2 hours
incubation at 37°C, MTT solution was removed from each well and replaced with
DMSO (dimethyl sulfoxide, Sigma-Aldrich®). The colour intensity in each well was
analysed by absorbance at 570 over 650 nm using a plate reader (Biotek Synergy
HT). Optical density in each well was corrected by subtracting the background
(650nm reading) caused by precipitated protein and cellular debris. The survival
fraction for each treatment was determined as a ratio between the treated and untreated wells.
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2.1.4

Autophagy analysis

Cells were seeded in 96-well plate with black wall and clear bottom (Corning) in
absence of L-glutamine. Induction of autophagy was analysed at 2, 4 and 6 hours and
every 2 days up to 8 days of L-glutamine deprivation using the Cyto-ID®
Autophagy Detection Kit (Enzo Life Sciences) as per the manufacturer’s
instructions. Briefly, at each time point cells were washed twice in assay buffer and
incubated for 30 min in 150µl of Dual detection reagent at 37ºC. After the incubation
step, cells were washed twice and 80µl of assay buffer added to each well. The dual
detection buffer contained equal amounts of Hoechst 33342 Nuclear stain and CytoID® Green Detection Reagent: the first stains the nucleus, whereas the second stains
the vesicles produced during autophagy. Fluorescent emissions at 480 nm for the
nuclear and at 340 nm for the vesicle staining were read using a plate reader (Biotek
Synergy HT). The level of autophagy in each well was determined as the ratio
between the fluorescence from the vesicle stain to the nuclear stain. The increase in
autophagy level was calculated using the increase in ratio between treated and
untreated cells, with the untreated samples at each time point as a reference.

2.1.5

Chloroquine treatment

Cells were seeded in 96-well plates (Corning) as described above. Medium was then
replaced with increasing concentration of Chloroquine diphosphate salt (SigmaAldrich®), at 5, 10 or 20 µM. After 4 hours treatment with Chloroquine, Lglutamine was removed from the treated wells. After 4 hours of glutamine
deprivation autophagy induction was measured using the Cyto-ID® Autophagy
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Detection Kit (Enzo Life Sciences) as described above. Cell survival was analysed
by MTT after 24 hours deprivation.

2.1.6

Arginine deprivation

Cell lines were seeded in 96-well plates (Corning) and left overnight to attach to the
bottom of the well. The following day, each well was washed twice in Phosphate
saline buffer (PBS) (Sigma-Aldrich®) and incubated for 10 days in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 1000 mg/L D-glucose, L-glutamine,
sodium bicarbonate and without arginine, leucine, lysine, sodium pyruvate, and
phenol red (Sigma-Aldrich®) supplemented with 10% dialysed serum (SigmaAldrich®), 50µg/ml of Streptomycin and 0.5U/ml of Penicillin (Sigma-Aldrich®)
and MEM non-essential amino acids solution (Gibco). Cells were either grown in
total absence of L-arginine (Sigma-Aldrich®) and L-citrulline (Sigma-Aldrich®) or
in presence of either 1mM L-arginine or 1mM L-citrulline or both. Survival rate was
analysed by MTT.

2.1.7

Arginine Deiminase (ADI-PEG20) administration

Cell lines were seeded in 96-well plates (Corning), left for 24 hours, washed twice in
PBS (Sigma-Aldrich®) and medium replaced with Dulbecco’s Modified Eagle’s
Medium with 1000 mg/L D-glucose, L-glutamine, sodium bicarbonate and without
arginine, leucine, lysine, sodium pyruvate, and phenol red (Sigma-Aldrich®). 10%
dialysed serum (Sigma-Aldrich®), 50µg/ml of Streptomycin and 0.5U/ml of
Penicillin (Sigma-Aldrich®), MEM non-essential amino acids solution (Gibco),
1mM L-arginine and 1mM L-citrulline (Sigma-Aldrich®) were added to the medium
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in all wells. Cells were treated up to 10 days with increasing concentrations of ADIPEG20 (Polaris Group), from 0 to 10µg/ml. Survival rates were analysed by MTT.

2.1.8

De-methylation and pro-acetylation treatment

Cells were grown in appropriate medium until 80% confluent; 5µM of 5’-azadeoxycytidine (aza) (Sigma-Aldrich®) was added and left on the cells for 5 days. In
the final 16 hours 0.3nM of Trichostatin A (tsa) (Sigma-Aldrich®) was added. Demethylation on the gene of interest was confirmed by pyrosequencing analysis at the
end of each experiment.

2.1.9

shRNA transfection

RNA constructs (shRNA) were designed to target Arginino-succinate synthetase
(ASS1) transcripts (Table 2-2) and ligated into a pSilencer vector (Invitrogen)
(Figure 2-1). Vector with and without the shRNA constructs were transfected using
FuGENE® HD (Roche) in 6-well plates. Briefly, cells were seeded the day before to
be 70-80% confluent when transfected. 500 ng of each shRNA was diluted in media
without FBS and combined with 1µl transfection reagent at room temperature for 20
min to form complexes. The complexes were then added drop-wise to the cells and
left overnight. After the incubation the complexes were removed and 500 µg/ml of
Puromycin (Sigma-Aldrich®) added to select for cells expressing the constructs.
Each shRNA was optimised by testing different shRNA and FuGENE® HD
concentrations and treating them with the selection drug. Cells were considered
stably transfected when there were no live un-transfected cells and the clones
resistant to the drug were growing at the same speed of the parental cell line.
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Gene silencing was validated on stably transfected cells using real-time PCR and
SDS-PAGE electro-blotting.
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shRNA sequence

Loop

Complementary sequence

Position from the TSS

Sequence

shRNA1

GCCAAATAGACCCGTGTACAATC

TCTT

GAATTGTACACGGGTCTATTTG

shRNA2

AGGAACAAGGCTATGACGTCATC

TCTT

GAATGACGTCATAGCCTTGTTC

+1587 to +1608 bp
+1525 to +1546 bp

+430 to +451 bp
+368 to +389 bp

Table 2-2. ASS1 shRNA constructs.
Two different shRNA oligos were designed to bind both ASS1 transcripts (NM_000050.4, NM_054012.3). The shRNAs contained the siRNA sequence that would bind the
mRNA and inhibit its expression, a loop and a complementary sequence, to generate a hairpin secondary structure. The hairpin structure allowed recognition of the construct
by the cellular machinery and generate a functional siRNA. The two oligos target different positions from the transcriptional start site (TSS) on ASS1 transcripts: the first line
in each cell in the last column represents the targeted sequence position on NM_000050.4, the second on NM_054012.3.
bp: base pair.
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Figure 2-1. pSilencer plasmid.
shRNA:

463–515bp

CMV Promoter:

516–1118bp

CMV pA signal:

404–462bp

SV40 Promoter:

4449–4748bp

Puromycin resistance gene:

3758–4357bp

SV40 pA signal:

3463–3498bp

Ampicillin resistance gene:

2394–3254bp

ColE1 Origin:

1448–2334bp
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2.1.10 Plasmid transfection
Glutamine synthetase (GLUL) was re-expressed using a commercially available
cDNA (derived from clone MSC-19700, ATCC) covering all the complete Open
reading frames (ORF). The expression vector pcDNA3.1 (+) (Invitrogen) (Figure
2-2) was used for cloning and expression. Both MSC-19700 and pcDNA3.1 were
digested with BamHI and XhoI (New England Biolabs) and ligated using T4 ligase
(New England Biolabs) overnight at 16°C. Vectors with and without construct were
then amplified using competent E.coli DH5α (Invitrogen) and purified using Plasmid
Plus Maxi Kit (Qiagen) as per the manufacturer’s instructions. Clones were verified
for the correct sequence via sequencing.
Cells were seeded in 6-well plates to be 70-80% confluent when transfected. Briefly,
for transfection: 100 ng of each plasmid were mixed with 1 µl of X-tremeGENE HP
(Roche). The mixture was left for 20 min at room temperature to form complexes.
The complexes were then added drop-wise to the cells and left overnight. The
following day, the complexes were removed and 500 µg/ml of G418 (SigmaAldrich®) was supplemented to the medium to select cells that incorporated the
constructs.
Transfected cells were selected using the same criteria as before.
Over-expression of Glutamine synthetase was confirmed by SDS-PAGE electroblotting.
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Figure 2-2. pcDNA3.1 (+) plasmid map.
CMV promoter:

232-819bp

T7 promoter/priming site:

863-882bp

Multiple cloning site:

895-1010bp

pcDNA3.1/BGH reverse priming site:

1022-1039bp

BGH polyadenylation sequence:

1028-1252bp

f1 origin:

1298-1726bp

SV40 early promoter and origin:

1731-2074bp

Neomycin resistance gene (ORF):

2136-2930bp

SV40 early polyadenylation signal:

3104-3234bp

pUC origin:

3617-4287bp (complementary strand)

Ampicillin resistance gene (Blazek and Benbough):

4432-5428bp (complementary strand)

Open reading frame (ORF):

4432-5292bp (complementary strand)

Ribosome binding site:

5300-5304bp (complementary strand)

Bla promoter (P3):

5327-5333bp (complementary strand)
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2.2

2.2.1

DNA and RNA extraction and analysis

DNA extraction from formalin-fixed paraffin-embedded (FFPE) tissues and
cell lines

Total DNA from cell lines was extracted using the DNeasy Blood & Tissue Kit
(Qiagen) according to the manufacturer’s instructions. Briefly, cell pellets were resuspended in 200 µl of PBS and lysed by incubation with 200 µl of Lysis Buffer
(Buffer AL) and 20 µl of protease (Qiagen) at 56ºC for 10 min. The samples were
then loaded onto the DNeasy Mini spin columns and centrifuged at 8000 rpm,
allowing DNA capture on the column membrane. After two wash steps, DNA was
then eluted in 100µl of water.
Genomic DNA was isolated from approximately two 10 µm sections of human
formalin-fixed paraffin-embedded tissue (FFPE) using a modified high molecular
weight genomic DNA extraction protocol (Sambrook 2001). Briefly, paraffin wax
was removed by incubating the samples overnight in 10 ml xylene (SigmaAldrich®) and cleared by washing twice in 1 ml pure ethanol (Sigma-Aldrich®).
Tissue was digested by incubating in 500 µl lysis buffer (Tris-HCl pH 7.5, EDTA
0.5M, 10% SDS, NaCl 3M) and 0.2mg/ml Proteinase K (Ambion®) at 55ºC until
completely digested. An equal volume of TE-saturated phenol (Sigma-Aldrich®)
was added to the mixture. The mixture was vigorously vortexed, and then
centrifuged at 4ºC at 14000 rpm for 10 min to enable phase separation. The upper
aqueous layer was carefully moved to a new tube, avoiding the phenol. The phenol
extraction was repeated, the DNA was precipitated by adding 1.2X volume of
isopropanol and centrifuged at 14000 rpm at 4ºC for 20 min to form a pellet. Finally
it was concentrated by precipitation at -80°C for at least an hour adding 500 µl pure
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ethanol, centrifuged at 14000 rpm at 4ºC for 2 min and re-suspended in 50 µl of pure
water.
Nucleic acids were quantified using a spectrophotometer (Nanodrop, Thermo
Scientific). DNA was considered pure when 260/280 ratio was ≥1.8.

2.2.2

DNA bisulphite modification

1 µg of genomic DNA was bisulphite converted using the EZ DNA methylation kit
(ZymoGenetix Ltd., Hampshire, UK). The kit is based on a three step reaction that
takes place between unmethylated cytosine and sodium bisulphite: unmethylated
cytosines were converted to uracil, whereas methylated cytosines remained
unchanged. DNA was denatured and protonated by adding 5 µl of dilution buffer in a
total volume of 50 µl and incubating at 37ºC for 15 min. 100 µl of CT conversion
buffer were then added and incubated overnight at 50ºC to mediate DNA
sulphonation. The next day, the mixture was placed into a Zymo-Spin™ IC column,
DNA was washed and converted to uracil by adding desulphonation buffer, which
promoted the deamination and desulphonation reaction, leading to the final
conversion to uracil (Figure 2-3). Converted DNA was finally eluted in 10 µl of pure
water.
Commercial methylated and unmethylated human genomes (Merck Millipore) were
used as controls.
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Figure 2-3. Bisulphite conversion reaction.
Bisulphite modification is based on a three step reaction that involves only the unmethylated
cytosines. In the first step unmethylated cytosines (red circle highlighted the position on the benzene
circle where the methyl-group would be when the cytosine is methylated) are protonated to promote
the transformation of cytosine into sulphonate cytosine by bisulphite (HSO 3). During the second step,
uracil sulphonate is formed by an overnight incubation. In the last step, uracil is formed by a
deamination follow by desulphonation reaction. The highly selective deamination of unmethylated
cytosine into uracil is due to the greater steric interference between the methyl-group and the
bisulphite. At the end of the conversion reaction the unmethylated cytosine is changed to uracil,
whereas the methylated remains unchanged (Biosystem 2007).
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2.2.3

450k Methylation array

13 breast cancer cell lines were profiled at the Genome Centre, Barts and the London
Medical School, using the Infinium Human Methylation 450 BeadChip (Illumina
Inc.). 1 µg of genomic DNA from each cell line, extracted as described above, was
screened according to the supplier’s standard operating procedures.
The scanned data were first normalised using Genome Studio software (Illumina
Inc.) to reduce the differences between the two types of probes used in the array,
Infinium I and II. Infinium I probes are designed across the CpG so there are two for
each CpG site, whereas the Infinium II are designed immediately adjacent to the
CpG so that there is only one for each dinucleotide. After normalisation, the
methylation status of each CpG site was presented as β-values, the ratio of the
methylated to the total signal.

2.2.4

Bisulphite sequencing

The DNA sequence, as appears after bisulphite conversion (Figure 2-4), was
analysed to design overlapping primer sets (Table 2-3) in a region without CpG sites.
PCR conditions were optimised for each primer set on the methylated and
unmethylated DNA (Merck Millipore) to ensure reduced bias during the
amplification.
Each fragment was amplified by PCR using 0.2 µM primers and 2.5 mM MgCl2, 0.2
mM Deoxynucleotide Triphosphates (dNTPs), 0.05 U/ml AmpliTaq Gold® 360
(Applied Biosystems) in a total volume of 50 µl. DNA was amplified in a
GeneAmp® PCR System 9600 (Applied Biosystems) using the following
conditions: an initial denaturation at 95ºC for 15 min was followed by 95ºC for 40
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sec, XºC extension temperature depending on the primer set for 50 sec and 67ºC for
1 min for 40 cycles, and a final extension step at 72ºC for 7 min. PCR products were
purified using QIAquick PCR purification kit (Qiagen) as per the manufacturer’s
instructions. PCR products were eluted in 30 µl of pure water and quantified using a
spectrophotometer (Nanodrop, Thermo Scientific).
The purified PCR products were blunt-end ligated into a pGEM®-T Easy vector
system (Promega) (Figure 2-5) and transformed into JM109 high efficiency
competent cells (Promega) as per the manufacturer’s instructions. Colonies were
selected using 100 µg/ml ampicillin/0.5 mM IPTG/80 µg/ml X-Gal LB-agar plate
(IPTG, X-Gal, agar and LB broth powder from Fisher Scientific). Using the lacZ
white/blue screening, ten white colonies (gene integrated in the vector) were picked
from each plate and grown separately in 15 ml tubes at 37°C, shaking in 5 ml LB
broth media (Fisher Scientific) containing 100 µg/ml ampicillin (Fisher Scientific).
Plasmid from each clone was purified using the QIAprep spin Miniprep kit (Qiagen)
protocol, as per the manufacturer’s instructions, and out-sourced for sequencing
(GATC Biotech). Each CpG site in the sequence was examined. Where a cytosine
was present the CpG site was considered to be methylated; when there was a
thymine the CpG site was considered unmethylated.
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TYGATGATTATTTTATTTTGTAGATGAGGAAATTTGGGTTTTGAAAGATTTGTTTAGGGTT
TGGTTAGTAGTATGAGATAGGTTTTTAGATTTAGTTTTTATYGTTTTTTAGAATTTTTTTTG
TAAAATTAGAGAAATAGTAYGTTGATTTTAAATGTGAAATGGTAGAGTTTTGTTTATTTT
TTTAGATTTAAGAGAGTYGGAGYGGGYGGTTTTTTTAGGTTTTGGGAATTTYGGTTTGTT
TTTAGGTTYGYGYGGTATTYGTTTTAGTTTAGGTTYGTTTAAAGTTTTTTYGGGTTTYGYG
TTTYGYGTTTTTTTTTAAGTTAATTTTTGTTYGTAGGAAGYGGGGTTYGGAGGTTTTTTYG
TAATAAAAGGTTAAATTYGGTTTTTTTGGTTTYGTATTTTTTTAGGGAGTTTTTTTYGTAA
AATTATTTTTYGTGAAGGYGGTAGGGTAGAGGTTTAGGGYGGGTTTTGTTGGGAGTTTYG
GGATTTYGGGTTGGGGGTYGTGGGGYGGTATTTGGYGAGTTGGYGGGTGGGYGGYGAGT
YGAGGTTTTTYGGTTTGGYGGTAATTYGTTTTTTTGTTTTTAGTTTTTTYGGTTTYGTTTTT
TTTTTTTAYGTYGTTTTGTTTTTTTTTTAYGTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGTTY
GTTTGTTTTTATTTTAGYGGYGTTYGTYGGGTTTTTYGTTTAATGGTYGYGGGGTTYGGG
ATYGTATTAGTTGATYGGTTYGGGTTTTTGGTYGTTGGGAGTTAATTAGGGTATYGGGGG
YGGTTTYGGGTYGYGGATAAAGGGTGYGGGGTTGTTGGYGGTTTTGTAGAGTYGAGAGT
GGGAGAAGAGYGGAGYGTGTGAGTAGTATTGYGGTTTTTTTTTTTTTTTTAATTTYGTTTT
YGYGGTTTAGTTTTATTYGTTYGTTTGTTYGGYGATTAGGTAAGTTTTYGGAYGGTTYGG
TGTTAYGTAAGYGAGGYGYGTYGTTTTTGTTATTTYGYGAGGYGYGTYGTTTAGTTTTTT
TTTTYGGTTGTTTGTTTTTTTAGTTTTAGTTTTAYGTTGYGGTTTTTTYGGTTTATGTTTGA
GATTYGGTATGAGTGTTTTTTTYGYGTGTTTTYGTYGTTGGTGGTTTGGATTYGTYGGGGT
TGGYGTTGGTGGGGYGYGTTTTTGGTTAGGTTTTGGGAAGGGYGGGGTGAGTTGTTTTGA
TTTTTTTTTTATTATTTGYGGTYGAAGYGTYGTTTTTGGAGGTYGTTGGGTYGGTTTGYGT
TTTGGGGTTYGTAGTGGTTTGTTTGYGTTGTGGATGGAGTGGYGGTGYGGTTTTTTGTGG
AGYGTAAATAAGGYGTTTGGTTGGYGYGGGYGTTTGGTTGTTTTTTTYGTGGTGGGGTTT
TYGGAGTAATYGTTTTGGTTTTGGYGATGGTTGAGAYGTTTYGATTGYGGYGTGTAAYG
GTGAGYGTTGTTTGGGYGGTYGGTTTTYGTTTYGGGGTTTYGGGGGTTTTTTAATGTGAT
YGAATAATGGAGAGTTYGGGTTTYGGYGTAGTTAGTGGAGAAGTYGGTTYGGGYGGAG
GTAGTAGTAGYGYGTAGTTTTTAYGGTTTGYGTTTTTATTTTTTTTYGGATTTTTTAATTTT
TYGGYGGTAGGGTATGGTTATTTTYGTGAGGTTTGAGATTYGGAYGGGGGTTYGAGGGG
TAGGGYGTTTATTTTAGGGATATTTTAGTGGGAAGGGGTTGTTTTTAAAGTGGATAATTA
TAATTTTTTYGGGGGYGGGAAGYGGGATTTTTTTTTAGTYGTAAGTTTAYGAAGAAAGTA
AYGAATGAAAATTATGAAGATAAYGAGAAGTTAGATTTTTTYGGGTYGYGTTTTAGTTG
TTTYGGTTTYGTYGTTATTTTGTGAATTTYGGGGAGAGATTTYGAGTTAAGATTAAGATT
TTAATTTATTAATTTGTTTGTTYGGATATTTTTYGGGTYGGTYGTTGTTTGTTTTTTTTTTT
ATYGTTTTTTTTTAGAAAGTTTYGGTGTTTGGATTAGTTAGAGTTTGAGAAAGAGGAGAG
GYGYGAAYGTTATTTTAAAAAGAGAAGGGTTAAAGAGGGTAATTTTAAYGATAYGTTTG
ATTTTTTGTGGTTGGGGTGAGTGAGGGGGTAGGGAGGAYGATTTYGGAGTTGGTGGGAG
TTGTAGAAATTGTTGAAAATTTTAGAATTTATTTTTTTTAYGTAAATTTGGTATYGTAGTA
GTAGTAGTTGATAGAGTGGTATTAGGTTGT

Figure 2-4. GLUL CpG island.
Primer sets designed on the Glutamine synthetase (GLUL) CpG island converted sequence. All CpG
site are marked in red and all the cytosines in those sites were annotated to Y as per IUPAC
convention. Finally all the cytosines in the sequence that were not within a CpG site were converted
to thymine (homologous to uracil in the DNA sequence). Three primer sets, identified in three
different colours, were design to generate overlapping fragments and ensure complete sequence
coverage.
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Annealing
Forward primer

Reverse primer

Fragment length
Temperature

GLUL_1

GGTTAGGTTTTGGGAAGGG

CCTCTCTCCTCTTTCTCAAACTC

841 bp

60ºC

GLUL_2

GTTGGGAGTTAATTAGGGTAT

TCAAAACAACTCACCCC

392 bp

56ºC

GLUL_3

GGGCCCGTTAGTAGTATGAGATAGG

CCCCTCTTCTCCCACTCTC

762 bp

56ºC

Table 2-3. Bisulphite sequencing PCR primer sets.
Three different sets of primers were designed to cover the GLUL CpG island. Commercial methylated and unmethylated DNA from human genome (Merck Millipore) was
used to optimise the three primer sets (Figure 2-4) to ensure the same efficiency on different methylation status.
T annealing: annealing temperature of for each primer pair. bp: base pair number.
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Figure 2-5. pGEM®-T vector map and reference points.
T7 RNA polymerase transcription initiation site

1

multiple cloning region

10–128

SP6 RNA polymerase promoter (↑SP6), for sequencing

(–17 to +3) 139–158

SP6 RNA polymerase transcription initiation site

141

pUC/M13 Reverse Sequencing Primer binding site

176–197

lacZ start codon

180

lac operator (LacZ), for X-gal based colour screening of the colonies

200–216

β-lactamase coding region (Ampr) that confers ampicillin resistance

1337–2197

phage f1 region (f1 ori)

2380–2835

lac operon sequences

2836–2996, 166–395

pUC/M13 Forward Sequencing Primer binding site

2949–2972

T7 RNA polymerase promoter (↓T7), for sequencing

(–17 to +3) 2999–3
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2.2.5

Pyrosequencing analysis

PCR primers (Table 2-4) were designed to amplify a fragment across a
representative region of about 200 bp in the CpG island in each gene of interest. 200
ng of bisulphite converted DNA and 0.2 µM primers were used during each PCR
reaction in a GeneAmp® PCR System 9600 (Applied Biosystems) using a PyroMark
PCR Kit (Qiagen) in a total volume of 30 µl using the following conditions: an initial
denaturation at 95°C for 15 min was followed by 94°C for 30 sec, X°C depending on
the gene of interest for 30 sec and 72°C for 30 sec for 40 cycles, and a final
extension at 72°C for 7 min.
PCR products were separated by electrophoresis on a 1% agarose gel to confirm
presence of products and absence of contamination. PCR products were incubated
and mixed with Streptavidin beads (GE Healthcare) for 15 min at 1400 rpm, binding
the biotinylated primers to the immobilised streptavidin conjugates. The complexes
were then washed to remove any contaminants from the PCR amplification, using
PyroMark Q96 Vacuum Prep Workstation (Qiagen), and denatured for 2 min at 80°C
to leave single strand sequences bound to each bead. Finally, PCR products were
sequenced on a PyroMark Q96 ID (Qiagen), using the un-biotinylated primer. The
pyrogram shows a sequence of peaks over a DNA sequence corresponding to the
region of interest. Each peak represents the amount of the specific nucleotides
incorporated into the sequence. Pyromark CpG Software (Qiagen) was used to
analyse the CpG site methylation percentage by calculating the ratio between the
methylated and the total methylated and unmethylated peaks (Figure 2-6).
Commercial methylated and unmethylated DNA (Merk Millipore) was used during
each reaction as positive and negative controls respectively.
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Forward primer

Reverse primer

Fragment length

T annealing

GLUL

[BTN]GGTTTTTTTAGGTTTTGGGAATTT

CCCTAAACCTCTACCC

255 bp

58ºC

ASS1

[BTN]TGTGTTTATAATTTGGGATGG

CCTCCTCCTCTAAACCC

107 bp

56ºC

Table 2-4. Pyrosequencing primer sets.
Representative region on Glutamine synthetase (GLUL) and Arginino-succinate synthetase (ASS1) analysed by pyrosequencing. Primers were optimised using commercial
methylated and unmethylated human genome DNA (Merck Millipore) to ensure the same efficiency with different methylation status. Each primer set consisted of a
biotinylated (BTN) and a un-biotinylated primer: the biotinylated primer is necessary for the binding with the streptavidin beads (GE Healthcare) and the un-biotinylated as
sequencing template.
T annealing: temperature of annealing for each set of primer. bp: base pair number.

78

A)

B)

Figure 2-6. Pyrograms from methylated and unmethylated DNA.
Representative examples of pyrograms from A) methylated and B) unmethylated DNA. The
pyrogram shows a sequence of peaks over a DNA sequence corresponding to the region of interest.
The sequence analysed in this examples is GLUL. Each peak represented the amount of the specific
nucleotides incorporated into the sequence. Pyromark CpG Software (Qiagen) analysed the CpG site
methylation percentage over each CpG site. The software colour-codes the results based on the
confidence level of the quantification and how strong the signal is over the background noise in each
sequence: from blue for a high reliable quantification to red for a low reliable value.
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2.2.6

Chromatin Immuno-Precipitation (ChIP)

Cells were seeded in 150 mm dishes (Corning) and detached, pelleted and washed
twice in 1ml of PBS when 80-90% confluent. Pellets were incubated on ice for 20
min in 500 µl of nuclei isolation buffer (20 mM Tris-HCl pH 7.5, 10 mM NaCl,
0.2% NP-40, and 3 mM MgCl2) and protease inhibitors (cOmplete, Mini, EDTA-free
Protease Inhibitor Cocktail, Roche) to isolate the nuclei. The solution was then
passed through a 25-gauge needle 10 times to break up the cell membranes and the
nuclei pelleted at 3000 rpm for 10 min at 4ºC. The DNA and any proteins bound to it
were then fixed by incubating the nuclei in 1 ml solution of PBS and 1%
formaldehyde without methanol (Polyscience, Inc.) for 8 min at room temperature.
The reaction was stopped by the addition of 125 mM glycine (Sigma-Aldrich®).
Nuclei were pelleted at 2000 rpm for 2 min at 4ºC to remove the formaldehyde and
re-suspended in 500 µl of SDS lysis buffer (50 mM HEPES pH7.5, 140 mM NaCl, 1
mM EDTA pH 8.0, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS). The
solution was sonicated for 15 cycles 30’’ON 30’’OFF using Bioruptor® Twin
(Diagenode). Membrane debris were discarded after centrifugation at maximum
speed for 20 min at 4ºC and DNA-protein complexes diluted 10 fold in IP buffer
(150 mM NaCl, 10 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.1% NP-40 with protease
and phosphatase inhibitors). 10 µl of the diluted complexes were incubated at 4ºC
overnight with 4 µg of anti-acetylated Histone3 (rabbit polyclonal, 06-598, Merck
Millipore) antibody, anti-acetylated Histone4 (rabbit polyclonal, 06-599, Merck
Millipore) antibody or anti-mouse IgG (rabbit polyclonal, ab46540, Abcam)
antibody, in 500 µl of IP buffer containing 0.5% bovine serum albumin (BSA)
(Sigma-Aldrich®) and 200 ng/ml of Salmon Sperm DNA (Sigma-Aldrich®). At the
end of the overnight incubation, 10 µg of secondary antibody (goat anti-rabbit,
80

polyclonal, AP132, Merck Millipore) was added for 1 hour, followed by 1 hour
incubation with 40 µl of Magna ChIP™ Protein G Magnetic Beads (Merck
Millipore). The beads bound to the Fc region of the antibodies, mediating their pull
down, along with attached DNA-protein complexes. Beads and DNA-protein
complexes were washed with 1 ml of IP buffer for four times at 5 min each and the
cross-linker was removed by incubating the sample overnight at 65ºC in 100 µl of
elution buffer (0.1% SDS, 200 mM NaCl, 100 mM NaHCO3). The magnetic beads
were then removed and the DNA purified using QIAquick PCR Purification Kit
(Qiagen) according to the manufacturer’s instructions, and eluted in 50 µl of pure
water.
Purified DNA was analysed by SYBR Green qPCR for enrichment at different
positions on GLUL promoter regions and on the promoter region of positive and
negative controls genes (Table 2-5). 1 µl of eluted DNA was amplified using
SYBR® Green PCR Master Mix (Applied Biosystems) as follows: an initial
denaturation at 95°C for 2 min, followed by 95°C for 15 sec and 60°C for 1 min for
40 cycles, 95°C for 1 min and 65 °C to 95 °C at 2 °C / sec on a MX3000 (Stratagene,
Agilent Technologies). The DNA enrichment ΔCt was determined as the difference
between the Ct from each pull-down reaction with the specific antibody, and the one
from input DNA without antibody. The method was verified by ensuring that the
controls, anti-IgG-mediated and negative pull-down were null compared to those
obtained from the anti-Histone3 and anti-Histone4 antibodies. The specific gene
enrichment was calculated as ΔΔCt of the region of interest versus a non-expressed
gene, Haemoglobin 2α (H2A). GAPDH and RPLP0 were analysed for DNA
enrichment about 1000 bp upstream their transcriptional start site (TSS) as positive
controls of the ChIP reaction, as they were constitutively expressed in the cell lines.
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Assay ID

Forward primer

Reverse primer

Position to the TSS

5000

TCAACTTCTGGCTGGGTCTT

AGGAAGGCTCCCAAAGAAAA

-5128 to -4988 bp

2500

CATCTGCGCCCTAATTTCAT

GCAGCACCATCAAGAGAACA

-2564 to -2275 bp

500

ACATTTTCCCAACCATCACG

GCAGCTGAAAGGAAATCGAG

-635 to -480 bp

GLUL

TTCCCCAGACCCAAGAGAG

GAACCAGGGAAACCGAATTT

-226 to -25 bp

GAPDH

CGGCTACGCGGTTTTTACG

AAGAAGATGCGGCTGACTGT

-1455 to -1276 bp

RPLP0

CACTGCTAACAGGGCTGACA

GTTCAGTTGGCGGATGACTT

-1608 to -1412 bp

HBA2

CTGGCAAACCATCACTTTT

GCTCTGGGTAGGGAAAGGC

-1077 to -929 bp

Table 2-5. ChIP qPCR primer set.
DNA enrichment was investigated at different positions from the transcriptional start site (TSS) on GLUL: approximately 5000 base pair (bp) (5000), 2500 bp (2500), 500 bp
(500) upstream the TSS and on the TSS (GLUL). Large Ribosomal Protein p0 (RPLP0) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes were used as
positive control as these genes are constitutively expressed in the cells. HBA2 was used as negative controls as this gene is not expressed in the cell lines used for this
experiment. All the control assays were designed to cover a region of the promoter around 1000 bp upstream the TSS of each gene.
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2.3

2.3.1

RNA and protein extraction and analysis

RNA extraction from cell lines

Total RNA from cell lines was extracted using the TRI Reagent (Ambion®)
following standard laboratory protocol (Sambrook 2001). Briefly, the cells were
homogenised in 1 ml of TRI Reagent, followed by 100 µl of 1-bromo-3chloropropane (Sigma-Aldrich®). The solution was vigorously vortexed and
centrifuged at 10000 rpm at 4ºC for 20 min to enable phase separation. The upper
aqueous layer was carefully moved in to a new tube avoiding disruption of the
interphase. RNA was washed adding 1.2X volume isopropanol and concentrated
with 1 ml of 75% ethanol. The RNA pellets were eluted in 50 µl of pure water.
RNAs were quantified using a spectrophotometer (Nanodrop, Thermo Scientific).
RNA was considered pure when the ratio of absorbance at 260/280 was
approximately 2.

2.3.2

Gene expression analysis

100 ng of RNA was reverse-transcribed into cDNA using the High Capacity cDNA
Kit (Applied Biosystems) per manufacturer’s instructions in a geneAmp® PCR
System 9600 (Applied Biosystems) as follows: 25°C for 2 min was followed by
37°C for 2 hours and 85°C for 5 min.
Gene transcript levels were determined by semi-quantitative real-time PCR using
TaqMan® gene expression assay: Hs000374213_m1 for Glutamine synthetase
(GLUL),

Hs00540723_m1

for

Arginino-succinate

synthetase

(ASS1)

and

Hs00999901_s1 for Ribosomal Large protein p0 (RPLP0) (Applied Biosystems).
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Each real-time reaction was repeated in assay triplicate using 1 ng of cDNA in a 10
µl reaction, using the following PCR reaction: an initial denaturation at 95°C for 2
min, followed by 95°C for 15 sec and 60°C for 1 min for 40 cycles on a MX3000
(Stratagene, Agilent Technologies). Real-time PCR results were represented by a
threshold value (Ct). qPCR results were then normalised by subtracting RPLP0
values from GLUL and ASS1 results, generating the ΔCt, followed by calculation of
the antilog of the calculated ΔCt. ΔΔCt was calculated as difference between the ΔCt
between the treated and untreated cells, when available, and used to determine the
fold change. The final quantifications across the three biological replicates were then
averaged and the standard deviation calculated for each sample.

2.3.3

Protein analysis
2.3.3.1 SDS-PAGE electro-blotting in reducing conditions

The presence of Glutamine synthetase (GS) and Arginine-succinate synthetase
(ASS1) in each sample was analysed by SDS-PAGE electro-blotting in reducing
conditions using standard laboratory protocol (Abcam). Briefly, cells were lysed in
100 µl of RIPA buffer (150 nM sodium chloride, 1% Triton-X100, 0.5% sodium
deoxycholate, 0.1% sodium-dodecyl-sulphate (SDS), 50 nM Tris-HCl, pH 8.0) with
the addition of protease inhibitors (cOmplete, Mini, EDTA-free Protease Inhibitor
Cocktail, Roche) at 4°C under agitation for 30 min. Purified proteins were quantified
using the DC Protein assay (BioRad Laboratories) as per manufacturer’s protocol in
a 96-well plate. Briefly, each protein solution was diluted in a 96-well plate well and
a mix of reagent A and S (alkaline copper tartrate solution) was added to each well
prior to reagent B (dilute Folin Reagent). The assay is based on the reduction of
Folin reagent by the protein treated with alkaline copper tartrate solution, leading to
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colour development which is analysed by absorbance after 15 min incubation at
room temperature at 750 nm in a plate reader (Biotek Synergy HT). Each sample
was analysed in duplicate and concentration was determined using a standard curve
of bovine serum albumin (BSA by Sigma-Aldrich®).
After protein quantification, each sample was diluted in 2X Laemmli buffer (4%
SDS, 10% β-mercaptoethanol, 20% glycerol, 0.04% bromophenol blue, 0.125 M
Tris-HCl) and denatured at 95°C for 15 min.
20 µg of total protein from each sample and 4 µl of PageRuler™ Prestained protein
ladder (10-170 kDa, Thermo Scientific) were separated according to their molecular
weight using a poly-acrylamide gel. Protein were firstly stacked for 10 min at 100 V
in a 4% poly-acrylamide gel (0.1% SDS, 0.5 M Tris-HCl), and then resolved into a
10% gel (0.1% SDS, 1.5 M Tris-HCl) for 1 hour at 180 V.
Proteins were then transferred from the polyacrylamide gel to a PVDF membrane
(GE Healthcare) by electro-blotting. The gel and the membrane were clamped
together in a paper and sponge sandwich (sponge, paper, gel, membrane, paper,
sponge) removing any trapped air that may interfere with the protein migration. The
sandwich was submerged into a transfer buffer (25 mM Tris-base, 190 mM glycine,
20% methanol) and 300 mA was applied for 1 hour using a Bio-Rad chamber
(BioRad Laboratories) to transfer the protein onto the PVDF membrane.
The membrane was incubated with 5% skimmed milk powder (Fisher Scientific) in
TBS-T (0.1% Tween-20, 50 mM Tris-HCl, 150 mM NaCl up to 1 L in water, pH
7.6) for 1 hour at room temperature to block any non-specific binding in subsequent
antibody incubations. The primary antibody (Table 2-6) was diluted in 5% skimmed
milk solution and incubated overnight at 4°C, and then washed in TBS-T for 30 min.
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The membrane was then incubated with the secondary antibody in TBS-T for 1 hour
at room temperature following by washing in TBS-T for 30 min.
The detection signal was generated after 5 min incubation using ECL plus solution
(GE Healthcare). A chemi-luminescence reaction between the Horseradish
Peroxidase (HPX) on the secondary antibody and the substrate generates a light
signal detected by G:BOX iChemi XT software (Syngene) using a G-BOX Syngene
(Syngene).
In some experiments, membranes were stripped by washing in stripping solution
(200 mM glycine, 3.5 mM SDS, 0.1% Tween 20 in 1 L water, pH2.2) for 30 min.
The membrane was then treated as described above.
The intensity of each band was quantified using the densitometry measurement tool
Gene Tools software (Syngene) and compared to the loading control, β-actin (Cell
Signalling). Blots presented in this thesis are a representative image from a minimum
of three biological replicates averaged with standard deviation.
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First antibody

Secondary antibody

Antibody clone and company

dilution

610517, BD Transduction Laboratories™

1:5000

Antibody company

dilution

Anti-Mouse
GS

1:1000
#7076, Cell Signalling Technologies™

Anti-Mouse
ASS1

611700, BD Transduction Laboratories™

1:2500

1:1000
#7076, Cell Signalling Technologies™

13E5, #4970, Cell Signalling
β-actin

Anti-Rabbit
1:2000

Technologies™

1:2000
#7074, Cell Signalling Technologies™

Table 2-6. Antibodies used in SDS-PAGE electro-blotting.
Glutamine synthetase (GS) and Arginino-succinate synthetase (ASS1) levels were analysed using SDS-PAGE electro-blotting. Each signal was then compared to a loading
control, β-actin, which was shown to remain stable regardless of treatment.
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2.3.3.2 Native gel separation
Proteins were analysed in their native form by Native gel using the Abcam protocol
(Abcam). Cells were lysed and proteins quantified as previously described. After
protein quantification, each sample was diluted in non-reducing 2X Laemmli buffer
(25% glycerol, 1% bromo-phenol blue, 62.5 mM Tris-HCl pH6.8).
40 µg of total proteins from each sample and 10 µl of HiMark™ Prestained HMW
protein standard (31-460 kDa, Invitrogen) were separated in 1X Novex® TrisGlycine Native Running Buffer (Life Technologies) according to their molecular
weight using the Novex® NativePAGE™ Bis-Tris Gel System (Life Technologies)
for 4 hour at 80 V. Proteins were then transferred to a PVDF membrane (GE
Healthcare) and analysed as described before.
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2.4

2.4.1

Clinical samples

Cuneo’s cohort

151 primary breast cancer and 20 samples of normal breast tissues were obtained as
paraffin-embedded tissues, after informed patient consent and local ethics committee
approval, from S.Croce-Carle Hospital (Cuneo, Italy). DNA from slices of paraffinembedded tissue blocks was extracted and analysed by pyrosequencing as described
above.

2.4.2

Tissue Micro-Array

89 paraffin embedded tissues from Cuneo’s Tissue bank, were used as starting
material to generate a Tissue Micro-Array (TMA) at Basel University Hospital,
Switzerland. TMAs in an agarose block were generated according to the supplier’s
standard protocols.
Tissue Micro-array were stained and scored for Glutamine synthetase expression at
Barts Cancer Institute (Queen Mary University of London) using the anti-Glutamine
synthetase antibody used previously in SDS-PAGE electro-blotting (610517, BD
Transduction Laboratories™).

2.4.3

In silico dataset

523 primary breast cancer patients’ methylation and clinical data were available and
downloaded from The Cancer Genome Atlas (TCGA) Data Portal (https://tcgadata.nci.nih.gov/tcga/). Primary breast cancer tissues were analysed using 450k
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methylation array (Illumina Inc.) as described previously. No normal tissues were
included in the cohort.
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2.5

2.5.1

Statistical analysis

Survival analysis

Difference in methylation status between normal and tumour samples were analysed
using Receiver Operating Characteristics (ROC) curves on SPSS (IBM Software). In
the ROC curve the straight line represents the null hypothesis that there is no
difference between the two datasets. The other line shows the distribution of the
experimental data as sensitivity (ability to recognise true positive) and 1-specificity
(ability to recognise false positive). The area between the two lines represents how
accurate the test is to discriminate between the two populations examined: the closer
to 1 the better the test is. Methylation cut-off was determined using the mean
methylation of the normal tissue plus three standard deviations. Tumour samples
were therefore divided into hyper-methylated and hypo-methylated. Methylation was
analysed statistically as scale variable by non-parametrical Wilcoxon-Mann-Whitney
(two variables) or Kruskal-Wallis One-way ANOVA (for more than two variables)
test for age, ER and PR expression, Her2 expression, grade, tumour size and nodal
status.
Overall survival was defined as the period between surgery and death or the last time
the patient was recorded. Differences in survival between hyper- and hypomethylated patients were investigated using Kaplan-Meier survival curve and
compared by means by log-rank test on SPSS (PASW Statistic 18 for PC).
Significance was reached when the p-value was less than 0.05. When the survival
analysis were significant, the COX progression-hazards regression model was used
to determine the Hazard-Ratio (HR) and to investigate the possible confounding
effects, such as age, ER-PR expression, Her2 expression, tumour size and nodal
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status. The HR represents the risk of the event to occur in one of the population
versus the other, with 95% probability to vary into the confidence interval (C.I.).

2.5.2

In vitro data statistical analysis

In vitro experiments were analysed as biological triplicates by One-way or Two-way
ANOVA based on the experimental set-up using Prism 6.0 (Graph Pad).

Sensitivity or resistance to a specific drug was determined using Inhibitory
Concentration 50 (IC50) analysis on Prism 6.0 (Graph Pad) by determining the
concentration at which half-maximum effect is obtained. Briefly, different drug
concentrations were Log10 transformed and the Optical Density (OD) from the
survival analysis normalised to set the highest value as 100% and an OD reading of
zero as 0%. Non-linear regression for normalised dose-response-inhibition was then
applied to obtain the IC50 values for each dataset. IC50 from biological replicates
were then averaged and the standard deviation determined. Statistical significance
between IC50 values at specific time points were tested using the non-parametric
Mann-Whitney test.
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3 Glutamine synthetase

3.1

Introduction

Glutamine (gln) is the most abundant amino acid in serum, in which it plays a role as
carrier of ammonia. Its major role within the cell is as a substrate for the TCA cycle
and macromolecule intermediate for nucleic acids and protein synthesis (Fuchs and
Bode 2006, Yuneva 2008, DeBernardis and Cheng 2010). The observation that
immortalised cells are unable to grow in glutamine limited conditions first
emphasised the relevance of this amino acid in cancer biology (Warburg 1956,
Yuneva et al. 2007). Recently, glutamine limitation has been shown to inhibit cell
growth and invasion in prostate cancer (Fu et al. 2011) and in breast cancer, in a
subtype-dependent manner (Kung et al. 2011).

Lack of glutamine in cancer cells activates autophagy via the mTOR and glutamine
synthesis by up-regulation of Glutamine synthetase (Wang and Watford 2007, Chiu
et al. 2012). The two pathways co-operate to restore glutamine concentration to
normal levels (van der Vos et al. 2012). mTOR, once activated, translocates onto the
lysosome surface and increases autophagy flux to replace metabolic intermediates
and any amino acids that are in short supply (Eng and Abraham 2010, Gomes et al.
2011, van der Vos et al. 2012). The pathway is then inhibited via glutamine when the
concentration returns to normal levels (Duran et al. 2012) (Figure 1-7). Glutamine
absence also promotes the PI3K-AKT pathway activation causing FOXO3A
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translocation into the nucleus. FOXO3A binds to the Glutamine synthetase promoter
region and up-regulates the gene (GLUL) (van der Vos et al. 2012).

Glutamine synthetase (GS) is the only enzyme in human cells that can synthesise
glutamine using glutamate and ammonia as substrates (Dang 2010). This role places
it in a perfect position as target of synthetic lethality under glutamine deprivation
conditions. Glutamine synthetase level has already been shown to correlate with
tumour grade and to influence the response to treatment, although the mechanisms
involved are still poorly understood (Reinert et al. 2006, Di Tommaso et al. 2009,
Dal Bello et al. 2010). Glutamine synthetase (GS) protein levels have been correlated
to hepatocellular carcinoma patients’ response to specific treatments, such
Radiofrequency Thermal Ablation (RFTA) (Dal Bello et al. 2010) and Lasparaginase administration (Reinert et al. 2006). High level of the enzyme
correlates with a decrease in progression-free survival after RFTA treatment (Dal
Bello et al. 2010) and development of resistance to L-asparaginase therapy (Reinert
et al. 2006). GS is not only linked with response to treatment, but has also been
validated as a marker of highly malignant hepatocellular carcinoma (Di Tommaso et
al. 2009, Dal Bello et al. 2010).

Although Glutamine synthetase (GLUL) gene has been shown to be differentially
expressed in breast cancer sub-types (Kung et al. 2011) and proven to be induced in
cancer cells via multiple pathways (Medina 2001, Haghighat 2005, Liu et al. 2012,
Miller et al. 2012, van der Vos et al. 2012), its epigenetic regulation has not been
investigated.
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The aim of this section of the thesis was to evaluate the epigenetic modulation of
Glutamine synthetase, primarily via DNA methylation, and the presence of a subset
of breast cancer characterised by GLUL silencing. Epigenetic silencing of GLUL
would make cancer cells unable to up-regulate the gene in minimal glutamine
conditions. Glutamine depletion would be therefore lethal for these cells but not for
healthy cells, therefore leading to synthetic lethality. Should the hypothesis be
confirmed, Glutamine synthetase would be a potential predictive biomarker of
sensitivity to glutamine-depletion treatment in breast cancer.
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3.2

3.2.1

Epigenetic regulation

Methylation analysis
3.2.1.1 450k methylation array

Large scale methylation screening was used to identify novel targets of synthetic
lethality in breast cancer. 13 breast cancer cell lines were screened using the 450k
Methylation array to identify aberrant methylated region(s). The array is designed to
analyse different regulatory regions covering more than 485,000 CpG sites in the
human genome. The probes are distributed mainly to cover CpG islands but they
also include the Shore (2.5 kb up- and down-stream each CpG Island) and Shelf
regions (2.5 kb up- and down-stream the Shore), 5’UTRs, gene bodies and 3’UTRs
(Illumina 2012).

Based on the 450k Methylation array screening, Glutamine synthetase (GLUL) was
identified as highly methylated in a subset of breast cancer cell lines (4/12). As
shown in Figure 3-1, a highly variable region of methylation was found within the
GLUL CpG island. Based on the methylation status of the seven probes in this
region, breast cancer cell lines can be divided into GLUL highly methylated and
GLUL unmethylated. GLUL methylation was found between 46% and 98% in the
highly methylated cells and between 1.5% and 11% in the unmethylated cells.
Highly methylated cells were found to be predominantly Her2 positive, the only
exception was the MDA-MB-468 triple negative cell line. It is worth noting that no
significant variation was found in the S-Shore, N-Shore, N-shelf and gene body. The
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methylation was limited to 57-95% in the S-Shore, 7-15% in the N-Shore, 71-83% in
the N-Shelf and 54-97% in the gene body.

The variation seen in GLUL CpG island places it in a very interesting position as an
epigenetic-regulated gene. If it is true, high level of methylation in the gene
regulatory region should cause the gene silencing, and highly methylated cancer cells
would have null gene expression and translational level.
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Figure 3-1. Methylation array analysis for Glutamine synthetase.
GLUL is located on chromosome1 q23 and includes three different transcripts (NM_001033044.2,
NM_002065.5, NM_001033056.2) encoding the same protein. Exons are in green, 3’UTR and 5’UTR
in blue, CpG island in red, S-Shore and N-Shore in orange, N-Shelf in yellow.
The transcripts share the same coding region, composed of 5 exons and the same 3’UTR, but differ in
the 5’UTR. NM_001033044.2 and NM_002065.5 has the same transcriptional start site (TSS) and the
same first exon but the second has an extra exon in the 5’UTR. NM_001033056.2 has a different
transcriptional start site downstream the others with only one exon in the 5’UTR.
The panel of cell lines was divided into subtypes: 6 triple negative, 4 Her2-positive and 3 Her2negative ER/PR-positive cells. The results are colour-coded based on the β-value: red corresponds to
high methylation (100%) and blue to low methylation (0%).
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3.2.1.2 Bisulphite sequencing validation
Based on the 450k Methylation array data, a region at the 5’UTR of Glutamine
synthetase CpG island was identified as highly variable across the panel. To verify
this result, the GLUL CpG island was analysed in a selection of cell lines using
bisulphite sequencing.

One cell line per subtype was included in the analysis: MDA-MB-231 (Triple
negative), JIMT1 (Her2-positive), MCF7 (hormone-receptor positive), and Hs 578T
as it is unmethylated across all the probes in the 450k Methylation array (Figure
3-1). As shown in Figure 3-2, bisulphite sequencing confirmed the most variable
region of methylation status as covering the first 26 CpG sites, ranging from 5% in
MDA-MB-231 to 75% in the JIMT1. This region corresponded to the sequence
covered by the first seven probes in the 450k Methylation array analysis (Figure
3-1). Furthermore, the sequencing results confirmed the status of MDA-MB-231 and
MCF7 as unmethylated and Hs 578T as poorly methylated (Figure 3-2). However,
JIMT1 was highly methylated (Figure 3-2) in contrast with the 450k Methylation
array data (Figure 3-1).

Results demonstrated the 5’ UTR of GLUL CpG island was established as the most
variable region in methylation status, by which methylated and unmethylated breast
cancer cell lines could be differentiated. This led to the design of a pyrosequencingbased assay to screen a larger panel of breast cancer cell lines.
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Figure 3-2. GLUL CpG Island bisulphite sequencing.
Glutamine synthetase CpG island overlaps the first exons of all three transcripts. The transcriptional
start site (TSS) of the longest transcripts (NM_001033044.2 and NM_002065.5) is shown in the
figure. The 450k Methylation Array probes location is represented by green lines, and the CpG sites
by black lines. Three primer sets were designed within the CpG island (blue rectangles; see details on
sequences in Table 2-3). CpG sites that appeared to be methylated from the analysis of 10 clones for
each cell line are red, unmethylated sites yellow. Pyrosequencing primers were designed in the region
that was most highly methylated (red rectangle).
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3.2.1.3 Pyrosequencing analysis
The pyrosequencing assay was designed to investigate the methylation status of 9
CpG sites in the region identified as the most variable from the 450k Methylation
array and the bisulphite sequencing analysis.

This extended panel of 16 cell lines included 7 triple negative cell lines of which
only MDA-MB-468 was found to be methylated in the region of interest. A cell line
was considered to be highly methylated when the methylation percentage across the
pyrosequencing assay was above 60%. Of the 6 Her2 positive cell lines in the panel,
4 were methylated (MDA-MB-361, Hcc1954, BT474 and JIMT1). Of 3 ER/PR
expressing cell lines, none were methylated. As expected, the pyrosequencing data
correlated very closely with the bisulphite sequencing results. JIMT1 was methylated
by 75% and 72%, MDA-MB-231 5% and 5% by bisulphite sequencing and
pyrosequencing respectively.

The pyrosequencing results identified 37.5% highly methylated (average methylation
over 60%), 12.5% intermediately methylated (with an average methylation ranged
from 15% to 60%) and 50% unmethylated (average methylation below 15%) from a
panel of 16 breast cancer cell lines. The influence of methylation in modulating the
expression levels of the gene will be discussed in section 3.2.2.
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Figure 3-3. Screening of cell lines for GLUL by pyrosequencing.
9 CpG sites, each represented by a square in the figure, on GLUL CpG island were analysed in
biological triplicates by pyrosequencing across the breast cancer cell line panel. The proportion of
black in each square shows the average of methylation in each CpG site (see legend on the top right).
The methylation status across the panel was calculated as the mean from the 9 CpG sites for each cell
line. The biological triplicates were then averaged and the standard deviation generated to obtain the
methylation status for each cell line (values on the right).
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3.2.2

Expression analysis
3.2.2.1 GLUL expression level in breast cancer cell lines

Based on the methylation analysis, the region at the 5’ UTR of GLUL CpG island
was established to be the most variable, enabling discrimination of methylated or
unmethylated cells. To investigate the role of methylation in modulating the gene, it
was crucial to analyse its expression and translation level across the panel.

GLUL consists of three transcripts, NM_001033044.2 NM_002065.5 and
NM_001033056.2, encoding the same protein (Figure 3-1). The real-time PCR
(qPCR) was designed to detect the expression of all transcripts as the primer set
covers a shared coding region (between the first and second coding exon). As shown
in Figure 3-4, the cell line panel was divided based on breast cancer subtype to
evaluate the possibility of different expression level within them. Within each
subtype a wide range of expression was found (Figure 3-4). Triple negative cells
showed the most variation in GLUL expression level with a 252 fold change between
the lowest (Hs 578T) and the highest expressing (MDA-MB-468). Conversely, the
hormone-positive lines were the least variable, with a 7 fold change between the T47D and the ZR-75-1. It is worth noting that Hs 578T and MDA-MB-361, the lowest
and the highest expressing respectively with a 526 fold difference, were both found
methylated in the previous analysis (Figure 3-3).

Based on expression level, none of the breast cancer subtypes correlates with a high
or low GLUL expression profile, all showing a wide range of expression. However,
complete characterisation of our breast cancer cell line panel requires examination of
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not only the expression level of GLUL but also the protein levels, which will be
discussed in the following chapter.
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Figure 3-4. GLUL expression level analysis.
Glutamine synthetase expression was investigated in the breast cancer cell lines panel by real-time
PCR. The cells were organised by breast cancer subtype and ordered by increasing gene expression
values by qPCR. Each value was expressed as average with standard deviation among biological
triplicates.
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3.2.2.2 Glutamine synthetase protein (GS) level in breast cancer cell lines
Our breast cancer cell line panel was screened by SDS-PAGE electro-blotting to
complete the characterisation of Glutamine synthetase. The Glutamine synthetase
enzyme is formed by two symmetrical rings of 4 monomers (GS), each encoded by
GLUL. The quaternary structure is stabilised by hydrophobic interaction and
hydrogen bonds between monomers mirroring each other from the two rings
(Eisenberg et al. 2000).

To investigate the specificity of the antibody used in these experiments, lysates from
a selection of cell lines were analysed by native electro-blotting. Only one band was
found in each cell line, between 268 kDa and 460 kDa, as shown in Figure 3-5 A.
The band was located at 440 kDa as predicted (each monomer is 42 kDa, the enzyme
was expected to be around 440 kDa), and thus established the reliability of the
antibody to specifically recognise the protein of interest. However, native gel can not
be used to quantify the protein level due to lack of loading controls. Therefore GS
level were routinely analysed using denaturing SDS-PAGE electro-blotting from this
point onwards.

The bonding of the dimers, which stabilises the quaternary structure, was found to be
extremely difficult to disrupt. Thus GS was detected as monomer (42 kDa) and
dimer (about 80 kDa) form when analysed after denaturation in reducing condition
(Figure 3-5 B). The fold change in total GS was determined across the whole panel,
and was calculated by determining a densitometric value for both GS bands in each
cell line. A 24.7 fold change from Hs 578T to MDA-MB-361 was observed, for the
lowest and the highest Glutamine synthetase protein (GS) level respectively. These
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are the same two cell lines found to be the lowest and the highest for GLUL
expression respectively in the previous analysis (see chapter 3.2.2.1). It is worth
noting that triple negative cell lines showed the least variation with a 2.5 fold change
between the lowest and the highest protein level, Hs 578T and Hcc1937 respectively.
The widest variation was found across the Her2-positive cell lines with a 24.6 fold
change between the lowest level in JIMT1 and the highest level in MDA-MB-361.
However, the fold-change between Hs 578T and MDA-MB-361 observed by SDSPAGE electro-blotting is 10-times less than the mRNA level detected. This is due to
the different nature of the samples, cDNA and protein, and the detecting methods,
fluorescent intensity and densitometry respectively. Real-time PCR used to study
mRNA level is more sensitive and reproducible, while SDS-PAGE electro-blotting
results are more variable and less sensitive. The analysis demonstrated triple
negative cell lines as generally expressing lower amounts of GS.
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A)

B)

Figure 3-5. Glutamine synthetase protein analysis.
Glutamine synthetase expression was investigated in the breast cancer cell line panel by A) native gel
or B) SDS-PAGE followed by electro-blotting. The cells were divided by breast cancer subtype and
ordered by increasing expression by qPCR. The expression level was expressed as the average +/standard deviation of biological triplicates. Densitometry analysis was used to determine the quantity
of Glutamine synthetase in each experiment and was calculated using the ratio between the
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densitometry values of GS, i.e. the sum of the two bands, representing monomer and dimer, to the
loading control.
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3.2.2.3 Correlation between methylation gene expression and protein level
To evaluate the role of methylation in modulating the expression and translation of
GLUL, correlation analysis across the three variables were crucial. The hypothesis
was that highly methylated cells have low to non-existent expression of the gene.

Based on the DNA methylation and GLUL expression analysis, no correlation was
found between methylation status and mRNA level (R: 0.301, p-value: 0.258)
(Figure 3-6, Figure 7-2 B). As described in the previously (sections 3.2.2.1 and
3.2.2.2), methylated cell lines included both the lowest (Hs 578T) and the highest
(MDA-MB-361) expressing cells across the panel. While no clear association was
found between methylation status and gene expression, there was a strong correlation
between mRNA and protein level (R: 0.818, p-value<0.001) (Figure 3-6, Figure 7-2
A). It was observed no evident role for DNA methylation on GLUL silencing thus
far. However, one group of breast cancer cell lines (Hs 578T and JIMT1) in which
methylation correlated to no expression of GS. Therefore, it may be possible that
DNA methylation plays a role in GLUL modulation, but requires complementary
mechanisms to be fully functional. The hypothesis will be investigated in the
chapters 3.2.3 and 3.2.4.
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Figure 3-6. 3D scatter blot of GLUL methylation and expression levels.
The methylation data obtained by pyrosequencing analysis were correlated with the expression and
protein level. Each dot represents a cell line characterised by three different values: the average
methylation, expressed as a percentage, on the X axis (blue); the GLUL gene expression level by
qPCR on the y axis (red) and the protein level by SDS-PAGE electro-blotting on the z axis (green). A
grey line connects each 3D dot with the corresponding methylation value onto the corresponding 2D
plane to make easier positioning each cell lines in the 3 dimensional space. Cell lines panel are
colour-coded based on methylation results by pyro-sequencing.
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3.2.3

De-methylation effects on GLUL expression

Previous analysis demonstrated the existence of a group of breast cancer cell lines
characterised by high GLUL DNA methylation and no baseline expression,
suggesting a role for methylation in modulating the expression of the GLUL gene.
Therefore a selection of cell lines with different methylation status and baseline
expression was tested by whole genome de-methylation and pro-acetylation
treatments.

To discern if GLUL could be epigenetically modulated, the gene expression and
translational levels were investigated in a selection of cell lines after widespread
genome de-methylation and pro-acetylation treatment. Widespread de-methylation
was obtained by aza (5-aza-deoxycytidine), a cytosine homologue binding to methyltransferase in proliferating cells, while pro-acetylation of histones was caused by tsa
(Trichostatin A), a HDAC inhibitor that reduces chromatin condensation. Genes
repressed mainly via DNA-methylation were up-regulated after aza treatment, whilst
those whose repression involved histone pro-acetylation were up-regulated after tsa
treatment.

As shown in Figure 3-7, wide-spread de-methylation had no effect on GLUL
expression in unmethylated cell lines (MDA-MB-231, MCF7 and T-47D), even
though the basal level across the three cell lines was different. In addition, there was
no variation in the methylation status in response to aza treatment (Table 3-1),
confirming the hypothesis that no epigenetic modulation was present in this group of
breast cancer cell lines.
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All methylated cell lines showed a decrease in the promoter region methylation of
about 30% in response to de-methylation treatment (Table 3-1), with JIMT1 showing
the strongest difference while Hs 578T showed the smallest difference. There was a
9.5 fold change difference between the methylation status of JIMT1 and Hs 578T
when treated with aza. However, up-regulation of the GLUL gene was observed only
in cells with no GLUL baseline expression (Hs 578T and JIMT1) (Figure 3-7) after
de-methylation treatment. As shown in Figure 3-7, in this subset of cells proacetylation treatment enhanced the effect of de-methylation on GLUL gene. GLUL
expression changed from a maximum increase of 8.4 fold in JIMT1 when treated
with aza to 15.5 fold when in combination with tsa. It is worth noting that tsa
treatment on its own did not up-regulate GLUL expression (Figure 3-7). No GLUL
modulation was found in methylated GLUL expressing cells in response to any of the
epigenetic treatments (Figure 3-7), in contrast with a de-methylation of
approximately 30 % with aza (Table 3-1).

These results delineated two groups of methylated cell lines based on their GLUL
expression baseline level: methylated GLUL expressing or methylated GLUL non
expressing, i.e. silenced. GLUL up-regulation after de-methylation treatment in
methylated GLUL non expressing cells confirmed a role of DNA methylation in
modulating the gene expression. However, the null effect of epigenetic treatment on
methylated GLUL expressing cells and the synergetic effect of de-methylation and
pro-acetylation treatments in methylated GLUL non expressing cells demonstrated a
co-operation between DNA methylation and histone acetylation. Therefore it was
important to understand the effect of the histone acetylation status on the activity of
the Glutamine synthetase promoter region.
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MDA-MB-231

MCF7

T-47D

Hcc1954

MDA-MB-468

MDA-MB-361

Hs 578T

JIMT1

ct

4.7 ± 2.1

3.7 ± 2.1

5.0 ± 1.0

75.4 ± 6.0

63.3 ± 12.7

73.7 ± 5.1

18.3 ± 1.2

74.3 ± 2.1

aza

3.7 ± 1.5

3.3 ± 0.6

4.0 ± 0.1

40.7 ± 9.6

30.7 ± 21.2

49.0 ± 7.9

14.0 ± 2.6

36.3 ± 4.9

aza+tsa

11.0 ± 3.6

12.3 ±4.7

7.3 ± 3.2

37.7 ± 7.5

36.7 ± 16.7

55.0 ± 7.0

14.7 ± 2.3

37.7 ± 5.1

tsa

11.0 ± 5.0

9.3 ± 2.1

5.3 ±2.1

68.7 ± 8.1

65.0 ± 5.0

73.3 ± 4.5

18.0 ± 3.2

67.7 ± 6.7

Table 3-1. Methylation status of the GLUL promoter region after the epigenetic treatments.
Levels of GLUL methylation were checked after aza and tsa treatments by pyrosequencing. The average and standard deviation between the biological triplicates are shown
in the table. Cell lines are colour-coded based on their methylation and gene expression status: unmethylated in white, methylated GLUL expressing in light grey and
methylated GLUL non expressing in dark grey.
ct: untreated. aza: 5 days administration of 5-aza-deoxycytidine. aza+tsa: 5 days with 5-aza-deoxycytidine and 16 h incubation with Trichostatin A before harvesting. tsa: 16
h incubation with Trichostatin A before harvesting.
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Figure 3-7. GLUL re-expression analysis.
Cell lines were divided into three groups based on their methylation and expression status:
unmethylated cells (MDA-MB-231, MCF7 and T-47D), methylated GLUL expressing (Hcc1954,
MDA-MB-468 and MDA-MB-3) and methylated GLUL-silenced (Hs 578T and JIMT1) cells.
The histogram represents the qPCR average and standard deviation across biological triplicates. Gene
modulation is expressed as fold change. One-way ANOVA on Prism 6.0 (Graph Pad) was used to
analyse the statistical significance of any GLUL modulation after treatments. Statistical significance
for the survival is shown as stars (*: p-value 0.05, **: p-value 0.01, ***: p-value 0.001, ****: p-value
<0.001). A representative image showing GS modulation by SDS-PAGE electro-blotting after each
treatment and the loading control, β-actin, is given for each cell line.
ct: untreated. aza: 5 days with 5-aza-deoxycytidine. aza+tsa: 5 days with 5-aza-deoxycytidine and 16
h incubation with Trichostatin A before harvesting. tsa: 16 h incubation with Trichostatin A before
harvesting. GS: Glutamine synthetase.
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3.2.4

Histone acetylation analysis

Two groups of methylated cells were defined during previous analysis based on
GLUL baseline and response to epigenetic modulating treatments. The results led to
the hypothesis that both DNA methylation and histone acetylation could have a role
on GLUL expression. To verify the role of histone modification, histone acetylation
status of Histone4 (H4) and Histone3 (H3) was analysed by Chromatin ImmunoPrecipitation (ChIP) in the same cell lines tested previously.

To validate histone acetylation as a marker of gene expression and determine the
acetylation threshold corresponding to gene expression, the baseline status of
reference genes, GAPDH and RPLP0, known to be constitutively expressed in our
cell lines panel, were determined. HB2A, a gene not expressed across the panel, was
used as reference of background level. As shown in Figure 3-8 A, both genes were
enriched for histone acetylation across the panel. GAPDH enrichment ranged from
2.3 to 8.1 fold for H4 and from 3.8 to 17.8 fold for H3. RPLP0 enrichment was in the
range 2.3 to 8.1 fold in H4 and from 3.7 to 17.9 fold in H3. Therefore enrichment
values in the range of GAPDH and RPLP0 and over should be considered to be
involved in promoting gene expression.

As evident from Figure 3-8 B and C, methylated GLUL expressing cell lines can be
characterised by a specific peak of histone acetylation enrichment 2500 bp upstream
of the gene TSS. H3 acetylation ranged from a minimum of 5.8 fold to a maximum
of 10.2 fold and H4 from 11.9 to 19.9 fold. However, no enrichment was seen in
methylated cells non expressing GLUL, ranging from 0.5 to 3.1 fold for H4 and from
0.2 to 3.2 for H3. Furthermore, MDA-MB-361 cells showed a significant enrichment
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across all regions analysed on the GLUL promoter region (Figure 3-8 B), correlating
with the highest GS expressing cell line in our panel (Figure 3-4).

It is worth noting that histone acetylation status at 2500 bp upstream of the GLUL
TSS (Figure 3-8 B) correlated closely with baseline expression (Figure 3-4) across
the breast cancer cell lines. The cell line JIMT1 which showed poor enrichment (0.5
fold on H4 and 0.2 fold on H3) had no expression of GLUL, while significant
enrichment in MDA-MB-468 cells (5.8 fold on H4 and 19.9 fold on H3) was
associated with high GLUL baseline expression.

Histone acetylation analysis confirmed the presence of two subsets of methylated
cell lines. Methylated GLUL expressing cell lines showed a specific peak of histone
acetylation at 2500 bp upstream of the gene TSS. This result correlates with the null
effect of epigenetic treatment on methylated GLUL expressing cells and the
synergistic effect of tsa on aza treatment in methylated GLUL non expressing cells
(Figure 3-7).
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GAPDH

RPLP0
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Figure 3-8. Histone acetylation analysis by ChIP.
Enrichment in H3 and H4 acetylation was analysed in unmethylated (MDA-MB-231, MCF7 and T47D), methylated GLUL expressing (Hcc1954, MDA-MB-468 and MDA-MB-361), and methylated
GLUL non expressing (Hs 578T and JIMT1) cell lines.
A) GAPDH and RPLP0 were analysed for DNA enrichment approximately 1000 bp upstream of their
TSS as positive controls.
B) Dark blue bars show the enrichment in histone acetylation at 5000 bp (-5000bp in the figure) 2500
bp (-2500bp) and 500 bp (-500bp) upstream of the transcriptional start site (TSS). Light blue bars
show the same analysis at 25 0bp upstream of the TSS, the region where high level of methylation
was found in GLUL CpG island.
C) DNA enrichment at 2500bp upstream of GLUL Transcriptional start site.
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3.3

3.3.1

Functional analysis of Glutamine synthetase

Glutamine deprivation

A selection of breast cancer cell lines were deprived of glutamine (gln) to evaluate
the epigenetic modulation of GLUL as a marker for susceptibility to synthetic
lethality. Gene expression as well as translation levels were analysed during
treatment. Untreated cells were cultured in 4 mM gln, whilst deprived cells in
medium without gln. The cell lines tested were representative of the three subtypes
established in the epigenetic analysis: unmethylated, methylated GLUL- expressing
and methylated GLUL non expressing.

As expected, cell lines responded to treatment based on their baseline expression of
GLUL. As shown in Figure 3-9, cells with baseline expression of GLUL were not
sensitive to glutamine deprivation and their survival rate was independent of the
corresponding methylation status. Unmethylated and methylated GLUL expressing
cells up-regulated the gene in response to glutamine deprivation (Figure 3-9 A, B).
This was the case also for the unmethylated MDA-MB-231 cells, where gln
deprivation caused 64% cell death (Figure 3-9 A). Nonetheless, the gene upregulation response in the unmethylated cell lines was faster than in the methylated
GLUL expressing subset of cells. As shown in Figure 3-9 A, unmethylated cells
showed a maximum increase in GLUL expression on day 2 (up to 20 fold).
Methylated GLUL expressing cell lines slowly increased the level of GLUL
expression reaching maximal expression from day 6 of deprivation (up to 18 fold)
(Figure 3-9 B). In contrast, breast cancer cells with no baseline expression had
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markedly reduced survival with up to 78% cell death. As before, this was
independent of their methylation status. However, cells with methylated GLUL and
no expression (Hs 578T and JIMT1; Figure 3-9 C), were unable to modulate GLUL
gene expression and GS protein level in response to glutamine deprivation.

Based on the effect of glutamine deprivation on the panel of breast cancer cell lines
tested, GLUL silencing by epigenetic modulation appeared to cause sensitivity to the
treatment. Concurrently in methylated GLUL expressing cells, DNA methylation
appeared to delay the gene up- during the depletion treatment. This suggests an
induction of a compensatory mechanism in methylated GLUL expressing cells to
overcome the initial stages of glutamine deprivation which will be described in the
section 3.3.2.
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Figure 3-9. Effects of Gln deprivation on breast cancer cell lines.
A) Unmethylated (MDA-MB-231, MCF7 and T-47D), B) methylated GLUL expressing (Hcc1954, MDA-MB-468 and MDA-MB-361), C) methylated GLUL-silenced
(JIMT1 and Hs 578T) cell lines survival was analysed by MTT (black line), gene expression levels by qPCR (histogram) and protein levels by SDS-PAGE electro-blotting
during gln deprivation. The survival fraction was calculated as percentage of live cells in the treated (grown in absence of gln) compared to the untreated cells (grown in
4mM gln) on each day. During each experiment RNA was collected for analysis by qPCR. GLUL regulation during gln deprivation was expressed as fold change. Protein
level was analysed together with survival and gene expression in both treated (0mM) and untreated cell (4mM). The experiment was repeated in biological triplicates and the
results are shown as average and standard deviation for each cell line. One-way ANOVA on Prism 6.0 (Graph Pad) was used to analyse the statistical significance of each day
versus day0. Statistical significance for the survival is shown as stars (*: p-value 0.05, **: p-value 0.01, ***: p-value 0.001, ****: p-value <0.001).

127

3.3.2

Autophagy induction
3.3.2.1 Autophagy response to gln deprivation

As described in the introduction, autophagy is induced in low amino acid condition
in the micro-environment (Nicklin et al. 2009, Yabu et al. 2012, Lorin et al. 2013,
Shanware et al. 2013). To validate the role of autophagy as a compensatory
mechanism in promoting resistance to gln deprivation in methylated GLUL
expressing cells, autophagy induction was monitored during treatment in the
selection of cell lines tested previously.

As expected no autophagy induction was detected in unmethylated cells when
subjected to glutamine deprivation (Figure 3-10). In contrast, all methylated cells
presented an autophagy response within the hour immediately after removing gln
(Figure 3-10 A). This induction increased up to 30% (Hcc1954) over background at
4 hours post-starvation. However only methylated GLUL silenced cells sustained the
autophagy response until the end of the deprivation treatment reaching 82% and 71%
on day 8 in Hs 578T and JIMT1 respectively, as shown in Figure 3-10 B. Methylated
GLUL expressing cells decreased the autophagy response back to pre-treatment
levels on day 2 (Figure 3-10 B), confirming its role as a compensatory mechanism.
The autophagy response is maintained in methylated GLUL silenced cells that are
unable to up-regulate Glutamine synthetase and have a poor survival rate following
deprivation (Figure 3-9 C).
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Figure 3-10. Induction of autophagy in response to gln deprivation.
Autophagy induction was analysed during gln deprivation in unmethylated (MCF7, T-47D and MDA-MB-231), methylated GLUL expressing (Hcc1954, MDA-MB-468 and
MDA-MB-361), and methylated GLUL silenced (JIMT1 and Hs 578T) cell lines. Autophagy induction was analysed from A) the early hours of treatment up to B) 8 days of
treatment. The induction was expressed as average with standard deviation over background (4mM) from biological triplicates. Two-way ANOVA on Prism 6.0 (Graph Pad)
was used to analyse the statistical significance of each day versus every other cell lines at different time-points. Statistical significance is represented by stars (*: p-value 0.05,
**: p-value 0.01, ***: p-value 0.001, ****: p-value <0.001).
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3.3.2.2 Autophagy repression effects on glutamine deprivation
Previous analysis demonstrated how methylated GLUL expressing cell lines induced
autophagy in response to glutamine deprivation before up-regulating Glutamine
synthetase expression. Autophagy induction was blocked by Chloroquine (CQ)
administration to evaluate the contribution of autophagy to resistance to glutamine
deprivation.

As shown in Figure 3-11 and in concordance with the previous analysis, only
methylated GLUL expressing cells induced autophagy in response to glutamine
deprivation. In this subset of breast cancer cell lines the autophagy response was
inhibited with minimal Chloroquine concentration (Figure 3-11 B) and did not rise
above background levels. Methylated GLUL expressing cells were sensitive to
glutamine deprivation causing up to 60.4% cell death in MDA-MB-468 when the
autophagy response was blocked (Figure 3-11 B). It is worth noting that whereas CQ
blocked the autophagy response at minimal concentration (5 µM), effects on survival
rate were seen only at the maximal concentration tested (20 µM) (Figure 3-11 B).

The results shown here indicate that the autophagy response is a compensatory
mechanism enabling methylated GLUL expressing cells to survive the initial stages
of glutamine deprivation. When autophagy is blocked, sensitivity to the gln
deprivation is restored in this subset of breast cancer cell lines.
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Figure 3-11. Effect of Chloroquine administration on survival and autophagy
induction during gln deprivation.
The effect of Chloroquine administration on gln deprivation survival rate and autophagy induction
was analysed in A) unmethylated (MDA-MB-231, MCF7 and T-47D) and B) methylated GLUL
expressing (Hcc1954, MDA-MB-468 and MDA-MB-361) cell lines. The survival rate was analysed
as described in Materials and methods after 24 hour of gln deprivation, autophagy induction after 4h
of gln deprivation. The data are expressed as average with standard deviation from biological
triplicates. One-way ANOVA on Prism 6.0 (Graph Pad) was used to analyse the statistical
significance over the untreated control. Statistical significance was showed as stars (*: p-value 0.05,
**: p-value 0.01, ***: p-value 0.001, ****: p-value <0.001).
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3.3.3

GLUL re-expression

Results (above) established glutamine deprivation sensitivity as primarily associated
with Glutamine synthetase baseline expression and the ability to quickly modulate
expression under stress stimuli. To evaluate the importance of GLUL in response to
starvation treatment, the gene was stably re-expressed in methylated GLUL silenced
cells, JIMT1 and Hs 578T.

As shown in Figure 3-12, GLUL re-expression was sufficient to restore resistance to
glutamine deprivation in JIMT1, methylated and GLUL-silenced cells. Glutamine
deprivation had no effect in JIMT1 cells over-expressing GLUL (GLUL), whilst the
treatment caused a decrease of 44.7% in survival in the same cell line non expressing
the gene (VEC) (Figure 3-12).

The results from this experiment suggested GS presence as the primary marker of
resistance to glutamine deprivation, emphasising the relevance of the gene repression
by epigenetic modulation in synthetic lethality.
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Figure 3-12. GLUL re-expression and gln deprivation.
JIMT1 and Hs 578T were stably transfected with a Glutamine synthetase (GLUL) or an empty
pcDNA3.1 vector (VEC). Transfected cells were gln deprived up to 8 days. Survival fraction was
calculated as described in Materials and Methods. The experiment was repeated in biological
triplicates and the results are shown as average with standard deviation. GS levels were investigated
by SDS-PAGE electro-blotting after each experiment. Two-way ANOVA on Prism 6.0 (Graph Pad)
was used to analyse the statistical significance of each day. Statistical significance was shown as stars
(*: p-value 0.05, **: p-value 0.01, ***: p-value 0.001, ****: p-value <0.001).
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3.4

3.4.1

Methylation analysis of GLUL in primary breast cancer tissues

Primary tissue cohort
3.4.1.1 Methylation analysis

Epigenetic and functional analysis on Glutamine synthetase established DNA
methylation as marker of repression of gene expression. To evaluate the GLUL
methylation influence on overall survival in primary breast cancer patients, primary
breast cancer tissues and normal breast samples were screened by pyrosequencing
(Figure 3-2).

Initial experiments involved evaluation of the potential of DNA methylation to
distinguish normal from primary breast cancer tissues. As shown in Figure 3-13, no
GLUL methylation was found in normal tissues, characterised by a methylation
median of 5.8% ranging from 2.5% to 9%. Median methylation was 18.22% in
tumour samples, ranging from 1% to 93.33% (Figure 3-14 A). The validation of
methylation as a test to discriminate the two populations was confirmed using ROCcurve analysis (area: 0.916, p-value <0.001) (Figure 3-14 B). Therefore, the normal
tissue methylation mean with three standard deviations was used as cut-off to
classify the tumour samples.

Tumour tissues were divided into hyper- and hypo-methylated using 11.5% as cutoff, generated based on GLUL methylation in normal tissues (Table 3-2). Univariate
COX regression analysis showed nodal status and methylation status as the only
significant prognostic factors for overall survival. However, a worse outcome was
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expected to be associated with an increase in the lymph nodes status (HR: 0.25, C.I.:
0.08-0.76, p-value: 0.014). After nodal status, methylation was the only other
significant prognostic factor for overall survival in breast cancer patients (HR: 0.53,
C.I.: 0.29-0.97, p-value: 0.039). Patients with hypo-methylated tumour are therefore
associated with a 47% higher risk of a worse prognosis compared to patients with
hyper-methylated cancers. Multivariate COX regression analysis showed that the
effect of GLUL methylation on overall survival did not change when adjusted for
age, the main confounding factor in death analysis. Stepwise COX regression
proportional hazards model showed that after methylation the subsequent influential
factor was ER status (p-value: 0.158). However when adjusted for ER status,
methylation was no longer significant (HR: 0.57, C.I.: 0.29-0.97, p-value: 0.07).
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Figure 3-13. Pyrosequencing analysis of GLUL promoter region of primary tissue
cohort.
The GLUL CpG island was analysed in 115 breast primary cancer and 20 normal formalin-embedded
tissues by pyrosequencing. The data are shown as percentage methylation, generated from the
Pyromark CpG Software (Qiagen). The results are colour-coded based on the methylation values,
from red when hyper-methylated (100%) to blue when hypo-methylated (0%). Each row represents a
sample.
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A)

B)

Area: 0.916 ± 0.024
p-value<0.001
C.I.: 0.87-0.96

Figure 3-14. Methylation analysis of normal and tumour samples.
DNA methylation distribution was compared between normal and tumour samples using SPSS (IBM Software) either by frequencies (A), with normal samples in
blue and tumour samples in green) or by Receiver Operating Characteristic (ROC) curves (B).
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Tumour samples
Hypo-methylated

Hyper-methylated

Number of samples

37 (32%)

78 (68%)

Age [median (min-max)]

71 [46-95]

73.5 [47-96]

Hormone-receptor status
ER+

68 (45.0%)

ER & PR+

30 (28.8% of ER+)

53 (65.4% of ER+)

ER & PR-

6 (5.8% of ER+)

15 (14.4% of ER+)

1 (0.7%)

10 (6.7%)

Her2 status

0.833

Positive

4 (2.6%)

8 (5.2%)

negative

33 (21.9%)

70 (46.4%)

1 (0.7%)

9 (5.9%)

Triple negative
Tumour Grade

0.031
0.194

Grade 1

5 (3.3%)

6 (4.0%)

Grade 2

25 (16.6%)

64 (42.4%)

Grade 3

5 (3.3%)

8 (5.2%)

Tumour Size

0.386

T1

19 (12.6%)

43 (28.5%)

T2

11 (7.3%)

27 (17.9%)

T3/4

7 (4.6%)

8 (5.2%)

Nodal status

0.865

N0

28 (18.4%)

61(40.4%)

N1

8 (5.2%)

16 (10.6%)

N2/3

1 (0.7%)

1(0.7%)

6

7

Median F/U [years]

0.402
0.046

36 (23.8%)

ER-

p-value

0.976

Table 3-2. Clinical characteristics of hypo- and hyper-methylated primary breast
cancer tissue samples.
Tumour samples were divided into hypo- and hyper-methylated for GLUL promoter region and
screened for age, follow-up period (F/U), oestrogen receptor (ER), progesterone receptor (PR) and
Human Epidermal Growth Factor Receptor 2 (Her2) status. Distributions between the two population
were tested by non-parametrical Wilcoxon-Mann-Whitney test (two variables) or Kruskal-Wallis
One-way ANOVA (for more than two variables) using SPSS (IBM Software). Tumours were
histologically analysed using the TMN staging system.
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p-value=0.036

Figure 3-15. Overall survival of primary tissue cohort based on methylation status.
Overall survival of primary breast cancer patients (in years) was analysed using COX-regression in
SPSS (IBM Software). Patients’ data were divided into hypo- (blue) and hyper-methylated (green) for
GLUL promoter region during the analysis. Kaplan-Meier plot and Hazard Ratio (HR) were generated
by COX-regression analysis using SPSS (IBM Software).
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3.4.1.2

Tissue Micro-Array analysis

Glutamine synthetase epigenetic and functional analysis established the expression
and protein level as primary markers for sensitivity to glutamine deprivation
treatment, therefore breast cancer tissues were screened for GS by TMA.

Tumour samples were scored from 0, when no stain was detectable, up to 3 for
increasing GS-staining by a pathologist from Barts Cancer Institute (Queen Mary
University of London). For the purpose of this study breast cancer tissues were
divided into GS-negative when scored 0 and GS-positive otherwise (Table 3-3).
Univariate COX regression showed that none of the variables tested, including GS
level (p-value 0.124), were prognostic factor for overall survival in the breast cancer
patients cohort (Figure 3-16).
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Tumour samples

Number of samples
Age [median (min-max)]

GS-positive

GS-negative

55

28

73.0 [26-89]

75.5 [48-87]

Hormone-receptor status
ER+

26 (31.3%)

ER & PR+

42 (53.8% of ER+)

19 (24.4% of ER+)

ER & PR-

10 (12.8% of ER+)

7 (8.9% of ER+)

3 (3.6%)

2 (2.4%)

Her2 status

0.461

Positive

38 (45.8%)

18 (21.7%)

negative

16 (19.3%)

10 (12.1%)

0 (0%)

0 (0%)

Triple negative
Tumour Grade

0.508

Grade 1

3 (3.6%)

1 (1.2%)

Grade 2

41 (44.4%)

23 (27.7%)

Grade 3

9 (10.8%)

4 (4.8%)

Tumour Size

0.657

T1

23 (27.7%)

13 (15.7%)

T2

19 (22.9%)

13 (15.7%)

T3/4

12 (14.5%)

2 (2.4%)

Nodal status

0.517

N0

38 (45.8%)

22 (26.5%)

N1

13 (15.7%)

6 (7.2%)

1 (1.2%)

0 (0%)

6

7.5

N2/3
Median F/U [years]

0.146
0.712

52 (63.9%)

ER-

p-value

0.088

Table 3-3. Clinical characteristics of GS-positive and GS-negative primary breast
cancer tissue samples.
Tumour samples were divided into GS-positive and GS-negative based on the pathology staining
score. Each group was screened and statistically tested for age, F/U, ER, PR and Her2 status by nonparametrical Wilcoxon-Mann-Whitney test (two variables) or Kruskal-Wallis One-way ANOVA (for
more than two variables) using SPSS (IBM Software). Tumours were histologically analysed using
the TMN staging system.
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p-value=0.124

Figure 3-16. Primary tissue cohort survival based on TMA analysis.
Overall survival in years in primary breast cancer patients was analysed using Kaplan-Meier curve on
SPSS (IBM Software). Patients’ data was divided into GS-positive (blue) and GS-negative (green).
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3.4.1.3 TMA and methylation combined analysis
In vitro analysis identified GLUL methylated breast cancer cell lines with no baseline
gene expression as the main target for synthetic lethality. Therefore DNA
methylation and TMA screening results were combined to investigate the correlation
between overall survival and GLUL-related tumour subtypes.

Tumour patients were thus divided into three groups: unmethylated, methylated GSpositive and methylated GS-negative (Table 3-4). Univariate COX regression
analysis showed that none of the variables tested, including GLUL-related subtypes
(p-value 0.678), was a prognostic factor for overall survival in this cohort of breast
cancer patients (Figure 3-17 A). However, the survival plot showed a trend of better
survival in patients with methylated tumours non-expressing Glutamine synthetase
(Figure 3-17 A). When patients with methylated GS-negative tumours were isolated
and compared with the remaining patients, GLUL-silencing was very close to
statistical significance as a prognostic factor in univariate COX regression analysis
(HR: 0.39, C.I.: 0.11-1.33, p-value 0.093) (Figure 3-17 B), whilst the other variables
were non-significant.
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Tumour samples
Hypo-methylated

Hyper-methylated

Hyper-methylated

GS-positive

GS-negative

Number of samples

17 (31.5%)

24 (44.4%)

13 (24.1%)

Age [median (min-max)]

74 [36-87]

68 [26-89]

67 [58-87]

Hormone-receptor status
ER+

22 (40.7 %)

11 (20.4%)

ER & PR+

14 (28% of ER+)

17 (34% of ER+)

7 (14% of ER+)

ER & PR-

2 (4% of ER+)

5 (10% of ER+)

4 (8% of ER+)

0(0%)

2 (3.7%)

2 (3.7%)

Her2 status

0.326

Positive

9 (16.7%)

4 (7.4%)

9 (16.7%)

negative

8 (14.8%)

20 (37.0%)

4 (7.4%)

Tumour Grade

0.452

Grade 1

1 (1.9%)

2 (8.3%)

1 (1.9%)

Grade 2

14 (25.9%)

21 (38.9%)

8 (14.8%)

Grade 3

2 (3.7%)

1 (1.9%)

4 (7.4%)

Tumour Size

0.469

T1

7 (12.9%)

11 (20.4%)

5 (9.3%)

T2

6 (11.1%)

11 (20.4%)

6 (11.1%)

T3/4

4 (7.4%)

2 (3.7%)

2 (3.7%)

Nodal status

0.379

N0

12 (22.2%)

17 (31.5%)

12 (22.2%)

N1

5 (9.3%)

6 (11.1%)

1 (1.9%)

0 (0%)

1 (1.9%)

0 (0%)

7

6

10

N2/3
Median F/U [years]

0.312
0.077

17 (31.5%)

ER-

p-value

0.297

Table 3-4. Clinical characteristics of hypo-methylated, hyper-methylated GSpositive and hyper-methylated GS-negative primary breast cancer tissue samples.
Tumour samples were divided into hypo-methylated, hyper-methylated GS-positive and hypermethylated GS-negative. Each group was screened and statistically tested using SPSS (IBM Software)
as described before for Hormone-receptor status, Her2 status, tumour size, nodal status. Each sample
was histologically graded using the TMN staging system.
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A)

B)

p-value=0.678

p-value=0.093

Figure 3-17. Survival analysis on primary tissue cohort based on TMA and methylation status.
Overall survival in years was analysed in primary breast cancer patients by COX regression. Overall survival was investigated dividing patients into A) hypo-methylated
(blue), hyper-methylated GS-positive (green) and hyper-methylated GS-negative (grey) and B) combining unmethylated and methylated GS-positive (blue) versus methylated
GS-negative (green).
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3.4.2

TCGA dataset

523 primary breast cancer patients’ methylation and clinical data were downloaded
from The Cancer Genome Atlas (TCGA) Data Portal as a second cohort to test DNA
methylation as a marker for overall survival.

The 450k Methylation array results showed less global methylation (Figure 3-18)
than the primary breast cancer tissue cohort (Figure 3-13). Unfortunately, two out of
the four CpG sites screened by pyrosequencing in the primary tissues cohort (section
3.4.1.1) were missing from the dataset (Figure 3-18), as they were covering Single
Nucleotide Polymorphisms (SNPs). For this reason, this cohort could not be used to
validate the influence of GLUL methylation on overall survival in breast cancer.
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Figure 3-18. Array analysis of the methylation status of the TCGA dataset.
523 frozen primary breast tissues were analysed using 450k Methylation array from the Cancer
Genome Atlas (TCGA). The data are shown as β-value and colour-coded based on the methylation
status, where red corresponds to a highly methylated (100%) and blue to an unmethylated (0%) CpG
site.
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3.5

Discussion

Glutamine synthetase (GLUL) was identified as highly methylated in breast cancer
cell lines by 450k Methylation array (Illumina Inc.) screening. This gene is
demonstrated to be epigenetically regulated via DNA methylation and histone
acetylation. Based on the epigenetic modifications GLUL is subjected to, and the
consequent effect on the gene expression levels, three main breast cancer subtypes
have been identified in the panel of cell lines tested: unmethylated, methylated
GLUL expressing and methylated GLUL-silenced. Methylated GLUL-silenced cells
lost the ability to synthesise glutamine and were found to be sensitive to gln
deprivation treatment. Methylated cells with baseline GLUL expression induced
autophagy to compensate for the delay in the gene up-regulation. Blocking
autophagy was sufficient to restore sensitivity to the deprivation treatment.

The in vitro analysis established GLUL as biomarker of synthetic lethality in breast
cancer. Epigenetic regulation of Glutamine synthetase, particularly via DNA
methylation of the promoter region, determines the cellular response in low
glutamine conditions. These results led to further investigations in patient data.
Although, COX regression analysis did not show any significant correlation between
GLUL silencing and overall survival in primary breast cancer patients, a subgroup
population with methylated GLUL promoter and no detectable GS might be treatable
by glutamine depletion therapy.
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3.5.1

GLUL promoter region is epigenetically silenced in breast cancer cell lines

This is the first study investigating the epigenetic regulation of Glutamine Synthetase
gene, and in particular, DNA methylation and histone acetylation in breast cancer
cell lines and primary breast cancer tissues.

An important issue to be considered before addressing the DNA methylation role in
the gene expression regulation is the identification of the region of most variability.
The region most variable in methylation status was first identified by 450k
Methylation array and then validated by bisulphite sequencing and pyrosequencing.
It is not unusual for differences in methylation status to be found between an array
and any validation methods (Bediaga et al. 2010, Roessler et al. 2012, Shen et al.
2012). This is also the case of the validation results in this study; whilst the location
of the most variable region within the gene promoter region was confirmed by the
validation methods, in some cases the methylation status seen in the array has not
been confirmed by the validation methods (Roessler et al. 2012, Shen et al. 2012).
However, since the data have been validated with the most accurate method for
methylation analysis of bisulphite sequencing, the validation results are robust and
the 5’UTR of GLUL CpG island confidently identified as the most variable in
methylation status.

GLUL promoter hyper-methylation was confirmed in 44% of breast cancer cell lines.
It is worth noting that from the analysis of breast cancer cell lines used in this study,
highly methylated cells are predominantly Her2 positive with the exception of Triple
negative MDA-MB-468. However, a screen on a larger panel of breast cancer cell
lines (from Genentech Inc., San Francisco, USA) showed no association between
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GLUL methylation and any breast cancer subtypes (Figure 7-1). Therefore, GLUL
methylation can be concluded not to be associated with any breast cancer subtypes.

Although GLUL is highly methylated in approximately 44% of the breast cancer cell
lines tested, the Glutamine synthetase gene is not detectable in 12.5% of methylated
cell lines by gene expression and translational analysis. Linear regression analysis
confirmed no correlation between GLUL expression and methylation status (R:
0.301, p-value: 0.258), whilst emphasised a high correlation between gene
expression and translational levels (R: 0.818, p-value<0.001), concluding that gene
expression determines protein levels. It is worth noting that translational analysis
depend on the specificity of the antibody in use: since the anti- Glutamine synthetase
antibody specificity was address by native gel, the two bands in the SDS-PAGE
electro-blotting analysis were confidently identified as monomers and dimers. This is
not the first time Glutamine synthetase appeared in both monomers and dimers in
SDS-PAGE electro-blotting analysis (Allodi et al. 2006). Dimers are usually
associated with the protein in its active state, as in the case of eNOS, where the ratio
between dimers over monomers determines the amount of enzyme active in the cell
(Terasaka et al. 2008, Sabri et al. 2011). Unfortunately this was not the case for GS,
where the active form is an octamer and the inactive a tetramer (Llorca et al. 2006).
The dimers band in this study is probably due to the GS complex quaternary
structure: the enzyme consists of eight monomers forming two symmetrical tetramer
rings facing each other in the active form of the enzyme. The whole enzyme is
stabilised by hydrophobic and hydrogen bonds between mirroring monomers, and
the intersection of the C-terminal of one monomer into the hydrophobic region of the
adjacent monomer within each ring (Eisenberg et al. 2000, Krajewski et al. 2009).
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This tight bond between monomers would explain the difficulties in disrupting it
during the denaturation procedure for SDS-PAGE without losing some protein (data
not shown). As the main aim of the SDS-PAGE electro-blotting was to compare
relative protein levels across the cell line panel, the densitometry from monomers
and dimers were combined during the quantification analysis.

Based on the gene expression and translational analysis, DNA methylation is not
sufficient to determine GLUL silencing in breast cancer cells. However, the presence
of a subset of cells highly methylated with no gene expression and no detectable
protein led to the hypothesis that a more complex regulatory mechanism was
involved in the gene regulation. DNA methylation has been shown to either
determine gene silencing on gene expression by itself (Buchholtz et al. 2014, Yang
and Zheng 2014), or to work by a set of mechanisms that do not necessarily correlate
with gene silencing. In these models DNA methylation would act not by direct
silencing, but as a starting marker for chromatin remodelling activation which will
cause the gene silencing (Mossman and Scott 2011, Jones 2012, Al-Rayyan et al.
2014, Vallot et al. 2014). Genes involved in cancer development have been
demonstrated to be silenced by the co-occurrence of DNA methylation and histone
modifications (Mossman and Scott 2011, Al-Rayyan et al. 2014, Liu et al. 2014).
DNA methylation has been shown to recruit MeCP2 (methyl CpG binding protein
2)-SIN3 repressive complex (as described in the Introduction) and to promote
nucleosome formation on gene promoter regions. This leads to chromatin
condensation and gene silencing (Cannuyer et al. 2013, Piazza et al. 2013, Portela et
al. 2013). The proposed model not only explains the presence of baseline expression
in methylated cell lines, but also their lack of response to de-methylation and pro-
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acetylation treatments, and the enhancing effect of pro-acetylation on de-methylation
treatment in methylated cells with no baseline expression. If DNA methylation
requires condensed chromatin structure to effectively repress gene expression, the
gene promoter region would be in an open state in methylated GLUL expressing
cells and in a condensed state in methylated GLUL-silenced cells. Histone
acetylation enrichment at 2500 bp upstream GLUL TSS confirmed this model,
differentiating methylated GLUL expressing cells from either unmethylated or
methylated GLUL non expressing cells (Figure 7-3), being acetylated H3 and H4
markers of gene expression (Nakao 2001, Fuchs et al. 2006, Lee and Lee 2012,
Sandoval and Esteller 2012). Consistent with the proposed model, little to no H3 and
H4 acetylation was found in JIMT1 and Hs 578T, characterised by high methylation
and no baseline expression. Furthermore, histone acetylation levels in these cell lines
were inversely proportional to their methylation status: the least amount of
acetylation enrichment was found in the highest methylated JIMT1. This result
confirms DNA methylation leading to gene silencing by recruiting repressive
complexes, which stabilise the chromatin structure removing the acetyl groups from
the histone tails (Lakowski et al. 2006, Lee and Lee 2012). Furthermore, the specific
position of acetylation enrichment on GLUL promoter region is of great interest as it
is located on a region of consensus sequences for transcriptional factors such as
FOXO3A and β-catenin. Both the transcriptional factors have been associated with a
regulatory binding site at 2500 bp upstream GLUL transcriptional start site, inducing
an increase in the enzyme level within the cell (Kruithof-de Julio et al. 2005, van der
Vos et al. 2012).
It is worth noting the interesting profile of the methylated MDA-MB-361 cell lines
as the whole promoter region was characterised by an enrichment in histone
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acetylation, explaining its very high expression level relative to other breast cancer
cell lines.

3.5.2

GLUL methylation influences response to glutamine deprivation treatment

The main relevance of Glutamine synthetase epigenetic silencing is its role in
cellular response to glutamine deprivation. Glutamine synthetase has been shown to
be one of the main genes up-regulated in response to lack of the amino acid in the
micro-environment (Wang and Watford 2007). Different transcription factors and
pathways have been proposed to regulate GLUL under conditions of starvation. For
instance, GATA3 (GATA-Binding Factor 3) has been proposed to regulate GS level
mainly in luminal breast cancer cells, suggesting a symbiotic mechanism between
luminal and basal breast cancer cells. In the proposed model luminal cells upregulate Glutamine synthetase via GATA3 stimulation, synthesising glutamine for
basal cells that are not expressing the enzyme (Kung et al. 2011). Likewise, c-Myc
and oestrogen have been shown to modulate glutamine metabolism in cancer cells
via down-regulation of microRNA 23a (mir23a) targeting GLS1 (glutaminase,
enzyme responsible for glutamine degradation) or by inducing GLUL up-regulation
and GS increase (Haghighat 2005, Rathore et al. 2012). More interestingly,
FOXO3A and β-catenin transcription factors have been shown to bind directly onto
GLUL promoter region and induce up-regulation of the gene and subsequently of the
enzyme (Kruithof-de Julio et al. 2005, van der Vos et al. 2012). Their relevance lies
in the co-existence of a regulatory binding site for each of these transcription factors
and a peak of histone acetylation on the same region on GLUL promoter in cell lines
expressing the gene of interest. This would explain the different effect of gln
deprivation on GLUL expression and survival in methylated breast cancer cells. In
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methylated GLUL-silenced cells, the condensed state of GLUL promoter region
doesn’t allow the binding of those transcription factors and the gene modulation in
response to gln deprivation, determining cell death. Consistent with these results,
GLUL re-expression in these cells, restored resistance to glutamine deprivation
treatment. In contrast, in methylated GLUL expressing cell lines an open state of the
chromatin in the region of interest, enables the binding of the transcription factors
and GS up-regulation. These cells survived the glutamine deprivation treatment.

Interestingly, although methylated GLUL expressing cells were not sensitive to
glutamine deprivation treatment, Glutamine synthetase up-regulation was delayed
compared to unmethylated cell lines in response to low glutamine conditions (Figure
7-4). To supply the amino acid in the early stages of glutamine starvation, these cells
induce autophagy. While this is the first study associating autophagy induction to
GLUL methylation status, published studies has shown cancer cells’ induction of
autophagy to overcome the need for nutrients and low amino acid conditions
(Nicklin et al. 2009, Vander Heiden et al. 2009, Boukhettala et al. 2010, Ferreira et
al. 2012, Lorin et al. 2013, Shanware et al. 2013). For instance, arginine deprivation
treatment has been associated with an increase in autophagy in different types of
cancer (Savaraj et al. 2010, García-Navas et al. 2012, You et al. 2013). Arginine, as
glutamine, is a non-essential amino acid normally derived from the blood stream, but
it can be synthesised when required (Wu and Morris 1998). Consistent with data
shown for GLUL in this study, methylation of the enzyme responsible for arginine
synthesis (Arginino-succinate synthetase, ASS1) has been demonstrated not only to
be the primary cause of the autophagy response during the amino acid deprivation
treatment, but also to be associated with treatment resistance (Delage et al. 2010,
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Syed et al. 2013). When autophagy induction was blocked by Chloroquine
administration, sensitivity to arginine deprivation treatment was restored (Syed
2013). Consistent with this study, methylated GLUL expressing cells were found to
be sensitive to glutamine deprivation when treated with Chloroquine, while no
difference was seen in survival in unmethylated cells.

In conclusion, this study demonstrated for the first time that Glutamine synthetase
(GLUL) gene is subjected to epigenetic modulation via DNA methylation and
histone modification. The epigenetic profile determines the cellular response in low
glutamine conditions. Whilst unmethylated cells up-regulate the gene as an
immediate response to glutamine deprivation, methylated cells induce autophagy.
The autophagy response is then repressed once GLUL is up-regulated. In the event
that the gene up-regulation is not possible, autophagy is maintained causing cell
death. Therefore methylated GLUL-silenced cells are sensitive to glutamine
deprivation, whereas methylated GLUL expressing are not. For this reason, breast
cancers with high methylation on GLUL promoter region and no baseline
expression/protein level are the perfect target for synthetic lethality via low
glutamine conditions (Figure 3-19). The data obtained in this study suggested PI3KAKT pathway as the main mechanism inducing Glutamine synthetase up-regulation
and autophagy in glutamine low conditions. Indeed, in response to glutamine
starvation the pathways have been shown to determine autophagy induction via
mTOR and GLUL up-regulation via translocation of FOXO3A into the nucleus (van
der Vos et al. 2012). The pathway perfectly fits in the response described for
methylated breast cancer cell lines and the methylated GLUL expressing cells ability
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to overcome the repressive effect of DNA methylation by histone acetylation at 2500
bp upstream the gene TSS, where a binding sequence for FOXO3A is located.
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Figure 3-19. GLUL modulation in low glutamine conditions.
GLUL unmethylated cells up-regulate Glutamine synthetase in response to gln deprivation. Methylated cells induce autophagy and GLUL up-regulation when possible. Cells
enable to up-regulate GLUL survive the treatment, whilst GLUL silenced cells unable to do so do not.
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3.5.3

Glutamine synthetase epigenetic regulation and breast cancer patients

In the analysed primary breast cancer cohort, 68% of breast cancer tissues were
found highly methylated for Glutamine synthetase. Furthermore, patients with hypomethylated breast cancer showed to have 47% higher risk of a worst outcome
compared to the hyper-methylated (HR: 0.53, C.I.: 0.29-0.97, p-value: 0.039). DNA
methylation has already been used as biomarker in other types of cancer: e.g. MGMT
has been identified and validated as a positive prognostic marker for overall survival
and ASS1 as predictive biomarker for arginine deprivation therapy (Delage et al.
2010, Shen et al. 2010, Delage et al. 2012, Quillien et al. 2014, Zhang et al. 2014).
However, in these studies DNA methylation resulted in the gene silencing, which is
not the case for Glutamine synthetase. Based on the in vitro analysis, only
methylated breast cancer with no detectable GS would be sensitive to glutamine
deprivation, resulting in the importance of correlating the DNA methylation data
with the protein level in each tumour sample.

An important issue that needs to be addressed before discussing data any further is
methylation cut-off. The cut-off determination is extremely important in defining
which population has to be considered hyper-methylated and which hypo-methylated
and the consequent evaluation of gene methylation as biomarker in overall survival.
There are no golden standard to determine a cut-off value DNA methylation as largescale analysis has only recently been possible. In published studies, methylation cutoff has been determined by ROC-curve analysis; value, above the median value of
tumour tissues is identified as hyper-methylated, or, when available, using the mean
or median of normal tissues methylation distribution with or without standard
deviation (Shen et al. 2010, Bihl et al. 2012, Chen et al. 2013, Oberstadt et al. 2013,
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Suzuki et al. 2013, Quillien et al. 2014). Since normal tissues methylation
distribution is the most informative in defining a non-malignant profile, the cut-off
was calculated as mean of methylation in normal tissues with three standard
deviations, taken into account the higher margin of error due to FFPE samples.

In the primary breast cancer tissues cohort, 24.1% of the population was hypermethylated for GLUL with no detectable GS, yet no significant association with
overall survival was observed. Interestingly, the proportion of hypo- and hypermethylated samples remained the same across the analysis, suggesting a relevance of
GLUL methylation in breast cancer patients’ outcome. Unfortunately, only 36%
(54/151) of the primary breast cancer samples were analysed for both GLUL
methylation and GS level. It would be of great interest to reproduce the same
analysis on a larger cohort of samples.

Although, GLUL epigenetic modulation does not significantly correlate with overall
survival, its main relevance resides in its potential as therapeutic indicator. GLUL
epigenetic silencing can be exploited for synthetic lethality in breast cancer in the
same way arginine depletion has already been used in tumours lacking ASS1 via
methylation (Scott et al. 2000, Ensor et al. 2002, Feun and Savaraj 2006, Szlosarek
et al. 2006, Kim et al. 2009, Delage et al. 2010, Kobayashi et al. 2010, Kuo et al.
2010). Indeed, the in vitro analysis identified a subset of cells characterised by high
DNA methylation, no protein and high sensitivity to glutamine deprivation
treatment. It would be of great interest to validate the model in vivo, which would
emphasise the clinical relevance of GLUL-silencing as predictive biomarker in breast
cancer. An in vivo model would enable evaluation to the response of normal and
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tumour tissues to glutamine deprivation with and without GLUL-silencing, as well as
the side-effect of such a therapy in a whole organism. While this was beyond the
scope of the current study, such experiments are planned to the immediate future.

Recently an available drug, Erwinase, has been shown to be active in glutamine
depletion in a different type of cancer (Willems et al. 2013). The drug has been
approved in 2011 as an orphan drug, designed to treat to treat patients with acute
lymphoblastic leukaemia (ALL), a disease affecting less than 200,000 people (FDA
2014). It was first design to reduce the level of asparagine, a non-essential amino
acid important for leukaemia cells proliferation (Agrawal et al. 2013). The
glutamine-depletion activity increased changing the bacteria the drug was produced
in. The bacteria strand was changed to contrast the allergic side effect patients
develop to the E.coli-derived asparaginase-based drug (Emadi et al. 2014, FDA
2014). Indeed Erwinase has been shown to reduce the serum glutamine
concentration, and correlated with complete remission in leukaemia patients
(Agrawal et al. 2013, Willems et al. 2013). Consistent with the response described
for breast cancer cells in this study, myeloma cells have been shown to respond to
glutamine depletion by GLUL up-regulation and autophagy induction (Willems et al.
2013). Furthermore, in these cells GLUL up-regulation and autophagy induction
during Erwinase administration have been associated with the development of a
resistant phenotype (Willems et al. 2013), in the same way breast cancer cells have
being shown to develop resistance to glutamine depletion treatment in this study.
Therefore, it would be of great interest as an extension of this project to evaluate
Erwinase treatment as potential therapy in GLUL-epigenetic modulated breast
cancer. Based on the in vitro data discussed in this study, GLUL-silenced breast
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cancer cells and consequently patients with GLUL-silenced breast carcinoma would
be sensitive to glutamine deprivation treatment via Erwinase administration. GLULsilenced cancer cells would be unable to up-regulate the gene in low glutamine
condition, inducing autophagy that would lead to selective death of cancer cells.
Normal tissues would up-regulate GLUL without any effect on survival. Based on
the current results, it would also be of great interest to validate Erwinase treatment in
in vivo model to validate it as treatment in GLUL-silenced breast cancer.
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4

Arginino-succinate synthetase

4.1

Introduction

Preliminary data within our group have identified ASS1 as highly methylated in a
selection of primary breast cancer patients. ASS1 is the rate-limiting enzyme in the
arginine-NO-citrulline cycle and synthesis of arginine (Delage et al. 2010). Tumours
lacking ASS1 expression via methylation-mediated silencing have been shown to be
sensitive to synthetic lethality via arginine reduction (Ensor et al. 2002, Feun and
Savaraj 2006, Kim et al. 2009, Kobayashi et al. 2010, Kuo et al. 2010). ASS1
silencing has not been associated with any other mechanisms other than DNA
methylation.

Human cells normally derive arginine from the blood stream, but it can be
synthesised via the urea cycle when required (Delage et al. 2010). Various tumour
cell lines are auxotrophic for arginine and incapable of survival in amino acid
reduced conditions (Scott et al. 2000). The corresponding tumours, including
melanoma, hepatocellular carcinoma, mesothelioma and prostate cancer, are
associated with high chemo-resistance and poor clinical outcome (Ensor et al. 2002,
Dillon et al. 2004, Szlosarek et al. 2006, Kim et al. 2009, Nicholson et al. 2009).

Arginine-targeting therapy has been shown to be effective in cancers such as
melanoma, prostate cancer and glioblastoma (Ensor et al. 2002, Feun and Savaraj
2006, Kim et al. 2009, Kobayashi et al. 2010, Kuo et al. 2010). The treatment is
based on a recombinant form of the Arginine Deiminase (ADI-PEG20), a
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Mycoplasma-derived enzyme capable of degrading arginine (Ensor et al. 2002, Kuo
et al. 2010). Tumours with low to non-existent ASS1 have been shown to be more
sensitive to ADI-PEG20 treatment (Szlosarek et al. 2006, Kim et al. 2009). However
in the absence of ASS1 methylation-mediated repression cancer cells reactivate the
gene developing a resistant phenotype (Feun and Savaraj 2006). In contrast, tumours
with ASS1 methylation are unable to transcriptionally up-regulate the gene and have
not been associated with any resistant phenotype (Nicholson et al. 2009).

This study aims to examine ASS1 silencing via methylation and evaluate the
possibility of using this as a predictive biomarker for synthetic lethality in breast
cancer.
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4.2

4.2.1

Epigenetic regulation

Methylation analysis
4.2.1.1 450k methylation array

The breast cancer cell lines panel was screened using the 450k Methylation array
(Illumina), as previously described.

As shown in Figure 4-1, the N-shore, the S-Shelf and 6 probes in the gene body were
found to be highly methylated, while the S-Shore and 2 probes in the gene body
showed little to no methylation. Highly methylated region ranged from 58% to 92%,
whilst low methylated between 3.5% and 46%. It is worth noting that the CpG island
was the only region showing variability in methylation across the panel, ranging
from 3.2% to 79%. However, no methylation was found in the region that has been
correlated with silencing of gene expression (Nicholson et al. 2009, Syed 2013) (the
second probe in the CpG island in Figure 4-1).
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Figure 4-1. Results of 450k Methylation array for Arginino-succinate synthetase.
Breast cancer cell lines were analysed using the 450k Methylation array (Illumina). Cells were
divided based on subtypes: 6 Triple negative, 4 Her2-positive and 3 hormone-positive. The CpG
island starts 230 bp upstream the transcriptional start site (TSS). ASS1 is located on chromosome
9q43 and includes two transcripts, NM_000050.4 and NM_054012.3. The transcripts share the same
coding region, composed of 13 exons (in green) and the same 3’UTR (in blue), but differ in the
5’UTR. NM_000050.4 has an extra exon in the 5’UTR. The CpG Island includes the first intron,
while the S-Shore and S-Shelf cover from the first intron until the beginning of the NM_000050.4
second exon.
4 probes covers the ASS1 CpG island, 1 the S-Shore region, 1 the N-shore, 1 the S-Shelf and 8 the
gene body. The results are colour-coded based on the β-value, where red corresponds to high
methylation (100%) and blue to low (0%).
ER: oestrogen receptor; PR: progesterone receptor; Her2: human epidermal growth factor receptor 2.
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4.2.1.2 Pyrosequencing analysis
Our breast cancer cell line panel was screened by pyrosequencing based on
published data (Nicholson et al. 2009, Syed 2013).

As shown in Figure 4-2, no methylation was found in any of the cell lines by
pyrosequencing, confirming the results of the 450k Methylation array (Figure 4-1).
In all the cell lines tested, there was little to no methylation (lower than 10%) on
every CpG site was observed. It is worth noting that in some cell lines, such as
Hcc1569, JIMT1 or MDA-MB-361, one of the CpG sites showed a higher
methylation status, up to a maximum of 12.3% in JIMT1. However this percentage
of methylation in one single CpG site was unlikely to have any effect on gene
expression level.
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Figure 4-2. Pyrosequencing analysis of ASS1 in breast cancer cell lines.
9 CpG sites were analysed in ASS1 CpG island by pyrosequencing. Each CpG site is represented by a
square in the figure. The proportion of black in each square shows the average of methylation in each
CpG site (see legend on the top right). The methylation status across the panel was calculated as mean
across the CpG sites. The biological triplicates were then averaged and the standard deviation
generated (values on the right).
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4.2.2

Gene expression analysis

In order to complete their characterisation, ASS1 expression and protein level were
screened in the panel of breast cancer cell lines. As part of the analysis, cells were
divided into groups to evaluate subtype-specific expression pattern.

ASS1 consists of two transcripts, NM_000054.2 and NM_054012.3 (Figure 4-1),
coding for the same protein. The real-time PCR (qPCR) allowed analysis of the
expression of both transcripts as the primer set covered a shared coding region
(between the first and second exon). As shown in Figure 4-3 A, the panel of cell
lines was categorised based on breast cancer subtypes, all demonstrating a wide
range of expression. Her2-positive cells exhibited the most variable expression with
a 61 fold change between the lowest (MDA-MB-231) and the highest expressing
(Hcc1937) cells. The hormone-positive cells were the least variable with 2.3 fold
change between T-47D and ZR-75-1. It is worth noting that even the lowest
expressing cell line showed a significant level of ASS1 mRNA, with an average Ct
value of 29.16.

Characterisation of the cell lines was completed by SDS-PAGE electro-blotting
analysis on ASS1 protein levels. Consistent with the mRNA analysis, each breast
cancer subtype showed a wide range of protein levels (Figure 4-3 B). Her2-positive
cells were the most variable with a 7.9 fold range between the cells showing the
lowest (JIMT1) and the highest (SKBR3) amount of protein. Triple negative cells
were the least variable with 2.3 fold change between MDA-MB-231 and BT549.

172

No correlation was found between Arginino-succinate synthetase and any breast
cancer subtypes; by qPCR or SDS-PAGE electro-blotting. Moreover, no correlation
was found between mRNA and protein levels by linear regression analysis (R: 0.036,
p-value: 0.515) (Figure 7-6). As no significant methylation was found in any of the
cell lines tested, no further analysis were possible.
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A)

B)

Figure 4-3. Analysis of Arginino-succinate synthetase expression in breast cancer
cell lines.
Arginino-succinate synthetase expression was investigated in the breast cancer cell line panel by realtime PCR (A) and SDS-PAGE electro-blotting (B) as described in Materials and Methods. Cells were
divided into breast cancer subtypes and ordered by increasing absolute expression. mRNA and protein
levels are expressed as average with standard deviation among biological triplicates.
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4.3

Functional analysis of ASS1

The aim of the previous analysis was to identify a group of breast cancer cell lines in
which ASS1 was silenced via methylation. Although, none of the cells in our panel
showed any methylation in the region modulating ASS1 expression, published data
in other cancers supports the hypothesis that this gene silencing might have a role in
arginine depletion therapy sensitivity (Szlosarek et al. 2006, Nicholson et al. 2009,
Delage et al. 2012, Syed et al. 2013). Thus, shRNA constructs (Table 2-2) were used
to mimic the silencing due to methylation and evaluate the response to arginine
deprivation and ADI-PEG20 treatment in breast cancer.

Two cell lines were selected for testing the effects of silencing by shRNA, based on
their ASS1 baseline: SKBR3 was the highest expressing by SDS-PAGE electroblotting and Hs 578T had an intermediate expression profile (Figure 4-3 B). ASS1
was stably reduced by 50% by shRNA2 in Hs 578T and 48% by shRNA1 in SKBR3
(Figure 4-4).
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Figure 4-4. ASS1 silencing by shRNA in Hs 578T and SKBR3.
Hs 578T and SKBR3 were stably transfected with either a shRNA against ASS1 (shRNA1 and
shRNA2) or an empty pSilencer vector (VEC). Cell pellets were collected during each experiment
and tested for ASS1 silencing by SDS-PAGE electro-blotting (a representative image is shown on the
right). The results are shown as average and standard deviation for each sample. T-student on Prism
6.0 (Graph Pad) was used to analyse the statistical significance. Statistical significance is shown as
stars (*: p-value 0.05, **: p-value 0.01, ***: p-value 0.001, ****: p-value <0.001).
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4.3.1

Arginine deprivation

To test the hypothesis that ASS1 silencing would sensitise breast cancer cells to
arginine deprivation, stably transfected Hs 578T and SKBR3 with ASS1-targeting
shRNA were arginine deprived. To further test the relevance of ASS1 in the survival
rate, cells were deprived not only of the ASS1-mediated enzymatic reaction final
product, arginine, but also its substrate, citrulline.

As shown in Figure 4-5 for Hs 578T and Figure 4-6 for SKBR3, absence of arginine
and citrulline had no effect on cells expressing the empty vector (VEC). When
ASS1 was down-regulated (shRNA), arginine deprivation was responsible for a 30%
reduction in survival when compared to cells grown in complete media. This was
replicated when the cells were deprived of citrulline. Adding arginine into the
medium restored cells expressing the shRNA resistance to arginine deprivation,
while no effect was seen when citrulline was added (Figure 4-5, Figure 4-6).
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Figure 4-5. Effects of ASS1 knock-down on arginine deprivation in Hs 578T.
Hs 578T transfected with a pSilencer vector with (shRNA2) and without (VEC) the shRNA construct targeting ASS1, were arginine deprived up to 10 days. Cells were grown
in absence of either L-arginine (arg) or L-citrulline (citr). Survival fraction was calculated as percentage of remaining live treated cells over untreated on each day (cultured in
complete media). Statistical significance was calculated against day 0 using One-way ANOVA on Prism 6.0 (Graph Pad) and shown as stars (*: p-value 0.05, **: p-value
0.01, ***: p-value 0.001, ****: p-value <0.001).
-arg-citr: both L-arginine and L-citrulline absent in the media; +arg-citr: only L-arginine present in the media; -arg+citr: only L-citrulline present in the media.
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Figure 4-6. Effects of ASS1 knock-down on arginine deprivation in SKBR3.
SKBR3 were transfected with a pSilencer vector with (shRNA1) and without (VEC) the construct targeting ASS1. Cells were arginine deprived up to 10 days. Cells were
grown in absence of either L-arginine (arg) or L-citrulline (citr). Survival fraction was calculated as percentage of remaining live treated cells over untreated on each day
(cultured in complete media). Statistical significance was calculated against day 0 using One-way ANOVA on Prism 6.0 (Graph Pad) and shown as stars (*: p-value 0.05, **:
p-value 0.01, ***: p-value 0.001, ****: p-value <0.001).
-arg-citr: both L-arginine and L-citrulline absent in the media; +arg-citr: only L-arginine present in the media; -arg+citr: only L-citrulline present in the media.
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4.3.2

ADI-PEG20 administration

Having shown that ASS1 silencing resulted in arginine dependence for 2 of the
breast cancer cell lines, the same cell lines were tested using Arginine Deiminase
(ADI-PEG20), a drug capable of removing arginine from the media and currently
used in clinic.

As shown in Figure 4-7 and Figure 4-8, ASS1 silencing caused a shift in the drugresponse curve and a reduction in IC50 in both cell lines. The IC50 was reduced by 6
fold in the Hs 578T (from 0.74 µg/ml to 0.12 µg/ml) (Figure 4-7 B). SKBR3 became
sensitive to the treatment, with an IC50 of 1.2 µg/ml (Figure 4-8 B).
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A)

B)

Figure 4-7. IC50 analysis in shRNA transfected Hs 578T.
Hs 578T were transfected with a pSilencer vector with (shRNA2) or without (VEC) the construct targeting ASS1. Cells were treated with increasing concentrations of ADIPEG20, up to 10 µg/ml. Half maximal inhibitory concentration (IC50) was calculated after 6 days of treatment using Prism 6.0 (Graph Pad). A) The graph shows a
representative replicate of the drug-response curve of cells expressing (shRNA2) and not expressing (VEC) the construct. B) IC50 results from biological triplicate were
averaged with standard deviation. Statistical significance was calculated using Mann-Whitney test on Prism 6.0 (Graph Pad) and shown as stars (*: p-value 0.05, **: p-value
0.01, ***: p-value 0.001, ****: p-value <0.001).
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A)

B)

Figure 4-8. IC50 analysis in shRNA transfected SKBR3.
SKBR3 were transfected with a pSilencer vector containing (shRNA1) or not (VEC) the construct. They were treated with increasing concentrations of ADI-PEG20, from 0
up to 10 µg/ml. Half maximal inhibitory concentration (IC50) was calculated after 8 days of treatment using Prism 6.0 (Graph Pad). A) The graph shows a representative
replicate of the drug-response curve between cells expressing (shRNA1) and not expressing (VEC) the construct. B) IC50 average with standard deviation was calculated
across biological triplicates. Statistical significance was calculated using Mann-Whitney test on Prism 6.0 (Graph Pad) and shown as stars (*: p-value 0.05, **: p-value 0.01,
***: p-value 0.001, ****: p-value <0.001).
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4.4

4.4.1

Methylation analysis of ASS1 in primary breast cancer tissues

Cuneo’s cohort

Primary breast cancer tissues and normal breast tissues were screened for Argininosuccinate synthetase methylation in the region identified as regulating the gene of
interest (Nicholson et al. 2009, Syed 2013).

To validate ASS1 methylation status as a marker to distinguish tumour from normal
tissues, the methylation distribution was compared between the two datasets (Figure
4-9). Methylation in the normal population ranged between 2.2% and 9.3% with
median at 5.6%, whereas tumour samples between 1% and 24.9% with median at
9.22% (Figure 4-10 A). ROC-curve analysis demonstrated the reliability of ASS1
methylation in discriminating tumour from normal samples (area: 0.761, p-value
<0.001).

Once established that tumour and normal tissues were statistically different,
methylation cut-off was set at 13.36%, calculated as mean and three standard
deviations of methylation in normal tissues. Tumour samples were, as previously,
divided into hypo- and hyper-methylated groups as determined by the cut-off value
(Table 4-1). Univariate COX-regression analysis showed that none of the tested
variable, including ASS1 methylation status, correlated with overall survival in this
cohort of breast cancer primary tissues (Figure 4-11).
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Figure 4-9. Pyrosequencing analysis of ASS1 promoter region in primary breast
cancer cohort.
9 CpG sites on ASS1 CpG island were analysed in 150 breast primary cancer and 20 normal formalinembedded tissues by pyrosequencing. The data are shown as percentage methylation, generated from
the Pyromark CpG Software (Qiagen). Each row represents a tumour sample. The results are colourcoded based on the methylation values, where red corresponds to high methylated (100%) and blue to
low methylated (0%).
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A)

B)

Area: 0.761 ± 0.05
p-value<0.001
C.I.: 0.663-0.86

Figure 4-10. Methylation analysis of normal and tumour samples.
DNA methylation values were compared between normal and tumour samples using SPSS (IBM Software). Methylation distributions in the two dataset were compared
either by A) frequencies (normal samples in blue and tumour samples in green) or B) by Receiver Operating Characteristic (ROC) curve.
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Tumour samples
Hypo-methylated

Hyper-methylated

118 (78.7%)

32 (21.3%)

71.4 [45.8-94.8]

74.4 [23.6-96.3]

Number of samples
Age [median (min-max)]
Hormone-receptor status

p-value

0.844
0.517

ER+

109 (72.7%)

24 (16%)

ER & PR+

81(60.1% of ER+)

24 (18.0% of ER+)

ER & PR-

28 (21.1% of ER+)

0 (0% of ER+)

9 (6%)

8 (5.3%)

ERHer2 status

0.384

Positive

29 (19.3%)

8 (5.3%)

negative

83 (55.3%)

21 (14%)

4 (2.7%)

0 (0%)

Triple negative
Tumour Grade

0.150

Grade 1

5 (3.3%)

3 (2%)

Grade 2

95 (63.3%)

21 (14%)

Grade 3

13 (8.7%)

3 (2%)

Tumour Size

0.075

T1

59 (39.3%)

15 (10%)

T2

40 (26.7%)

9 (6%)

T3/4

14 (9.3%)

6 (4%)

Nodal status

0.678

N0

65 (43.3%)

17 (11.3%)

N1

33 (22%)

7 (4.7%)

N2/3

12 (8%)

4 (2.7%)

7

6

Median F/U [years]

0.692

0.544

Table 4-1. Clinical characteristics of hypo- and hyper-methylated primary breast
cancer tissue samples.
Tumour samples were divided into hypo- and hyper-methylated based on the cut-off. Each group was
then investigated for clinical characteristics: age expressed as median, follow up period (F/U),
oestrogen receptor (ER), progesterone receptor (PR) and Human Epidermal Growth Factor Receptor 2
(Her2) status and tested by non-parametrical Wilcoxon-Mann-Whitney test (two variables) or
Kruskal-Wallis One-way ANOVA (for more than two variables). Tumours were histologically
analysed using the TMN staging system.
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p-value=0.613

Figure 4-11. Survival of primary tissue cohort based on methylation status.
Overall survival in years was analysed in primary breast cancer patients using Kaplan-Meier curve
and COX-regression analysis (SPSS, IBM Software). Patients’ data were divided into hypo- (in blue)
and hyper-methylated (in green) during the analysis.
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4.4.2

TCGA dataset

To confirm the results obtained previously from the primary breast cancer cohort,
523 primary breast cancer patients’ methylation data (Figure 4-12) with the
corresponding clinical data were downloaded from The Cancer Genome Atlas
(TCGA) Data Portal and used as a second cohort.

In order to compare this new dataset with the one previously described, only
methylation values from the second probe in the CpG island were taken into
consideration for analysis. It is the only probe covered by the pyrosequencing assay
used to analyse the Cuneo’s primary breast cancer cohort (section 4.4.1).
No methylation data on normal tissues were available in the TCGA Data Portal,
therefore it was not possible to define the methylation cut-off as previously
described. The median was used to calculate the cut-off, set at 10.4%. The cut-off
was generated as median and three standard deviations and then used to divide
tumour samples into hypo- and hyper-methylated (Table 4-2).

N-status (p-value <0.001), PR-status (p-value <0.001), ER-status (p-value: 0.009),
grade (p-value: 0.009) and age (p-value 0.014) were found as prognostic markers for
overall survival by univariate COX-regression analysis. However, ASS1 methylation
did not determine a difference in overall survival in this cohort of breast cancer
primary tissues (Figure 4-13). This result was consistent with the data from the
previous cohort.

188

Figure 4-12. 450k Methylation array analysis of TCGA’s dataset.
523 frozen primary breast tissue were analysed using 450k Methylation array from the Cancer
Genome Atlas (TCGA). Each row represents a tumour sample. The data are shown as β-value and
colour-coded in red when highly methylated (100%) and in blue when low methylated (0%).
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Tumour samples
Hypo-methylated

Hyper-methylated

504 (96.4%)

19 (3.6%)

58 [26-90]

62 [32-90]

Number of samples
Age [median (min-max)]
Hormone-receptor status

p-value

0.926
<0.001

ER+

362 (69.2%)

11 (2.1%)

ER & PR+

214 (536.4% of ER+)

5 (1.3% of ER+)

ER & PR-

148 (39.7% of ER+)

6 (1.6% of ER+)

113 (21.6%)

2 (0.4%)

ERHer2 status

0.001

Positive

57 (10.9%)

5 (0.1%)

negative

260 (49.7%)

4 (0.8%)

52 (9.9%)

1 (0.2%)

Triple negative
Tumour Grade

0.063
0.747

Grade 1

82 (15.7%)

3 (0.6%)

Grade 2

292 (55.8%)

10 (1.9%)

Grade 3

125 (23.9%)

6 (1.2%)

Tumour Size

0.268

T1

134 (25.6%)

4 (0.8%)

T2

295 (56.4%)

14 (2.7%)

T3/4

74 (14.1%)

1 (0.2%)

Nodal status

0.178

N0

224 (42.8%)

10 (1.9%)

N1

181 (34.6%)

2 (0.4%)

N2/3

94 (17.9%)

7 (1.4%)

Table 4-2. Clinical characteristics of hypo- and hyper-methylated in the TCGA
dataset.
Tumour samples were divided into hypo- and hyper-methylated based on the cut-off. Each group was
then investigated for clinical characteristics: age expressed as median, follow up period (F/U),
oestrogen receptor (ER), progesterone receptor (PR) and Human Epidermal Growth Factor Receptor 2
(Her2) status and tested by non-parametrical Wilcoxon-Mann-Whitney test (two variables) or
Kruskal-Wallis One-way ANOVA (for more than two variables). Tumours were histologically
analysed using the TMN staging system.
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p-value=0.460

Figure 4-13. TCGA cohort survival based on methylation status.
Overall survival in years in primary of breast cancer patients was analysed using Kaplan-Meier curve
and COX-regression analysis (SPSS, IBM Software). Patients’ data were divided into hypo- (blue)
and hyper-methylated (green line) during the analysis.
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4.5

Discussion

Preliminary data within our group identified Arginino-succinate synthetase (ASS1) as
highly methylated in a primary breast cancer cohort. Although the data could not be
verified in breast cancer cell lines, ASS1 methylation was evident in a significant
proportion of primary breast cancer samples. In two independent cohorts, aberrant
methylation of ASS1 was detected in 21.3% and 3.6% of primary breast cancers. No
significant association with outcome was found.

ASS1 repression via methylation has been replicated by knock-down in a selection of
breast cancer cell lines, causing an increase in sensitivity to arginine depletion and
ADI-PEG20 treatment.

Based on the functional analysis, ASS1 methylated breast cancers can be considered
as potential target for arginine depletion treatment.
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4.5.1

ASS1 is not methylated in the breast cancer cell line panel

This is the first study investigating ASS1 regulation in breast cancer. The gene is
known to be silenced via methylation in other types of cancer, such as melanoma,
lymphoma, mesothelioma and glioblastoma (Szlosarek et al. 2006, Nicholson et al.
2009, Delage et al. 2012, Syed et al. 2013). A subset of breast cancers has been
identified as ASS1 negative and therefore as a potential target for arginine depletion
therapy, but this has not been correlated to any methylation information or functional
data (Dillon et al. 2004). Tumour cells lacking ASS1, gene encoding for the ratelimiting enzyme responsible for arginine synthesis (Wu and Morris 1998, Delage et
al. 2010), are auxotrophic for arginine and can be a target of synthetic lethality via
arginine depletion treatment (Ensor et al. 2002, Feun and Savaraj 2006, Szlosarek et
al. 2006, Kim et al. 2009).

Although the presence of some methylation within ASS1 CpG island by 450k
Methylation array was observed in both breast cancer cell lines and in the TCGA
cohort, no methylation was found in the region known to regulate gene expression
(Nicholson et al. 2009, Delage et al. 2012, Syed et al. 2013). This was not surprising
as the percentage of hyper-methylated tissues observed in the preliminary data was
very low (below 10%, data not shown), justifying the absence of methylation in a
panel of 13 breast cancer cell lines. Consistent with these results, gene expression
and translation analysis showed a wide range of expression levels across the panel of
cell lines. Since ASS1 protein has been demonstrated to be post-translational
modified by S-Nitrosylation (Hao et al. 2004) and by phosphorylation (Corbin et al.
2008), it is not surprising that there was no correlation between gene expression and
translational levels (R: 0.036, p-value: 0.515).
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In the primary breast cancer cohorts, 21.3% of the primary breast cancer tissues and
3.6% of the TCGA cohort samples showed an ASS1 methylation level above the cutoff value. The cut-off was determined as the mean with three standard deviations of
ASS1 methylation distribution in normal tissues in the primary breast cancer cohort,
and median and three standard deviations of ASS1 methylation across the dataset in
the TCGA cohort. When no normal tissues is available, as the case for the TGCA
dataset, published studies have determined the methylation cut-off using different
methods, including the median with or without standard deviation or by testing
different cut-off values and choosing the most significant by ROC-curve analysis
(Cerne et al. 2012, Suzuki et al. 2013, Quillien et al. 2014). The cut-off based on the
median of the samples was chosen for this analysis as considered the most
informative.

It appears that the proportion of hyper-methylated population in the two primary
tissue cohorts was quite different, although the methylation cut-offs are very similar.
This discrepancy can be due to multiple factors differentiating the two cohorts of
samples, including the sample number, the method to store the tissues and to
quantify the methylation levels. The TCGA cohort was represented by 3.4 times
more samples than the primary breast cancer cohort and was analysed using 450k
Methylation array while the primary breast cancer cohort by pyrosequencing. While
pyrosequencing allows the analysis of the methylation status of each CpG site in a
sequence of interest, 450k Methylation array gives a picture of the whole CpG island
testing some CpG sites within the gene promoter region. Therefore pyrosequencing
analysis could be considered more informative of the methylation status of the region
of interest. Another consideration for the differences between the two primary tissue
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cohorts would be the way tissue were stored. While the primary breast cancer tissues
cohort consist of Formalin-embedded tissues (FFPE), the TGCA dataset of freshfrozen tissues. Formalin-embedded tissues (FFPE) are subjected to different steps
that can influence the DNA quality and level of detected DNA methylation. These
range from the paraffin preparation and tissue inclusion procedures to the paraffin
block sectioning and DNA extraction (Leong 2013). While methylation analysis of
fresh frozen tissues are highly reliable and reproducible, DNA from FFPE tends to
generate higher levels of methylation that are not highly reproducible (Tournier et al.
2012, Kelemen et al. 2013). This could result in a high discordance between samples
stored frozen and FFPEs (Jasmine et al. 2012), and may explain the differences seen
in ASS1 methylation in the two breast cancer cohorts in this study.

4.5.2

ASS1 hyper-methylation relevance in breast cancer

No significant correlation was found between ASS1 hyper-methylation and overall
survival in the two primary breast cancer tissue cohorts. While no clinical variants
influenced overall survival in the primary breast cancer cohort, N-status, grade, age,
PR and ER were found statistically significant in the TCGA dataset. This is not
surprising as age is the main confounding factor in survival analysis especially in a
big cohort of samples, and grade and N-status are easily associated with a decrease
in survival, corresponding to more malignant stages of the neoplasia. The little
amount of ER-negative samples in the TCGA cohort also greatly influenced the ER
and PR status impact on overall survival. Indeed, only 10 (1.9% of all samples) were
PR-positive and only 12 (2.2%) ER negative in the 3.6% of samples found hypermethylated, making their distribution very dissimilar to the other subgroup.
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Although no association with overall survival was identified, the main relevance of
ASS1 methylation remained its potential as therapeutic biomarker, identifying a
subset of breast cancers sensitive to arginine depletion treatment. For the first time in
this study, functional analysis address ASS1 reduction determining sensitivity to
arginine depletion treatment in breast cancer cell lines. Loss of ASS1 has already
been used in synthetic lethality in cancers, such as hepatocellular carcinoma,
melanoma, prostate cancer and mesothelioma (Ensor et al. 2002, Feun and Savaraj
2006, Szlosarek et al. 2006, Kim et al. 2009). The treatment is based on the use of a
recombinant form of the Mycoplasma-derived enzyme Deiminase, capable of
reducing arginine in citrulline and NH4 (Feun and Savaraj 2006). Resistance to the
treatment has been observed via ASS1 up-regulation in absence of ASS1 promoter
methylation and via autophagy induction in ASS1 methylated glioblastoma (Delage
et al. 2010, Syed 2013). Consistent with the observations and based on the functional
data described in this study, breast cancer characterised by ASS1 silenced via DNA
methylation should be selectively responsive to ADI-PEG20 treatment, whilst
normal tissue should not. Therefore patients with breast cancer hyper-methylated for
ASS1 are potential target for synthetic lethality via arginine depletion therapy.
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5 Final remarks

A proportion of cancer cells have been found to be unable to synthesise non-essential
amino acids because of epigenetic silencing of the gene responsible for their
synthesis. Cancer cells lacking Glutamine synthetase (GLUL) and Argininesuccinate synthetase (ASS1) are auxotrophic for glutamine and arginine respectively.

GLUL and ASS1 are characterised by high DNA methylation on their promoter
region, which play a role in repressing their transcription. This has been shown to be
particularly relevant in low amino acid conditions when cancer cells need to restore
the concentration of these amino acids to physiological concentrations. Cells
epigenetically silenced for GLUL/ASS1 have been shown to be sensitive to
glutamine/arginine deprivation respectively. GLUL methylated cells with baseline
expression induce autophagy during glutamine depletion therapy, developing a
resistant phenotype. The same reaction has been shown in ASS1 methylated
glioblastoma when exposed to arginine deprivation (Syed 2013). The inhibition of
autophagy induction by Chloroquine administration restores the sensitivity to
glutamine/arginine depletion therapy in methylated cells.

Primary breast cancer tissues confirmed the presence of a proportion of tumours
lacking either GLUL or ASS1 via epigenetic modulation. Based on the functional
results showed in this thesis, a subset of breast cancer patients could be candidates
for therapy via amino acid depletion synthetic lethality. A drug to remove arginine
from the blood stream is already available, ADI-PEG20, but no drug has been used
to deplete glutamine as a cancer treatment yet. However, Erwinase has been shown
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to deplete glutamine from the blood stream and generates a response in leukaemia
cells identical to the one described for breast cancer cell lines. Therefore this could
be a potential candidate for glutamine depletion treatment in breast cancer.

In conclusion the research described in this thesis has demonstrated epigenetic
modulation of metabolic-related genes in breast cancer. The silencing of GLUL and
ASS1 causes cancer cells to be auxotrophic for the specific amino acid that can be
exploited for amino acid depletion treatment.
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7 Supplementary tables and figures

Figure 7-1. GLUL methylation array in a bigger breast cancer cell line panel.
GLUL was located on chromosome1q23 and included three different transcripts (NM_001033044.2,
NM_002065.5, NM_001033056.2) encoding the same protein. Exons are in green, 3’UTR and 5’UTR
in blue, CpG island in red, N-Shore and S-Shore in orange, S-Shelf in yellow in the figure.
The cell lines panel was divided into subtypes: 18 triple negative, 10 Her2-positive, 11 Her2-negative
ER/PR-positive. The results were colour-coded based on the β-value; red when totally methylated
(100%) and blue completely unmethylated (0%).
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A)

R: 0.818
p-value<0.001

B)

R: 0.301
p-value: 0.258

Figure 7-2. Correlation of mRNA, protein and methylation level for Glutamine
synthetase.
Glutamine synthetase mRNA, protein level and methylation status were correlated by linear
regression analysis using SPSS (IBM Software). R value represents how good the correlation is: the
nearer to 1 the better the correlation.
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A)

230

B)

231

C)

Figure 7-3. Enrichment of acetylated Histone3 and Histone4 across each tested gene
promoter region in various cell lines.
Enrichment of acetylated Histone3 and Histone4 on GLUL promoter regions was analysed in the three
groups of breast cancer cell lines: A) unmethylated, MDA-MB-231 MCF7 and T-47D, B) methylated
GLUL expressing, Hcc1954 MDA-MB-468 and MDA-MB-361, and C) methylated GLUL-silenced,
Hs 578T and JIMT1. The DNA pulled down was investigated by real-time PCR for different positions
on GLUL promoter region, 5000 bp (5000) 2500 bp (2500) 500 bp (500) 250 bp (GLUL) upstream
the TSS, and positive controls, GAPDH and RPLP0, as expressed genes. ΔCt was determined as the
difference between the DNA amplified after each immuno-precipitation, with the two histone-specific
antibodies, and the input. The enrichment was calculated as ΔΔCt of the region of interest versus a
not-expressed gene, Haemoglobin 2α (H2A).
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Figure 7-4. Modulation of GLUL during glutamine deprivation treatment.
Unmethylated cell lines MDA-MB-231 MCF7 and T-47D, methylated GLUL expressing, Hcc1954 MDA-MB-468 and MDA-MB-361,and methylated GLUL-silenced
JIMT1 and Hs 578T, were analysed for gene expression by qPCR during gln deprivation. GLUL regulation was expressed as fold change, generated as second power of
minus ΔΔCt. One-way ANOVA on Prism 6.0 (Graph Pad) was used to analyse the statistical significance of each day versus day0. Statistical significance is shown as stars
(*: p-value 0.05, **: p-value 0.01, ***: p-value 0.001, ****: p-value <0.001) above the standard deviation bar.

233

A)

B)

Hypo-methylated
(32%)
Hyper-methylated
(68%)

Hyper-methylated
GS-negative
(24%)

Hypo-methylated
(32%)

Hyper-methylated
GS-positive
(44%)

Figure 7-5. Percentage of samples in each subset of primary breast cancer tissues.
The frequencies of samples in subset based on methylation (A) or methylation and GS level (B) was analysed using SPSS (IBM Software).
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R: 0.036
p-value:0.515

Figure 7-6. Liner regression between Arginino-succinate mRNA and protein level.
Arginino-succinate mRNA and protein level were correlated by linear regression analysis using SPSS
(IBM Software). R value represents how good the correlation is: the near it is to 1 the better the
correlation.
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Figure 7-7. Example images of SDS-PAGE electro-blotting analysis of Glutamine
synthetase.
The breast cancer cell lines panel was screened by SDS-PAGE electro-blotting to analyse the
translational profile of the Glutamine synthetase as described in Materials and Methods.
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Figure 7-8. Example images of SDS-PAGE analysis of Arginino-succinate
synthetase.
The breast cancer cell lines panel was screened by SDS-PAGE electro-blotting to analyse the
translational profile of the Arginino-succinate synthetase as described in Materials and Methods.
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