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Abstract 

 

I 

ABSTRACT 

 

Breast cancer is the most frequently diagnosed cancer in women 

worldwide and the main cause of cancer death in females. Improved 

treatments, prevention programs and earlier detection of the disease are 

reducing the rate of death from breast cancer. However, there is still a 

high percentage of mortality by this disease. The identification of novel 

targets that can predict the response to specific treatments is a key goal 

for personalizing breast cancer therapy and to improve survival. Few 

years ago, PARP inhibitors appeared as a promising therapy, particularly 

for patients with BRCA mutations. However, there was a clear need to 

conduct further preclinical and translational work to help to develop a 

rational development of PARP inhibition in breast cancer. 

 

In this work we described PARP1 expression in breast tumour samples 

and characterized the effects of its inhibition in preclinical models. From 

these studies we found that nuclear PARP1 protein overexpression was 

associated with malignant transformation and poor prognosis in breast 

cancer. PARP1 overexpression was more common in triple negative 

breast cancer, but was also detectable in small subsets of estrogen 

receptor positive and HER2 positive breast cancers. In preclinical 

models, PARP1 appeared to play distinct roles in different molecular 

subtypes of breast cancer. Moreover, we described that PARP inhibitors 

had antitumour effects in various cancer subtypes, and a novel PARP 

inhibitor (olaparib) with the anti-HER2 antibody trastuzumab had greater 

antitumor effect than each agent given alone. 
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RESUM 

 

El càncer de mama és el càncer que es diagnostica amb més freqüència en 

dones arreu del món. La millora dels tractaments, programes de 

prevenció i la detecció precoç de la malaltia estan reduint la taxa de mort 

deguda a aquest càncer. Tot i això, segueix havent un alt percentatge de 

mortalitat per aquesta malaltia. La identificació de noves dianes que 

puguin predir la resposta a tractaments específics és un objectiu clau per 

personalitzar les teràpies contra el càncer de mama i millorar-ne la 

supervivència. Fa pocs anys, els inhibidors de PARP van aparèixer com 

una teràpia prometedora, particularment per pacients amb mutacions de 

BRCA. Tot i això, hi ha una clara necessitat de dur a terme més estudis 

preclínics i translacionals per ajudar al foment d’un desenvolupament 

racional de la inhibició de PARP en càncer de mama. 

 

En aquest treball vam descriure l’expressió de PARP1 en mostres de 

tumors mamaris i vam caracteritzar els efectes de la seva inhibició a 

models preclínics. D’aquests estudis vam trobar que la sobreexpressió 

nuclear de la proteïna PARP1 fou associada amb transformació maligna i 

a mal pronòstic en càncer de mama. La sobreexpressió de PARP1 fou 

més freqüent al càncer de mama triple negatiu, però també es va detectar 

en un petit subgrup de càncers de mama receptors d’estrogen positius, i 

HER2 positius. En models preclínics, PARP1 va semblar exercir rols 

diferents als diferents subtipus de càncer de mama. Per altra banda, vam 

descriure que els inhibidors de PARP tenen efectes antitumorals en 

diversos subtipus de càncer, i que un nou inhibidor de PARP (olaparib) 

combinat amb l’anticòs anti-HER2, trastuzumab, van exhibir majors 

efectes antitumorals que cadascun per separat. 
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PREFACE 

 

The work presented in this PhD thesis has been conducted in the 

Molecular Therapeutics and Biomarkers in Cancer group of the Institut  

de Recerca Hospital del Mar (IMIM), at the Parc de Recerca Biomèdica 

de Barcelona (PRBB). The group is led by Dr. Joan Albanell, Head of the 

Medical Oncology Service at the Hospital del Mar, and the Research 

Programme in Cancer at IMIM. 

 

The main goal of the group is to contribute to improving of cancer 

treatment through preclinical research with in vitro, in vivo and ex vivo 

models, predictive and pharmacodynamic biomarker studies in human 

samples and clinical trials. For this objective the group is structured along 

three linked multidisciplinary areas: the Preclinical laboratory, led by Dr. 

Ana Rovira, senior biologist; the Biomarker research area, led by Dr. 

Federico Rojo, pathologist; and the Clinical Research area, coordinated 

by Dr. Ignasi Tusquets and Dr. Sònia Servitja, oncologists. For the work 

showed in this PhD thesis we have also counted on the valuable 

collaboration of Dr. Ana Lluch, from Hospital Clínic de València, and 

Dr. José Yélamos, from IMIM. 

 

Along the years as predoctoral student in this group I had the 

opportunity to learn a wide range of laboratory techniques and analyze 

and interpret data through participation in various research projects. 

From April 2007 until 2009 I began studying the PI3K pathway and the 

effects of its inhibition with a dual mTOR/PI3K inhibitor in breast 

cancer, as well as collaborations in other projects. Since late 2009 I have 

been working in the field of PARP1 protein focused in breast cancer. 
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VI 

PARP inhibition emerged few years ago as a promising novel strategy for 

the treatment of BRCA mutant tumours. However, the clinical 

development of PARP inhibitors in many instances was faster than the 

generation of a sufficient body of knowledge on the role of PARP in 

human tumours. 

 

To address some translational aspects of PARP in breast cancer, the core 

of this PhD thesis has consisted in the study of PARP1 expression in 

breast tumour samples and in the characterization of the effects of its 

inhibition by different technical approaches in cancer cells. As a result of 

this work also a novel therapeutic strategy has been proposed. 
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I.1. BREAST CANCER 

 

I.1.1. Magnitude of breast cancer disease 

 

Cancer is the leading cause of death in economically developed countries 

and the second cause of death in developing countries1. At present, the 

global burden of cancer is increasing due to the aging, the growth of the 

world’s population and acquisition of cancer-associated lifestyles, 

particularly smoking, in economically developing countries2.  

 

Breast cancer is the most frequently diagnosed cancer in women 

worldwide and the main cause of cancer death in females, accounting in 

2008 for 23% of the total cases and 14% of the cancer deaths3. 

Specifically in Spain, according to statistics from Globocan 2008, breast 

cancer accounted for 6008 deaths and 22027 of new cases4. Fortunately 

the rate of death from breast cancer is declining due to improved 

treatments, prevention programs and the earlier detection of the disease5. 

 

However, there is an urgent need to develop novel therapeutics to 

improve the outcome of many women that still die from this disease. 
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Incidence

Mortality

 

 
Figure I.1. Estimated cancer incidence and mortality in women in 2008 in 
Spain. Cancer incidence and mortality data for all ages. Adapted from4. 

 
 

I.1.2. Hereditary and spontaneous breast cancer 

 

Breast cancer, like other forms of cancer, is considered to be the result of 

both, environmental and hereditary factors that lead to essential 

alterations in cell physiology, including self-sufficiency in growth signals, 

insensitivity to growth inhibitory signals, evasion of apoptosis, limitless 

replicative potential, sustained angiogenesis and tissue invasion and 

metastasis6. In a common core, these alterations affect systems that 

preserve the normal cell proliferation and lead to the malignant 

transformation of cells. 

 

Breast cancer is a very heterogeneous disease at both histological and 

molecular level. Based on etiological parameters, breast cancer is 

classified in two main groups: Hereditary and sporadic breast cancer. It is 
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important to discuss hereditary breast cancer since it is a key focus in the 

development of PARP inhibitors. 

 

Hereditary breast cancers represent 5-10% of all breast cancers, while the 

rest, much more common, are sporadic cancers. In sporadic breast 

cancer, risk factors are often hormonal in nature and are the 

accumulation of many genetic alterations in mammary epithelial cells that 

leads to the malignant transformation of breast.  

 

Hereditary breast cancer occurs in women that carry identified germline 

mutations in specific predisposing genes which confers an inherited 

susceptibility to breast cancer. The main high penetrance genes described 

for hereditary breast cancer are: BReast CAncer susceptibility gene 1 

(BRCA1) and BReast CAncer susceptibility gene 2 (BRCA2). These genes 

codify for key proteins that plays an important role in an essential DNA 

repair mechanism, the Homologous Recombination (HR) repair pathway 

(More detailed in Section 2.3 “DNA Repair Mechanisms”). Other genes 

that can be mutated in other forms of hereditary breast cancer are: TP53, 

coding for a key regulator of cell cycle and genome stability; the cell cycle 

checkpoint kinase gene (CHEK2), accounting for about 5% of the 

hereditary cases; and PTEN, coding for a protein also involved in cell 

cycle and proliferation, which are responsible for up to 1% of this class 

of breast cancer7. 

 

Focusing in BRCA, germ-line BRCA mutations can be inherited from 

either parent, whereas the somatic, or acquired, mutations in BRCA 

genes occur infrequently. Women with germ-line heterozygous mutations 

in BRCA1 or BRCA2 have an estimated 60-85% of lifetime risk of 

developing breast (and/or ovarian) cancer, among others8. Consistent 
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with this, BRCA-familial tumors usually carry higher frequency of TP53 

mutations9, amplification of c-MYC, which codifies for a transcription 

factor with an important role in DNA replication, and/or elevated 

expression EGFR, an epithelial growth factor receptor important for 

proliferation, which could explain this increased risk of cancer10. 

Inherited mutations of BRCA1 gene accounts for 40-45% of hereditary 

cancers11, whereas BRCA2 for a 35-40%12.  

 

Despite BRCA1 and BRCA2 have no significant sequence similarity, both 

proteins are implicated in similar processes of DNA repair. BRCA1 

appears to play an initial role in signalling DNA damage and cell cycle 

checkpoint, whereas BRCA2 has a more direct involvement in DNA 

repair itself. 

 

BRCA1 gene is located in the chromosome 17q21 and encodes for a 

nuclear phosphoprotein of 220kDa with two recognized protein motifs 

important for its functions, a RING domain near the N-terminus and 

two tandem BRCT domains at C-terminus. Through the RING domain 

(a cystein-rich sequence) can heterodimerize with BARD1, an important 

RING-finger family member with transcriptional regulatory capacity. 

This domain also binds other proteins such as c-MYC or cyclin D1, 

involved in the regulation for cell cycle progression. The BRCA1 C-

terminus (BRCT) domains are involved in transcription activation and 

protein binding (such as histone deacetylases). Through these domains 

also mediates the binding with complexes of  proteins involved in the 

repair of DNA Double Strand Breaks (DSB) (reviewed in13).  

 

Upon DNA damage, BRCA1 is rapidly phosphorylated by kinases 

involved in the process of DNA repair including Ataxia Telangiactasia 
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Mutated (ATM), Ataxia Telangiectasia and Rad3-related (ATR) and 

CHEK2, which activate signal transduction14 and initiate the processing 

of DSB by the HR pathway. 

 

BRCA2 gene is located in the chromosome 13q12 and encodes for a 

nuclear phosphoprotein of 384kDa which does not exhibit many well-

defined domains as BRCA1. The central domain which contains BRC 

repeats binds with the recombinase RAD51. The nuclear localization 

signal promotes the shuttling of BRCA2/RAD51 from the cytoplasm to 

the nucleus where bind other components forming the BRCC complex 

responsible of further processing of DSBs (reviewed in 13). 

 

When high risk heterozygous mutations in BRCA1 and BRCA2 genes are 

combined with the loss of the functional copy (the wild-type allele) can 

give rise to truncated or non-functional BRCA proteins. The loss of the 

wild type allele is called Loss of Heterozigozity (LOH). Cells with lack of 

BRCA1 or BRCA2 wild-type protein expression need to repair DSBs by 

more error-prone repair mechanisms. This leads to increased errors in 

DNA repair and genomic instability which might induce alterations in 

essential cell-cycle checkpoints and/or proliferation signals, underlying 

the characteristic cancer predisposition caused by this deficiency 

(reviewed in 15).  

 

I.1.3. Predictive biomarkers 

 

All breast cancers are routinely assessed for the expression of three 

predictive markers which will help to predict the response to a specific 

therapeutic treatment: Hormone receptors, including Estrogen Receptor 
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(ER) and Progesterone Receptor (PgR); and Human Epidermal Growth 

Factor Receptor 2 (HER2 receptor). 

 

Hormone receptors 

Estrogen Receptor (ER) is a nuclear hormone receptor activated by the 

hormone 17β-estradiol (estrogen) that regulates gene expression. In the 

normal resting breast about 15-25% of epithelial cells are ER-positive, 

although the percentage varies throughout the menstrual cycle. In non-

tumoral conditions, the ER-positive cells are largely non-dividing whereas 

the ER-negative cells proliferate in response to oestrogen-stimulation. In 

fact, it is suggested that ER-positive cells promote the proliferation of the 

surrounding ER-negative cells through secretion of paracrine factors. In 

contrast, in breast tumours the ER-positive cells exhibit great oestrogen-

dependent proliferation16,17.  

 

Progesterone Receptor (PgR) is also a nuclear hormone receptor that 

mediates the effects of progesterone hormone in the development of the 

mammary gland, specifically critical for lobuloalveolar development18. 

Like the ER, PgR is present about a 15-30% of luminal epithelial cells16. 

PR is an oestrogen-regulated gene and its synthesis in normal, and cancer, 

cells requires oestrogen and ER. Thus, it is not surprising to observe that 

ER-positive/PgR-positive tumours are more common than ER-

positive/PgR-negative. 

 

For this reason, the expression of these receptors reflects the hormonal 

status of the tumour and predicts the sensitivity to endocrine treatment 

based on the dependence of this type of tumour to steroid hormones as 

their main growth stimulus.   
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About two third of breast cancers are ER-positive, more than half of 

these also express PgR, and about 50% of the ER-positive respond to 

endocrine therapy19. The expression of hormone receptors is assessed by 

immunohistochemistry and defines the tumour as ER and PgR positive 

(>1% of tumour cells with positive nuclear-staining), or negative (<1% 

tumour cells with positive nuclear-staining)20. 

 

HER2 Receptor 

HER2/ErbB-2 gene codifies for a transmembrane tyrosine kinase growth 

factor receptor that belongs to HER family of receptors (Further 

discussed in section “I.1.5.2.2. HER2-targeted therapies”).  

 

Amplification and overexpression of HER2 occurs in about 15-25% of 

breast cancers and is associated with aggressive disease course, poor 

disease free survival and shorter overall survival21. The status of HER2 

predicts response to anti-HER2 therapy22. 

 

The HER2 status is assessed with two methods. By 

immunohistochemistry is defined the protein expression status ranging 

from 0 (negative), to 3+ (intense and uniform membrane staining in 

>30% of tumour cells). And by Fluorescent In Situ Hybridization (FISH) 

is assessed the HER2 gene amplification. As stated by the guidelines of 

the American Society of Clinical Oncology/College of American 

Pathologists for HER2 testing: “a positive HER2 result is IHC staining 

of 3+ and FISH of more than six HER2 gene copies per nucleus or a 

FISH ratio (HER2 gene signals to chromosome17 signals) of more than 

2.2”23. 
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I.1.4. Molecular subtypes 

 

Classically breast cancers have been classified according the parameters 

described above and the expression of hormone receptors and HER2, 

which frequently help predicting prognosis and determining the most 

appropriate treatment. However, this classification has demonstrated to 

be limited being unable to define subgroups with similar prognostic and 

therapeutic features. 

 

In the 2000’ microarray technology allowed Perou et al.24 to classify for 

the first time breast cancer in subgroups based on the gene expression 

profiling, introducing a new concept: the “molecular subypes”. These 

molecular subtypes were confirmed in subsequent studies and were 

found to be associated with different clinical outcomes25,26. Furthermore, 

these subtypes not only associate with different prognosis but also exhibit 

different histological and physiopathological features and different 

response to treatments (Correspondence between molecular subtypes and 

clinicopathological features is summarized in the figure I.2.). To date, the 

five main subtypes defined by its gene expression profile are: 

 

• Normal breast-like expresses genes characteristic of adipose and non-

epithelial cell types which resembles to normal breast, which might 

be an artifact. 

Luminal subtypes, which in general are ER+, express cytokeratin 8 and 

18 and represents about 70% of breast cancers, are divided in: 

• Luminal A is mostly ER and PgR positive and HER2 negative 

expression. Luminal-A subtype have better prognosis and sensitivity 

to endocrine therapy than Luminal-B.  
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• Luminal-B tends to be of higher grade, more aggressive, positive for 

HER2 and high density of Ki-67 expression. Luminal-B has worse 

prognosis than Luminal-A. 

• ERBB2 overexpressing tends to be high grade tumours that together 

with the basal-like subtype have the worst overall and metastases free 

survival. This subtype exhibits overexpression of HER2 together 

with overexpression of other genes in the same amplicon such as 

GRB7 and Topo2A. The majority are ER negative and respond to 

anti-HER2 treatment. 

• Basal-like is the most aggressive subtype. Most of them exhibit 

negative expression of ER, PgR and HER2, for this reason in the 

clinical setting are also called triple-negative (TN), although not all 

the basal-like are TN. This subtype expresses high levels of genes 

characteristic of the basal (myoepithelial) cells of the mammary tissue 

such as cytokeratines5/6, EGFR, c-Kit. Besides, these tumours 

exhibit high index of genomic instability. Although there is no 

established therapeutic target for this subgroup, it is very sensitive to 

chemotherapy, but have high tendency to relapse and metastasize27. 

Another feature that differentiates basal-like tumours from luminal-

like is the association with BRCA-1 pathway dysfunction. The 

similarities between basal-like subtype and BRCA1-associated breast 

cancers are further described in the point of “BRCAness phenotype” 

in the section “I.4.3.2.1. Synthetic lethality. Table I.1”. Due to the 

lack of therapeutic target in this subtype and the similarity found with 

BRCA1-mutated cancers many efforts have been focused to novel 

targets. PARP inhibitors, which are the focus in this thesis, have been 

also studied clinically in triple-negative breast cancers. 
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Figure I.2. Correspondence between Molecular subtypes and 
Clinicopathological Features of Breast Cancer. Adapted from28. 
 

 

I.1.5. Systemic treatments 

I.1.5.1. Chemotherapy 

 

Chemotherapy is a cancer treatment that uses cytotoxic drugs that affects 

cell proliferation to destroy or stop the growth of fast replicating cells, a 

general characteristic of tumoral cells, but also a characteristic of some 

high proliferative normal cells, which causes side effects such as alopecia 

or myelosuppression. Depending on the moment of administration 
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chemotherapy can be classified as: Neoadjuvant chemotherapy, 

administered before surgery to reduce the size of the tumour; adjuvant 

chemotherapy, administered after surgery to reduce the risk of 

recurrence; and palliative chemotherapy, administered to control the 

cancer after spreading. The most common chemotherapeutic drugs used 

in breast cancer are doxorubicin, epirubicin, docetaxel, paclitaxel, 5-

fluorouracil and cyclophosphamide.  

 

I.1.5.2. Targeted therapies 

 

Targeted therapy is a cancer treatment that specifically targets essential 

markers of cancer cells responsible of the growth and survival of the 

tumour. The rational use of targeted therapies is frequently more 

effective and less toxic for normal cells than other treatments.  

 

I.1.5.2.1. Hormone therapy 

 

Hormone therapy acts blocking the effects of oestrogen on ER-positive 

breast cancer, which are dependent on oestrogen to grow. Current 

hormone treatments include anti-estrogen agents, aromatase inhibitors, 

and others. Antiestrogens compete with estrogens for the binding to ER 

in ER-positive cells, thus reducing its proliferation. The most successful 

antiestrogen drug is tamoxifen that exhibits about a 50% reduction in 

recurrence and >20% reduction in deaths29. Aromatase inhibitors block 

the aromatase enzyme, responsible of turning androgen into oestrogen, 

hence reducing the levels of estrogens. 
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I.1.5.2.2. HER2 targeted therapy 

 

HER2 is a transmembrane tyrosine kinase (TK) receptor that belongs to 

the Epidermal Growth Factor (EGF) or HER receptor family which 

consist of EGFR/ErbB1 (HER1), ErbB2 (HER2), ErbB3 (HER3) and 

ErbB4 (HER4). All of them, except HER3, contain a cytoplasmic TK 

domain, and all, except HER2, bind specific ligands (members of the 

EGF family of growth factors) through the extracellular domain. After 

ligand binding, these receptors homo- or heterodimerize, being HER2 

the preferential binding partner, and phosphorylates many residues from 

their intracellular domain that result in the recruitment of many signaling 

molecules and the activation of many signaling pathways. HER2 signaling 

triggers several cellular processes such as proliferation, survival, motility 

as well as resistance to apoptosis. The two of the main activated pathways 

are the phosphatidylinositol 3-kinase (PI3K)/Akt and RAS/Raf/Mitogen 

Activated Protein Kinase (MAPK) pathways. (Reviewed in30). 

 

Therefore, HER2 is an ideal target for HER2+ breast cancer treatment 

for several reasons: 

• HER2 levels correlate strongly with pathogenesis and prognosis of 

breast cancer. 

• HER2 levels in overexpressing human cancers are much higher than 

in normal tissues, potentially diminishing the toxicity of HER2-

targeting drugs. 

• HER2 is present in a high proportion of malignant cells in HER2+ 

tumours, suggesting an optimal targeting of most of the cancer cells 

in a patient. 
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• HER2 overexpression is frequently found in both primary and 

metastatic sites, suggesting that anti-HER2 therapy might be effective 

at all disease sites. 

 

Trastuzumab was the first HER2-targeted therapy approved for the 

treatment of HER2-overexpressing breast cancers. It is a humanized 

monoclonal antibody against the extracellular region of HER231. As a 

single agent has obtained overall response rates (including complete and 

partial response) ranging from 15% to 30%, whereas when combined 

with standard chemotherapy in metastatic disease higher response rates 

ranging from 50% to 80% were obtained32. Since we addressed in this 

thesis the combination of a PARP inhibitor with trastuzumab, a further 

exploration of what is known on its mechanisms of action is provided 

below. 

 

Several of the effects observed in experimental in vitro and in vivo models 

are33: 

• Diminished receptor signalling: Disruption of downstream signalling, 

weak effect on receptor dimerization, internalization and degradation. 

• G1 phase of cell cycle arrest: Accumulation of p27kip1, a cyclin-depent 

kinase inhibitor. 

• Induction of Apoptosis: Inhibition of Akt activity and other indirect 

mechanisms. 

• Inhibition of angiogenesis: Reduction of tumour vasculature and 

expression of pro-angiogenic factors. 

• Activation of immune-mediated responses. 

• Inhibition of HER2 extracellular domain cleavage. 
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• Inhibition of DNA repair: Promoting DNA strand breaks and 

apoptosis 

 

Another anti-HER2 drug approved for clinical use is lapatinib. Lapatinib 

is a small-molecule dual EGFR/HER2 tyrosine kinase inhibitor that 

prevents TK phosphorylation and subsequent downstream signalling34. 

Another antibody-based targeted therapy used in breast cancer is 

Bevacizumab, against the Vascular Epidermal Growth Factor (VEGF). 

However, there are no known predictive factors to select patients that 

benefit the most from this antibody 

 

Apart from these, nowadays several targeted therapies are in clinical trials 

studying their efficacy in breast cancer, such as novel anti-HER2 drugs, 

inhibitors of PI3K/Akt/mTOR pathway, ERK1/2 pathway and PARP, 

the latter extensively covered throughout this thesis. Since PARP is key 

enzymatic system involved in DNA repair, this topic is reviewed in the 

following section. 

 

 

I.2. DNA DAMAGE AND REPAIR 

 

The genome of mammalian cells is constantly threatened by endogenous 

metabolic products and exogenous genotoxic agents that can finally lead 

to a range of nucleotide modifications and different kinds of DNA 

lesions. The major causes of spontaneous DNA damage as well as that 

caused by ionising radiation (IR) and chemotherapeutic agents most 

commonly used in the treatment of cancer are reviewed below. 
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I.2.1. Endogenous DNA damage 

Base loss 

DNA is a helical molecule, long and double-stranded composed of units 

of deoxyribonucleotides. A deoxyribonucleotide is composed of the 

pentose sugar deoxyribose, one of four nitrogenous bases (adenine, 

guanine (called purines); cytosine, or thymine (called pyrimidines)), and a 

phosphate group. The N-glycosyl base sugar bond linking DNA bases 

with deoxyribose is labile under physiological conditions. Base loss 

consist in the lost of a purine or a pyrimidine due to hydrolytic cleavage 

of the glycosyl bond which creates an apurinic or apyrimidinic (AP) site, 

also called abasic site35. 

 

Base Modification 

Deamination. It is the removal of a primary amino group of nucleic acid 

bases and its conversion to keto groups. Cytosine can be deaminated to 

uracil, which is commonly found in the RNA, but its presence in the 

DNA can be easily detected and repaired. Specially, deamination of 5-

methyl cytosine to thymine is potentially mutagenic because if it is not 

detected by the cell as DNA damage, it remains uncorrected and leads to 

mutation. Similarly, the deamination of adenine is a potentially mutagenic 

lesion because hypoxanthine forms a more stable base pair with cytosine 

rather than thymine36.  

 

Oxidation. Cellular metabolism is a source of endogenous reactive 

oxygen species (ROS) which include singlet oxygen, peroxide radicals, 

hydrogen peroxide and hydroxyl radicals (OH). ROS can also be 

generated by ionizing or ultraviolet radiation and exogenous chemicals. It 

is widely described that ROS are can modify DNA bases. Among others, 
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hydroxyl radicals react with guanine to generate 8-hydroxyguanine, a 

potentially mutagenic lesion that shows preference for base pairing with 

adenine rather than cytosine37.  

 

Methylation. In addition to oxygen, living cells contain several other 

reactive molecules that have the potential to cause DNA damage. This 

process involves the addition of a methyl group to specific positions in 

DNA bases. DNA methylation is a cellular mechanism to regulate gene 

transcription, for this reason the aberrant methylation is considered DNA 

damage. The most important of these is probably S-adenosylmethionine 

(SAM). SAM is a methyl group donor that is used as a co-factor in most 

cellular transmethylation reactions. SAM can react accidentally with DNA 

to produce alkylated bases such as 3-methyladenine which blocks 

replication, and is therefore a cytotoxic DNA lesion38.  

 

Replication errors 

Another major source of potential aberrations in DNA is the generation 

of mismatches or small insertions or deletions during DNA replication. 

Particularly highly repetitive sequences are prone to this type of error. 

Although DNA polymerases are moderately accurate and most mistakes 

are immediately corrected by polymerase-associated `proofreading' 

exonucleases nevertheless, the machinery is not always perfect and 

mistakes do happen39. 

 

I.2.2. Exogenous DNA damage 

I.2.2.1. UV damage 

Nucleic acid bases absorb electromagnetic radiation of ultraviolet light 

(UV) which can induce chemical changes in the DNA. The most frequent 



Introduction 

 

19 

photoproducts are the formation of bonds between adjacent pyrimidines 

within one strand, which is called pyrimidine dimers. Of these, the most 

frequent are cyclobutane pyrimidine dimers (CPDs). T-T CPDs are 

formed readily. CPDs cause extreme distortion of the DNA chain 

structure which can impair transcription, replication and induce 

mutations such as C o T or CC to TT transition40. 

 

I.2.2.2. Chemical damage and cytotoxic induced damage 

 

Many chemical agents can damage DNA and act as carcinogens by 

modifying DNA bases, frequently by addition of an alkyl group 

(alkylation). Examples of alkylating agents that humans can be exposed to 

include: polycyclic aromatic hydrocarbons present in the tobacco smoke, 

pollution or tar fumes; aromatic amines, used in the chemical and rubber 

industries; or dimethyl- and diethyl-nitrosamine, in trace amounts in 

many food products41.   

 

In spite of this, certain toxic alkylating agents and some types of radiation 

are commonly used as treatments for cancer patients with the ultimate 

goal of killing cancer cells, yet paradoxically, they are also known to 

induce cancer since they can cause genetic changes. Radio- and 

chemotherapy are used to cause a cytotoxic lesion that might arrest 

tumour progression, theoretically without affecting normal tissue41. In 

general, the cytotoxic lesions induced by these therapies are DNA strand 

breaks caused by a variety of mechanisms, including direct DNA damage 

or indirect DNA damage by repair mechanisms which introduce breaks 

as a part of the repair process. Some of these therapeutic agents have 

been used in this thesis and are therefore reviewed below. 
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Radiotherapeutic agents 

Ionising radiation (IR), including X rays, y rays and high energy electrons, 

interacts with matter by transferring energy to the electrons in the 

irradiated sample. IR acts indiscriminately on all molecules in the 

irradiated area, being DNA the critical target of IR-induced cell death. 

The toxic effect of IR on cells is the result of a direct interaction of 

radiation with DNA or indirectly through the formation of free radicals. 

These radicals can efficiently react with the DNA resulting in base 

damage and subsequent DNA strand breaks, or in adducts causing 

protein crosslinks42. Double Strand Breaks (DSBs) are the main cytotoxic 

lesion produced by direct interaction of IR with DNA or as repair 

intermediate. Due to the wide spectrum of lesions introduced into the 

DNA, IR-induced DNA damage can be repaired by multiple DNA repair 

pathways. 

 

Chemotherapeutic agents 

The most common chemotherapeutic agents act on fast-dividing cells, 

one of the main features of most cancer cells. These kinds of “cytotoxic” 

drugs affect cell division, DNA synthesis or function through different 

mechanisms. The cytotoxic agents more relevant to the work presented 

in this thesis are discussed below. 

 

Cisplatin 

Cisplatin (cis-diammine-dichloro-platinumII, CDDP) is a platinum 

derivate (Figure I.3). Cisplatin is one of the most potent 

chemotherapeutic agents known and it is widely used in a variety of solid 

tumours, specifically it is approved treat bladder, cervical, ovarian, 

testicular, head and neck, non-small cell lung cancer and malignant 
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mesothelioma43. Cisplatin displays clinical activity against breast cancer 

but it is not used routinely for its treatment44. 

 

 

Figure I.3. Structure of cisplatin 

 

Its cytotoxic mechanism of action is mediated by its interaction with the 

purine bases in the DNA to form DNA adducts, mainly intrastrand 

crosslinks adducts, but also protein-DNA crosslinks45. These DNA 

lesions are translated in inhibition of DNA synthesis, DNA breaks, 

suppression of RNA transcription and transduction of these DNA 

damage signals to downstream effectors activating cell cycle checkpoints, 

p53, MAPK and finally inducing apoptosis46. 

 

Doxorubicin 

Doxorubicin (also known as Adriamycin or hydroxydaunorubicin), was 

one of the first two anthracyclines described (together with daunomycin) 

with high toxicity in mammalian cells in vitro and in vivo47. Doxorubicin 

was originally isolated from the bacterium Streptomyces peucetius var. caesius48 

(Figure I.4).  

 

Figure I.4. Doxorubicin structure 
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Doxorubicin performs its cytotoxic activity through different 

mechanisms of action, but the main target for doxorubicin is the enzyme 

Topoisomerase IIα. Topoisomerases I and II (Topo I and II) are 

enzymes that regulate the strand breakage, rotation and rejoining of DNA 

to enable DNA transcription, replication, recombination and repair to 

occur. Due to the specific mechanisms of action of each enzyme, Topo I 

poisons are associated with SSB whilst Topo II poisons give rise to the 

formation of DSBs. Mechanistically, doxorubicin has the ability to 

intercalate DNA inhibiting the progression of TopIIα. Functionally, it 

stabilizes the TopIIα-DNA complex after it breaks the DNA chain, thus 

preventing DNA resealing and thereby blocking replication, causing a 

permanent DNA damage49,50. For this reason cells in the S phase of the 

cell cycle are the most sensitive to the cytotoxic action of doxorubicin 

and other topoisomerase inhibitors. Moreover, doxorubicin generates 

ROS which can also induce DSBs, damage membrane lipids and/or 

activation of apoptotic signalling51. 

 

I.2.3. DNA repair mechanisms 

 

As described above, cells are continuously under assault from a wide 

array of DNA-damaging agents. It is essential for the optimal replication 

of mammalian cells a high-fidelity process that protects, corrects and 

assures an accurate passage of genomic information to subsequent 

generations. For this reason, different surveillance systems and DNA 

repair pathways have evolved to maintain genome integrity, assure cell 

survival, and prevent cancer. 
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However, the intrinsic cellular DNA repair mechanisms used to protect 

the genome can also play a role in the response to radio- and 

chemotherapy. In this aspect, increased rates of repair of cellular DNA 

damage represent an important mechanism of resistance to chemo- and 

radiotherapy. In the context of this thesis, modulation of DNA repair by 

the use of specific inhibitors has been evaluated as an attractive 

mechanism to modulate resistance/sensitivity to a number of anticancer 

agents. 

 

Regardless the cause, upon DNA damage cells can activate systems that 

induce cell cycle arrest, allowing time enough to the action of the DNA 

damage response (DDR) to repair the lesion.  DDR activates the proper 

DNA repair pathway, and in the case of irreparable damage, causes 

apoptosis52. Key players in DDR are considered to be the tumour 

suppressor protein p53, ataxia telangiectasia mutated (ATM), DNA-

dependent protein kinase (DNA-PK) and poly(ADP-ribose) polymerase-

1 (PARP1)53. The roles of PARP1 in DNA damage repair and cell 

survival have been investigated in the work described in this thesis.  

 

The main pathways to repair single-strand damage, in which the strand 

without defect can be used as a template to guide the repair of the 

damage strand, are: Base Excision Repair (BER), Nucleotide Excision 

Repair (NER) and MisMatch Repair (MMR). Whereas the main 

mechanisms to repair double breaks (DSB), particularly hazardous to the 

cell because both strands are damaged and this can lead to genome 

rearrangements, include Non-Homologous End Joining (NHEJ) and 

Homologous Recombination (HR). 
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Figure I.5. DNA damage, repair mechanisms and consequences. Adapted from54. 
 
 

Base Excision Repair (BER) removes small alterations of bases, mainly 

acting against lesions due to cellular metabolism which include 

deamination, methylation or hydroxylation of bases and oxidation or 

alkylation of nucleotides due to ROS generated either by normal 

metabolism such as cellular respiration, or environmental stresses such as 

exposure to oxidizing chemicals, alkylating drugs and IR, or smoking36. 

Briefly, damaged bases are recognized and excised by a DNA glycosylase, 

generating an AP site which is converted by an AP endonuclease (APE1) 

into a single nucleotide gap, or single strand break (SSB). The SSB, or 

longer repair patches, are processed and filled by a DNA polymerase β 

and finally ligated and sealed by the XRCC1-ligaseIIIα complex55. The 

specific action of PARP1 in SSB repair is described in section “I.1.5.1. 

PARP1 and DNA repair”. 
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Mismatch Repair (MMR) removes nucleotides misspaired by DNA 

polymerases and insertion/deletion loops, which are generated during 

recombination or as a result of slippage during replication of repetitive 

sequences56. Several proteins are involved in MMR, initially MSH 

complex recognizes the mismatch followed by the interaction with 

MLH1/MS2 and MLH1/MLH3 complexes57. Tumour cells with 

deficiencies in MMR have mutation frequencies higher than normal cells 

and present microsatellite instability58. 

 

Nucleotide Excision Repair (NER) recognizes and removes DNA bulky 

adducts and helix-distorting base modifications that interferes with DNA 

base pairing54. The most important function of NER is to remove 

ultraviolet-induced DNA damage, such as pyrimidine dimers, or adducts 

formed by chemotherapeutic agents such as cisplatin. The main members 

that act in the NER mechanism are the Xeroderma pigmentosum 

complementation group -A (XPA), -B (XPB), -C (XPC), -D (XPD), -F 

complex (ERCC1/XPF),  -G (XPG) and the transcription factor IIH 

(TFIIH)54. All these proteins collaborate in recognizing and excising the 

damaged nucleotides and resynthesizing and ligating a new DNA strand.  

 

Homologous Recombination Repair acts on DSB which can be caused by 

both; environmental stresses, such as ROS, IR, X-Ray and specific 

antineoplastic drugs  such as anthracyclines and other topoisomerase 

inhibitors; and endogenous factors specially acting during the S-phase of 

the cell cycle or during replication of a DNA containing SSB or lesions 

which finally cause collapse of the replication fork59. The repair of DSB 

through this mechanism requires alignment an identical or almost 

identical sequence which is used as a template for the repair. The 

templates used in this process are present in late S to G2/M phases of 
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cell cycle when a sister chromatid or a homologous chromosome are 

available60. HR is a complex process that requires many proteins. Briefly, 

DSB are immediately and extensively marked by the phosphorylation of 

H2AX where BRCA1 migrates rapidly61. Among the different complexes 

in which BRCA1 acts as a scaffold protein, the RAD50-MRE11-NSB1 

(MRN) complex is recruited initially for the HR repair. This complex 

possesses 3’-5’ exonuclease activity essential for the initial processing of 

the 3’ ends of either side of a DSB62. Then BRCA2 recruits and stabilizes 

RAD51 which act as recombinator mediators allowing the alignment of 

the 3’ ends from the damage strand with the complementary sequence of 

the homologous chromosome or sister chromatid and further repair of 

the lesion63,64. Finally, and in a very simple description, the 3’ end is 

extended by DNA polymerases and after replication resolvases ends the 

process by returning each strand to the original chromosome59. Failure of 

DSB repair can lead to many aberrations such as mutations, gross 

chromosomal rearrangements and cell death. 

 

Non Homologous End Joining is another main pathway to repair DSB. 

This pathway is important before the cell has replicated its DNA, out of 

S and G2/M phases, when there is no available template for HR repair. 

NHEJ is basically the ligation of DNA ends of the DSB without need for 

homology. NHEJ is an error-prone repair pathway which can generate 

small insertions and deletions, but can also be error free when a direct 

ligation of the ends of a DSB occurs65. In the case of incompatible ends, 

the heterodimer Ku80/70, with sequence independent activity, binds to 

DNA ends and attracts additional proteins for the DNA synthesis and 

ligation including MRE11, RAD50, NBS1, XRCC4, Artemis and DNA 

ligase IV (reviewed in 66). 

 



Introduction 

 

27 

I.3. ADP-RIBOSYLATION 

 

ADP-ribosylation is a reversible posttranslational modification of 

proteins catalysed by a group of enzymes nowadays known as ADP-

ribosyl transferases (ADPRTs or ARTs). ARTs catalyse the transference 

of the ADP-ribose units of NAD+ to target proteins. The molecule of 

NAD+ comprises of an ADP-ribosyl moiety that is covalently attached to 

nicotinamide through a β-N-glycosidic bond 67 (See Figure I.6). 

 

 

Figure I.6. Structure of NAD+ (Adapted from67). 

 

 

I.3.1. Mono(ADP-ribosylation) and poly(ADP-

ribosylation) 

 

ARTs have been found in the nuclei and cytoplasm of many organisms68. 

In general, cytoplasmic ART enzymes form mono-ADPribosyl products, 

whereas nuclear ARTs are able to form longer homopolymers of ADP-

ribose on target proteins, known as poly(ADP-ribosylation). 

 

Mono-ADPribosylation reactions catalyse the transfer and covalent 

attachment of one ADP-ribose unit from NAD+ to a specific amino acid 

residue on suitable acceptor proteins (See Figure I.7).  
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Figure I.7. Mono-ART reaction. (Adapted from67). Mono(ADP-ribosylation) 
reaction consist in the covalent attachment of the ADP-ribose moiety from NAD+ 
to an acceptor amino acid, mainly glutamate, on the target protein. This figure also 
indicates the sites of attachment of the next ADP-ribose units for poly(ADP-
ribosylation). 

 

 

Mono(ADP-ribosylation) was first described as a pathogenic mechanism 

catalysed by the bacterial toxin, diphtheria. Enzymes with mono(ADP-

ribosyl transferase) capacity have been found in prokaryotes, eukaryotes 

and viruses.69 The residues: glutamate, arginine, asparagine, cysteine, and 

diphthamide (a post-translationally modified histidine) have been 

identified as amino acid acceptors of the ADP-ribose moiety. 

 

A group of hydrolases have the capacity to remove the ADP-ribose 

molecule from acceptor proteins, regenerating free protein. This fact 

proves the existence of ADP-ribosylation cycles and it is likely that these 

cycles are involved in regulating protein activities70. 

 

Poly(ADP-ribosylation), unlike mono(ADP-ribosylation), is the 

transference of  ADP-ribose moieties sequentially to an initial protein-

bound ADP-ribose to form long ADP-ribose polymers. ADP-ribose  
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polymers constitute negatively charged molecules variable in size (from 2 

to more than 200 ADP-ribosyl moieties), linear or multibranched and 

with different rates of synthesis and degradation71 (Figure I.8).  

 

 

Figure I.8. Structure of poly(ADP-ribose) polymer. This figure shows the overall 
charge distribution of the poly(ADP-ribose) polymer. R - ribose, P - phosphate and 
A – adenine (Adapted from 67). 

 

 

The poly(ADP-ribosyl) transferase activity was initially referred as 

poly(ADP-ribosylation). It was first described by Nishizuka et al.72 in 

1968 as an activity associated with a chromatin-bond enzyme, the 

poly(ADP-ribose) polymerase (PARP), later known as PARP1, as other 

family members were described. First studies purifying PARP1 and 

assessing its poly(ADP-ribosylation) capacity73,74, rise to describe that 

PARP1 is activated upon DNA damage75,76. For this reason, historically 

PARP1 and poly(ADP-ribosylation) have been studied in the context of 

DNA damage detection and repair. The presence of ADP-ribose-binding 

consensus motifs on ADP-ribose acceptor proteins overlapping 

functional or binding domains began to suggest the ability of ADP-

ribose-binding to modulate protein activities77. Moreover, the discovery 

of new members of PARPs family evidenced that PARP1 and other 

described PARPs play a role in diverse biological processes such as the 

regulation of chromatin structure, genome stability and regulation of 

transcription.  
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I.3.2. Synthesis and degradation of poly(ADP-ribose) 

polymers 

 

The synthesis of poly(ADP-ribose) polymers consist in three different 

but related ART activities: 

1. Initiation or transfer of a mono-ADPribose moiety from NAD+ 

to an acceptor aminoacid in the target proteins. 

2. Elongation. Transfer of sequential ADP-ribose molecules 

glycosidically linked by an α (1’’-2') ribosyl-ribose bond to the 

adenine ribose of the preceding ADP-ribose molecule to form 

poly(ADP-ribose) linear chains by polyARTs. 

3. Branching: transfer of ADP-ribose moieties from NAD+ to the 

poly(ADP-ribose) chain via a 1’’-2'’ glycoside branch78. 

 

The degradation of poly(ADP-ribose) chains can be performed by at least 

three described enzymes. The main enzyme with ability to hydrolyse 

poly(ADP-ribose) polymers is the poly(ADP-ribose)glycohydrolase 

(PARG). PARG splits ribose-ribose linkages in the polymer to release 

ADP-ribose units. The PARG activity can be modulated by many factors 

such as the length of the polymer, the acceptor protein or the phase of 

the cell cycle. When the ADP-ribose synthesis is stimulated and the 

concentration of polymers is high, the activity of PARG is increased, 

explaining the short-life of these polymers in stimulated conditions 

(reviewed in 79). Another structurally unrelated protein with capacity to 

hydrolize the glycosidic linkages between the ADP-ribose units is the 

ADP-ribosylhydrolase 3 (ARH3)80. Other enzymes that degrade 

poly(ADP-ribose) polymers are the poly(ADP-ribose) phosphodiesterase 

which degrades the phosphate bond in mammalian cells and the ADP-
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ribosyl protein lyase, which cleaves the remaining ADP-ribose residue on 

the acceptor protein following PARG action81. This cycle of synthesis 

and degradation of poly(ADP-ribose) polymers is represented in the 

Figure I.9 below. 
 

 

 
Figure I.9. Cycle of synthesis and degradation of poly(ADP-ribose)polymers. 
(Adapted from 82). (Initiation) MonoARTs transfer the first ADP-ribose moiety 
from NAD+ to acceptor proteins. (Elongation) To produce linear chains, polyARTs 
catalyses the of linear poly(ADPribose) polymer. (Branching) To produce branched 
chains, polyARTs also catalyses the formation ribose α(1’’’-2") ribose linkages leading 
to the synthesis of a branched poly(ADP-ribose) polymer. (Degradation) Poly(ADP-
ribose) polymers are rapidly degraded by PARG or AHR3. The last ADP-ribose 
residue is removed from the protein by basically an ADP-ribosyl protein lyase. The 
pyrophosphate bond in mammalian cells can also by degraded by phosphodiesterase. 
 
 

I.3.3. PARP1 structure 

 

The enzyme poly(ADP-ribose) polymerase-1 (PARP1; also known as 

ADP-ribosyltransferase-1, ADPRT-1; or Poly(ADP-ribose) synthase-1) is 

one of the most abundant nuclear proteins present in eukaryotes and the 
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most studied and founding member of PARPs family. PARP1 is a highly 

conserved 116kDa nuclear protein made up of 1014 aminoacids83 which 

is comprised of three functional domains: the N-terminal DNA-binding 

domain (DBD), the central automodification domain (AMD) and the C-

terminal catalytic domain (CD). These domains are highly conserved 

across a wide range of vertebrate species84. These major domains are 

divided into subdomains, as described below and illustrated in the figure 

I.10. 

 

 

Figure I.10. Schematic representation of the three functional domains of 
human PARP1. (Adapted from85) In this figure there are schematically represented 
the three main structural and functional domains of PARP1: First, a N-terminal 
DNA binding domain containing a pair of zinc finger motifs(Zn fingers), a nuclear 
localization signal (NLS), and a recently identified third zinc-binding domain 
(ZBD3); second, a central automodification domain containing a BRCA1 C-
terminus-like (BRCT) motif, and third a C-terminal catalytic domain (CD) 
containing a NAD+-binding domain and the highly conserved "PARP signature" 
motif that characterize the PARP proteins.  
 

 

The DNA-Binding Domain (DBD) 

The 46kDa N-terminal DBD extends from amino acid residues 1 to 373. 

This domain contains two zinc fingers motifs that bind to DNA, the first 

zinc finger mediates PARP1 activation by DSB, whereas the second by 

SSB86. Noteworthy is that these zinc finger motifs recognize altered 

structures in DNA rather than specific nucleotide sequences86. A third 

zinc finger has been recently described as mediator of interdomain 

interaction upon DNA binding87. It has been shown that this domain 

play a role in homo- and heterodimerization with other proteins including 

another family member, PARP288.  
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This domain also contains a Nuclear Localization Signal (NLS) which 

constitutes a PARP-1 nuclear homing signal, and a caspase recognition 

sequence which constitutes a cleavage site for several apoptotic 

caspases89, making PARP1 a target for degradation during apoptosis, and 

thus the detection of its cleavage a useful marker of apoptosis. 

 

The Automodification domain (AMD) 

The 22 kDa central AMD extends from the aminoacid residues 374 to 

525 in human PARP1. This region contains highly conserved glutamate 

and lysine residues where ADP-ribose molecules can be covalently 

attached90 and modulate the activity of the enzyme91, being PARP1 itself 

the major acceptor of ADP-ribose molecules. Several studies show that 

this domain contains several potential protein-protein binding motifs 

putatively involved in both homo- and heteromodification reactions 

believed to be crucial for PARP1 activity92. 

 

This domain also contains a Breast Cancer Susceptibility protein, BRCA, 

carboxy-terminal (BRCT) repeat motif. The BRCT motif is also present 

in other DNA repair and cell cycle checkpoint proteins mediating 

protein-protein interactions93,94. It has been described interaction with 

repair enzymes and other kind of proteins such as XRCC195, DNA ligase 

II96, p5397, NF-kappaB98, DNA-polymerase α99 and Oct-1100 among 

others. 

 

The Catalytic domain (CD) 

The 54kDa C-terminal CD of PARP1 extends from the aminoacid 

residue 654 to 1014. This domain contains the “PARP signature” motif, a 

50 amino acid sequence that is strictly conserved between vertebrates, 

showing 100% of homology84. This domain contains the substrate 
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(NAD+) binding site and mediates the transfer of ADP-ribose molecules 

to acceptor proteins to form the poly(ADP-ribose) polymer. 

 

I.3.4. The poly(ADP-ribosyl)polymerases family 

 

The presence of residual DNA-dependent PARP activity in embryonic 

fibroblasts from PARP1-/- mice led to the discovery of other poly(ADP-

ribosyl)ating enzymes101,102. After this fact, several new PARPs were 

identified including PARP2, PARP3, Tankyrases-1 and 2; vault-PARP102-

104. 

 

Up to date, PARP family is constituted by 17 homolog members. The 

members of the whole family were identified by searching those proteins 

with homology on PARP signature (GenBank XP_037275 residues 796–

1014) on a non-redundant protein database from the National Center of 

Biotechnology Database (NCBI)105. These different members localize at 

different cellular compartments although the function of many of them 

remains unclear. PARP1-3 and tankyrases1-2 are primary nuclear 

(Reviewed in106), whereas PARP4, 6, 8, 9, 13-15 can be also found in the 

nucleus, but not exclusively. The functions of these proteins involve 

many cellular processes including DNA repair, cell-cycle regulation, 

proliferation and mitosis (Reviewed in105-108). 

 

Based on the characteristics of their catalytic domain, a new classification 

of the PARP family members in three groups has been suggested109: 

1- With poly(ADP-ribosyl) transferase activity: PARP-1-5 which 

conserve the residue Glu988 that indicates PARP catalytic 
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activity. (PARP5a- and -b are the classically called Tankyrase-

1 and -2 respectively)105. 

2- With mono(ADP-ribosyl) transferase activity: PARP-6-8, 10-

12, 14-16 which have demonstrated or putative monoADP-

ribosyl transferase activity. 

3- Lack of reported activity: PARP-9 and 13 which have been 

reported to be inactive because they lack the NAD+-binding 

residues and the catalytic glutamate110. 

 

PARP2 and PARP3 are the two closest members of PARP1 which are 

also thought to be related to DNA repair. 

 

PARP2 

PARP2 (62kDa) is the second member most described, and together with 

PARP1, the only that described to present polyADP-ribosyl transferase 

activity upon DNA damage. PARP2 has the highest similarity to PARP1 

and for this reason is believed to be functionally similar102. In fact, it is 

postulated that PARP2 is involved in up to 10% of the total poly(ADP-

ribose) synthesis activated upon DNA damage, which is likely to reflect a 

lower abundance and/or lower catalytic activity of this enzyme88. PARP2 

crystal structure is very similar to PARP1 except in the structure around 

the acceptor site and the DBD, which may reflect differences in terms of 

affinity for substrates and/or DNA strand breaks. In this sense, PARP1 

has been described to preferentially poly(ADP-ribosylate) the linker 

histone H1, whereas PARP2 to preferentially modify a core histone111. 

PARP2 and PARP1 can heterodimerize and interact with common 

nuclear proteins, such as XRCC1, DNA polβ and DNA ligaseIII, 

involved in different DDR processes88. 
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PARP3 

PARP3 consists of a unique N-terminal of 39 amino acids followed by 

the PARP homology domain (the region identified as the PARP 

homology domain is the catalytic domain of PARP-1 between amino 

acids 524 - 1014), being the smallest protein of the PARP family103. By 

proteomic approach, PARP3 was found forming complexes with DNA 

repair proteins such as DNA-PKcs, PARP1, DNA ligase III, DNA ligase 

IV, Ku70, and Ku80112. Although the previous classification proposed by 

several authors, recently it has been characterized that PARP3 is a 

mono(ADP-ribosyl)transferase with ability to ADP-ribosylate itself and 

histone H1, and with capacity to bind and activate PARP1113. 

 

I.3.5. Physiological roles of PARP1  

 

As previously mentioned, first studies about the activity of PARP1 

showed that its basal catalytic activity increased over 500 times upon 

stimulation by DNA strand breaks75. These studies suggested that PARP1 

and its poly(ADP-ribosyl)transferase activity might be involved in many 

of those cellular processes in which “DNA break” feature is present, 

including DNA repair, replication, modulation of chromatin structure, 

recombination, apoptosis, well as genomic stability. Besides, generation 

and study of PARP1, and other PARPs, mouse deficient models 

(knockout, KO) and PARP1 knocked-down cell lines has allowed, and is 

nowadays contributing, to better characterize the functions of this 

enzyme and its implication in cellular processes. The principal functions 

of PARP1 described from these types of studies are detailed in this 

section. 
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I.3.5.1. PARP1 and DNA repair 

 

The observation that cells treated with DNA damaging agents depleted 

the intracellular levels of NAD+ 114, led years later to the confirmation by 

different researchers that this NAD+ depletion coincided with the 

utilization of this substrate for poly(ADP-ribosylation) upon DNA 

damage115. The first experimental evidence that suggested an implication 

of PARP1 in the BER mechanism was reported by Creissen et al116. This 

and subsequent studies proposed that PARP1 might has a direct role in 

DNA repair by regulating the activities of several repair enzymes and 

facilitating the recruitment to the DNA strand break to repair117. 

 

Nowadays it is accepted that PARP1 has a critical role in detection and 

repair of SSB, as part of the BER mechanism118, but also has been 

described to be able to bind to DSB119 playing also a role in the repair of 

this damage120,121. In this context of DNA repair, the study of PARP1 

deficient mice models demonstrate increased sensitivity to DNA 

damaging agents, specially to alkylating agents and IR to different 

extents122,123. Conclusive evidence for a role of PARP1 in BER was 

described by Dantzer et al.124 who demonstrated that upon treatment 

with methylmethanesulfonate, an alkylating agent and a carcinogen, 

mouse embryonic fibroblasts (MEFs) derived from PARP1-/- mice have a 

reduced capacity to repair a single abasic site present on a circular duplex 

molecule. The DNA repair process performed by PARP1 is depicted in 

the figure I.11 and detailed below. 

 

In the presence of DNA breaks, PARP1, detects the exposed ends of the 

DNA through its zinc fingers, leading to stimulation of the enzymatic 

activity of PARP1 and poly(ADP-ribosylation) of acceptor proteins and 
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itself. X-ray crystallography has demonstrated that the high negative 

charge of poly(ADP-ribose) polymer in N- and C- terminal tails of 

histone H1 and H2B collaborates in the relaxation of chromatin and 

facilitates the access of other proteins of the repair mechanism, as well as 

serves as an indicator of the severity of the damage to adapt the response 

in cell cycle arrest or apoptosis84,125. Among the hundreds of proteins that 

can be recruited, XRCC1 binds directly PARP1 and acts as a scaffolding 

protein that activates other BER components such as DNA polymerase β 

and DNA ligase III117 that mediate the DNA repair process. The 

automodified PARP1, negatively charged, reduces its affinity for DNA 

and is then released allowing the action of the repair enzymes to seal the 

DNA strand break. PARP1 is rapidly regenerated following the 

degradation of poly(ADP-ribose) polymers83. Regarding DSB, PARP1 is 

not essential for HR or NHEJ, but can act in an alternative pathway96.  

 

Figure I.11. SSB repair model by PARP1. PARP1 recognizes the SSB and 
poly(ADP-ribosylates) DNA-bindin proteins, as histones, and itself, relaxing the 
chromatin structure and facilitating the recruitment of DNA repair enzymes. PARP1 
automodification results in loss of affinity for DNA, release from the strand under 
repair, and inactivation of its catatlytic activity. The degradation of the polymer 
mainly by PARG reactivates PARP1. This diagram does not exclude the possibility 
that PARP1 acts as a dimer and the repair enzymes are present simultaneously with 
PARP1. The white beads represents the polyADP-ribose chains (Adapted from83). 
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I.3.5.2. PARP1 and chromatin structure 

 

Nuclear processes such as replication, recombination, DNA repair and 

transcription require a relaxed chromatin structure to allow the access of 

the DNA machinery. One mechanism that allows the decondensation of 

chromatin is the poly(ADP-ribosylation) of histones126. In fact, 

modulation of chromatin structure was one of the first described effects 

of PARP1 on epigenetic modifications of the genome. In this regard is 

described that PARP1 blocks the binding of the linker histone H1, a 

repressive chromatin architectural protein, by poly(ADP-ribosylating) the 

histone tails127 or by competing for binding with nucleosomes128, the 

basic units of packaging DNA in eukatyotes around a histone protein 

core129. This modification of histones leads to electrostatic repulsion 

which displaces them from DNA allowing the access of other proteins. 

Furthermore, PARP1 can also affect chromatin structure, and hence the 

transcription, by other mechanism such as increasing the recruitment of 

HMGB1130, a chromatin architectural protein that enhances transcription. 

 

I.3.5.3. PARP1 and genomic stability 

 

To study the role of PARP1 in the surveillance and maintenance of 

genomic stability many models of PARP1 deficient mice and PARP1 

depleted cell lines has been used. First studies with PARP1 depleted 

HeLa cell lines observed alterations in cell morphology, chromatin 

structure and DNA repair mechanisms suggesting the involvement of 

PARP1 in genomic stability131.  

 

In this context, studies with PARP1 depleted mice found that PARP1 is 

important in processes such as chromosome segregation, telomeres 
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integrity and DNA recombination, whose defects might lead to genomic 

instability and cancer. Some experimental results in this regard have 

described that PARP1-/- cells from different tissues exhibit telomere 

shortening and increased frequencies of chromosome fusions and 

aneuploidy132 and that PARP1 localizes peri/centromeric 

heterochromatic region133 allowing the maintenance of centromeric 

heterochromatin structure. 

 

I.3.5.4. PARP1 and cell death 

 

In contrast to the survival role of PARP1 in a context of mild DNA 

damage by facilitating the repair of DNA lesions, PARP1 collaborate in 

promoting cell death in the presence of extensive DNA damage. 

Depending on the cell type, the strength, duration and type of genotoxic 

stimuli PARP1 may facilitate cell death by apoptosis or by necrosis134. A 

schematic representation of these three cell fates is represented in the 

figure I.12. 

 

Many studies have shown that PARP1 is cleaved during apoptosis by 

caspase-3 and -7135,136 in two fragments that separate the DNA binding 

domain from the catalytic domain, thus inactivating PARP1. PARP1 

cleavage is a useful marker of apoptosis. The aim of cleaving PARP1 in a 

situation of DNA damage is to prevent its overactivation and preserve 

the cellular energy for certain ATP dependent steps of apoptosis. Other 

studies have shown that PARP1 also play a role in caspase-independent 

apoptotic cell death by triggering the translocation of AIF (Apoptotic 

Inducing Factor) from the mitochondria to the nucleus which mediates 

the classical DNA fragmentation in apoptotic cell death137. 
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In the presence of more severe DNA damage, PARP1 hyperactivation 

leads to necrotic cell death. This overactivation results in a massive 

poly(ADP-ribose)polymer synthesis which implies large NAD+ 

consumption138. Because NAD+ is required in many metabolic pathways, 

cells attempt to recover NAD+ levels through a reaction that, in excess, 

depletes the levels of ATP and finally induces necrotic cell death139. It is 

also suggested that other factors such as the intracellular acidification 

caused by the increase of H+ ions, product of NAD+ catabolism, may 

collaborate in necrotic cell death140. Besides this energy depletion, the 

high levels of ADP-ribose molecules generated in the degradation of 

poly(ADPribose) polymers by PARG may be further hydrolysed by other 

enzymes into phospho-ribose and AMP. This results in a dramatic 

increase in the cellular AMP:ATP ratio which, by specific pathways, can 

induce cell autophagy141. The role of PARP1 in necrosis is consistent with 

the fact that PARP1 depletion protects from disease models 

characterized by necrotic cell death such as stroke, myocardial infarction 

or ischemia-reperfusion injury. 

  

 

Figure I.12. Survival, apoptosis or necrosis, the three cell fates depending on 
the level of DNA damage. In low DNA damage conditions, poly(ADP-
ribosylation) collaborates in DNA repair and survival of the cell; in more intense 
genotoxic stimuli the apoptotic pathway might be activated; whereas massive DNA 
damage may induce excessive PARP1 activation depleting cellular NAD+/ATP and 
cell death by necrosis. Adapted from142. 
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I.3.5.5. PARP1 and transcription 

 

Many studies describe the role of PARP1 in the regulation of gene 

transcription and its implication in the regulation of cellular processes. As 

many as four modes of transcription regulation by PARP1 has been 

described including modulation of chromatin structure and composition, 

enhancer binding, transcriptional coregulation and insulation 

(Represented in the figure I.13).  

 

 
 

Figure I.13. Modes of transcription regulation by PARP1. PARP1 regulates 
transcription in at least four modes: (a) Modulating chromatin structure by 
modifying histones, binding to nucleosomes or regulating its composition; (b) Acting 
as a classical enhancer-binding factor, by binding to specific sequences or structures 
in the DNA; (c) Acting as a classical co-activator/repressor, by promoting the 
recruitment or release of stimulatory factors; (d) As a component of insulators, by 
limiting the effects of enhancers on promoters or preventing spread of 
heterochromatin. 
 
 

The role of PARP1 in the regulation of chromatin structure to alter the 

accessibility of proteins that mediates gene transcription has been 

commented previously. 
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PARP1 can also act as a classical enhancer-binding factor through its 

binding to specific sequences or DNA structures in the regulatory regions 

of target genes. For example, PARP1 gene expression is autoregulated by 

direct binding of PARP1 protein to hairpins in its promoter region143. 

Other studies show that PARP1 can bind to specific sequences upstream 

of the CXCL1 promoter region and inhibits its expression by preventing 

the binding of the transcription factor NFkappaB144. 

Regarding the coregulator function of PARP1, diverse mechanisms which 

vary depending on the activator or the regulated gene have been 

described. This promoter specific coregulator function, that can be either 

coactivation or corepression, has been shown for different sequence-

specific DNA-binding transcriptional regulators. In some studies, the 

coregulatory activity does not require PARP1 enzymatic activity, as 

shown with NFkappaB98, Oct-1100, B-Myb145, RAR146 and HTLV Tax-

1147, whereas in others it is necessary, as occurs with HES1148, Sp1149, 

NFAT150,151 and Elk1152. In other studies in vitro, poly(ADP-ribosylation) 

inhibits the binding to DNA of transcription factors such as NFkappaB, 

YY1153 and TBP83.  When acting as a coregulator, PARP1 can behave as a 

promoter specific “exchange factor”, promoting the release of inhibitory 

factors and the recruitment of stimulatory factors during signal-regulated 

transcriptional responses. Different studies show this function of 

PARP1130,146,148. 

 

Finally, several studies show that PARP1 can act as a component in 

insulator function. Insulators are DNA elements that organize and 

protect the genome in regulatory units that prevent distal enhancers from 

activating a promoter, or block the spread of heterochromatin preventing 

the silencing of a gene154. In this regard PARP1 has been implicated, for 

example, in poly(ADP-ribosylation) of CTCF, a ubiquitous DNA-binding 
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protein that plays a role at insulators, collaborating in the preservation of 

insulator function of CTCF155. 

 

Regarding factors that can modulate PARP1, many signalling pathways 

affect PARP1-dependent transcriptional process. Signals such as 

cytokines, heat shock proteins and kinases (CaM kinase IIδ and 

ERK2)148,152 can finally result in post-translational modification of 

PARP1 by auto-pADPribosylation152, acetylation156, or 

phosphorylation157. 

 

Among the different genes that by these mechanisms may be regulated 

directly or indirectly by PARP1, we highlight two genes of interest in this 

thesis: HER2 (ErbB2) and EGFR. Literature on this specific topic is not 

abundant and is briefly detailed below. 

 

Kitamura et al.158 showed that PARP1 and HER2 are highly expressed in 

rheumatoid synovial cells. Taking into account that HER2 is an 

important target gene of NFkappaB, and PARP1 can coregulate this 

transcription factor, they demonstrated that PARP1 binds to NFkappaB 

and activates the transcription of ERBB2 gene, probably by stabilizing the 

transcription complex, whereas the depletion of PARP1 with siRNA, 

reduced HER2 expression in synovial cells158.  

 

Regarding the regulation of EGFR expression by PARP1, a study in 

hepatocarcinoma cell lines showed that PARP inhibition in tumour 

xenografts and cell lines, and PARP1 knockdown with siRNA produced a 

reduction in the expression of EGFR among other tumour-related genes 

such as MDM2 and HIF2α159, suggesting a coregulation of NFkappaB by 

PARP1 behind these genes modulations. 
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I.3.5.6. PARP1 in inflammation and angiogenesis 

 

Many studies show that PARP1 plays a role in important processes such 

as inflammation and angiogenesis whose alteration is frequently linked 

with the development and progression of cancer. 

 

Regarding the inflammatory response, it is widely described that PARP1 

regulates the expression of various proteins related with the development 

of inflammatory cell injury160. Much of PARP’s role in this process is as 

transcriptional coregulator of NFkappaB to coactivate the expression of 

AP-1 and proinflammatory target genes such as iNOS, ICAM-1, MIP-1α 

and C3161. Studies in PARP1-/- mice show protection from inflammatory 

injury as a result of impaired transcription of NFkappaB pro-

inflammatory target genes162, as well as decreased expression of cytokines, 

adhesion molecules and reduced tissue infiltration with phagocytes in 

various resistance models of inflammation161. In addition, PARP1-

induced necrotic cell death releases intracellular components to the 

surrounding tissues that also collaborate in promoting inflammation. 

 

Regarding angiogenesis, several studies links PARP1 with this function by 

means of transcription regulation of key genes in this process. Different 

studies showed that inhibition of PARP1 induced antiangiogenic effect 

by reducing the vascular endothelial growth factor (VEGF)-induced 

proliferation, VEGF expression in vitro or impairing the blood vessel neo-

formation in response to antiangiogenic stimuli in vivo163 164. Moreover, 

PARP1-/- mice displays defects in growth factor-induced angiogenesis165. 

Studies with PARP1 depleted cell lines inoculated in xenografts also show 

a reduced expression of angiogenesis markers and of proinflammatory 

mediators166. 
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I.4. PARP1 IN CANCER 

I.4.1. PARP1 in in vivo models of cancer 

 

Given the relationship between PARP1 and the surveillance of the 

genome, and taking into account that PARP1-/- show an increased 

spontaneous genomic instability and higher sensitivity to DNA assaults, it 

is logical to link missregulation of PARP1 and cancer. 

 

By studying the role of PARP1 in chemical-induced carcinogenesis 

studies, PARP1 deficient models and in combination with deficiencies in 

other essential genes, the field of PARP’s research is attempting to define 

the implication of this enzyme in cancer.  

 

I.4.1.1. Chemical carcinogenesis 

 

Studies with animal models of carcinogenesis induced with chemicals 

revealed that PARP inhibition sensitizes to carcinogenic drugs. In this 

regard, the PARP inhibitor 3-aminobenzamide (3-AB) sensitized liver to 

carcinogenesis induced by diethylnitrosamine167, phenobarbital168. 3-AB 

also accelerated  skin tumours in UV light exposed mice169, and induced 

pancreatic β-cell tumours upon streptozotocin or alloxan treatment in 

rats170. Furthermore, PARP1 deficient mice treated with the carcinogenic 

agent nitrosamine also showed an increase in formation of sarcomas and 

adenomas171. However, it is worth noting that the underlying mechanism 

of carcinogenesis in PARP1 KO mice and PARP inhibitor treated mice 

may be different, since in the model of PARP1 inhibited, the enzyme is 

still present and can be bound to DNA strand breaks blocking the access 

of other repair enzymes, whereas in PARP1-/- model PARP1 protein is 
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absent and no interferes with other enzymes or alternative mechanisms 

of repair. 

 

I.4.1.2. Tumour susceptibility in PARP1  knockout models 

 

PARP1 KO mice develop normally, are fertile and exhibit higher 

genomic instability, but in spite of this it is not prone to develop 

tumours122,123,172, suggesting that other alterations apart from the genomic 

instability resulting from the absence of PARP1 are required to cause 

oncogenesis. In addition, several studies have shown that the genetic 

background and even the strain of the mice model appear to play a 

relevant role in tumour incidence and spectrum in mice. In this line, 

PARP1-/- on specific mice background exhibited, in low frequency and 

late onset, higher tumour incidence and wide spectrum of tumours, 

mainly adenomas, carcinomas and hepatocellular carcinomas 172-174.  

 

I.4.1.3. Tumour susceptibility in PARP1 KO models in different 

genetic backgrounds 

 

In agreement with the cooperation of PARP1 with other DNA repair 

molecules, when in PARP1 KO mice other essential molecules, such as 

p53, Ku80 and DNA-PKc, are also removed, higher incidence of 

tumours of wide spectrum and in an earlier onset is observed174-178. In the 

case of PARP1-/- P53-/- and P53+/-, high frequency of mammary gland, 

prostate, uterus, liver, brain and skin carcinomas were detected. When 

PARP1 deficiency was combined with DNA-PK or Ku80, mice 

developed tumour lymphomas with a high incidence. 
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The results from these and other studies suggest that the molecular 

mechanisms of malignant transformation by PARP1 deficiency in mice 

might be due to telomere dysfunction and a resulting chromosomal 

instability that would facilitate the loss of tumour suppressor genes and 

oncogene activation. 

 

I.4.2. PARP1 in human cancer 

 

Although PARP1 in animal models appears to protect against 

carcinogenesis-induced, it remains unclear the role of PARP1 in human 

cancers. Studies on patterns of expression of PARP1 protein, mRNA and 

gene status in human tumour samples and cancer cell lines that are 

contributing to elucidate this question are reviewed below. 

 

I.4.2.1. PARP1 gene status, mutations and polymorphisms 

 

One hallmark of cancer is the activation of oncogenes and the 

inactivation of tumour suppressor genes which might disrupt essential 

processes as cell division and differentiation leading to development of 

cancer. Regarding tumour suppressors, the mutation of one allele and the 

loss of the other allele (“Loss Of Heterozygosity, LOH”) are the initial 

mutational events for cancer to develop. 

 

PARP1 gene is located at position 1q41-42, consists of 23 exons and 

spans approximately 43kb179. Based on its described functions and the 

results in carcinogenesis-induced animal models, PARP1 could be 

considered as tumour suppressor, but to date genetic studies on copy 

number alterations in mammary carcinomas have not reported any LOH 
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of PARP1 gene180. Whereas, contrary to the previous hypothesis, the 

amplification of the chromosome 1q, where PARP1 localizes, is 

frequently found181-183. 

 

In terms of mutations in PARP1 gene and according to the Catalogue Of 

Somatic Mutations In Cancer (COSMIC) from Sanger Institute184, 

mutations in this gene does not appear to be really frequent. Only 12 

distinct mutations (1 deletion and 11 substitutions) have been described 

in a total of 720 unique samples and uploaded to the database to date, 

including samples in breast (2), lung (3), ovary (2), skin (3) and upper 

aerodigestive tract (2).  

 

Moreover, while a mutation is defined as any alteration in the DNA 

sequence somatically acquired (present in the tumour sample but absent 

in the normal tissue), a single nucleotide polymorphism (SNP) is a single 

base alteration in any genetic location at which at least two different 

sequences are found and are present in at least 1% of the population185. 

When a polymorphism is located in the coding region of a gene 

sometimes it could affect features of the expressed protein. Therefore, 

polymorphisms in PARP1 gene could affect its transcription, the 

enzymatic activity or even the mRNA stability as well as the resulting 

protein expression levels. 

 

In this context, several studies have associated SNP in PARP1 gene and 

cancer. The most described SNP in PARP1 gene is the T2444C that 

results in an amino-acid Val762Ala located in the PARP1 catalytic 

activity domain186. This variant exhibits a 30-40% decrease in enzymatic 

activity and a reduced interaction with XRCC1187,188. Studies in breast 

show that the SNP Val762Ala does not associate with higher risk of 
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breast cancer, probably due to the limited sample size of theses 

studies189,190, but associates with higher risk to develop prostate cancer187, 

oesophageal191 and lung cancer192. In the case of breast cancer, it has 

been reported other polymorphisms situated upstream near the 

transcription initiation site where multiple promoter elements and 

binding site of transcription factors are located which might influence the 

transcription efficiency of PARP1189,193,194. 

 

I.4.2.2. PARP1 mRNA and protein expression in human samples 

 

Beyond the animal or cellular models, to study the expression and activity 

of a given protein directly in human tissues and associate with the 

clinicopathological data of the samples allow to further describe in a 

more realistic manner the role of a protein in vivo. 

 

The study of PARP1 expression in human samples has been mainly 

performed by using genetic approaches to determine: gene amplification, 

by Comparative Genomic Hybridization arrays (aCGH), and mRNA 

levels (by qRT-PCR and gene expression microarrays). There are fewer 

studies describing the levels of PARP1 protein, by Western Blot (WB) or 

by IHC, and/or its enzymatic activity (by enzymatic assays or immune 

detection of polyADP-ribose). 

 

Expression in non-tumour tissues 

In most of the non-tumour tissues PARP1 expression is low. In the 

Ossovskaya et al.195. study, PARP1 levels assessed by microarray analysis 

in histologically normal tissues exhibited low and uniform expression 

across a variety of tissues including breast, endometrium, lung, ovary, 

skin, colon, prostate and stomach among others. Only lymphoid tissues, 
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such as lymph node, B lymphocytes adenoids, thymus and spleen 

exhibited higher expression of PARP1 compared with other normal 

tissues, probably due to the increased frequency of recombination and 

genetic events during differentiation of B-cells where PARP1 is 

required195. Other previous studies show similar results regarding 

expression in normal tissues196. 

 

Expression in tumour tissues 

mRNA expression studies 

In the case of human tumours, the expression of PARP1 is mainly 

upregulated compared with normal tissues. In one of the first studies 

performed with primary human breast carcinomas (n=35), PARP1 

mRNA was overexpressed in 57% (20/35) of tumour samples, and in 

those tumours with the highest PARP1 expression, the 70% (7/10) 

presented PARP1 locus amplification197. Amplification of the PARP1 

locus has been also described in hepatocellular carcinoma198. In terms of 

mRNA overexpression, enhanced levels of PARP1 might be a common 

characteristic of human malignant lymphoma199 and colorectal cancer180 

compared with adjacent non-tumoral tissue. 

 

In the previously cited Ossovskaya et al.195 study a wide variety of 

primary human cancers were also analyzed including breast, 

endometrium, lung, ovary and skin cancers, and non-Hodgkin’s 

lymphoma, and was confirmed that PARP1 mRNA was elevated in many 

human primary malignancies compared with normal tissues. In the case 

of breast cancer samples, 30% of the Infiltrating Ductal Carcinoma (IDC) 

demonstrated a significant upregulation of PARP1 mRNA.  
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Another recent meta-analysis carried out in a large public retrospective 

gene expression data set from breast cancers reported that PARP1 

mRNA was overexpressed in over 50% of the samples and the 

overexpression was associated with basal subtype and with poor 

metastasis-free survival and Overall Survival (OS)200. Other studies also 

associates overexpression of PARP1 and poor prognosis as in the case of 

ovarian carcinoma201 and melanoma202. As an exception, there is another 

study of pancreatic adenocarcinoma in which PARP1 does not appear to 

be a marker of poor prognosis203. 

 

Protein expression and enzymatic activity studies 

Less studies have determined the levels of PARP1 protein and its 

enzymatic activity in a single and exhaustive study.In Ewing’s sarcoma 

cells a study with these characteristics was performed. In these cells, high 

levels of PARP1 mRNA correlated with high levels of PARP1 protein 

and high enzymatic activity204. Which are the mechanisms that could 

contribute to the upregulation of PARP1 levels, not only in Ewing’s 

sarcoma, but also in other cases of tumours with PARP1 overexpression, 

is an important question to be answered. No gross amplifications or 

rearrangements of the gene were observed by the authors204. In this line 

Soldatenkov et al.205 identified multiple binding motifs for the ETS 

transcription factors in the promoter region of PARP1 gene, which 

causes an increase of the mRNA transcription of PARP1, this correlation 

was observed not only in Ewing’s sarcoma cells but also in other cell lines 

such as cervical carcinoma (HeLa), lung carcinoma (A4573) and laryngeal 

squamous carcinoma (SQ-20B) cell lines. Enhanced PARP1 enzymatic 

activity has been also reported in tumour tissues compared with non-

tumour adjacent tissue in hepatocellular carcinomas206, colon 

carcinomas207, cervical cancer208 and non-Hodking lymphoma209. 
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Although other studies associated low poly(ADP-ribose)polymer 

formation with breast, colon, lung210 and laryngeal cancer211. 

 

Few studies have analyzed PARP1 protein levels in tumours. Increased 

expression of PARP1 by Western Blot has been found in hepatocellular 

carcinoma compared with non-tumour portions, being greater in the less 

differentiated tumours212. PARP1 overexpression by IHC has been also 

reported in intestinal adenomas of patients with familial adenomatous 

polyposis213, early stage of colorectal carcinogenesis180, ovarian 

carcinoma201 and melanoma202. 

 

To understand the meaning of PARP1 mRNA, protein and activity levels 

in cancer and to elucidate whether its overexpression, specifically in 

breast, is a cause or a consequence of the development of human cancer 

is one of the main goals of this thesis. 

 

I.4.3. PARP inhibition as a target in breast cancer  

 

Observing that PARP1 is dramatically activated upon DNA damage 

caused by IR and DNA-alkylating agents, great interest appeared in 

generating PARP inhibitors and examining the effects of these in 

combination with DNA-damaging agents as a strategy to potentiate the 

cytotoxicity of these treatments and sensitize cancer cells. Moreover, 

PARP inhibitors were considered not only likely to be useful in the 

treatment of diseases related to genomic integrity, but also in the 

treatment of stress and inflammatory responses, where PARP1 

overactivation is one of the causes of these diseases.  
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Therefore, the development of PARP inhibitors has become a valuable 

clinical tool. 

 

I.4.3.1 PARP inhibitors  

 

The vast majority of the PARP inhibitors act as competitive inhibitors of 

the enzyme by mimic the nicotinamide moiety of NAD+, thus blocking 

its binding to the PARP catalytic domain and preventing the poly(ADP-

ribosylation) of proteins and the automodification, with the consequent 

effects of this alteration (reviewed in214).  

 

The development of PARP inhibitors began more than 30 years ago. 

Initially were used only for research purposes to study the function of 

PARP, later on, with the growing interest in using PARP inhibitors for 

therapeutic treatments many new and improved inhibitors were 

developed by different pharmaceutical companies and entered in clinical 

trials in humans. 

 

 

Figure I.14. Structures of the main PARP inhibitors from the three 
generations. Chemical structures of nicotinamide, 3-Aminobenzamide, PJ-34, AG-
014699, olaparib and veliparib. 
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The classical or first generation of PARP inhibitors exhibit very low 

potency and exert non-specific effects. Nicotinamide, one of the 

products of PARP1 NAD+ catalysis, was the first compound to be 

described as a PARP inhibitor215. But this product weakly inhibits PARP 

and interferes with many cellular pathways where NAD+ is used216. 

Analogues of nicotinamide, such as benzamide and 3-subtitute analogues 

were the next to be developed217. These inhibitors showed increased 

specificity and potency at millimolar concentrations, but it was an 

improved analogue, the 3-aminobenzamide (3-AB), with enhanced 

solubility in water and an IC50 in vitro in the micromolar range218, the 

first PARP inhibitor to be extensively characterized.  

 

For the next generation of PARP inhibitors developed in the 1990’, 

several structural requirements for inhibiting PARP with greater 

specificity and potency were elucidated219. These second generation of 

inhibitors are classified as analogues of benzamides and include 

compounds with different biochemical, pharmacokinetic and PARP 

selectivity properties, such as phenanthridines (PJ-34), only used in 

research220. 

 

The third generation PARP inhibitors are mostly derived from the 3-AB 

structure and exhibit improved potency and pharmacokinetics221. These 

new generation includes different types of molecules such as 

benzimidazoles (ABT-888 or veliparib)222, dihydroisoquinolinones 

(INO1001)223, pthalazinones (AZD-2281 or olaparib)224, tryciclic indoles 

(AG-014699)225 as well as other recent structural derivates or not 

disclosed structures (BSI-201 or iniparib). These inhibitors exhibit 

different chemical structures and bioavailability, having in general a short-

half life which requires frequent doses222. Most of them are been tested 
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tested in clinical trials. Surprising finding was that one of the putative 

PARP inhibitors (iniparib) that underwent phase III clinical testing was 

later on reported that did not inhibit PARP1/2 activity. This exemplifies 

the insufficient preclinical and translational work available prior to a 

clinical trial design. 

 

I.4.3.2. Therapeutic rational for targeting PARP  

 

The inhibition of PARP in vivo is thought to exert its antitumoral effects 

through at least two different and complementary effects:  

- Synthetic lethality 

- Chemosensitization.  

These two approaches have been studied preclinically in different types 

of cancer and different generations of PARP inhibitors as discussed in 

the following sections and depicted in the figure I.15 below. 

 

HR deficiency

HR deficiency
+ 

PARP inhibitionPARP inhibitionNormal Cell

Viable cell Viable cell Viable cell

Cell death by
SYNTHETIC 
LETHALITY

Cytotoxic treatment
+ 

PARP inhibition

Cell death by
CHEMOSENSITATION

Massive DNA Damage

 

Figure I.15. PARP inhibitors as treatment for cancer. Two approaches for 
cancer treatment with PARP inhibitors: Synthetic lethality: The inhibition of Base 
Excision Repair (BER) with PARP inhibitors causes cell death in those cells with 
deficiencies in the Homologous Recombination (HR) repair. Chemosensitation: The 
DNA damage and cell death induced with cytotoxic treatments is potentiated with 
PARP inhibitors. (Adapted from226).  



Introduction 

 

57 

I.4.3.2.1. Synthetic lethality. The single agent approach  

 

The concept of synthetic lethality was first described in 1946 in 

genetically modified organisms, in which 2 non-lethal genetic mutations 

are not critical for cell survival when occur individually, but result lethal 

when both occur in the same cell227.  

 

Taking into account that many tumour cells carry specific genetic lesions 

or defects in essential pathways, many studies in cancer therapy are trying 

to find which could be the “synthetic lethal partners” in these tumour 

cells (reviewed in228). The application of this concept in the clinic should 

lead to more selective tumour cell death, whereas non-tumour cells 

should not suffer major side effects of cancer therapy as occurs with 

chemotherapy, as well as allowing treatments with large therapeutic 

windows. 

 

In the context of PARP inhibitors, the synthetic lethal effect occurs when 

a cell with deficiencies in HR repair is treated with a PARP inhibitor. In 

these cells, persistent SSBs, which cannot be repaired because of the 

presence of the inhibitor, will result in DSBs during DNA replication. 

These DSBs, that in normal cells can be efficiently repaired, in cells with 

HR deficiencies cannot. The accumulation of DSB is fatal for these cells 

which result in chromatid instability, cell cycle arrest and eventually cell 

death229. 

 

BRCA1/2 deficiency  

The classical synthetic lethal partners in PARP inhibition are BRCA1 and 

BRCA2 proteins which, as described previously, play important roles in 
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cell cycle control, transcription regulation and DSB repair by HR, and 

therefore in the maintaining genomic stability (reviewed in230).  

 

Recent studies are trying to describe the mechanisms which might explain 

the synthetic lethality behind the specific targeting of BRCA-deficient 

cells with PARP inhibitors. One possibility explaining this strong relation 

between PARP inhibition and BRCA is that PARP1 is also involved in 

HR repair at replication forks, hence the absence of both is critical for 

the cell231. 

 

Preclinical research has been conducted to prove the hypothesis of 

synthetic lethality. Two pivotal studies demonstrate this concept. On one 

hand, Farmer et al. showed that the decrease of PARP1 levels with RNA 

interference causes a higher reduction in clonogenic survival in BRCA1- 

and BRCA2-deficient embryonic stem cells compared with wild type 

cells232. This result suggested that PARP inhibitors might have similar 

effects. In this line, clonogenic survival assays demonstrated that BRCA1-

/- and BRCA2-/- cell lines were extremely more sensitive to potent PARP 

inhibitors (KU0058684 and KU0058948), in contrast to wild type 

(BRCA+/+) or heterozygous (BRCA+/-)232. In the other hand, Bryant et al 

similarly observed that PARP inhibitors (NU1025 and AG14361) were 

dramatically cytotoxic in the V-C8 BRCA2-deficient cell line compared to 

the wild-type V79 cell line233. Furthermore, depletion of BRCA2 mRNA 

with RNA interference in MCF7 and MDA-MB-231 also led to high 

sensitivity to PARP inhibition. In addition, xenograft models with V-C8 

BRCA2-deficient cell line also presented significant response to 

AG14361233. More recent studies show that BRCA1/2-deficient 

mammary tumors, and derived cell lines, are more sensitive to PARP 

inhibition (with olaparib) than proficient cell lines234,235. 
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Moreover, it should be noted that the selective sensitivity of BRCA1/2-

deficient cells is dependent on the specificity and potency PARP inhibitor 

used. This may explain controversial results obtained with a BRCA2-

deficient pancreatic cancer cell line, CAPAN-1, which was sensitive to 

KU0058948, but not to less potent and less specific PARP inhibitors 

such as 3-AB and NU1025236,237. 

 

These studies reflect no selective effect of PARP inhibitors on BRCA1+/- 

or BRCA2+/- cells lines. Considering that the normal tissue in BRCA-

deficient patients is heterozygous for the mutation, whereas tumour does 

not express the functional protein due to LOH, this might support that 

the effects of PARP inhibitors might be restricted to the tumours. 

 

Unfortunately, it has been observed that tumours with frame-shift 

BRCA1/2 mutations can restore the expression and HR function of 

these proteins through secondary intragenic mutations that restores the 

open reading frame. This recovery of BRCA function/expression results 

in a mechanism of acquired resistance to PARP inhibitors and 

chemotherapy (commented in238). 

 

BRCAness phenotype 

In addition to BRCA-mutants, which represent most of the hereditary 

breast and ovarian cancers, a large proportion of sporadic breast cancers 

(and other cancers) exhibits other mechanisms of BRCA deficiency 

and/or other defects in HR repair components. This phenomenon has 

been described as “BRCAness”239. These BRCA-like sporadic tumors 

have become another potential target for PARP inhibitors, assuming that 

they might respond similarly to the aforementioned synthetic lethality. 
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In this context, several mechanisms have been described in the 

inactivation of BRCA pathway in these BRCA-like tumors: 

 

BRCA1 gene can be inactivated by promoter methylation. In fact, 10-

15% of sporadic tumours harbour BRCA1 promoter methylation which 

correlates with undetectable BRCA1 expression240,241. Other possible, and 

less referenced, mechanism responsible for low BRCA1 protein 

expression might be by inhibition of transcription and translation of 

BRCA1 gene. In this line, it has been described that overexpression of 

HMGA1 proteins, which act as architectural proteins enhancing or 

inhibiting gene transcription, or ID4, a negative regulator of BRCA1, can 

result in downregulation of the BRCA1 promoter activity242,243. 

Alternatively, several microRNAs (miR) have been also implicated in the 

inactivation of BRCA1. miR, which are able to negatively regulate mRNA 

translation by binding to the 3’ untranslated region (3’UTR), are 

implicated in cancer. In addition, polymorphisms in this region have been 

associated with higher susceptibility to specific cancers. In the case of 

BRCA1 gene, variants in the 3’UTR region and specific miR have been 

associated with a reduced BRCA1 activity and sporadic breast 

cancer244,245. In this line, a recent study demonstrates that miR-182-

mediated downmodulation of BRCA1 reduces DNA repair capacity and 

sensitizes cells to PARP inhibition246. 

 

In the case of BRCA2 it is unclear whether its function is disrupted in 

sporadic cancers. No evidence for epigenetic silencing by 

hypermethylation of its promoter has been observed in breast cancer247. 

In contrast, a potential mechanism for BRCA2 inactivation is the 

overexpression of EMSY gene, which has been implicated in suppression 

of BRCA2 transcription regulation activity248. Overexpression of the 
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EMSY gene has been reported in 13% of sporadic cancer correlating with 

worse survival248. 

 

Studies of gene-expression profiling of breast tumors have found that 

most of the BRCA1-mutated breast cancers associate with basal-like 

intrinsic subtype, suggesting a similar aetiology for both26,249. Taking into 

account that the microarray defined basal-like intrinsic subtype overlaps 

up to 80% with the IHC defined TNBC, it has been observed that 

BRCA1-mutated, basal-like and TNBC share clinical and pathological 

similarities, including high rates of p53 mutation, aneuplody, high 

pathological grade and relative sensitivity to DNA damaging agents as 

shown in the table I.1 (reviewed in 250). These findings led to suggest a 

possible rationale use of PARP inhibitors in TNBC subtype 

. 

Table I.1. Shared clinic-pathologic features between Hereditary BRCA-1 
breast cancer and triple negative/Basal-like breast cancer. 
 

Clinico-pathologic 

Characteristics

Hereditary BRCA1 Breast

Cancer

Triple Negative/Basal-like

Breast Cancer

ER/PR/HER2 status Negative Negative

TP53 status Mutant Mutant (Up to 80%)

BRCA1 status Mutational Inactivation Diminished Expression (?)

Gene-expression patterns Basal-like Basal-like

Tumor Histology Poorly-differentiated (high grade) Poorly-differentiated (high grade)

Chemosensivity to DNA-

damaging chemotherapy
Highly sensitive Likely sensitive

Genome-wide Aneuploidy Yes Yes  

 

Some preclinical studies supported this hypothesis. A study working with 

cell lines representing the different subtypes of breast cancer showed that 

BRCA-mutated and basal-like breast cancer cells were defective in BER 

upon oxidative DNA damage and this defect conferred sensitivity to a 

PARP inhibitor251. In a parallel study using the same panel of cell lines, 

the basal-like cells were sensitive to platinum and gemcitabine which 
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synergized when were combined with a PARP inhibitor, a fact that did 

not occur with luminal cells252. Given these results, TNBC were included 

in clinical trials with PARP inhibitors, regardless of BRCA or BRCAness 

status. 

 

Expanding the rationale of synthetic lethality beyond BRCA1/2, it is 

possible that deficiencies in those genes with non-redundant functions in 

DSBs repair could make cells sensitive to PARP inhibitors. In this line, in 

the previously mentioned study of Bryant et al, defects in XRCC2 and 

XRCC3 also conferred high sensitivity to PARP inhibition233. 

Furthermore, disruption in other critical HR repair components such as: 

RAD51, RAD54, DSS1, RPA1, NSB1, ATM, ATR, CHK1, CHK2, 

FANCD, FANCA, FANCC, or Aurora-A overexpression, has been 

shown to hypersensitize to PARP inhibition253-255. 

 

I.4.3.2.2. Chemosensitization. A combined approach with cytotoxic 

therapies  

 

The other therapeutic rational approach for targeting PARP is to 

combine it with cytotoxic therapy (i.e. DNA damaging agents, or IR). As 

commented in the beginning of the section “PARP inhibition as target 

for breast cancer”, the use of these inhibitors in combination with DNA 

damaging agents was one of the first applications tested in cancer cells. 

Remember that DNA damaging agents exert their antitumoral effects if 

the DNA damage induced in the tumour cells cannot be repaired and 

ends up causing cell death. However, to some extent, cells have the ability 

to repair the DNA damage caused by genotoxic stress, leading to partial 

resistance to chemotherapy. For this reason, to target a key component in 
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DNA repair, PARP, is a good approach for reducing resistance and 

enhancing antitumoral effects of cytotoxic therapy. 

 

There is a large body of evidence demonstrating that preclinical and 

clinical PARP inhibitors sensitize to chemotherapies. The first studies 

with non-clinical PARP inhibitors reported positive results when 

combined with different types of DNA-damaging chemotherapeutic 

agents (reviewed in 256). Experimental data in this regard reported 

sensitization to: topoisomerase I inhibitors when combined with 3-AB or 

more specific inhibitors257,258; topoisomerase II inhibitors, including 

doxorubicin, which showed to sensitize p53-deficient breast cancer cell 

lines259; platinum compounds combined with nicotinamide in vitro and in 

vivo260; as well as great effects in combination with methylating agents 

such as temozolomide or N3-adenine. 

 

Later, clinical PARP inhibitors have been combined in tumour cell lines 

and in xenograft models with cytotoxic therapy including alkylating 

agents (cyclophosphamide and temozolomide), platinums (cisplatin and 

carboplatin), topoisomerase inhibitors (irinotecan and topotecan) and 

anthracyclins (doxorubicin)222,225,258,261-263, confirming and improving the 

results obtained with the previous generations of PARP inhibitors. 

 

In this context, Evers et al. established a panel of BRCA2-

deficient/proficient mammary tumor cell lines that were treated with the 

clinical PARP inhibitor, olaparib, in combination with 11 different classes 

of cytotoxic agents including alkylating, antimetabolites, spindle poisons, 

a topoII inhibitor and a histone deacetylase inhibitor. Combination of 

olaparib with these drugs reflected additive effect (in BRCA-proficient) 

and synergistic effect (in BRCA-deficient), being the most potent 
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combinations those with drugs that directly induces DSBs (cisplatin, 

mitomycin C, temozolomide and methylmethane sulfonate)234.  

 

Further recent experimental data with olaparib in other types of cancers 

reports cytotoxicity in mantle cell lymphoma deficient in ATM and 

p53264; sensitization of BRCA-1 associated breast cancer mice models to 

topotecan265;  radiosensitization in medulloblastoma cell lines266, in p53 

mutant pancreatic cancer cells in combination with Chk1 inhibitors267, in 

lung tumour xenografts268 and synergism in combination with 5-

fluorodeoxyuridine in ovarian cancer cells269. 

 

Beyond the combinations with chemotherapeutic agents or radiation, 

studies combining PARP inhibitors with targeted therapies in BRCA-

proficient cancers are less abundant, but have also demonstrated 

sensitization effects. Johnson et al.270 showed that BRCA1 needs to be 

phosphorylated by the Cyclin-dependent kinase 1 (Cdk1) for efficient 

formation of BRCA1 foci. Depletion or inhibition of Cdk1 in BRCA1-

wild type cancer cells resulted in deficient HR repair, sensitized to PARP 

inhibition (AG014699) in vitro and in vivo, and prolonged survival in 

mouse model of lung adenocarcinoma. Therefore, defective function of 

Cdk1 creates a state of BRCAness that can be efficiently targeted with 

PARP inhibitors. Another study in head and neck cancer cells with 

EGFR overexpression observed that treatment with an antibody against 

EGFR (cetuximab) reduced the HR and NHEJ repair capacity of these 

cells. Combination of cetuximab with PARP inhibition (ABT-888, 

veliparib) induced persistence of DNA damage and sensitization of these 

cells to the targeted therapy271, suggesting that this combination also 

could be useful in other cancers with EGFR overexpression. 
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I.4.3.2.3. Clinical trials with PARP inhibitors 

 

Based on the preclinical data demonstrating synthetic lethality in 

BRCA1/2-deficient cancers and other DNA-repair deficiencies, and 

sensitization with chemotherapy, PARP inhibitors were tested in clinical 

trials. The first clinical data proving efficacy of a PARP inhibitor on 

BRCA1/2-mutation carriers comes from the phase I clinical trial with 

olaparib272. For this reason and for the cytotoxic potency observed in vitro 

olaparib was the preferred PARP inhibitor selected in this work. 

 

Olaparib 

Also called AZD-2281, from AstraZeneca Pharmaceuticals, is a selective 

and potent oral inhibitor with an in vitro IC50 in the nanomolar range that 

has demonstrated single agent activity against BRCA1/2-mutated cancers. 

Initially, this first-in-human clinical trial with olaparib in BRCA1/2-

mutation carriers enrolled 60 patients with a wide range of advanced 

tumours that were followed by prospective enrichment limited to patients 

with BRCA1/2 mutations during cohort expansion. Olaparib was 

generally well tolerated with dose-limiting toxicities resolved with drug 

discontinuation. With a maximum tolerated dose (MTD) of 400mg twice 

daily, the most common drug-related toxicities were: grade1-2 fatigue, 

nauseas and low-incidence of myelosupression. Importantly, adverse 

effects did not differ between BRCA1/2-mutation carriers and non-

carriers, supporting the predictions from preclinical data. The expansion 

cohort for BRCA1/2-mutation carriers consisted in 22 patients with 

primary breast, ovarian and prostate cancers. Whereas no objective 

tumour response was observed in BRCA1/2-mutation non-carriers, 

12/19 (63%) BRCA-mutation carriers had clinical benefit, and 9 of these 

(47%) had objective response by using Response Evaluation Criteria In 
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Solid Tumours (RECIST)273, including a complete response in a patient 

with BRCA2-mutated breast cancer and durable responses over 1 year. 

 

Further proof-of-concept for this synthetic lethal approach has been 

provided by two open-label, multicenter, phase II studies with olaparib in 

germline BRCA1/2-mutation carriers with advanced breast and ovarian 

cancers (ICEBERG-1 and -2 respectively). In the ICEBERG-1 presented 

by Tutt et al.274, 54 patients were recruited in two non-randomized 

sequential dose cohorts comparing olaparib at 100mg and 400mg (MTD) 

twice daily. As in the phase I study, olaparib was well tolerated with 

mainly mild to moderate nausea, fatigue and haematological events 

previously observed. This study reported an objective response rate 

(ORR) of 41% (11/27) in the cohort that received 400mg olaparib twice 

daily, including 1 RECIST complete response (CR) and 10 RECIST 

partial responses (PRs), and a median of progression-free survival (PFS) 

of 5.7 moths. In contrast, the cohort that received 100mg of olaparib 

twice daily presented 22% (6/27) of ORR, 6 RECIST PRs and a median 

of 3,8 months. These results indicate that higher doses of olaparib appear 

to be more efficacious, however, it is noteworthy that patients who 

received the lower dose of olaparib had poorer prognostic features than 

those in the higher dose cohort. 

 

Despite the promising results from phases I and II obtained with 

olaparib, negative results were reported in more recent clinical trials in 

BRCA mutated breast cancer. Furthermore, olaparib has been ineffective 

in TNBC.  
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The discordant result have coasted doubts on the continued clinical 

development of olaparib, and, at present, industry sponsored clinical trials 

appeared to be halted. 

 

Iniparib 

Beyond the use of PARP inhibitors in BRCA1/2-mutated cancer, as 

mentioned, TNBC has been the other main focus among the sporadic 

breast cancers included in these clinical trials. Regarding this issue, the 

largest amount of data comes from the clinical trails with iniparib (BSI-

201). Iniparib, from BiPar/Sanofi-Aventis, was initially described as a 

PARP inhibitor, but recent studies have now described it as a small 

molecule with low PARP inhibitory activity. In contrast with the rest of 

PARP inhibitors, iniparib is not a NAD+ competitive inhibitor and even 

modulates other molecules rich in cysteines275,276. 

 

Initially, the phase I for dose evaluation was performed in combination 

with topotecan, gemcitabine, temozolomide, irinotecan and carboplatin-

paclitaxel in advanced solid malignancies. Adverse effects similar to those 

described with the chemotherapy regimens and evidence of activity in 

breast cancer were described277. Subsequent phase II study assessed the 

activity of iniparib in combination with gemcitabine and carboplatin in 

123 patients with metastatic TNBC. The addition of iniparib to 

gemcitabin/carboplatin improved clinical benefit rate from 34% to 56%, 

prolonged the PFS from 3.6 to 5.9 months and increased the OS from 

7.7 to 12.3 months with no apparent significant differences in toxicity278.  

 

These encouraging results lead to a rapid confirmatory phase III study279. 

In this clinical trial, 519 patients with metastatic TNBC were enrolled and 

randomly assigned to receive carboplatin/gemcitabine regimen alone or 
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in combination with iniparib. Although this study demonstrated a 

consistent safety profile, it did not achieve statistical significance for the 

co-primary end-points OS and PFS. Further analysis to explain these 

discouraging results are being carried on.  

 

This failure triggered a slowdown in the development of clinical trials in 

the field. Recently, after reporting that iniparib was not a bonafide PARP 

inhibitor, the interest in this class of small molecules from different 

pharmaceutical companies has reawakened expecting that the 

disappointing results of iniparib in TNBC might not be translated to the 

other types of PARP inhibitors. 

 

Other combinations of chemotherapy with PARP inhibitors in metastatic 

TNBC are currently limited. Some evidence of activity was detected in a 

combination of olaparib with paclitaxel, but this trial was stopped early 

due to toxicities (mainly neutropenia)280. 

 

R.4.3.3. The need of biomarkers of PARP inhibitor sensitivity 

 

Clinical data has clearly demonstrated the activity of PARP inhibitors in 

germline BRCA-mutation carriers, but this subtype of hereditary cancers 

represents a small percentage of all types of cancers. Now, the challenge 

remains in identifying those groups of patients with HR repair 

deficiencies, different from BRCA-mutations, most likely to respond to 

PARP inhibition and/or those key targets of HR repair susceptible to be 

inhibited in combination with PARP inhibitors. This purpose requires the 

development of validated and readily applicable screening assays to 

delineate molecular determinants of response. 
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Currently there are an increasing number of DNA-repair proteins 

described that could be potential synthetic lethal partners of PARP 

inhibition281. Approaches as high-throughput siRNA screenings silencing 

these genes related with DNA repair and testing the sensitivity of 

transfected cells to PARP inhibition have identified known and novel 

determinants of PARP inhibition response282. Other approaches have 

defined the gene expression profile by Affymetrix technology, the protein 

expression and the mutational status of DNA repair genes in large panels 

of cell lines and have associated these baseline profiles with the sensitivity 

to olaparib. These kinds of approaches try to identify those candidate 

gene transcripts or potential signatures that predict sensitivity to PARP 

inhibition with olaparib283. 

 

Currently, γH2AX and RAD51 foci formation are being evaluated as 

potential clinical biomarkers. γH2AX foci formation has been used 

preclinically and clinically to determine the extent of DNA damage284, 

whereas RAD51 foci formation has demonstrated to be useful for 

assessing the HR repair pathway integrity in vitro. A large prospective 

study quantified γH2AX, BRCA1, conjugated ubiquitin and RAD51 foci 

to assess the HR repair competence in paired tumour biopsies from 

breast cancer patients prior and after receiving neoadjuvant treatment. 

Proficient DNA repair based in these 4 biomarkers correlated with drug 

resistance, according to the hypothesis that DNA damage response 

competence predicts lower sensitivity to DNA damaging agents285. 

 

Identification and validation of candidate biomarkers to robustly predict 

responders to PARP inhibition as a single agent or in combination with 

chemotherapy, radiotherapy or targeted therapies will be the key for 

optimal selection of patient population. 
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OBJECTIVES 

 

 

The general objectives of this PhD thesis were to provide further 

translational background to help to understand the role of PARP, and 

particularly PARP1, in breast cancer, and to explore combination 

treatments of PARP inhibition with standard therapies that might expand 

the field. 

 

 

The specific objectives of this thesis were: 

 

1. To characterize PARP1 in human breast tumours and explore 

its association with clinicopathological and molecular features. 

 

2. To describe in vitro and in vivo the effects of chemical inhibition 

of PARP to potentiate biological and cytotoxic therapies in 

breast cancer cells. 

 

3. To assess in vitro and in vivo the effects of genetic 

downmodulation of PARP1 in breast cancer cells. 
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R.1. PARP1 EXPRESSION IN PRIMARY BREAST 

TUMOUR SPECIMENS  

 

To study the role of PARP1 in breast cancer we focused in two aspects, 

first, the expression of PARP1 in the development or progression of 

breast cancer, and second, the potential that it has as target. We first 

evaluated by immunohistochemistry (IHC) the expression of PARP1 

protein in series of breast tumour specimens (n=330) with clinical follow-

up and determining whether different expression levels were associated 

with clinicopathological features. 

 

Patients included in the study 

We worked in close collaboration with two additional hospitals to achieve 

a large patients sample size to conduct PARP1 studies. Surgical resection 

specimens from primary breast tumours and mammoplasties were 

obtained from Parc de Salut Mar Biobank (MARBiobanc, Barcelona, 

Spain), Fundación Jiménez Díaz Biobank (Madrid, Spain) and València 

Clínic Hospital Biobank (València, Spain). Tumour specimens from 

formalin-fixed paraffin-embedded (FFPE) blocks were retrospectively 

selected from consecutive breast cancer patients diagnosed between 1998 

and 2000, which had the following criteria: infiltrating carcinomas, 

operable, no neoadjuvant therapy, enough available tissue and clinical 

follow-up. TNM (tumor–node–metastasis) staging was classified using 

the American Joint Committee on Cancer (AJCC) staging system. 

Histological grade was defined according Scarff–Bloom–Richardson 

modified by Elston286. ER and PR were determined by IHC establishing 

positivity criteria in ≥1% of nuclear tumour staining20. HER2 

amplification was assayed by FISH23. Ki-67 was studied by IHC287. 
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Patients referred to genetic counselling were studied for BRCA1 and 

BRCA2 gene status by direct sequencing. The study was approved by the 

Ethics Committees of the three hospitals. 

 

A total of 330 infiltrating carcinomas were collected and Tissue 

MicroArrays (TMA)288 were constructed using a tissue arrayer by a highly 

trained technician (Sílvia Menéndez). All breast cancer cases were 

histologically reviewed by Dr. Rojo (pathologist) and the most 

representative area of tumour cells (neoplastic epithelial cells) were 

carefully selected and marked on the Haematoxylin and Eosin slide and 

sampled for TMA blocks. Complete sections of infiltrating carcinoma (N 

= 153), adjacent histological normal tissue (N = 25), ductal hyperplasia 

lesions (N = 75) and ductal carcinoma in situ (DCIS) (N = 102) from the 

same specimens were assayed. A cohort of 42 patients with previously 

known BRCA status was also studied for PARP1. Normal breast tissue 

specimens (N=50) obtained from noncancerous mammoplasties were 

included. 

 

R.1.1. Protein expression 

R.1.1.1. PARP1 protein staining assay validation 

 

First, we assessed the specificity of PARP1 IHC assay FFPE pellets from 

wild type (WT) and PARP1 gene KnockOut (KO) derived murine 

embryonic fibroblast cell line (MEFs), parental and PARP1 shRNA 

knocked-down human breast cancer cells, and kidney or liver tissues 

from wild type and PARP1 KO mice kindly provided by José Yélamos. 

All assays revealed a nuclear staining in the wild type and parental 

samples (Fig. R.1). 
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BT474 shScrambled BT474 shPARP1

MEF Parp+/+ MEF Parp-/-

Mouse Parp+/+ kidney Mouse Parp-/- kidney

BT474 shScrambled BT474 shPARP1

MEF Parp+/+ MEF Parp-/-

Mouse Parp+/+ kidney Mouse Parp-/- kidney

 

 
Figure R.1. Validation of PARP1 antibody for immunohistochemistry (IHC). 
The specificity of the pattern of staining was determined using FFPE cell pellets 
from parental and PARP1 knockdown using shRNA BT474 human breast cancer 
cells, wild type and PARP1 gene knockout Mouse Embryonic Fibroblasts (MEF) 
and renal tissue from wild type and PARP1 knockout mice. In all cases, a nuclear 
PARP1 expression was observed.  
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By using the same anti-PARP1 antibody a single band corresponding to 

the expected size of PARP1 (at ~116kD) was detected by WB from 

corresponding cell lysates prepared from the above indicated cells (Fig. 

R.2A). The nuclear subcellular localization of PARP1 observed by IHC 

in the FFPE cell pellets and tissues was confirmed by WB of 

nuclear/cytoplasmatic protein extracts from BT474 cell line (Fig. R.2B). 

Further confirmation was performed in a set of 20 paired fresh frozen 

and FFPE samples which were processed in parallel by WB and IHC 

(Fig. R.3A). We obtained highly concordant results between the assays 

(p<0,001, R2=0,965) (Fig. R.3B). To validate the use of Tissue 

Microarray technology (TMA) for PARP1 testing by IHC, we compared 

the staining results from 153 infiltrating carcinomas assayed in TMA 

cores and their corresponding complete tissue sections. The concordance 

was highly significant (p=0,002, R2=0,757) (Fig. R.3C). 

 

 

 
Figure R.2. Validation of PARP1 antibody for immunohistochemistry (IHC) 
by western blot. A. 20µg of total protein from cell lysates from parental and 
knockdown BT474 cells (left) and wild type and knockout MEFs (right) were 
subjected to WB and confirmed the specificity of the antibody, observing a single 
band at the known molecular weight for the target (116 kDa). β-tubulin was used as 
loading control. B. Subcellular nuclear localization of PARP1 was confirmed by WB 
of Nuclear extracts (EN) and cytoplasmic extracts (EC) and PARP1 detection. 
Nucleolin and actin were used as loading controls for nuclear and cytoplasm 
extracts, respectively. 

 

A B 
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Figure R.3. Correlations of PARP1 antibody by immunohistochemistry 
(IHC), western blot and TMA. A. 40µg of total protein from 20 frozen OCT-
included human breast cancer tumours cell lysates were subjected to WB that 
showed single band of the expected molecular size for PARP1. Levels of protein 
expression were densitometred, normalized to GAPDH densitometry values and 
expressed as a ratio relative to tumour #4. B. Correlation between the PARP1 DAB 
intensity by IHC and correspondent protein levels by WB, the concordance was 
significant (p<0,001, R2=0,965). C. Correlation of PARP1 DAB intensity by IHC 
between 153 infiltrating carcinomas assayed in TMA cores and their corresponding 
complete tissue sections. The concordance was highly significant (p=0,002, 
R2=0,757). 

 

 

R.1.1.2. PARP1 protein expression in normal and pathological 

breast 

 

Breast ductal and lobular epithelial cells, either from mammoplasty 

specimens or from histological normal tissue adjacent to cancer, 

exhibited diffuse and weak PARP1 staining in the nuclei as shown in the 

following figure R4. In stromal cells and lymphocytes, nuclear PARP1 

staining was commonly detected. 

 

 

 
Figure R.4. PARP1 expression in normal breast tissue. Representative images 
from normal mammary tissue (breast lobular, left, and ductal, right, epithelial cells 
surrounded by stroma) showing diffuse and weak PARP1 staining. 
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In usual ductal hyperplasia, the expression was similar to normal breast 

epithelium. All cases (but one) of ductal hyperplasia had no PARP1 

overexpression according to the cut-off point described in methods. In 

contrast, in a 33,3% of DCIS, PARP1 was overexpressed, more 

frequently observed in high grade DCIS and comedocarcinomas. The 

pattern of PARP1 staining was exclusively nuclear and diffusely present 

in the examined tumour areas, ranging different degrees of intensity (Fig. 

R.5).  

 

 

 
R.5. PARP1 staining in breast tumour tissue. Representative images from three 
breast tumour tissues exhibiting PARP1 overexpression (left), PARP1 medium 
expression (medium), PARP1 low expression (right). 
 

 

In those specimens with infiltrating carcinoma associated to DCIS, the in 

situ component had on average a score of ~50% higher than the adjacent 

infiltrating counterpart, but the difference was not statistically significant 

(p=0.081). In the entire series, PARP1 was overexpressed, according to 

the cut-off defined in methods, in 103 of the 330 (31.2%) of infiltrating 

carcinomas (Fig. R.6). 
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Figure R.6. PARP1 quantitative expression assay in breast tissues by means 
of a specific IHC signal intensity scanning method (See Methods for details) A. 
Upper panel, Representative PARP1 IHC pictures from normal breast with low 
expression, ductal hyperplasia with low expression, a DCIS overexpressing PARP1 
and invasive carcinoma (one non-overexpressing and one overexpressing PARP1). 
Lower panel, Individual components of each IHC picture were recolorized in a 
component image; hematoxylin was turned to gray and diaminobenzidine (DAB) 

A B 
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was converted to a quantitative pseudo-color scale (lower panel). DAB intensity 
determined in the nuclear subcellular compartment, based on a colocalization with 
hematoxylin dye and pixel aggregation algorithm, was converted from transmission 
to quantitative optical density (OD) units, reflecting directly the abundance of 
PARP1 in the specimen. DAB OD values are indicated in the bottom. B. 
Quantitative representation of DAB OD for PARP1 expression for each normal 
breast, ductal hyperplasia, DCIS and invasive carcinoma specimens. OD units 
ranged from 29 to 133.094. The dotted red line indicates PARP1 overexpression 
threshold (optical density of 39.970).  

 
 

R.1.1.3. PARP1 protein expression and clinicopathological 

features in breast cancer patients 

 

Clinicopathological characteristics of the entire series (n=330) of patients 

with infiltrating breast cancer and their relationship with PARP1 

overexpression are shown in Table R.1. By the time of the analysis, the 

median follow-up time was 103 months (range 8-250). A total of 65 

(19,7%) patients had a relapse and 43 (13%) had died. Adjuvant 

chemotherapy had been administered to 270 (81,8%) patients 

[combination chemotherapy with cyclophosphamide, metotrexate and 

fluorouracil (CMF) in 72 and anthracycline-based chemotherapy in 198]. 

Adjuvant hormonal therapy was prescribed to women with hormone-

receptor positive disease (237 patients, 71,8%).  

 

The following characteristics were significantly associated to PARP1 

overexpression: tumour grade III (p=0,01); negative estrogen receptors 

(ER) (p<0,001); triple negative status (p<0,001); absence of 

administration of hormonal therapy (p=0,012). Histological type, 

progesterone receptor (PgR), HER2 amplification, primary tumour size, 

lymph node metastasis, proliferation (as assayed by Ki-67 staining), were 

not significantly related to PARP1 overexpression. Despite being 

statistically more frequent in triple-negative tumours, PARP1 
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overexpression was also present in a proportion of hormone receptor-

positive (24,4%) and HER2-amplified (30,6%) breast cancers. 

 

Table R.1. Baseline characteristics according to PARP1 expression. 

 

 

 

We also assayed PARP1 expression in a serie of 42 specimens from 

patients with known BRCA1/2 gene status that had been referred to the 

genetic counselling unit. In wild-type BRCA (n=15) tumours, PARP1 

overexpression was detected in 7 (46,7%), whereas in BRCA-mutated 

cases (n=27, 23 in BRCA1, 4 in BRCA2), PARP1 overexpression was 
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present in 8 (29,6%), but no significant association was observed between 

the two variables (p=0,270). 

 

R.1.1.4. PARP1 protein overexpression and patient outcome 

 

Receiver-operator curve (ROC) was used to determine the optimal cut-

off point based on relapse end point for PARP1 expression289. The area 

under the curve (AUC) for PARP1 was 0,809 (95% CI 0,743-0,875). 

Examination of the coordinates of the curve indicates that an optimal 

cut-off point for PARP1 was 39.970. At this value, the sensitivity of the 

test was 79,7%, with a specificity of 80,2% (Fig. R.7). 

 

 

 

Figure R.7. Receiver operating curve (ROC) for determining PARP1 
expression. ROC was used to determine the optimal cut-off point for PARP1 
expression that corresponds to the intersection between the red dotted line (PARP1 
expression levels) and the blued dotted line (that accounts for sensitivity and 
specificity). The PARP1 optical density according to ROC data at this intersection 
point was 39.970. At this value, the sensitivity of the test was 79.7%, with a 
specificity of 80.2%, and was used to define overexpression. 

 

 

We compared the difference in outcome between patients. The primary 

endpoints of our study were Disease-Free Survival (DFS) and Overall 
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Survival (OS). OS was defined as the time from the date of surgery to the 

date of death from any cause, or last follow-up. DFS was considered 

from the date of surgery to the date of any primary, regional or distant 

recurrence, as well as the appearance of a secondary tumour or DCIS. 

DFS and OS analysis showed a higher risk of relapse or death 

respectively, in patients with PARP1 overexpression (Fig. R.8.A and 

R.8.B; log-rank test p<0,001, and Table R.2 and Table R.3). These 

associations were also observed in the analysis performed in the subset of 

patients treated with chemotherapy (CMF or anthracycline-based, n=248; 

p<0,001 for both DFS and OS), in patients treated with anthracycline-

based adjuvant chemotherapy (n=176; p<0,001 for both DFS and OS) or 

in patients treated with hormonal therapy with or without chemotherapy 

(n=237; p<0,001 for DFS and p=0,008 for OS).  

 

The hazard ratio (HzR) for relapse in patients with PARP1 

overexpressing tumours was 8,87 (IC 95%; 5,05-15,59). Kaplan-Meier 

curves for relapse and log-rank test comparisons also showed that 

primary tumour size (p=0,007), axillary lymph node involvement 

(p<0,001), hormone receptor (ER- and/or PR-positive versus both 

negative) status (p=0,033), and HER2 (p=0,023) were associated with the 

risk of relapse (Table R.2). The HzR for death in patients with PARP1 

overexpressing tumours was 7,24 (IC 95%; 3,56-14,75). Kaplan-Meier 

survival curves for OS and log-rank test comparisons also showed that 

primary tumour size (p=0,015), tumour grade (p=0,03), axillary lymph 

node involvement (p<0,001), hormone receptor status (p=0,03), triple 

negative phenotype (p=0,039) and adjuvant chemotherapy (p=0,011) 

were associated with the risk of death (Table R.2 and Table R.3). 
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Figure R.8. PARP1 overexpression threshold and prognostic significance in 
the cohort of 330 breast cancer patients. A. Association between PARP1 
expression and disease-free survival. B. Association between PARP1 expression and 
overall survival. P-values were calculated with use of the log-rank test and survival 
curves by Kaplan–Meier analysis.  
 

 

A multivariate analysis was performed including all the baseline 

clinicopathological factors with p-values lower than 0,1 (Table R.2 and 

Table R.3). In this analysis, PARP1 overexpression retained its adverse 

prognostic role for relapse (p<0,001) and death (p<0,001). The HzR for 
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relapse in patients with PARP1 overexpressing tumours was 10,05 (IC 

95%; 5,42-18,66) and for death was 1,82 (IC 95%; 1,32-2,52). Other 

independent prognostic factors were lymph nodes (p=0,038) for DFS 

and adjuvant chemotherapy (p<0,001) for OS. 

 

Table R.2. DFS analysis in patients with PARP1 expression. 

HR 95% CI P HR 95% CI P

0.158 -

Premenopausal 1.00 -

Postmenopausal 1.51 0.85 to 2.66 -

0.007 0.086

≤20 1.00 1.00

21-50 1.99 1.15 to 3.43 1.56 0.86 to 2.82

>50 2.73 1.35 to 5.51 2.52 1.04 to 6.11

0.065 0.401

I 1.00 1.00

II 1.04 0.46 to 2.31 1.56 0.74 to 2.53

III 0.73 0.79 to 3.78 1.93 0.61 to 2.01

<0.001 0.038

None 1.00 1.00

1-3 1.71 0.95 to 3.09 1.28 0.69 to 2.39

4-9 1.66 0.78 to 3.56 1.33 0.32 to 2.03

>9 4.91 2.37 to 10.17 2.86 1.23 to 5.67

Histology 0.603 -

Ductal 1.00 -

Lobular 0.89 0.33 to 2.35 -

Others 1.25 0.41 to 3.86 -

0.033 0.624

Negative 1.00 1.00

Positive 0.58 0.35 to 0.96 0.77 0.26 to 2.23

0.023 0.341

Negative 1.00 1.00

Positive 1.71 1.08 to 2.71 1.47 0.68 to 2.22

0.072 0.511

No 1.00 1.00

Yes 1.66 0.95 to 2.89 1.83 0.43 to 5.46

0.714 -

Low proliferation (<20%) 1.00 -

High proliferation (≥20%) 1.14 0.59 to 2.31 -

0.631 -

No 1.00 -

Yes 0.95 0.51 to 3.72 -

0.124 -

No 1.00 -

Yes 1.28 0.89 to 1.96 -

<0.001 <0.001

Non-overexpression 1.00 1.00

Overexpression 8.87 5.05 to 15.59 10.05 5.42 to 18.66

Adjuvant hormonotherapy

PARP-1

Abreviations: DFS, disease free survival; HR, hazard ratio; CI, confidence interval; HER2, human epidermal 

growth factor receptor 2

Triple negative phenotype

Proliferation (Ki-67)

Adjuvant chemotherapy

Tumor grade

Lymph nodes

Hormonal receptor status

HER2 status

Tumor size, mm

Univariate (n=330) Multivariate (n=330)

Variable

Age
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Table R.3. OS analysis in patients with PARP1 expression. 

HR 95% CI P HR 95% CI P

0.072 0.089

Premenopausal 1.00 1.00

Postmenopausal 1.64 0.80 to 3.35 1.28 0.96 to 1.70

0.015 0.646

≤20 1.00 1.00

21-50 2.02 1.01 to 4.06 1.11 0.71 to 1.85

>50 3.33 1.43 to 7.71 1.31 0.53 to 2.38

0.030 0.103

I 1.00 1.00

II 2.11 0.62 to 7.21 1.15 0.81 to 1.64

III 3.16 0.94 to 10.61 1.49 1.01 to 2.21

<0.001 0.074

None 1.00 1.00

1-3 1.81 0.85 to 3.88 1.55 0.73 to 3.28

4-9 1.93 0.75 to 4.99 1.61 0.64 to 3.02

>9 6.84 2.99 to 15.64 1.89 1.05 to 3.52

Histology 0.191 -

Ductal 1.00 -

Lobular 0.80 0.24 to 2.67 -

Others 1.60 0.43 to 5.99 -

0.030 0.218

Negative 1.00 1.00

Positive 0.57 0.31 to 1.03 0.73 0.43 to 1.21

0.256 -

Negative 1.00 -

Positive 1.43 0.77 to 2.63 -

0.039 0.132

No 1.00 1.00

Yes 2.01 1.04 to 3.86 1.55 0.88 to 2.72

0.203 -

Low proliferation (<20%) 1.00 -

High proliferation (≥20%) 1.23 0.91 to 1.68 -

0.011 <0.001

No 1.00 1.00

Yes 0.44 0.24 to 0.67 0.35 0.32 to 0.52

0.173 -

No 1.00 -

Yes 0.83 0.63 to 1.09 -

<0.001 <0.001

Non-overexpression 1.00 1.00

Overexpression 7.24 3.56 to 14.75 1.82 1.32 to 2.52

Triple negative phenotype

PARP-1

Abreviations: OS, overall survival; HR, hazard ratio; CI, confidence interval; HER2, human epidermal 

growth factor receptor 2

Proliferation (Ki-67)

Adjuvant chemotherapy

Adjuvant hormonotherapy

Tumor grade

Lymph nodes

Hormonal receptor status

HER2 status

Tumor size, mm

Univariate (n=330) Multivariate (n=330)

Variable

Age

 

CI, confidence interval; HER2, human epidermal growth factor receptor 2; HR, 

hazard ratio; OS, overall survival 
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R.1.2. Gene status and mRNA levels  

 

Genomic techniques as Fluorescent In Situ Hybridization (FISH) or even 

quantitative Reverse-Trascription PCR (qRT-PCR) are more robust and 

reproducible techniques between labs than the classical IHC. If these 

associations between PARP1 protein levels and patient outcome could be 

also reproduced with mRNA levels or gene amplification status of 

PARP1 it represent a clinically easy way to screen breast cancer 

specimens for PARP1 expression, as occurs in the determination of 

HER2 in breast cancer23. On the other hand, lack of correlation between 

protein levels, mRNA levels and/or gene amplification could indicate a 

complex regulation of PARP1 or even alterations in this regulation. 

 

R.1.2.1. PARP1 gene gains and patient outcome 

 

Given the results obtained at PARP1 protein level, we wondered whether 

we could observe any correlation between PARP1 gene gains and PARP1 

protein expression as defined by IHC analysis. We also assessed the 

correlation between the genetic findings with patient clinical outcome.  

 

For this purpose we applied the Fluorescent In Situ Hybridization (FISH) 

technique to 156 breast tumours that were included in our TMA using. 

For this approach we used a bacterial artificial chromosome (BAC) clone 

labeled with Green 5-Fluorescein representing the gene of interest from 

the region 1q41-q42 probe which includes the PARP1 locus. We 

established as a positive condition of altered PARP1 gene those cases 

with more than two copies of the gene (taking into account that two 

copies are strictly a gain, not an amplification of the gene) (Fig. R.9A). 
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PARP1 not gained

PARP1 gained

 

Figure R.9. PARP1 gains by FISH and prognostic significance in the subset 
of 156 breast cancer patients. A. Representative immunofluorescence of PARP1 
gene not-gained (left) and gained (right) detected by FISH. B. Association between 
PARP1 gained and disease-free survival. C. Association between PARP1 gained and 
overall survival. P-values were calculated with use of the log-rank test and survival 
curves by Kaplan–Meier analysis.  

 
 
Out of 156 cases analyzed by FISH about 10% (15/156) of the cases 

showed gains of PARP1 gene locus. Although no centromeric probe was 

used to discard that the detected gains were not polysomies, aCGH 

analyses mentioned below suggested that these gains were real since no 

polysomies were found. Moreover, when we studied the correlations 

between PARP1 gene status and PARP1 protein expression we found 

that among PARP1 overexpressing cases, only a 23% showed PARP1 

gene gains, whereas 76% did not present any degree of gain, suggesting a 

A 

B 

C 
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possible accumulation of PARP1 protein. In addition, we found that 

gains in PARP1 gene were associated with poor DFS (p=0,002), but not 

with OS (p=0,071) (Fig. R.9B, C). 

 

R.1.2.2. PARP1 mRNA expression and correlation with protein 

levels 

 

Published studies, such as in Ewing's sarcoma cells, high levels of PARP1 

protein correlate with high levels of PARP1 mRNA204. We asked whether 

in our set of fresh breast tumours (n=20) PARP1 protein levels assessed 

by WB correlated with respective mRNA levels assessed by qRT-PCR. 

No significant correlation was found (R2=0,19; p=0,028) (Fig. R.10). In 

this case, the overexpression of PARP1 protein was associated to high 

levels of PARP1 mRNA only in the half of the cases analyzed, suggesting 

that in the other half of the PARP1 overexpressed tumours some 

alteration in the regulation of the protein could be occurring. More 

tumour specimens are required to confirm this result and further studies 

are needed to describe which differences might exist in the PARP1 

protein between the distinct overexpressed tumours.   

1

2

3

R2=0,19

p=0,028

1

2

3

1
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3

R2=0,19

p=0,028
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Figure R.10. Correlation of PARP1 protein and mRNA levels in fresh breast 
tumours. Correlation between the PARP1 protein levels assessed by WB and 
correspondent mRNA expression assessed by qRT-PCR did not show a significant 
correlation by Chi-squared test (R2=0,19; p=0,028). Three groups are surrounded 
indicating, first, those tumours with low PARP1 protein and mRNA levels, second, 
those tumours with high expression of PARP1 protein and mRNA, and third, those 
tumours in which high levels of PARP1 protein does not correlate with mRNA 
levels. 

 
 

R.1.2.3. PARP1 status, DNA repair genes and genomic 

instability in breast cancer specimens 

 

It is well-known that genomic instability (GI) plays a pivotal role in 

tumour development and progression. Concerning breast cancer, many 

studies using microarray Comparative Genomic Hybridization (aCGH) 

have demonstrated associations between profile of chromosomal 

alterations and clinicopathological features of breast cancers290,291. In this 

work we wondered whether PARP1 protein expression or the alterations, 

defined as gains or losses, in DNA repair genes were associated with GI 

in breast tumour specimens.  

 

For this purpose 10 breast cancer specimens (5 with high levels and 5 

with low levels of PARP1 protein expression) were analyzed by aCGH 

applying the SNP 6.0 array performed by the Microarray Analysis Service 

(SAM) at IMIM. The GI index was obtained from the percentage of 

altered genome (taking into account all the altered regions, gains and 

losses). In addition to the GI index, for each sample was specifically 

determined the number of gains and losses in each gene locus from a 

panel of 160 DNA repair genes281. Losses were defined as Loss of 

Heterozigozity (LOH), whereas the sum up of gains and losses were 

defined as “gene alterations”.  
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First of all, we compared the genomic imbalance profile between low and 

high PARP1 protein expression groups. All tumour samples showed 

altered regions. The percentage of altered genome (median of the altered 

megabase pairs per group) in low PARP1 protein expression and high 

PARP1 protein expression group was 8.9 (0,7-22,5) and 13,4 (0,14-36,3) 

respectively; the percentage of gained genome was 2,1 (0,1-16,3) and 11,1 

(0,1-21,1) and the percentage of lost genome was 0,1 (0-8,9) and 2,3 (0,1-

15,2), respectively. The absolute number of aberrations in low PARP1 

protein expression and high PARP1 protein expression group was 354 

and 877, respectively. The absolute number of gains was 283 and 628, 

and the absolute number of losses was 71 and 249 for low PARP1 

protein expression and high PARP1 protein expression groups, 

respectively. 

 

On average, there were 56,6 and 125,6 altered regions/case in low 

PARP1 protein expression and high PARP1 protein expression group, 

respectively. Also it was observed 70.8 and 175.4 gained regions/case and 

14,2 and 49,8 lost regions/case.  

 

When both groups were compared, we did not find statistical significant 

differences in any of the studied parameters: percentage of altered 

genome (p=0,6); percentage of gains (p=0,4); percentage of losses 

(p=0,6); total aberrations (p=0,3); total gains (p=0,2) and total losses 

(p=0,2). Non-significant differences could be explained for the date 

dispersion and the low number of studied cases; however, we were able 

to detect a non-significant tendency of high PARP1 protein expression 

cases and more genomic instability.  
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Figure R.11. Genomic instability in breast cancer tumours. A. Map representing 
gains and losses in a panel of 160 DNA repair genes in 10 breast tumour specimens 
based on data analysis from aCGH. Colors mean different gene alterations: Blue, 

Genomic

instability

index

Phenotype

Alteration

LOH

Min Max

LOH

Low amplification

High amplification

Gene 

alterations

Luminal

TN

Min Max

Min Max

Genomic

instability

index

Phenotype

Alteration

LOH

Min Max

LOH

Low amplification

High amplification

Gene 

alterations

Luminal

TN

Min Max

Min Max

R² = 0,939

0

20

40

60

80

0 5 10 15 20 25 30 35 40 45 50

R2=0,939
p<0,001

Genomic instability index

N
u
m
b
er

o
f
ge
n
e 
al
te
ra
ti
o
n
s

R² = 0,940

0

10

20

30

0 5 10 15 20 25 30 35 40 45 50

Genomic instability index

Correlation between GI Index and

Number of Gene Alterations

Correlation between GI Index and
Number of LOH

N
u
m
b
er

o
f
ge
n
e 
L
O
H R2=0,940

p<0,001

R² = 0,939

0

20

40

60

80

0 5 10 15 20 25 30 35 40 45 50

R2=0,939
p<0,001

Genomic instability index

N
u
m
b
er

o
f
ge
n
e 
al
te
ra
ti
o
n
s

R² = 0,940

0

10

20

30

0 5 10 15 20 25 30 35 40 45 50

Genomic instability index

Correlation between GI Index and

Number of Gene Alterations

Correlation between GI Index and
Number of LOH

N
u
m
b
er

o
f
ge
n
e 
L
O
H R2=0,940

p<0,001

A 

B 

C 



Results 

 

98 

Loss of Heterozigozity (LOH); yellow, low amplification; and orange, high 
amplification. Degrees of Genomic Instability (GI) Index, Gains and Losses, and 
IHC phenotype of each sample is specified at the top of the map. B. Correlation 
between GI index and gene alterations by Chi-squared test show significant 
correlation (R2=0,939, p<0,001). C. Correlation between GI index and LOH by 
Chi-squared test show significant correlation (R2=0,94, p<0,001). 

 

 

Moreover, when we assessed the number of gene alterations and LOH in 

the genes from the panel of DNA repair we found a clear and high 

statistically significant correlation with the GI index (R2=0,939, p<0,001; 

and R2=0,94, p<0,001, respectively) (Fig. R.11). Despite the limited 

number of studied cases, this result might suggest that alterations in 

DNA repair genes, and not only the levels of PARP1, could be giving rise 

to these levels of genomic instability. 

 

 

R.2. PARP1 EXPRESSION IN BREAST CANCER 

CELL LINES 

 

In parallel to the studies evaluating PARP1 in breast tumours, another 

main goal during my PhD thesis was to characterize in vitro the role of 

PARP1 by chemical inhibition of PARP enzymatic activity or genetic 

downmodulation of PARP1 gene in a panel of human breast cancer cell 

lines (BCCL). First of all, we characterized PARP1 basal protein and 

mRNA levels, and enzymatic activity in each cell line. We also examined 

PARP1 gene status and genomic instability in those cells. Finally, we 

looked for possible associations between these variables. 
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R.2.1. Basal expression levels of PARP1 protein 

correlates with PARP enzymatic activity, but not with 

basal pADPr or basal PARP1 mRNA.  

 

The panel of BCCL used for the study consists in 7 different cell lines 

each of which represents a different subtype of breast cancer as described 

in the Kao J. study292 and on the American Type Culture Collection 

(ATCC) product information sheet. These cells are commonly used as a 

model in breast cancer studies. Three of them (MDA-MB-231, MDA-

MB-468 and HCC1937) are classified as Basal-like molecular subtype by 

transcriptome signature and Triple-Negative (TN) by IHC. MDA-MB-

231 and MDA-MB-468 are BRCA1/2-proficient cells, and HCC1937 is 

BRCA1-mutant. BT474, SKBR3 cell lines represent the molecular ErbB2 

overexpressing subtype and HER2+ by IHC. MDA-MB-453 is defined as 

TN, and although low expression of ER/PgR is considered molecularly 

Luminal B. Finally, MCF7 cell line is considered a Luminal A and 

Hormone receptor positive cell line. This information is summarized in 

the table below (Table R.4). 

 

Table R.4. Molecular and IHC subtypes classification of the BCCLines panel. 

Cell line

Molecular 

subtype HER2 ER PgR IHC subtype

MDA-MB-231 Basal-like - - - Triple-negative

MDA-MB-468 Basal-like - - - Triple-negative

MDA-MB-453 Luminal B + - - Triple-negative

SKBR3 ErbB2 +++ - - HER2+

BT474 ErbB2 +++ + + HER2+

MCF7 Luminal A - + + Hormone Receptor +

HCC1937* Basal-like - - - Triple-negative

Cell line

Molecular 

subtype HER2 ER PgR IHC subtype

MDA-MB-231 Basal-like - - - Triple-negative

MDA-MB-468 Basal-like - - - Triple-negative

MDA-MB-453 Luminal B + - - Triple-negative

SKBR3 ErbB2 +++ - - HER2+

BT474 ErbB2 +++ + + HER2+

MCF7 Luminal A - + + Hormone Receptor +

HCC1937* Basal-like - - - Triple-negative
 

* BRCA1 mutant 
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As previously performed in IHC analysis of breast cancer tumours, we 

wondered if there are specific BCCL subtypes that are associated with 

different PARP1 protein expression. When we assessed basal PARP1 

protein levels by WB, we did not find any clear association with a specific 

subtype. The expression of PARP1 was variable among TN cells. MDA-

MB-231 and MDA-MB-468 showed lower expression levels of PARP1 

compared with the other cell lines from the panel (0,14 and 0,23 

densitometric value of PARP1 protein normalized by tubulin, 

respectively), whereas MDA-MB-453 and HCC1937 cells showed higher 

expression levels (0,59 and 0,36 densitometric value of PARP1 

normalized by tubulin, respectively). The Hormone positive cell line 

MCF7 presented one of the lowest levels of the protein (0,18 

densitometric value of PARP1 protein normalized by tubulin). In 

contrast, both HER2+ cell lines, SKBR3 and BT474, showed high 

expression of PARP1 (0,39 and 0,79 densitometric value of PARP1 

protein normalized by tubulin, respectively) (Fig. R.12.A). In this panel it 

appeared that cell lines with expression or overexpression of HER2 

tended to exhibit the highest levels of PARP1 protein (BT474, SKBR3 

and MDA-MB-453), followed by the basal-like/TN and BRCA1-mutated 

cell line, HCC1937. 

 

Next, we analyzed the expression levels of PARP1 mRNA by qRT-PCR 

in this panel. Similar to our findings in breast cancer tumours tested, we 

did not observe a significant correlation between PARP1 mRNA and 

protein levels (R=0,34, p=0,5) (Figure R.12.B-C). 
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Figure R.12. Basal PARP1 and pADPr protein levels and correlation with 
basal PARP1 mRNA levels. A. 20µg of total protein from cell lysates of BCCL 
were subjected to WB for assessing PARP1 and poly(ADP-ribose) (pADPr) basal 
protein levels. β-tubulin was used as loading control. Densitometry values of PARP1 
and pADPr protein levels were normalized with the respective β-tubulin 
densitometry values and expressed below each panel. B. PARP1 mRNA levels. 
mRNA from BCCL was isolated, reverse-transcribed and subjected to qRTPCR 
using gene-specific primers for PARP1 and normalized with the housekeeping, 
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RPLP0. C. Correlation between PARP1 mRNA and PARP1 protein levels from 
BCCL in basal conditions showed no significant correlation by Chi-square test 
(R2=0,343, p=0,5). 

 

 

Furthermore, we wanted to determine whether the basal levels of PARP1 

protein correlated with the amount of poly(ADP-ribosylated) proteins or 

the enzymatic activity assessed by an enzymatic assay. This assay 

combines a poly(ADP-ribosylation) reaction and ELISA method to direct 

detect poly(ADP-ribosylation) of coated histones in a well. 

 

We investigated the pattern of poly(ADP-ribosylation) of cellular 

proteins. Cell lysates were analysed by WB using an anti-poly(ADP-

ribose)polymer (anti-pADPr antibody). As shown in the figure R.12A, 

the poly(ADP-ribosylation) reaction (pADPr polymer formation) was 

detected as a typical smear for this type of posttranslational modification. 

The levels of PARP1 did not correlate with the amount of pADPr 

determined by WB (R=0,278; p=0,54) (Fig. 13A). Similar non-correlating 

results were obtained from the analysis of breast cancer specimens (n=4) 

(Figure R.13B). On the other hand, the enzymatic activity showed a 

statistically significant tendency to correlate with PARP1 protein content 

(R=0,849 p=0,016) (Fig. R.13C-D). Therefore, these results suggest that 

the enzymatic assay might be a more reliable technique to assess PARP 

enzyme activity than determining the levels of pADPr. Polymers of 

pADPr are present only transiently, because can be rapidly synthesized 

and degraded. If these data could be replicated in human tumour tissues, 

it might be important to better understand the role that PARP1 levels are 

playing in breast tumour specimens. I.e., in determining if PARP1 is 

active or just accumulated in the tumours. In fact this type of PARP 
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enzymatic activity assay has been used in pharmacodynamics assessment 

of PARP inhibitors in clinical trials293. 
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Figure R.13. PARP enzymatic activity and correlation with PARP1 protein 
levels. A. Correlation between pADPr and PARP1 protein levels from BCCL in 
basal conditions assessed by WB showed no significant correlation by Chi-square 
test (R2=0,27, p=0,54). B. 40µg of total protein from 4 frozen OCT-included human 
breast cancer tumours cell lysates were subjected to WB for assessing PARP1 and 
poly(ADP-ribose) (pADPr) basal protein levels. GAPDH was used as loading 
control. C. 5ug of protein from cell lysates of BCCL in basal conditions were 
subjected to PARP enzymatic activity assay and expressed as PARP enzymatic units. 
D. Correlation between PARP enzymatic units and PARP1 protein levels showed 
significant correlation assessed by Chi-squared test (R2=0,849, p=0,016). 

 

  

R.2.2. PARP1, DNA repair genes and genomic 

instability in breast cancer cell lines. 

 

As previously performed in breast tumour specimens, we estimated the 

number of gains of PARP1 gene in the panel of BCCLs. In this occasion 

we analyzed the alterations in the locus of PARP1 gene in the 

chromosome 1q by aCGH array to determine the copies of the gene. For 

this analysis in BCCL we also applied the SNP 6.0 array performed by the 

Microarray Analysis Service (SAM) at IMIM. We observed that those 

cells with higher PARP1 protein levels had significantly more copies of 

the PARP1 gene locus (R=0,856; p=0,029) (Fig. R.14). 
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Figure R.14. Correlation between PARP1 gene gains and PARP1 protein 
levels. PARP1 gene gains assessed by aCGH and PARP1 protein levels assessed by 
WB from BCCL in basal conditions showed significant correlation by Chi-squared 
test (R2=0,856, p=0,029). 
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As in the case of breast tumour samples, we wanted to characterize in the 

panel of cell lines whether the levels of PARP1 protein or the alterations 

in DNA repair genes correlated with the GI index. The study was 

performed in the same manner as described previously.  

 

All cell lines showed altered regions and the GI index ranged from 15,3 

to 32,5. The GI index average was higher than in tumour samples, but 

the highest absolute values were similar. In this case, we observed no 

correlation between PARP1 protein levels and the GI index. 

Furthermore, when we assessed the number of gene alterations and LOH 

of the genes in the panel DNA repair, we found a higher absolute 

number of aberrations compared with tumor samples, but neither gene 

alterations nor LOH correlated with the GI index  (R2=0,175, p=0,019; 

and R2=0,002, p=0,173, respectively) (Fig. R.15). This result suggests 

that in this panel of cell lines the alterations in the DNA repair genes do 

not explain the genomic instability values. Probably in cell lines, the 

enzymatical and mechanical stress of being in culture and periodically 

trypsinized induce an accumulation of alterations in the genome that are 

not caused only by the alterations in DNA repair genes, thus not 

correlating with the genomic instability index.  

 

 

 
Figure R.15. Genomic instability in breast cancer cell lines. A. Map 
representing the gains and losses in a panel of 160 DNA repair genes in 6 BCCL. 
Colors mean different gene alterations: Blue, Loss of Heterozigozity (LOH); yellow, 
low amplification; and orange, high amplification. Degrees of Genomic Instability 
(GI) Index, Gains and Losses, and PARP1 protein levels of each cell line are 
specified at the top of the map. B. Correlation between GI index and gene 
alterations. C. Correlation between GI index and LOH. B. and C., showed no 
correlation by Chi-squared test. 
 
(Next page) 
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R.3. CHARACTERIZATION OF THE EFFECTS OF 

PHARMACOLOGICAL INHIBITION OF PARP IN 

BREAST CANCER CELL LINES  

 

As demonstrated in the first clinical trial with olaparib, PARP inhibitors 

have a synthetic lethality effect in BRCA1/2-mutated tumours272. We 

wanted to study whether the different subtypes of BCCLs, including a 

BRCA1-mutant, had different sensitivities to different PARP inhibitors 

alone or in combination with different types of therapies. We wanted to 

explore which breast cancer subtypes might benefit from this therapy, 

alone or in combination. 

 

For this purpose we used two commercially available PARP inhibitors: 

� PJ34, a widely used inhibitor of PARP activity in preclinical models. 

� Olaparib, which has completed phase II clinical trials for breast 

cancer. 

 

R.3.1. Effects of PARP inhibitors as single agents 

R.3.1.1. PJ34 and olaparib effectively inhibit PARP activity 

 

First of all, we confirmed that PJ34 and olaparib were able to block 

PARP activity by both, the detection of pADPr by WB and enzymatic 

activity quantification by PARP enzyme activity assay. Both inhibitors 

were able to block the pADPribosylation of target proteins that accept 

ADP units (Fig. R.16A) and the enzymatic activity of PARPs (R.16B). 

Whereas PJ34 performed well in the micromolar range as also described 
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in the literature294, olaparib demonstrated in each functional assay much 

higher potency in the nanomolar range. 
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Figure R.16. PARP inhibition by PJ34 and olaparib PARP inhibitors. A. 20µg 
of total protein from cell lysates of MDA-MB-468 cells treated 90’ with 30µM of 
PJ34 or 1-0,1-0,01-0,001µM of olaparib were subjected to WB to assess the decrease 
of pADPr protein levels, β-tubulin was used as loading control. B. 5µg from cell 
lysates of MDA-MB-468 cells treated 90’ with 30µM of PJ34 (Top) or 1-5µM of 
olaparib (Bottom) were subjected to PARP enzymatic activity assay and showed 
decrease in PARP enzymatic activity units. 
 

 

R.3.1.2. Sensitivities of breast cancer cell lines to PJ34 and 

olaparib as single agents  

 

Next, we assessed the sensitivity of the panel of BCCL towards PJ34 or 

olaparib treatments in terms of cell growth capacity. 

  

A 
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In parallel, we assessed BRCA1 and BRCA2 protein expression by WB in 

order to study whether their expression levels could associate with 

sensitivities to these inhibitors. In addition to BCCL, as control of 

BRCA2-mutant we included the pancreatic cell line, CAPAN-1 (Fig. 

R.17A). In addition, we confirmed the reported mutations in BRCA1295 

and BRCA2296 genes for HCC1937 and CAPAN-1 cell lines, respectively, 

by direct DNA sequencing. For this approach specific primers for the 

exon where the mutation localizes were used. (Fig R.17B) 
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Figure R.17. BRCA1 and BRCA2 in the panel of BCCL panel and CAPAN-1 
pancreatic cell line. A. 20µg of total protein from cell lysates of BCCL and 
CAPAN-1 in basal conditions were subjected to WB to assess BRCA1 and BRCA2 
protein levels, β-tubulin was used as loading control. (Continues) B. Direct 
sequencing of DNA extracted from HCC1937 and CAPAN-1 cells was used to 
assess the presence of mutations in BRCA1 and BRCA2 genes, respectively. Graphs 
shows reference sequences (upper panels) and the obtained sequences (lower 
panels), arrow indicates the localization of the mutated nucleotide. 
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All BCCL responded in a dose-dependent manner to 48h treatment with 

PJ34 (0-30µM) assessed by MTS assay, whereas no effect was observed in 

the 48h treatment with olaparib (0-20µM) using the same assay in three 

BCCL (Fig R.18A-B). Then, we decided to assess the sensitivity to 

olaparib by clonogenic assay using a longer-term treatment (10 - 20days). 

Using this sensitive assay we observed that all BCCL responded in a 

dose-dependent manner to olaparib (0 - 0,5 - 1µM) (Fig R.18C). In both 

cases we observed a spectrum of sensitivities. 
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Figure R.18. Sensitivity of BCCLines to PJ34 and olaparib treatments. 
Sensitivity to PJ34 (A) and olaparib (B) treatments for 48h assessed by MTS assay. 
Each data point represents the mean ± s.d. percent cell growth inhibition of three 
independent experiments, compared to controls at 100%.. C. Sensitivity to olaparib 
long-term treatment assessed by clonogenic assay. Cells were seeded at low density, 
treated during 10-20 days with olaparib (0,5-1µM) and the resultant colonies were 
stained and analyzed by ImageJ. Each data point represents the mean ± s.d. folds 
cell growth inhibition of three independent experiments, compared to controls at 1 
fold. D. Representative images of stained colonies (top) and respective ImageJ 
processed images (bottom). 

 

 

All cell lines tested, including BRCA-mutant as well as BRCA-proficient 

cell lines, exhibited decrease in cell growth upon PARP inhibitor 

treatments. 
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In our hands, HCC1937 was the most resistant cell line in front of PJ34 

treatment, and the third less sensitive to olaparib. Arranging the cells in a 

scale from the most to the least sensitive in front of the highest dose 

tested with each inhibitor we can observe the distribution depicted in the 

following figure (Fig. R.19). 
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Figure R.19. Scale of sensitivities of BCCLines to PJ34 and olaparib 
treatments. BCCL are arranged from the most sensitive to the less sensitive to the 
higher dose of PJ34 (30µM, 48h), assessed by MTS (left), and to the higher dose of 
olaparib (1µM, 10-20days) assessed by clonogenic assay (right). 

 

 

MDA-MB-453 was found to be the most sensitive cell line to both 

inhibitors, while the rest of cells responded very different, in terms of 

sensitivity, to each drug. In part, it could be explained because PJ34 is less 

potent and less specific than olaparib, and some effects might be caused 

by other mechanisms beyond the inhibition of PARP. 

 

Taking into account only the effects on viability with olaparib we did not 

observe any correlation between PARP1, pADPr, or BRCA1/2 

levels/mutational-status and sensitivity to the inhibitor, as single agent, in 

the cells of the panel. We cannot rule out that the observed effects on cell 

growth non-specific (i.e. no mediated by PARP inhibition) since the 
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concentrations required to observe effects were in the micromolar range. 

It was intriguing the lack of synthetic lethality in BRCA-mutated cells, but 

the results were replicated in independent experiments and the mutation 

confirmed in cultured cells. 

 

R.3.2. Effects on cell survival of olaparib in 

combination with chemotherapy 

 

The use of PARP inhibitors could sensitize tumours cells to different 

DNA damaging therapies. For this reason, we tested olaparib in 

combination with different chemotherapies (doxorubicin and cisplatin) 

using the clonogenic assay. 

 

As performed in the clonogenic assay to test olaparib as a single agent, 

cells were treated continuously with olaparib (1 - 0,5µM) during 10-20 

days. 24 hours before the end of the experiment cells were treated with 

doses of doxorubicin or cisplatin corresponding to the IC25 and IC50 

values for 48h and analysed for colony formation by staining with crystal 

violet.  

 

Olaparib sensitized all BCCL to doxorubicin and cisplatin (Fig. R.20). 

All combination treatments reached statistical significance. In contrast to 

olaparib alone, the presence of a mutated BRCA gene determined higher 

sensitization to the combined treatment with chemotherapy. The 

HCC1937 cell line was sensitized most efficiently to both drugs (cisplatin 

and doxorubicin) upon combination with olaparib. 
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The second and third cell lines most efficiently chemosensitized in 

combination with the PARP inhibitor were SKBR3 cells, apparently with 

low levels of BRCA1 and BRCA2 protein content, and MCF7, with 

relative low levels of BRCA2. The chemosensitization presented as fold 

decrease relative to olaparib treatment and the statistical significance level 

in the panel of BCCL are summarized in Table R.5. It is noteworthy that 

in these combinations with olaparib, basal-like/TN cell lines were not, in 

general, the most chemosensitized cell lines in the panel. In the case of 

MDA-MB-453 and MDA-MB-468 the dose of olaparib used for the 

clonogenic assay was 0,5µM, instead of 1µM used in the rest of cells. The 

dose was reduced in order to detect quantifiable colonies in the combined 

conditions. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure R.20. Chemosensitizing effects of olaparib combined with 
chemotherapeutic agents on clonogenic survival. Cells were seeded at low 
density, treated during 10-20 days with olaparib (1µM, and 0,5µM in the case of 
MDA-MB-453/468) and the last 24h cells were treated with doses of doxorubicin or 
cisplatin around IC25-IC50 values. The resultant colonies were stained and analyzed 
by ImageJ. Each bar represents the mean ± s.d. folds cell growth inhibition of three 
independent experiments, compared to controls at 1 fold. ANOVA One-way was 
used for statistical analysis. Bars: Black (Chemotherapy), white (Olaparib), grey 
(combined treatment). 
 

(Next page) 
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Table R.5. Folds of chemosensitizations upon combination of doxorubicin or 

cisplatin with olaparib. 

Doxorubicin p Cisplatin p

MDA-MB-231 0,45 0,002 0,2 <0,001

MDA-MB-468 0,24 0,002 0,35 <0,001

MDA-MB-453 0,25 0,02 0,17 0,01

SKBR3 0,51 <0,001 0,53 0,01

BT474 0,22 0,001 0,22 <0,001

MCF7 0,36 <0,001 0,56 <0,001

HCC1937 0,52 0,001 0,6 <0,001
 

 

 

R.3.3. Effects of olaparib in combination with a 

targeted therapy (trastuzumab) 

 

As stated in the introduction, combinations of PARP inhibitors with 

other targeted therapies are less common than their combination with 

chemotherapy, but is another potential approach in specific subtypes of 

cancer patients.  

 

In the literature only a few examples exist whereby the chemical 

inhibition of PARP activity or abrogation of PARP1 gene modulates the 

expression levels of HER2 and EGFR in cancer cell lines158,159. 

 

 We asked whether this was the case for olaparib in our HER2+ cell lines. 

If affirmative, then we could explore whether it sensitized cells to anti-

HER2 therapy (trastuzumab). 
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R.3.3.1. Molecular effects of olaparib on HER2 and EGFR 

Olaparib downmodulated HER2 and EGFR in SKBR3 and BT474 

 

As a first approach we decided to treat our HER2+ cell lines (BT474 and 

SKBR3) with 1-5µM of olaparib during 24, 48 or 72 hours. These 

concentrations were chosen because nearly all available data showed that 

these doses are below the maximum achievable dose in normal clinical 

use and thus to achieve a clinical significance of these results297. WB 

analysis of lysates from control and olaparib treated cells revealed that the 

expression of both receptors, HER2 and EGFR, decreased in a dose- and 

time- dependent manner in both cell lines (Fig. R.21A). 
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Figure R.21. Olaparib treatment modulates EGFR and HER2 levels in BT474 
and SKBR3. A. 5-20µg of total protein from cell lysates of BT474 (Top) and 
SKBR3 (Bottom) cells treated 24-48-72h with 1-5µM of Olaparib were subjected to 
WB to assess HER2 and EGFR protein levels, β-tubulin was used as loading 
control. B. PARP1, EGFR and HER2 protein levels assessed by WB from BT474 
cells stably depleted for PARP1 (shCT, control, shPARP1, PARP1-depleted). 

 

To determine whether this modulation was mainly due to PARP1 

inhibition by olaparib, or to additional effects of the drug, we stably 
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knocked-down PARP1 expression in BT474 by lentiviral transduction of 

shRNA of PARP1 and a scrambled sequence in the case of the control. 

Genetic silencing of PARP1 in BT474 also tended to downmodulate the 

protein levels of HER2 and EGFR (Fig. R.21B). 

 

Olaparib slightly enhanced the receptor downmodulation of 

trastuzumab 

 

In light of these results, we hypothesized that the addition of olaparib to 

trastuzumab treatment could sensitize HER2+ cells to the 

downregulatory actions of this antibody. As shown in the densitometries 

of the WB, the concomitant treatment with olaparib (1-5µM) and 

trastuzumab (1-10µg/mL) slightly downmodulated the protein levels of 

total HER2, EGFR, and the surrogate downstream proteins phospho-

Akt (Ser473) and phospho-Erk (Thr202/204) more than each drug alone 

in BT474. In the case of SKBR3, we only observed an enhanced decrease 

in EGFR levels (Fig.R.22).  

 

 

 

 

 

 

Figure R.22. The addition of olaparib to trastuzumab treatment slightly 
enhanced the downmodulation of HER2-EGFR-Akt-Erk axis. Cells were 

serum starved for 24h and then concomitantly treated 48h with olaparib (1-5µM) 

and trastuzumab (1-10µg/mL) for BT474 and SKBR3 respectively. 20µg of total 
protein were subjected to WB to assess HER2, EGFR, phospho-Akt (Ser473), Akt, 

phospho-Erk (Thr202/204) and Erk protein levels. β-tubulin was used as loading 
control. Densitometry values of each condition were normalized with the respective 

β-tubulin and expressed as folds of the control condition below each panel. 
 
(Next page) 
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R.3.3.2. Cellular effects of the olaparib – trastuzumab 

combination 

 

Since HER2 downmodulation is one of the key mechanisms of action of 

trastuzumab, the molecular results shown in the previous section left the 

door open to the possibility of potentiating cytotoxic and cell growth 

inhibitory effects of trastuzumab by combining it with olaparib. 

 

Olaparib sensitized HER2+ cell lines to trastuzumab treatment 

 

In our first approach we tested the effects of combining trastuzumab and 

olaparib on cell viability by clonogenic assay. Drugs were combined at 

two fixed optimal concentrations as obtained from previous dose-

dependence experiments with each drug. Every three days the media was 

changed and fresh drug was added. Following treatment, the cells were 

fixed with methanol and stained with 0,1% crystal violet. For 

quantification, the plates were scanned, and blue color intensity was 

determined in each case using the software ImageJ. The drugs effects are 
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shown as relative values referred to the vehicle treated control that was 

set to one. Long-term treatments with low concentrations of trastuzumab 

(1µg/mL) and olaparib (1µM) reduced significantly the clonogenic 

capacity of BT474 and SKBR3 cells more than each drug alone. (Fig. 

R.23). 
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Figure R.23. Effects of olaparib/trastuzumab combination on clonogenic 
survival of HER2+ cell lines. Cells were seeded at low density, treated during 
20days (BT474, top) or 10 days (SKBR3, bottom), depending on its proliferation 
rate, with olaparib (1µM) and trastuzumab (1µg/mL). The resultant colonies were 
stained and analyzed by ImageJ. Representative processed images are below each 
condition. Each bar represents the mean ± s.d. folds cell growth inhibition of three 
independent experiments, compared to controls at 1 fold. ANOVA One-way was 
used for statistical analysis. 
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In a second instance, selected combinations were examined in detail using 

cell cycle analysis. For this approach, HER2+ cells were seeded and 24h 

later were treated with 5µM of olaparib and 10µg/mL of trastuzumab. 

After 96h cells were harvested, fixed with 70% methanol and stained with 

DAPI staining solution to discriminate cells in different phases of the cell 

cycle based on their DNA content by flow cytometry analysis. This assay 

showed that the combination, in a statistically significant manner, 

increased the percentage of apoptotic/death cells defined by subG0/1 

phase in SKBR3; while a tendency was detected in BT474. Statistically 

significant in both cell lines were also the increases detected in the 

percentage of cells arrested in G2 compared with trastuzumab alone, and 

in the percentage of cells arrested in G1 compared to olaparib alone. A 

slight tendency in both cell lines to decrease the number of cells in S-

phase in the combinatory condition compared with the drugs alone was 

also detected (Fig. R.24A). These results reflected that the effects of 

both drugs cooperate significantly in terms of cell cycle effects. In 

addition, we confirmed these data by WB analysis reproducing the same 

conditions used in cell cycle analysis by FACS. In this case, we detected 

an accumulation of p27kip1, a cyclin-dependent kinase inhibitor, and p21, 

as a maker of G2 cell arrest, indicating a correlation with the data 

obtained by flow cytometry analysis of the cell cycle (Fig R.24B). 

 

Figure R.24. Effects of trastuzumab/olaparib combination on cell cycle. A. 
Cell cycle analysis by FACS of BT474 (top) and SKBR3 (bottom) cells treated 96h 
with olaparib (5µM) and trastuzumab (10µg/mL). Each bar represents mean ± s.d. 
percentage of cells in each phase of the cell cycle of three independent experiments. 

ANOVA One-way was used for statistical analysis. B. 20µg of total protein from 
lysates of BT474 (left) and SKBR3 (right) treated as in (A.) were subjected to WB to 

assess levels of cell cycle proteins: CyclinD1, p27 and p21. β-tubulin was used as 
loading control. 
 
(Next page) 
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In the view of these results, we aimed to know if this potentiation in 

terms of cell cycle could lead cells to a less proliferative capacity. For this 

purpose and in parallel to the previous 96h treatments, manual cell count 

was performed and a statistically significant reduction in number of cells 

was detected when both drug were combined (p<0,05) (Fig R.25A). 

Furthermore, these results were confirmed by assessing the 

antiproliferative effects in response to the combined treatment as 

compared to each drug alone at 96h with two cell viability assays, based 

on the total amount of proteins (SRB assay), and the metabolic capacity 

(MTS assay). Once again, significantly lower levels of proteins and 

metabolic activity were detected in the combined condition of 

trastuzumab plus olaparib than that with each drug alone, as shown in the 

figure R.25B for SKBR3.  
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Figure R.25. Cell growth inhibitory effects of olaparib/trastuzumab 
combination in HER2+ cell lines. A. BT474 (left) and SKBR3 (right) cells were 
treated 96h with olaparib (5µM) and trastuzumab (10µg/mL) and cell count was 
performed with Scepter device. (Continues) 
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Figure R.25. Continued. B. SKBR3 were subjected to the same treatment 
described in A.. Cell growth inhibition was assessed by SRB assay (left) and MTS 
assay (right). Each bar represents the mean ± s.d. percentage of cell growth 
inhibition of three independent experiments, compared to controls at 100%. 
ANOVA One-way was used for statistical analysis. Bars: Dark grey (olaparib), black 
(trastuzumab), grey (combined treatment). * p<0,05; ** p<0,01 

 

 

When we performed the same previous assays in a non-HER2+ cell line, 

MDA-MB-231 cell line, which express low levels of HER2, as expected, 

no enhanced reduction of clonogenic capacity, total amount of proteins 

or metabolic capacity were detected when the cells were treated with both 

drugs (Fig. R.26 A,B.). These results further indicated that olaparib was 

able to enhance the effects of trastuzumab to a greater extent in HER2+ 

cell lines, probably mainly through alterations in HER2-EGFR signalling 

pathway, but not in HER2- cells. 
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Figure R.26. Cell growth inhibitory effects of olaparib/trastuzumab 
combination in a non-HER2+ cell line. A. Clonogenic assay. MDA-MB-231 cells 
were seeded at low density, treated during 10 days with Olaparib (1µM) and 
Trastuzumab (1µg/mL). The resultant colonies were stained and analyzed by 
ImageJ. Representative processed images are below each condition. Each bar 
represents the mean ± s.d. folds cell growth inhibition of three independent 
experiments, compared to controls at 1 fold. (Right panel) WB showing HER2 
protein levels in MDA-MB-231 and BT474 cells B. MDA-MB-231 cells were treated 
96h with Olaparib (5µM) and Trastuzumab (10µg/mL). Cell growth inhibition was 
assessed by SRB assay (left) and MTS assay (right). Each bar represents the mean ± 
s.d. percentage of cell growth inhibition of three independent experiments. Bars: 
Dark grey (Olaparib), black (Trastuzumab), grey (combined treatment). 
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Effects of olaparib-trastuzumab combination in DNA damage by 

γγγγH2AX detection and comet assay. 

 

Based on information from other previous studies reporting that the 

inhibition of EGFR and HER2 may modulate the response to DNA 

damage through the inhibition of DNA repair and the induction of DNA 

strand breaks271,298-300 we hypothesized that one of the mechanisms that 

might explain, at least in part, the greater activity of the combination 

could be that induced significantly higher levels of DNA damage and 

subsequent cell death than trastuzumab or olaparib alone.  

 

We performed the experimental set-up following the same schedule and 

doses described in our cell cycle experiments. We determined the amount 

of DNA damage using two techniques: IF assessment of phosphorylated-

histone H2AX (Ser 139) (γH2AX) foci and detection of different types of 

DNA aberrations and/or strand breaks by Comet assay. 

 

For the analysis of the formation of γH2AX foci, indicative of DNA 

double-strand breaks, by manual count, first we elaborated a scale of 

γH2AX foci per nucleus that would allow us to more accurately classify 

cells into more than two categories (“positive” or “negative” cases) 

according to their amount of DNA damage. (Fig. R.27). 
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Figure R.27. Scale of γγγγH2AX foci per nucleus. Immunofluorescent images of 
cells stained with H2AX and DAPI representing a range of DNA damage into 5 
cathegories. 
 

Based on this scale, when we considered all those cells ≥4 focis (including 

the cathegories: more than 3-foci, multifoci and hole nucleus) as cells 

positive for DNA-damage, we observed that: olaparib induced a marked 

increase in cells with damaged DNA in both HER2+ cells and especially 

in SKBR3 cells. Interestingly, data from our study had pointed that 

SKBR3 was more sensitive to olaparib than BT474; in lesser extent 

trastuzumab also increased the percentage of cells positive for DNA-

damage especially in BT474, which in previous experiments exhibited 

greater sensitivity to this drug than SKBR3. Also, the combination of 

olaparib-trastuzumab increased the percentage of cells DNA damaged 

cells in a statistically significant manner in both cell types (BT474 

p=0,005; SKBR3, p=0,04) (Figure R.28A, B). When we observed the 

distribution of positive DNA-damaged cells into the different categories 

the increase of DNA-damaged cells in the combination compared with 

the drugs alone was mainly due to an increase in the percentage of cells 

considered “multifoci”, indicating that a large proportion of positive cells 
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showed a large amount of DNA damage.  Besides, we determined the 

amount of γH2AX by WB, confirming higher increase of this marker 

when both drugs were combined (Figure R.28C). 

 

 

 

 

Figure R.28. Effects of olaparib/trastuzumab treatment on DNA damage 

assessed by γγγγH2AX foci in HER2+ cells. Double strand break DNA damage 
after 96h of Olaparib (5µM) and trastuzumab (10µg/mL) treatment in BT474 (A) 
and SKBR3 (B) cell lines was assessed by immunofluorescence (IF) staining for 
γH2AX-foci. Those nuclei with ≥4 γH2AX-foci were considered “positive DNA-
damaged cell”. Each bar represents the mean ± s.d. of percentage of DNA-damaged 
cells. About 100-200 cells in each condition in three independent experiments were 
analyzed. ANOVA One-way was used for statistical analysis. Below each graph are 

included representative IF images from each condition, γH2AX (Top) and DAPI 
(Bottom). 
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Figure R.28. Continued. C. Confirmation of DNA-damage induction. 20µg of 
total protein from cell lysates from BT474 (left) and SKBR3 (right) cells treated 96h 
with Olaparib (5µM) and Trastuzumab (10µg/mL) were subjected to WB to assess 

levels of γH2AX. β-tubulin was used as loading control. 
 

 

The other technique used to assess the amount of DNA damage was the 

Comet Assay. This approach allows the detection of DNA strand breaks 
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the nucleoid faster than intact DNA upon the application of an electric 

field. The immunofluorescence image of the obtained comets in each 

treatment was analyzed by ImageJ software to quantify the amount of 

DNA in the tail. 

 

As in the previous approach we detected an increase in the amount of 

damaged DNA, i.e. in the amount of DNA in the tail, in all the 

conditions compared to control. Each drug alone induced increase of 

damaged DNA in both cell lines, being greater in the olaparib treated 

cells. The combination of olaparib and trastuzumab increased 

significantly the amount of damaged DNA in BT474 and SKBR3 cells 

(p<0,05) (Figure R.29A, B) 

. 
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Figure R.29 Comet assay. Effects of olaparib/trastuzumab treatment on 
DNA damage assessed by Comet Assay in HER2+ cells. DNA damage after 
96h of olaparib (5µM) and trastuzumab (10µg/mL) treatment in BT474 (A) and 
SKBR3 (B) cell lines was assessed by Comet Assay. IF images were analyzed with 
ImageJ determining the amount of fluorescence (DNA) in tails versus nuclei. Each 
bar represents the mean ± s.d. amount of DNA in tails. More than 200 cells in each 
condition in three independent experiments were analyzed. ANOVA One-way was 
used for statistical analysis. Below BT474 graph are included representative IF 
images from each condition; IF (Top), processed images (Bottom). 
 

 

R.3.3.3. In vivo effects of the olaparib - trastuzumab 

combination 

 

We generated a standard tumour xenograft model with the parental 

BT474 cell line because they are the only HER2+ breast cancer cellular 

model cell tumorigenic in nude mice within the panel. Forty Balb/C nude 

mice were inoculated subcutaneously (s.c.) with BT474 cells mixed with 

matrigel into the right flank. Biodegradable time-release estrogen-pellets 

(0,72mg, 60day release) were implanted subcutaneously on the back of 

each mouse one day before tumour cell inoculation. Tumour growth was 

periodically analyzed by measurement with a digital calliper and the 

tumour volume in mm3 was estimated by the formula: [Volume = 

(Length * Width2)/2]. To note, BT474 cells from different laboratories 

differ for the potential to form tumours in nude mice. As reported by 

other authors301 the original parental BT474 had a low tumorogenic rate 

in xenograft model. In this experimental system, estrogens are needed for 

B 
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its optimal implantation and growth. However, the estradiol pellet could 

cause urinary trait obstruction problems, and thus urine retention and 

ultimately death302. Initially, the model was designed to allocate the forty 

mice of 10 animals each group into four groups. As a consequence of the 

side-effects of the estrogens pellets, of the forty mice that started in the 

study only 25 reached the experimental endpoint and were included in 

the data set for analysis. Mice bearing subcutaneous proliferative tumours 

were distributed homogenously when tumours reached a volume between 

150-250mm3 into experimental and control groups with approximately 

equal volumes per group at the beginning of the treatment: Control, 

olaparib, trastuzumab and olaparib plus trastuzumab. olaparib (50mg/kg) 

was inoculated intraperitoneally (i.p.) daily, whereas a low dose of 

trastuzumab (0,3mg/kg) was inoculated i.p. every four days. 

Combination-therapy group received both drugs at the same doses. 

Trastuzumab and olaparib vehicles solvents (IgG1 Kappa 0,3mg/kg and 

10% 2-hydroxy-propyl-β-cyclodextrine/PBS, respectively) were also 

inoculated in the olaparib group and trastuzumab group, respectively, 

according to the schedule shown in the Table R.6 below. 

  

Table R.6. Treatment schedule for the study of the Olaparib-Trastuzumab 
combination in subcutaneous xenograft models of BT474. 
 

Groups
Doses Schedule

(final n)

Control (n=6)
Olaparib vehicle i.p. every day

Trastuzumab vehicle i.p. every 4 days

Olaparib (n=6)
50mg/kg i.p. every day

Trastuzumab vehicle i.p. every 4 days

Trastuzumab (n=5)
0,3mg/kg trastuzumab i.p. every 4 days

Olaparib vehicle i.p. every day

Combination (n=8)
50mg/kg Olaparib i.p. every day

0,3 mg/kg trastuzumab i.p. every 4 days
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After five weeks of treatments, the olaparib treated group presented 

tumour growth delay compared to the control group. Trastuzumab, even 

at the relatively low dose used, achieved clear delay of the tumour 

volumes as expected. Finally, the group that received both drugs 

exhibited a slightly enhancement in the tumour growth inhibition 

compared with either group alone. Despite this enhancement, the 

differences between the indicated conditions were not statistically 

significant (p=0,86 between trastuzumab alone and in combination; 

p=0,29 between control and olaparib). This may be explained in part due 

to the relatively final low number of mice per group, the slow growth of 

the parental cell line, or true lack of additive effects (Fig. R.30). 
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Figure R.30. Effects of olaparib/trastuzumab combination in vivo. BT474 cells 
were implanted subcutaneously in flank of Balb/C nude mice, treatments started 
when tumour reached ~200mm3. Olaparib, trastuzumab and respective vehicles 
were intraperitoneally injected at doses and schedules indicated in table R.6. above. 
Tumour was measured periodically with a digital calliper. Tumour growth is 
expressed as volume relative to the initial volume (Relative Tumour Volume, RTV). 
Each data point represents the mean ± s.d. folds RTV growth of tumours from each 
group of mice compared to controls at 1 fold of RTV. Student t-test was used to 
compare each pair of conditions. 
 

 

After five weeks of treatment, tumour-bearing mice were sacrificed and 

tumours were prepared for IHC. Different markers were used to assess 
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various cellular processes: Proliferation (as the percentage of and Ki-67 

or phospho-H3 positively stained tumour cells nuclei); the tumour-

associated angiogenesis (as determined by microvessel density 

measurement, MVD, through the average of CD31-stained vessel tubular 

structures), apoptosis (as the percentage of cleaved-caspase3 stained cells) 

and DNA damage (as the percentage of cells with presence of nuclear 

γH2AX-foci). In terms of proliferation, the combination of olaparib-

trastuzumab significantly reduced Ki-67 positive tumour cells compared 

to trastuzumab alone (p=0,003), and significantly reduced the phospho-

H3 positive tumour cells compared to olaparib alone (p=0,017). The 

angiogenesis evaluated as MVD was not significantly modulated. The 

apoptosis was significantly increased in the tumours from the 

combination group compared with the single agent treatment groups 

(Olaparib vs. combination: p=0,008; Trastuzumab vs. combination: 

p=0,036), whereas the amount of DNA-damaged cells with positive 

staining of γH2AX-foci was greater, near the signification, with the 

combined treatment than with trastuzumab or olaparib alone (p=0,056 

and p=0,053 respectively). These in vivo observations appeared to 

support our in vitro data. Regarding PARP1, we have not found any 

differences in the expression of the PARP protein in the three treatment 

groups compared to the control group (Fig. R.31). 
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Figure R.31. Effects of olaparib – trastuzumab treatments in vivo assayed by 
IHC. Box plot graphs indicating the IHC results for Ki-67, phospho-H3, CD31, 

cleaved-caspase3, γH2AX and PARP1 staining in mice tumours of each group of 
treatments. ANOVA One-way was used for statistical analysis. 
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R.4. CHARACTERIZATION OF THE EFFECTS OF 

GENETIC DOWNMODULATION OF PARP1  

 

As stated in the introduction, the actions of PARP1 are not only 

restricted to its capacity to poly(ADP-ribosylate) proteins, and exerts 

multiple functions in the cell by binding to different molecules and 

structures. Furthermore, our funding of worse prognosis in breast cancer 

women overexpressing PARP1, suggested that PARP1 was a marker or 

cause of this poor outcome. 

 

For this reason, we decided to further explore the role of PARP1 in 

breast cancer and we genetically abrogated the expression of PARP1 in 

three BCCL representing different molecular phenotypes: BT474 

(HER2+), MCF7 (Hormone receptor positive) and MDA-MB-231 

(Triple-Negative). 

  

R.4.1. In vitro effects of stable knockdown of PARP1 

 

The downmodulation of PARP1 protein expression was carried out by 

lentiviral transduction of shRNA of PARP1 or scrambled shRNA 

sequence in the case of the control. Transduced cells were culture in fresh 

medium for 2 days before puromycin selection (0,5µg/mL). Cells were 

maintained under selection until all control cells were dead. After 

selection, cells were then allowed to grow for at least two weeks in a 

healthy pool and frozen stocks were generated of the pool of stable cell 

lines. 
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WB of cell lysates from these stably silenced-cell lines showed an almost 

complete reduction of PARP1 protein compared with parental cells. 

However, only a slight reduction in the amount of pADPr was detected 

(Fig. R 32A). This result might be due to the redundant or compensatory 

activity of other PARPs present in these cells. On the other hand, the 

PARP enzymatic assay showed a clear lower specific activity in shPARP1 

cells compared with their respective control cells (Fig. R.32B). To assess 

the PARP enzymatic activity in these cells we used a kit that determines 

the capacity of PARP enzymes present in whole cell lysates to 

incorporate biotinylated poly(ADP-ribose) onto histone proteins coated 

wells by colorimetric measurement.  Taking into account that histone H1 

is the most abundant histone present in this commercially available kit 

and PARP1 is among all PARP family members, the enzyme with the 

highest affinity for histone H1, this could explain the differences 

observed in the decrease of PARP activity assessed by the presence of 

pADPr by WB, that allow to detect a wide spectrum of 

poly(ADPribosylated) proteins, or by the enzymatic assay, that is 

designed to mainly detect poly(ADPribosylation) of histone H1. 
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PARP1
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pADPr

BT474 MDA-MB-231 MCF7

shCT shP1 shCT shP1shCT shP1

PARP1
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Figure R.32. Stable knockdown of PARP1 in BT474, MCF7 and MDA-MB-231 
cell lines. A. PARP1 depletion was performed by lentiviral transduction of shRNA 
of PARP1 (shPARP1) or scrambled sequence (shCT) in the case of control. 20µg of 
total protein from cell lysates of each pair shCT/shPARP1 cell lines in basal 
conditions were subjected to WB to assess PARP1 and pADPr protein levels, β-
tubulin was used as loading control. (Continues) 
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Figure R.32. Continued. B. 5ug of protein from cell lysates of each pair 
shCT/shPARP1 cell lines in basal conditions were subjected to PARP enzymatic 
activity assay and expressed as PARP enzymatic units. Each data point represents 
the mean ± s.d. PARP enzymatic units of three independent experiments. 
 

 

R.4.1.1. Cellular effects of stable knockdown of PARP1 

 

Knockdown of PARP1 gene in BCCLs did not affect their proliferation 

rate in any of the three cell lines in cell culture (Fig R.33A). In contrast, 

the anchorage-dependent colony formation capacity was clearly reduced 

in all genetically modified cells (Fig. R.33B). In addition, when we 

performed the anchorage-independent colony formation assay in soft 

agar with the only cell line suitable for this test, MCF7, we observed that 

shPARP1-MCF7 cells had less capacity to form colonies in soft agar 

causing 2,2 and 0,8 folds decrease in the number of colonies with size 

>100µm and <100µm respectively, compared to parental cells (Fig 

R.33D). Furthermore, in the unique cell line with capacity of invade or 

migrate assessed by the transwell assay, MDA-MB-231, we found that 

shPARP1-MDA-MB-231 cells exhibited a statistically significant increase 

in migration capacity which occurs via chemotaxis (p=0,001) but a similar 

invasive capacity compared with its control (Fig R.33C). 

B 
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Figure R.33. Cellular effects of stable knockdown of PARP1. A. Proliferation 
curves. Each pair of shCT/shPARP1 cell line was manually counted in three time 
points. Each data point represents mean ± s.d. cell number of three independent 
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experiments. B. Clonogenic assay. Cells were seeded at low density and maintained 
during 10-20 days, resulting colonies were stained and analyzed by ImageJ. Each bar 
represents the mean ± s.d. folds cell growth of three independent experiments, 
compared to shCT at 1 fold. In A and B: Left, BT474; medium MDA-MB-231, 
right, MCF7. C. Transwell migration (left) and invasion (right) assays. 
shCT/shPARP1-MDA-MB-231 cells were seeded and allowed to migrate or invade 
during 6h or 24h, respectively, through transwell inserts. Each bar represents mean 
± s.d. of the OD 550nm of three independent experiments. D. Anchorage-
independent colony formation. shCT/shPARP1-MCF7 cells were seeded and 
counted after 21days, Each bar represents the mean ± s.d. number of colonies of 
three independent experiments  

 
 
 
In addition, we tested the sensitivity of each pair of PARP1-silenced and 

parental cell lines towards different chemotherapeutic drugs (CDDP, 

Doxorubicin and Docetaxel) and to the PARP inhibitor PJ34. Cells were 

treated with concentrations within the IC50-25 values at 48h and cell 

viability was evaluated by MTS assay (Fig R.34). We did not observe 

sensitization to any of the therapies in any of the three PARP1-silenced 

cell lines, except in the case of shPARP1-BT474. These cells were found 

to be more sensitive to PJ34 treatment than were its counterpart shCT 

cells, and although somehow contraintuitive appeared to be more 

resistant to the DNA damaging agent CDDP than the respective parental 

cells shCT-BT474. Although this point has not been experimentally 

demonstrated in this thesis, a possible explanation for this effect that was 

opposite to the expected direction might be a higher rate of necrotic cell 

death upon CDDP treatment in shCT cells. The hypothesis is that these 

shCT cells attempts to repair the massive DNA damage induced by 

CDDP, and then PARP1 becomes activated upon DNA damage and 

poly(ADP-ribosylates) acceptor proteins, which consumes large amounts 

of NAD+, resulting in depletion of cellular ATP, and subsequent necrotic 

cell death by energy depletion. Whereas in the shPARP1 cells, the result 

of CDDP produced DNA damage causes cell death by apoptosis, the 

almost complete absence of PARP1 could prevent excessive ATP 
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consumption that can cause necrotic cell death, finally resulting in less 

sensitivity to CDDP at 48h compared with shCT-BT474. 

 

 

 

Figure R.34. Sensitivity of shCT versus shPARP1 cell lines to different 
chemotherapeutic drugs and PJ34. Sensitivity of each parir of cell lines to 
Doxorubicin, CDDP, Docetaxel and PJ34 treatments for 48h assessed by MTS 
assay. Each data point represents the mean ± s.d. percent cell growth inhibition of 
three independent experiments, compared to controls at 100%. 
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R.4.1.2. Molecular network effects of stable knockdown of 

PARP1 

 

In an attempt to determine whether the downmodulation of PARP1 

could reveal a distinct or similar gene coexpression patterns and networks 

in the three different silenced molecular subtypes of cell cancer cell lines. 

We analyzed the changes in the expression levels of 18 708 genes in each 

pair of cell lines by microarray analysis with the Affymetrix Human Exon 

1.0 ST GeneChip. The microarray hybridization procedure and data 

filtering were performed by the Microarray Analysis Service (SAM) at 

IMIM All list of genes differentially expressed were compared in pairs. 

For the analysis of changes in gene expression we set an adjusted p-value 

threshold of 0,05.  

 

Total cellular RNA was isolated by RNeasy Kit. RNA extraction was 

performed in triplicate from cells grown under identical conditions. RNA 

Integrity Number (RIN) values were determined by Bioanalyzer, 

indicating that all the samples were of high quality. 

 

With this statistical adjustment, the number of genes with significant 

expression changes between shPARP1 and their control cells were 165, 

79 and 59 in BT474, MDA-MB-231 and MCF7 cells respectively. In 

shPARP1-BT474, compared with controls, 104 were upmodulated and 

61 downmodulated; in shPARP1-MDA-MB-231, 59 were upregulated 

and 20 downmodulated; finally in shPARP1-MCF7, 12 were upregulated 

and 47 were downmodulated (Table R.7). These data suggested that 

PARP1 is acting mainly as a coactivator of transcription in MCF7, 

whereas seem to primarily act more as a transcriptional correpressor in 

BT474 and MDA-MB-231 cells. 
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Table R.7. Number of genes with altered expression in each silenced cell line 

 

594712MCF7

792059MDA-MB-231

16561104BT474

TotalDownmodulatedUpmodulated

594712MCF7

792059MDA-MB-231

16561104BT474

TotalDownmodulatedUpmodulated

 

 

All the significant differentially expressed genes were represented in a 

heatmap (Figure R.35). In this case, genes consistently upmodulated in 

the shPARP1 cells compared with their shCT pair are red and genes 

consistenly downmodulated are green. We observed few genes 

commonly dysregulated in PARP-depleted cells. Moreover, the 

expression of some common genes was altered in the opposite direction 

between the cell lines.  

 

 

 

 

 

 

 

 

 

 

 
Figure R.35. Heatmap of expression changes in 303 genes altered upon 
PARP1 silenciation in BCCL. Horizontal rows shows individual genes; vertical 
columns represent each silenced-cell line (From left to right: BT474, MDA-MB-231, 
MCF7). Color intensity means degree of gene expression modulation. Colors means: 
Green, downmodulation; red, upmodulation, black, no change.   
 
(Next Page) 
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All those genes with altered expression in the three silenced cell lines 

were represented in a Venn’s diagram (Figure R.36) where is shown that 

only two genes, apart from PARP-1, are in common between all of them, 

whereas there are thirteen in common between MCF7 and BT474 cell 

lines, and four in common between the rest of comparisons. 
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79

 

 

Figure R.36. Venn’s diagram. Each circle represents those genes differentially 
expressed upon PARP1 depletion in each cell line. Crossed areas represent those 
genes differentially expressed in common between the different cell lines. 

 

 

For the functional analysis of the changes in gene expression we set a less 

restrictive non-adjusted p-value threshold of 0,05. To analyze the most 

relevant signalling pathways, networks and functions that were modified 

upon PARP1 knockdown we used the Ingenuity pathway analysis 

software (IPA). Among the alterations in cellular functions and associated 

networks, “Cellular Movement”, “Cell death” and “Inflammation” were 

the top altered networks common between the three cell lines. This result 

might be consistent with the alteration in migration experimentally 

characterized in shPARP1-MDA-MB-231 cell line. “Cellular growth and 

Proliferation” and “Cellular Development” and were top altered 
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networks common between BT474 and MDA-MB-231. “Cell to Cell 

Signalling” and “Interaction” were top altered network common in 

MCF7 and MDA-MB-231. Among the top altered canonical pathways, 

there was no common pathway between the three cell lines, but it is 

noteworthy that HER2 signalling was between the top altered pathways 

detected in shPARP1-BT474 cell line. In the figure R.37 are represented 

the heatmaps of each top altered network common between the three cell 

lines, and “Cellular growth and Proliferation” network common between 

BT474 and MDA-MB-231, containing the genes differentially expressed 

in each network. 

The validation of selected genes of these microarray analyses is being 

currently performed. 

 

 

 

 

 

 

 

 

 

 
Figure R.37. Heatmaps of Top altered networks common between the three 
silenced-cell lines. “Cell death”, “Cell movement” and “Inflammation” are in 
common between the three cell lines, “Cell Growth and Proliferation” is Top 
network in common between BT474 and MDA-MB-231. Horizontal rows shows 
individual genes; vertical columns represent each silenced-cell line (From left to 
right: MCF7, BT474, MDA-MB-231,). Color intensity means degree of gene 
expression modulation. Colors means: Green, downmodulation; red, upmodulation, 
black, no change. 
 
(Next Page) 
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R.4.2. In vivo effects of stable knockdown of PARP1 

 

Since different important pathways are modulated upon the depletion of 

PARP1 in the three BCCL tested but in distinct manner depending on 

each cell line, we investigated whether this specific modulation of gene 

expression could influence the ability to grow in vivo using a subcutaneous 

(s.c.) xenograft mouse model. 

 

R.4.2.1. Characterization of the xenograft model with MCF7 

shCT and shPARP1 cell lines 

 

Ten athymic nude mice were inoculated s.c. with MCF7-shCT and 

MCF7-shPARP1 cells, into the right and left flanks respectively (Fig 

R.38A). Biodegradable time-release estrogen-pellets (0,72mg, 60day 

release) were implanted subcutaneously on the back of each mouse one 

day before tumour cell inoculation. Tumour growth was periodically 

analyzed by measurement with a digital calliper and the tumour volume in 

mm3 was estimated by the formula: [Volume = (Length * Width2)/2]. All 

of them developed tumours on both flanks. 

 

At the endpoint of the experiment, mice were sacrificed and the final 

tumour volume and weight were measured. MCF7-shPARP1 cells 

exhibited less ability to grow in vivo than the control cells. The average 

MCF7-shPARP1 tumour volume was 71% significantly smaller (p=0,02) 

than that of MCF7-shCT group. Average weight of MCF7-shPARP1 

tumours was also 65,8% significantly  less (p=0,01) than those of MCF7-

shCT tumours (Fig.R.38B). 
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Figure R.38. Xenograft model with MCF7-shCT versus cell lines. A. 
Photograph of a representative mouse with MCF7-shCT and MCF7-shPARP1 cells 
subcutaneously inoculated at right and left flanks respectively (Top), and photograph 
of the excised tumours from the same animal (Bottom). B. Box plot graphs 
indicating mean ± s.d. tumour volumes (Top) and tumour weights (Bottom) from 
MCF7-shCT and MCF7-shPARP1 tumours. 
 

 

The excised tumours from mice were divided into three parts: One 

portion was formalin-fixed and processed for histology, another portion 

of each specimen was embedded in OCT blocks and frozen on dry-ice in 

cryomold for future isolation of protein and total RNA. We checked 

whether PARP1 was still downmodulated in the MCF7-shPARP1 

tumours. IHC analysis of PARP1 protein expression revealed that the 

silencing of the gene had been effective (Fig. R39A). 

 

In this model, the remaining portion of each fresh tumour was 

immediately disgregated and lysed at 4ºC to assess the PARP enzymatic 

activity in protein extracts from each fresh tumour. 

A B 
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Using a colorimetric commercial kit, the enzymatic assay reflected clearly 

that those protein extracts from shPARP1 tumours had less PARP 

activity than their respective pair control (Fig R.39B). 
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Figure R.39. IHC and enzymatical confirmation of PARP1-stably depletion in 
tumours from xenograft model with MCF7-shCT versus MCF7-shPARP1 cell 
lines. A. Representative IHC of PARP1 staining of MCF7 tumours (left) and Box 
plot graph (right) indicating the IHC results for PARP1 staining in MCF7-shCT and 
MCF7-shPARP1 tumours. B. Enzymatic assay. 5µg from from freshly disgregated 
shCT/PARP1-MCF7 tumours were subjected to PARP enzymatic activity assay and 
showed decrease in PARP enzymatic activity units. 
 
 

Representative images of the IHC markers used to study proliferation, 

apoptosis and angiogenesis in these tumours and graphs with the results 

are shown in the figure R.40. Immunohistochemical staining of 

A 

B 
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proliferation markers Ki-67 and phospho-Histone H3 (p-H3) from the 

same tumour sample exhibited different patterns. Ki-67, which is a 

marker of actively cycling cells, showed similar percentage of stained cells 

in both group of tumours, while p-H3, which is a sensitive marker for 

cells in mitosis, was significantly decreased (p=0,002) in MCF7-shPARP1 

tumours as compared to the control MCF7-shCT tumours. These results 

suggest that the downmodulation of PARP1 could be interfering in the 

proper mitosis progression and faithful chromosomal segregation process 

in tumour cells. The MVD was slightly lower in MCF7-shPARP1 

tumours, but it was not significant (p=0,23). The apoptosis determined 

cleaved-caspase 3 staining and the γH2AX DNA-damage marker were 

significantly increased in PARP1 downmodulated tumours (p=0,037 and 

p=0,004 respectively). The results observed with proliferation and 

apoptosis markers are consistent with the lower volume and weight of 

shPARP1 tumours compared with shCT tumours.  
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Figure R.40. IHC analysis of tumours from xenograft model with MCF7-
shCT versus MCF7-shPARP1 cell lines. A. Representative IHC images of Ki67, 
phospho-H3, Cleaved-caspase 3 and CD31 stainings of MCF7-shCT and MCF7-
shPARP1 tumours. B. Box plot graphs indicating the IHC results for Ki-67, 

phospho-H3, cleaved-caspase3, CD31, and γH2AX staining in MCF7-shCT and 
MCF7-shPARP1 mice tumours of each group of treatments. Student t-test was used 
for statistical analysis. 
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R.4.2.2. Characterization of the xenograft model with BT474 

shCT and shPARP1 cell lines. 

 

As in the previous model, 10 Balb/C nude mice were inoculated s.c. with 

BT474-shCT and BT474-shPARP1 cells with matrigel into the right and 

left flanks respectively (Fig R.41A). Also in this case, biodegradable time-

release estrogen-pellets (0,72mg, 60day release) were implanted 

subcutaneously on the back of each mouse one day before tumour cell 

inoculation. Tumour volume was followed by periodic measurement with 

digital calliper and the tumour volume was estimated with the formula 

commented in the previous models. Nine of them developed tumours 

and one was sacrificed because of the side-effects of estrogen-pellets. 

At the endpoint, BT474-shPARP1 cells exhibited greater capacity to grow 

in vivo. The average volume of BT474-shPARP1 tumours was 76,4% 

significantly larger (p=0,043) than the BT474-shCT tumours, if we take 

into account the average weight, BT474-shPARP1 tumours were 74,4% 

significantly  heavier (p=0,046) than the BT474-shCT tumours (Figure 

R.41B). The results were opposite to what we observed in MCF7 cells.  
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Figure R.41. Xenograft model with BT474-shCT versus BT474-shPARP1 
cell lines. A. Photograph of a representative mouse with BT474-shCT and BT474-
shPARP1 cells subcutaneously inoculated at right and left flanks respectively (Top), 
and photograph of the excised tumours from the same animal (Bottom). B. Box plot 
graphs indicating mean ± s.d. tumour volumes (Top) and tumour weights (Bottom) 
from BT474-shCT and BT474-shPARP1 tumours. 

 
 
 

In this model, tumours were excised from mice and divided into two 

parts: one portion was formalin-fixed and processed for histology and 

another portion of each specimen was embedded in OCT blocks and 

frozen on dry-ice in cryomold for future isolation of protein and total 

RNA. We checked whether PARP1 was still downmodulated in the 

BT474-shPARP1 tumours. IHC analysis of PARP1 protein expression 

revealed that the silencing of the gene had been effective (Fig. 42A).  

 

The IHC study of proliferation, apoptosis and angiogenesis markers in 

these tumours is shown in the figure R.42B. Immunohistochemical 

staining of proliferation markers Ki-67 and phospho-H3 showed an 

increase in proliferation in the shPARP1 tumours which was statistically 

significant in the case of phospho-H3 (p=0,002). The angiogenesis 

assessed by the presence of CD31-stained tubular structures within the 

tumour showed a tendency to increase in the shPARP1 tumours, but it 

was not significant (p=0,14). The results with these markers of 

proliferation and angiogenesis were consistent with the greater volume 

and weight of BT474 - shPARP1 tumours compared with BT474 - shCT 

tumours. In terms of apoptosis assessed by cleaved-caspase-3 and DNA-

damage assessed by γH2AX significant increase in BT474-shPARP1 

tumours was detected with both markers (p=0,000 and p=0,008). 

Although it could seem an opposite result from expected of the tumour 

volumes, in the one hand the absence of PARP1 in the shPARP1 

tumours might be the cause of the higher γH2AX staining, on the other 
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hand these higher levels of DNA damage could be inducing apoptosis in 

a higher percentage of cells that would explain the increase in cleaved-

caspase 3 staining in the BT474-shPARP1 tumours compared with 

BT474-shCT tumours. 
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Figure R.42. IHC analysis of tumours from xenograft model with BT474-
shCT versus BT474-shPARP1 cell lines. A. representative IHC of PARP1 
staining of BT474 tumours (left) and Box plot graph (right) indicating the IHC 
results for PARP1 staining in BT474-shCT and BT474-shPARP1 tumours. B. Box 
plot graphs indicating the IHC results for Ki-67, phospho-H3, cleaved-caspase3, 

CD31, and γH2AX staining in BT474-shCT and BT474-shPARP1 mice tumours of 
each group of treatments. Student t-test was used for statistical analysis. 

 

 

R.4.2.3. Preliminary characterization of the xenograft model with 

MDA-MB-231 shCT and shPARP1 cell lines. 

 

The xenograft model with MDA-MB-231 shCT and shPARP1 cell lines 

has been also performed and the first preliminary results are reported in 

this last section of results. 

 

As in the previous models, 10 Balb/C nude mice were inoculated s.c. 

with MDA-MB-231-shCT and MDA-MB-231-shPARP1 cells with 

matrigel into the right and left flanks respectively (Fig R.43A). Tumour 

volume was followed by periodic measurement with digital calliper and 

the tumour volume was estimated with the formula commented in the 

previous models. All of them developed tumours. 

 

At the endpoint, MDA-MB-231-shPARP1 cells exhibited greater capacity 

to grow in vivo, as in the case of BT474-shPARP1 cells. The average 

volume of tumours was 63,9% significantly larger (p=0,019) than the 

MDA-MB-231-shCT tumours, if we take into account the average 

weight, MDA-MB-231-shPARP1 tumours were 64,4% significantly  

heavier (p=0,047) than the MDA-MB-231-shCT tumours (Fig. R.43B). 
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Figure R.43. Xenograft model with MDA-MB-231-shCT versus MDA-MB-
231-shPARP1 cell lines. A. Photograph of a representative mouse with MDA-MB-
231-shCT and MDA-MB-231-shPARP1 cells subcutaneously inoculated at right and 
left flanks respectively (Top), and photograph of the excised tumours from the same 
animal (Bottom). B. Box plot graphs indicating mean ± s.d. tumour volumes (Top) 
and tumour weights (Bottom) from MB-231-shCT and MDA-MB-231-
shPARP1tumours. 
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DISCUSSION 

 

In the present work we have aimed to shed some light on the current 

knowledge of the role that PARP1 plays in breast cancer. For this 

purpose, the study has been divided into two main parts. First, we started 

studying the expression of PARP1 directly in clinical primary breast 

tumour samples. Afterwards, we started the second part that consisted 

both in in vitro and in vivo work with a panel of breast cancer cell lines and 

xenografts models. In this second part, we focused in two main 

experimental points: On one hand, the comprehensive characterization of 

the cellular and molecular effects of olaparib, a PARP inhibitor that 

exhibited good activity in clinical trial. On the other hand, providing new 

data to further describe the role of PARP1 in the different subtypes of 

breast cancer by genetic depletion of the levels of the protein present in 

the cells. 

 

Our interest in this field aroused by some encouraging results obtained in 

clinical trials with PARP inhibitors involving breast cancer patients over 

the recent years272,274, and at the same time the yet poorly characterized 

PARP1 protein expression, the main target of these new inhibitors, in 

breast tumour specimens. Moreover, the role of PARP1 expression and 

its possible association with clinical outcomes was not fully explored by 

the time this PhD project started. 

 

By then, there was already available an extensive literature devoted to 

studies of PARP1 and PARP inhibitors in human cancer cell lines 

(reviewed in the introduction section), but most of the oldest works used 

relatively non-specific PARP inhibitors in combination with 

chemo/radiotherapy. More recently, increasing number of studies have 
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examined a synthetic lethal strategy of PARP inhibitors with any 

deficiency in other genes implicated in HR pathway. But to our 

knowledge, no study to date on breast cancer, beyond characterizing 

inhibition of PARP in cells HR-deficient, has characterized the chemical 

inhibition and genetic silencing of PARP1 in cell lines representing major 

subtypes of breast cancer, aiming to decipher if PARP1 might play 

different roles in each of the different subtypes and the potential 

therapeutic implications of these data. 

 

Overexpression of PARP1 protein in human breast cancer 

 

In most human tissues, the expression of PARP1 is low195,197. On the 

contrary, PARP1 expression is frequently upregulated in human tumours 

compared with normal non-malignant tissues (their histologically normal 

counterparts). Examples include reports describing PARP1 mRNA levels 

in breast197,200, ovarian, endometrial and lung cancer195. Same type of data 

is available from malignant lymphoma199, melanoma202 and early stage of 

sporadic colorectal cancer180. Studies assessing PARP1 protein levels are 

less frequent, but tumour tissues also exhibited overexpression of PARP1 

protein as reported in hepatocellular carcinoma212, early stage of 

colorectal cancer180, ovarian carcinoma201 and melanoma202. These 

overexpressed mRNA/protein levels of PARP1 in all these tumours 

suggest a role for PARP1 in cancer. 

 

In breast cancer there have been two large studies recently published 

assessing the mRNA expression levels of PARP1. The study of 

Gonçalves et al200 combined the analysis of 12 microarray expression data 

sets public available together with their expression database of 326 

invasive breast cancer samples profiled with Affymetrix oligonucleotide 
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microarrays, resulting in a total of 2485 invasive breast cancers 

informative for meta-analysis. They analyzed correlation between PARP1 

mRNA expression and molecular subtypes and clinicopathological 

parameters and the results revealed that: (i) PARP1 mRNA was higher in 

basal breast cancers, although overexpression was also found in other 

subtypes; (ii) PARP1 overexpression was associated with a worse 

prognosis, in terms of metastasis-free survival and overall survival (iii) 

and PARP1 expression retained its prognostic value in a multivariate 

analysis in the group of patients who has not received any adjuvant 

chemotherapy. In addition, PARP1 mRNA overexpression and 

gain/amplification at the PARP1 gene locus analyzed using array-based 

comparative genomic hybridization (aCGH) were significantly associated. 

Moreover, in the Ossovskaya et al.195 study, PARP1 mRNA expression 

was significantly higher in infiltrating ductal breast cancer compared with 

normal breast tissue. Specifically, higher degree of PARP1 upregulation 

was more frequent in breast tumours negative for ER, PR or HER2 

receptors. Further IHC analysis in a small subset of these breast samples 

showed that the upregulation PARP1 gene expression was consistent 

with increased protein expression in triple-negative breast cancer. 

 

Contrary to the two articles described above, in the present study we did 

not focused on the study of PARP1 transcripts, instead PARP1 protein 

expression was assessed by an immunohistochemical assay in a set of 330 

breast cancer specimens from patients with clinical follow-up. Among the 

family members of PARP, we focused particularly on PARP1 because is 

the most abundant member of the family and the major player in SSB 

repair through the BER pathway.  
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Moreover, we decided to study PARP1 protein expression instead of 

mRNA for various reasons. First, PARP1 protein levels can be 

upregulated by several factors other than mRNA overexpression. These 

factors include genomic gains or amplifications of the PARP1 gene, 

polymorphisms or post-transcriptional modifications. PARP1 mRNA 

overexpression has been clearly demonstrated in breast tumour 

specimens (n=18) in the Ossovskaya et al. study195, in Ewing’s sarcoma204 

and in colorectal cancer180. This PARP1 mRNA overexpression could be 

attributed to increased transcription rate driven by the transcription 

factor ETS205,303 or changes in mRNA stability304. Genomic 

gains/amplification in PARP1 gene197,200 can also underlie PARP1 

protein upregulation, although this is not true in all the cases204. 

Polymorphisms in the promoter region of the PARP1 gene189 might also 

influence the rate or efficiency of gene transcription and thus PARP1 

expression. One example is a microsatellite polymorphism consisting of a 

variable number of CA repeats (CA)n located close to the binding site of 

the transcription factor YinYang-1 that could contribute to the 

upregulation of PARP1 expression153,305. Post-transcriptional 

modifications of PARP1 protein, due to alterations in the PARP1 protein 

processing by caspases-3/7, as a result of modulations in caspase 

activities306, automodification (i.e. auto-poly(ADP-ribosylation) of 

PARP1307 or some Single Nucleotide Polymorphisms (SNPs) of PARP1 

gene187,189, may reduce PARP1 catalytic activity or interfere in the protein 

stability and final levels. Finally, the number of identified genetic 

mutational PARP1-variants of PARP1 in human cancer cell lines is 

increasing, although have not been functionally characterized308. 

 

Secondly, studying PARP1 protein rather than mRNA would be also 

advantageous because PARP1 protein expression is directly correlated, 
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although only modestly, with activity in peripheral blood mononuclear 

cells from healthy volunteers and patients with solid tumours309. The last 

reason why we studied PARP1 protien comes from the fact that IHC 

approaches may be easily applied in a routine clinical setting than other 

tests, albeit all may be useful. 

 

As stated in Results section, in order to determine PARP1 protein in 

tumour specimens from patient, first we performed an exhaustive PARP1 

staining assay validation. Once we confirmed the specificity of PARP1 

IHC assay we processed the samples. We found that PARP1 

overexpression occurred in about a third of both ductal carcinomas in 

situ and infiltrating carcinomas. The upregulation of PARP1 at early 

stages of breast malignant transformation is consistent with findings in 

other tumours180,212,213,310. In infiltrating carcinoma, PARP1 

overexpression was significantly associated to higher tumour grade, ER 

negative tumours, triple negative phenotype and patient outcome.  

 

We were able to achieve these results and at the same time, one study 

came up showing that PARP1 overexpression was significantly higher in 

BRCA1-mutated cancer. This study by Domagala et al.311 assayed the 

expression of PARP1 in 130 BRCA1-mutated and 594 BRCA1-non-

related breast cancers and found that high PARP1 nuclear expression was 

significantly associated with BRCA1-mutated status in basal-like and 

triple-negative breast cancers. These results suggest that the deficiency in 

an essential mechanism of DNA repair tend to be compensated by the 

activity of alternative repair mechanisms, i.e. PARP1 upregulation. To 

note, 7% and 18,5% of BRCA1-mutated cancers exhibited no-expression 

or low PARP1 nuclear expression, respectively. In this line, we assayed 

the association of PARP1 protein overexpression with BRCA1/2 gene 
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status in a small set of tumours (n=42), independent from our series, but 

we did not find any significant association probably due to the small size 

of the subset studied. Apart from this, it is noteworthy that in our study 

PARP1 overexpression was also present in a fraction of HER2 and ER 

positive breast cancers. Another recent study spell out that HR pathway 

is commonly defective in triple negative breast cancer, but also in other 

subtypes312.  

 

Taken together, our results of high expression of PARP1 across all 

subtypes of breast cancer are consistent with the results reported by 

others195,200,311 and support the notion that PARP inhibitors may play a 

role in triple-negative/basal-like, but also suggest potential applications in 

a larger fraction of breast cancer patients including other molecular 

subtypes.  

 

The results of this work provide novel evidence on nuclear PARP1 

protein overexpression as a promising prognostic factor for relapse and 

death. The multivariate analysis showed that PARP1 overexpression was 

an independent prognostic factor for both disease-free (HzR 10.05) and 

overall survival (HzR 1.82). These results are in agreement with the study 

of Gonçalves et al200 that assessed PARP1 mRNA expression in breast 

cancer, also our results are in agreement with previous studies in ovarian 

cancer and melanoma showing that nuclear PARP1 staining was a poor 

prognostic factor201,202. Conversely, it has been recently reported that in 

pancreatic cancer high nuclear PARP1 expression is associated with 

improved survival313. 

 

Of course, the retrospective nature is the principal weakness of our study, 

but we were aware that there are other limitations as the lack of 
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information on the possible relationship between PARP1 expression and 

response to PARP inhibitors. However, we believe it would be very 

interesting to assess the expression of PARP1 protein in tumour samples 

from patients enrolled and with long-term follow up in clinical trials of 

PARP inhibitors in order to ascertain its suitability for further 

consideration as predictive factor for response. 

 

Insights in the mechanisms of PARP1 overexpression in human 

breast cancer 

 

We decided to explore the potential underlying reasons of PARP1 

overexpression in breast cancer. 

 

In this line, in a subset of our patient samples (n=156) we assessed 

PARP1 gene status by FISH. We observed that those samples with a 

genomic gain of PARP1 gene exhibited relatively higher levels of PARP1 

protein than those without PARP1 gene alterations. Conversely, not all 

PARP1 protein-overexpressing tumours showed gain at PARP1 gene 

locus. Similarly, when we assessed the correlation  between the levels of 

PARP1 mRNA by qRT-PCR and protein in a representative subset of 

samples (n=20), we found a subgroup of samples in which high PARP1 

mRNA combined with high protein tumoral levels, but there was also 

other subgroup with low PARP1 mRNA transcript levels and high 

PARP1 protein. Results from both assays suggest that some aberrant 

accumulation of PARP1 protein may occur, although these findings 

would need to be confirmed in a larger series of breast tumour samples. 

To determine whether accumulated protein is still functional and the 

reasons behind this massive accumulation may help to understand the 

role of of PARP1 overexpression in these tumours. 
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One possible explanation for a high protein content in some tumours 

could be a reduction in the level of PARP1 cleavage by caspases, which is 

a marker of early apoptosis, hence suggesting imbalances in the apoptotic 

process that might predispose cells to acquire alterations in gatekeeping 

genes leading to tumour progression (i.e. mutations within apoptotic 

effectors genes in metastatic breast cancer314). This mechanism of PARP1 

accumulation has been suggested in malignant melanoma315. In fact, 

evasion of apoptosis is one of the hallmarks of cancer6 which in addition 

could represent a resistance-mechanism to chemotherapeutic agents as 

described in the development of lymphomas316 or malignant 

melanomas317. In this line, it has been reported that in highly cisplatin-

resistant melanoma cell lines, PARP1 cleavage is strongly reduced318. 

 

Moreover, angiogenesis and promoting survival are two important roles 

reported for PARP1. Therefore, if this accumulated PARP1 is functional 

it might favour the worse prognostic of patients with PARP1-

overexpressing tumours. 

 

Regarding angiogenesis, several studies show that PARP1 can regulate 

this process. Experimental data demonstrates that PARP1 KO mice 

display defects in angiogenesis upon growth factor stimulation165, as well 

as PARP inhibitors exhibit antiangiogenic effects in vitro and in vivo by 

reducing the expression of VEGF, reducing the VEGF-induced 

proliferation or impairing the formation of neovasculature in response to 

specific stimuli163,319,320. In addition, stable depletion of PARP1 gene 

reduces in vivo melanoma growth and increases chemosensitivity in 

xenograft models through diminished neo-vasculature formation within 

the tumour166. Effects of PARP1 on angiogenesis have been also 

reported through modulation of the hypoxia inducible growth factor 1 α 
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(HIF-1α) expression, a transcription factor involved in tumour 

progression that can mediate the new vessels formation in response to 

hypoxia321. PARP inhibitors or the absence of PARP1 is reported to 

prevent the induction of this transcription factor322. 

 

On the other hand, PARP1 expression is related to survival. This may be 

related to its direct role in DNA repair in response to DNA damage, but 

also by its reported role as cofactor of transcription factors related to cell 

survival such as NFkappaB. NFkappaB is frequently constitutively 

overexpressed in several human tumours, such as breast cancer, and its 

nuclear activation correlates with tumour progression and resistance to 

chemotherapy323-325. It has been reported by several authors that PARP1 

is required for specific NFkappaB transcriptional activity98,326. 

Accordingly, experimental data shows that the absence of PARP1 in 

PARP1-/- cells drastically reduces the NFkappaB transcriptional activity, 

while the restoration of PARP1 in these cells restores the NFkappaB-

dependent gene activation. Recent publications report that inhibition of 

PARP1 in murine colon carcinoma cells downregulates the expression of 

metastasis-related genes and proliferation at least in part through 

regulation of NFkappaB transcriptional activity327.  

 

Other hypothesis that would explain the role of PARP1 in cancer is the 

presence of SNPs affecting the enzymatic activity or the ability to interact 

with its target proteins. In this regard, the PARP1 SNP that results in the 

Val762Ala variant exhibits a 30-40% decrease in enzymatic activity and a 

reduced interaction with XRCC1187,188. Although a pair of studies carried 

in breast cancer did not associate this polymorphism with higher risk of 

breast cancer189,190, it has been associated with higher risk of prostate, 

oesophageal and lung cancers187,191,192. Other polymorphism reported in 
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breast cancer is located in near the transcription initiation site and 

therefore likely linked to alteration of the transcription189, but this 

affirmation has not been proven. 

 

As commented above in the association of PARP1 levels with BRCA1/2 

mutations, and beyond the discussed functions of PARP1 that could 

collaborate in carcinogenesis, PARP1 could be a marker of genomic 

instability. Supporting this fact, PARP1 might be overexpressed to 

compensate increased rates of DNA damage due to alterations in DNA 

repair pathways. This might explain why triple-negative and basal-like 

breast cancers (usually presenting the unstable BRCAness phenotype) 

tend to exhibit higher levels of PARP1. Such hypothesis is consistent 

with recent published data in which PARP1 expression, thus higher 

instability, correlated with response to neoadjuvant chemotherapy328, as 

well as its expression together with other repair genes (RAD51, CHEK1, 

FANCA) was used to differentiate the triple-negative breast cancers that 

are sensitive to anthracyclines and resistant to taxane-based 

chemotherapy329. Conversely, Bieche et al197 pointed that low levels of 

PARP1 are the cause of genomic instability in the breast tumours 

analyzed. This study found an association between PARP1 gene 

overexpression with low genetic instability (15/35), although the results 

of this study should be interpreted with caution due to the limited 

number of samples included and the mixture of mRNA from tumour 

cells and stromal benign cells (n=35). 

 

In this context, we analyzed genome-wide of genomic instability in 10 

breast tumour specimens assessed by aCGH. Then we look into a 

possible association between the levels of PARP1 protein, genomic 

instability profile and gene alterations/LOH in a list of DNA repair and 
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repair related genes. We found a non-significant tendency to higher 

genomic instability in high versus normal PARP1 protein expression 

tumours. These observations are in agreement with recent published 

articles200,328 that defend the view that higher levels of PARP1 may reflect 

a regulatory response to genomic instability. Furthermore, when we 

studied the association between the GI index and the gene 

alterations/LOH in the panel of DNA repair genes we found a statistical 

significant correlation, suggesting that the alterations in these genes could 

be the cause of the levels of genomic instability observed. If these results 

were confirmed in larger series of breast tumour samples, this panel of 

genes might be useful to better describe the genomic instability profile of 

tumours. In this field, other studies based on aCGH and other features 

(such as telomere length) to describe genomic instability confirm these 

results. Fridlyand et al.330 described that not only genes related with the 

genomic maintenance are contributors of chromosomal instability but 

also other pathways (such as Retinoblastoma/EF2 pathway). Even in a 

recent paper, which includes some of the genes of our panel, the 

definition of a Copy Number Aberration profile is able to further 

subdivide breast cancer subtypes331.  

 

PARP1 in human breast cancer cell lines 

 

In the second part of this thesis we worked with a panel of human breast 

cancer cell lines representing the various subtypes. Prior to the 

experimental strategy with chemical and genetic inhibition of PARP1, we 

characterized its expression at protein level by western blot. These cancer 

cell lines exhibited different levels of PARP1 protein. However, non-

tumour cell lines were not included to compare the levels between 

tumour and non-tumour cell lines. Among the tumour cells included in 
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the panel half of the triple-negative cell lines (2/4) exhibited high levels 

of PARP1, that together with BT474, HER2 overexpressing, and MDA-

MB-453, with high HER2 levels, cell lines were those with the higher 

levels of PARP1 compared with the rest of the panel. Other reasons for 

PARP1 upregulation in other subtypes such as HER2+, apart from the 

HR status or the mechanisms previously described, may be related to 

functional connections with proteins reported to regulate PARP1 

posttranscriptional such as extracellular-signal-regulated kinases (ERK)157. 

These data reflect similar results to those found in breast tumour patients.  

In addition, PARP1 protein correlated with PARP1 gene copy number 

but not with its mRNA expression, as in breast tumours, suggesting that 

some of the hypothesis discussed above in breast tumour samples (such 

as deficient cleavage of PARP1 by apoptosis imbalance, alterations in the 

transcription or stability of the mRNA, or posttranscriptional 

modifications altering the protein stability) could explain the alteration of 

this ratio. 

 

In addition, we assessed whether the levels of PARP1 protein correlated 

with PARP activity, which could help to explain if there is an 

accumulation of inactive PARP1, as occurs with p53-mutant protein that 

can be accumulated at high levels inactive in the cells332. When we 

assessed the activity of PARP in cell lysates measured by the amount of 

pADPr polymer formation by WB, we did not find any correlation, 

whereas when the functional state was assessed with an enzymatic assay 

that tests the capacity of PARPs to poly(ADP-ribosylate) the coated 

histones in a well, we found a positive correlation. Positive correlations 

between PARP1 protein and activity have been also found in colon cell 

lines333, but contrast with more recent data from Zaremba et al.305, 

however, this study compared cell lines from different cancer origins and 
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used a different PARP activity assay. On the one hand, in the panel used, 

the different results obtained with both techniques could be due to 

different reasons: (i) pADPr assessed by WB reflects the whole 

poly(ADP-ribosylating) activity of all the PARPs in the cell, whereas the 

enzymatic assay could be biased to mainly reflect PARP1 protein activity. 

In this assay, the histone H1, one of its main targets in vivo, is the most 

abundant histone coated in the wells, therefore resulting in better 

correlation with PARP1 protein levels. (ii) Poly(ADP-ribosylation) is a 

highly dynamic process and the long chains of ADP polymer can be 

rapidly degraded/synthesized. The detection of this marker by WB can 

be biased due to the processing of the cells to obtain the lysates, whereas 

the enzymatic assay directly assesses the catalytic capacity of PARPs. On 

the other hand, these results suggest that the enzymatic assay might be a 

more suitable technique to determine in breast tumour samples whether 

the overexpressed PARP1 protein in tumours is active or accumulated. 

 

In this context of PARP activity in cells, Gottipati et al.334 reported that 

PARP activity is hyperactivated in HR-defective cells. Accordingly to our 

results, the BRCA1-mutated HCC1937 cell line exhibits high levels of 

enzymatic activity, although not the highest. It should be noted that the 

study of Gottipati et al. uses isogenic cells with different BRCA-

mutational status. 

 

The results obtained in terms of genomic instability showed that PARP1 

levels in cells do not associate with their GI index, probably due to the 

limited number of cell lines (n=6). Moreover, unlike breast tumour 

samples, in cell lines the number of gene alterations/LOH did not 

correlate with GI index. Working with cell lines is usually used as a 

preclinical approach, but not all the results can always be extrapolated in 
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vivo. In fact, it is well known that cell lines suffer cytogenetic alterations 

during culture passages335,336. This might explain this lack of correlation 

between gene alteration and GI index in this panel of cell lines.  

 

Antitumor effects of PARP inhibitors in non BRCA-mutated 

related breast cancer cell lines 

 

PARP inhibitors, and specifically olaparib, are known to exhibit potent 

antitumor activity in BRCA-mutated cells232-235. The explanation for this 

great sensitivity in this type of cell lines is the based on the widely 

accepted concept of the “synthetic lethality”. In this case, suppression of 

the Base Excision Repair by PARP inhibition may result in the 

degeneration of Single-Strand Breaks into Double-Strand Breaks, which 

in BRCA-mutated cell lines cannot be efficiently repaired causing the 

subsequent cell death337. But the use of olaparib, and other PARP 

inhibitors, in BRCA-proficient breast cancers are much less commonly 

studied.  

 

Regarding this part of the work presented in this thesis, there is only one 

recent published study by Shimo et al297 (March 2012), reporting the 

antitumor effect of olaparib in a panel of different subtypes of non-

BRCA-mutated breast cancer cell lines. 

 

For the characterization of olaparib in this panel of BCCL, we included 

as controls two cell lines expected to be highly sensitive to the PARP 

inhibitor: a BRCA1-mutant breast cancer cell line (HCC1937) and 

BRCA2-mutant pancreatic cancer cell line (CAPAN-1). In addition, we 

compared the effects on cell viability with a PARP inhibitor widely used 

in preclinical setting, PJ34. In this initial characterization we observed 
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that same cell lines showed different sensitivities to both PARP 

inhibitors. During the course of this experimental work it was reported 

that PJ34 has unspecific effects on molecules unrelated to PARP and part 

of its antitumor effect are due to PARP1-independent p21 dependent 

mitotic arrest338. Since then in our experimental approaches we evaluated 

only olaparib, a more potent and specific PARP inhibitor. 

 

Although single agent olaparib did not affect the survival of HCC1937 

more than in the rest of the BCCL of the panel, when it was combined 

with DNA-damaging agents (cisplatin and doxorubicin) the BRCA1-

mutated cell line was the most sensitized cell line confirming the data 

reported in the literature with other cell lines232,235. Of note, in published 

studies when comparing the effects of a PARP inhibitor as single agent 

on BRCA-mutant cells are most often compared with their isogeneic cell 

lines, but not with a panel of cell lines with many other possible non-

described alterations. Thus, the remaining cell lines of the panel used 

could have alterations in other proteins, not only in BRCA, involved in 

HR repair that could be affecting their sensitivity to olaparib as single 

agent. In this line, defects in proteins involved in DNA repair such as 

XRCC2, XRCC3233, ATM, ATR, RAD51, RAD54, CHK1, CHK2, 

FANCA, FANCC, FANCD253-255. As postulated by Shimo et al297, yet 

undescribed mechanisms of action of olaparib beyond the synthetic 

lethality could explain its antitumor effects on BRCA-proficient cell lines. 

  

The rest of cells also showed potentiation when olaparib was added to 

chemotherapeutic treatments. This result might be explained by the 

“chemosensitization effect” which is another use of PARP inhibitors339 

proven in this panel of cells. Apart from HCC1937, SKBR3, that has low 

BRCA1 protein expression, also exhibited high degree of sensitization 
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when combined with olaparib. It has been reported that SKBR3 exhibits 

low levels of BRCA1 due to aberrant regulation of its transcription340 and 

that reduced expression of BRCA1 increases the sensitivity to PARP 

inhibitors246 which would be in the line of these results. Similarly, triple-

negative cell lines, supposedly owning a BRCAness phenotype, also were 

chemosensitized as pointed out in the literature252. 

 

Olaparib effects on HER2+ cell lines. Novel combination with 

anti-HER2+ targeted therapy 

 

The clinical use of PARP inhibitors in breast cancer is at a very initial 

stage and but due to some big failure in clinical trials that were poorly 

planned, the future development of PARP inhibitors in cancer therapy is 

highly debated. The interest in developing PARP inhibitors as 

therapeutics agents in breast cancer was based in two non-excluding lines 

of research: the improvement in the identification of more patients that 

can benefit from this therapy; and the rational discovery of suitable 

therapies to be combined and potentiated with PARP inhibitors. 

Currently, combinations with other targeted therapies is one of the new 

areas of study in the field of PARP inhibitors270,271,297. 

 

On one hand, we have seen that olaparib has antitumour effects on 

BRCA-profient cells. On the other, several studies report that the 

inhibition or the genetic downmodulation of PARP1 expression may alter 

the expression of numerous key genes in cancer cell lines. In this sense, 

modulation of HER2 and/or EGFR expression by PARP1 has been 

reported in rheumatoid synovial and hepatocellular carcinoma cells, 

respectively158,159. These studies suggests that PARP inhibition may block 

its ability to coactivate NFkappaB, among others transcription factors. 
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This causes a downmodulation in the expression of certain NFkappaB 

target genes directly related to the process of carcinogenesis, such as 

HER2 and EGFR. 

 

On this basis we decided to study the effects of olaparib in two HER2+ 

breast cancer cell lines, BT474 and SKBR3. First, we observed that 

olaparib was able to downmodulate HER2 and EGFR expression in both 

cell lines. Regardless of the mechanism, we decided to combine for the 

first time a PARP inhibitor with an anti-HER2 targeted therapy, 

trastuzumab. The addition of olaparib to trastuzumab treatment slightly 

decreased the expression of the receptors and their surrogate 

downstreams more than each drug alone. In contrast, published data 

reports that olaparib may increase levels of pErk297,341, but we have to 

take into account that the experiments are always shorter (1-12h), 

whereas we have used longer treatments (48-96h). In terms of cellular 

effects, olaparib sensitized HER2+ cells to trastuzumab as shown by 

decrease in the anchorage-dependent clonogenic capacity, the metabolic 

capacity, the cellular amount of proteins, the cell proliferation, and 

increase in cell cycle arrest and cell death. Same assays performed in a 

non-HER2+ cell line showed no potentiation with the combined therapy, 

suggesting that effects of both drugs in EGFR/HER2 pathway might be 

driving this enhancement in the antitumoral effects. 

 

Moreover, we studied the effects of both drugs on DNA damage by 

γH2AX-foci detection and Comet assay. γH2AX-foci is widely used as a 

marker of DSB342, whereas the Alkaline version of Comet assay is able to 

detect both single- and double-strand breaks, as well as abasic sites and 

sites where excision repair is taking place343. Confirming previous 

published data with other PARP inhibitors232,233, we observed that 
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olaparib was able to induce DNA damage in both BRCA-proficient cells. 

In this case, SKBR3 exhibited higher levels of DNA damage, which 

might be explained by its lower expression of BRCA1. Moreover, 

trastuzumab also induced an increase in DNA damage, being greater in 

the more sensitive cell line to this therapy, BT474. In agreement with this 

result, previous studies show that trastuzumab increases the frequency of 

DNA strand breaks as a “pre-apoptotic” event in SKBR3 and BT474, but 

not in non-HER2+ cells299. As reported by several authors, this is 

consistent with the partial inhibition of DNA damage repair after 

treatment with different chemotherapies or radiation298,300,344. In addition, 

studies of gene expression show that trastuzumab downmodulates the 

expression of repair genes345, as well as HER2 depletion also results in 

downregulation of DNA repair mechanisms346. All these data support the 

role of HER2 signaling in the proper regulation between DNA repair, 

cell cycle and apoptosis. 

 

In this line, similar results were obtained with a distinct PARP inhibitor, 

ABT-888, in combination with anti-EGFR targeted therapy, cetuximab, 

in head and neck cancer cells271. In this study it is described that the 

repair deficiency induced by cetuximab results in persistent DNA damage 

upon ABT-888 treatment that finally enhances cell death. In another 

study with glioblastoma cells, the overexpression of an oncongenic 

variant of EGFR, EGFRvII, induced increased levels of ROS, DNA-

strand breaks and genome instability. This event caused hyper-

dependency of these cells on a variety of DNA repair genes, among them 

PARP1. Sensitivity to PARP inhibitors correlated with the levels of 

EGFR activation and oxidative stress347. 
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In this work we went a step further and tested whether olaparib might 

enhance the fully recognized antitumour effects of the anti-HER2 

antibody, trastuzumab, in vivo. The clinical activity of trastuzumab is 

attributed to the internalization and degradation of cell surface receptor 

HER2, cell cycle arrest in G1, apoptosis, inhibition of DNA repair, as 

well as other effects described in vivo such as inhibition of angiogenesis 

and activation of antibody-dependent cellular cytotoxicity348. These 

effects together with other properties described about PARP inhibitors in 

vivo, such as inhibition of angiogenesis163,164 or vasoactivity, which 

increases vessel perfusion of drugs and thus therapeutic response349, 

might widen the effects of the drug combination in vivo. 

 

The xenograft model performed with the parental BT474 cell line 

reproduced the data obtained in vitro. Compared with control, olaparib 

slightly reduced tumour growth, showing by the first time in vivo effects 

of a PARP inhibitor in a HER2+ cell line. Consistent with the 

literature350, the low dose of trastuzumab largely decreased tumour 

volumes, whereas the group that received both drugs exhibited a greater 

decrease in final tumour volumes. The difference of mean tumour 

volumes between trastuzumab alone and in combination was not 

statistically significant perhaps due to the limited number of mice, but we 

consider that the results were consistent with the in vitro results. 

Accordingly, the markers of proliferation (Ki67 and phosphor-H3) 

showed a clear decrease upon olaparib and trastuzumab treatments that 

were potentiated when combined. In terms of angiogenesis, in this model 

olaparib did not decrease the microvessel density as much as expected by 

the reported antiagiogenic effects of PARP inhibitors, whereas 

trastuzumab induced greater decrease in the formation of new 

vasculature. It would be interesting to test the expression of angiogenic 
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markers to further confirm these results. As observed in vitro, olaparib 

alone induced DNA-damage, trastuzumab exhibited a tendency, whereas 

the combination enhanced the increase of DNA-damage close to 

signification, supporting the reported role of both drugs on the 

accumulation of unrepaired DNA damage. The apoptosis assessed by 

cleaved-caspase 3 was clearly upregulated when both drugs were 

combined, likely as a result of the sum of effects, not only DNA damage, 

but also the rest of the effects described for trastuzumab. We are 

currently performing additional in vivo experiments in more tumorigenic 

BT474 cells in collaboration with the group of Dr. Arribas to hopefully 

confirm and extent the results observed in parental BT474 cells. 

 

Since SKBR3 cells do not form tumours in mice, it would be interesting 

to further validate this novel therapeutic strategy with other HER2+ 

tumorigenic cell lines. We plan to do this is a near future. Currently, apart 

from the combination of a PARP inhibitor with cetuximab or the one 

described in this work, combinations with other targeted therapies, such 

as histone deacetylases inhibitors in hepatocellular carcinoma351 or CDK1 

inhibitors in breast cancer BRCA-proficient cells270 are the new proposals 

in this field.  

 

Insights of the role of PARP1 in non BRCA-mutated breast 

cancer subtypes 

 

Another common approach used for studying protein functions consist 

in the genetic modulation of its expression followed by phenotypic, 

molecular and functional characterization of the manipulated cells in vitro 

and in animal models. In the latter part of this PhD work, we knocked-

down the expression of PARP1 in three BRCA-proficient breast cancer 
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cell lines representing three histopathological subtypes: BT474 (HER2+), 

MCF7 (ER+) and MDA-MB-231 (TN). For that, we used lentiviral-based 

RNA interference and after selecting in medium containing puromycin, 

all three PARP1-silenced cell pools showed an almost complete and 

stable abrogation of PARP1 protein expression compared with their 

respective control cells. To the best of our knowledge, regarding breast 

cancer cells there is only published data on MCF7 cells stably depleted of 

PARP1 and PARG352. Coincidently, our depleted cell lines showed only a 

slight reduction in pADPr levels. The remaining levels of pADPr could 

be explained by the presence of other PARPs with polyADP-ribosylating 

capacity in the three subtypes. 

 

When we tested the sensitivity of PARP1-silenced cells relative to 

parental cells towards different chemotherapies (cisplatin, doxorubicin,  

agents that damage DNA directly, and docetaxel, a microtubule 

disrupting agent), we observed that, opposite to those results normally 

reported in KO cells lines and animal models122,123,166, absence of PARP1 

did not chemosensitize any of the three manipulated cell lines. This fact 

might be explained by several reasons: 

• Other PARPs may compensate for the absence of PARP1 in these 

cells. However, no increase in PARP2 or PARP3 gene expression was 

detected compared to control cells by microarray analysis. In future 

experiments we should measure the enzyme activity of PARP under 

these treatment conditions. 

• The deletion of PARP1 protein may have different spectrum of 

effects than pharmacological inhibition of its enzymatic activity. 

Different studies report that the inhibited PARP1, due to the lack of 

auto-poly(ADP-riboylation) activity of itself (automodification), 

cannot be released from DNA and is accumulated at damaged sites 
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blocking the action of the repair enzymes353. Whereas in the absence 

of PARP1, other alternative repair mechanisms may be used to repair 

the DNA damage. As seen in the results, pharmacological inhibition 

of PARP1 sensitizes cells to chemotherapy, while PARP1-depletion 

in these cell lines does not sensitize to chemotherapy probably due to 

the presence of alternative repair mechanisms that counteracts the 

lack of PARP1 and are able to repair the damage induced by 

chemotherapies tested. 

• The duration of the treatments. Controversial data have been 

obtained regarding the sensitivity of BRCA2-mutated CAPAN-1 cells 

towards PARP inhibitors. Theses discrepancies have been attributed 

to differences in the full culture time period of the experiments236,237. 

Even in our work, when we characterized the effects of olaparib at 

clinical relevant doses on cell survival, the MTS assay at 48h was not 

useful to discriminate and characterize the different sensitivities 

between the panel of cell lines, and we needed to use long-term 

clonogenic assay. In the case of chemotherapeutic treatments on 

PARP1-depleted cell lines, to test cell survival upon 48h of treatment 

could be insufficient to discriminate sensitivities. In this line, other 

studies with PARP1-silenced cell lines use long-term clonogenic 

assays166. To test the sensitivity of these cells at longer treatments 

would provide more information in this regard. 

 

Regarding cellular effects, the stable knockdown of PARP1 had no effect 

on cell proliferation, which is in agreement with the data published in 

MCF7352 and also in melanoma cells stably depleted for PARP1166. 

Notably, the anchorage-dependent clonogenic capacity was reduced in 

the three silenced cells compared to their controls. PARP1 depletion 

greatly reduced also the capacity of MCF7 to grow in soft agar. Similar 
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effects were previously reported in PARP1 depleted liver cancer cells159. 

It is likely that PARP1 is required for cells to grow under the more 

stressful conditions of a clonogenic assay, which measures tumour 

survival as single cells by plating the cells at low density compared to the 

optimal condition of standard MTS assay. These results support a role of 

PARP1 in at least some breast cancer processes.  

 

Moreover, depletion of PARP1 did not alter the invasion capacity of 

MDA-MB-231 cells, but increased their chemotactic migratory behaviour 

in the transwell migration assay. We were interested in ascertain in 

whether this effect was subtype-specific, but we were not able to adress 

this issue because in our hands neither BT474 nor MCF7 cells had the 

ability to migrate or invade in vitro in our transwell migration and invasion 

assays. Our results in MDA-MB-231 cells are controversial since most of 

the published data shows that PARP1 depletion or PARP inhibition leads 

to a decrease in cell motility. However the majority of these studies used 

models of inflammation in which PARP1 regulates the expression of 

inflammatory mediators, chemokines and/or adhesion molecules such as 

MIP-1α354, TNF-α, IL-12, iNOS or ICAM-1355. Other migration studies 

were performed with growth factor stimulated endothelial cells165. In 

hepatocellular carcinoma cell lines the decrease in migration upon PARP 

inhibition or depletion was justified by the modulation of tumour-related 

gene expression159.  

 

To better understand these and other observed effects as a result of 

PARP1-knockdown in breast cancer, we studied the gene expression 

profiles of the three PARP1-depleted cells relative to their parental 

counterparts by microarray analysis. Regarding the data about migration 

obtained with MDA-MB-231 cells, we observed that PARP1-silencing 
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induced opposite changes in the expression of a series of genes inducers 

of migratory response in tumour cells. On the one hand, PARP1 

depletion induced downmodulation of genes such as Interleukine-6 and 

the chemokine receptor type-4356,357. However, in line with our 

experimental observations, PARP1-depletion also induced upregulation 

of metastasis-related genes such as L-plastin and urokinase plasminogen 

activator358. This is only a preliminary observation that reflects the 

complexity to interpret which are the relevant changes provided by 

microarray data analysis. Overall, based on current and reported results, 

the regulation of migration by PARP1 might be dependent on the cell 

type, the experimental model and the stimulus for migration. Currently, 

we are validating by qRT-PCR selected genes from these analyses to 

confirm their changes in expression upon PARP1-silencing. 

 

The next step was to try to analyze this microarray data in a global 

perspective and not by genes in isolation. For this purpose we performed 

functional analysis using the Ingenuity Pathway Analysis (IPA) software 

to identify the functions, pathways and networks most relevant to our 

data. This analysis revealed that in fact the functional cathegorie “Cellular 

Movement” was among the top altered functions in the three PARP1-

depleted cell lines. The functions “Cell Death” and “Inflammation” were 

also commonly altered in all cells. Notably, “Cellular Growth and 

Proliferation” was a top altered network common between BT474 and 

MDA-MB-231. Of course, the depletion of PARP1 in MCF7 cells also 

induced changes in genes related with proliferation, but the overall 

significance of these changes based on IPA analysis was not relevant, 

thus it was not one of the top altered networks in this cell line.  
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The changes in gene expression between the three PARP1-silenced cell 

lines exhibited few genes in common as showed in the Venn’s diagram in 

the Results section (See Figure R.36). The analysis and interpretation of 

data to decipher whether PARP1, beyond its DNA repair function, has a 

specific role in each subtype of breast cancer or, on the contrary, plays a 

similar role is complex. In an attempt to elucidate this question we are 

currently collaborating with the group of Albert Oliveras from the 

Universitat Politècntica de Catalunya to perform a network analysis of 

genes from their expression profiles. 

 

Finally, to further characterize the effects of PARP1-silencing in three 

different subtypes of breast cancer cells, we studied their tumorigenic 

capacity in a subcutaneous xenograft model. There are few studies about 

the ability of PARP1-depleted cancer cells to form tumours in vivo. In the 

case of the melanoma cell line, B16, the depletion of PARP1 reduced the 

in vivo growth of the cells166. 

 

In our work the depletion of PARP1 decreased the tumorigenic capacity 

of MCF7 cells, while in an apparently counterintuitive manner, increased 

the tumorigenic capacity of both BT474 and MDA-MB-231 cells. This 

finding highlights the importance of combining in vitro and in vivo models 

to better understand tumour biology, and to explore different cancer 

subtypes. In the IHC study of xenografted tumours, the expression of the 

proliferation marker phopho-H3 was lower in tumours from shPARP1-

MCF7 cells compared with their paired control, whereas the same marker 

was highly expressed in tumours from shPARP1-BT474 cells, compared 

with their controls. These staining patterns might explain the differences 

in tumour final volumes obtained in each case. Regarding the extent of 

DNA damage, as expected by its role in genome stability, the knockdown 
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of PARP1 induced an increase in percentage of cells with nuclear γH2AX 

in both models, as well as also increased in the percentage of cells 

staining positively for apoptotic marker cleaved-caspase3, relative to 

control shRNA transduced tumours. Qualitatively, the increase of the 

latter marker and the DNA-damage marker appears to occur in 

overlapping areas, so non-damaged cells in the BT474 model may equally 

have a higher rate of proliferation. It would require the analysis of serial 

samples to confirm this observation. Tumour samples from the MDA-

MB-231 animal model are under analysis. 

 

From these results, it is likely to hypothesize that the genes regulated by 

PARP1 in each model are so distinct that its depletion might involve the 

different observed outcome depending on the cellular subtype. Which 

particular genes essential for driving the different tumorigenic capabilities 

typical for a particular xenograft model is still an important question that 

needs to be solved. 

 

Reviewing the literature, that faithfully recapitulate many of the genetic 

features described for the cell  lines used as models for breast cancer 

subtypes, we observed that p53 is mutated in BT474 and MDA-MB-231 

cells, whereas is wild-type in MCF7. The results from several tumour 

susceptibility studies in PARP1-/- P53-/- double null mutant mice are 

controversial. On the one hand, Tong et al173,175 showed that p53 

mutations in PARP1 deficient mice accelerate the onset and shortens the 

latency of mammary tumorigenesis in female mice. On the other hand, 

Conde et al359 found that the double –mutant increased the tumour 

latency compared to P53-/- mice. In addition, PARP1-/- P53-/- oncogenic 

fibroblast delayed tumour formation compared with PARP1+/+P53-/-. 

Despite the differences, the two studies similarly showed that double-
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mutant exhibit higher degree of genomic instability compared with either 

single mutant. In the line of the studies of Tong et al., BT747 and MDA-

MB.231 PARP1-depleted cell lines that harbour p53 mutations appeared 

to display more tumorigenic capacity. Moreover, based on the higher 

degree of genomic instability of PARP1-/- P53-/- double-mutants, we 

might hypothesized that secondary mutations associated with culture 

passage and during in vivo growth could have activated specific oncogenes 

in BT474 and MDA-MB-231 PARP1-silenced cells, which may explain 

the increased tumorigenic capacity of these. Supporting this hypothesis, 

PARP1-silenced melanoma cell line, B16, which have reduced in vivo 

growth capacity166, harbours wild-type p53360. Profiling of genomic 

aberrations and gene alterations in these tumours could shed light to this 

unsolved question. 

 

To sum up, we described that PARP1 protein overexpression was 

associated poor prognosis and was more common in triple negative 

breast cancer, but also detected in some ER positive and HER2 positive 

breast cancers. Regarding the results from preclinical models, a PARP 

inhibitor, olaparib, had effects in cell survival in different breast cancer 

subtypes and enhanced antitumour effects of trastuzumab in HER2 

positive cells. Finally, preliminary results pointed to the existence of 

specific roles of PARP1 in different molecular subtypes of breast cancer. 
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CONCLUSIONS 

 

1. PARP1 overexpression occurs in early malignant transformation of 

breast (DCIS). 

 

2. PARP1 overexpression is associated with Triple-Negative breast 

cancer, high tumour grade; and is also present in a proportion of 

HER2 overexpressing and hormone receptor positive breast cancers. 

 

3. PARP1 overexpression independently predicts for poor DFS and OS 

in patients with early breast cancer. 

 

4. PARP1 overexpression tends to associate with higher genomic 

instability in human breast tumours; and genomic instability 

correlates with more alterations in DNA repair genes in human 

breast tumours. 

 
5. PARP inhibition chemosensitizes BRCA-proficient breast cancer 

cells to doxorubicin and cisplatin. 

 

6. Olaparib downmodulates HER2 and EGFR protein expression in 

HER2 positive breast cancer cells. 

 

7. Olaparib potentiates trastuzumab effects in HER2 positive breast 

cancer cells in vitro and in vivo. 

 

8. PARP1 contributes to physiological cellular effects including 

anchorage-dependent, independent clonogenic capacity and 

migration of breast cancer cells. 
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9. PARP1 is involved in the expression profile of genes related with cell 

movement, cell death and inflammation, and its expression can 

determine the tumorigenic capacity of three different molecular 

subtypes of breast cancer cells. 
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M.1. Cell lines 

 

Seven human breast cancer cells: MDA-MB-231, MDA-MB-468, MDA-MB-

453, SKBR3, BT474, MCF7, HCC1937 and a highly transfectable derivative 

cell from Human Embryonic Kidney, 293T, were obtained from the 

American Type Culture Collection, ATCC. One pancreatic cancer cell, 

CAPAN-1, was generously donated by C de Bolós group. And MEFs WT 

and PARP1 KO were generously donated by J. Yélamos group. All cells 

were cultured at 37ºC with 5% CO2. MCF7, CAPAN-1, MEFs and 293T cell 

lines were mantained in DMEM (Invitrogen), HCC1937 was maintained in 

RPMI (Invitrogen) and the remaining cells in DMEM/F12 (Sigma). All the 

media were supplemented with 10% of Foetal Bovine Serum (FBS) 

(Invitrogen), 2mM L-glutamine (Invitrogen), 100units/ml of Penicillin- 

Streptomicin Solution (Invitrogen).  

 

M.2. Drugs 

 

Olaparib (AZD-2281, Selleck Chemicals) was resuspended at 10mM in 

DMSO, aliquoted and stored at -20ºC for the in vitro assays. For the in vivo 

assays, every day of treatment was freshly solubilised in DMSO (Sigma) at 

100mg/mL, and diluted to a working solution of 10mg/mL in PBS 

containing 10% (w/v) 2-hydroxy-propyl-beta-cyclodextrin (Sigma). 

Trastuzumab (Herceptin, Roche) was resuspended at 20mg/mL in PBS, 

aliquoted and stored at 4ºC up to two weeks for the in vitro assays. For the 

in vivo, each day of treatment the previous solution in PBS was diluted in 

physiological serum to a working solution of 50µg/mL. 

Cisplatin (Calbiochem) was resuspended fresh each treatment at 10mg/mL 

in DMSO. 

Doxorubicin (Sigma) was resuspended at 10mM in water aliquoted and 

stored at 4ºC up to a month preserved from light. 
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Docetaxel (Sigma) were resuspended at 10mM in DMSO, aliquoted and 

stored at -20ºC. 

 

M.3. Cell proliferation and viability 

 

Different complementary techniques were used to assess the proliferation 

and survival of cells upon distinct kinds of treatments. 

M.3.1. MTS assay 

 

MTS is a colorimetric method based on the metabolic capacity of cells for 

the quantification of the viable cells in a plate.  For this technique we used 

the MTS-CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay Kit 

(Promega). MTS is a tetrazolium salt that is bioreduced by cells into a 

formazan product. The conversion of MTS into aqueous, soluble formazan 

is accomplished by dehydrogenase enzymes found in cells that are 

metabolically active. The amount of formazan product measured by the 

amount of 490 nm absorbance is proportional to the number of living and 

active cells in culture.  

We performed the MTS assay in 96-well flat-bottomed plates (Corning). 104 

cells or less, depending on its proliferation rate and/or time of treatment, 

were seeded in 100µl of drug free medium and incubated for 24h before 

drug treatment. 100µl of various 2X drug concentration (1X final 

concentration) were added for 48h or 96h. For the measurement, 80µl of 

medium from each well were substracted and 20µl of MTS solution were 

added. The plate was further incubated for 1 - 3 hours protected from light. 

The amount of soluble formazan produced, by cellular reduction of the 

MTS, was measured by the absorbance on a microplate spectrophotometer 

at 490nm (test wavelength) and 630nm (reference wavelength, background). 

The percentage of surviving cells was estimated by dividing the [A490nm - 
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A690nm] of treated cells by the [A490nm-A690nm] of control cells. 

Approximate IC50 values were determined from the dose response curve. A 

minimum of three technical replicates were performed. 

M.3.2. SRB Assay 

 

SRB is a colorimetric method based on the determination of total biomass 

by staining the cellular proteins with Sulforhodamine B (SRB). For this 

technique we used the In Vitro Toxicology Assay Kit, Sulforhodamine B based 

(Sigma). SRB is a dye that has the ability to bind to basic aminoacid residues 

in proteins from trichloroacetic acid (TCA)-fixed cells in an electrostatical 

and pH dependent manner. In mild acidic conditions SRB binds to cellular 

proteins, whereas in mild basic conditions it can be unbinded, solubilized 

and the resultant absorbance can be measured. Changes in the amount of 

dye incorporated by the cells in the culture are proportional with changes in 

the number of cells (total biomass). This indicates the degree of cytotoxicity 

caused by the test material. Cells were seeded and treated as described for 

MTS assay.  

The assay was performed as described in the manufacturer’s protocol. Once 

treated, cells were fixed by adding 50µl/well of TCA and incubating 1 hour 

at 4ºC. Once fixed, plates were washed 5 times with water to remove TCA, 

serum, and proteins not contained in the cells, and air dried. 100µl of SRB 

solution were added to each well and incubated for 20 minutes at room 

temperature (R.T.). After staining, the unbound dye was removed by 

washing 5 times with 1% acetic acid and air dried. The incorporated dye was 

solubilized by adding 200µl/well of 10mM Tris Base and measured by 

reading the absorbance on a microplate spectrophotometer at 490nm (test 

wavelength) and 630nm (reference wavelength, background). The percentage 

of surviving cells was determined as described in the MTS assay. A minimum 

of three technical replicates were performed. 
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M.3.3. Viable cell counting  

 

For proliferation curves and specific experiments the density of viable cells 

was counted manually using Trypan Blue or automatically using the Scepter 

2.0 Handheld Automated Cell Counter. In both methods, cells were carefully 

trypsinized avoiding leaving any cell attached to the plate. Each condition 

was counted at least in duplicate in at least 3 independent experiments. 

Manual cell count was performed with a classical Neubauer chamber using 

Trypan Blue staining to discriminate non-viable cells, blue-stained, from 

viable cells, which has an intact membrane that excludes the dye. 

 

Automatic cell count was performed with a Scepter 2.0 Handheld 

Automated Cell Counter. This system employs the Coulter principle in 

handheld format. The device allowed the count of any particle that passed 

through the orifice within the cell diameter range between 6-25µm, 

displaying a histogram of size distribution. Density of the viable cell 

population was obtained by adjusting the range of sizes that excluded the 

aberrantly large or small cells and debris from the count. The same range was 

applied for all the conditions in a same experiment. 

 

M.3.4. Anchorage-dependent Clonogenic Assay 

 

Clonogenic assay or colony formation assay is an in vitro cell survival assay 

based on the ability of a single cell to grow into a colony attached on a 

plastic surface.  

Clonogenic ability was evaluated by plating 6 x 103 single cells in 60 mm 

diameter dishes in triplicate. After 24 hours of attachment period, cells were 

continuously exposed to different concentrations of drugs or solvent for 1-3 

weeks. The medium, containing drugs or solvents, was replaced with fresh 
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medium and fresh treatments every 48 hours. At the end of the experiment, 

cells were washed with PBS and stained 1 hour with Violet Cristal solution 

(0,06% Crystal Violet -Sigma-, 10% ethanol, 10% acetic acid) which has the 

ability to bind and stain DNA. Stained cells were scanned and the images of 

each plate were analysed with Java ImageJ software. Briefly, each image was 

converted to 8-bit type and the same threshold adjustment was applied for 

all the conditions compared. Particles with size from 10-infinite were 

analyzed and the area fraction covered by colonies was the value used for the 

data analysis. Folds of survival were calculated by dividing the area fraction 

of the colonies formed in each condition by the area fraction of the colonies 

in the control plate, thus giving to the control condition the value of one 

fold. Each experiment was performed at least in triplicate. 

 

M.3.5. Anchorage-independent Soft Agar Colony 

Formation Assay 

 

Anchorage-independent growth is one of the hallmarks of malignant cell 

transformation. In general, normal (non-tumoral) cells are anchorage-

dependent, whereas malignant (tumoral) cells can have the ability to grow 

unattached. The soft agar colony formation assay is a common and accurate 

method to determine the capacity of cells to grow independently of 

anchorage and to test whether specific treatments or genetic modifications 

modulates the anchorage-independent capacity of a given cell line.  

In this assay, 2 x 104 single cell suspensions were seeded and grown in a 

0,35% top agar layer (1,5mL) on top of a 0,7% bottom agar layer (1mL), that 

prevented cells from reaching and attaching to the plastic. 0,5mL of culture 

medium and the required treatments were added to the plates every 3 days 

during 21 days. The number and size of colonies were assessed by light 

microscope inspection at 20X magnification. Colonies bigger than 50µm 
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were counted and the data were expressed as number of colonies larger and 

smaller than 100µm. In our panel, the only cell line with capacity to grow 

independent from anchorage was the MCF7 cell line. 

 

M.4. Cell Cycle by flow cytometry 

 

The analysis of cell cycle was performed by flow cytometry.  This approach 

allows discriminating cells in different phases of the cell cycle based on their 

DNA content. First, permeabilized single cells are stained with a fluorescent 

dye that binds stoichiometrically to the DNA, i.e. that the amount of 

incorporated dye is proportional to the amount of DNA. Thereafter, the 

stained cells are measured in a flow cytometer that reads at specific 

wavelength the total fluorescent emission from cell, which is considered as a 

measurement of the cellular DNA content. Based on the fact that DNA is 

duplicated during the S phase of the cell cycle, distinct phases are recognized 

in proliferating cell populations: G2 and M phases (after S phase) have twice 

amount of DNA than G0 and G1 phases (before the S phase), whereas S 

phase have an intermediate amount. 

 In this assay, cell media, PBS from the washings and trypsinized cells from 

each condition were harvested and centrifuged 8 minutes at 1500 rpm. 1-2 x 

106 cells were resuspended in 300µl of PBS and gently pipetted to obtain a 

single cell suspension. Cell suspension was fixed by adding dropwise 700µl 

of 100% cold ethanol and keeped at 4ºC for at least 24h. Fixed cells were 

centrifuged 2 minutes at 10 000 rpm, the supernatant containing the ethanol 

was decanted and the cell pellet was resuspended in 1mL of PBS by gently 

pipetting to maintain the single cell suspension. PBS cell suspension was 

centrifuged 5 minutes at 10 000 rpm, and the wash was repeated twice. 

Finally, cell pellet was resupended in 1mL of DAPI staining solution 

(50ng/mL in PBS) and incubated 2 days at 4ºC protected from light. Stained 

samples were analyzed using a Beckton Dickinson LSR flow cytometer with 
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Cell Quest software. For fluorescence excitation it was used the UV light 

laser at the wavelength nearest to 359nm. Sample running, data acquisition 

and interpretation was performed under supervision of the flow cytometry 

core facility staff. 

 

M.5. Cell migration and invasion 

M.5.1. Cell migration 

 

Cell migration capacity was assessed using the widely accepted Boyden 

Chamber assay based in the capacity of cells to migrate through the 

microporous (8µm pore size) of a polycarbonate membrane insert in 

response to a chemoattractant or specific treatments.  

The transwell migration capacity was assessed with the QCM Chemotaxis Cell 

Migration Colorimetric Assay (Millipore). Following the manufacturer’s 

recommendations, 500µl of 10% FBS medium were added to each lower 

chamber well of a 24-well plate. Required inserts were placed in each well 

and 300µl of FBS-free medium containing 2,5 x 105 cells were added to the 

insert. After 6 hours of incubation at 37ºC and 5% CO2 in an incubator, cell 

suspension of the insert was pipetted-out and non-migratory cells that 

remained in the interior of the insert were gently removed with a cotton-

tipped swap. Cells migrated to the bottom of the insert membrane were 

fixed and stained with Crystal Violet solution for 20 minutes and washed 

with water several times to rinse. The stain from the underside of the insert 

was extracted in a well containing 200µl of 10% acetic acid for 15 minutes at 

R.T. 100µl of the dye mixture were transferred to a 96-well microtiter plate 

and the optical density (OD) was read at 550nm in a multiwell plate reader. 

The migration capacity was expressed as absorbance units. Each migration 

experiment was performed at least in three independent replicates. 
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M.5.2. Cell invasion 

 

Invasion through the extracellular matrix (ECM) is an important step in 

tumour metastasis that involves adhesion and proteolysis of molecules from 

the basement membrane of blood vessels to invade other tissues. The 

invasion capacity was assessed using the QCM ECMatrix Cell Invasion 

Colorimetric Assay (Millipore). This kit is based on the capacity of cells to 

migrate through an invasion chamber that consists, as in the migration assay, 

in an insert with 8µm pore size polycarbonate membrane that in this case is 

covered with a thin layer of dried ECMatrixTM. This ECM occludes the 

pores and blocks the migration of non-invasive cells, whereas the invasive 

cells migrate through the ECM and arrives to the bottom of the 

polycarbonate membrane. The protocol was basically the same as for the 

migration assay (see previous point M.5.1), except for two steps: First, the 

ECM layer was rehydrated for 1 – 2 hours with 300µl of warm FBS-free 

media and, once rehydrated, carefully removed before adding the FBS-free 

cell suspension to the insert. And second, the incubation was prolonged for 

up to 24h hours at 37ºC, 5% CO2 in the incubator before the staining. 

 

M.6. DNA damage analysis 

M.6.1. Immunofluorescence detection γγγγH2AX focis  

The formation of DSB induces the phosphorylation of thousands of 

molecules of H2AX adjacent to the break on serine 139 (γH2AX). The 

detection of γH2AX foci by immunofluorescence (IF) has been widely 

applied as a measure of DSB. For γH2AX foci detection, 18750 cells were 

seeded in each well of a 8-multichambered slide (Lab-Tek II Slide, Nunc) in 

300µl of media. 24h hours later, treatments were added. After the 

treatments, media was carefully removed and attached cells were fixed 30 
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minutes with 4% paraformaldehyde (PFA) (Sigma) and permeabilized 10 

minutes with 0,3% Triton X-100 (Sigma) in PBS. Between each step, cells 

were washed twice for 5 minutes with PBS. Once fixed, cells were blocked 

during 10 minutes with 400µl/well of 10% Bovine Serum Albumine (BSA), 

to avoid the unspecific binding of primary antibody. Cells were washed twice 

with TBS-T (The receipt of TBS-T is detailed in section M.8.2 Western Blot) 

and incubated 1 hour R.T. with 300µl/well of γH2AX antibody (Cell 

Signalling) diluted 1:300 in antibody diluent (DAKO). Cells were washed 

three times in TBS-T and incubated 30 minutes protected from light with 

300µl/well of Alexa anti-rabbit 555 (Invitrogen) diluted 1:700 in antibody 

diluent. After the final incubation, cell were washed twice with TBS-T, the 

plastic chamber was carefully detached from the slide, each condition was 

stained and mounted with 5µl of DAPI Counterstain II (Abott Molecular) 

and the entire slide was covered with a coverslip avoiding the formation of 

air bubbles. γH2AX foci/DAPI stained cells were detected on an Olympus 

BX61 Motorized Fluorescence Microscope under the appropriate filters. For 

the data acquisition, 10 different fields from each well were photographed at 

10X magnification for γH2AX and DAPI staining. For the data analysis, the 

nucleus of 100 – 300 cells were evaluated for γH2AX foci presence and 

classified in a scale depending on the amount of focis consisting in 5 

categories: 0 foci; 1-3 focis; [>3 ,<20] focis, multifoci [>20]; and hole 

nucleus staining. The categories were determined by the personal 

observation that the greater the number of focis in a nuclei, the greater the 

size of the nuclei. Thus, being important to discriminate cells not only by the 

presence of γH2AX foci, indicating DNA damage, but also by the different 

amount of DNA damage between cells and conditions. Data was expressed 

in both manners: as percentage of cells in each category in each condition; 

and percentage of cells with/without DNA damage (considering DNA-

damaged cells those with more than 3 foci in the nuclei). Each condition was 
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seeded in duplicated wells and the data analysis was performed from at least 

three independent experiments. 

 

M.6.2. Comet assay 

 

Comet assay or single cell gel electrophoresis assay is an effective method for 

evaluating DNA damage in cells. This assay is based on the ability of 

denatured and cleaved DNA fragments to migrate out of the nucleoid faster 

than undamaged DNA under the application of an electric field. The 

evaluation of the DNA comet tail shape and migration pattern provides 

many data about DNA damage. Specifically the Alkaline Comet assay, used 

in our experiments, is more sensitive than Neutral comet assay, and is able to 

detect SSB and DSB, as well as other DNA aberrations.  

For the experiments the CometAssay Kit (Trevigen) was used. The protocol 

was performed according the manufacturer’s recommendations. Plates with 

treated cells and the medium were gently scraped on ice, transferred to an ice 

cold centrifuge tube, counted, pelleted and washed once with ice cold 1X 

PBS. 1 x 105 cells/mL (in cold 1X PBS) were combined with pre-warmed 

aliquots of molten LMAgarose at 37ºC at a ratio of 1:10. Immediately 50µl 

of cells/agarose mixture were pipetted onto pre-warmed CometSlide and 

spread over the sample area. Slides were placed flat at 4ºC protected from 

light for 30 minutes to ensure the gelling of the agarose and the adherence to 

the slide. Once gelled, slides were carefully immersed on prechilled Lysis 

Solution for 60 minutes at 4ºC in the dark. Next, the excess buffer was 

drained and the slides were carefully immersed in freshly prepared Alkaline 

Unwinding Solution (pH>13, 200mM NaOH, 1mM EDTA) at R.T. for 40 

minutes. For the following step of electroforesis, the CometAssay ES tank 

was previously chilled at 4ºC room. The slides were placed in the correct 

sense and ~700mL of fresh prechilled Alkaline Solution (pH>13, 200mM 
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NaOH, 1mM EDTA) were added. Electroforesis was performed at 20-21 

volts, 220mA, for 30 minutes. The excess of electroforesis solution was 

drained from the slides and were immersed twice in ice cold dH2O for 5 

minutes each and once in ice cold 70% ethanol for 5 minutes. Slides were 

dried at ≥45ºC for 20 minutes until the shape of the agarose drop 

disappeared and all the cells were brought in a single plane to facilitate the 

observation. Each sample of the slides was stained with 100ul of diluted 

SYBR Green I (1:10 000 SYBR Green I in TE Buffer [10mM Tris-HCl 

pH7,5, 1mM EDTA]) for 5 minutes at 4ºC. The excess of SYBR solution 

was gently removed by tapping and the slides were allowed to dry completely 

at R.T. at dark. The samples were observed under an Olympus BX61 

Motorized Fluorescence Microscope with fluorescein filter. For the data 

acquisition, 10 different fields from each sample were photographed at 4X 

magnification. For the data analysis, around 100 comets from each sample 

were analyzed with Comet Assay IV software (Perceptive Instruments). The 

percentage of DNA in the tail area by the whole DNA area and the comet 

tail length (from the center of the DNA head to the end of the DNA tail) 

were the parameters used for the data analysis. Each experiment was 

performed at least in triplicate. 

 

M.7. Lentiviral transduction of short hairpin RNA for 

PARP1 stable knockdown in BCCL. 

 

To stably downmodulate PARP1 expression in our BCCL we performed 

lentiviral transduction using MISSION shRNA for PARP1, TRC Number: 

TRCN0000007931 (Sigma). This lentiviral vector was a pLKO.1-puro with 

different features represented in the following vector map: 
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Figure M.1. pLKO.1-puro vector map. Features of lentiviral vector for shRNA 
expression from Sigma website361. 

 

The indicated region in the figure M.1 contains the shRNA insert for PARP1 

with the sequence below: 

CCGGGCTTCACATATCAGCAGGTTACTCGAGTAACCTGCTGATATGTGA

AGCTTTTT 

 

In the case of the Control shRNA, the same vector containing a non-target 

sequence was used. All the vectors needed for the lentiviral transduction 

were generously donated by J. Baulida group. 

3 x 106 293T packaging cells were plated in 10mL of media in P100 plates 

for producing the lentiviral particles. 24 hours later ans for each P100, 10µg 

of the transfer vector (shPARP1 or shControl) were cotransfected with the 

viral envelope vector pVSV-G (2µg), the retrotranscriptase vector pRSV 

(2µg) and the packaging vector pRRE (6µg). Total DNA was added to a 

volume of 150mM NaCl up to 1500µl and finally 78µl of Polyethylenimine 

1mg/mL (PEI) (PolyScience Inc.) were used as transfection reagent mixed 

with the total DNA and the NaCl. The mixture was incubated 15 minutes at 

R.T. and added to the medium of 293T plates. 24 hours later, the medium 

was replaced with 5,5mL of fresh medium, in order to concentrate the 
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lentiviral particles produced by the transfected 293T cells, and in parallel the 

cells to be transduced were seeded (1,7 x 106 in 10mL of medium in P100). 

The medium from 293T containing the viral particles was collected at 48 

hours and 72 hours post-transfection, filtered with 0,22µm filters, 

supplemented with 8µg/ml of polybrene (Sigma) and added to the medium 

of BCCL to be transduced. 24h after the second transduction, the medium 

of infected cells was replaced with fresh medium and puromycin (0,5µg/mL) 

for antibiotic selection. The selection ended when no viable cells were in the 

control non-transduced cells plate. This control was always performed in 

each transduction for each cell line. The dose of puromycin needed for the 

selection of each cell line was determined previously with a puromycin curve 

from 0 – 4 µg/mL in non-transduced cells treated for a week. PARP1 

knockdown was confirmed by determination of PARP1 protein levels by 

Western Blot. 

 

M.8. Protein analysis 

M.8.1. Protein extraction  

For whole cell protein extracts: Cell culture plates were lysed by scrapping on 

ice-cold in Lysis buffer (1% Igepal CA-630 [Nonidet P-40 buffer], 50mM 

Tris-HCL pH7,4, 150mM NaCl, 5mM EDTA, 5mM NaF, 2mM Na3VO4, 

1mM PMSF, 5µg/mL Leupeptin and 5µg/mL Aprotinin). After shaking 

during 20min at 4ºC, the samples were centrifuged (10min, 13200rpm, 4ºC) 

and the supernatant was aliquoted and stored at -20ºC. 

 

For nuclear/cytosol fractionated cell protein extracts: Cell culture plates were 

scrapped on ice in 1mL of cold 1X PBS. Cells were centrifuged (3 minutes, 

2000rpm, 4ºC), cell pellet was resuspended in 400µl of Buffer A (consisting 

in: 20mM Hepes pH8, 10mM KCl, 0,15mM EDTA pH8, 0,15mM EGTA 

pH8, 0,15mM Espermidin, 0,15mM Espermin, protease inhibitors, 1mM 
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DTT and 1,2% Triton X-100), passed through a syringe to separate 

cytoplasm from intact nuclei, and confirmed this separation under a light 

microscope. 80µl of Sucrose Restore Buffer were added to the suspension 

and centrifuged (5 minutes, 5 000 rpm, 4ºC). The supernatant was 

centrifuged again (15 minutes, 14 000 rpm, 4ºC) to obtain the cytosolic 

fraction and kept at -20ºC, whereas the pellet was resuspended in 50µl of 

Buffer B (consisting in: 20mM Hepes pH8, 50mM NaCl, 25% Glicerol, 

0,15mM EDTA pH8, 0,15mM EGTA pH8, 15mM MgCl2, protease 

inhibitors and 1mM DTT), centrifuged (15 minutes, 5 000 rpm, 4ºC). The 

obtained pellet was resuspended in 40µl of Buffer C (Buffer B + 400mM 

KCl), shaked 30 minutes at 4ºC and centrifuged (5 minutes, 10 000 rpm, 

4ºC). The supernatant was the nuclear fraction, and was kept at -20ºC. 

 

For tissue whole protein extract: Fresh tissues where frozen in OCT and 

kept at -80ºC until needed. For the lysates, 4 tissue slides of 16µm from each 

sample were obtained in a cryostat and immediately lysed in 100µl of the 

lysis buffer described above. After 5 freezing/thawing cycles transferring 

each sample from liquid N2 to 37ºC water, tissue lysates were processed as 

cell lysates, shaking on ice, centrifuging and aliquoting the supernatant. 

 

Protein quantification was performed with Bio-Rad DC Protein Assay (Bio-

Rad) which is based on the Lowry Assay. A standard curve with BSA was 

used to determine the protein concentration of our samples. 

 

M.8.2. Western Blot (WB) Analysis 

For the lysate sample preparation, an equal amount of protein (20–40 µg) 

was mixed with 2X Laemmli Buffer (1:1 dilution) and 5% of β-

mercaptoethanol and heated at 95ºC for 5 minutes. Prepared samples were 
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loaded and separated on 8% or 12% SDS–PAGE gels, and then transferred 

to a PVDF membrane (Biorad). Transferred PVDF membrane was blocked 

1 hour in 5% non-fat milk in TBST (50 mM Tris.HCl pH 7,4, 150 mM NaCl, 

0,1% Tween 20) at R.T, prior to overnight incubation at 4ºC with the 

primary antibody diluted in TBST with 5% of BSA or milk (according to 

manufacturer’s indications). Horseradish peroxidase-conjugated secondary 

antibodies were used for the subsequent 1 hour at R.T. incubation in 5% 

non-fat milk in TBST. Target proteins were visualized after enhanced 

chemiluminescence treatment of membranes with ECL reactives 

(Amersham) for 1 minute and subsequent exposure to X-ray film (Fujifilm). 

 

The following primary antibodies were used: PARP1 (Clone A6) (generously 

supplied by J. Yélamos group), poly(ADP-ribose) (pADPr, BD Pharmigen or 

ACRIS), HER2 (Biogenex), CyclinD1 (Neomarkers) and BRCA1, BRCA2, 

EGFR, phospho-Akt (Ser473), phospho-Erk (Thr202/204), p27, p21 and 

γH2AX (Ser139) (all of them from Cell Signalling).  

 

Immunoblotting with β-tubulin (Sigma) was done to confirm equal protein 

loading for cell extracts, GAPDH (Santa Cruz) for tissue extracts, and 

nucleolin (Sigma) and actin (Sigma) for nuclear/cytosol fractioned extracts.  

 

M.8.3. Immunohistochemistry (IHC) 

 

IHC was performed at Pathology service of Hospital del Mar with the 

technical help of Silvia Menendez. The tissues (mainly human and xenograft-

mice tumours) analyzed in this work were basically Formalin-Fixed Paraffin-

Embedded (FFPE). For the IHC procedure, tissue sections of 3µm thick 

from FFPE tissues were placed on positively charged glass slides and dried. 

Automated deparaffinization and antigen retrieval was performed using Dako 
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PT Link instrument. The slides were stained in the Dako Autostainer Plus with 

the Flex Plus 3,3’-diaminobenzidine (DAB) kit. Counterstaining was performed 

with hematoxylin, dehydrated with increasing concentrations of ethanol and 

xylene and mounted with dibutyl phthalate xylene (DPX) avoiding bubbles 

under the cover slip and dried at R.T. overnight. 

 

The specifically optimized conditions of antigen retrieval and staining for 

each antibody used in our samples are described in the following table M.1 

(for PARP1, a more extended description is detailed in M.8.3.1): 

 

Table M.1. Antigen retrieval and staining conditions of antibodies used for 
IHC. 

 
Antibody

Antigen 

Retrieval
Dilution Incubation Peroxidase 

Secondary 

antibody

Flex Plus Rb

Envision Flex

Flex Plus Rb

Envision Flex

Flex Plus Rb

Envision Flex

Flex Plus Ms

Envision Flex

Envision Flex

Envision Flex
Plus

1:300
PARP1 
(clone A6)

pH9 60' 5'

5'

Cleaved-
caspase 3
(C.S.)

pH9 1:100 60' 5'

Ki-67 

(DAKO)
pH6 1:100 30'

5'

CD-31     
(S.B. )

pH9 1:200 60' 5'

Phospho-
Histone 3
(C.S.)

pH9 1:100 60'

5'
γH2AX 
(C.S.)

pH9 1:150 60'

 

       …….C.S.: Cell Signalling; S.B.: Spring Bioscience. 

 

For each staining and each antibody a set of control slides was run in 

parallel. Positive tissue controls were specimens, processed in the same 

manner as the specimens to be tested, with a known positive expression of 

the specific protein to be stained, whereas negative tissue controls were cell 

types with a known negative expression of the protein to be stained. Non-

specific negative reagent control were  the slides from the mice or patient 

specimens to be tested incubated with a non-specific negative reagent to 
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determine non-specific background staining and to help in the interpretation 

of specific staining. 

 

Expression of the studied proteins in human and mice specimens was 

assessed by Federico Rojo. The quantification of the proliferation markers 

(Ki-67 and phospho-H3), the apoptotic protein cleaved-caspase 3 and the 

DSB marker γH2AX was assessed by estimation of positively stained cells 

for the antibody tested versus the total of tumour cells and expressed as 

percentage of tumour cells stained in each field studied. CD31 was used as a 

specific marker of endothelial cells to confirm the presence of microvessels. 

The evaluation of microvessels density (MVD) was assessed applying to the 

ocular an eyepiece graticule containing 25 randomly positioned dots which 

was rotated so that the maximum of points were on or within the vessels of 

the different fields studied in each sample. Instead of counting the individual 

microvessels, the overlaying dots were counted and expressed as average of 

microvascular structures. The quantification of PARP1 staining was 

performed by computerized measurement and has been extensively 

described in the next point M.8.3.1  

 

M.8.3.1. PARP1 immunostaining and quantification 

 

Immunostaining was performed using 3µm tissue sections, placed on plus 

charged glass slides in a Dako Link platform. After deparaffinization, heat 

antigen retrieval was performed in pH 9 EDTA-based buffered solution 

(Dako). Endogenous peroxidase was quenched by 0.03% hydrogen peroxide. 

PARP1 antibody was used for 30 minutes at R.T., 1:300 dilution, followed by 

incubation with an anti-mouse Ig dextran polymer coupled with peroxidase 

molecules (Flex+, Dako). Sections were then visualized with DAB and 

counterstained with hematoxylin. PARP1 antibody sensitivity (1:300) had 

been calculated in a range of crescent dilutions of primary antibody from 
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1:50 to 1:3000. Specificity was determined using wild type and PARP1 gene 

knockout mouse embryonic fibroblasts (MEF) and parental and knocked-

down BT474, MCF7 and MDA-MB-231 human breast cancer cells using 

PARP1 shRNA. Specificity was also shown in kidney and liver tissue 

specimens from wild type and PARP1 knockout mice. Formalin-fixed cell 

pellets were processed as described for IHC and results confirmed by WB 

from whole lysates. In addition, a set of 18 paired fresh frozen and FFPE 

samples was processed by western blot and IHC. Sections from the same 

specimens incubated with normal mouse IgG2 (X0943, Dako) instead 

primary antibodies were used as non-specific negative reagent controls.  

 

The quantification of PARP1 immunostaining was scored by a computerized 

measurement set up with the experience of Dr. Rojo. Nine representative 

images from each specimen were acquired at 10-nm wavelength intervals 

between 420 and 700 nm using a DM2000 Leica microscope equipped with 

the Nuance FX Multispectral Imaging System (CRI Inc). Before acquiring a 

spectral dataset of an image, an autoexposure routine was performed while 

imaging a blank area of slides to determine the exposure time necessary to 

approximately 90% fill the device wells at each wavelength to compensate 

for variations in source intensity, filter transmission efficiency and camera 

sensitivity. A library of pure DAB and Hematoxylin dye colors was created 

and used to unmix the colors from image cubes using the Nuance 1.6.4 

software. A cube (stack of images taken at the different wavelengths) of 

reference was then acquired for each new case, followed by spectral imaging 

of three representative tissue fields using the same exposure times. After 

deconvolution of the images, the spectral data was flat fielded to compensate 

for unevenness in illumination and background was filtered. The positive 

signals were converted from transmission to optical density units by taking 

the negative log of the ratio of the sample divided by the reference cube 

using a Beer law conversion. A computer-aided threshold was set, which 
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creates a pseudo-color image that highlights all of the positive signals. 

Analysis yielded quantitative data of PARP1 from the average intensity of 

regions of interest. Only the nuclei of epithelial cells (normal and malignant), 

but not stromal cells or lymphocytes, were automatically detected by setting 

distinct size threshold and confirmed by a pathologist. Each case was 

calculated for the mean value of the signal intensity of all regions of interest 

for statistical analysis. The output of the computerized measurement 

produced a continuous data ranging from 29 to 133,094 for PARP1 

expression. 

 

M.8.4. PARP enzymatic activity assay 

 

For the assessment of PARP enzymatic activity in cells or fresh tumours we 

used the HT Universal Colorimetric PARP Assay Kit (Trevigen). This kit tests 

the capacity of the PARP enzyme present in our samples to incorporate 

biotinylated poly(ADP-ribose) onto histone proteins coated in a 96-well strip 

well format by colorimetric measurement. The protocol was performed 

according the manufacturer’s recommendations.  

 

For processing cells, plates with treated cells were harvested by gentle 

trypsinization and centrifuged (10 minutes, 400g, 4ºC). The cell pellet was 

resuspended in 1mL of ice-cold 1X PBS and the cell suspension was 

centrifuged again (10 seconds, 10 000g, 4ºC). For the preparation of extract, 

the pellet was resuspended in 5-10 pellet volumes of cold 1X PARP Buffer 

(0,4mM PMSF, 0,4mM Aprotinin/Leupeptin/Ortovanadate, 0,4M NaCl and 

1% NP-40) and incubated vortexing 30 minutes on ice. The cell lysates were 

centrifuged (10 minutes, 10 000g, 4ºC) and the supernatants were quantified 

and kept at -80ºC.  
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For processing tissues, in our case the fresh tumours from xenografts were 

washed with cold 1X PBS to remove blood and debris, minced on a petri 

dish on ice into small pieces with a scalpel and disaggregated in cold 1X PBS 

with a homogenizer on ice. The homogenized tumour was passed through a 

100µM disposable sieve with 20mL of cold 1X PBS to a 50mL conical tube, 

mixed by inverting several times and let stand up on ice for 1 minute to 

allow large aggregates of tissue to settle out of the suspension. Cell 

suspension was carefully recovered, centrifuged (10minutes, 400g, 4ºC) and 

the cell pellet resuspended in 1mL of cold 1X PBS and centrifuged again (12 

seconds, 10 000g, 4ºC). For the preparation of extracts, cell pellets were 

processed as previously described for cell line suspensions.  

 

For the ribosylation reaction, coated histones of the strip wells needed were 

previously rehydrated during 30 minutes at R.T. with 50µl/well of 1X PARP 

Buffer. In parallel, always on ice, we prepared a PARP Standard curve with 

serial dilutions of PARP-HSA units (1 - 0,5 - 0,25 - 0,125 - 0) and the cell 

extracts using 5µg of proteins. Each sample was equated with 1X PARP 

Buffer to 25µl. Samples were distributed, 25µl/well of 1X PARP cocktail 

were added to each well and the plate was incubated covered with parafilm 

for 60 minutes, R.T.. Strip wells were washed twice with 200µl/well of 1X 

PBS + 0,1% Triton X-100 and twice with 200µl/well of 1X PBS + 0,1% 

Triton X-100. For the detection, 50µl/well of Strep-HRP were distributed in 

each well, incubated 60 minutes R.T., followed by two pairs of washes as in 

previous steps and  50µl/well of pre-warmed TACS-Saphire were finally 

distributed and incubated 10 minutes in the dark. The plate was measured by 

reading the absorbance on a microplate spectrophotometer at 630nm. For 

the data analysis, the absorbance of each sample was intrapolated in the 

PARP Standard curve to obtain the PARP enzymatic units of activity. Each 
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sample was assayed in triplicates and a minimum of three technical replicates 

were performed. 

 

M.9. Nucleic acid analysis 

M.9.1. DNA extraction 

 

DNA extraction was performed with QIAamp DNA Mini Kit (Qiagen) 

according the manufacturer’s recommendations. For DNA extraction from 

cultured cells, plated cells were gently scraped with the medium, centrifuged, 

resuspended in 200µl of 1X PBS and added to microcentrifuge tubes with 

20µl of proteinase K. 200µl of provided Buffer AL were added to the 

samples, vortexed for 15 seconds and incubated 10 minutes at 56ºC. After a 

brief spin, 200µl of 100% ethanol were added to the samples, vortexed for 

15 seconds again and briefly centrifuged. The mixtures were applied to 

QIAamp mini spin column and centrifuged 8000rpm for 1 minute. The 

filtrates were discarded, 500µl of provided Buffer AW1 were added and 

centrifuged 8000rpm for 1 minute. The filtrates were discarded again, 500µl 

of provided Buffer AW2 were added and centrifuged at full speed for 3 

minutes. Finally, DNA was eluted with 200µl of DEPC water incubated in 

the column 1 minute and centrifuged 8000rpm for 1 minute.  

 

For DNA extraction from tissues, fresh tissues where frozen in OCT and 

kept at -80ºC until needed. For the DNA extraction, 4 tissue slides of 14µm 

from each sample were obtained in a cryostat, placed in a microcentrifuge 

tube with 1mL of 1X PBS, vortexed for 30 seconds and centrifuged at 

maximum speed 5 minutes R.T. The pellet was resuspended in 180µl of 

provided Buffer ATL, added to a microcentrifuge tube with 20µl of 

proteinase K, vortexed and incubated at 55ºC with shaking overnight. Next, 
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200µl of provided Buffer AL were added, vortexed and incubated at 70ºC 

for 10 minutes. After a brief spin, 210µl of 100% ethanol were added, 

vortexed for 15 seconds again and briefly centrifuged. From this step, the 

process with QIAamp columns is the same as in cultured cells. The elution 

was performed with 70µl of 70ºC heated TE Buffer, incubated 1 minute in 

the column and centrifuged twice 8 000rpm for 1 minute.  

 

The DNA was kept at 4ºC for short term storage and -20ºC for long term 

storage. The DNA quantification and purity was measured with NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies). 

 

M.9.2. RNA extraction  

 

RNA extraction/purification was performed with RNeasy Mini Kit (Qiagen) 

according the manufacturer’s recommendations. For RNA extraction from 

culture cells an extraction with TRIzol (Invitrogen) previous to purification 

with Qiagen columns was used. Plated cells were washed with 1X PBS, 

disrupted with 0,1ml/cm2 of TRIzol and incubated 5 minutes R.T. 

0,02ml/cm2 were added to the suspension, incubated 15 minutes R.T., 

centrifuged (15 minutes, 12 000g, 4ºC) and the aqueous phase containing the 

RNA was recovered. For RNA 0,05ml/cm2 of 100% isopropanol were 

added to the solution, incubated 10 minutes R.T. and centrifuged (10 

minutes, 12 000g, 4ºC). The supernatant was eliminated by decantation, 0,1 

ml/cm2 of 75% ethanol were added, mixed by inversion and centrifuged (5 

minutes, 7500g, 4ºC). The pellet was air dried for ~30 minutes and 

resuspended in 100µl of DEPC water to proceed with QIAgen columns. 

350µl of provided Buffer RLT were added and mixed by pippeting, 250µl of 

100% ethanol were also added and all the mixture was placed on a Qiagen 

column and centrifuged 15 seconds 10 000 rpm. 350µl of provided RW1 



Material and Methods 

 

217 

were added to the column and centrifuged 15 seconds 10 000 rpm. 10µl of 

DNAse in 70µl of provided Buffer RDD were added and incubated 15/30 

minutes (for cell/tissue RNA extraction). Again, 350µl of provided RW1 

were added to the columns and centrifuged 15 seconds. Next, 500µl of RPE 

were added twice and centrifuged 15 seconds and 2 minutes 10 000 rpm the 

first and the second time respectively. The RNA elution was performed with 

50µl of 50ºC pre-warmed DEPC water, incubated 1 minute in the column 

and centrifuged 1 minute at maximum speed. 

 

For RNA extraction from tissues, fresh tissues where frozen in OCT and 

kept at -80ºC until needed. For the RNA extraction TRIzol was not used. 

Directly, 4 tissue slides of 14µm from each sample were obtained in a 

cryostat, placed in a microcentrifuge tube with 350µl of provided Buffer 

RLT (600µl in the case of more than 20mg of sample), homogenized with a 

syringe and centrifuged 3 minutes at maximum speed. The supernatant was 

recovered and one volume of 70% ethanol was added, mixed and 

centrifuged 15 seconds 10 000 rpm. The following steps are the described 

for RNA extraction from cells. The final elution was performed with 30µl of 

50ºC pre-warmed DEPC water.  

 

The RNA was kept -80ºC. The RNA quantification and purity was measured 

with NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). 

The integrity was assessed with the Agilent 2100 Bioanalyzer (Agilent) when 

RNA was needed for microarray analysis. RNA Integrity Numbers (RIN) 

greater than 9 was obtained from cell lines   

 



Material and Methods 

 

218 

M.9.3. Reverse Transcription quantitative PCR (qRT-

PCR) 

 

To study the mRNA expression by quantitative PCR (qPCR), mRNA was 

reverse transcribed to cDNA with High Capacity cDNA Reverse Transcription kit 

(Applied Biosystems) according to the manufacturer’s recommendations. 

The conditions for cDNA reverse transcription performed in the thermal 

cycler Mastercycler ep (Eppendorf) were: 

1- 1 cycle of 10 minutes at 25ºC 

2- 1 cycle of 120 minutes at 37ºC 

3- 1 cycle of 5 minutes at 85ºC 

4- Storage at 4ºC up to 24 hours, or -20ºC for long-term storage. 

 

For the DNA amplification we used Lightcycler 408 Probes Master (Roche) and 

the amplification was performed in the Lightcycle 408 Real Time PCR-System 

device (Roche). The amplification conditions used were: 

1- 1 cycle of 10 minutes at 95ºC (denaturation step) 

2- 45 cycles of : 10 seconds at 95ºC 

30 seconds at 60ºC 

 

The relative expression of each gene was normalized with the expression of 

the housekeeping gene: RPLP0. 

 

M.9.4. Fluorescence In Situ Hybridization (FISH) for 

PARP1 gene 

 

PARP1 gene copy number was determined by FISH on 3 µm sections 

resulting from the TMA using standard procedures. This determination was 

carried on by Sandra Zazo under the supervision of Dr. Rojo at Fundación 
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Jiménez Díaz. A bacterial artificial chromosome (BAC) clone labeled with 

Green 5-Fluorescein was selected representing the gene of interest from the 

region 1q41-q42: RP11-831N20 (PARP1) and obtained from the 

CloneCentral™ Human BAC Clone (Empiregenomics). Results were 

captured with a fluorescence DM2000 Leica microscope and analyzed with 

the Nuance FX Multispectral Imaging System. FISH scoring of fluorescence 

signals was carried out by counting the number of single gene copy in an 

average of 100 non-overlapping nuclei for each case. Normal number of 

probe signals of the gene was two signals per nuclei. Amplification was 

considered when the probe signals were more than two per nuclei. Fewer 

than two probe signals in more than 50% of the nuclei were considered a 

loss. 

 

M.9.5. Direct sequencing of BRCA1 and BRCA2 

 

DNA from cell lines was extracted as described in M.9.1. Primers for the 

detection of mutations in BRCA1 (Exon 20, 5382C (c.5263insC, 

p.Ser1755fs, STOP1829, BIC) and BRCA2 (Exon 11 c.5946delT) were used. 

The sequences used were: 

BRCA1: 

Fw: ATATGACGTGTCTGCTCCAC 

Rv: AGTCTTACAAAATGAAGCGG  

BRCA2: 

Fw: CACCTTGTGATGTTAGTTT 

Rv: TTGGGATATTAAATGTTCTGGAGTA  

Mutational analysis was performed by direct sequencing with BigDye v3.1. 

(Applied Biosystems) according to the manufacturer’s instructions and 

analysed on an ABI3730XLSequencer (Applied Biosystems). The sequencing 

and analysis was performed by Molecular Biology service from Hospital del 

Mar, by Silvia Pairet and Bea Bellosillo. 
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M.9.6. Microarray analysis 

 

Microarrays were performed and analyzed by the core facility Microarray 

Analysis Service (SAM) at IMIM (Hospital del Mar Research Institute). Two 

types of technologies were used in this work: 

SNP array (Comparative Genomic Hybridization, CGH) 

CGH arrays were used to analyze genomic instability in human breast 

tumour specimens and breast cancer cell lines by evaluating copy number 

changes. 

To quantify the genome instability four variables for each chromosome were 

analyzed: the number of aberrations of each group (total, gains and losses); 

the % of altered genome (total, gains and losses); the average of 

aberrations/case (total, gains and losses); the most overlapped region.  

Presence of alteration (gains and losses) in regions that contains DNA 

repair genes was also analyzed.  

All samples were hybridized to Genome-Wide Human SNP Array 6.0 

array (Affymetrix Inc.), which included more than 906 600 single 

nucleotide polymorphisms (SNPs) and more than 946 000 probes for the 

detection of copy number variation. Hybridizations were done according 

to the manufacturer’s protocol (Affymetrix Cytogenetics Copy Number 

assay). Briefly, 500 ng of total genomic DNA was digested with Nsp I 

and Sty I restriction enzymes and ligated to adaptors. After, the adaptor-

ligated DNA fragments were amplified, fragmented, labeled and 

hybridized to a Genome-Wide Human SNP Array 6.0 array. Following 

hybridization, the array was washed, stained and scanned.  Microarray 

data was extracted and visualized using the Affymetrix Chromosome 

Analysis Suite (ChAS) (Affymetrix Inc). 

A total of ten human breast tumour specimens were considered for the 

study, five with low PARP protein expression and five with high PARP 
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protein expression. And a total of six breast cancer cell lines were also 

compared between them.  

PARP related DNA genes repair were assessed for gains and losses in all 

samples in the data obtained from the same array using Affymetrix 

Affymetrix® Chromosome Analysis Suite (ChAS) Software, using human 

genome build hg19 and na31 annotations. No filters were considered to 

study alterations, that is a gain or a lost is considered if at least one probe 

is altered. 

The U Mann-Whitney test was used for analyzing continuous variables 

(% of altered, gained and lost genome; alterations, gains and losses per 

sample, protein expression). All the statistical tests were done with the 

SPSS 12.0 software (SPSS-IBM). A p-value of ≤0,05 was considered 

statistically significant and a p-value of ≤0,01 was considered statistically 

marginal. 

The elaboration of the heatmap representing the gains and losses in locus 

of genes related with DNA repair was performed with Genesis 

software362  

 

Expression arrays 

Expression arrays were used to study the gene expression profiles of 

three pairs of breast cancer cell lines (BT474, MCF7 and MDA-MB-231) 

knocked-down for PARP1 compared with their control cell line and 

between them. 

All samples were hybridized to Human GeneChip Exon 1.0 ST Array 

(Affymetrix). This array contains approximately 40 probes covering the 

length of each of the 18 708 genes contained. These probes are 

summarized into a single level data point that represents the expression 

of all the transcripts derived from each gene in a specific cell line at a 

specific moment. For the study of gene expression, mRNA was extracted 
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from each cell line in basal conditions (48 hours after being cultured in 

plates), the quality was assessed (RIN>9) and the samples were processed 

following the manufacturer’s protocol. 

Briefly, the obtained raw data was background corrected, quantile-

normalized and summarized to a logarithmic gene-level. A moderated t-

statistic model was used to determine those genes differentially expressed 

between each pair of cell lines (shControl vs. shPARP1). Next, the data 

was corrected for multiple comparisons using the False Discovery Rate 

(FDR) and those genes with a new adjusted p-value under 0,05 were 

considered significant. Hierarchical cluster analysis was performed to test 

the data aggregation. All data analysis was assessed with R (version 

2.11.1) with packages aroma.affymetrix, Biobase, limma and genefilter. 

The elaboration of the heatmap representing gene expression levels of 

genes with differential expression was performed with Genesis software  

Ingenuity Pathway Analysis (IPA) was used to study from our microarray 

data which functions, pathways and networks were significantly 

modulated. 

 

M.9.7. Primer designing 

 

Primers for selected genes were specifically generated for validating 

microarray data and to study the effects of Olaparib in mRNA 

expression. 

First, in the Universal ProbeLibrary Assay Design Center (Roche)363 we 

introduced the GenBank number of the gene of interest to obtain the 

probe of Roche and the pair of raw primers to optimize. Next, with the 

DNAstar Primer design software the given primers were improved trying to 

meet the following characteristics: avoid primer dimer and hairpin 
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formation; length of each primer between 18-23 mer; length of the 

amplicon between 90-110 base pairs; melting temperature around 60ºC 

and equal or similar between primers; preferably ending in “C” or “G” in 

both 5’ and 3’ ends; and lack of capacity to bind to other sites in the 

template. Finally, a BLAST with each of the optimized primers was run 

to confirm that the homology of each primer for the target gene had the 

highest score and the lowest E-value, and that the next gene sequences 

with homology for the primer had an E-value greater than a magnitude of 

difference. This last step was useful to confirm that the generated primers 

did not have capacity to bind inespecifically to other sequences in the 

genome or in the transcriptome different from the gene of interest. 

The following primers were designed (sequences on 5’ – 3’ ): 

 

PARP1 (Probe of Roche: #12#) 

Forward:  GGCGATCTTGGACCGAGTAG 

Reverse:  GTAATAGGCATCGCTCTTGAAG 

EGFR (Probe of Roche: #50#) 

Forward:  CAAGTGGATGGCATTGGAATC 

Reverse:  GCTTGGATCCAAAGGTCATC 

HER2 (Probe of Roche: #43#) 

Forward:  GGGCCAAACCTTACGATG 

Reverse:  CTTGGCCGACATTCAGAGTC 

RPLP0 (Probe of Roche: #6#) 

Forward:  GCAGGTGTTCGACAATGGC 

Reverse:  CTGGCAACATTGCGGACAC 
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M.10. Xenograft models 

 

All the animal procedures were performed according to the guidelines of 

European Community Directive and were approved by the PRBB ethical 

committee. 

All the mice models used in this work consisted in subcutaneous tumour 

implanted in one or both mice’s flanks. Cells were harvested by gentle 

trypsinization, counted and washed with PBS. Total number of cells to be 

inoculated for each five mice was resuspended in PBS/Matrigel Growth 

Factor Reduced (Becton Dickinson) (proportion 1:1), mixed to 

homogenize the suspension, and preserved on ice during the 

inoculations. Female 5 weeks old mice from Charles River were used for 

all the models. Mice strains and millions of cells used for each cell line are 

specified in the following table: 

 

Table M.2. Mice strains and number of inoculated cells 

Cell line Mouse Strain

Number 
of Cells

s.c. 
implantation

BT474 Balb/C nude 15*10
6

One flank

BT474 
shCT/shPARP1 Balb/C nude 15*10

6
Both flanks

MCF7 
shCT/shPARP1 Athymic Nude 10*10

6
Both flanks

231 
shCT/shPARP1 Balb/C nude 5*10

6
Both flanks  

 

In the case of BT474 and MCF7 cell lines (which are ER+), 24 hours 

prior to cell inoculations, 17β-estradiol pellets (0,72mg, 60-day release, 

from Innovative Research of America) were subcutaneously implanted in 

the posterior side of the neck between the ears and the shoulders to 

avoid mice self-manipulation. For pellet implantations and cell 

inoculations, mice were anesthetized with isofluorane in a M3000 
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Anesthesia Machine Vaporizer Non-rebreathing circuit (ParkLand Scientific) and 

manipulated in a sterile biological safety cabinet. Tumour growth was 

measured once or twice weekly with a digital calliper. Tumour volume 

was calculated based on the formula: [Volume = (L * W2)/2] , where 

(L)= tumour length and (W)= tumour width. For analyzing the tumour 

growth, each tumour volume measure was divided by its initial tumour 

volume (considered the volume registered one measure prior to the onset 

of tumour growth) to express the growth in folds, in the text called: 

Relative Tumour Volume (RTV). Once the treatment was finished or 

before the tumour reached the volume of 1500mm3, mice were sacrificed 

with CO2 inhalation, tumours were extracted and organs were checked to 

discard the presence of metastasis. A fraction of the tumours was fixed 

with formalin and paraffin-embedded for immunohistologic staining, 

another fraction was directly frozen in dry ice and later included in OCT 

if necessary for protein, mRNA or DNA extraction, and in the case of 

MCF7 shCT/shPARP1 xenografts, a fresh fraction was preserved at 4ºC 

and immediately processed to obtain tumour lysates for PARP enzymatic 

assay.  

In vivo treatments were performed as described in results section R.3.3.3. 

 

M.11. Statistical analysis 

 

Statistics for experimental with cell lines 

Statistical analysis was carried out with SPSS v12.0 (SPSS-IBM). 

Independent sample t-test was used to compare shControl cell lines 

versus shPARP1 cell lines in clonogenic, soft agar assay and migration 

and invasion assays, as well as to compare shControl versus shPARP1 the 

final tumour volumes and final tumour weight in xenografts. One-way 

ANOVA was always used to assess differences in cellular effects between 
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combined treatments and each drug alone. Tukey’s Post Hoc was used to 

perform pairwise comparison. All the statistical test were performed at 

the two-sided 0,05 level of significance. 

 

Statistics for PARP1 expression in tumour specimens: 

Statistical analysis of PARP1 expression also was carried out with SPSS 

v13.0. We hypothesized that the group of women with tumours non-

overexpressing PARP1 would have an 80% 5-year OS and the group 

overexpressing PARP1 a 65% 5-year OS. The minimal sample needed to 

detect this difference, with a power of 0,90 and two-sided error α of 0,05, 

was 241 cases. To correlate PARP1 expression and clinicopathological 

variables, we used the χ2 test (Fisher’s exact test). OS was defined as the 

time from the date of surgery to the date of death from any cause or last 

follow-up. DFS was considered from the date of surgery to the date of 

any primary, regional or distant recurrence, as well as the appearance of a 

secondary tumour or DCIS. Univariate analysis was based on the 

Kaplan– Meier OS and DFS curves using the log-rank test; all predictors 

with p-values<0,1 were used in multivariate analysis using the Cox 

proportional hazards model200. All the statistical tests were conducted at 

the two-sided 0,05 level. Receiver operating curve (ROC) was used to 

determine the optimal cutoff point based on relapse end point for 

PARP1 expression289. As shown in results figure R.6., the cut-off was set 

for an optical density of 39 970. Specimens with values above this cut-off 

point were considered as PARP1 overexpressors and specimens with 

values below non-overexpressors. This work was carried out in 

accordance with Reporting Recommendations for Tumor Marker 

Prognostic Studies (REMARK) guideline364. 
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