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Abstract
Discovering the concept of synthetic lethality has provided new background for the development of targeted therapies. Synthetic lethality is a condition which two genetic aberration create positive result in therapies. In cancer cells with BRCA1 and BRCA2 loss of function that have deficiency in DNA repair pathway by homologous recombination, inhibition of PARP1 enzymatic activity leads to converted single strand breaks to double strand breaks but cannot be repaired by homologous recombination. Inhibition of PARP by PARP inhibitors shows new targeted therapy for cancers with BRCA1/2 mutations. However loss of function of various proteins that have role in double strand break repair other than BRCA1 and BRCA2 has been suggested to be synthetically lethal with PARP inhibition. Inactivation of these genes reported in many human cancers, the most important genes in breast and ovarian cancers was BRCA1/2. Loss of function of these genes are biomarker for using PARP inhibitors to treatment. In this review we discuss about the effect of PARP inhibitors in treatment process of breast and ovarian cancer and prostate cancer that harbor BRCA1 and BRCA2 genetic deficiency. 
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Introduction
Breast cancer is one of the most prevalent cancers among women with risk of 8-10% (1). About 15-20% of breast and ovarian cancers are familial, such that genetic factors interact with environmental influences to increase risk of cancer. 5-10% of breast and ovarian cancers are hereditary caused by mutations in Breast Cancer Susceptibility gene 1 (BRCA1) and Breast Cancer Susceptibility gene 2 (BRCA2). The risk of breast cancer in a person who has a BRCA1 mutation is 20% until 40 years old, 82% until 80 years old, and 17% for ovarian cancer (2). For people with BRCA2 mutations the risk of breast cancer is 45% until 80 years old and 11% for ovarian cancer (3). Recent studies shown that existence of BRCA1 and BRCA2 mutations are associated with other cancers, such as prostate cancer in men, melanoma, and pancreatic cancer.
Previous work showed that BRCA1 and BRCA2 genes act as tumor suppressors. BRCA proteins have important role in repair of DNA breaks through homologous recombination mechanism. Breaks in DNA come from natural process as well as radiation or other environmental exposures, and they sometimes occur when chromosomes exchange during cell division. BRCA1/2 maintain the stability of chromosomes and activate damage DNA response as well as regulation of the cell cycle. Without BRCA1/2 the cells face genetic instability and form tumors. When DNA encounters a single stranded break, Poly (ADP-ribose) polymerase (PARP1) is activated and repairs the site of damage. PARPs are family of enzymes that respond to DNA damage. Eighteen PARP family members have been discovered, and PARP-1 to PARP-3 are dependent on DNA damage for their activities. Upon damage to DNA two PARPs (PARP1 and PARP2) are activated in the nucleus of mammalian cells. To test which of these have an important role in repair, either PARP1 or PARP2 and BRCA2 were depleted with siRNA. Small interfering RNA (siRNA) are small pieces of double strand RNA bind to messenger RNA at specific sequences to promoting mRNA degradation (4). So siRNA prevent the production of specific proteins based on the nucleotide sequences of their mRNA. In this experiment scientist depleted BRCA2, PARP1 and PARP2 by siRNA. Results showed that when PARP1 and BRCA2 are depleted together, the clonogenic survival become significantly reduced (Figure 1). On the other hand depleting PARP2 with BRCA2 did not have an effect on clonogenic survival. Thus, PARP1 appears to have more important role in the repair of DNA damage. 
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Figure 1: "Clonogenic survival after 48 h depletion of BRCA2, PARP1 and PARP2. The means and standard deviation of at least three experiments are shown."[footnoteRef:1] [1:  Helen E. Bryant1, Niklas Schultz2, Huw D. Thomas3, Kayan M. Parker1, Dan Flower1, Elena Lopez1, Suzanne Kyle3, Mark Meuth1, Nicola J. Curtin3 & Thomas Helleday1,2- Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase-914 figure 2b. (2005).] 

In absence of PARP activity, the single strand breaks (SSBs) become double strand breaks (DSBs) because the separation of the replication fork leading to DSBs (Figure 2). Cells have two pathways for repair of DSBs: 1) Homologous Recombination (HR) pathway that uses sister chromatids to repair breaks by several factors such as BRCA1; 2) Non-Homologous End Joining (NHEJ) that joins two ends of break site of DNA together by 53BP1 and DNA Ligase IV4 which are prone to errors. Homologous recombination, repairs DNA before the cell enters mitosis (M phase). It occurs during and shortly after DNA replication during, the S and G2 phases of the cell cycle, when sister chromatids are available (5). Sister chromatids are templates for homologous recombination because they have an identical copy of a given chromosome. 
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Figure 2:"Model: in the absence of PARP1, unrepaired SSBs collapse replication forks into DSBs, which are repaired by BRCA2-dependent homologous recombination"[footnoteRef:2] [2:  Helen E. Bryant1, Niklas Schultz2, Huw D. Thomas3, Kayan M. Parker1, Dan Flower1, Elena Lopez1, Suzanne Kyle3, Mark Meuth1, Nicola J. Curtin3 & Thomas Helleday1,2- Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase-915 figure 3d. (2005).
] 

Familial breast cancer is caused by inherited defect in one alleles of BRCA1 or BRCA2; alternatively, spontaneous mutations in BRCA1 or BRCA2 may occur. In absence of BRCA1 other factors like Rad51, HR pathway is impaired. As a result cells use NHEJ pathway for repair that do not use a template like HR and produce complex chromosome rearrangements resulting in genomic instability. The HR defect with BRCA1/BRCA2 deficient cells have sensitivity to PARP inhibitors through mechanism described below. This property of PARP inhibitor can be used to kill HR-defective cells in treatment of breast and ovaries cancer. 
PARP inhibitors are agents that can be used for treatment of BRCA-deficient breast and ovarian cancer. PARP inhibitors, inhibit the BER pathway so the single strand breaks are not repaired and cells attempt to use the HR pathway. In BRCA1 and BRCA2 deficient cells, the HR pathway is defective, leading to PARP inhibitors sensitivities. PARP inhibitors, when used on BRCA1/2 deficient cells, have a synthetic lethality effect, which is when a combination of two conditions leads to cell death (as shown in figure 1). One of the advantages for synthetic lethality is that only the tumor tissue will be targeted and the amount of toxicity will be reduced. Another mechanism of action of PARP inhibitors is called “PARP trapping”, which may be more important in determining PARPi cytotoxicity (6). In this process PARPi prevents dissociation of PARPs from the DNA damage site. These stabilize PARP/DNA complexes and block the replication fork during DNA replication and as a consequence cause double strand breaks formation. 
All PARP inhibitors discovered to date can inhibit both PARP1 and PARP2. Scientist tested the effect of PARP inhibitors on BRCA1 or BRCA2- deficient cells. PARP inhibitors under clinical development targeted PARP 1 and PARP2 proteins. Such PARP inhibitors include Pfizer’s PF 01367338 (AG014699), AstraZeneca’s Olaparib (AZD2281, KU-0059436), sanofi-aventis’ iniparib (BSI 201), Abbott Laboratories’ veliparib (ABT 888), Merck’s MK 4827, and Cephalon’s CEP 9722. Biomarin’s BMN673 (LT-673) and BiPar Science’s BSI 401 are in preclinical development (7).
In this type of therapy with PARP inhibitors, scientist have observed that some cells show resistance to this drug. This drug resistance can occur by HR restoration in BRCA1-deficient cells. They have shown that proteins which regulate NHEJ have an effect on HR pathway. If 53BP1 is lost in BRCA1 mutant cells, the HR pathway is restored by inducing ATM that attach to broken end of DNA and produce recombogenic single-stranded DNA that can repair with HR. But DNA Ligase IV deficient cells can't reverse HR defective in BRCA1 mutant cells. The balance between HR and NHEJ can kill or protect BRCA1 mutant cells that are the major reason for breast and ovarian cancer. The ways to overcome to these resistance for treatment is important issue that will be the focus of this thesis.
The multiple areas of exploration of PARP inhibitors include the biology of the PARP inhibitors, DNA repair mechanisms, genetic defects of DNA repair, and the toxicity effect of PARP inhibitors. This article will have three chapters; chapter 1 include introduction of BRCA1 and BRCA2 genes, their roles in homologous recombination, and BRCA1/BRCA2 mutations. Chapter 2 will discuss the role of PARP in cells, clinical development of PARP inhibitors, and possibility of inducing tumors to be more sensitive to PARP inhibitors, and resistance of cells to PARP inhibitors. Chapter 3 will focus treatment other cancers by PARP inhibitors. This review article will discuss these areas with focus on PARP inhibitors in the treatment of BRCA1 and BRCA2 cancer cells. 

Chapter 1                 BRCA1 and BRCA2 genes
BRCA1 and BRCA2 genes are identified as gene mutations in hereditary familial breast and ovarian cancer. These genes are tumor suppressors that control the cell growth so inactivation of these genes leads to loss of growth control. Existence of one allele mutation of these genes is enough to increase predisposition to cancer but it is not enough for tumor formation. However, inactivation of both alleles of these genes leading cells to formed tumor. These genes have important role in the repair of DNA breaks through homologues recombination mechanism that maintains the stability of chromosomes and activates DNA damage responses. These genes contain high densities of repetitive elements. This feature in BRCA genomic region increase the chromosomal instability of these genes. Scientist approve somatic alternation of BRCA and BRCA2 are common and driven by rearrangement between these repetitive elements (9). Analysis of Breast Cancer Linkage Consortium (BCLC) families, by age 70 years showed that BRCA1 mutations for breast cancer risk is 71% and for ovarian cancer risk is 47-63%. BRCA2 mutations for breast cancer risk is 84% and an ovarian cancer risk is 27% (Ford et al, 1998) (8). Scientists hope that identification of the properties of BRCA1 and BRCA2 will provide an important key to cancer prevention and new cancer treatments.
-Role of BRCA1 in cells
BRCA1 is a large protein with multiple functional domains that interacts with several proteins with important roles in biological pathways. Mounting evidence indicates that BRCA1 has role in all phases of cell cycle and regulates events in cell cycle progression. The deficiencies of BRCA1 cause abnormalities in S-phase checkpoint, the G2/M checkpoint, the spindle checkpoint and centrosome duplication. Deficiency of BRCA1 results in genomic instability affecting cellular responses to DNA damage and induces apoptosis. The roles of BRCA1 in cell cycle checkpoints, genome integrity, DNA damage response (DDR) and tumor evolution will help us to understand cancer cells with BRCA1 mutations and find therapeutic approaches for this disease.  
BRCA1 gene was mapped in 1990 and was cloned in 1994 (10). Germline mutations in BRCA1 have been found in approximately half of familial breast cancer and most cases of combined familial breast and ovarian cancers. The location of BRCA1 is on q arm of chromosome 17 at position 21 (Figure 3). It has 24 exons and encodes the BRCA1 protein that has 1863 amino acids and also encodes at least two smaller proteins via alternative splicing (11-14). One form of BRCA1 is one that does not have exon 11 designated BRCA1-Δ11 (14). Full length BRCA1 has multiple functional domains such as conserved N-terminal RING finger, two nuclear localization signals that exist in exon 11, an ‘SQ’ cluster between amino acids 1280–1524 and C-terminal BRCT domains (15). BRCA1 interacts directly or indirectly with several tumor suppressors, oncogenes, DNA damage repair proteins, cell cycle regulators and transcriptional activators. Therefore BRCA1 mutations have multiple effect on cell including growth retardation, defect in repair of DNA damage, increased apoptosis, abnormal centrosome duplication, defective G2/M checkpoint, impaired spindle checkpoint and chromosome damage (16,17). Oncologists suggest that mutations in BRCA1 don’t directly result in tumor formation but it causes genetic instability and leading cells to transform to malignancy (18,19). 
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Figure3: Location of BRCA1 gene on chromosome 17.                Figure 4: Multiple functions of BRCA1 in the cell.
An important role of BRCA1 is to participate in DNA repair pathways such as homologous recombination. The first step of this pathway is establishing BRCA1 at DNA damage site and then repairing of DNA. BRCA1 has BRCT domains that can recognize phosphorylated serine-proline-x-phenylalanine (pSPxF) motif including Abraxas, Bach1/FancJ and CtlP. Ionizing radiation that causes damage on DNA strands induces ATM dependent phosphorylation of serine 404. Phosphorylated S404 that motifs like promotes BRCA1-BRCT domain to attach to Abraxas and make BRCA1-BRCT/Abraxas heterodimer. This complex can bring BRCA1 to DNA damage sites (20).  Mutation of S404 leads to deficiency in BRCA1 to attach at DNA damage sites and cells become sensitive to IR. Two germline mutations of BRCA1 are found to disrupt the dimer interface and complex formation. The phosphopeptide-binding ability of BRCA1-BRCT is essential for BRCA1 tumor suppression function (Shakya et al., 2011), where many breast and ovarian cancer related mutations occur (Clapperton et al., 2004; Couch and Weber, 1996; Friedman et al., 1994; Shattuck-Eidens et al., 1995; Shiozaki et al., 2004; Williams et al., 2004).
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Figure 5: Mechanism of BRCA1 recruitment to sites of DNA damage. 
- Role of BRCA2 in cells
In 1995 the BRCA2 gene was isolated from q arm of chromosome 13 at position 12.3. It has 26 coding exons that includes approximately 84.2 kb of genomic DNA and encode a protein with 3418 amino acids (28). BRCA2 is a nuclear protein that contains an N-terminus that has transcriptional activation domain and C-terminal domain that has DNA binding domain.  Two nuclear localization signals (NLS) have been identified in BRCA2 C-terminal domain. BRCA2 exon 11 encodes eight conserved motifs called BRC repeats and each of these repeats is composed of 30 residues. BRCA2 expression depends on the rate of cell proliferation and expression of BRCA2 was observed in actively dividing tissues such as epithelium of breast during puberty and pregnancy but not in non-dividing cells. The BRCA2 expression is regulated during the cell cycle and the highest expression of BRCA2 is in S-phase.
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Figure 6: structure of BRCA2. BRCA2 is a 3418 aa protein. BRC repeats: BRCA C-terminal repeats; NLS: Nuclear localization signals.  
BRCA2 has several functions in cells including: maintenance of genomic integrity and cellular response to DNA damage through homologous recombination, DNA replication stress, telomere maintenance, R loop metabolism, G2/M checkpoint, mitosis and cytokinesis and transcriptional control. 
-Homologous recombination
DNA break repair pathway is generally divided into two pathways; one of them repairs damage affecting one strand of DNA, and the other repairs damages affecting both strands of DNA. Homologous recombination (HR) and non-homologous end joining (NHEJ) are repair mechanisms that fix damages on double strand (DSBs). Nucleotide excision repair, base excision repair (BER) and mismatch repair (MMR) are repair mechanism for single strand breaks (SSBs). 
DSBs are the most important DNA lesion in cells that can cause genome rearrangement and genomic instability. DSBs are induced by ionizing radiation and by endogenous sources during recombination and meiosis (Keeney and Neale 2006; Nishana and Raghavan 2012). DSB also occurs during DNA replication when forks are blocked by lesions such as single strand breaks and other types of base damage (Allen et al. 2011; Budzowska and Kanaar 2009). Cells sense the DSBs damage and phosphorylate H2AX (γ-H2AX) that act as a marker for DSBs and have important role in DNA damage signaling and DSB repair. Cells have two pathways to repair DSBs; one of them is non-homologous end joining (NHEJ) and the other is homologous recombination (HR). When two DSBs occur on different chromosomes, NHEJ can mediate translocations (Lieber et al.2006; Nickoloff et al. 2008; Weinstock et al. 2006), but most of the time repair through NHEJ occurs with small error such as short deletions or insertion mutations (Deriano and Roth 2013). This mechanism leads to genome instability. HR can occur between two homologous sequences such as sister chromatids and repair through this mechanism is generally error free. 
HR is divided in two pathways for repairing DSBs; a conservative and accurate pathway that use RAD51 to mediate stand invasion (DSBR) and non-conservative pathway that is RAD51 independent that termed synthesis-dependent strand annealing (SDSA). They are two models for how HR repairs two ended DSBs, and the choice between these two ways is regulated by proteins that control resection including 53BP1 and, BRCA1. BRCA1 and BRCA2 interact with other proteins in HR pathway to repair the damage site of DNA. After DNA damage occurs, the histone H2A family member H2AX becomes phosphorylated and forms foci at break sites. The Mre11/Rad50/Nbs1 (MRN) complex then attaches to break sites of DNA. Mre11 has endonuclease activity that caused nucleolytic processing of DSBs to produce ssDNA overhangs that is necessary for HR; this process is called resection. During resection RPA (replication protein A) attaches to ssDNA overhangs, becomes phosphorylated, and is replaced by RAD51 with the help of BRCA1 to form RAD51 ssDNA nucleofilament. The formed RAD51 nucleoprotein filament facilitates DNA strand invasion and exchange steps which leads to formation of a Holliday junction (HJ). From this point, the DSBR (double-strand break repair) pathway and the SDSA (synthesis-dependent strand annealing) pathway are defined. For the DSBR model the nucleoprotein filament search for DNA sequences similar to 3' overhang; in fact the second 3’ overhang forms a holiday junction with the homologous chromosome that is the sister chromatid. After finding the proper sequence, the single stranded nucleoprotein filament moves into the similar recipient DNA (that is the sister chromatid) by a process called strand invasion. After searching for homology strand a displacement loop (D-loop) is formed during strand invasion between the 3' overhang strand and homologous chromosome. Then DNA polymerase synthesizes new DNA at the end of the invading 3' strand (Figure 7c). Through SDSA pathway, the first invading 3' strand is extended along the recipient DNA by a DNA polymerase and did not form holiday junction and resolve by branch migration (figure 7b).
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Figure 7: "Homologous recombination pathway to repair double strands breaks. a) After DSB formation, the DNA ends create 3’ single strand DNA (ssDNA) overhangs. These overhangs are substrates for HR proteins to invade the strand through partner chromosome. After homology search, strand invasion occur to form a nascent D-loop structure. DNA synthesis then continued. b) In SDSA pathway, the D-loop is unwound and ssDNA strand anneals with the complementary ssDNA strand that is associated with the other DSB end. Process completed by gap filling DNA synthesis and ligation. In this process only noncrossover products are formed. c) The second DSB end can be captured to form an intermediate that harbors two Holliday junctions (HJ), accompanied by gap-filling DNA synthesis and ligation. The resolution of HJs by a specialized endonuclease can result in either non-crossover or crossover products.[footnoteRef:3]" [3:  Joseph San Filippo, Patrick Sung, and Hannah Klein. Mechanism of Eukaryotic Homologous Recombination. 2008.77:229-257- figure 1- 235] 

BRCA1 has high affinity to bind other proteins that participate in HR pathway. One of the first interacting proteins discovered was RAD51 (42,43), which functions in homologous recombination and DNA damage repair. It was demonstrated that in BRCA1 deficient cells the RAD51 foci formation in cultured MEFs after γ-irradiation are decreased (44). RAD51 also interacts with BRCA2 and it is suggested that BRCA1-BRCA2-RAD51 form a stable complex during DNA damage repair. A group of proteins associated with BRCA1 to form a large complex called BASC (BRCA1-associated genome surveillance complex) (45). This complex includes tumor suppressors and DNA damage repair proteins, MSH2, MSH6, MLH1, ATM, BLM and the RAD50-MRE11-NBS1 protein complex. Members of this complex recognize abnormal DNA structure or damage DNA such as DSB, mismatched DNA, stalled replication forks, Holliday junctions and telomere repeats. This finding suggested that BRCA1 functions as a basic element to start multiple activities required for maintaining genome integrity. After DNA damage the histone H2AX become phosphorylated and formed foci at break site. BRCA1 is recruited to this foci before other factors RAD51. This suggests that H2AX and BRCA1 initiate repair and allow DNA repair proteins to accesses the damage site. Analysis of DNA damage repair in absence of H2AX demonstrated that DNA damage repair fails because of diminished BRCA1 foci formation in H2AX−/− cells after irradiation (46).
BRCA2 was first identified protein as DNA repair protein that has physical interaction with recombination protein RAD51 (47,48). During HR, RAD51 and BRCA2 with other factors promote a reaction and use damaged chromatid pairs for exchange of genetic information from the latter to the former. This process needs the resection of DSB to generate a 3′-ssDNA overhang that used for recombination machinery to find homology. At the end displacement loop (D-loop) is formed between resected DNA and template chromatid to promote DNA synthesis. 
In humans, RAD51 binding site of BRCA2 is located in the BRC repeats. RAD51 interaction site is on C-terminal region. Through the BRC repeats, BRCA2 enforces RAD51 to bind single stranded DNA (ssDNA) and promotes its HR function (49,50). BRCA2 binds DNA through DNA binding domain in the C-terminal region that contains 3 oligonucleotide/oligosaccharide binding folds (OB folds), a helical domain, and a tower domain (51). The DNA binding domain and RAD51 interacting site allow BRCA2 to promote the assembly of RAD51 onto ssDNA and ssDNA/dsDNA junctions (52). BRCA2 is able to displace replication-protein A (RPA) from ssDNA to form RAD51 nucleoprotein filament that promotes DNA strand exchange (Figure 8). This finding shows that the role of BRCA2 as a mediator of HR in somatic cells. Another factor that binding to BRCA2 and promotes HR is PALB2 (partner and localizer of BRCA2). PALB2 is attached to BRCA2 through N-terminus of BRCA2. Both proteins cooperate in stimulating RAD51-mediated D-loop formation (53). The depletion of PALB2 leads to a decrease in HR efficiency. PALB2 forms a complex with BRCA1 and BRCA2 and provide an indirect link between the two BRCA proteins (54). Like BRCA1 and BRCA2, PALB2 is also a breast cancer predisposition gene (55). 
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Figure 8: Role of BRCA2 in homologous recombination. a) Functional domains in human BRCA2. b) BRCA2 binds to Rad51 through BRC repeats and C-terminal Rad51-binding domain (CTRB) charged by an intact Rad51 heptamer. One of the BRC repeats and the CTRB then cooperate to assemble a nascent Rad51 filament, followed by the further displacement of RPA by the growing Rad51 filament. c) Function of BRCA2 in assembling Rad51 to the ssDNA region of a resected DSB. 

The ends of chromosomes have the potential for DNA damage repair. Homologous recombination prevents chromosomal ends from degradation, fusion and maintain telomere integrity. BRCA2 facilitates telomere replication and protection by loading RAD51 onto telomeric DNA. But in BRCA2 deficient cells the telomeres become fragile telomeres and telomere sister chromatid exchange is increased (32). So BRCA2 deficient tumors show telomere shortening and telomere fragility that can promote tumorigenesis (33). BRCA2 also has potential binding sites to attach to both ssDNA and dsDNA. Scientists used electrophoretic mobility shift assays (EMSA) for testing the ability of BRCA2 to bind ssDNA (3' tail and 5' tail) and dsDNA. Illustration below shows that Brca2 can bind to all of them but it prefers ssDNA for attachment (figure 9). 
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Figure 9: "BRCA2 displays a strong preference for binding tailed and ssDNA substrates over dsDNA.[footnoteRef:4]" [4:  Ryan B. Jensen1, Aura Carreira & Stephen C. Kowalczykowski, Purified human BRCA2 stimulates RAD51-mediated recombination. Nature 679- figure2 (2010)] 

BRCA2 stimulates DNA strands to exchange by RAD51. The function of RAD51 in homologous recombination is due to its capacity to create homologous repair for exchanging DNA strands. RAD51 can bind to both ssDNA and dsDNA and compete with RPA for binding ssDNA (34,35). The attachment of RAD51 to dsDNA can blocks DNA strand exchange (35,36). In this way scientist used a mixture of 3' tailed DNA and dsDNA and introduced RAD51 to this mixture. Analysis showed that RAD51 can bind to both ssDNA and dsDNA so DNA strand exchange is reduced to background levels (figure 10b). When BRCA2 was added to this mixture before RAD51 bind to DNA, BRCA2 inhibited the attachment of RAD51 to dsDNA and directed RAD51 to ssDNA and DNA strand exchange increased.
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Figure 10: "BRCA2 stimulates DNA strand exchange promoted by RAD51. a) DNA strand exchange reaction protocol for b and c. b) Reaction in the absence (left) or presence (right) of RPA. d) DNA strand exchange protocol for e in the absence of RPA.[footnoteRef:5]" [5:  Ryan B. Jensen1, Aura Carreira & Stephen C. Kowalczykowski, Purified human BRCA2 stimulates RAD51-mediated recombination. Nature 679- figure3 (2010)] 

Another experiment showed amount of DNA strand exchange by RPA and RAD51 in absence or present of BRCA2. They used the optimal amount of RAD51 and naked ssDNA. At first ssDNA was coated with RPA (figure 11a) and then RAD51 introduced. The amount of DNA strand exchange was measured by RPA and RAD51 in the absence or present of BRCA2. The increased amounts of RPA before addition of RAD51 caused impaired of DNA strand exchange. But the increase of BRCA2 increased the amount of DNA strand exchange. This is because BRCA2 help RAD51 formed nucleoprotein filament at the presynaptic stage of recombination (Figure 11).
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Figure 11: "BRCA2 stimulates RAD51-mediated DNA strand exchange by promoting stable RAD51–ssDNA filament formation, overcoming inhibition by RPA. a) DNA strand exchange reaction protocol for b and c. b) Autoradiograms of 3’ tailed, 5’ tailed and ssDNA substrates. c) Quantification of b. d) Assays as in a, except RecA replaced RAD51 and SSB replaced RPA. e) Inhibition of RAD51 ssDNA-dependent ATP hydrolysis by BRCA2.[footnoteRef:6]" [6:  Ryan B. Jensen1, Aura Carreira & Stephen C. Kowalczykowski, Purified human BRCA2 stimulates RAD51-mediated recombination. Nature 680- figure4 (2010)] 

In some species that lack BRCA2, like V.Maydis and E.coli, analogous protiens exist which function like BRCA2. In these cases. These proteins can only attach to 3' ssDNA overhang but the human BRCA2 can act at both 3' and 5' tailed DNA and the DNA strand exchange in both position. BRCA2 have this ability to stimulate RAD51 bind to 3' to 5' ssDNA tails.
BRCA2 has four effects: 1) It forces binding of Rad51 to ssDNA 2) It increases the rate of RPA replacement to Rad51 in ss-DNA 3) Inhibits ATPase activity of Rad51 4) limits Rad51 attachment to dsDNA. BRCA2 produces the active and most stable form of RAD51, the ATP-RAD51-ssDNA complex (37,38). RAD51 have self-inactivation by ATPase activity so BRCA2 inhibits RAD51 self-inactivation. BRCA2 facilitate assembling of RAD51 in both 5' 3' and 3'5' directions. The loss of BRCA2 in each cell stops the homologous recombination pathway and therefore the cell uses the error-prone repair that increase chromosomal instability. 
Another function of BRCA2 is transcriptional activation. The third exon of BRCA2 has been involved in transcriptional activation (39). This function is regulated by multiple factors like EMSY that attach to N-terminal region of BRCA2 and represses its transactivation activity. Because EMSY is amplified in sporadic breast and high grade ovarian cancer, this interaction may link BRCA2 to sporadic breast cancer (40). BRCA2 associates with the tumor suppressor and transcription regulation protein p53 through the DBD. Overexpression of BRCA2 inhibits the transcriptional activity of p53 and the level expression of target genes are reduced such as p21 and Bax. P53 transactivation deficiency leads to HR inhibition so association of BRCA2 and p53 can play an important role in regulation of HR (41). 
-BRCA1 and BRCA2 mutations in Breast and Ovarian cancers: 
Mutations in BRCA1 and BRCA2 are responsible for 80-90% of all hereditary breast cancers (56). Germline mutations in BRCA1 and BRCA2 are responsible for 5%-10% of epithelial breast and ovarian cancer (57). Mutations of these genes have been found throughout the entire coding region and splicing sites. The majority of mutations in both genes are small insertion or deletions resulting in a frame shift, nonsense mutations or splice site alternations. The Breast Cancer Information Core (BIC) has published the specific mutations in BRCA1 and BRCA2. Currently they have collected 12,000 carriers of BRCA1 mutation and 11,000 BRCA2 carriers on record. The BIC reports that the most common BRCA1 mutations identified are 185delAG (16.5%), 5382insC (8.8%) and the missense alteration C61G (1.8%). The most commonly reported BRCA2 mutations are 6174delT (9.6%), K3326X (2.6%), 3036del4 (0.9%), and 6503delTT (0.8%) (58). 70%-75% of breast and ovarian cancers are sporadic and it has been suggested that BRCA1 and BRCA2 deficiency have a role in this type of cancers as well. The risk of breast and ovarian cancer among patient with BRCA1 and BRCA2 mutations are different, which may result from differences in exposure to environmental risk factors in different populations or within families. Also genetic backgrounds may influence disease risk.
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Figure12: Present Breast and Ovarian cancer risk in BRCA1, BRCA2 mutation genes and general population

 BRCA mutation testing can predict the amount of cancer risk. Data shows that breast and ovarian cancer risk vary by different type and site of mutations in BRCA genes. It is suggested that BRCA1 mutations in the central part of the gene (nt 2401-4190) are related to lower breast cancer risk and the mutations in the 3’ end (beyond nt 4119) could be related with lower ovarian cancer risk (Thompson and Easton, 2002). Scientists identified the regions of the gene related to increased risk of breast and ovarian cancer. The regions that increase the breast cancer risk compared with ovarian cancer are called breast cancer cluster regions (or BCCRs), and regions associated with a higher risk of ovarian cancer compared to breast cancer are called ovarian cancer cluster regions (or OCCRs). For BRCA1, an initial study suggested that mutations located in the5’ end of the gene were associated with higher risks of ovarian cancer compared to mutations in the 3’ end (Gayther et al., 1995) (figure 13& 14). Scientist identified 3 BCCRs and 1 OCCR region in BRCA1gene but in BRCA2 gene they found multiple BCCRs and 3 OCCRs region. Thus with distinct mutations, it is possible to predict the type of cancer with greater accuracy. Scientists have hope to design an algorithm that can calculate risk of developing breast and ovarian cancer according to data from cluster regions in BRCA1 and BRCA2 sequences. This prediction allows doctors and patients to access more data for earlier treatment. 
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Figure 13: “Proportion of breast and ovarian cancer cases in families with mutations in the 50, central and 30 regions of each gene. Yellow part is exon structure of each gene and dark blue are breast cancer cases and light blue are ovarian cancer cases. Data from Thompson et al. (2001, 2002a) and Ramus et al. (2007) (excluding overlapping families). (a) BRCA1; the ratio of breast to ovarian cancer in each region is 1.4, 0.9 and 2.2 respectively showing increased risk of ovarian cancer for mutations in the central region bounded by 2388–4185 bp. (b) BRCA2 gene mutations in the central OCCR, bounded by 3059-6629bp showing more risk of ovarian cancer to compare with ratio of breast cancer in other region.[footnoteRef:7]” [7:  Susan J. Ramus, Simon A. Gayther. The Contribution of BRCA1 and BRCA2 to Ovarian Cancer, Molecular Oncology3 (2 0 0 9), 1 3 8 – 1 5 0. Figure 2-142.] 
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Figure 14: The correlation between BRCA gene mutation region and the risk of breast and ovarian cancer.
Studies have demonstrated that the loss of one allele of BRCA1 by mutation leads to haplo-insufficiency, which results in genomic instability. This genetic instability may promote another genetic changes in BRCA1 heterozygous cells. Heterozygous BRCA1 inactivation is likely to be insufficient for complete breast carcinogenesis because most of BRCA1 tumors showed loss of second wild-type BRCA1 allele. So scientists have suggested BRCA1 haplo-insufficiency leads to genomic alternations but is not sufficient for BRCA1-mediated breast tumors. So the hallmark of somatic inactivation in tumor suppressor genes is loss of one copy of gene when another copy of gene have a mutation; this process called loss of heterozygosity (LOH). LOH is the most common type of somatic alternation found in human breast tumors. The BRCA1 region also displays LOH in 30 to 70% of sporadic breast and ovarian cancer. It shows that BRCA1 is a tumor suppressor gene and has a role in both inherited and sporadic breast and ovarian cancer (59).  Previous studied on BRCA1 gene demonstrate that the mutation of a single allele of BRCA1 leads to genomic instability in human breast epithelial cells. The women who carry heterozygous BRCA1 mutations have 85% risk for breast cancer, and the wild-type allele of BRCA1 are lost in all these tumors (60). 
Somatic mutations that occur in repetitive elements of BRCA genes are frequent events. In a woman who has germline mutation in BRCA1 or BRCA2, somatic inactivation of remaining allele causes cells to lose their ability to repair damage of DNA. This cell will be arrested by cell cycle checkpoint and will die. In a women without germline mutation that have sporadic BRCA tumorigenesis, somatic alternation of one allele of BRCA1 or BRCA2 in breast epithelial cells occurs in repetitive elements of these genes during estrogen-mediated proliferation. Inactivation of second allele may occur through four mechanisms: somatic genomic alternation or transcriptional splicing, loss of BRCA function related to haplo-insufficiency or failure of post-translational modification. Inactivation of second BRCA allele results in cell death. 
The rare BRCA deficient cells escape from cell death. For this event scientists suggest that tumor may acquire second alteration including mutation of critical checkpoint genes that result tumor formation. For BRCA1-mediated tumorigenesis, one of the checkpoint genes is p53. Evidences shows that loss of BRCA1 in mammary cells of mice leads to incomplete proliferation, apoptosis and tumor at a low frequency (38). In these mice heterozygous mutation of p53 leads to more mammary tumors and most of them have lost their remaining p53 allele. In this model p53 mutation would inactivate cell cycle checkpoint and lead to uncontrolled growth (Figure 15). P53 alteration can rescue cellular lethality caused by BRCA1 deficiency. The identification of similar genetic alternations that activate other genetic changes could be potentially exploited to develop targeted therapies for BRCA1-related cancers and will be explained in the second chapter. 
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Figure 15: BRCA1 mutated cells lose their ability repair damage of DNA and cause genetic instability. If cell cycle checkpoint is activated these cell arrests and will die but in absence of cell cycle checkpoint, like p53, this cell growth is uncontrolled and produces tumor.  
BRCA1 and BRCA2 germline mutations are the fundamental defect in hereditary breast and ovarian cancer when the normal allele is inactivated in cancer cells (61, 62). The first estimated breast cancer risk related to BRCA1 patogenic varients  was based on 33 families with linkage to BRCA1 with an estimated risk of 87% by age of 70 years (Ford et al 1994). For BRCA2 early cumulative breast cancer risk are estimated to be 84% by age 70 years (Ford et al 1998). Another studied 676 Ashkenazi families and 1272 families of other ethnicities. Here, the breast cancer risk in these groups of women with germline BRCA1 reached 46% by age 70 years (Chen et al 2006). Studies on groups of individuals from United kingdom included 978 individuals with a BRCA1 pathogenic variant and 909 individulas with BRCA2 variant, and estimated the breast cancer risk in BRCA1 heterozygotes to be 60% and 55% risk for BRCA2 heterozygotes by age 70 years (Mavaddat et al 2013). For estimating BRCA1/2 defeciency in male breast cancer scientists collected data from 1939 families with 97 males with breast cancer and evaluated the risk of developing breast cancer in males with BRCA1 or BRCA2 pathogenic variants. The risk was higher for men in 30 and 40 years and decreased by increasing age. 
Ovarian cancer includes fallopian tube and primary peritoneal cancers. BRCA germline mutations increase risk for ovarian cancer, ranging from 16.5% to 63%. The estimated risk for BRCA1 pathogenic variants were 63% by age 70 years (Easton et al 1995) and for BRCA2 pathogenic variants were 27% by age 70 years (Ford et al 1998). In the US population study included 676 Ashkenazi families and 1272 families of other ethnicities, ovarian cancer at age 70 years in individual with germline BRCA1 mutation was 39% (Chen et al 2006). In another study estimated risk of ovarian cancer among BRCA1 heterozygotes was 37% and 21% among BRCA2 heterozygotes (Satagopan et al 2002). Recently analyzes of the molecular pathways of ovarian cancer, calculated that most cases of high grade cancers arise from the fallopian tubes rather than the ovaries (Daly et al 2015). Studied on ovarian cancer in women with a germline BRCA1/2 mutations showed higher survival rate compared to individuals without BRCA1/2 deficiency. Additionally epithelial ovarian tumors that were platinum- sensitive were more likely to have germline BRCA1/2 mutant cancer than individuals with platinum resistant tumors (Dann et al 2012). Recently, studies in a large group of unselected individuals with ovarian cancer illustrated the short-term survival in ovarian cancer with germline BRCA1/2 mutations was better than individuals without BRCA1/2 mutations. This survival advantage was short lived and did not have long-term survival benefit (McLaughlin et al 2013). Scientists selected 360 patients with ovarian cancer from the USA to determine BRCA1/2 mutations among these individuals. This group was not selected for family history or age at diagnosis. Genetic testing estimate 63 patients (18%) had BRCA mutations and the percentage of other deficiencies in other HR molecules. Figure 17 shows the percentages of each mutation for BRCA1, BRCA2 and other molecules. 
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Figure 16: BRCA1/2 mutations in 63/360 (18%) patients with ovarian cancer and the rate of HRR protein mutations.
In the sporadic form of breast and ovarian cancers the BRCA1/2 somatic mutations are not common but significantly lack BRCA1/2 function. According to the Cancer Genome Atlas Research Network, genetic or somatic mutations of BRCA1 and BRCA2 are found in 20% of all ovarian tumors (63). Alternations of BRCA1/2 have been reported in up to 82% of all tumors (64). Another epigenetic mechanism targeting BRCA1/2 is transcriptional silencing that inactive tumor suppressor genes. In as many as 90% patient that do not have germline BRCA1 mutations or family history of BRCA deficiency, decrease level of BRCA1 protein and mRNA can be observed (65). Scientists showed that BRCA1 gene methylation is frequent in primary sporadic breast and ovarian tumors and most of these cells have reduced BRCA1 expression. This deletion of BRCA1 gene require another alternation known as Knudsen’s two hits in sporadic breast tumors. Scientists observed phenotypic similarities between familial BRCA1 and BRCA1 methylated tumors based on BRCA1 deletion and p53 mutations. Gene silencing by hypermethylation occurs at CpG-island promoters. Methylation may be passed to daughter cells during DNA replication by activity of DNA methyltransferases. Hypermethylation of BRCA1 promoter is observed in sporadic breast and ovarian tumors and may occur with allelic imbalance at the BRCA1 locus to reduce BRCA1 expression (50,51). BRCA1 promotor methylation has been demonstrated up to 14% of sporadic breast cancers and up to 30% of sporadic ovarian cancers (66,67,68). 
 Triple negative breast cancers (TNBC) account for 20% of all breast cancers and are defined as tumors that are estrogen receptor-negative, progesterone receptor-negative and HER2-negative. Over 80% of hereditary BRCA1 mutated tumors are TNBC. Scientists have done experiments to investigate the amount of germline and somatic BRCA1/2 mutations in unselected patient with triple negative breast cancer. DNA from 77 TNBC and DNA from normal tissues were analyzed. BRCA1/2 exons regions were sequenced from patients to determine if they are mutated or wild type. In this unselected patient cohort with TNBC, they found 19.5% of BRCA mutations (Liderau et al). They examined 70 patients with ER-negative and high grade breast cancer diagnosed before age 35 and found a 28.6% BRCA1 germline mutation rate. Another study focused on germline BRCA1/2 mutations in selected patients with TNBC. In this study 54 women with high grade TNBC at age 40 were selected. Patients in this study did not have family history of breast or ovarian cancer. All coding exons of BRCA1 and two large exons of BRCA2 were screened. Five deleterious germline BRCA1 mutations and one deleterious BRCA2 mutation (11% total) were identified (69). Individuals with triple negative breast cancer may thus have BRCA mutations and genetic testing so important to identify treatment strategy. 
However high frequencies of loss of heterozygosity (LOH) have been found on sites of BRCA1 and BRCA2 genes. Down-regulation of BRCA1 mRNA levels is seen in sporadic breast tumors compare with normal breast epithelial cells. To obtain a molecular characterization of BRCA2 expression in sporadic breast cancer, BRCA2 mRNA was measured by RT-PCR in primary breast tumors. Scientists analyzed 127 breast tumor RNA samples and showed that 39 (31%) had altered BRCA2 mRNA expression. 14 tumors (11%) showed reduced expression of BRCA2 mRNA and 25 (20%) tumors showed overexpression. Genetic instability caused by decreased expression of BRCA2 could form mutations that lead to uncontrolled proliferation and invasive growth. Studied have shown decreased level of BRCA2 expression in the patient with breast cancer and more invasive cancer. 
Scientists made a mutation BRCA2 vector and inserted a  position of the mouse gene that in a same orientation of BRCA2 transcription. The BRCA2 fragments used as probe A and probe B to the site of BRCA2 alleles. Hybridization analysis showed amount of wild type (+/+), heterozygous (+/-) and homozygous (-/-) of BRCA2. The  mice showed early embryonic lethality (80,81). But in some genetic background some mice may live. Male and female showed some abnormality such as the presence of kink in the tail and abnormal developmental structure in ribs and sternum (Figure 17).
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Figure 17: “Viability but growth impairment of some  mice. a) E17.5 embryos from a cross of heterozygous mice. Left  embryo, right control mouse. b) Nineteen day mice from a cross of heterozygous mice. Left  mouse, right control mouse[footnoteRef:8]”. [8:  Frances connor, David Bertwistle, P. Joseph mee, Gillian M. Ross, Sally Swift, Elena Grigorieva, Victor I,. J. Tybulewicz & Alan Ashworth. Tumorigenesis and DNA repair defect in mice with a truncating mutation. Nature genetics volume 17, 425- figure 2(1997).
] 

Testing of adult males with  mutation alive showed that they could not breed and had reproductive problems. The reproductive organs of these animals are normal but the testes were smaller than wild type. In  testes the sertoli cells that do not have germ cells so the gonads do not form duing embryogenesis. The ovaries of  females are reduced in size and do not have follicles. The mice are smaller in size during both embryonic and adult stages, because of a defect in cell proliferation. So scientists compared the growth of mouse embryionic fibroblasts (MEFs) in wild type, hetrozygous and homozygouse mice. and showed that MEFs proliferate well but  MEF prolifrate poorly. This seems likely to be caused by over-expression of p53 and p21. p53 is a dependandt cell cycle arrest in response to DNA damage and p21 is an important target gene for tumor supressor p53 that is linking DNA damage to cell cycle arrest. In MEF that have wild-type p53, the over-expression of p53 and p21 observed in result the cell go to cell cycle arrest and defect in cell proliferation occur. In this way the mice that strongly expressing p53 die very early in embryogenesis, but under one-third survive the perinatal period and reach adulthood. In these mice seems p53 mutation were occur before loss of the wild-type allele, growth arrest would not occur and the cell would still . After loss of heterozygosity of  that driven by centrosome defect caused by loss of p53 function. As a result defective DNA repair pathway leads to activation of oncogenes. Defects in DNA repair can lead to development of thymic lymphomas in  mice. Lymphocytes mature through a DNA rearengment of V(D)J genes through double strand breaks. Thymic lymphomas might form from deficiency of this DNA break being properly repaired during V(D)J. 
- BRCA 1/2 mutations in other cancers: 
Contralateral breast cancer (CBC): Contralateral breast cancer is a tumor in opposite breast and independent from primary breast cancer and diagnosed more than 6 month after detection of the first cancer. Several studies have reported higher rates of CBC among women (van den Broek et al 2015). Oncologist check some factors to predict CBC; these predictors are age at first breast cancer, family history of early breast cancer and the affected BRCA gene (Graeser et al 2009, Malone et al 2010, Metcalfe et al 2011a, van den Broek et al 2015). Researchers have shown that in unselected individuals with breast cancer, for those had BRCA1 mutation the risk of CBC was 21.1% and for BRCA2 mutations the risk of CBC were found 10.8%. Mavaddat et al estimated the risk of CBC among group of 978 BRCA and 909 BRCA2 heterozygous from United Kingdom. The risk of CBC in BRCA1 heterozygous carriers was 83% and for BRCA2 heterozygous carriers was 62% by age 70 years. (Mavaddat et al 2013). 
Prostate cancer: Genetic studies on individuals with prostate cancer showed the presence of malfunctioning BRCA genes. To study germline BRCA1 mutations in males with prostate cancer, scientists selected 913 males with prostate cancer in age from 36 to 86 years. Germline BRCA1 mutations were found in three of individuals at or before age 65 years. It was estimated that in a person who has BRCA1 deficiency the risk of prostate cancer is 8.6% risk by age 65 years (Leongamornlert et al 2012). In males with BRCA2 mutations the risk of prostate cancer has been estimated at 20% (Breast Cancer Linkage Consortium 1999). Kote-Jarai et al screened 1864 males with prostate cancer between age 36 and 88 years for BRCA2 pathogenic variants. Nineteen protein-truncating variants were identified, all of which occurred in individuals who were diagnosed with prostate cancer at or before age 65 years. They found 20% risk of prostate cancer for BRCA2 mutations and it showed BRCA2 mutations increase risk of prostate cancer in compared with BRCA1 mutations (Kote-Jaraie et al 2011). 
Pancreatic cancer: Pathogenic variants of BRCA1 and BRCA2 genes increased risk of pancreatic cancer. Thompson et al reported increases risk for pancreatic cancer in individuals with germline BRCA1 mutations and in those with BRCA2 mutations. Risch et al (2006) studied on 1171 unselected females that have ovarian cancer showed the risk for pancreatic was 3.1 in BRCA1 pathogenic variants and 6.6% for BRCA2 pathogenic variants.  So BRCA1/2 mutations increase the risk of pancreatic cancer in compare with individuals without BRCA1/2 mutations.
Melanoma: Melanoma is the most deadly skin cancer. Studies on BRCA2 mutation carriers showed that BRCA2 mutation can double or triple the risk of melanoma (90). An analysis of 490 families with BRCA1/2 pathogenic variants showed an increased risk for ocular melanoma in individuals with germline BRCA2 pathogenic variants.
The most promising recent development in systemic therapy for BRCA mutation-associated breast and ovarian cancer is PARP inhibitors. BRCA genetic testing lets us know which cancers have BRCA mutations allowing to use of agents with less side effects. Scientists found PARP inhibitors as theraputic agents for treatment of BRCA deficient cancers. Will introduce PARP, PARP inhibitors and the trials to treat BRCA deficient cancers, especially breast and ovarian cancer. 






Chapter 2                      PARP inhibitors
PARP:
Increasing our knowledge about the function of poly-[adenosine diphosphate (ADP)] ribose polymerase (PARP) enzymes in DNA repair, among other pathways, has led to understand therapeutic properties of PARP inhibitors for treatment of cancer.
The PARP family of enzymes has 17 protein members. The human PARP proteins have 1,00044 amino acids and include three main sequences: N-terminal DNA binding domain (DBD) that has two zinc fingers that act as molecular sensors. Central domain includes auto-poly-(ADP-ribosyl) site and regulates PARP-DNA interactions. C-terminal catalytic domain performs nick-binding-dependent poly-ADP ribose synthesis (Murcia and Menissier-de Murcia 1994). The PARP enzymes have several functions in cellular pathways, including; DNA repair, replication fork arrest, transcription, metabolism, chromatin dynamics, apoptosis and protein degradation. 
PARP1 enzyme was first characterized in 1963 (91). This enzyme is the most catalytically active member of this family; it can modify histones, other proteins, or PARP itself in response to signals, especially DNA damage. PARP1 with enzymatic activity can polymerize ADP-ribose monomers from donor NAD+ molecules into poly (ADP-ribose) chains on target proteins (92, 93). PARP1 is an enzyme responsible for at least 80% of ADP-ribosyl transfrase activity (PARylation) in both non-transformed and malignant human cells (94). 
PARP1 and PARP2 are enzymes that participate in a DNA repair pathway for single strand break that called base excision repair (BER). Single stranded damage occurs by several factors like oxygen species, radiation, alkylating agents, and other DNA damage agents, which activate BER pathway for repair of DNA damage. PARP catalytic function is activated by sensing DNA breaks and then PARylation of specific proteins. Varieties of PARP substrates have been identified in vitro and in vivo, including histones and PARP itself (95). Some downstream proteins recognize PARylated PARP1 and are attached to site of DNA break. Some of these proteins are amplified in liver cancer 1 (ALC1), aprataxin (APTX) and polynucleotide kinase 3’-phosphatase (PNKP) (96-97). These proteins remodel chromatin or recruit other proteins that facilitate DNA repair. PARP1 can add PAR to histones that cause chromatin structure to become relaxed and help access of repair proteins to fix the damage. PARP1 has also a role in binding and restoring stalled replication forks (98).  PARP1 also has transcriptional regulation activity in cancer and non-cancer cells. 
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Figure 18: a) "Structure of PARP1 with its DNA binding domain, automodification domain and catalytic domains. Residues for nicotinamide adenine dinucleotide (NAD+) binding is located in catalytic domain (histidine; H and tyrosine; Y) and for polymerase activity (glutamic acid; E). b) PARP1 finde DNA damage through its DNA binding domain. This activates PARP1 to synthesize poly (ADP) ribose (yellow beads) on acceptor proteins such as histones and PARP1. The negative charge of poly (ADP) polymerase chains cause PARP1 to lose affinity for DNA and allows repair proteins by pADPr attach to damaged DNA (blue and purple circles). Poly (ADP-ribose) glycohydrolase (PARG) and possibly ADP-ribose hydrolase 3 (ARH3) hydrolyze pADPr into ADP-ribose molecules and free pADPr. PARP inhibitors prevent the synthesis of pADPr and hinder subsequent downstream repair processes, lengthening the lifetime of DNA lesions".    
Role of PARP in BER pathway: 
The mostly accepted function of PRP1 is produces PARP chains and then uses these proteins in base excision repair (BER). Experimental approaches have shown that PARP interacts with protein in the BER pathway. PARP1 can physically interact with single-stranded break repair (SSBR) factor XRCC1 which plays a major role in SSBR signaling pathway. Both proteins interact with each other by their BRCT domains. XRCC1 interact with DNA ligase III via their carboxyl terminal that filing the gap. These interactions suggest that PARP is a part of multi protein complex of BER pathway proteins that include nick sensors (PARP and DNA ligase III), an adaptor factor (XRCC1) and direct mediators of DNA repair (DNA ligase III). Studies on PARP1 demonstrated PARP1 is able to interact with other BER/SSBR factors including oxoguanine glycolylase1 (OGG1), DNA polymerase B, and aprataxin. Many of these factors can be PARylated by PARP1, although PARP2 has also been shown to interact with XRCC1, DNA Pol B and DNA III (100). 
To analyze the ability of PARP1 deficient cell to promote DNA repair, scientist use PARP deficient cells and by method of single cell electrophoresis and comet assay, monitored the level of broken DNA in such cells. They treated cells with genotoxins and saw that PARP deficient cell didn’t have ability to rejoin break sites of DNA compared with WT cells (Trucco et al, 1998). All cell extracts from PARP deficient cell line had deficient BER pathway in polymerization step (Oantzer et al, 1999). This experiment suggested that PARP interacts functionally with BER factors.
PARP inhibitor and synthetic lethality:
PARP1 knockout mice are viable but very sensitive to DNA alkylating agents or -radiation (107). In these cells unrepaired SSBs are converted to DSBs at replication forks and the HR pathway is require to repair DSBs.  
Understanding function of PARP1 and PARP2 and their role in DNA repair pathway has led to finding PARP inhibitor molecules. PARP inhibitors are a group of pharmacological inhibitors of PARP. The important concept of using PARP inhibitors in treatment of cancers comes from the term synthetic lethality. Synthetic lethality was first described by Dobzhansky in 1946. This occurs when two conditions independently would not cause cell death, but the combination of them lead to cell death. In cancers with BRCA1/2 deficiency, using PARP inhibitors causes single strand breaks and leads to stalling of replication forks. The inhibition of the BER pathway causes double strand breaks to form. In the absence of functioning HR, this leads to activation of the more error prone NHEJ. The errors and rearrangement that occurred in NHEJ pathway cause genomic instability that cause cell death. Disabling certain NHEJ factors rescues the lethality of PARP inhibition in cell lines with BRCA1 and BRCA2 deficiency (figure 19). Thus, tumors that have defect in HR seem to be sensitive to the effects of PARP inhibitors. MacCabe et al demonstrated via in vitro studies that deficiencies of many proteins in the HR DNA repair pathway cause PARP inhibitor sensitivity. This concept is known as “BRCAness” that describe the phenotype of sporadic cancers that have normal BRCA1/2 but share features like BRCA1/2 mutated tumors (108). One of these proteins is Phosphatase and tensin homolog (PTEN), a common tumor suppressor gene involved in expression of RAD51 and important to HR function. So PTEN deficiency can also lead to cell death in response to PARP inhibitors. Other HR proteins are ATM (ataxia telangiectasia mutated) and ATR (ataxia telagectasia and RAD3-related protein) whose loss leads to HR reduction and PARPi sensitivity (109). Uses of PARP inhibitors in the treatment of cancer has two advantages. The first is that this treatment is targeted therapy so that only the tumor tissue is affected. Secondly toxicity to the patient is reduced. Most people with BRCA mutations have heterozygous abnormality; the tumor is homozygous for BRCA1/2. So PARP inhibitors would provide synthetic lethality selective for the tumor cells. Inhibiting PARP alone may be sufficient for tumor cell death and avoid toxic side effects of chemotherapy and radiation. 
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Figure 19: "[footnoteRef:9]Synthetic lethality of PARPi with BRCA1−/− cells. A) In normal cells single strand breaks are repaired by PARP. The few unrepaired breaks that lead replication fork arrest and create double strand breaks (DSBs) are repaired by BRCA1 dependent repair. B) In the presence of PARPi, SSBR not be repaired and change to double strand breaks in this time cells repaired double strand breaks by BRCA1 dependent pathway. C) In BRCA1−/− cells homologous recombination mediated repair of stalled replication forks and DSB is impaired. These maybe increase PARP dependent mechanism and increased PARP activity. D)  In BRCA1−/− cells treated with PARPi, increased of unrepaired single strand breaks enter S phase. The lesions cannot be repaired because DSB related repair is disable and leading failure of replication fork restart and cell arrest or death" [9:  Aly A, Ganesan S. BRCA1, PARP, and 53BP1: conditional synthetic lethality and synthetic viability. J Mol Cell Biol. 2011;3(1):66-74 by permission of Oxford University Press.] 

For test this hypothesis that homologous recombination-deficient cells are sensitive to PARP inhibitors, scientist tested two recombination-deficient cell lines and exposed them to PARP inhibitors like 3-aminobenzamide, 1,5 dihydroxyisoquinoline, and 8-hydroxy-2 methylquinazolinone (NU1025) (110). The result show that both recombination-deficient cells are sensitive to all PARP inhibitors. PARP inhibitors have a cytotoxicity effect on cells lacking BRCA2. Scientists discovered two specific PARP inhibitors (NU1025 and AG14361) that have this effect at low concentration. To test cytotoxicity effect of these two inhibitors on relevant breast cancer cells, they tested them on "MCF7 (wild-type p53) and MDA-MB-231 (mutated p53) human breast cancer cell lines[footnoteRef:10]". Results show that after depletion of BRCA2 with siRNA, NU1025 decreased the survival of MCF7 and MDA-MB-231 cells. As a result we can say that BRCA2-depleted breast cancer cells are sensitive to PARP inhibitors.  [10:  Helen E. Bryant1, Niklas Schultz2, Huw D. Thomas3, Kayan M. Parker1, Dan Flower1, Elena Lopez1, Suzanne Kyle3, Mark Meuth1, Nicola J. Curtin3 & Thomas Helleday1,2- Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase-914. paragraph5 (2005).] 

"About spontaneous SSBs occur in each cell every day"[footnoteRef:11]. In the absence of PARP1, SSBs convert to DSBs that trigger the formation of -H2AX and RAD51 that these normally form in response to DSBs in mammalian cells. Scientist treated V-C8 (deficient BRCA2) and V-C8+B2 (BRCA2 complimented) with NU1025 and saw both of them induce -H2AX (Figure 20b). RAD51 formation were induced in V-C8+B2 cells after treatment with NU1025. This indicates that recombinogenic lesions trigger homologous recombination to repair these cells and allowing them to survive (Figure 20c). BRCA2 deficient V-C8 cells were unable to form RAD51 foci after treated with NU1025 (Figure 20c). As a result the homologous recombination defect, which results in unrepaired recombinogenic lesions cause cell death.  [11:  Lindahl, T. Instability and decay of the primary structure of DNA. Nature 362, 709–715 (1993).] 
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Figure 20: "a) Visualization of g-H2AX foci in untreated V-C8 þB2 and V-C8 cells. b) Number of cells containing RAD51 foci (c) visualized in V-C8þB2 (open columns) and V-C8 (filled columns) cells after a 24-h treatment with NU1025 (10 mM).[footnoteRef:12]" [12:  Helen E. Bryant1, Niklas Schultz2, Huw D. Thomas3, Kayan M. Parker1, Dan Flower1, Elena Lopez1, Suzanne Kyle3, Mark Meuth1, Nicola J. Curtin3 & Thomas Helleday1,2- Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase-915 figure 3a. (2005).] 

To test the hypopthesis that PARP inhibitors may be useful for specific treatment of BRCA2-deficient tumors, they implanted BRCA2-deficient V-C8 and BRCA2-complimented V-C8+B2 cells in the thigh of 40 CD-1 nude mice (111). They inject two doses of AG14361 in saline for 5 days and measure the amount of tumors. As a result they saw AG14361 had no effect on V-C8+B2 cells in contrast three out of five VC8 cells showed responded to AG14361 treatment and one mouse had no sing of tumor. At the end not all V-C8 cells have same respond to AG14361 but these experiments show that BRCA2-deficient tumors in a xenograft are capacity to treatment with PARP inhibitor AG14361 alone. 

Pre-clinical of PARP Inhibitors:
PARP enzymes catalyze transfer of ADP-ribose to donor proteins. This ADP-ribose monomer comes from cellular NAD+ which led the first inhibitors to be analogous structure of NAD+ that cause blocking of NAD+ binding. New research show that some inhibitors especially Rucaparib, Oliparib, Niraparib and talazoparib can trap PARP1 on DNA and preventing auto-PARylation. So PARP1 is not released from the site of damage, interfering with the catalytic cycle of PARP1 (112-113). This mechanism of PARPi to trap PARP1 is analogous to mechanism of action of cancer drugs that inhibit topoisomerase II that also trap DNA repair protein on the DNA. It seems that PARP1 deficient cells resistant to PARPi (112,114). Each PARP inhibitors have differ potential to trap PARP1; talazoparib is 100 times more potent than niraparib in trap PARP1 and niraparib traps PARP1 more potently than olaparib and rucaparib (113). Veliparib has limited ability to trap PARP1 but have ability to inhibit PARylation. This ability of trapping PARP1 rather than their ability to inhibit PARylation is a powerful tool to determine its role in the cytotoxicity of BRCA mutant cells in vitro. It is possible that the ability to trap PARP1 produces toxicity when PARPi is combined with doses of cytotoxic chemotherapies. This feature of PARPi of trapping PARP1 needs to be a consideration when designing combination therapies involving PARPi (115).
Clinical development of PARP inhibitors:
PARP inhibitors have studied as single agents in BRCA1/2 deficient cancers and cancers with reduced “BRCAness” and in combination therapy with other DNA damaging agents like ionizing radiation. In total 9 PARP inhibitors are in various stages of drug development and are in various trials including  phase 0 to III trials: Rucaparib, Olaparib, iniparib, Veliparib, Talazoparib, MK4827, CEP 9722, BMN-673, E7016 (Table 1). 
[image: ]Table1: Sonnenblick, A. et al. (2014) An update on PARP inhibitors—moving to the adjuvant setting Nat. Rev. Clin. Oncol. doi:10.1038/nrclinonc.2014.163
The first clinical study of PARP inhibitors began in 2003. They used PARP inhibitors without tumor selection for deficient in DNA repair and used them as chemosensitizers[footnoteRef:13] in combination with other cytotoxic agents in variety of pre-clinical models. They found PARP inhibition increased the clinical effect of alkylating agents (Temozolamide), Topoisomerase inhibitors and ionizing radiation (125). In 2005 second clinical study began when the term of “synthetic lethality” was identified as PARP inhibition have negative affect in cells with BRCA mutation background. Bryant et al and farmer et al demonstrated the BRCA deficient cells had more sensitivity to PARP inhibition and restoration of BRCA2 cause resistance to PARP inhibitors. This observation provides strong confirmation for use of PARP inhibitors in patient with BRCA1/2 mutation cancers. Then scientist illustrated that some cancers occurred in result of HR proteins mutations or somatic mutations but share the same phenotype of BRCA1/2 tumors that they called “BRCAness”. For example somatically mutation of BRCA1 or BRCA2 as a result of hyper-methylation of BRCA1 or mutation in other genes that involved in DSB repair and stability of replication forks such as AD51, RAD51, DSS1, RPA1, ATM, CHK2 and PTEN bring cells to be more sensitive to DNA damaging agents and agents inhibits BER mechanism and show sensitivity to PARPi (126,127). Large-scale cancer genome sequencing projects also revealed that somatic mutations in genes involved in HRR occur in a wide variety of tumors (128). Some cancers that show such somatic mutations are high-grade serous ovarian cancer (HGS-OVCa), advanced prostate cancer, pancreatic cancer and triple-negative breast cancer (TNB). These and other cancers with HRR mutations are candidates for testing PARPi efficacy.   For identified BRCAness and PARPi sensitive tumors, scientist used molecular approaches that was mutational signature (found the number and type of mutation in a tumor). This approaches identified the genomes of tumor cancer in patients with germline BRCA gene mutations.  This pattern of mutations called "scar" and include large scale genomic rearrangements that reflects the defect in DNA repair in absence of HRR over the lifetime of the disease. Similar mutational scars are identified in tumors that did not have BRCA gene mutations that such "BRCAness scars" could be used to predict clinical responses to PARPi or platinum based drugs in patient without germline BRCA mutations (128). Another way to find the HR defective in a tumor cell is measure HRR functionally in tumor such as localization and activity of key DNA repair proteins that are involve in DNA repair process such as RAD51. Use of functional HRR biomarkers has not been tested but this approach is the most effective way for identify BRCAness. [13:  Chemosensitizers is a drug that makes tumors more sensitive for the effect of chemotherapy. ] 
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Figure 21: A) Predictive biomarkers of PARP inhibitor sensitivity: FDA and EMA Company approved tests that selected germline or somatic BRCA1 or BRCA2 mutations to identify patients to respond to PARPi therapy. These approaches are estimate the presence or absence of an HRR defect and identification of DNA mutations in BRCAness gens that control tumor cell responses to PARPi. In this approaches they identifying the extent and type of chromosomal alternations in BRCA mutant and BRCAness tumors and also found functional biomarkers that are key proteins involved in HRR and predict the ability to repair of DNA when PARPi induced DNA lesions. B) Clinical assessment of PARPi synthetic lethality: these trials focused on types of tumors which are germline BRCA1 or BRCA2 mutations or either other BRCAness defect. FDA and EMA have recently approved PARPi to be used in ovarian cancer patients with BRCA1 or BRCA2 mutations.
Phase I clinical trial of Olaparib was initiated with patients with BRCA1 or BRCA2 mutations. Olaparib is an oral inhibitor of PARP1, PARP2 and PARP3. It is the first PARP inhibitor that shows activity in BRCA related breast and ovarian cancers. The phase I trial of Olaparib as single agent for treatment BRCA mutation carriers has been published in 2009 that reported by Fong. This trial enrolled 60 patients with solid tumors that 22 of them had BRCA mutation. This study supported synthetic lethality concept. This trial began to distinguish the best dose of Olaparib for treatment. The maximum tolerated dose was established at 400 mg twice a day. Patients with BRCA1and BRCA2 mutation treated with 200 mg Olaparib twice daily and showed positive tolerability with an objective antitumor activity (131). In continues of study they confirmed that PARP inhibitor anti-tumor activity is effective in platinum- resistance disease but sensitivity to PARP inhibitors decrease by raising resistance to platinum (132). In other word resistance to platinum decreases sensitivity to this PARP inhibitor. We can understand the relationship between tumor responses that show resistance to multiple therapies. This observation approved the hypothesis that platinum based drugs and PARPi are target similar molecules.
In 2010 phase II study was done by Fong to compare the effect of Olaparib at the dose 400 mg twice a day to Olaparib at 100 mg twice a day in BRCA1 or BRCA2 ovarian cancer patient. Olaparib was given daily in 28 day cycle to 33 patients at 400 mg BID and 24 patients at 100mg BID. Both groups of patient showed significant antitumor effect with an objective response rate (ORR) of 33% with response duration of 9.5 month at the dose of 400 mg twice a day, an ORR of 13% with response duration of 8.8 month at the dose of 100 mg twice a day. The tolerability and side effect were similar in two these groups. The side effect of nausea, fatigue and anaemia were observed in patients (133). The response rate of germline BRCA mutation ovarian cancer patients was sufficient for the U.S Food and Drug Administration (FDA) to approve Olaparib as treatment for patient with advanced ovarian cancer that received three lines of therapies (134) (figure 21B). 
A number of studies were focused on the effect of Olaparib on patients with BRCAness tumors that include Triple Negative Brest cancer (TNBC), High-Grade Serous Ovarian cancer (HGSOvCa) and advanced prostate cancer. In HGSOvCa patient that previously treated with platinum-based chemotherapy, saw the positive effect of Olaparib that reduce the rate of disease recurrence and extend progression free survival (135). These observation led European Medicines Agency (EMA) approved Olaparib as maintenance treatment for BRCA mutant patients with platinum sensitive cancers (high grade serous epithelial ovarian, fallopian tube). In the phase 2 clinical trial 30% of patients showed clinical response to olaparib that half of them had BRCA2 or ATM defects in their tumor (136). TNBC clinical responses to olaparib were multiple, patients with BRCA1/2 mutation tumors showed some disease stabilization but other tumor without BRCA1/2 mutation showed no sustained response. Suggested that BRCAness might be less frequent in TNBC than in diseases such as HGSOvCa (137)      
Recently rucaparib has been shown to extend PFS in a maintenance therapy (139). In phase 2 trial they categorized patients into three groups according to their genomic features of their tumors that calculating the chromosomal loss of heterozygosity (LOH) across the genome: 1) BRCA mutation patients with germline or somatic BRCA mutations 2) BRCA wild type with high genomic LOH 3) BRCA wild type with low LOH. BRCA mutant group and high LOH group showed greatest PFS when treatment them by rucaparib (139). The responses of wild type BRCA patients was still below that expected with standard platinum based combination therapy. This clinical result with data of phase II in HGSOvCa have led FDA approval for rucaparib to use in patients with germline or somatic advanced ovarian cancer that treated with two or more chemotherapies (figure 21B). In a recent study, oncologist examined the effect of Talazoparib on breast cancer patients. They collected 13 early stage breast patients with germline mutations in BRCA1 or BRCA2 and treated them with talazoparib for two months before chemotherapy or surgery as a first line of therapy. All patients showed a reduction in tumor volume after two months (140). 
Until now oncologist could not say the conclusions of which PARPi are most effective in treatment of particular cancer in each patients. For this decision they need different trial designs and multiple population of patients used to asses different PARPi for direct comparison. But according to biochemical and cellular effect of different PARPi oncologist are beginning to give ideas on how different PARPi might be used clinically. for example talazoparib can kill BRCA mutant cells in vitro at a dose lower than 200 mg that need for olaparib and rucaparib that is because of the power of talazoparib in trapping PARP1 (141). In vitro the therapeutic ratio in BRCA1/2 defective cells in compare to wild type cells for all three PARPi are similar and it is unclear  the enhanced trapping ability of talazoparib compared with rucaparib and olaparib will improved therapeutic ratio or not (142). Understanding of which PARPi is the best agent in clinical situation will be informed by future comparison of mature phase 3 clinical outcome data.    
PARP inhibitors in combination with cytotoxic therapy:
PARP inhibitors can enhance the effect of chemotherapies. DNA methylating agents such as dacarbazine and temozolomide were discovered to activate PARP1. These agents caused SSB and required BER pathway to for repair it. In this situation PARP1 have resistance to methylayting agents. If PARP inhibitors inhibit the function of PARP1 and PARP 2 and disable BER, the SSBs could not be repaired and turned to DSBs. If HR pathway be turned off cell death occurs. Mismatch repair (MMR) deficient cells do not respond to the DNA methylating agent temozolomide (TMZ). In wild type cells MMR would correct errors in replication or cause replication arrest and cell death. MMR deficient cells can escape from cell arrest and survive. 3aminobenzamide increase the efficiency of TMZ regardless of MMR situation (143). AG14361 a PARP inhibitor enhanced the effect of TMZ in MMR deficient cells (144). Veliparib in combination with TMZ showed slowed tumor progression in rat but telozomide as single agent didn’t show sufficient effect (144). PARP inhibitors can increase the cytotoxicity effect of topoisomerase I inhibitor. Topoisomerase I inhibitors promote DNA breakage because it can cleaves, unwinds and decreases torsional strain of DNA. Studied on ovary cells showed added AG14361 to topoisomerase inhibitors, decreased the lethal concentration (LC50) and the resistance and PARP inhibitors overcome the resistance to topoisomerase inhibition in BER competent cells (146). Resistance to topoisomers inhibitors can develop from overexpression of XRCC1 which is in roll of DNA SSB repair mechanism. PARP inhibition overcomes to this resistance mechanism by interfering with XRCC1 to the DNA break site. In mouse xenograph model, veliparib enhanced the activity of cisplatin and carboplatin in a BRCA deficient cells (144). Preclinical evidence suggests that tumors damaged by alkylating or methylating agents may be more sensitive to the chemotherapy in presence of PARP inhibition.  
 PARP inhibitors with combination with ionizing radiation:
PARP inhibitors potentiate ionizing radiation by inhibition of BER. Combining ionizing radiation with PARPi, the SSB induced by radiation go unrepaired by PARP of BER mechanism and leading cell death and delay in tumor growth. In BER deficient cells in presence of PARP inhibitors the DSB formed after ionizing radiation. Such cells that have resistance to radiation are treated with radiotherapy (XRT) after exposure with AG14361, this experience showed 73% increase in tumor growth inhibition compare to treatment with radiotherapy alone (148). Another experience on a mouse colon cancer showed that addition veliparib to irradiation increase the life time of mouse from 23 to 36 days. In addition role of PARP inhibitors to inhibiting SSB, it can inhibit DSBs too. PAR requires two zing finger for attached SSBs but only one Zn finger are require for PARP to attached  DSBs. Nu 1025 inhibited the repair of DSBs after radiation, by inhibiting NHEJ. DNA-PK is a protein that activates in NHEJ pathway and can stimulate by PARP1 because PARP inhibition decrease the activity of DNA-PK. When the NHEJ pathway is defective, PARP1 is recruited for DSB repair. NHEJ deficient cells that are exposed to radiation have highest chance for cell killing with PARP inhibitors. 
PARPi and chemotherapy: 
Preclinical studies have been improved that PARPi increase the cytotoxic effects of chemotherapy. PARP is express in all cells, it expression and activity is increased in proliferating cells. Some solid tumors have been found with high level of PARP expression compared with normal cells so PARPi could selective target tumor cells. Preclinical studies have shown that PARP inhibitors can enhance the cytotoxic effect of agents that cause SSBs in DNA such as alkylating agents and topoisomerase inhibitors. Combination trials of PARPi and cytotoxic in vivo showed the great result on patient with BRCA mutation suggesting that this combination therapy have the greater effect on patient with inherent DNA repair defect (149).  
Resistance to PARP Inhibitors:
As described above, PARP inhibitors have a selective effect on BRCA1/2 deficient cells and can kill these tumors. Sometimes, however, tumors show resistance to PARP inhibitors. Several factors have a role in such resistance. It is believed that this happens because of HR restoration either dependent or independent of BRCA1. It is possible that this resistance could happen independent of HR restoration. 
· Loss of 53BP1 in resistance tumors:  
Other factors that can reverse the HR defect in BRCA1-deficient cells are certain NHEJ proteins. For example, if 53BP1 is loss in BRCA1 mutant cells, the HR pathway is reactivated by inducing ATM to attach to broken ends of DNA and produce recombinogenic single-stranded DNA that can repair with HR. However, DNA Ligase 4 deficient cells cannot reverse HR defect in BRCA1 mutant cells. Thus the balance between HR and NHEJ can kill or protect BRCA1 mutant cells.
Evidences showed that BRCA1-deficient mice that don’t have 53BP1 did not develop breast tumors. In this experiment scientist used mice that were deficient for BRCA1-exon11 ( (Xu et al., 2001) and compared the result with mice that also lacked 53BP1 ( and in context of  (. As a result the chromatid exchange rates in ( cells was 10.7% (Venkitaraman, 2004) and the chromatid exchange in  cells was 1.0%. Thus the loss of 53BP1 can effect on the ability of Brca1-deficient cells to repair DNA damage. 
In another experiment scientists tested on the effect of PARP inhibitors on BRCA1 deficient cells that with or without. The  and  cells showed more death cells (Farmer et al., 2005) because of the effect of PARPi but in contrast the  cells showed more survival Brca1 mutant cells in compare to Brca1 mutant cells that had P53. In presence of 53BP1 the amount of DNA broken in Brca1-deficient cells are lower so the effect of PARPi to kill these cells become weaker and they were insensitive to PARPi and continued to their divided. So 53BP1 in Brca1-deficient cells are toxic effect on PARP inhibitors. 
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Figure 22: "Analysis of genomic instability in metaphases from B cells treated with 0, 10nM and 1 PARP inhibitor. Charts show the number of radial chromosomes, chromatid breaks and chromosome breaks per 100 metaphases. Genomic instability in ( cells that independent of P53 are equivalent results were seen in  and  cells.[footnoteRef:14]"  [14: Samuel F. Bunting, Elsa Calle´n, Nancy Wong, Hua-Tang Chen, Federica Polato, Amanda Gunn, Anne Bothmer, Niklas Feldhahn, Oscar Fernandez-Capetillo, Liu Cao, Xiaoling Xu, Chu-Xia Deng, Toren Finkel, Michel Nussenzweig, Jeremy M. Stark, and Andre Nussenzweig-53BP1 Inhibits Homologous Recombination in Brca1-Deficient Cells by Blocking Resection of DNA Breaks. Cell 141- 245. Figure 1(A) (2010).
] 

PARPi increase the genomic instability and increase DSB in s phase of BRCA1-deficient cells in a presence of 53BP1. According to experimented in a   cells, the PARPi increased the amount of DSB from 0.1 to 1.8 per cell and the effect of PARPi on this cells caused 20 fold increase in aberrations. In other hand treated  cells with PARPi showed less genomic instability. The amount of DSB was 0.5 per cells which is 10 fold lower than PARPi treated with   cells. 
In BRCA1 mutant cells the loss of 53BP1 was restored the HR pathway (Moynahan et al., 1999). For test this hypothesis focused on formation of Rad51 foci that a key molecule for HR pathway and it's impaired in BRCA1 mutant cells (Bhattacharyya et al., 2000; Scully et al., 1997). The result of experiments showed that in  cells, 6.8% Rad51 formed although in  cells the formation of Rad51 was 30% more than that cells and similar to normal cells. In another test scientist focused on the measure of sister chromatid exchange (SCEs) which is depend on Rad51 foci formation. The effect of PARPi on  cells was increased radial chromosome formation that is cause HR deficiency.    But the effect of PARPi on   cells was increased of sister chromatid exchange that is lead cells to repair with HR pathway. 
Loss of 53BP1 revers the HR pathway in a BRCA1 mutation cells but not rescues the XRCC2-defitiont cells. Because 53BP1 rescue the early stage of HR pathway and XRCC2 is downstream in this pathway (Nagaraju et al., 2009). 
Ligase 4 is another NHEJ protein that have important role in this pathway. Scientist search about the effect of loss of Ligase 4 on HR pathway. The result showed that the loss of Ligase 4 could not rescue HR defective pathway like loss of 53BP1. Irradiation induced Rad51 foci formation and in BRCA1-deficent cells that loss 53BP1 and in normal cells was 25% but in BRCA1-deficient cells that loss Ligase 4, the Rad51 foci formed at lower frequency (8%-11%). So 53BP1 and Ligase 4 deficiency can inhibit or remove PARPi-induced radial fusions in BRCA1 mutant cells. Only 53BP1 deficiency could rescue from PARPi induced cell death, chromosomal instability and defect of IR to produce Rad51-foci formation (153).    
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Figure 23:"This Chart showing the percentage of cells with Rad51 foci after ionizing radiation as measured by immunofluorescence.[footnoteRef:15]" [15: Samuel F. Bunting, Elsa Calle´n, Nancy Wong, Hua-Tang Chen, Federica Polato, Amanda Gunn, Anne Bothmer, Niklas Feldhahn, Oscar Fernandez-Capetillo, Liu Cao, Xiaoling Xu, Chu-Xia Deng, Toren Finkel, Michel Nussenzweig, Jeremy M. Stark, and Andre Nussenzweig-53BP1 Inhibits Homologous Recombination in Brca1-Deficient Cells by Blocking Resection of DNA Breaks. Cell 141- 248. Figure 4(C) (2010).] 

In HR pathway the MRN complex attach to break sides of DNA and move along them. MRN complex have Mre11/Rad50/Nbs1. MRe11 have endonuclease activity that cause the nucleolytic processing of DSBs to produce ssDNA overhangs that is necessary for HR this process called resection. During resection RPA (replication protein A) attaches to ssDNA overhangs and then RPA phosphorylated and Rad51 by help of Brca1 replace to RPA and form Rad-51 ssDNA nucleofilament.
Loss of 53BP1 has effect on resection process. Scientist done tested on WT, Bcells and showed that the level of RPA phosphorylation was higher in Bcells. Another test was on the effect of 53BP1 and Lig4 to inhibit RPA phosphorylation in Brca1 mutant cells. They compared the level of phosphorylation in WT,,,  cells. The level of phosphorylation decrease in    and  cells to compared with WT. But the phosphorylation of RPA in cells was near to WT cells. So loss of 53BP1 is able cells to formation ssDNA for RPA phosphorylation and rescue HR process in BRCA1 mutant cells and loss of Lig4 didn't have this effect.  The nocleolytic process of DSB that leading RPA coated ssDNA occur by ATM kinase activity. The ATM phosphorylated CtlP and together they mediated the resection and have direct influence on RPA phosphorylation. In absence of 53BP1 in BRCA1 mutant cells, the loss of ATM showed the lower level of RPA phosphorylation. The  cells that treated with ATMi show the lower level of RPA phosphorylation and the   cells that had CtlP with short RNA showed impairment of RPA phosphorylation. ATMi reduce the formation of Rad51foci so the loss of 53BP1 could rescue the HR pathway in depend of ATM activity.
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Figure 24: "The chromatid Break in S phase cells; (A) In WT cells, Brca1 displaces 53BP1 from DSBs, enabling resection at the break site by factors such as CtlP, which promotes RPA loading onto single-stranded regions of DNA. RPA is displaced by Rad51, which enables strand invasion at the homologous region of the sister chromatid. Rad51 acts in complex with several effectors of HR, including Xrcc2. leading to error-free, template-directed repair of the double-strand breaks. (B) In cells, 53BP1 is not displaced and inhibits resection. In the absence of resection, the break persists, and if more than one chromatid break is present, these breaks can be joined by a Lig4 dependent NHEJ pathway. Joining of the chromatid breaks produces radial chromosome structures. (C) In cells, 53BP1 is not present at the double-strand break site, enabling resection even in Brca1-deficient cells. RPA and downstream effectors of homologous recombination are able to load normally at the break site, permitting error-free DNA repair.[footnoteRef:16] " [16:  Samuel F. Bunting, Elsa Calle´n, Nancy Wong, Hua-Tang Chen, Federica Polato, Amanda Gunn, Anne Bothmer, Niklas Feldhahn, Oscar Fernandez-Capetillo, Liu Cao, Xiaoling Xu, Chu-Xia Deng, Toren Finkel, Michel Nussenzweig, Jeremy M. Stark, and Andre Nussenzweig-53BP1 Inhibits Homologous Recombination in Brca1-Deficient Cells by Blocking Resection of DNA Breaks. Cell 141- 248. Figure 6 (2010).
] 

· Rev7 loss in resistance tumors:
Rev7 or (MAD2L2) have major role in BRCA1-independent restoration of HR. Loss of Rev7 in mouse and human cells re-establishes CtlP on DSB and leads to HR-restoration and PARP inhibitor resistance. Rev7 blocks HR and promotes non-homologous end-joining. Rev7 attaches to DSB in a way that depends on H2AX-MDC1-RNF82-RNF168-53BP1. 
For analysis role of Rev7 in resistance tumors, scientist used two cell lines KB1P-B11 and KB1P-G3that derived from  mouse mammary tumors. They used two PARP inhibitors, Olaparib and AZD2461. The cells that were treated with Olaparib continuously and eventually showed high concentration of resistant cells but in control dishes the cells were killed. Sequencing of resistant colonies illustrated that their expression of Rev7 was reduced. Scientists tagged Rev7 by green florescent protein (GFP), then they observed after DNA damage occurred Rev7 co-localized with 53BP1. When Rev7 was knocked down, Rad51 foci was reduced. But Rev7 re-expression inhibited Rad51 foci formation (Fig 25) In turn tumors that have resistance to PARP inhibitors showed low Rev7 gene expression. 
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Figure25: "Quantification of RAD51 foci in KB1P-G3 cells (with or without REV7 depletion) transfected with an empty vector (GFP) or vectors containing mouse or human Rev7 or REV7[footnoteRef:17]".  [17: Guotai Xu, J. Ross Chapman, Inger Brandsma,…., REV7 counteracts DNA double-strand break resection and affects PARP inhibition. 543-figur3 (b). Nature14328, 28 May 2015 ] 
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Figure 26: "In situ analysis of RAD51 foci in PARPi-resistant KB1P(M) tumors with low Rev7 gene expression. KP (KP3.33) denotes mouse mammary tumor cell line (p532/2); IR denotes 2 h after 15 Gy ionizing radiation"[footnoteRef:18]. [18: Guotai Xu, J. Ross Chapman, Inger Brandsma,…., REV7 counteracts DNA double-strand break resection and affects PARP inhibition. 543-figur3 (c). Nature14328, 28 May 2015 ] 


Scientists tested the role of ATM in Rev7-depleated cells after DNA damage. They showed that inhibition of ATM can suppress DNA-damage-induced Rad51 foci and increases Olaparib sensitivity. Therefore formation of Rad51 foci after DNA damage in cells that loss Rev7 is depends on ATM activity. In BRCA1 deficient cells, depletion of Rev7 cause cells to show resistance to PARP inhibitors, but in BRCA2 deficient cells this was not seen. 
DNA end resection is altered in the absence of Rev7 in BRCA1 deficient cells. RPA is a single strand binding particle that is a marker for generation of single stranded DNA. BRCA1 deficient cells exposed to  particles showed decrease in RPA recruitment compared with BRCA1 proficient cells. Rev7 loss can restore end resection in BRCA1 deficient cells and its depletion can restore HR. Therefore, scientists tested embryonic stem cells with BRCA1 knockout allele (150). Rev7 loss in mES cells with BRCA1 deletion can lead to formation of Rad51 foci upon DNA damage. 
Rev7 like 53BP1 promotes repair mechanism to NHEJ of DSBs and causes PARPi resistance. This is because of the inhibitory effect of Rev7 on DNA ends resection.
 
· Protection of Replication fork in resistance tumors: 
Another pathway that causes PARPi resistance in BRCA1/2 deficient cells is the protection of replication fork from degradation, independent from restoration of HR. 
The first factor is MLL3/4 protein complex and PTIP. Their deficiency does not restore homologues recombination at double strand breaks; instead the loss of PTIP protects replication fork from MRE11 nuclease to attach to nascent DNA. MRE11 is a key of component of MRN (Mre11-Rad50-Nbs1) complex that plays a role in the restart of stalled replication fork and increases resection at stalled replication fork in BRCA2 deficient cells. The protections of replication fork from degradation can induce resistance of BRCA1/2 deficient cells from DNA damaging agent like PARP inhibitors and cisplatin. 
BRCA1/2 deficient cells show degradation of nascent replication tracks. For testing this scientist inactivated BRCA2 in B-lymphocytes and then labeled with Cldu (red) and when active RF were stalled with hydroxyurea (HU) change to Idu (green). The measure of shortening Idu track after treatment with HU showed the RF degradation. After HU treatment wild type cells showed an equal ratio of Idu/Cldu track. But BRCA1/2 deficient B cells showed 30-45% reduction length of Idu track. This RF degradation in B lymphocytes was depending on MRE11 exonuclease activity. 
Some factors can regulate MRE11 necessary for regulating DNA end resection during damage (154,155).  In other words these factors can function in RF stability and protect RF. To test the role of each of these factors scientists inactivate RIF1, PTIP and 53BP1 in B-lymphocytes. Absence of 53BP1 did not protect BRCA1 deficient B-cells from degradation of RF (figure 27b). Analysis showed that absence of 53BP1 effector Rif1 in BRC1 deficient cells increased genomic instability when treated by HU. Loss of PTIP protected RF from degradation after treated with HU in both BRCA1 and BRCA2 deficient cells. (Figure 27c)  BRCA1/PTIP doubly deficient cells showed 2.4 fold fewer chromosomal aberration and increase genomic stability compared with   cells (figure 27f). Also the loss of PTIP in BRCA2 deficient cells decreased the amount of chromosomal aberrations upon exposure with HU. 
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"Figure 27: B,c: Ratio of IdU versus CldU upon HU treatment. One hundred and twenty-five replication forks were analysed for each genotype. f: Genomic instability (top) and viability upon HU treatment (bottom) relative to WT upon 6 h of 10 mM HU treatment. Fifty metaphases were analysed."[footnoteRef:19] [19:  Arnab Ray Chaudhuri, Elsa Callen, Xia Ding, Ewa Gogola, Alexandra A. Duarte, Ji-Eun Lee, Nancy Wong,Vanessa Lafarga, Jennifer A. Calvo, Nicholas J. Panzarino, Sam John, Amanda Day, Anna Vidal Crespo, Binghui Shen7, Linda M. Starnes, Julian R. de Ruiter, Jeremy A. Daniel, Panagiotis A. Konstantinopoulos, David Cortez, Sharon B. Cantor6,Oscar Fernandez-Capetillo, Kai Ge, Jos Jonkers, Sven Rottenberg, Shyam K. Sharan2 & André Nussenzweig- Replication fork stability confers chemoresistance in BRCA-deficient cells. nature18325, 383- figur1 (b,c,f) (2016)
] 


In another tested scientists observed the length of Idu track length by exposure to HU across all phenotypes.  Cells had longer replication track after treatment by HU
(Figure 28).   doubly deficient cells restarted normally so loss of PTIP cause RF progression and in BRCA2 deficient cells, restart RF and decrease the RF degradation.  
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Figure 28: "Co-localization of PCNA (green) and MRE11 (red). Quantification in lower panel (n = 150 cells examined)"[footnoteRef:20]. [20: Arnab Ray Chaudhuri, Elsa Callen, Xia Ding,…., Replication fork stability confers chemoresistance in BRCA-deficient cells. 384-figur3 (c). Nature18325, 15 April 2016.
 ] 

One element that could protect RFs from degradation is stabilization and level of Rad51 filament (156,157). Experiments showed that the Rad51 level were similar in WT,,  and   cells. But in   cells the ability of Rad51 to localize to site of DNA was impaired.  So   B cells have defective in formation Rad51 foci but they didn’t see in   resistance colonies indicative of defective HR. so loss of Ptip protects RF from degradation and rescue the lethality of BRCA2 deficiency without restoring HR.
Loss of PTIP could decrease of Mre11 association with PCNA foci. Introduction of full length of PTIP into  cells restored Mre11 co-localized with PCNA in late S-phase (figure 29). When irradiation occur the localization of Mre11 to site of DNA replication is dependent on PTIP.
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Figure 29:" Ptip−/− MEFs infected with either empty vector (EV, containing IRES–GFP) or full-length PTIP (GFP–PTIP) and probed for GFP (green), MRE11 (red) and PCNA (magenta). Quantification in lower panel (n = 150 cells examined)."[footnoteRef:21]  [21: Arnab Ray Chaudhuri, Elsa Callen, Xia Ding,…., Replication fork stability confers chemoresistance in BRCA-deficient cells. 384-figur3 (d). Nature18325, 15 April 2016.
 ] 

The amount of Mre11 and Rad51 in active and stalled RF measured with iPOND analysis. WT cells showed increase level of Mre11 and Rad51 on stalled RF. PTIP deficiency cells showed an increase in Rad51 at RF but decrease amount of Mre11 upon HU treatment. So localization of Mre11 on newly synthesized DNA is dependent on PTIP (158).
PTIP associated with PA1 and with MLL3/MLL4 histone methyltranferase that catalyze methylation of histone H3 at lysine 4 (159, 160). The establishment of Mre11 at stalled fork is depending on MLL3/4. Mll4 is responsible for degradation of stalled forks in BRCA deficient cells. They observed the fork degradation was not occurred in  SET cells in presence of PARPi or cisplatin. So methyltransferase activity is important for promoting fork degradation
Different level of PTLP expression could be effect on patient responses to platinum chemotherapy. Analyzes survival resistance colonies showed that Brca2 mutant cells with high PTIP expression in response to platinum have longer survival time. But lower expression of PTIP also protects shorter survival life for Brca2 mutant ovarian cancer cells. So PTIP levels are a biomarker for resistance to platinum chemotherapy in BRCA1/2 mutant ovarian cancer.
Reduce level of CHD4 factor that is nucleus remodeling in BRCA2 mutant cells increase tolerance to DNA damage agents without restoration Rad51-dependant HR (161) and Patient that show poor responses to chemotherapy. For tested this resistance mechanism they knocked down CDH4 in the BRCA4 ovarian cancer cell. CDH4 depletion in these cells didn’t restore HR (161) in contrast it protection to nascent replication tracks from degradation upon HU treatment
(figure 30). Depletion of CHD4 resulted in decreases of MRE11 when treated by HU in BRCA2 mutant cells.
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Figure 30: "Ratio of IdU versus CldU in BRCA2-mutated PEO1 cells either mock (shNSC) infected or infected with shRNA against CHD4 (shCHD4) (*P ≤ 0.05, ****P ≤ 0.0001, Mann–Whitney test). One hundred and twenty-five replication forks were analysed"[footnoteRef:22]. [22: Arnab Ray Chaudhuri, Elsa Callen, Xia Ding,…., Replication fork stability confers chemoresistance in BRCA-deficient cells. 385-figur4 (c). Nature18325, 15 April 2016 ] 


When Mre11 nuclease activity was inhibited resulted showed the partly of BRCA2 deficient cells protected from cisplatin that induced DNA damage. So MRE11 nuclease promotes genomic instability in BRCA deficient cells. 
Mre11 need PARP1 for localization to stalled replication fork and its loss rescues the lethality effect of BRCA2 null ESC (162). Loss of PARP1 protected BRCA1 deficient RF from degradation. The treatment with PARP inhibitors increase the level of DNA damage in BRCA deficient cells but loss of PARP1 before BRCA1 loss protects against genomic instability (163, 164).  So we can understand the RF protection is main mechanism for showing resistance in BRCA deficient tumors than restoration of HR. 
Evidences showed that reduction in PTLP or PARP1 levels rescues the lethality of BRCA deficiency. Loss of PTLP, PARP1 and CDH4 lead to resistance to a variety of DNA damage agents in BRCA deficient cells and lead drug resistance in such cells. This resistance occurred because of RF protection from degradation by inhibiting access of MRE11 to single strand DNA at stalled replication for. 53BP1 disruption rescues the BRCA deficient mice by restoration HR but the loss of 53BP1 in BRCA1 deficient mice cell showed increase level of RF degradation and genomic instability. 
BRCA1/2 is essential genes in all cells so how BRCA1/2-deficient tumors survive and tolerate the lack of BRCA1/2? To answer this question scientist predict that only breast and ovary can tolerate the loss of BRCA1/2 that have second mutations and promote to survival of these cells. For example loss of p53 is essential for BRCA1-deficient cells survived (Holstege et al., 2009; Xu et al., 1999). But in tumors that have deficient in both p53 and BRCA1, they have defective HR and sensitive to PARP inhibitor. Another mutation that cause the survival of BRCA1 deficient tumors is the loss of 53BPP1 that enhance the DSB resection and rescue HR pathway and cell resistant to PARPi. Illustrate showed that the loss of 53BP1 can rescue HR pathway by promoting ATM-dependent resection. In this way ATM inhibitor is a second chemotherapy agent to kill these tumors that have tolerance to PARPi. Another way is independent from HR restoration; it is protection of replication fork that loss of PTLP, PARP1 and CDH4 are the elements of this tolerance.

Chapter 3:
PARP inhibitors in treatment of prostate cancer
Prostate cancer is the most common cancer in men and is the sixth leading cause of death in men. In the United Stated more than 217,000 cases were diagnosed and more than 32,000 deaths occurred in 2010 (165). Recognition of the genetic factors that cause this cancer is a way to identify essential biomarkers in order to improve treatment. Metastatic and Castration-resistant prostate cancer may have genetic mutations in DNA repair pathways. When prostate tumors spread to other parts of the body beyond the prostate by lymphatic system or blood this type of tumor called metastatic. Many men with metastatic prostate cancer have castration-resistant prostate cancer. Many early stage prostate tumor need normal level of testosterone for growth, so scientists have used androgen depletion therapy for treatment of these tumors. However castration resistant prostate cancer does not need testosterone for growth. This advanced tumor shows resistance to testosterone suppression therapy (173). In such type of tumors, oncologists need more potential options for treatment; studies about genetic abnormalities may find new treatments. 
Rearrangements or gene fusions of the ETS family of transcription factors are common events in prostate cancer. This discovery by Tomlins et al in 2005 changed the field of solid tumor biology. ETS transcription factors are expressed in a diverse array of cancers including prostate, breast, melanoma and Ewing's sarcoma. The ETS family consist of 28 unique genes that include ERG, FLI1, and ETV1. ETS gene fusions result in altered expression of the ETS proteins. ERG is an oncogene and the predominant ETS gene involved in prostate cancer. The fusion of ERG and TMPRSS2 is the most common genomic alternation in prostate cancer. Other ETS transcription factors have less frequency in prostate cancer. TMPRSS2 is an androgen-regulated gene that is expressed in prostate cancer. In 2005 the overexpression of ERG in prostate cancer was observed (Petrovics et al. 2005). The mechanism of this overexpression is based on rearrangement between the first exon of TMPRSS2 and ERG oncogenes (figure 31; Tomlins et al., 2005). Now scientists believe that half of prostate cancers have TMPRSS2-ERG gene fusion as the most genomic alternation (Kumar-Sinha et al., 2008). TMPRSS2 is located on chromosomal at 21q22 and ERG is in the same orientation on 21q22 at a distance of 3Mb (Figure 31). The fusion of the first exon(s) of TMPRSS2 to the coding sequence of ERG causes the androgen-regulated overexpression of ERG. ETS proteins have a DNA binding domain that can regulate transcriptional initiation from a variety of cellular and viral gene promoters to increase cell invasion. The overexpression of ETS transcriptional proteins such as ETV1, ETV4, ETV5, and ERG can lead cell to cancer through different mechanisms. Scientists observed the overexpression of ERG lead to prostate cancer in mouse with deletion of tumor suppressor PTEN (Corver et al., 2002; King et al., 2009). In other experiments they forced overexpression of ERG and androgen receptor gene in mouse prostate epithelium cells and observed these cells to change to invasive prostate epithelium (Zong et al., 2009). This evidence showed that ERG rearrangement can function to promote prostate cancer. 
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Figure 31: Position of TMPRSS2-ERG fusion on chromosome 21q22.
Scientists identified the protein-protein interactions that may act as therapeutic targets. They used mass spectrometric (MS) to analysis proteins that interact with most ETS gene fusion product, ERG. They used V-CaP prostate cancer cells that harbor a TMPRSS2:ERG rearrangement and human kidney (HEK) 293 cells that infected with adenoviral V5-tagged ERG expression vectors. IP was completed in eight biological replicated to isolate protein- protein interactions. The interaction peptide coverage showed ERG is top scoring protein with 64.4% coverage with 17 tryptic peptides and the next interacting protein is DNA-dependent protein kinase complex that include the large catalytic subunit of a Phosphatidyl inositol 3/4 kinase (PI3/4 kinase), with 10% coverage. Two proteins are attached to DNA-dependent protein kinase through catalytic subunit, KU70 (26% coverage) and KU80 (34% coverage) (figure 32). Another protein to interact with ERG is PARP1. Two peptides of PARP1 were identified: VVSEDFLQDVSAST and QQVPSGESAILDR. PARP1 endogenously associated with ERG in V-cap prostate cancer cells. V-cap cells are a prostate cancer cell line that established from prostate cancer tissue and harvested from a metastatic lesion to a lumber vertebral body of patient with prostate cancer. This cell line is used as a model system of human prostate cancer (Korenchuk et al., 2001).
 DNA-PKcs only binds to DNA via Ku80 and Ku70 in the presence of DNA (spagnolo et al., 2006). Scientist tested the dependence of the ERG:PARP1 and ERG:DNA-PKcs interactions in presence of DNA by added 100mM ethidium bromide. This exposure disrupted the intraction between ERG, Ku70 and Ku80 but not the interactions between ERG and PARP1 or DNA-PKcs. As evidences showed the interactions between ERG:PARP1 and ERG:DNA-PKcs are DNA independent. ETS gene mediated transcription and cell invasion require PARP1 and DNA-PKcs expression and activity. ERG-PARP1 and ERG:DNA-PKCs interactions occur in human prostate cancer tissue. This result came from the ERG-IP that showed enrichment of DNA-PKCs, KU70, KU80 and PARP1 in ERG gene fusion positive prostate cancer but not in ETS- fusion negative cells. 
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Figure 32: MS analysis of protein interacting with ERG. Peptide coverage of ERG, DNA-PCKs, KU80 and KU70 
 Inhibition of PARP1 and DNA-PKcs led to decrease of ERG mediated transcription. Inhibition of PARP1 led to decrease xenograft growth of ETS positive cancer but did not affect ETS negative cancer xenograft growth. In such prostate cancer cells the over-expression of TMPRSS2-ERG fusion induces DNA damage, causing PARP1 activation. For testing the effect of inhibiting PARP1 and DNA-PKcs on the ERG transcription, they analyzed two cell lines of ETS-positive (LNcap) and ETS-negative (PC3) treatment them by Olaparib; Olaparib blocked the formation of liver metastases from LNcap but not PC3 cell line. Additionally they realized over the treatment period the ETS-positive tumors are become smaller than ETS-negative tumors. This experiment suggested that PARP1 may have a role in the long-term maintenance of ETS-positive cancer cell survival. The long-term ETS over-expression decreased by treatment Olaparib. Scientists compared the effect of Olaparib on ETS positive cells with BRCA1 mutation and ETS positive cells without BRCA1/2 mutations. Two cell lines were taken and both of them had ETS positive cells; HCC1937 (BRCA1 mutant) and MDA-MB-231 (BRCA1/2 WT) cell lines. They noticed the effect of Olaparib on HCC1937 cell line was equivalent to effect of Olaparib on ETS positive prostate cancer xenograft growth but Olaparib not have measurable effect on the MDA-MB-231 cell line (Figure33). 
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Figure 33: ETS-positive (VCap, LNCap) and ETS-negative (PC3, 22RV1) prostate cancer cells and BRCA mutation (HCC1937) and BRCA1/2-WT (MDA-MB-231) breast cancer cells. These cell lines were treated by 40 mg/Kg Olaparib for 8 days. Average tumor weight for each cell line calculated and shown.
Oncologists could further the hypothesis that Olaparib specifically alters the growth of ETS-overexpressing or BRCA1/2 deficient cell lines. They extended the treatment to identified combination therapy without causing toxicity, alkylating agent called Temozolomide (TMZ) that it had potency with other PARP inhibitors in several cancer xenograft models (Donawho et al., 2007; Liu et al., 2008; Palma et al., 2009). The result of combination treatment was reduction growth of Vcap tumors that was maintained over 6 weeks (Figure 34). In this combination therapy at this dosage they did not observe overt toxicity such as weight loss and this suggested that addition PARP inhibitors to chemotherapy will help enhance the overall effect on ETS-positive tumors.  
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Figure 34: Mice xenografted with Vcap cells that treated with 100mg/Kg Olaparib and 50mg/Kg TMZ and combination of both of them. The volumes of tumor were shown after 6 week treatment. 
Scientists hypothesized that overexpression of ERG may cause increased level of DNA damage. At first they evaluated the levels of histone mark of DNA double strand breaks that called
 -H2AX in Olaparib treated cells compared to untreated VCap cells. The untreated cells had a high level of -H2AX foci (figure 35A). In addition they tested if the overexpression of ETS genes can induces DNA double strand breaks. Over-expression of ETS genes in primary prostate cancer cells induced -H2AX foci in more than 75% of analyzed cells, but the control genes LACZ (ETS-negative) and HZH2 did not have this effect (figure 35A & B). On the other hand other ETS genes were also capable of inducing -H2AX foci in different prostate cell lines. For confirm that ERG induces -H2AX foci, they depleted ERG by RNA interference and found measurable decreases in the average number of -H2AX foci. -H2AX is one element that represents in early DNA damage recognition, and 53BP1 is present in later stages of repair. As DNA damage occur the level of 53BP1 foci increases so ETS genes also induced 53BP1 foci formation (figure 35A-B). Analysis confirmed the overexpression of ERG or ETV1 was sufficient to induce -H2AX and 53BP1 levels. They hypothesized that the ETS positive cancer cells can be eliminated by inhibition of the DNA repair enzyme, PARP1. For tested this hypothesis they used VCap cells treated with Olaparib for 48hr. After treatment Vcap cells showed very high level of -H2AX foci. A similar increase in foci was observed in PC3-ERG cells and PC3 cells with BRCA2 deficiency but not in control cells. This demonstrated that PARP inhibitors such as Olaparib lead ETS-positive cells to create more double strand breaks, and like BRCA 1/2 deficient tumors, ETS-positive prostate cancer models are sensitive to PARP inhibition (Figure 35c). To test the mechanism of how ERG induces DNA damage, they exposed cells to Olaparib after 0.5, 1, 24, 48 hours and used COMET assays to show that the amount of DNA damage observed in PC3-ERG cells equal to PC3-LACZ as early as 30 min after exposed. They suggested the ERG induced DNA damage is independent of the genes regulated by PARP1 mediated transcriptional activation. The expression of genes involved in DNA damage repair pathway did not show any significant changes; therefore DNA damage is independent of changes to ERG-regulated gene expression. To analyze the role of repair pathways they tested proteins that act in NHEJ pathway like XRCC4. Down regulation of XRCC4 can induce DNA damage in HR deficient cells, so they treated HR deficient HCC1937 with XRCC4 siRNA, resulting in increased DNA damage. In contrast induction of DNA damage in PC3-ERG cells with knockdown of XRCC4 or XRCC3 was not observed as compared with PC3-LACZ cells. They suggested that ERG overexpression cannot block double strand break repair pathway completely and HR deficiency assays confirmed that HR is not completely altered by ERG overexpression.
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Figure 35: A) g-H2A.X immunofluorescence staining shows that ERG induces the formation of g-H2A.X foci. Top row shows benign PrECs were infected with lentiviruses expressing LACZ or ERG. Bottom row illustrates VCaP cells treated with control siRNA or ERG siRNA. (B) Quantification of g-H2A.X and 53BP1 immunofluorescence staining in PrEC or VCaP cells. (C) Proposed model to therapeutically target ETS gene fusions via their interacting enzyme, PARP1. 
Evidence showed that men with metastatic prostate cancer that have DNA repair gene mutations and thus are responsive to PARP inhibitors and platinum-based chemotherapy (169,170). The amount of germline DNA repair gene mutations among men was low. Recently, scientists analyzed the somatic mutations that occur in metastatic prostate cancer with whole-exome sequencing of metastatic tumors (171). Sequenced germline DNA exomes from these men showed 8% carried pathogenic germline mutation in DNA repair genes, so men with metastatic prostate cancer can have heritable defects in DNA repairs. Oncologists analyzed 692 men with whole exome sequencing or targeted next generation sequencing assays and showed 82 (11.8%) had at least one pathogenic germline mutation in a DNA repair genes. The 84 men that have germline mutation included 79 truncating mutations and 5 missense mutations. These mutations identified in 16 different genes including BRCA2 (44%), ATM (13%), CHEK2 (12%), BRCA1 (7%), RAD51D (4%), and PALB2 (4%) (Figure 36). Scientists did not find a relationship between germline DNA- repair gene mutations and age of diagnosis or race. Mutations of these genes can affect sensitivity to PARP inhibitors, thus recognition of mutations in other DNA repair or transcription factor genes could expand the patient population that could benefit from therapy.
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Figure 36: mutations in DNA repair proteins in prostate cancer in selected population.  
Previous work on PARP inhibitors proved that PARP inhibitors can induce cell death in BRCA deficient tumors that harbor DNA-repair defects. Scientists now demonstrate that PARP inhibitors can also inhibit ETS gene fusion protein activity by preventing ETS transcriptional activity thus inhibiting ETS-mediated-invasion and enhancing ETS-mediated DNA damage. The ability of ETS fusion to induce DNA damage by PARP inhibition is similar to lethality of PARP inhibition in BRCA1/2 deficient tumors, which is of clinical interest. Studies on prostate cancer have shown that 15-35% of metastatic castration-resistant prostate cancers contain DNA repair defects including BRCA gene mutations. This information suggests that these patients may be sensitive to PARP inhibitors such as Olaparib. Olaparib responses specifically to patients with tumors that have DNA damage repair gene alternations. Oalaprib therapy is also well-tolerated. The phase III clinical trials of Olaparib are being planned, and if previous results are confirmed the FDA could approve Olaparib for treatment of prostate cancer. The phase I of Niraparib published in 2013 that focused on the relationship between PTEN loss in prostate cancer and tumor response. Niraparib showed good tolerability and clinical responses in both BRCA mutation patients and sporadic cancers. Trials for studying PARP inhibitors in treatment of prostate cancer are ongoing this year, comparing olaparib alone or olaparib with abiraterone (hormone therapy drug) in metastatic CRPC.
The observation that gene fusions cause overexpression of ETS genes and induce DNA double strand break formation inform how ETS gene fusions drive cancer progression. PARP inhibitors are promising approaches to be used to treat prostate cancer and other solid tumors with specific molecular features. Use of PARP targeted therapy before, after, with or in place of standard hormonal therapies and chemotherapies will need to be defined that give us information about maximized antitumor effect and patient survival.   

Conclusion and future prospect: 
PARP inhibitors have showing promising activity in both monotherapy and in combination with chemotherapy in BRCA1/2 mutated cancers. Recently this concept has been experienced in sporadic high grade serous ovarian cancers and TNBCs. According to research about the effect of PARP inhibitors on breast and ovarian cancer, we can appreciate that PARP inhibition may be feasible, but only in patients with the proper biomarker status. This biomarker can be deficiency of HR proteins. Some of the possible HR deficiencies include PTEN defects, ATM abnormalities, RAD51 inactivation, EMSY defects and TNKS abnormalities. Researcher tries to find more biomarkers in tumors that are more responsive to PARP inhibitors for example the abnormalities in HR dysfunction and gene profiling that we identify as BRCAness. Also observation of resistance to PARP inhibitors by genome analysis might select the best candidate with more susceptibility to PARP inhibitor treatment. For this area more investigation is needed to overcoming resistance. The approval of Olaparib in Europe and metastatic setting in the US for patients with BRCA mutations in ovarian cancer open the way for more trials. Trials in progress for identify additional population that may have deficiency in HR pathway and will give benefit from PARP inhibitors. Another area of PARP inhibitors is combination them with chemotherapy, radiation and cytotoxic agents that rise up the effective of PARP inhibitors in patients and overcome to resistance. Trials are undergoing to recognize agents that impair the DNA damage repair pathway like Veliparib and dinaciclib that creating synthetic lethality without need of selection of patients (172). The synthetic lethality concept of BRCA and PARPi discovered more than 10 years. Now according on preclinical studies and trials, PARPi is a very powerful area for research in oncology. With multiple trials underway, oncologist optimism PARPi will be approval for multiple cancers. Some areas of PARP inhibitors need more investigation in future, one of them is which PARP inhibitors kill or inhibit tumor cells in each patient that this information can give by biomarkers that characterize each patient. Another area is overcome to resistance that can be achieved by identifying the mechanisms that cause PARPi resistance and biomarkers that shows it. Understanding of combination therapy that which drug combination has antitumor effects and identifying biomarkers for PARPi combination therapy responses. PARPi is a new class of agent that has many possibilities for developments and its important tool in fight against cancer. 
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Table 1 | The range of PARP Inhibitors In clinical use and development

PARP Company Target Route of Findings of key trials, if avallable, and/or phase of development
Inhibitor PARP administration
Olaparib AstraZeneca PARP1/2/3  Oral Series of phase Il trials demonstrated efficacy in BRCA-mutation carrierss25¢
(AZD2281) Currently being evaluated in the adjuvant setting in patients with TNBC'®
Veliparib Abbott PARP1/2 Oral Acceptable safety profile and promising antitumour activity, especially in BRCA-deficient
(ABT-888) Laboratories patients with ovarian cancer, was observed in a series of phase | trials™
Phase Il studies are ongoing™
Rucaparib Clovis Oncology  PARP1/2 Oral or Currently being evaluated in a phase II/1ll study in BRCA-mutation cariers with mBC or
(AG-014,699; intravenous advanced-stage ovarian cancer’7
C0-338)
BMN-673 BioMarin PARP1/2 Oral BMN-673 has shown impressive antitumour activity in patients with BRCA mutations*®
Pharmaceutical Currently, phase II-lll studies in patients with germline BRCA mutations are ongoing™®
CEP-9722 Teva PARP1/2 Oral Clear evidence of PARP inhibition has been demonstrated in preclinical studies,”
Pharmaceutical and early studies in patients*2
Industries
Niraparib Merck PARP1/2 Oral Phase |-l studies have revealed antitumour activity, especially in patients with germline
(MK4827) BRCA mutations*®

At present, phase |I-lll studies in such patients are ongoing’87®

Abbreviations: mBC, metastatic breast cancer; PARR, poly(ADP-ribose) polymerase; TNBC, triple-negative breast cancer.
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Clinical trials ongoing. Approvals include:
EMA approval for olaparib (2014) monotherapy for the maintenance treatment of adult

patients with platinum-sensitive, relapsed, BRCA-mutated (germline and /or somatic)

high-grade serous epithelial ovarian. fallopian tube. or primary peritoneal cancer who are in
response (complete response or partial response) to platinum-based chemotherapy

FDA approval for olaparib (2014) monotherapy in patients with deleterious or suspected
germline BRCA-mutated advanced ovarian cancer detected by FDA-approved test who have
been treated with >3 prior lines of chemotherapy

FDA approval for rucaparib (2016) monotherapy in patients with deleterious BRCA
mutation (germline and/or somatic)-associated advanced ovarian cancer who have been
treated with >2 prior lines of chemotherapy
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