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Ágrip 

Enn sem komið er tekur meðferð brjóstakrabbameinssjúklinga ekki mið af því hvort þeir eru með 

stökkbreytingu í BRCA genum og ekki er vitað hvort þekking á BRCA stöðu sjúklinganna myndi breyta 

miklu varðandi meðferð. Það er klárlega þörf fyrir ný lyf sem beinast að afbrigðileika í BRCA 

efnahvörfunum. Nýlegar niðurstöður sýna að poly-(ADP-ribose)-polymerase (PARP) hindra væri 

hugsanlega hægt að nýta í meðferð sjúklinga með stökkbreytingar í BRCA genunum. PARP-1 er 

ensím sem tekur meðal annars þátt í viðgerð á einþátta brotum. Sýnt hefur verið fram á að frumur með 

afbrigðileika í BRCA genunum séu næmar fyrir PARP hindrun. Frumurnar sýna þá 

litningaóstöðugleika, stöðvun á frumuhring og þær fara í gegnum stýrðan frumudauða eftir 

meðhöndlun með PARP hindrum. Kenningin er sú að aukning á einþátta DNA brotum eftir meðferð 

með PARP hindrum geti leitt til tvíþátta DNA brota við eftirmyndunarkvíslir (e. replication forks) og þar 

sem BRCA stökkbreyttar frumur eiga í vandræðum með að gera við tvíþátta DNA brot ættu frumur 

með galla í BRCA að vera mjög næmar fyrir PARP hindrun. 

Í þessari rannsókn voru áhrif PARP hindrunar af völdum hindra, sem nefnist olaparib, athuguð á 

brjóstaþekjufrumulínur sem voru með og án stökkbreytinga í BRCA2 genum. Niðurstöðurnar benda til 

þess að arfblendnu frumulínurnar séu ekki næmar fyrir PARP hindrun en að frumulínan Capan-1, sem 

hefur stökkbreytingu í annarri BRCA2 samsætunni og hina fellda út, sé mjög næm fyrir þessari hindrun 

og frumurnar virðast fara í gegnum stýrðan frumudauða eftir meðferðina. Þetta bendir til þess að 

olaparib meðferð hafi aðeins áhrif á krabbameinsfrumur sem hafa ekkert starfhæft BRCA2 prótín en 

ekki á aðrar eðlilegar frumur, sem svo mörg skráð krabbameinslyf gera og valda þar með miklum og 

alvarlegum aukaverkunum. Allar frumulínurnar sýndu aukningu á γH2AX litun eftir meðhöndlun með 

olaparib sem bendir til aukningar á tvíþátta DNA brotum eftir meðhöndlun. Aðeins arfblendnu og 

villigerðar frumulínurnar sýndu aukningu á γH2AX og RAD51 litun eftir meðhöndlun og virtust þessi tvö 

prótín tengjast við DNA skemmdir, sem bendir til viðgerðar á þessum tvíþátta DNA brotum. 

Nokkrar olaparib og cisplatin blöndur voru prófaðar á Capan-1 frumulínuna og benda 

niðurstöðurnar til góðrar samvirkni milli þeirra á ákveðnu styrkleikabili. Besta samvirknin fannst þegar 

olaparib var gefið í háum styrk og cisplatin í lágum styrk. Þessar niðurstöður sýna að með því að gefa 

efnin saman væri hugsanlega hægt að bæta meðferð brjóstakrabbameinsjúklinga sem eru BRCA2-

arfberar og mögulega fá fram sömu virkni með lægri skömmtum af cisplatini. Ef það tækist þá myndi 

það draga úr erfiðum, skammtaháðum aukaverkunum, sem að jafnaði fylgja cisplatin meðferð.  
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Abstract 

So far, treatment of breast cancer patients is not selective for BRCA-associated cancer and it is not 

certain whether that knowledge of BRCA2 status would change the selection of treatment. There is 

need for specific drugs that focus on the abnormalities in BRCA-associated pathways. Recent findings 

show that Poly-(ADP-ribose)-polymerase (PARP) inhibitors could be used in patients with mutations in 

the BRCA genes. PARP-1 is an enzyme that participates in base-excision-repair and single-stranded 

DNA breaks. It has been shown that cells with abnormalities in the BRCA genes are sensitive to 

inhibition of PARP-1 function. Cells with BRCA abnormalities showed chromosomal instability, stop in 

cell cycle and increase in apoptosis when they were treated with PARP inhibitors. The hypothesis is 

that an increase in single-stranded DNA breaks after treatment with PARP inhibitors leads to double-

stranded DNA breaks at replication forks and because BRCA mutated cells have difficulties in repair of 

double-stranded breaks, cells with BRCA abnormalities are very sensitive to PARP inhibition.  

In this study the effects of PARP inhibition by a novel inhibitor, olaparib, was tested on human 

epithelial breast cell-lines with and without mutations in the BRCA2 gene. The results show that 

BRCA2-heterozygous cell lines are not sensitive towards this PARP inhibitor but the BRCA2-deficient 

cell line Capan-1 is very sensitive and seems to go through apoptosis after treatment. These results 

indicate that treatment with olaparib would only affect the BRCA2-deficient cancer cells and not the 

normal cells as so many cancer drugs do, causing severe side-effects.  All cell lines showed increase 

in γH2AX staining in a dose dependent manner after treatment, which means that there is an increase 

in DSBs after olaparib treatment, but only the heterozygous cell lines as well as the wild-type cell lines, 

showed increase in γH2AX and RAD51 in a dose dependent manner and colocalization of those 

antibodies at sites of DNA damage, indicating repair of these DSBs. 

Olaparib and cisplatin combinations were tested on the Capan-1 cell line and results indicated 

synergistic effects between the drugs at a certain interval of drug concentration combination. The best 

synergy was found between the drugs when olaparib was administered at higher concentrations and 

cisplatin at lower concentration. These results suggest that it might be possible to use these drugs in 

combination and lower the cisplatin concentration thereby reducing side-effects but potentially get the 

most beneficial selective results.  
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1 Introduction 

1.1 Breast Cancer 
Breast cancer is the most common cancer type in women in the western world. Despite years of 

intensive study and substantial progress in understanding susceptibility to breast cancer, this disease 

remains an important cause of death in women. The three greatest risk factors for developing breast 

cancer are female gender, increasing age, and family history of breast cancer (1). It is currently 

estimated that approximately 20-25% of this risk can be explained by genetic risk factors (2). Known 

breast cancer susceptibility genes, such as BRCA1 and BRCA2, can partially explain this risk. 

1.2 The BRCA-genes 
Two main breast cancer susceptibility genes have been identified; BRCA1 located on chromosome 

17q21 and BRCA2 on chromosome 13q12.13 (3-5). These genes encode two very large proteins. The 

BRCA1 protein is transcribed from 22 exons and is composed of 1861 amino acids (6). The BRCA2 

protein is transcribed from 27 exons and is composed of 3418 amino acids (5). BRCA1 and BRCA2 

function as tumor suppressor genes that play important roles in DNA repair and transcriptional 

regulation in response to DNA damage (7).  

Mutations in these two genes are strongly associated with risk of breast cancer and are often found 

among high-risk families with early-onset female and male breast cancer and ovarian cancer. In these 

BRCA-associated familial breast cancers, one allele is inactivated via a germ-line mutation and the 

remaining wild-type allele can be lost due to somatic rearrangements or inactivation (6). Various 

mutations may confer different risk of breast cancer. Studies on BRCA founder mutations in 

individuals of Ashkenazi Jewish ancestry and in Icelandic and Polish families have shown this. The 

Icelandic founder mutation BRCA2 999del5 shows a considerable difference in penetrance and 

expression in different families or individuals with this founder mutation (8). This Icelandic founder 

mutation in the BRCA2 gene is an early truncation mutation in exon 9, found in 6-7% of female breast 

cancer cases and approximately 40% of male breast cancer cases in Iceland (9). This mutation is 

associated with nearly 40% of familial breast cancer in Iceland in addition to 4- and 5-fold risk of 

developing prostate and ovarian cancers, compared with population-based estimates (10, 11). 

Individuals in the Icelandic population that inherit a germ-line mutation in BRCA2 have a very high 

cumulative incidence of breast cancer before the age of 70 (71.9%) and cumulative risk of death 

before the age of 70 (26.9%) (12). Treatment of cancer patients is currently not selective for BRCA 

germ-line mutation carriers. 

1.2.1 BRCA2 

In this thesis the emphasis will be on BRCA2. The BRCA2 gene is located on chromosome 13q12.13 

and encodes a large protein composed of 3418 amino acids weighing approximately 385 kDa     

(figure 1) (5). BRCA2 is characterized by a very large exon 11, which encodes peptide motifs required 

for interaction with the RAD51 protein (13). BRCA2 plays an important role in maintaining the genomic 

stability of the cell through DNA damage repair. Following DNA damage, the BRCA2 protein interacts 

with numerous other proteins to facilitate DNA repair by homologous recombination and in particular, 
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the RAD51 protein (14). This protein is critical for catalyzing the primary reaction required for 

homologous recombination, and its association with BRCA2 is required to facilitate this effect (15). 

Expression of a short peptide from the region of BRCA2 that interacts with RAD51 can result in a 

disruption of the connection between these two proteins, leading to both a reduction in homologous 

recombination and an increase in sensitivity towards radiation and chemotherapy (16, 17).  

 

 

Figure 1. A schematic representation of the structu re of the BRCA2 protein. 

Functional domains are marked. The diagram shows the C-terminal nuclear localization 

signal (red) and N-terminal transcriptional activation domain (purple), OB folds (blue) and the 

eight BRC motifs (orange).  

 

1.3 DNA double-strand breaks and DNA damage signali ng 
DNA double-strand breaks (DSBs) are serious lesions that can initiate genomic instability, ultimately 

leading to cancer (18). DSBs arise in cells from endogenous and exogenous attacks on the DNA 

backbone, where sugar-phosphate bonds are ruptured, and also as a direct consequence of 

replication failures. If a cell is to maintain its genomic stability it has to complete proper repair of all 

these DSBs. When a cell is dividing the genetic information needs to be distributed equally to daughter 

cells and when the cell has a broken chromosome this process becomes difficult. Alterations or loss of 

chromosome fragments can lead to apoptosis but also to carcinogenesis with the activation of 

oncogenes or inactivation of tumor suppressor genes. To deal with this, eukaryotic organisms have 

evolved potent and efficient DSB-repair mechanisms. There are mainly two pathways that cells use to 

repair DSBs: non-homologous end joining (NHEJ) and homologous recombination (HR). In the NHEJ 

pathway, DSB ends are simply joined directly or joined after limited processing. Therefore, NHEJ 

occurs rapidly and is used throughout the cell cycle. On the other hand, HR mainly takes place during 

late S and G2 phases since it uses a sister homolog as a template for repair (19). In addition to these 

repair pathways, cells have evolutionarily conserved pathways that are known as DNA damage 

response (DDR). DDR allows the cell to sense DNA damage, propagate DNA damage signals, and 

activate signaling cascades that consequently induce a large number of cellular responses, including 

cell-cycle checkpoints to slow down or stall damaged cells until the restoration of lesions. Cells will 

undergo either apoptosis or senescence to prevent duplication and division of damaged DNA into 

daughter cells if unrepaired DSBs persist (20). One of the mechanisms that ensure the fidelity of a cell 

division is the cell cycle checkpoints. Among the different checkpoints, those that sense genome 
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Figure 2 . Simplified model of DSB signaling and checkpoint activation. 
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crucial in allowing eukaryotic cells safe progression through the cell cycle.

checkpoints are complex cascade of phosphorylation where DNA-

detect unrepaired DSBs and recruit transducer kinases (figure 2). These sensors are essential in the 

DNA damage response because they mediate the phosohorylation of a number of

roper effectors. The mammalian transducer kinases ATM (ataxia 

mutaed) and ATR (ataxia telangiectasia and Rad3-related) together with DNA

dependent protein kinase catalytic subunit) are key players in triggering the checkpoint 

nse through activation of the effector kinases CHK1 and CHK2,  which propagate the signal 

 

. Simplified model of DSB signaling and checkpoint activation.  

DNA is represented by a pair of black lines. Transducer kinases are 

orange and mediators in yellow. (A) DSB ends are recognized

MRN recruits ATM, which phosphorylates H2AX histones (

broadcast the signal. (C) Mediator proteins stimulate

around the breakpoint, generating large γH2AX chromatin domains. (D) DSB 5’

involving MRN and other nucleases and chromatin

stranded overhangs generated by resection. (F) RPA

stranded DNA recruits ATR. Adjusted from (22). 

crucial in allowing eukaryotic cells safe progression through the cell cycle. 

-damage sensors can 

These sensors are essential in the 

DNA damage response because they mediate the phosohorylation of a number of effector kinases 

The mammalian transducer kinases ATM (ataxia 

related) together with DNA-PKcs 

in triggering the checkpoint 

nse through activation of the effector kinases CHK1 and CHK2,  which propagate the signal (21). 
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stimulate checkpoint factor 
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stranded overhangs generated by resection. (F) RPA-coated single-
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DSBs are primarily detected by the direct interaction of the DNA ends with the MRN complex, 

composed of MRE11, RAD50 and NBS1 (23, 24). The MRN complex is one of the first to recognize 

the DSB and is therefore involved in DNA-damage sensing. It recruits the ATM transducer kinase 

triggering checkpoint activation (25-27). ATM therefore recognizes and signals unprocessed DSBs. 

Processing of DSBs is stimulated by ATM, although it does not require the checkpoint to be activated 

(28, 29). DSB 5’-ends are resected, involving MRN and other nucleases and chromatin 

decondensates, then replication protein A (RPA) binds to single-stranded overhangs generated by 

resection. The RPA-coated single-stranded DNA recruits ATR through its cofactor ATRIP (30, 31). 

When the checkpoints are activated, transducer kinases transfer a DNA-damage response through 

the activation of effector kinases. These checkpoint transducers are also responsible for one of the 

earliest events that occur after the formation of a DSB, that is histone H2AX C-terminal tail 

phosphorylation, called γH2AX (20). H2AX is phosphorylated by the PI3-K like kinases, ATM, ATR 

and DNA-PKcs and is one of the first proteins involved in DDR. It is required for DNA damage signal 

amplification and subsequently accumulation of numerous DDR proteins at DSB sites (32). H2AX is 

one of the most conserved H2A-variants and is present in chromatin at levels that vary between 2 and 

25% of the H2A pool, depending on the cell line and tissue examined. One particularly relevant aspect 

of H2AX phosphorylation is that it is not limited to the immediate area, but spreads instead to a large 

chromatin region surrounding the DSB (33). 

MDC1 (Mediator of Damage Checkpoint protein 1) works very closely with γH2AX in DDR, since it 

is required for almost all of the γH2AX-dependent focus formation events following DNA damage. In 

response to DSBs, MDC1 binds directly to γH2AX through its BRCT domain, a protein-protein 

interaction domain that is found in other components of the DNA damage response pathway (34). 

Besides MDC1, MCPH1 (Microcephalin, also known as BRTI1) is also recruited to DSB sites via its 

direct interaction with γH2AX, this is mediated by the C-terminal BRCT domains of MCPH1 (35). 

MCPH1 plays a role in chromatin condensation, chromatin remodeling, HR repair, and cell-cycle 

checkpoints via its association with multiple DNA damage signaling and repair proteins (36-38). 

1.3.1 Homologous recombination repair 

Cells that lack BRCA2 have a deficiency in the repair of DNA DSBs by the conservative, potentially 

error-free, mechanism of homologous recombination (HR) (figure 3) (39, 40). This deficiency results in 

the repair of these DNA lesions by non-conservative, potentially mutagenic mechanisms such as 

NHEJ and single strand annealing (SSA). The resulting genomic instability probably underlies the 

cancer predisposition caused by loss-of-function mutations in BRCA2 (7, 41). 

The HR pathway is a potentially error-free mechanism of repairing DSBs, which involve an identical 

sequence to copy and replace damaged DNA. The identical sister chromatid is the ideal template for 

HR and is in short distance following replication (42). Alternative sequences on the same or other 

chromosomes can also act as templates for HR. HR is somewhat suppressed in G0/G1 to avoid the 

possible non-conservative recombination between autosomes (43). A typical HR can be described by 

three simplified steps: 1) resection of the 5’-ended DNA strand at break ends, followed by 2) strand 



  

invasion into homologous DNA duplex and strand exchange, and 3) resolution of recombination 

intermediated (figure 3) (44). 

 

Figure 3 . Model of DSB repair by NHEJ and HR pathways.
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invasion into homologous DNA duplex and strand exchange, and 3) resolution of recombination 

. Model of DSB repair by NHEJ and HR pathways.  

DNA and the homologous template are respectively illustrated by a pair of black and 

lines. (A) DSB ends are kept together by MRN and DNA-PK complexes. (B) In NHEJ, DSB 

ends are further stabilized by MRN and DNA-PK. (C) MRN and DNA-

complex and DSB ends are aligned. (D) DSB ends are ligated or are processed prior ligation 

(repair). (E) In HR, 5’ DSB ends are resected by MRN and other nucleases. (F) RPA binds 

stranded overhangs generated by resection. (G) RPA-coated single

is a substrate for RAD51-filament formation. (H) RAD51-filament homology search and 

strand invasion lead to the formation of a D-loop. (I) From the D-loop, different HR pathways 

can result in DSB repair. Adjusted from (22). 
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The nucleolytic degradation of the 5’-ended DNA strand is the first and one of the most critical 

steps of the HR pathway (45). Resection at the 5’-end generates a long 3’ single-stranded end that 

can invade the duplex containing the homologous sequence and prime DNA synthesis, a sequence 

homology search. DNA sequences lost at the break location will be recovered by DNA synthesis and 

sequences lost on the 5’ degraded strand are reconstituted (46). With the help of several mediator 

proteins, RAD51 then forms a nucleoprotein filament on the RPA-coated ssDNA and begins searching 

for DNA sequences similar to that of the 3’ overhang. When such a sequence is found, the single-

stranded nucleoprotein filament invades into a homologous chromosome. A displacement loop (D-

loop) is formed during this strand invasion between the invading 3’ overhang strand and the 

homologous chromosome (47). From this step of recombination, several HR pathways can complete 

the repair. All of these pathways will end with the replacement of the sequence surrounding the DSB 

by the homologous sequence used for repair. The two major pathways are called double-strand break 

repair (DSBR) and synthesis-dependent strand annealing (SDSA) (48, 49).  

Re-annealing of DSB ends through the newly synthesized region is possible because of the 

displacement of the elongated end out of the D-loop. The sequences that are not involved in this 

annealing are cleaved and then repair can be completed by the SDSA pathway (50). This pathway 

does not lead to crossovers and seems to account for genome stability by avoiding crossovers in 

mitotic cells (figure 4 A-F) (48, 51). On the other hand, the homologous duplex strand can extend the 

loop by the elongation of the invasive strand and resultant displacement that can then capture the 

second DSB end by annealing. The second DSB end can also be elongated by DNA synthesis. Gap 

filling and ligation will result in the formation of two four-branched DNA structures called Holliday 

junctions (HJs). Differential cleavages of both HJs lead to the DSBR model. This pathway causes 

crossovers or non-crossover products, depending on cleavage (figure 4 G-H) (44). Identification if the 

“resolvase” enzyme capable of achieving HJ cleavages is still under investigation.  
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Figure 4. DSB repair mediated by recombination, the  SDSA and DSBR pathways. 

(A) DSB 5’ –end resection (dashed black lines). (B) Search for homologous template (blue 

lines). (C) Strand invasion and D-loop formation. (D) SDSA pathway. (E) After its elongation 

(dashed blue arrow), strand displacement of the invasive strand and annealing to the other 

DSB end. (F) Cleavage of non-homologous sequence (black arrow), gap filling (dashed black 

arrow) and ligation produce a non-crossover. (G) DSBR pathway. (H) Elongation (dashed 

black and blue arrows) and ligation of invasive strands: double HJ formation. (I) HJ 

resolution. (J) Different forms of cleavage, I, II, II and IV are indicated (black arrows). 

Cleavage I+II (or III+IV, not represented) produce a non-crossover. (K) HJ dissolution. (L) HJ 

branch migration and (M) strand decatenation (green pentagonal shapes) produce a non-

crossover. Adjusted from (22). 

 

Only one end of a DSB can be used for repair under some circumstances. This happens when only 

one of the DSB ends shares homology with another region on the genome or when one end of a 

broken DNA molecule is lost. When the replication fork encounters a DNA single-stranded gap or a 

nick, it will be converted into a one-ended DSB on one sister-chromatid. Since DNA replication is 

initiated at several origins, the collapsed replication fork can be held until the arrival of the oncoming 

fork. This would create a two-ended DSB that can be repaired after replication by other HR pathways 
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that seem to be less dangerous when considering repair fidelity (44, 52). One-ended DSB repair 

occurs through the “break-induced replication” (BIR) pathway (53, 54). When the DSB end invades a 

homologous sequence, it initiates a unidirectional DNA synthesis from the site of strand invasion and 

replicates the chromosome template. The formation of a single HJ is involved in one BIR model and its 

cleavage results in a large-scale loss of heterozygosity if it happens between homologous 

chromosomes. During BIR, more complex genome rearrangements can happen through multiple 

strand invasions (52).  

1.3.1.1 Role of BRCA2 in homologous recombination 

The only well defined function of the BRCA2 protein is its role in facilitating homologous 

recombination (17, 39). The BRCA2 protein binds directly with the RAD51 protein (14, 55-57). The 

RAD51 protein is essential in catalyzing the primary reaction required for HR and the association with 

BRCA2 is critical to facilitate this effect (15). RAD51 interacts with the BRC repeat regions of BRCA2, 

encoded by exon 11. Of the eight BRC repeats, BRC3 and BRC4 have the strongest interaction with 

RAD51. The crystal structure of the BRC4 peptide sequence of BRCA2 bound to RAD51 

demonstrates a series of hydrophobic and hydrophilic interactions involving the hairpin structure of 

BRC4 created by the short antiparallel β- sheets and an α-helix (figure 5). Contact between BRC4 and 

RAD51 is maintained from Leu1521 to Glu1548 of the BRC4 sequence (58).  

BRCA2 relocalises to the site if DNA damage, following DNA damage and initiates DSB processing 

(59). BRCA2 acts mostly at the coupling between double-stranded DNA and the MRN-processed 

single-stranded 3’ overhang to displace RPA from the overhang and assist the loading of RAD51. 

RAD51 has a catalytic activity central to HR. RAD51 initiates strand exchange between paired DNA 

molecules by coating ssDNA to form a nucleoprotein filament that invades and pairs with a 

homologous DNA duplex. When the RAD51 protein is bound to BRCA2 and finds its position next to a 

RAD51 monomer on ssDNA the monomer-monomer interaction becomes favored over the BRCA2 

interaction (figure 5). The C-terminal domain in BRCA2 forms multiple oligonucleotide-oligosaccharide 

binding (OB) folds (OB1/OB2/OB3) in complex with the conserved protein DSS1, which bind ssDNA. A 

tower region is based between OB2 and OB3 and contains a three helix structure very similar to the 

Hin recombinase. The structure of the OB2/OB3 domains has significant alignment with RPA. In vitro it 

has been been shown that this OB fold can target BRCA2 to double-stranded/single-stranded DNA 

junctions, displacing the single-stranded DNA binding protein RPA to enable RAD51 loading in its 

place. The RAD51 filament subsequently catalyses the search for identical target sequences and 

strand invasion (60, 61).  
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Figure 5. Interaction between RAD51 and BRCA2. 

The BRC repeat region of BRCA2 interacts with RAD51. This interaction is shown as the 

projections between RAD51 monomers. It is proposed that the BRC repeats provide an 

assembly line of RAD51 monomers, and that the C-terminus of BRCA2 binds ssDNA, 

providing a means to displace RPA and allow the orderly assembly of the RAD51 filament. 

When BRCA2 is absent in a cell critical events in the initiation of homologous recombination 

are impaired, and repair (and replication) errors can accumulate rapidly. Adjusted from (62). 

 

1.4 Poly (ADP-ribose) polymerases (PARPs) 
The enzymatic activity responsible for the synthesis of poly(ADP-ribose) polymers (PAR or pADPr) 

was originally described in the early 1960s in Paul Mandel’s laboratory in Strasbourg (63). 

Independent studies by other teams demonstrated that this polymer is composed of two ribose 

moieties and two phosphates per polymer unit (64, 65). In the course of the years the enzymes 

responsible for the PAR synthesis have been given different acronyms but are currently called 

poly(ADP-ribose) polymerases (PARPs). In the past decade, genomic approaches have allowed the 

identification of 18 recognized PARP sequences in the human genome, and a significant amount of 

information is available for at least five enzymes (66): PARP-1 (113 kDa), PARP-2 (62 kDa), PARP-3 

(60 kDa), PARP-4 (193 kDa), and PARP-5 (142 kDa) or Tankyrase 1 (TRF1-interacting, ankyrin-

related ADP-ribose polymerase). 

PARP-1 is the founding member of the PARP family and it is the most studied of these enzymes. It 

is an abundant nuclear protein in which it is possible to distinguish three domains: first, a DNA binding 

region able to recognize DNA strand breaks; second, a central automodification region rich in glutamic 

acid and containing a breast cancer-associated protein C-terminal motif; and third, a NAD-binding 

region with all the catalytic activities of the full-length enzyme. DNA strand breaks increase PARP-1 

basal activity (67). Convincing evidence suggests that PARP-1, through its physical association with or 

by the poly(ADP-ribosyl)ation of partner proteins, takes part in regulation of chromatin structure, DNA 

metabolism, and gene expression (68). 
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1.4.1 Life cycle of poly(ADP-ribose) 

Poly(ADP-ribosyl)ation of nuclear proteins is a post-translational modification induced by DNA 

strand breaks that establishes a molecular link between DNA damage and chromatin modification. 

Poly(ADP-ribosyl)ation occurs in almost all nucleated cells of mammals, plants and lower eukaryotes, 

but is absent in yeast. It represents an immediate cellular response to DNA damage as induced by 

ionizing radiation, alkylating agents and oxidants. When there are no DNA single- or double-strand 

breaks, poly(ADP-ribosyl)ation is a very rare event, but it can increase over 100-fold upon DNA 

damage (69). PARP-1 is constantly expressed but only activated by DNA strand breaks (see below). 

PARP-1 cleaves the glycosidic bond between nicotinamide and ribose and catalyses the formation of 

ADP-ribose from the oxidized form of nicotinamide adenine dinucleotide (NAD+). It also hydrolyses 

NAD+ and releases nicotinamid (Nam) and one proton (H+) and therefore also catalyses the transfer of 

the ADP-ribose moiety to nuclear protein acceptors. This reaction is initiated by the formation of an 

ester bond between the amino-acid acceptor (Glu, Asp or COOH-Lys) (70, 71) and the first ADP-

ribose; polymer elongation involves the catalysis of a 2’-1’’ glycosidic bond; polymer branching occurs 

on average after 20 ADP-ribose units and branching points are located at regular distance (every 40-

50 ADP-ribose units). During elongation and branching of the ADP-ribose polymer, the same 

mechanism is used because of the same orientation of the 2’OH of the ribose relative to the Ade (in 

the elongation) or to the Nam (in the branching) of NAD+ (69, 72, 73). A novel ribosyl-ribosyl linkage is 

then generated and ultimately results in the formation of polymers that can be as long as over 200 

ADP-ribose subunits and have a number of branching points (74) (figure 6). The major target protein 

of this poly(ADP-ribosyl)ation reaction is PARP-1 itself (75), but many other acceptor proteins have 

been described, such as p53 (76), both subunits of NF-κB (nuclear factor kappa B) (77, 78), histones 

(79), DNA ligases (80), DNA polymerases (81) and DNA-topoisomerases (82). The polymer has high 

negative charge and because of that, this modification can significantly change the physical and 

biochemical properties of the modified proteins (83).  
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Figure 6. Metabolism of poly(ADP-ribose). 

In response to DNA-strand breaks, PARP-1 hydrolyze NAD+, releasing Nam and one H+, 

and catalyze the transfer of the ADP-ribose moiety to nuclear protein acceptors. The 

formation of an ester bond between a glutamic acid, aspartic acid or COOH-Lysine and the 

first ADP-ribose is the initiation of the reaction. Polymer elongation involves catalysis of a 2’-

1’’ glycosidic bond and polymer branching occurs on average after 20 ADP-ribose units. The 

degradative nuclear enzyme PARG has endo- and exoglycolytic activities that cleave 

glycosidic bonds between ADP-ribose units. P, phosphate; rib, ribose. Adjusted from (68). 

 

1.4.2 PARP-1 

PARP-1 is a nuclear protein comprised of three functional domains and 1014 amino acids (figure 7). 

The amino-terminal is a DNA binding domain (DBD) that contains two zinc fingers. These zink fingers 

are important for the binding of PARP-1 to single–strand breaks and double-strand breaks (84, 85). A 

third zinc finger was recently described and found to be not necessary for DNA binding, but important 

for pairing damage-induced changes in the DNA-binding domain to alterations in PARP-1 catalytic 

activity (86, 87). The amino-terminal domain also has the protein’s nuclear localization signal (NLS). In 

the central domain is the automodification domain, which contains specific glutamate and lysine 

residues, which serve as acceptors of ADP-ribose moieties and thus allowing the enzyme to 

poly(ADP-ribosyl)ate itself (88, 89). This domain also has a BRCA1 carboxy-terminal (BRCT) repeat 

motif. The C-terminal catalytic domain transfers ADP-ribose subunits from NAD+ to protein acceptors, 

forming PAR (90). 
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Figure 7. Structural and functional characteristics  of PARP-1. 

A) PARP-1 is represented with its DNA-binding (DBD), automodification (AD) and catalytic 

domains. The PARP signature sequence (grey box within the catalytic domain) comprises 

the sequence most conserved among PARPs. Crucial residues for nicotinamide adenine 

dinucleotide (NAD+) binding (histidine; H and tyrosine; Y) and for polymerase activity 

(glutamic acid; E) are indicated. B) Consequences of PARP-1 activation by DNA damage. 

Although not shown, PARP-1 is active in a homodimeric form (75). PARP-1 detects DNA 

damage through its DBD. This activates PARP-1 to synthesize poly(ADP-ribose) (grey 

beads on acceptor proteins) including histones and PARP-1. Because of the dense negative 

charge of PAR, PARP-1 loses affinity for DNA, allowing the recruitment of repair proteins by 

PAR to the damaged DNA (red and yellow circles). PARG hydrolyses PAR into ADP-ribose 

molecules and free PAR. ATM, ataxia telangiectasia-mutated; BER, base excision repair; 

BRCT, BRCA1 carboxy-terminal repeat motif; DNA-PKcs, DNA-protein kinase catalytic 

subunit; DSB, double-strand break; HR, homologous recombination; NEHJ, non-

homologous end joining; NLS, nuclear localization signal; SSB, single-strand break; Zn, zink 

finger. Adjusted from (91). 
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PARP-1 is quickly recruited to the changed DNA after the introduction of certain types of DNA 

damage. The catalytic activity of PARP-1 increases and results in the synthesis of protein-conjugated 

long branched PAR chains 15 to 30 sec after damage (85, 92). The addition of PAR interferes with the 

functions of other proteins, such as histones, topoisomerase I and DNA-PK because of its size and 

large negative charge (67). When the PAR is formed on PARP-1 it can recruit hundreds of other 

proteins. Some of these recruited proteins bind directly to PAR, whereas others are indirectly recruited 

because they interact with PAR-binding proteins (93-95). The affinity of PARP-1 and histones for DNA 

decreases when the PAR is formed. This allows a mechanism for removing PARP-1 from the 

damaged DNA and for the local modulation of chromatin compaction (94, 96, 97). DNA-damage-

induced poly(ADP-ribosyl)ation of H1 and H2B contributes to the relaxation of the chromatin fiber in 

vitro and its conformational change of the nucleosomal superstructure may trigger the contact of repair 

enzymes to the lesion in vivo (96). Non-covalent interactions between histone tails and PAR also take 

place, further decreasing nucleosomal stability (78). It has been suggested that removal of PARP-1 

provides access for repair proteins and suppresses further PAR synthesis (98, 99). Poly(ADP-ribose) 

glycohydrolase (PARG) catalyses the hydrolysis of (ADP-ribose) polymers to free ADP-ribose (100). 

PARG therefore, stops the polymer growth and removes the PAR from PARP-1 and restores its 

capacity to identify DNA strand breaks and begin a new round of damage signaling. PARP-1 binds to 

both single- and double-strand DNA breaks but its role in the base excision repair (BER) pathway, 

which repairs SSB, has been the most defined (101). BER plays an important role in repairing 

damaged bases and SSB induced by alkylating agents and ionizing radiation. In the absence of 

PARP-1, when these breaks are encountered during DNA replication, the replication fork stalls and 

DSBs can accumulate, which are then repaired via HR repair. Thus, if the HR pathway is functioning, 

PARP-1 knockout mice show normal phenotype and no increased incidence of tumor formation (102, 

103). 
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Figure 8. Mechanism for specific killing of BRCA2 d efective cells with PARP inhibitors. 

PARP-1 plays a role in the repair of SSBs and lack of repair causes replication forks to 

collapse and the possible consequent generation of DSBs. BRCA2 proficient cells repair 

collapsed forks with HR and resume replication without error. Cancer cells that lack 

functional BRCA2 fail to repair collapsed replication forks, these are either repaired by error-

prone repair pathways leading to further genetic instability or are directly lethal to cells. 

Adjusted from (104). 

 

1.5 PARP-1 inhibitors 
Most of the PARP inhibitors under development mimic the nicotinamide moiety of NAD+ and therefore 

block the binding of NAD+ to the enzyme, inhibiting PARP activity (105, 106). Nicotinamide, 

benzamine and substituted benzamine, in particular 3-aminobenzamine (3-AB) were all shown to be 

competitive inhibitors of PARP and were the first-generation inhibitors, developed over 30 years ago. 

(107). Benzamides inhibit PARP by interfering with the binding of NAD to the enzyme’s active site. 

Benzamides also bind to DNA and therefore prevent the recognition of DNA breaks by PARP (108).  

However, these classical inhibitors lacked specificity and potency. A second generation of many 

potent PARP inhibitors was developed in the 1990’s.These inhibitors may be classified as analogs of 

benzamide. Carbonyl, either attached to an aromatic ring as a carbamoyl group or built into a 

polyaromatic skeleton as an N-substituted carbamoyl or C-extended acetyl group, is a common 

structural feature shared by these strong inhibitors (109). A third generation of inhibitors, 

benzimidazoles, showed good potency. Many of these inhibitors are derived from the basic 3-

aminobenzamide structure and include a collection of benzimidazoles (Abbott), pthalazinones 

(AsraZeneca), ideno[1,2-c]sioquinolinones (Inotek), and tricyclic indoles (Pfizer). These drugs differ in 

chemical structure and bioavailability but tend to have a short half-life and require frequent doses 

(110). 
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1.5.1 PARP inhibitors in cancer therapy 

PARP inhibitors were initially proposed as chemosensitisers for cancer treatment and this thought has 

led to the clinical assessment of PARP inhibitors in combination with the methylating agent, 

temozolomide, with promising results in patients with metastatic melanoma. Other combination 

therapies have also been proposed, notably PARP inhibitors with either topoisomerase I inhibitors 

(topotecan) or radiotherapy (111). With the demonstration of BRCA selectivity, some PARP inhibitors 

have now entered clinical assessment as single agents. 

The development of PARP inhibitors as agents to treat tumors with certain sensitizing genetic 

lesions is based on the notion that cells with defects in DSB repair such as BRCA-deficient cells are 

more dependent on PARP-1 and BER to maintain genomic integrity (112). This synthetic lethal 

approach (described below) has been validated in studies that show striking single-agent activity of 

PARP inhibitors in preclinical models of BRCA1 and BRCA2 inactivation in vitro and in vivo (113, 114). 

Consistent with these results, the PARP inhibitor olaparib (AZD2281) has shown promising single-

agent activity against BRCA1- or BRCA2-mutant tumors in early clinical testing (115). Likewise, the 

observation that cells deficient in other crucial homologous recombination proteins are sensitive to 

PARP inhibitors (116) provides the basis for testing PARP inhibitors in other cancers. 

  

1.5.1.1 The use of PARP inhibitors in combination with other 
chemotherapeutic drugs 

The alternative approach of pairing PARP inhibitors with DNA-damaging agents to achieve 

chemosensitization is based on extensive preclinical studies showing that PARP inhibitors enhance 

the action of methylating agents, topoisomerase I poisons and ionizing radiation in tumor cell lines in 

vitro and in human tumor xenografts in vivo (117, 118). Less substantial evidence exists to support the 

concept that PARP inhibition enhances tumor responses to DNA cross-linking agents such as cisplatin 

(110). Cisplatin crosslinks DNA interfering with cells division by mitosis. Cisplatin crosslinks as 

monoadduct, interstrand crosslink, intrastrand crosslink or DNA protein crosslink (119). These 

observations were first translated into a clinical trial of the PARP inhibitor AG014699 in combination 

with the methylating agent temozolomide (120). This trial demonstrated that this PARP inhibitor could 

safely be administrated with standard doses of temozolomide. Phase I and phase II trials of several 

PARP inhibitors in combination with DNA-damaging agents are ongoing. 

As these clinical trials progress, it will be crucial to examine potential long-term effects of PARP 

inhibition. Because PARP-1 plays a part in protection of the cardiovascular system and development 

of memory (121, 122), it will be important to assess cardiovascular and mental health in patients who 

receive long-term PARP inhibitor therapy. 
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1.6 Synthetic lethal approach 
PARP inhibitors are expected to function as sensitizing agents for chemo- and radiation therapies that 

are designed to cause DNA damage. PARP-1 is activated by SSB resulting from ionizing radiation and 

exposure to alkylating agents (113, 123). PARP-1 takes part in the BER pathway and loosens 

chromatin and recruits repair proteins. SSBs are likely to be converted to DSBs at replication forks 

when PARP-1 is inhibited. DSBs are then repaired by HR repair but when HR repair does not function, 

the DSBs are not repaired and this leads to chromosomal alterations and apoptosis termed “synthetic 

lethality” (113, 124). Synthetic lethality can be defined as an event when two otherwise nonlethal 

mutations/defects occur together and result in a nonviable cell. The effects of PARP inhibition should 

then be seen best in tumor types that are deficient or mutant for proteins that are essential for the HR 

repair pathway (figure 9) (125). When there are loss-of function mutations in DNA repair proteins other 

than BRCA1 and BRCA2 that predispose to cancer, there is a chance that this therapeutic approach 

can be used and when considering that, identifying synthetic lethal partners for DNA repair proteins 

that are defective in tumors may aid the identification of other targets for cancer therapy (126). 

 

 

Figure 9. Cell death from synthetic lethality, as i nduced by inhibition of PARP-1. 

(A) Both BER and HR are available for repair in normal cells. (B) In cells that have lost 

BRCA2, HR does not function and BER and other processes can make up for the loss of HR. 

(C) In cells that have lost BER function because of PARP-1 inhibition but retain at least one 

functioning copy of BRCA1 and BRCA2, HR is intact and can repair DNA damage. (D) In the 

cancer cells of mutation carriers, BRCA2 function is deficient, and when PARP-1 is inhibited, 

these cells are not capable to repair DNA damage by homologous recombination or base-

excision repair, and cell death results. Adjusted from (124). 
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1.7 The BRCA2 cell line model 
Available breast cancer cell lines are few, and only a fraction of them have been extensively studied. 

Whether they are representative of the tumors from which they originate remains a matter of debate. 

Attempts to culture breast cancer cell lines from primary tumors have often been very unsuccessful.  

In 2005 three human breast epithelial cell lines harboring a germ-line 999del5 BRCA2 mutation 

were described for the first time (127). These cell lines are called BRCA2-999del5-1N (A176), BRCA2-

999del5-2N (A240) and BRCA2-999del5-2T (A256). A176 and A240 were derived from nontumorous 

tissue and A256 from a tumor. All three cell lines retained their wild-type allele, were estrogen 

receptor-α negative and show frequent multiploidy and telomeric associations. Cell lines were 

immortalized using the human papillomavirus 16 oncogenes E6 and E7 and retained most of their 

differentiation pattern seen in their tissue of origin. These cell lines are used to represent the carriers 

of BRCA2 hereditary mutations but not the tumor itself. They provide material for in vitro and in vivo 

models of mammary carcinogenesis regarding to an existing BRCA2 mutation. 
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2 Aims 

Because BRCA1- or BRCA2-deficient cells are unable to complete efficiently homologous 

recombination, the most faithful mechanism of DNA DSB repair, PARP inhibition in these cells causes 

a high degree of genomic instability and eventual cell death. In patients with hereditary BRCA 

mutations, PARP inhibitors would be highly selective for tumor tissues (expected to be BRCA 

deficient) compared with normal tissues (expected to be heterozygous at the BRCA locus). Moreover 

genetic screens have identified a host of homologous recombination-related genes that, on deletion, 

render cells hypersensitive to PARP inhibitors (84). Therefore, there is a potential for extending the 

use of PARP inhibitors to these patients if HR status can be determined.  

The aim of this study was to assess the efficacy of the novel, selective poly(ADP-ribose) 

polymerase (PARP) inhibitor olaparib against BRCA2-mutated cell lines. 

The specific aims were divided into four parts, where the following questions were asked:  

1. Are BRCA2-heterozygous cell lines more sensitive to PARP inh ibition than wild-type 

cell lines? 

2. Do the BRCA2-heterozygous cell lines repair the DSBs with HR re pair? 

3. Do the BRCA2-heterozygous cells go through apoptosis when PARP is inhibited? 

4. Is there a potential synergy between olaparib an d cisplatin? 
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3 Materials and methods 

3.1 Cell culture 
Six human epithelial cell lines were used in this study; three BRCA2-heterozygous, one BRCA2-

deficient and two wild-type. The BRCA2-heterozygous cell lines BRCA2-999del5-1N, BRCA2-999del5-

2N and BRCA2-999del5-2T (in this thesis they will be referred to as A176, A240 and A256 

respectively) are derived from carriers of the 999del5 BRCA2 founder mutation. The human         

MUC-/ESA+ epithelial breast cell line D492 has no BRCA2 defects. These four cell lines have been 

immortalized from primary cultures using E6/E7 genes from HPV (127, 128) and were cultured on 

plastic flasks (BD, Franklin Lakes, NJ, USA) coated with collagen (Inamed Biomaterials, Fremont, CA) 

in H14 medium which consists of DMEM-Ham’s F12 basal medium (GIBCO BRL, Life Technologies, 

Paisley, UK)  supplemented with 250 ng/ml insulin, 10 µg/ml transferrin, 10 ng/ml EGF (Peprotech EC 

Ltd., London, UK), 2.6 ng/ml sodium selenite, 0.1 nM estradiol, 0.5 µg/ml hydrocortisone, 5 µg/ml 

prolactin (all growth factors, except EGF, were purchased from Sigma-Aldrich, St. Louis, MO), as well 

as 50 IU/ml penicillin and 50 µg/ml streptomycin (GIBCO) (127). Cells were cultured at 37°C in a 

humidified 5% CO2 atmosphere. 

Two cell lines, Capan-1 and MCF-7 where purchased from American Type Culture Collection 

(ATCC, Teddington, UK). Capan-1 is an epithelial pancreatic adenocarcinoma cell line, which was 

derived from a patient with the 617delT germline mutation in BRCA2. The Capan-1 cells are deficient 

of BRCA2 (129-132).  MCF-7 was used as a breast cancer cell line control. This cell lines does not 

have any mutation in BRCA2 (133, 134). Both of these cell lines were spontaneously established. 

They were cultured on plastic flasks (coated with collagen for Capan-1) and cultured in RPMI medium 

with 20% serum fetal bovine serum (GIBCO BRL) (Capan-1) and 10% serum (MCF-7). Cells were 

cultured at 37°C in a humidified 5% CO 2 atmosphere. 

3.2 Drugs 

3.2.1 Poly (ADP-ribose) polymerase-1 inhibitor 

Olaparib(4-[(3-[(4-cyclopropylcarbonyl)piperazin-4-yl]carbonyl)-4-fluorophenyl]methyl(2H) 

phthalazin-1-one) (AZD2281) is a novel and a very potent small molecule PARP inhibitor that was 

obtained from AstraZeneca (London, UK). The compound was diluted to a 10 mM stock solution using 

99.7% DMSO (Sigma-Aldrich, St. Louis, MO) and stored at -20°C. Line-bond structure of the drug can 

be seen in figure 10. 
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Figure 10. Chemical structure of olaparib. 

Olaparib (4-[(3-[(4-cyclopropylcarbonyl)piperazin-4-yl]carbonyl)-4-fluorophenyl]methyl(2H) 

phthalazin-1-one) (AZD2281) is a novel and a very potent small molecule PARP inhibitor 

from AstraZeneca (London, UK) (135). 

 

3.2.2 Cisplatin 

Cisplatin (cis-Diammineplatinum (II) dichloride) (Sigma-Aldrich) is a chemotherapeutic platinum-based 

drug used to treat various types of cancers (figure 11). The compound was diluted to a 1mg/ml stock 

solution using 0.9% NaCl (Sigma-Aldrich) and stored at 4°C.  

 

 

Figure 11. Chemical structure of cisplatin. 

Cisplatin (cis-Diammineplatinum (II) dichloride) is a chemotherapeutic platinum-based drug 

(136). 

 

3.3 Cell survival assessed by clonogenic based assa ys 

3.3.1 Cell seeding study 

A cell seeding study for each cell line was carried out to determine the appropriate cell seeding 

number for a clonogenic based assay. A176, A240, A256, D492, MCF-7 and Capan-1 cells were 

seeded in six-well plates at the following density: 250, 500, 1000, 2000, 3000, 4000, 6000 and 8000 

cells per well. All densities were in triplicate. DMSO (0.1%) was added to the wells the day after the 

cells were seeded as a control. Medium was changed every fourth day along with DMSO and cultured 

at 37°C in a humidified 5% CO 2 atmosphere for two weeks. After two weeks, each well was washed 

with 1 ml phosphate buffered saline (PBS) and cells stained with 600 µl of 0.25% Crystal Violet 
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(Reagenzien Merck, Damstadt, Germany) solution for 10 minutes. Plates were washed with H2O and 

dried out. Colonies were counted and the appropriate cell seeding number calculated.  

3.3.2 Clonogenic based assay 

The olaparib inhibitor had to be diluted to working concentrations before assays could be 

performed. The inhibitor was diluted as shown in the following table (table 1):  

 

Table 1. Olaparib inhibitor dilutions.  

 
Final  

Concentration 
(µM) 

Working  
Concentration 

(µM) 

Stock 
Solution 

Stock 
(µL) 

Media 
(µL) 

Media 
+ 10% DMSO 

(µL) 
A 10.000 1.0000 10 mM 150 1350 - 

B 3.333 0.3333 A 500 - 1000 

C 1.111 0.1111 B 500 - 1000 

D 0.370 0.0370 C 500 - 1000 

E 0.123 0.0123 D 500 - 1000 

F 0 0 - - - 1500 

 

A176, A240, A256, D492, MCF-7 and Capan-1 cells were seeded in a triplicate with each dilution 

of olaparib (table 1) and cultured at 37°C in a hum idified 5% CO2 atmosphere for two weeks. After two 

weeks, each well was washed with 1 ml PBS and cells stained with 600 µl of 0.25% Crystal Violet 

(Reagenzien Merck, Damstadt, Germany) solution for 10 minutes. Plates were washed with H2O and 

dried out. Colonies were counted and survival rate estimated. 

3.4 Cell survival assessed by MTS assays 
CellTiter 96® Aqueous One Solution Cell Proliferation assay was used to estimate survival and to 

determine the maximum tolerated dose of olaparib and IC50 values for each cell line. The CellTiter 96® 

AQueous One Solution Cell Proliferation Assay is a colorimetric method for determining the number of 

viable cells in proliferation or cytotoxicity assays. The solution contains the tetrazolium compound [3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,inner-

salt;MTS]. The MTS tetrazolium compound is bioreduced by cells into a colored formazan product that 

is soluble in tissue culture medium (figure 12). This conversion is presumably accomplished by 

NADPH or NADH produced by dehydrogenase enzymes in metabolically active cells (137). 

 A176, A240, A256, D492, MCF-7 and Capan-1 cells (5000 cells in each well) were plated onto 96-

well plates and cultured at 37°C in a humidified 5%  CO2 atmosphere for two weeks. The drug was 

added the day after the cells were seeded and the medium (200 µl) was changed every fourth day and 

fresh drug added. Along with controls, the following concentrations of olaparib were used for this 

experiment; Capan-1: 0.1 µM, 1 µM, 2.5 µM, 5 µM, and 10 µM and for other cell-lines: 10 µM, 15 µM, 

20 µM, 25 µM and 30 µM. The inhibitor was diluted 1:10 in DMSO to a working solution of 10 mM 

before adding to culture. Solvent controls were included with equivalent concentrations of DMSO. At 

the end of the experiment 20 µl of CellTiter 96®Aqueous One Solution Reagent was added to each 
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well with 100 µl of media and incubated at 37°C in a humidified 5% atmosphere for three hours and 

then the absorbance was measured at 490 nm wave length using a spectrophotometer (SpectraMax 

Plus384, Molecular Devices Corporation). Each experiment was done in a triplicate and repeated three 

times. IC50 values were calculated using Prism software (GraphPad Software, Inc., La Jolla, LA, USA). 

 

 

Figure 12. Structures of MTS tetrazolium and its fo rmazan product. 

   The MTS tetrazolium compound is bioreduced by cells into a colored formazan product.  

 

3.5 Apoptosis analysis using annexin V-FITC and pro pidium iodide 
A176, A240, A256, D492, MCF-7 and Capan-1 cells (50,000 in each well) were plated onto six-well 

plates and treated with four different concentrations of olaparib (2 µM, 5 µM, 15 µM and 25 µM) and 

an equivalent solvent concentration of DMSO (0.0025%) for two weeks. The medium was changed 

every fourth day and fresh drug added. Apoptosis was assessed by flow cytometry by FACSCalibur 

(Becton-Dickinson, Franklin Lakes, NJ) using an annexin V-FITC apoptosis detection kit I (BD 

Biosciences, San Diego, CA). Apoptosis is characterized by a variety of morphological features. 

Changes in the plasma membrane are one of the earliest of these features. In apoptotic cells, the 

membrane phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of 

the plasma membrane, thereby exposing PS to the external cellular environment (138). Because 

externalization of PS occurs in the earlier stages of apoptosis, annexin V-FITC staining can identify 

apoptosis at an earlier stage than assays based on nuclear changes such as DNA fragmentation. 

Annexin V-FITC staining precedes the loss of membrane integrity which accompanies the latest 

stages of cell death resulting from either apoptotic or necrotic processes. Therefore, staining with 

annexin V-FITC in conjunction with vital dyes such as propodium iodide (PI) allows the identification of 

early apoptotic cells (annexin V-FITC positive and PI negative) (139).  

Staining with PI and annexin V-FITC was done according to manufacturer’s instructions. Briefly, 

cells were washed with PBS, resuspended in 1X binding buffer; approximately 1 x 105 cells were 

transferred to a tube and stained with 3 µl of both stains. 1 ml of 1 x binding buffer was added and 

cells were analyzed within an hour. If possible, a total of 10,000 cells were counted for each 

measurement. To ensure that annexin V-FITC staining is not presenting unspecific binding on surface 

proteins, staining for mIgG1 antibody was performed on one cell line (D492). Results were analyzed by 

using FACS express software (De Novo Software, Los Angeles, CA).  
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3.6 Immunocytochemistry 
A176, A240, A256, D492, MCF-7 and Capan-1 cells (25,000 cells in each well) were seeded on 

twelve-well plates with glass coverslips in 1 ml of medium with four different concentrations of olaparib 

(2 µM, 5 µM, 15 µM and 25 µM). The medium was changed every fourth day and fresh drug added for 

two weeks. After that time the cells were fixed for five minutes in 3.7% (v/v) formaldehyde 

(Polysciences Inc., Eppelheim, Germany) in PBS at room temperature and for five minutes in 

methanol:acetone at -20°C and then for 14 minutes i n 0.1% Triton X-100 (Merck Chemicals Ldt.) in 

PBS at room temperature. Methanol was obtained from Sigma-Aldrich and acetone from Merck 

Chemicals Ldt. Cells were then washed three times with PBS and blocked with IFF (1:2 bovine serum 

albumin (Sigma-Aldrich) : fetal bovine serum (GIBCO BRL) for ten minutes at room temperature. The 

cells are then incubated with 1° antibodies for one  hour at room temperature, then washed with PBS 

and incubated with 2° antibodies for 40 minutes at room temperature (see tables 2 and 3). After the 

incubation the cells were washed in TOPRO3 (Invitrogen (Molecular Probes), Carlsbad, CA, USA) 

DNA stain three times for five minutes away from light. The glass coverslips were mounted using 

Fluoromount-G (SouthernBiotech, Birmingham, AL, USA). Images were acquired on a LSM5 Pascal 

confocal microscope (Zeiss,Germany) and captured at a 63X1.4 magnification. A total of 200 cells 

were counted manually and cells with five or more RAD51 spots or γH2AX spots were considered 

positive. Thus, the data are expressed as percentage of positive cells and treated cell cultures 

compared to untreated control cultures. Each experiment was done in triplicate and repeated three 

times. 

 

Table 2. List of primary antibodies. 

Antibody Clone Animal Isotype Dilution  
IFF Manufacture 

RAD51 14B4 mouse IgG2b 1:250 Abcam (Cambridge, UK)            - ab213 

γH2AX polyclonal rabbit IgG 1:1,000 
Bethyl (Montgomery, TX, USA) – A300-

081A 

 

 Table 3 . List of secondary antibodies. 

Antibody  Abs/Em a Dilution  Manufacture  

Alexa Fluor 488 goat anti-mouse 495/519 1:1,000 
Invitrogen (Molecular Probes) – 

A21121 

Alexa Fluor 546 goat anti-rabbit IgG 556/573 1:1,000 
Invitrogen (Molecular Probes) – 

A11010 

TO-PRO-3 DNA stain 642/660 1:10,000 
Invitrogen (Molecular Probes) - 

T3605 

aAbsorbtion/Emission 
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3.7 Olaparib and cisplatin synergy assay 
CellTiter 96® Aqueous One Solution Cell Proliferation assay was used to estimate survival and 

synergy of olaparib and cisplatin for the Capan-1 cell line. Capan-1 cells (5000 cells in each well) were 

seeded onto 96-well plates and cultured at 37°C in a humidified 5% CO2 atmosphere for two weeks. 

Olaparib was added the day after the cells were seeded and the medium was changed every fourth 

day and fresh olaparib added. Along with controls, the following concentrations of olaparib were used 

for this experiment; 1 µM, 1.5 µM, 2 µM, 2.5 µM and 3 µM. The inhibitor was diluted 1:10 in DMSO to 

a working solution of 1 mM before adding to culture. Solvent controls were included with equivalent 

concentrations of DMSO. After seven days, cisplatin was added along with the olaparib in the 

following concentrations; 0.4 µM, 0.6 µM, 0.8 µM, 1 µM and 1.2 µM for 24 hours. The medium was 

changed every fourth day and fresh olaparib added for seven days. At the end of the experiment 20 µl 

of CellTiter 96®Aqueous One Solution Reagent was added to each well with 100 µl of media and 

incubated at 37°C in a humidified 5% atmosphere for  three hours and then the absorbance was 

measured at 490 nm wave length using a spectrophotometer (SpectraMax Plus384, Molecular Devices 

Corporation). Calculations of the combination index, CI, were done in the CalcySyn software (Biosoft, 

Cambridge, UK). This software is based on Chou’s and Talalay’s ideas on the combination index as a 

criterion for synergy or antagonism between two or more drugs. The combination index can be 

calculated using the formula: 

�� �  ������	�� 
  ������	��  �  ����������/�1 � �����/� 
 �����������/�1 � �����/��  

Where (Dx)1 and (Dx)2 are x% effects that the drugs have alone at a certain concentration (D)1 and 

(D)2. Fraction affected or relative effects of the drug is represented by ��. Dm is the dosage of a drug 

that is needed to get 50% effect. 

To calculate (Dx), the software makes a linear regression analysis for each drug according to the 

formula:  

log ������ � � log��� �  � log���� 

Where �� � 1 � ��. Thus, log10 CI values < -0.15 indicate synergy at any given combination of drug 

concentration, CI values > 0.15 indicate antagonism, and values between -0.15 and 0.15 represent 

additive drug interaction (140). 
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3.8 Statistical analysis 
When assessing IC50 values, unpaired t-test with Welch correction was used to compare the mean 

values between cell lines from at least three independent experiments. One-way ANOVA was used to 

compare the mean IC50 values between the cell line groups (BRCA2-deficient, BRCA2-heterozygous 

and wild type). Unpaired t-test with Welch correction was also used to compare annexin V-FITC 

staining between olaparib concentrations. Each experiment was repeated three times. Binomial 

distribution test was used to compare γH2AX and RAD51 staining between olaparib concentrations in 

each cell line. This test was chosen because this experiment was not based on an actual 

measurement but counting of cells that are different from normal cells. Each different cell counts as 1 

but each normal 0. Process of experiments was formulated as counting and results as ratio of 

variance of total counting, p. Ratio of variance for the first concentration is ��� = 
�� � , where X1 is the 

number of variances and n1 is the number of counted cells and so on. Confidence limits for variance 

for each concentration were calculated: 

!̂ � #$ �% &!̂�1 � !̂'( ) ! )  !̂ 
  #$ �% *!̂�1 � !̂�(  

Where α=0.05 or 95% confidence limits per each concentration. The hypothesis H0: p1=p2, i.e. the 

ratio of variance is equal for each concentration. To decline the hypothesis a normalized test is used 

for difference between two different ratios: 

#+ �  �,� � �,�-�,.1 � �,/ 0 � � � � �1 

H0 is declined when Z0>Zα/2, or when Z0<-Zα/2, where α is 0.05 and confidence limits are 95%. 

 

For each cell line experiments were repeated three times. All statistical analysis was performed 

using InStat (GraphPad Software, Inc., La Jolla, LA, USA) except the binomial test was performed 

using Excel (Microsoft Corporation, Redmond, WA, USA). P-values of <0.05 were considered 

statistically significant. 
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4 Results 

4.1 Clonogenic based assay 
Results of the clonogenic based assay were inconclusive. The BRCA2-heterozygous cell lines did not 

grow well under these conditions and did appeared to have difficulties in expanding when seeded at 

such low densities. Further studies based on this were not continued.  

4.2 BRCA2-deficient cells are sensitive to PARP inh ibition but BRCA2-
heterozygous cells are not 

Cell survival was assessed in all the cell lines by exposing cells to olaparib in an increasing 

concentration and survival was estimated by MTS assays. Data from at least three independent 

experiments showed an average IC50 of 2.8 µM for the BRCA2 mutant Capan-1 line, which is 

significantly lower than for the control cell lines; 13.6 µM for D492 (P = 3.5 × 10-2) and 16.5 µM for 

MCF-7 (P = 5.3 × 10-3). The treatment clearly resulted in strong specific growth inhibition in the Capan-

1 cell line (figure 13 and table 4 and 5). The BRCA2-heterozygous cell lines did not show a statistically 

significant difference in growth compared to the control cell lines (see IC50 values in table 4). As seen 

in the control cell lines, the BRCA2-heterozygous cell lines showed statistically significant differences 

when comparing the average IC50 values to the Capan-1 cell line (A176 P = 8.5 × 10-3, A240 P =3.8 × 

10-2, A256 P = 3.9 × 10-2) (table 4). Also, when the cell lines were grouped together on the basis of 

their BRCA2 status this difference could be seen (table 5). 

To exclude the possible effects of DMSO on cell lines, cells were given the same volume of DMSO 

as was used with olaparib. Effects of DMSO were not seen in any of the concentration used, highest 

being 0.003% of the total volume. It is therefore certain that DMSO is not influencing the results seen 

in this or other experiments described in this thesis. 

 

Table 4. IC 50 values for each cell-line with standard error of th e mean (S.E.M.). 

BRCA2 status Cell line 
Mean IC50 ± S.E.M. 

(µM) 

Compared 

to D492   

(P-values) 

Compared 

to MCF-7          

(P-values) 

Compared to 

Capan-1   

(P-values) 

999del5 heterozygous A176 12.6 ± 1.3 0.69 0.93 8.5 × 10-3 

999del5 heterozygous A240 17.6 ± 4.7 0.48 0.47 3.8 × 10-2 

999del5 heterozygous A256 13.7 ± 2.0 0.99 0.87 3.9 × 10-2 

6174delT deficient Capan-1 2.8 ± 0.9 3.5 × 10-2 5.3 × 10-3  

Wild-type MCF-7 16.5 ± 0.5 0.88  5.3 × 10-3 

Wild-type D492 13.6 ± 1.9  0.88 3.5 × 10-2 
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Table 5. Comparison of sensitivity of the cell-line s used. 

Cell lines: t-value p-value 

Heterozygous cell lines (A176, A240, A256) vs. Capan-1 3.395 * 

Heterozygous cell lines (A176, A240, A256) vs. wild-type cell lines (D492, MCF-7) 4.009 ns 

Capan-1 vs. wild-type cell lines (D492, MCF-7) 0.614 * 

*Significant differences P < 0.05, if the t-value is greater than 3.287 then the P-value is less than 0.05. 

 

 

 

Figure 13. Representative growth inhibitory curves for olaparib and DMSO in  BRCA2+/+ cell 
lines (D492 and MCF-7), BRCA2+/- cell lines (A176, A240 and A256) and BRCA2-/- cell 
lines (Capan-1).  
A) BRCA2+/- cell lines (A176, A240 and A256): diamond, A256; square, A176; triangle, A240 
and cross, DMSO. B) BRCA2+/+ cell lines (D492 and MCF-7): diamond, D492; square, MCF-
7 and cross, DMSO. C) BRCA2-/- cell lines (Capan-1): square, Capan-1 and diamond, 
DMSO. Each plot is a calculated average from three independent experiments. 
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4.3 PARP inhibition induces apoptosis in BRCA2-defi cient cells 
Cell death was assessed with annexin V-FITC and probidium iodide (PI) staining using flow 

cytrometry. If cells are unstained they are considered to be alive and they appear at the lower left 

quadrant on a dot plot (figure 14). Cells that stain for annexin V-FITC appear at the lower right 

quadrant on a dot plot. PI stains the cellular DNA of cells with compromised cell membrane and the 

cells appear at the upper left quadrant on a dot plot, these cells are considered to be going through 

necrosis. The results showed increase of annexin V-FITC staining in the Capan-1 line when exposed 

to olaparib for two weeks when compared to no treatment (figure 16 and table 6) and this increase 

was statistically significant for 5 µM (P = 1.9 × 10-2), 15 µM (P = 1.6 × 10-2) and 25 µM (P = 2.1 × 10-2)  

concentrations of olaparib. This increase was not seen in the control cell lines, D492 or MFC-7 (figure 

14 and table 6), or the heterozygous cell lines, A176, A240 and A256 (figure 15 and table 6). PI 

staining was observed when heterozygous cells lines were exposed to high dosages of olaparib. Thus 

the BRCA2-deficient cell line Capan-1 is going through apoptosis following exposure to olaparib but 

the heterozygous cell lines are not. 
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Figure 14. Representative quadrant plots of annexin  V-FITC and propidium iodide (PI) staining 
of control cell cultures exposed to olaparib or DMS O.  

D492 is on the right panel and MFC-7 on the left panel. Cells were exposed to 2, 5, 15 and 

25 µM of olaparib for two weeks and stained with annexin V-FITC and PI. Percentages in 

each quadrant of the plots demonstrate the percentage of cells that are stained with annexin 

V-FITC, annexin V-FITC and PI or PI. Only a slight increase in annexin V-FITC staining can 

be observed in a dose dependent manner in the MCF-7 cell line but no significant difference 

in annexin V-FITC staining was found between concentrations for each cell line. 

 

 

Figure 15. Representative quadrant plots of annexin  V-FITC and propidium iodide (PI) staining 
of BRCA2-heterozygous cell cultures exposed to olap arib or DMSO.  

A176 is on the left panel, A240 in the middle panel and A256 on the right panel. Cells were 

exposed to 2, 5, 15 and 25 µM of olaparib for two weeks and stained with annexin V-FITC 

and PI. Percentages in each quadrant of the plots demonstrate the percentage of cells that 

are stained with annexin V-FITC, annexin V-FITC and PI or PI. No significant difference in 

annexin V-FITC staining was found between concentrations for each cell line.  
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Figure 16. Representative quadrant plots of annexin  V-FITC and propidium iodide (PI) staining 
of Capan-1 cell culture exposed to olaparib or DMSO .  

Cells were exposed to 2, 5, 15 and 25 µM of olaparib for two weeks and stained with 

annexin V-FITC and PI. Percentages in each quadrant of the plots demonstrate the 

percentage of cells that are stained with annexin V-FITC, annexin V-FITC and PI or PI. 

Annexin V-FITC staining increases clearly in a dose dependent manner and this increase 

was found to be statistically significant in 5 µM (P = 1.9 × 10-2), 15 µM (P = 1.6 × 10-2) and 

25 µM (P = 2.1 × 10-2) concentrations of olaparib when compared to no treatment. 
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Table 6. Results of annexin V-FITC staining of cell  lines exposed to different concentrations of 
olaparib. 

Annexin V-FITC staining was analysed with flow cytrometry and the experiment was 

repeated three times for each cell line. Cells stained with annexin V-FITC were counted out 

of 10,000 cells. The mean and the standard deviation were calculated and an unpaired 

student’s t-test (two-tailed) was conducted between control and each concentration. The p-

value was considered statistically significant if p < 0.05. Capan-1 cell cultures showed 

significant increase in annexin V-FITC staining in a dose dependent manner when exposed 

to olaparib (P-values marked with *). 

 

BRCA2 

status 
Cell line Concentration 

Mean % 

(n=3)  
± S.D.

a 
p-value 

BRCA2 

status 
Cell line Concentration 

Mean % 

(n=3) 
± S.D.

a 
p-value 

9
9

9
d

e
l5

 h
e

te
ro

zy
g

o
u

s 

A176 

Control 1.47 1.05 - 

W
il
d

-t
y
p

e
 

D492 

Control 1.45 0.63 - 

2 µM 2.53 3.21 0.31 2 µM 0.25 0.33 0.49 

5 µM 2.61 3.53 0.31 5 µM 0.02 0.01 0.35 

15 µM 1.25 1.56 0.42 15 µM 1.27 1.00 0.65 

25 µM 1.97 2.48 0.38 25 µM 2.99 1.66 0.33 

A240 

Control 0.77 0.64 - 

MCF-7 

Control 3.68 1.52 - 

2 µM 0.56 0.34 0.64 2 µM 3.10 0.25 0.69 

5 µM 1.06 0.96 0.69 5 µM 5.74 4.52 0.65 

15 µM 0.91 0.45 0.78 15 µM 16.53 14.75 0.44 

25 µM 1.58 0.98 0.32 25 µM 22.24 9.07 0.21 

A256 

Control 0.21 0.26 - 

6
1

7
4

d
e

lT
 d

e
fi

ci
e

n
t 

Capan-1 

Control 2.10 1,15 - 

2 µM 2.06 1.67 0.19 2 µM 3.88 2.42 0.22 

5 µM 1.03 0.25 0.07 5 µM 6.1 0.04 0,02* 

15 µM 1.18 0.49 0.24 15 µM 7.91 0.99 0,02* 

25 µM 2.51 1.22 0.23 25 µM 10.58 2.23 0,02* 

a Standard Deviation, * statistically significant P < 0.05. 
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4.4 RAD51 and γH2AX expression in BRCA2 mutated cells after PARP 
inhibitor treatment 

To ensure that the BRCA2-deficient Capan-1 cells were incapable of carrying out HR mediated DSB 

repair and to ensure that the heterozygous cell lined were capable of the repair, PARP-inhibitor 

induced colocalization of γH2AX and RAD51 was assessed by immunostaining. All cell lines tested 

showed statistically significant increase in γH2AX staining when exposed to the olaparib compared to 

no treatment (table 7 and figures 17, 18, 19 and 20). The heterozygous cell lines, A176, A240 and 

A256, showed colocalization of RAD51 and γH2AX to the same extent as the control cell lines, D492 

and MCF-7 (table 8 and figures 17, 18, 19 and 20). In contrast the BRCA2-deficient Capan-1 line 

showed complete absence of RAD51 signals at PARP-inhibition-induced γH2AX nuclear foci (table 8 

and figures 17, 18, 19 and 20).  

 

Table 7. γH2AX foci in cell lines exposed to different concen trations of olaparib. 

γH2AX staining was analyzed by counting randomly 200 cells in each sample. The 

experiment was done in triplicate and repeated three times for each cell line. The mean and 

the standard error of mean were calculated and a binominal distribution test was conducted 

between control and each concentration. The p-value was considered statistically significant 

if < 0.05. There was a significant difference between untreated cells and cells exposed to 

higher concentration of olaparib in all cell lines (P-values marked with *, ** or ***). 

BRCA2 

status 
Cell line Concentration 

Mean % 

(n=3) 
± S.D.

a 
p-value 

BRCA2 

status 
Cell line Concentration 

Mean % 

(n=3) 
± S.D.

a 
p-value 

9
9

9
d

e
l5

 h
e

te
ro

zy
g

o
u

s 

A176 

Control 9 0.01 - 

W
il
d

-t
y
p

e
 

D492 

Control 20 0.01 - 

2 µM 11 0.01 * 2 µM 25 0.01 ns 

5 µM 11 0.01 * 5 µM 33 0.01 *** 

15 µM 27 0.01 *** 15 µM 39 0.01 *** 

25 µM 33 0.01 *** 25 µM 44 0.01 *** 

A240 

Control 9 0.01 - 

MCF-7 

Control 11 0.01 - 

2 µM 13 0.01 *** 2 µM 11 0.01 *** 

5 µM 22 0.01 *** 5 µM 16 0.01 *** 

15 µM 24 0.01 *** 15 µM 28 0.01 *** 

25 µM 28 0.01 *** 25 µM 37 0.01 *** 

A256 

Control 16 0.01 - 

6
1

7
4

d
e

lT
 d

e
fi

ci
e

n
t 

Capan-1 

Control 17 0.01 - 

2 µM 22 0.01 * 2 µM 35 0.01 *** 

5 µM 25 0.01 *** 5 µM 38 0.01 *** 

15 µM 37 0.01 *** 15 µM 45 0.01 *** 

25 µM 47 0.01 *** 25 µM 55 0.01 *** 

a Standard Error of Mean, ns = non significant, , * statistically significant P < 0.05, ** P = < 0.01,  

*** P = < 0.001. 
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Table 8. RAD51 foci in cell lines exposed to differ ent concentrations of olaparib. 

RAD51 staining was analyzed by counting 200 cells in each sample. The mean and the 

standard error of mean were calculated and a binominal distribution test was conducted 

between control and each concentration. The p-value was considered statistically significant 

if < 0.05. There was a significant difference between untreated cells and cells exposed to 5 

µM, 15 µM and 25 µM concentration of olaparib in all BRCA2-heterozygous cell lines (A176, 

A240 and A256) and in the control cell lines (D492 and MCF-7) (P-values marked with *, ** 

or ***). The BRCA2-deficient cell line, Capan-1, showed no RAD51 signals. The experiment 

was done in triplicate and repeated three times for each cell line. 

 

BRCA2 

status 
Cell line Concentration 

Mean % 

(n=3) 
± S.D.

a 
p-value 

BRCA2 

status 
Cell line Concentration 

Mean % 

(n=3) 
± S.D.

a 
p-value 

9
9

9
d

e
l5

 h
e

te
ro

zy
g

o
u

s 

A176 

Control 9 0.01 - 

W
il
d

-t
y
p

e
 

D492 

Control 12 0.01 - 

2 µM 12 0.01 *** 2 µM 23 0.01 *** 

5 µM 15 0.01 *** 5 µM 28 0.01 *** 

15 µM 25 0.01 *** 15 µM 31 0.01 *** 

25 µM 31 0.01 *** 25 µM 37 0.01 *** 

A240 

Control 8 0.01 - 

MCF-7 

Control 16 0.01 - 

2 µM 8 0.01 ns 2 µM 18 0.01 ns 

5 µM 14 0.01 *** 5 µM 16 0.01 ns 

15 µM 19 0.01 *** 15 µM 21 0.01 *** 

25 µM 24 0.01 *** 25 µM 26 0.01 *** 

A256 

Control 10 0.01 - 

6
1

7
4

d
e

lT
 d

e
fi

ci
e

n
t 

Capan-1 

Control 0   

2 µM 19 0.01 *** 2 µM 0   

5 µM 22 0.01 *** 5 µM 0   

15 µM 29 0.01 *** 15 µM 0   

25 µM 37 0.01 *** 25 µM 0   

a Standard Error of Mean, ns = non significant , * statistically significant P < 0.05, P < 0.05,           

** P = < 0.01, *** P = < 0.001 
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Figure 17. Immunofluoroscent staining of RAD51 and γH2AX in control cell cultures before and     
after exposure to olaparib. 

The left panel shows the control cell cultures exposed to 2, 5, 15 and 25 µM of olaparib. 

Both control cell lines (D492 and MCF-7) showed colocalization of γH2AX (red) and RAD51 

(green) (blue DNA). The right panel shows the cell cultures exposed to 5 µM olaparib 

enlarged. Figures are shown in 63X1.4 magnification. 
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Figure 18.  Immunofluoroscent staining of RAD51 and  γH2AX in heterozygous cell cultures 
before and after exposure to olaparib. 

The left panel shows the heterozygous cell cultures exposed to 2, 5, 15 and 25 µM of 

olaparib. All cell lines showed colocalization of γH2AX (red) and RAD51 (green) (blue, 

DNA). The right panel shows the cell cultures exposed to 5 µM olaparib enlarged. Figures 

are shown in 63X1.4 magnification. 
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Figure 19. Immunofluoroscent staining of RAD51 and γH2AX in Capan-1 cell cultures before 
and  after exposure to olaparib. 

The left panel shows the Capan-1 cell cultures exposed to 2, 5, 15 and 25 µM of olaparib. 

The Capan-1 cell line did not show any colocalization of γH2AX (red) and RAD51 (green) 

(blue, DNA). The right panel shows the cell cultures exposed to 5 µM olaparib enlarged. 

Figures are shown in 63X1.4 magnification. 
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Figure 20. DNA DSB induction and repair following t wo weeks exposure to olaparib in all cell    
lines.  

  Significant increase in γH2AX foci after olaparib treatment was seen in all cell lines (dark 

grey columns) indicating DNA DSBs. RAD51 foci (light grey columns) increased significantly 

in both control cell lines (D492 and MCF-7) and in the heterozygous cell lines (A176, A240 

and A256) but not in the BRCA2-deficient Capan-1 line. Data are expressed as the percent 

of cells containing >5 foci out of 200 cells counted. 
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4.5 PARP inhibition synergizes with cisplatin in gr owth inhibition of 
BRCA2-deficient cells 

One experiment was done for synergistic effects between olaparib and cisplatin in the BRCA2-

deficient cell line Capan-1. After one week of treatment with olaparib, where the inhibitor is renewed 

every four days, cisplatin was added to the medium for 24 hours and treatment of olaparib continued 

for one more week. Table 9 shows the combination index values (CI) after this treatment on the 

Capan-1 cell line. Synergistic growth inhibition was observed at most concentrations, but the lowest CI 

values were seen when with olaparib at high concentrations and cisplatin at lower concentrations. The 

lowest CI values, indicating greatest synergistic effects, can be seen when olaparib was given at 2.5 

µM and cisplatin at 0.4-0.6 µM. Antogonistic effects were only seen in the two lowest concentrations of 

olaparib (table 9 and figure 21).  

 

Table 9. Synergistic effects of olaparib and cispla tin on Capan-1 

The table shows CI values for synergistic effects of olaparib and cisplatin on Capan-1 after 

olaparib treatment for two weeks and cisplatin treatment for 24 hours after one week of 

olaparib treatment. Log10 CI values < -0.15 indicate synergy at any given combination of drug 

concentration, > 0.15 indicate antagonism, and CI values between -0.15 and 0.15 represent 

additive drug interaction. The highest values for synergy are highlighted.  

 Olaparib [ µM] 

C
is

pl
at

in
 [
µ

M
] 

 1 1.5 2 2.5 3 

0.4 -0.087 0.619 -0.695 -1.367 -0.785 

0.6 0.705 -0.272 -0.674 -1.174 -0.346 

0.8 0.809 -0.208 -0.147 -0.896 -0.007 

1 0.665 0.055 -0.461 -0.979 -0.0964 

1.2 0.135 -0.132 -0.319 -0.442 -0.747 

 

 

 

 

 



  

54 

 

Figure 21. Synergistic effects of olaparib and cisp latin on Capan-1. 

CI values that are between 0.15 and -0.15 log10 (shown by red lines) represent drug 

combinations that indicate additive effects. Values obove the upper red line are 

combinations that have antagonistic effects and values under the lower red line represent 

the combinations that show synergistic effects. The lowest CI values, and therefore the 

best synergistic effects were seen at combinations of high dosages of olaparib and low 

dosages of cisplatin. Antogonistic effects are only seen in the two lowest concentrations of 

olaparib. 
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5 Discussion 

5.1 Summary 
In this study the effects of the PARP inhibitor, olaparib, on BRCA2 mutated breast epithelial cell lines 

was examined. The focus was on the survival of the cell lines with regard to how they repair the 

lesions caused by PARP inhibition and if or how the cells respond to this treatment. The BRCA2-

deficient cell line Capan-1 is clearly very sensitive towards the inhibitor and appears to be going 

through apoptosis at low dosages. On the other hand, the heterozygous cell lines did appear to 

tolerate this to a much higher degree and comparable to the wild type cell lines. The heterozygous cell 

lines do not appear to be going through apoptosis as the Capan-1 cell line did. After olaparib treatment 

DSBs increased in all cell lines (seen as increase in γH2AX staining) and all cell lines appeared to 

repair these lesions (seen as increase in RAD51 staining) except for Capan-1. These data suggest 

that this treatment could be effective as it selectively kills BRCA2-deficient cancer cells while sparing 

heterozygous cells. 

5.2 The PARP inhibitor olaparib does not affect pro liferation and 
viability of BRCA2-heterozygous cells  

Although it is known that PARP inhibitors show selective cytotoxicity against BRCA2 -deficient tumor 

cells, relatively few data are available on the effect of PARP inhibition on human mammary cell lines 

and even fewer on human mammary BRCA2-heterozygous cells. Most studies use mouse mammary 

tumor cell lines with engineered Brca2 mutations.  

In this study, we show that olaparib has no effect on cell growth either in BRCA2-heterozygous cell 

lines or wild type cell lines. On the other hand, the BRCA2-deficient cell line Capan-1, is very sensitive 

to the PARP inhibition and that is in line with previous studies (113, 141). This difference seen is 

presumably because of the BRCA2 status. This is probably the most striking example of synthetic 

lethality, because these data suggest that this treatment is potentially highly beneficial as it selectively 

kills cancer cells while sparing normal cells. An interesting question is whether the synthetic lethal 

approach is more widely applicable and to answer that, it is important to understand the molecular 

mechanism of how the PARP inhibitor kills BRCA2 tumors. The current hypothesis is that the role of 

PARP in DNA SSB repair underlies the synthetic lethality. Unrepaired SSBs in PARP inhibited cells 

may be converted into toxic DSBs during replication, which would not be repaired in the absence of 

BRCA2 and results in cell death (113). However, there are numerous observations supporting a role 

for PARP at replication forks (142-145). The most recent data suggesting this (145), show that PARP-

1 binds to and is activated by stalled replication forks that contain small gaps and that PARP-1 

collaborates with Mre11 to promote replication fork restart after release from replication blocks, most 

likely by recruiting Mre11 to the replication fork to promote resection of DNA. They also suggest that 

PARP-1 is important in detecting stalled or collapsed replication forks (with or without DSB 

intermediate) to attract the Mre11-Rad50-Nbs1 complex (the MRN complex), which is required for end 

processing. Subsequently, the resected DNA will be coated with RPA, which is then replaced by 

RAD51, to initiate HR to restart stalled replication forks. It has been shown that inhibition of PARP 
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impairs all downstream steps in the model that is Mre11 localization to stalled forks, RPA and RAD51 

foci formation, HR and replication restart. 

Thus, the combined role of PARP-1 in HR and SSB repair probably explains the exceptionally 

strong synthetic lethal interaction between PARP and BRCA2. 

5.3 Apoptosis assessment 
Apoptosis and necrosis are two major forms of cell death with distinct morphological features. 

Apoptosis is an ordered and regulated process in which the cell actively destroys itself while 

maintaining plasma membrane integrity, thus permitting non-inflammatory phagocytosis of the dying 

cell. Necrosis, on the other hand, has traditionally  been regarded as a passive and unregulated form 

of cell death with morphology of cell swelling, loss of plasma membrane integrity, and the release of 

cellular contents into the extracellular environment, thus triggering an inflammatory response (146). To 

assess whether cells are going through apoptosis after olaparib treatment, annexin V-FITC and PI 

staining was performed. Annexin V-FITC and PI staining show that the BRCA2-deficient cell line, 

Capan-1, is going through apoptosis at low dosages. The increased annexin V-FITC staining was 

statistically significant when cultures were exposed to 5, 15 and 25 µM of the PARP inhibitor. No 

significant change in PI staining was observed in the Capan-1 cell cultures. A slight increase in 

annexin V-FITC and PI staining (upper right quadrant) can be observed in a dose dependent manner 

in the Capan-1 cell line. This increase is not significant but could be an indicator that these cells are in 

the later stages of apoptosis or already dead possibly as a result of necrosis pathways. But as the 

assay does not distinguish between cells that have already undergone an apoptotic death and those 

that have died as a result of necrosis pathway because in either case the dead cells stain with both 

annexin V-FITC and PI. The BRCA2-heterozygous cell lines did not show increase in annexin V-FITC 

staining after olaparib treatment and it is therefore likely that the treatment does not initiate apoptosis 

in those cell lines. In addition staining of PI, and annexin V-FITC and PI do not show any statistical 

difference indicating that the cells are not going through necrosis. The survival experiments showed 

that only the Capan-1 cell line is sensitive to the PARP inhibitor olaparib and not the BRCA2-

heterozygous cell lines or the wild type cell lines. Also, only the Capan-1 cell line appears to be going 

through apoptosis after treatment. 

To further confirm what apoptotic pathways the Capan-1 cells are going through it would be 

possible to examine if the cells are expressing several known apoptosis-associated proteins such  as 

cytochrome c and caspase activation or look into DNA fragmentation.  

It has been shown that PARP-1 is involved in DNA damage induced apoptosis but the role of 

PARP-1 in cell death is very complex. PARP-1 is one of the targets of activated caspase-3 (147, 148). 

A large number of reports showed cell death mediated by PARP-1 activation (149, 150) while there 

are other results indicating inhibition of PARP-1 induced cell death (151, 152). The role of PARP-1 in 

the induced apoptosis may depend on the cell type and the inducing agents.  
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5.4 BRCA2-heterozygous cell lines form PARP-inhibit ion-induced 
RAD51 foci 

Measuring levels of γH2AX is a method to assess DNA damage. γH2AX is thought to signal DNA 

repair proteins to localize to the area of damage. γH2AX is an early response marker for DSB 

signaling and therefore DNA-damaging agents may lead to higher levels of γH2AX that can be 

measured with antibodies to γH2AX (153). Induction of DSBs by ionizing radiation has been shown to 

result in relocalization of both RAD51 and γH2AX to sites of DNA damage (32) and as said before, the 

current hypothesis is that the role of PARP in DNA SSB repair underlies the synthetic lethality. 

Unrepaired SSBs in PARP inhibited cells may be converted into toxic DSBs during replication, which 

would not be repaired in the absence of BRCA2 and result in cell death (113). 

When stained for γH2AX and RAD51 it appears that the Capan-1 cell line was defective in PARP-

inhibition induced RAD51 foci formation compared to the BRCA2-heterozygous cell lines which 

showed increasing RAD51 foci formation in a dose dependent manner to olaparib treatment as the 

wild type cell lines did. All cell lines showed increase in γH2AX staining in a dose-dependent manner, 

indicating an increase in DSBs after olaparib treatment. All cell lines except Capan-1 seem capable of 

repairing these lesions and survive, suggesting the role of RAD51 in this repair and therefore BRCA2. 

Further supporting that a SSB can induce HR comes from cells deficient in SSB repair. Helleday’s 

research group has reported that XRCC1-deficient cells and PARP-1 inhibited cells have high level of 

spontaneous DSBs and γH2AX foci (112, 145) likely representing an elevated level of collapsed 

replication forks.  

5.5 Olaparib and cisplatin synergy 
Evidence that PARP inhibition enhances the potency of a range of cytotoxic agents derives from 

studies on tumor cell lines in vitro and from pre-clinical animal models in vivo (111, 154). Cisplatin is 

one of the most used platinum salts used in cancer therapy and drug resistance is often experienced 

in patients. Studies have shown that by inhibiting PARP-1, the sensitivity of tumor cells to cisplatin  

can be increased so that cisplatin resistance can be circumvented (155). Inhibition of PARP has also 

been shown to enhance the suppressive effect of cisplatin (156) and combination therapy has been 

reported to reduce tumor growth compared to cisplatin alone (110, 157). 

In this study cell lines were treated with combinations of olaparib and cisplatin to investigate the 

synergistic effects on cell growth and survival. The results suggest that synergistic effects occur when 

olaparib and cisplatin are combined as a treatment on BRCA2-deficient cells. The best synergistic 

effects of olaparib and cisplatin seen appear at low dosages of cisplatin. The most synergistic effects 

are seen when olaparib is given at 2.5 µM and cisplatin at 0.4 and 0.6 µM. Additive interaction appears 

to be at some combination concentration. Results showing synergy effects are when olaparib is given 

at higher dosages and cisplatin at lower is exactly what the PARP inhibitors where initially proposed to 

do, to work as chemosensitizers for cancer treatment. Olaparib is thought to have an acceptable side-

effect profile and does not have the toxic effects commonly associated with conventional 

chemotherapy (115). Cisplatin-based chemotherapy is known to cause very adverse effects (158) but 

is very efficient in killing all proliferating cells (157).  
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The assumption of synergism or antagonism determination is to know both the potency and shape 

of the dose-effect curve for each drug (140). For the combination of two drugs as used here, they can 

be administered simultaneously, or one after another. The time gap between two drugs can be varied, 

depending on the need and the design of the experiment. In sequential administration, such as in this 

experiment, administration of olaparib can be considered as preconditioning or pretreatment for 

sensitization or preventing toxicities. As this experiment was only carried out once it is crucial to 

continue testing of these combinations to see if these synergistic effects are significant. Altering the 

administration could change the outcome and might be interesting to try.  

In the search for a more effective treatment for familial breast cancer these findings are very 

promising and future studies will be more focused on clinical trials of PARP inhibitor and will further 

evaluate its clinical value.  

5.6 Future perspectives 
Tumor-derived cell lines are likely to model several cell intrinsic properties of tumor cells in vivo (159) 

and have been used extensively as models for human cancer. For studying human hereditary breast 

cancer associated with BRCA2 loss-of-function, researchers have thus far relied on the Capan-1 cell 

line, which carries a 6174delT mutation in one BRCA2 allele accompanied by loss of the wild-type 

allele (132). This cell line originated from a pancreatic tumor and may therefore be less suitable as a 

model system for human BRCA2-mutated breast cancer. Growth arrest, probably caused by rapid 

accumulation of unrepaired DNA damage, makes it very difficult to culture cells with dysfunctional 

BRCA2. Consequently, no established BRCA2-deficient mammary tumor cell lines have been 

reported, though a few mouse cell lines have. It is essential to eventually knock-out or down the 

remaining BRCA2 allele of the heterozygous cell lines to confirm if the effects seen from the PARP 

inhibitor are due to the BRCA2 status. Knock-down experiments using siRNA on our BRCA2-

heterozygous cell lines are currently ongoing at our laboratory and outcome is promising.  

PARP is involved in many networks though the role in SSB repair has been mostly focused on with 

respect to PARP inhibition. Gene array analysis before and after PARP inhibition, would help us 

understand what networks PARP is involved in and to define our cell line model for further research. 

As mentioned before the 999del5 mutation is associated with nearly 40% of familial breast cancer 

in Iceland in addition to 4- and 5-fold risk of developing prostate and ovarian cancers, compared with 

population based estimates (10, 11). Many researchers have shown the same effect, as seen in this 

project on breast cell lines, in BRCA1 or BRCA2 defective ovarian cell lines and clinical trials of 

ovarian cancer (160, 161) but only a few in prostate cancers (115). Testing of the PARP inhibitor on 

cell lines representing prostate and ovarian cancers or on tissue from the tumors could be very 

interesting. Clinical testing of the PARP inhibitor on cancer patients with the Icelandic 999del5 

mutation would also be very valuable.  

As said before it is crucial to continue testing of the olaparib and cisplatin combination to see if the 

synergistic effects are significant and it could be interesting to see what effects changes in the 

administration could do. There are many potential combinations of DNA damaging chemotherapeutic 

agents that could be tested and used with PARP inhibition. Preclinical studies have evaluated PARP 
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inhibitors combined with platinum agents, such as cisplatin, topoisomerase I inhibitors such as 

irinotecan and alkylating agents such as temozolomide (157, 162). Some of these combinations are 

being tested in ongoing Phase I and II trials (see www.clinicaltrials.gov). It would also be interesting to 

test other known DNA damaging agents on our cell lines.  
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6 Concluding remarks 

These results show that human BRCA2-heterozygous breast epithelial cell lines are not sensitive to 

PARP inhibition caused by the novel inhibitor, olaparib. The BRCA2-deficient pancreatic cancer cell 

line Capan-1, on the other hand, is very sensitive towards the inhibition and appears to go through 

apoptosis after treatment. These results indicate that treatment with olaparib would only affect the 

BRCA2-deficient cancer cells and not the normal cells in a patient carrying a BRCA2 mutation. All cell 

lines showed increase in γH2AX staining in a dose-dependent manner after treatment, which means 

that there is an increase in DSBs after olaparib treatment. Only the heterozygous cell lines as well as 

the wild-type cell lines, showed increase in γH2AX and RAD51 in a dose-dependent manner and 

colocalization of those antibodies at site of DNA damage, indicating HR repair. This emphasizes the 

notion that this treatment could be beneficial as it selectively kills cancer cells while sparing normal 

cells.  

Olaparib and cisplatin combinations were tested in one experiment on the Capan-1 cell line and 

results indicated synergistic effects between the drugs at a certain interval of drug concentration 

combination. The best synergy was found between the drugs when olaparib was administered at 

higher concentrations and cisplatin at lower concentrations. These results show that possibly it would 

be an option to use these drugs in combination and lower the cisplatin concentration for less side-

effects and more selective cancer cell killing.  
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