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ABSTRACT 

Decreased expression of Breast Cancer 1 protein BRCAl in breast and 

epithelial ovarian cancer patients has been correlated with increased overall 

survival. The improved outcome of patients with BRCAl-deficient tumours has 

been linked to their impaired ability to repair DNA damage induced by 

chemotherapy, specifically platinum agents. Targeting the DNA repair protein 

BRCAl using novel therapeutic approaches has the potential to enhance platinum 

chemosensitivity in breast and ovarian cancer. Human ovarian and breast cancer 

cell lines were treated for 24 or 48 hours with three standard chemotherapeutics 

alone or in combination with three small molecule inhibitors that target DNA 

repair activity. Treatment with a histone deacetylase inhibitor sensitized breast 

and ovarian cancer cell lines to platinum agents. The HDACi significantly 

decreased BRCAl RNA and protein expression. The HDACi shows promise as a 

therapeutic agent in combination with platinum therapy for breast and ovarian 

cancer due to its ability to down-regulate BRCAl. 
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1. INTRODUCTION 

1.1 Epithelial ovarian cancer 

Epithelial ovarian cancer (EOC) makes up more than 90% of all cancers 

arising from the ovary and is the fifth leading cause of cancer deaths in women 

behind breast, lung, colon, and stomach cancers (1,2). This disease primarily affects 

women between the ages of 60 and 65 years (3). It is the most lethal of 

gynaecological cancers in North America, with a five-year survival rate of just 30%, 

due to the lack of effective screening methods and the absence of symptoms at early 

stages of the disease (1). Roughly 20% of patients are diagnosed with Stage 1 disease 

when the cancer is confined to the ovaries (1,2, 3). Advanced stage disease indicates 

the cancer has metastasized to pelvic organs beyond the ovaries (Stage 2), beyond the 

pelvic organs to the abdomen (Stage 3), or beyond the peritoneal cavity (Stage 4) (1, 

2). Roughly 70% of EOC cases are diagnosed at Stage 3 metastatic disease or higher 

(1,2). Metastatic disease is accompanied by nonspecific symptoms such as 

gastrointestinal upset, anorexia, and abdominal distension, which are also shared by 

several common gastrointestinal, gynaecological, and genitourinary problems (2). The 

survival rate of EOC patients improves drastically to 90% if the disease is diagnosed 

at Stage 1 (3). Disease stage is, therefore, the most important prognostic factor in the 

management of EOC (1). 

The pathogenesis and evolution of EOC is not well understood but malignant 

transformation is thought to be caused by genetic, molecular, and hormonal 

alterations that disrupt cell proliferation, apoptosis, senescence, and DNA repair 

mechanisms (4). Alterations of the tumour suppressor genes p53 and the Breast 
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Cancer 1 protein (BRCAl) are known to play significant roles in the pathogenesis of 

this disease (4). 

1.2 Treatment of EOC 

Standard first-line treatment of EOC involves a combination of cytoreductive 

surgery and platinum- and taxane-based chemotherapy (1). Cisplatin [cis-diammine-

dichloroplatinum(II)] was initially discovered to have growth-inhibitory effects in 

Escherichia coli in 1970 and it has been employed in the clinic for over 30 years 

(Figure 1 A) (5, 6). The cisplatin analog, carboplatin [1,1-

cyclobutanedicarboxylatodiamine-platinum(II)] shares a common mechanism of 

action and forms identical DNA lesions but contains a dicarboxylate leaving group as 

opposed to cisplatin's more labile chloride leaving groups (Figure 1A,1B) (6). 

Cisplatin and carboplatin are the most commonly used platinum agents in the clinic, 

used for the treatment of several types of cancer other than EOC, including testicular, 

cervical, head and neck, lymphoma, and non-small cell lung carcinomas (6). There 

are two less common platinum analogs, oxaliplatin [?rans-(l,2-diammino-

cyclohexane) platinum(II)] and satraplatin [bis(aceto)amminedichloro-(cyclohexyl-

amine) platinum(IV)], approved for clinical use, however these drugs act through 

different mechanisms of action and elicit separate detoxification mechanisms and will 

not be discussed herein (6). 

Cisplatin and carboplatin are synthetic DNA crosslinking agents that are 

aquated upon entering cells, a process that removes the chloride or dicarboxylate 

leaving groups from the molecules. While the resulting positively charged molecule 

can interact with nucleophilic molecules contained within the cell such as RNA, 
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Figure 1: Chemical structures and platinum DNA adducts. A. The chemical 
structure of the clinically relevant platinum agent cisplatin. B. The chemical structure 
of the clinically relevant platinum agent carboplatin. C. The primary DNA adducts 
created by platinum agents include monoadducts, interstand and intrastand crosslinks, 
and DNA-protein crosslinks. (Adapted and manipulated from Rabik, C. A. and Dolan, 
M. E. Molecular mechanisms of resistance and toxicity associated with platinating 
agents. Cancer Treat Rev, 33:9-23, 2007.) 
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DNA, and protein, they preferentially bind DNA at the N7 atom of the imidazole ring 

of guanosine and adenosine (6). Binding to DNA can cause DNA monoadducts, 

intrastrand, interstrand, and DNA-protein crosslinks (Figure 1C) (6). Double strand 

breaks (DSBs) are caused by the cell's attempt to repair DNA interstand crosslinks 

created by platinum agents, the accumulation of which contributes to the cytotoxicity 

of these drugs (7). The majority (90%) of crosslinks formed are 1,2 intrastrand 

d(GpG) adducts. This chelation causes a 40 - 70° kink in the DNA helix, effectively 

inhibiting DNA replication and transcription which is the primary cause of platinum 

cytotoxicity (6). By forming DNA-protein crosslinks, these compounds can also 

uncouple oxidative phosphorylation by the inhibition of mitochondrial ATPases (6, 

8). Treatment with cisplatin can cause serious nephrotoxicity due to the inhibition of 

renal Na+/K+ -activated and Mg2+-activated ATPases (8). Nephrotoxicity is not a side 

effect of carboplatin, possibly due to the slower reactivity of its leaving groups; 

therefore carboplatin is more commonly used in combination with paclitaxel in 

conventional EOC treatment (1). 

Paclitaxel (also known as taxol) is a member of the taxane family of 

chemotherapeutics. It was initially isolated in 1971 from the bark of the Pacific yew 

tree Taxus hrevifolia (9). Paclitaxel was originally documented to have anti-mitotic 

properties by Schiff et al in 1979 (10). Its mechanism of action involves the 

promotion of tubulin polymerization and the stabilization of microtubules. This 

inhibits the break-down of microtubules required for cell division and eventually 

leads to cell death (10, 11). Paclitaxel is approved for treatment of solid tumours such 

as those of the breast, ovarian, lung, and head and neck(12). Approximately 75% of 

4 



EOC patients respond favourably to this initial treatment regimen of cytoreductive 

surgery, either before or after the combination regimen of platinum and taxane 

chemotherapeutics (1,2). 

1.3 DNA repair and resistance to platinum-based chemotherapeutics in EOC 

The development of platinum resistance after disease recurrence is a major 

obstacle in the treatment of EOC. While three-quarters of patients respond to the first-

line regimen, response to treatment decreases drastically with disease recurrence (1, 

13). In addition, if the relapse occurs within 12 months of cytoreductive surgery, 

response to the same platinum and taxane chemotherapy regimen is approximately 

70%. However, if the relapse occurs within only 6 months of the surgical procedure, 

response to this treatment drops to only 10-15% (1). The development of platinum 

resistance is multifactorial involving many cellular processes such as membrane 

transport, glutathione inactivation, increased tolerance to DNA damage, and increased 

DNA repair (6, 14). The primary factor contributing to the development of platinum 

resistance is believed to involve the acquired tolerance to platinum-induced DNA 

damage by increased function of critical DNA repair pathways and their components 

(6, 14, 15). 

The two primary pathways used by the cell to repair DNA adducts caused by 

platinum agents are the nucleotide excision repair (NER) and mismatch repair 

(MMR) pathways (14). The NER pathway is highly conserved and functions by 

repairing lesions in the DNA strand leading to alteration of its helical structure and 

inhibition of DNA replication and transcription. To begin, the DNA lesion must be 

recognized and marked for repair. More than thirty proteins, including BRCAl, 
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converge to form a complex that unwinds the damaged portion of the helix (16). A 

dimer consisting of the excision repair cross-complementation group 1 (ERCC1) 

protein and the xeroderma pigmentosum complementation group F (XPF) excises the 

lesion (14). Lastly, the excised portion of the DNA is resynthesized by DNA 

polymerase (14, 16). Increased function of components within the NER pathway has 

been correlated to increased resistance to the effects of cisplatin and carboplatin (6, 

14). Targeting components of the NER pathway may be a viable therapeutic option to 

sensitize platinum-resistant tumours by impairing the tumour cells' ability to remove 

DNA lesions. 

The MMR pathway is a highly conserved, strand-specific DNA repair 

process and is thought to mediate cisplatin- and carboplatin-induced apoptosis (17-

21). The MMR process is initiated by the recognition of a DNA lesion (mismatched 

or unmatched DNA base pairs, or insertion-deletion loops) by the Mut proteins. The 

complex of proteins that perform the excision has yet to be elucidated (14). The 

excised portion of DNA is then resynthesized by DNA polymerase. It has been 

determined that platinum complexes interfere with the normal function of MMR, 

resulting in the accumulation of incompletely-repaired lesions, eventually leading to 

apoptosis (14, 21, 22). However, if there is a deficiency in MMR the cells can 

continue to proliferate in the presence of the platinum-induced lesions by bypassing 

the lesions, preventing the aforementioned platinum-induced MMR lesions (14). 

Tumours deficient in a functional MMR pathway have been found to be 2 - 3 fold 

more resistant to platinum-based chemotherapeutics than those with a functional 

MMR pathway (23). 
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Platinum-induced interstrand DNA crosslinks are known to cause the 

accumulation of DSBs in rapidly proliferating tumour cells, inevitably resulting in 

apoptosis (7). The cell has two complementary pathways to repair DSBs: homologous 

recombination (HR) and non-homologous end-joining (NHEJ) (Figure 2) (4, 24). The 

HR repair pathway is considered to be an error-free method of repairing DSBs 

because the presence of sister chromatids is required for the accurate repair of the 

lesion (4, 24, 25). To initiate the HR process, the exposed ends of DNA at the site of 

the DSB are resected by a complex of DNA nucleases, 

Rad50/MRE11/Nijmegen breakage syndrome-1 (NBS1) in the 5' to 3' direction (24, 

25). The resected ends are bound by Rad52, a DNA-end-binding protein, then Rad51 

binds Rad52 creating a filament to facilitate the invasion of the double helix by a 

homologous sister chromatid. DNA polymerase extends the 3' tail using the 

information from the homologous section. The DNA crossovers (Holliday junctions) 

that result are resolved by DNA ligase to yield two homologous DNA double helices 

(24). 

The process of NHEJ is accepted as an error-prone method of DSB repair as 

it does not use homologous sister chromatids to join the broken, sometimes slightly 

degraded ends of the DNA strands (4, 24, 25). The exposed termini are bound by the 

DNA-end-binding protein Ku, which recruits the DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs). The X-ray repair complementing defective repair in 

Chinese hamster cells 4 (Xrcc4) protein and DNA ligase IV are then recruited to the 

site to repair the lesion (24). The deficiency of genes involved in HR leads to the 

activation of the error-prone NHEJ pathway which creates genomic instability and 
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Figure 2: The cellular mechanisms of double strand break repair. The error-
prone process of NHEJ directly links the severed DNA strands. The end-binding 
protein Ku recruits DNA-PK, XRCC4, and DNA ligase IV. Also believed to have a 
role in NHEJ is the Mrel 1-RAD50-NBS (MRN) complex. The error-free HR repair 
pathway involves the co-localization of BRCAl and RAD51. RAD52 binds to the 
free DNA strands and RAD51 polymerizes to form a filament along which the broken 
3' ends can invade the homologous duplex. To complete the repair, DNA polymerase 
extends the DNA strand. (Adapted from Weberpals, J. I., Clark-Knowles, K. V., and 
Vanderhyden, B. C. Sporadic epithelial ovarian cancer: relevance of the BRCAl 
pathways and its function in DNA damage and repair. J Clin Oncol, 26:3259 - 3267, 
2008.) 
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cytotoxic stress, eventually leading to apoptosis (26). Hence, the increased expression 

or function of genes involved in the HR pathway may result in the tumour's ability to 

resist the cytotoxic effects of platinum chemotherapeutics. Therefore, an option to 

enhance sensitivity in platinum-resistant EOC may be targeting the HR machinery 

using novel therapeutics. 

1.4 BRCAl 

Of the oncogene and tumour suppressor genes that have been identified as 

contributors to the pathogenesis of EOC, including P53, Kirsten Ras (KRAS) and c-

MYC, BRCAl is the most clinically relevant (4). BRCAl is a tumour suppressor 

whose loss through germ-line or somatic mutations can lead to the formation of breast 

and ovarian tumours. In approximately 10% of EOC, inherited germ-line mutations in 

the BRCAl gene play a role in tumour progression, while 90% of EOC cases occur 

sporadically (13). In sporadic EOC however, the BRCAl protein is frequently 

dysfunctional, contributing to the pathogenesis of this disease (27, 28). 

The BRCAl gene encodes a full-length protein of 1,863 amino acids with a 

molecular weight of approximately 220 kDa (29). This large protein includes several 

functional domains including the highly conserved NH2 terminus containing a RING 

finger domain with E3 ligase activity and two nuclear localization signals in exon 11 

(30, 31). The BRCAl C-terminal domain (BRCT) from residues 1,646 to 1,863 

contains a motif also present in proteins involved in DNA repair and genomic 

stability (32). This motif has been identified as a phosphopeptide recognition domain, 

binding phosphorylated proteins implicated in the DNA damage response (33, 34). 

The BRCT domain also interacts with histone deacetylases (HDACs) 1 and 2 leading 
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to repression of transcription, as well as the Rb-binding proteins, RbAp46 and 

RbAp48, implicating BRCAl in growth inhibition through the binding of Rb (35). 

BRCAl is known to interact with a variety of proteins in addition to those mentioned 

above, involved in a wide range of cellular activities such as cell cycle regulation, 

DNA damage response, stress response, apoptosis, transcriptional regulation, and 

chromosomal stability (36, 37). However, it is unknown how a single protein such as 

BRCAl is involved in such a diverse group of cellular processes. 

There is a large amount of information supporting the critical role of BRCAl 

in the DNA damage response as supported by evidence indicating that the lack of a 

functional BRCAl leads to the hypersensitivity of cells to various DNA damaging 

insults. BRCAl is accepted to be involved in all aspects of DNA repair which include 

the recognition of damage, the prevention of replication during repair, and promotion 

or inhibition of apoptosis based on the level of damage present (25). The interaction 

between the BRCT and the HDACs indicates that BRCAl may play a role in 

chromatin remodelling, which can partially explain the role of BRCAl in the DNA 

damage response (35). In addition to this interaction, BRCAl has been shown to be a 

component of the SWI/SNF chromatin remodelling complex and its coactivation 

function with p53 is mediated through this complex (38). The BRCAl-SWI/SNF 

complex may play a critical role in the activation of DNA damage response genes and 

may play a direct role in activating HR repair through chromatin remodelling by 

allowing the HR component access to sites of DNA damage (38). In fact, the 

aforementioned role of BRCAl in the NER pathway can be explained by enabling the 

loosening of the chromatin structure, allowing for access of NER machinery to the 
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DNA lesion (25). In addition to NER, BRCAl plays the role of a scaffolding protein 

which colocalizes at sites of DNA damage in the error-free DNA repair mechanism of 

HR and in MMR (25, 39-41). Its role as a scaffolding protein in both these DNA 

repair pathways originates from the involvement of BRCAl in the genome 

surveillance repair complex called the BRCAl-associated surveillance complex 

(BASC). BASC is comprised of a number of proteins required for DNA damage 

signalling, recognition, and repair such as the ataxia telangiectasia-mutated (ATM) 

and ATM- and Rad3-related (ATR) kinases, MMR-specific MLH1, MSH2 and 

MSH6 proteins and HR-specific proteins Rad50, MRE11, and NBS1 (25, 42). The 

recruitment of BASC and the resulting initiation of DNA damage response begin with 

the association of BRCAl with Rad51 and BARD1 accumulating at sites of damaged 

and replicating DNA, in response to BRCAl phosphorylation in the presence of DNA 

damaging agents (43). The hyperphosphorylation of BRCAl and association with 

BARD1 and Radl recruits the components of BASC to the site of the DNA lesion (4). 

In HR, BRCAl facilitates the activity of the 5'- to 3'-exonuclease complex 

(Rad50/MRE11/NBS1) and also, is known to associate to the Rad51 protein (25, 44). 

A process dependent upon the phosphorylation of BRCAl by chk2 is the role of 

BRCAl in promoting the error-free HR repair pathway over the error-prone NHEJ 

(25, 44-46). This indicates that functional BRCAl is required for the maintenance of 

genomic stability through the prevention of the loss of genetic material through error-

prone DNA repair mechanisms (25). The downregulation or loss of functional 

BRCAl may lead to the disruption of functional DNA damage response, resulting in 
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genomic instability, cytotoxic stress, and dysfunctional DNA repair mechanisms due 

to its ubiquitous role in DNA damage. 

Transcriptional control of BRCAl expression is complex and largely 

unexplored. In particular, signalling pathways which control negative regulation of 

BRCAl are unknown and there are several proposed mechanisms. Elucidating the 

mechanism of BRCAl downregulation is critical to determine the role of BRCAl in 

predicting response to chemotherapeutics in EOC. BRCAl can be mapped to 

chromosome 17q21 and contains 24 exons (29). Exon 1 of the BRCAl gene contains 

an oestrogen responsive element (ERE) (47). The ERE is a positive regulatory 

element controlled by oestrogen stimulation. BRCAl dysfunction is believed to 

results in tumorigenesis in breast and ovarian tissues because cell growth and 

proliferation in these tissue types is controlled by oestrogen stimulation (47, 48). The 

BRCAl promoter region is bidirectional, with a few hundred basepairs (bp) separating 

BRCAl from the NBR2 locus (49, 50). Within the promoter, approximately 230 bp 

upstream from the transcriptional start site, is a highly conserved positive regulatory 

region (PRR) containing a RIBS element (Figure 3) (51, 52). It has been shown that 

the GA-binding protein a/p activates the transcription of BRCAl by binding to ets 

sites within the RIBS element (51). A CREB binding site is immediately downstream 

of the RIBS element and contained within the PRR (Figure 3) (52, 53). Further 

downstream, the promoter contains a CAAT box, Spl site, UP site which includes an 

E2FA site, and finally, an E2FB site immediately upstream of the transcriptional start 

site. The UP site and the E2F recognition site have been identified as repressor 
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Figure 3: The BRCAl proximal promoter region. The sequence of the BRCAl 
proximal promoter region is shown with boxes indicating the various motifs, 
previously characterized. The sequence contained by the green arrows corresponds to 
the PRR. The black arrow shows the BRCAl transcriptional start site and the dark 
grey box following the black arrow indicates Exon 1 of the BRCAl gene. The red 
arrows represent the Forward and Reverse primers used in the ChIP assay protocol. 
The amplicon produced by these primers is 129 bp in length. (Adapted and 
manipulated from MacDonald, G., Stramwasser, M., and Mueller, C. R. 
Characterization of a negative transcriptional element in the BRCAl promoter. Breast 
Cancer Res, 9: R49, 2007.) 
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elements (Figure 3) (52). A negative regulatory element was also located in the 

minimal BRCAl promoter contained within intron 1 of the gene (54), while a negative 

transcriptional repressor element identified within the first intron of NBR2 was found 

to have no repressor activity on BRCAl (55). Interestingly, dynamic interactions 

between the promoter region of the BRCAl gene, the introns, and the terminator 

regions through gene loops have been reported to impact expression levels of the 

gene, in response to oestrogen stimulation and lactational development (48). 

Observations that the BRCAl promoter has a 56% cytosine and guanine content have 

led to the conclusion that the promoter contains CpG islands that can be aberrantly 

methylated causing gene repression by the binding of methyl binding domain protein 

2 (MDP2) (56-59). 

An increase in the expression of BRCAl has been linked to platinum 

resistance in a wide range of cancers and is believed to be due to increased repair of 

DNA lesions (60-63). In addition, a recent study showed that in recurrent, platinum-

resistant BRCAl-mutated ovarian tumours, genetic reversion had restored the wild-

type reading frame leading to functional DNA repair in the tumour cells (64). 

Decreased expression of BRCAl in EOC patients has recently been correlated with 

increased overall survival compared to those patients with increased expression (28, 

60). This finding has been extended to include patients with breast cancer and non-

small cell lung cancer, suggesting that BRCAl function plays a significant role in the 

prognosis of a variety of malignancies (61, 65). Our group has found that higher 

BRCAl expression was predictive of poorer overall survival (OS) in EOC patients 
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with residual disease (RD) following cytoreductive surgery less than 2 cm (p = 0.03) 

(Figure 4B) (13). 

1.5 Targeting BRCAl in combination with platinum chemotherapy 

The improved outcome of patients with BRCAl-deficient tumours has been 

linked to the impaired ability to repair DNA damage induced by chemotherapy, 

specifically the platinum agents, leading to the accumulation of double strand breaks 

and eventually apoptosis (37). Genomic instability and cytotoxic stress have been 

observed in cells deficient in BRCAl that have activated error-prone DNA repair 

pathways such as NHEJ (26). BRCAl-deficient mouse ovarian surface epithelial cells 

also show improved response to platinum agents (66). Our group has recently 

contributed to this field of evidence by showing that median OS was longer for EOC 

patients with lower BRCAl expression as compared to those with higher BRCAl 

expression (46 vs. 33 months,/? = 0.03) (Figure 4A) (13). BRCAl therefore, presents 

itself as an attractive therapeutic target to sensitize tumours to the cytotoxic effects of 

platinum chemotherapy in EOC as well as breast cancer. A number of novel small 

molecule inhibitors thus present themselves as rational candidates for combination 

with platinum chemotherapeutics because they may sensitize resistant tumours cells 

to the platinum agents by targeting DNA damage repair and perhaps more 

specifically, BRCAl expression or function. 

First, inhibitors of the poly (ADP-ribose) polymerase 1 (PARP1) enzyme are 

thought to potentiate the effects of DNA damaging agents given that PARP1 is an 

integral component of the DNA strand break repair machinery (Figure 5) (37, 67). As 

well, increased expression of PARP1 has been correlated to poorer outcome in 
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Figure 4: The predictive value of BRCAl mRNA expression in EOC patients. 
BRCAl mRNA levels expressed as a dichotomous variable comparing 51 patients 
divided in BRCAl-higher and BRCAl-lower groups. A. Overall survival (OS) for all 
patients divided into higher (represented by the solid line) and lower groups 
(represented by the dashed line). B. BRCAl-higher and BRCAl-lower groups 
compared in terms of OS for patients with residual disease (RD) <2cm (n = 22). 
(Adapted and manipulated from Weberpals, J. I., Garbuio, K., O'Brien, A., Clark-
Knowles, K., Doucette, S., Antoniouk, O., Goss, G., and Dimitroulakos, J. The DNA 
repair proteins BRCAl and ERCCl as predictive markers in sporadic ovarian cancer. 
Int J Cancer, 724:806-815, 2008.) 
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Figure 5: Novel small molecule inhibitors which may enhance platinum-induced 
cytotoxicity by targeting BRCAl-regulated pathways. The PARPl inhibitor would 
interfere with normal DNA repair mechanisms, which would then become 
hypersensitive to DNA damaging agents. The Cdk2 inhibitor would prevent cell cycle 
checkpoint controls. HDAC inhibitors would render tumour cells sensitive to DNA 
damaging agents by interfering with chromatin remodelling. (Adapted and 
manipulated from Yarden, R. I. and Papa, M. Z. BRCAl at the crossroad of multiple 
cellular pathways: approaches for therapeutic interventions. Mol Cancer Ther, 
5:1396-1404,2006.) 
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ovarian cancer (68). PARPl is a 113 kDa multifunctional, nuclear zinc-finger enzyme 

and has been documented to be involved in several cellular processes: DNA repair 

and maintenance of genomic stability, transcriptional regulation, regulation of cellular 

replication and differentiation, regulation of telomerase activity, activation of necrotic 

cell death, functional modification of enzymes by the addition of poly (ADP-ribose) 

polymers, and finally, the regulation of cytoskeletal organization (69). The enzymatic 

activity of PARPl increases greater than 500-fold upon its binding to DNA single-

and double-strand breaks (67, 69). PARPl can detect DNA strand breaks caused by 

many agents, including reactive oxygen species (ROS), ionizing radiation (IR), and 

alkylating agents, as well as those strand breaks created during DNA repair processes 

(37, 67). Upon the detection of a DNA strand break, PARPl catalyzes the transfer 

of ADP-ribose from co-enzyme nicotinamide adenine dinucleotide (NAD+) to 

proteins involved in DNA metabolism and chromatin remodelling (67). Cells depleted 

of PARPl in vitro showed increased cytotoxicity following treatment with DNA 

damaging agents, delayed DNA damage repair, and abnormal cellular morphology 

and chromatin structure (67). A deficiency in PARPl causes the failure of the repair 

of single strand breaks. DSBs will form when the DNA replication fork in an actively 

dividing cell encounters an unrepaired single strand break (70, 71). In this study, 

inhibition of PARPl by the compound 3-aminobenzamide, is anticipated to target 

BRCAl function by interfering with the DNA repair machinery, thereby sensitizing 

tumour cells to DNA damaging agents, such as cisplatin and carboplatin. 

The enzyme cyclin-dependent kinase 2 (Cdk2) induces cell cycle arrest to 

facilitate DNA repair before DNA replication occurs (Figure 5) (37, 72). Cyclin-
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dependent kinases (CDKs) are a family of serine/threonine kinases required for cell 

cycle regulation and are activated by cyclins (72, 73). Specific inhibitors of CDKs are 

p21 and p27, which arrest cells in Gi and G2 cell cycle phases, respectively (73). It 

has been found that many human cancers, including those of the uterus and 

endometrium, possess deregulated CDK activity (74-77). Specifically, Cdk2 is not 

required for somatic cell division and its function in cell cycle regulation can be 

performed by other kinases. Cdk2 has several non-cell cycle-associated substrates 

which happen to function in DNA damage response, including BRCAl, BRCA2, p53, 

and Ku70, a NHEJ component (78-81). In fact, the inhibition of Cdk2 delayed the 

activation of the DNA damage response and prolonged the existence of DSB, 

effectively inhibiting DNA repair processes (72). A study by Deans et al. confirmed 

that Cdk2 can regulate both HR and NHEJ independently of cell cycle events (72). 

Their study found that Cdk2 inhibition delayed the activation of p53 and its target 

p21, as well as the phosphorylation of Chkl following IR. This delay resulted in the 

reduction of Rad51 foci formation at sites of DNA damage (72, 82). Therefore, Cdk2 

may act upstream of Rad51 and the DNA damage response as many of its targets are 

components in the protein complexes required for these pathways, including BRCAl 

(72). Another study found that Cdk2 is present at chromosomal synapses during the 

exchange of genetic material between sister chromatids during prophase (83). 

BRCAl is known to be involved in cell cycle checkpoints, and is activated by 

phosphorylation by Cdk2 (72); therefore, inhibiting Cdk2 using the purine analog 

2(^/5-(hydroxyethyl)amino)-6-(4-methoxybenzylamino)-9-isopropyl-purine, could 

mimic BRCAl inhibition. 
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Finally, an emerging class of anticancer agents are the inhibitors of HDACs 

(Figure 5) (37) The interaction between histone acetyl transferase (HAT) and HDAC 

enzymes modulates chromatin structure and regulates transcription factor 

accessibility in order to modify gene expression (84) Histones contained by 

nucleosomes are acetylated by HATs and deacetylated by HDACs The substrate for 

these enzymes is a s-amino group of lysine residues on the amino-terminal tails of the 

histones and the deacetylation of this lysine restores a positive charge to the residue 

which condenses the structure of the nucleosome (85, 86) Hence, silent genes are 

associated with nucleosomes with low levels of acetyled histones, whereas genes that 

are actively being transcribed are associated with nucleosomes with highly acetylated 

histones (Figure 6) (85, 87-89) Chromatin remodelling is particularly active during 

the DNA damage response, with rapid, localized unwinding of chromatin to allow for 

the entry and assembly of proteins that form DNA repair complexes (90) During this 

damage-induced remodelling HAT complexes work with ATP-dependent chromatin 

remodelling complexes to facilitate repair Chromatin structure also influences the 

susceptibility of a DNA strand to damage, with areas of loosely compacted, and hence 

more tianscnptional active chromatin incieasing the frequency of DSBs (90) HDAC 

inhibitors promote the accumulation of acetylated histones, and therefore, are thought 

to enhance platinum sensitivity by facilitating binding of DNA damaging agents to 

the unwound DNA strand (91, 92) There are four classes of HDAC enzymes and of 

these four classes, Class I enzymes have been found to be significantly overexpressed 

in ovarian tumour tissue versus normal ovarian tissue (93, 94) Intnguingly, when 

Class 1 HDACs are suppressed using siRNA, ovarian cancer cell growth is inhibited 
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Figure 6: The mechanism of action of HDAC inhibitors. Upon treatment with 
HDAC inhibitors, histones become hyperacetylated (Ac) which loosens the DNA 
tightly wrapped around the histone. This loosening of the chromatin structure around 
acetylated histones allows transcriptional machinery access to the DNA which 
activates the transcription of target genes. HDACs function to deacetylate histones 
which would tighten the chromatin structure around the unacetylated histone, 
therefore repression transcription. (Adapted and manipulated from Marks, P. A., 
Richon, V. M., and Rifkind, R. A. Histone Deacetylase Inhibitors: Inducers of 
differentiation or apoptosis of transformed cells. J Natl Cancer Inst, 92:1210-1216, 
2000.) 
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which supports the use of HDAC inhibitors as therapeutic agents in the treatment of 

EOC (93). 

HDAC inhibitors have shown promise as anticancer agents, demonstrating 

inhibition of cancer cell growth in vivo and in vitro (95, 96). HDAC inhibitors are 

currently in Phase I and II clinical trials for advanced solid tumours and are approved 

for the treatment of cutaneous T-cell lymphoma (97-99). HDAC inhibitors have also 

demonstrated the ability to potentiate the effects of numerous chemotherapeutic 

agents in a pre-clinical setting, such as topoisomerase inhibitors, and DNA-damaging 

agents such as platinum compounds (92). It has been proposed that HDAC enzymes 

are important for HR repair of DSBs and the assembly of Rad51 subnuclear foci, of 

which BRCAl is also a component (100, 101). Zhang et al. have shown that the 

HDAC inhibitor trichostatin A (TSA) delayed DNA damage response to IR by the 

suppression of key genes, including BRCAl (102). In addition, BRCAl has been 

implicated in chromatin remodelling through its inclusion in the SWI/SNF chromatin 

remodelling complex, and interactions with HDAC isoforms HDACI and HDAC2, 

which are members of Class I HDAC group (35, 38, 94). HDAC inhibitors have 

shown potential as a therapeutic option in ovarian cancer and their ability to target 

BRCAl makes them a very attractive option for this disease (Figure 5) (37, 93, 103, 

104). In summary, an investigation into the effects of HDAC inhibitors on BRCAl 

expression and function while in combination with platinum agents is warranted. 

This study proposes that chemoresistance is regulated by proteins involved in 

key cellular pathways such as DNA damage response and repair, thus limiting the 

efficacy of platinum-based drugs. The overall objective of this study will be to 

22 



uncover therapeutic avenues to overcome chemoresistance in EOC and to provide the 

pre-clinical experimentation to justify clinical evaluation of this therapeutic approach. 

In addition, uncovering new factors regulating the expression of BRCAl would make 

a significant impact on the breadth of knowledge concerning this crucial gene, as well 

as having wide implications on the lives of many cancer patients around the world. 

Hypothesis: Targeting the critical DNA repair protein BRCAl using novel 

therapeutic approaches will enhance the chemosensitivity of EOC cells. 

Objectives: 

1. Identify novel agents which enhance the cytotoxicity of platinum 

chemotherapeutics by targeting BRCAl-regulated pathways. 

2. To investigate the mechanism of targeting BRCAl expression by HDAC 

inhibitors. 
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2. MATERIALS AND METHODS 

2.1 Cell Culture 

The A2780s and A2780cp cell lines were kindly provided by Dr. B. Vanderhyden 

(Ottawa Hospital Research Institute, Ottawa, ON, Canada) and the T47D and 

OVCAR-4 cell lines were donated by Dr. J. Bell (Ottawa Hospital Research Institute, 

Ottawa, ON, Canada). MCF7 and HCC-1937 were purchased from the American 

Type Culture Collection (Rockville, MD). All cell lines were maintained in 

Dulbecco's-MEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (Wisent Inc., St-Bruno, Quebec, Canada) and 100 u.g/ml penicillin-

streptomycin (Invitrogen, Carlsbad, CA). Unless otherwise described, cells were 

treated for 24 hours with 2 p,g/ml cisplatin (provided by the pharmacy at the Ottawa 

Hospital Cancer Centre, Ottawa, Ontario, Canada) alone and in combination with the 

HDAC inhibitor M344 (Biovision, Mountain View, CA) at concentrations of 0.5, 1.0, 

or 5.0 u.M. Phase contrast images were collected using the lOx objective of a Nikon 

Eclipse TE2000-U. 

2.2 Cell Viability Assay 

Cell viability was measured by the methylthiazolyldiphenyl-tetrazolium bromide 

(MTT) rapid colorimetric assay. Approximately 4,500 cells were seeded into each 

well of a 96-well flat bottom plate. The cells were incubated overnight to allow for 

cell attachment and recovery. Cells were then treated with cisplatin in concentrations 

of 0-8 pg/ml alone or in combination with 1 uM of the HDAC inhibitor M344, 50 uM 

of the PARP inhibitor, 3-aminobenzamide (3-ABA), or 5 uM of the Cdk2 inhibitor 

2(/?/s-(Hydroxyethyl)amino)-6-(4-methoxybenzylamino)-9-isopropyl-purine (all from 
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Calbiochem, EMD Biosciences, Inc San Diego, CA) Forty-eight hours following 

treatment, 42 u.1 of a 5 mg/ml MTT substrate (Sigma-Aldrich, St-Louis, MO) solution 

in phosphate buffered saline (PBS) was added and incubated for up to 4 hrs at 37°C 

The resulting violet formazan precipitate was solubihzed by the 82 uJ addition of a 

0 01M HO/10% SDS (Sigma-Aldrich) solution and plates were incubated overnight 

at 37°C The plates were then analyzed on an MRX Microplate Reader from Dynex 

Technologies (Chantilly, VA) at 570 nm to determine the optical density of the 

samples 

2.3 RNA isolation and RT-PCR 

Total RNA was extracted from cell lines in sub-confluent 10 cm dishes using the 

RNeasy® kit (Qiagen, Germantown, MD) RNA concentration was quantified using a 

NanoDrop ND-1000 spectrophotometer (Thermo Scientific Inc, Wilmington, DE) 

Total RNA (1 ug) was reverse transcribed for polymerase chain reaction (PCR) as 

previously described (105) The Applied Biosystems AB 7500 Real-Time PCR 

system (Applied Biosystems, Foster City, CA) was used to detect amplification A 

real-time PCR reaction was carried out in a total volume of 25 u.1 that contained 2 5 u.1 

of synthesized cDNA (42 ng), 1 25 uJ of TaqMan Gene Expression Assay 

Primer/Probe (20X) (Applied Biosystems, BRCAl, HS00173233), 12 5 u.1 of 

TaqMan Umveisal PCR Master Mix (2X) (Applied Biosystems) and 8 75 u.1 of 

RNase-free water for BRCAl expression GAPDH (Applied Biosystems, 

HS4333764-F) was used as an endogenous control Amplification conditions were 

95°C for 5 mm, 40 PCR cycles at 95°C for 15 sec, and 60°C for 1 mm Three 

independent reactions from separate RNA extractions were used to determine the 
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average RNA expression and a standard error for each treatment condition. Technical 

assistance was provided by Anna O'Brien, research technician with Dr. Johanne 

Weberpals. 

2.4 Western Blotting 

Protein samples were collected in RIPA buffer (50 mM Tris-Cl pH 7.5, 150 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% sodium 

dodecyl sulphate [SDS]) containing IX Protease Inhibitor Cocktail (Sigma-Aldrich) 

and protein content was quantified using a commercially available protein assay 

(BCA Protein Assay Kit, Pierce, Rockford, IL) and a Biomate3 Spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). Samples were separated on 8-12% SDS 

polyacrylamide gel and transferred to a PVDF membrane (Immobilon-P, Millipore, 

Billerica, MA). Blocking was carried out with 5% milk in Tris-buffered saline with 

Tween-20 (TBS-T). For all subsequent immunoblotting, antibodies were diluted to 

the appropriate concentration in 5% milk in TBS-T. Blots were incubated with the 

following primary antibodies for 1 hour at room temperature or overnight at 4°C; 

mouse-anti BRCAl (1:200, D-9, Santa Cruz, Santa Cruz, CA), rabbit-anti acetylated 

Histone 4 (acetyl H4) (1:1000, Upstate Cell Signaling now part of Millipore, 

Billerica, MA) and mouse-anti actin (1:5000, Sigma-Aldrich). Following three 

washes in TBS-T, blots were incubated with the appropriate horseradish peroxidase 

(HRP)-labeled secondary antibody (goat-anti-rabbit-HRP, goat-anti-mouse-HRP, 

1:5000, Jackson ImmunoResearch, West Grove, PA) for 1 hour at room temperature. 

The chemiluminescent substrate used was Supersignal West Pico (Pierce) and the 

visualization of the protein bands was performed using the GeneSnap image 

26 



acquisition system followed by densitometry analysis with the GeneTools software 

(Syngene, Frederick, MD). 

2.5 Flow Cytometric Analysis of Apoptosis 

Cells treated for 48 hours in 10 cm dishes were fixed in 80% ethanol for 1 hour. 

Cells were then washed with PBS and resuspended in staining buffer (0.2% Triton X-

100, 1 mM EDTA in PBS pH 7.4) containing 25 fig/mL propidium iodide (Sigma-

Aldrich) and 100 (ig/mL RNaseA (Sigma-Aldrich). Cells were incubated with 

staining buffer in the dark for 1 hour prior to DNA quantification by the Coulter Epics 

XL flow cytometer (Beckman Coulter, Fullerton, CA). Data analysis was performed 

using ModFit LT (Verity Software House Inc., Topsham, ME). 

2.6 Chromatin Immunoprecipitation (ChIP) Assay 

Cells treated for 24 hours in 10 cm dishes were fixed with 1% formaldehyde 

(BDH, VWR International, Mississauga, ON) for 20 min at room temperature in order 

to cross-link the DNA and protein. The cross-linking was quenched by adding glycine 

to a final concentration of 200 mM and incubating at room temperature for 5 min. 

Cells were then washed twice with ice-cold PBS and harvested in 1 mL cold PBS by 

centrifugation at 4°C for 5 min at 5,000 rpm. The pellet was resuspended in 90 uL 

lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1% SDS) supplemented 

with lx Protease Inhibitor Cocktail (Sigma-Aldrich), 1 mM 1,4-dithio-DL-threitol 

(DTT) (Sigma-Aldrich), and 1 mM phenylmefhylsulfonyl fluoride (PMSF) (Sigma-

Aldrich). The lysates were sonicated using a Sonicator 3000 (Misonix, Farmingdale, 

NY) for a total of 3 min with 10 sec pulses and 10 sec on ice between pulses to shear 

DNA to an average size of 300 to 1000 bp. Sonicated lysates were cleared of debris 
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by centrifugation for 15 min at 14,000 rpm at 4°C. Input controls were removed from 

each sample and stored at -20°C. Sonicated lysates were divided into negative 

controls and positive samples, then diluted ten-fold with dilution buffer (20 mM Tris-

HC1 pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100) supplemented 

with lx Protease Inhibitor Cocktail (Sigma-Aldrich), 1 mM DTT (Sigma-Aldrich), 

and 1 mM PMSF (Sigma-Aldrich). Positive sample cell lysates were 

immunoprecipitated by overnight rotation at 4°C with rabbit-anti acetyl H4 (1:200, 

Millipore) primary antibody. Negative controls were incubated overnight with 

rotation at 4°C in the absence of primary antibody. 

Immune complexes were collected by 2 hour rotation at 4°C with the addition of 

40 uL of protein A agarose/salmon sperm DNA 50% slurry (Millipore, Temecula, 

CA) to both positive samples and negative controls. The agarose beads/immune 

complexes were then pelleted gently by centrifugation for 1 min at 3,000 rpm at 4°C. 

The beads were washed with 1 mL of the following buffers by rotation for 10 mins at 

4°C, then pelleted gently by centrifugation for 1 min at 3,000 rpm at 4°C, discarding 

the supernatant following each wash: Buffer A (low salt; 0.1% SDS, 1% Triton X-

100, 20 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0, 150 mM NaCl) once, Buffer B 

(high salt; 0.1% SDS, 1% Triton X-100, 20 mM Tris-HCl pH 8.0, 2 mM EDTA pH 

8.0, 500 mM NaCl) once, Buffer C (1% NP-40, 1% sodium deoxycholate, 20 mM 

Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 0.25 M LiCl) once, TE washing buffer (10 

mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) twice. Freshly prepared elution buffer 

(1% SDS, 100 mM NaCH03) was added to all samples (input and negative controls, 

and positive samples) to a final volume of 400 uL and samples were rotated at room 

28 



temperature for 30 mins. The agarose beads were removed from the samples by 

centrifugation for 1 min at 3,000 rpm. 

The DNA-protein cross-linking was reversed by overnight incubation with 5 uL 

proteinase K (20 mg/mL, Roche Diagnostics, Laval, Que.) at 65°C. The DNA was 

purified using a QiaQuick PCR Purification Kit (Qiagen) according to the 

manufacturer's instructions. Purified DNA was eluted in 50 uL ddH20 and samples 

were stored at -80°C. Quantitative PCR was performed using a Roche LightCycler 

Version 3 (Roche Diagnostics). Amplification conditions were 95°C for 30 sec, 40 

PCR cycles of 95°C for 1 sec, 57 °C for 10 sec, and 72 °C for 5 sec, and finally, 61°C 

for 40 sec. The binding of acetyl H4 to the BRCAl proximal promoter region was 

determined using the following primer pair: forward 

TTTCCTTTTACGTCATCCGGG and reverse GCTAAGCAGCAGCCTCTCAGA 

(Figure 3) (52, 106). PCR products were resolved on 1.6% agarose gels. 

2.7 Statistical Analysis 

The probability of significant differences was determined by analysis of variance 

(ANOVA; multiple groups). Bonferroni's posttest was used to determine significance 

between specific treatments when whole group differences were detected by 

ANOVA. For all analyses, significance was inferred at P<0.05 and P values were 

two-sided. Analyses were performed using Graphpad Prism statistical software 

(Graphpad Software, San Diego, CA). Technical assistance was provided by 

Katherine Clark-Knowles. 
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3. RESULTS 

3.1 The inhibition of HDACs enhances platinum cytotoxicity in an ovarian 

tumour cell line and its platinum-resistant clone in vitro. 

The ability of small molecule inhibitors of PARP, Cdk2, and HDAC (see Section 

1.5) to potentiate the cytotoxicity of platinum-based chemotherapeutics was evaluated 

in vitro in an ovarian tumour cell line A2780s using the MTT cell viability assay. 

There was no improvement in drug sensitivity when the PARP inhibitor and CDK2 

inhibitor were added to chemotherapy drugs (cisplatin, carboplatin, and paclitaxel) 

(Figure 7). Only the HDAC inhibitor M344 significantly increased sensitivity of 

A2780s and A2780cp cells to cisplatin and carboplatin cytotoxicity. There was no 

effect of this inhibitor on the cytotoxicity of paclitaxel (Figure 7). This experiment 

was also performed in the cisplatin-resistant A2780s-derived cell line clone A2780cp, 

with similar results (data not shown). 

3.2 The HDAC inhibitor M344 targets BRCAl expression in an ovarian tumour 

cell line in vitro. 

The mechanism of enhancement of cytotoxicity by combining small molecule 

inhibitors with platinum-based chemotherapy may involve targeting BRCAl as 

targeting BRCAl expression can potentiate the cytotoxic effects of cisplatin (37, 66). 

Quantitative, real-time, reverse-transcriptase polymerase chain reaction (RT-PCR) 

was used to determine changes in BRCAl expression at the transcriptional level in 

the A2780s cell line. The A2780s control treatment was used as the calibrator for the 

RT-PCR analysis of expression of mRNA. Upon exposure of the cell lines to 
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Figure 7: The inhibition of HDACs enhances platinum cytotoxicity in an ovarian 
tumour cell line and its platinum-resistant clone in vitro. A. MTT viability assays 
comparing the responses of 0-8 ug/mL cisplatin, 0-500 uM carboplatin or 0-10 uM 
taxol alone (represented by a black solid line) or with the co-administration 
(represented by a red dashed line) of 50 uM PARPl inhibitor, 5 uM Cdk2 inhibitor or 
1 uM HDAC inhibitor in A2780s cells. Cell viability was assayed with the activity of 
untreated cells taken to be 100%. B. Combination of treatments in A2780s cells that 
displayed significant differences in MTT activity compared to either agent alone (P < 
0.01, Paired T-test). MTTs were analyzed at 48 hr consistent with the methodology 
employed by the National Cancer Institute (107). 
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cisplatin, carboplatin, and paclitaxel, there were subtle changes in BRCAl mRNA 

levels (Figure 8A). Treatment with the PARP and CDK2 inhibitors had relatively no 

effect on BRCAl mRNA transcripts. Western blot analysis was employed to evaluate 

changes in BRCAl protein expression in A2780s cells upon treatment with the 

HDAC inhibitor (Figure 8B). There was a significant decrease in mRNA and protein 

levels of BRCAl after treatment with the HDAC inhibitor M344, suggesting that this 

compound can target DNA repair by modulating the expression of a key regulator of 

this pathway (Figure 8). The level of acetylation of histone 4 (acetyl-H4) was 

evaluated by western blot analysis as a positive control for the function of M344. The 

observed increase of acetyl-H4 following treatment with M344 indicates that this 

inhibitor is functional in these cells (Figure 8B). This experiment was also performed 

in the cisplatin-resistant A2780s-derived cell line clone A2780cp, with similar results 

(data not shown). 

3.3 Basal expression of BRCAl in a panel of breast and ovarian cancer cell lines. 

This study was expanded to include three breast cancer cell lines (MCF7, T-47D, 

and HCC1937) and three ovarian cancer cell lines (A2780s, A2780cp, and OVCAR4) 

which were analyzed for basal BRCAl expression via western blot analysis (Figure 

9). The breast carcinoma line MCF7 was used as a positive control and was used as 

the calibrator for analysis of expression of protein levels and assigned an expression 

value of 1.0. MCF7 cells displayed the highest levels of BRCAl protein of the breast 

cancer cell lines (Figure 9). The HCC1937 breast carcinoma cells did not display any 

detectable BRCAl protein (Figure 9). HCC1937 cells harbour the germline BRCAl 

mutation 5382insC, which results in a frameshift causing a premature stop codon and 
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Figure 8: The HDAC inhibitor M344 targets BRCAl expression in an ovarian 
tumour cell line. A. Levels of BRCAl mRNA analyzed by real time quantitative RT-
PCR following 24 hr treatments as indicated. Fold changes were calculated following 
normalization to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels (AACt) 
and expressed as means (+/- SEM). B. Levels of BRCAl, acetyl-H4, and actin protein 
as loading control, following 24 hr HDACi treatment in A2780s cells. 
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Figure 9: Basal expression of BRCAl in a panel of breast and ovarian cancer cell 
lines. A. Western blot analysis of basal expression levels of BRCAl protein in a 
panel of cell lines. Actin was used as a loading control. Numbers indicate protein 
densitometry readings with MCF7 used as the calibrator and set to 1.0. 
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resulting in a truncated non-functional protein product (108). A2780s expressed the 

highest protein levels of the ovarian cancer cell lines, but only slightly more than their 

cisplatin-resistant counterpart A2780cp cells (Figure 9). There was a lack of 

detectable BRCAl protein in the OVCAR4 cell line in addition to the HCC1937 cell 

line, despite its BRCAl status being known as normal (Figure 9). This group of cell 

lines with variable levels of BRCAl protein expression corresponds to the variation 

of BRCAl protein expression levels seen in the clinical setting (13, 60-65). 

3.4 Treatment with the HDAC inhibitor M344 enhances the efficacy of cisplatin 

treatment in breast and ovarian cancer cell lines in vitro. 

Effects on cell viability by treatment of M344 in combination with cisplatin on the 

six cell line panel were measured using the MTT cell viability assay. The addition of 

M344 to cisplatin did not enhance the effect of cisplatin in the HCC1937 breast 

cancer cells which have no detectable basal BRCAl protein expression (see Section 

3.3) (Figure 10). In MCF7 cells, cell viability was reduced with the addition of M344 

to cisplatin treatment, but only at the lowest dose of cisplatin used (1 ug/ml, P < 0.05) 

was the effect statistically significant (Figure 10). Cell viability of the T-47D cells 

was significantly lower, by more than 50%, with the addition of M344 to cisplatin 

treatment at all the concentrations of cisplatin used (P < 0.001 at all concentrations) 

(Figure 10). Treatment with M344 enhanced the effect of cisplatin treatment in the 

A2780s cells at concentrations of 1 and 2 ug/ml cisplatin (P < 0.05) (Figure 10). No 

statistically significant effect was observed in the A2780cp cells, though M344 was 

observed to increase the cytotoxicity of cisplatin slightly (Figure 10). An 

enhancement of effect was only observed at a dose of 1 ug/ml cisplatin in the 
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Figure 10: Treatment with the HDAC inhibitor M344 enhances the efficacy of 
cisplatin treatment in breast and ovarian cancer cell lines in vitro. MTT viability 
assays comparing the responses of a group of cell lines to 0-8 ug/ml cisplatin alone 
(•) or with co-administration of 1 uM M344 (•). Cell viability was assayed with the 
activity of untreated cells taken to be 100%. Numbers represent the mean +/- SEM 
where n= 3 in triplicate. Differences between treatment with cisplatin alone versus 
treatment with cisplatin and M344 were analyzed using 2-way ANOVA with 
Bonferroni posttest. * indicates a significant difference where P<0.05, ** where 
P<0.01, and *** where P<0.001. 
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0VCAR4 (P < 0.05) ovarian cancer cells, which have no detectable basal expression 

of BRCAl protein (refer to Section 3.3) (Figure 10). These results indicate that the 

HDAC inhibitor M344 showed a trend towards increasing platinum-induced 

cytotoxicity in this group of cell lines. 

3.5 Treatment with the HDAC inhibitor M344 in combination with cisplatin 

increases apoptosis. 

Cells from a representative breast cancer cell line (HCC1937) and a representative 

ovarian cancer cell line (A2780s) were treated with M344 and cisplatin, alone or in 

combination, for 48 or 24 hours respectively and then subjected to flow cytometric 

analysis to confirm that the cytotoxicity observed in the MTT cell viability assay was 

due to apoptosis. Treatment with M344 alone did not cause a dramatic increase in 

apoptosis versus untreated cells (Figure 11 A). Treatment with cisplatin alone resulted 

in increased apoptosis in as compared to controls as shown by a slight increase in the 

sub-Gl population (Figure 11A). Treatment of the A2780s cells with a combination 

of M344 and cisplatin resulted in an increase in apoptosis levels above what was 

observed with either agent alone which corresponds to the results shown by the MTT 

cell viability assay in Section 3.4 (Figures 10 and 11 A). There was no increase 

observed in the HCC1937 cell line, which also corresponds to the MTT cell viability 

assay results (Figures 10 and 11 A). The A2780s cell line was too sensitive to cisplatin 

single-agent and M344 combination treatment to be evaluated for apoptosis by flow 

cytometry after 48 hours of treatment and thus was assessed after a 24 hour treatment. 

An increase in apoptosis in response to the cisplatin+M344 combination treatment 

was also seen by flow cytometry in the A2780cp and MCF7 cell lines (data not 
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Figure 11: Treatment with the HDAC inhibitor M344 in combination with 
cisplatin increases apoptosis. A. Flow cytometric profiles of A2780s and HCC1937 
following treatment with 1.0 uM M344 alone or in combination with 2 ug/ml 
cisplatin. B. lOx phase contrast images of A2780s cells following 24 hours of 
treatment with 1.0 uM M344 alone or in combination with 2 ug/ml cisplatin. 
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shown). The A2780s cells were used to obtain lOx phase contrast images following a 

24 hour treatment period. These images show significant characteristics of apoptosis 

such as rounding up and lifting off of the culture plate in the cisplatin+M344 

combination treatment (Figure 1 IB). The results from these experiments support that 

the cytotoxicity observed in the cisplatin+M344 combination treatment is due to the 

induction of apoptosis. 

3.6 Treatment with the HDAC inhibitor M344 reduces BRCAl protein and 

mRNA expression in breast and ovarian cancer cell lines. 

The mRNA and protein levels of BRCAl were assessed following exposure to 

M344 alone or in combination with cisplatin by RT-PCR and western blot analysis, 

respectively. In the breast cancer cell lines examined, treatment with M344 alone 

resulted in a significant decrease in BRCAl mRNA expression at the highest 

concentration as compared to DMSO-treated controls (Figure 12). With the exception 

of MCF7, BRCAl mRNA levels were increased with cisplatin treatment alone as 

compared to untreated control in the two breast cancer cell lines (Figure 12). The 

addition of M344 to cisplatin treatment resulted in a decrease in BRCAl mRNA 

levels in the two breast cancer lines (Figure 12). BRCAl protein levels were found to 

decrease after treatment with M344 alone as compared to DMSO control and were 

also found to decrease after treatment with cisplatin in combination with M344 as 

compared to cisplatin alone in all the breast cancer cell lines examined (Figure 13). 

Due to their mutant BRCAl status, BRCAl protein was not detectable in the 

HCC1937 cells and thus protein levels in response to treatment were not assessed in 

these cells. 
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Figure 12: Treatment with the HDAC inhibitor M344 reduces BRCAl mRNA 
expression in breast and ovarian cancer cell lines. BRCAl mRNA levels in a panel 
of cell lines analyzed by real time quantitative RT-PCR following 24 hours of 
treatment with 0.5, 1.0, or 5.0 uM M344 either alone or in combination with 2 ug/ml 
cisplatin. Numbers represent the mean +/- SEM of three separate experiments. 
Differences between treatments were analyzed using 1-way ANOVA with Bonferroni 
posttest. Statistically significant differences, when present, between 5 uM M344 and 
DMSO control or 2 ug/ml cisplatin + 5 uM M344 and 2 ug/ml cisplatin alone are 
indicated by * where P<0.05, ** where P<0.01, and *** where P<0.001. 
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Figure 13: Treatment with the HDAC inhibitor M344 reduces BRCAl protein in 
breast and ovarian cancer cell lines. Western blot analysis of BRCAl in a panel of 
cell lines following 24 hours of treatment with 0.5, 1.0, or 5.0 uM M344 either alone 
or in combination with 2 ug/ml cisplatin. Numbers represent densitometry readings 
with untreated control used as the calibrator and set to a value of 1.0. 
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When BRCAl mRNA levels were examined in the ovarian cancer cell lines, it 

was found that treatment with M344 alone decreased expression in all of the cell lines 

as compared to DMSO control, with the most significant decreases observed in the 

A2780s (Figure 12). Combination treatment of cells with cisplatin and M344 resulted 

in a significant decrease in BRCAl mRNA levels with the highest concentration of 

M344, as compared to treatment with cisplatin alone, in all of the cell lines with the 

exception of A2780s, where no decrease was observed (Figure 12). Treatment with 

cisplatin resulted in an increase in BRCAl protein levels, reflective of the 

engagement of the DNA damage response (Figure 13) (109, 110). Protein levels of 

BRCAl were assessed only in the A2780s and A2780cp cells, as protein was not 

detectable by western blotting in the OVCAR4 cells (see Section 3.3). Contrary to the 

mRNA results, BRCAl protein levels were decreased after treatment with M344 

either alone or in combination with cisplatin in the A2780s cells (Figure 13). This was 

also observed in the A2780cp cells (Figure 13). Therefore, taken together, these 

results demonstrate that BRCAl represents a novel target of HDAC inhibitors 

through inhibition of its expression. Combining agents that induce DNA damage, like 

cisplatin, with HDAC inhibitors may represent a novel therapeutic approach. 

3.7 Treatment with the HDAC inhibitor M344 causes decreased binding of 

acetylated Histone 4 to the BRCA proximal promoter region. 

The mechanism by which the HDAC inhibitor M344 can down-regulate BRCAl 

expression was investigated through the use of the chromatin immunoprecipitation 

(ChIP) assay. This assay was employed to determine whether the decrease in BRCAl 

mRNA expression by HDAC inhibition was controlled at the transcriptional level. 
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Cells from the MCF7 breast carcinoma cell line were treated for 24 hours with M344 

and cisplatin individually and in combination. MCF7 showed decreased levels of 

BRCAl proximal promoter DNA bound to acetyl-H4 (AcH4) following treatment 

with M344 alone relative to the control sample (Figure 14). The level of DNA bound 

to AcH4 increased in the samples treated with cisplatin alone (Figure 14). 

Importantly, BRCAl proximal promoter DNA levels bound to AcH4 decreased to 

levels below that seen in the single agent M344 treatment, in response to treatment 

with M344 and cisplatin in combination (Figure 14). These results indicate that the 

down-regulation of BRCAl expression in response to M344 alone or in combination 

with cisplatin may occur at the transcriptional level. This experiment was also 

performed in the ovarian carcinoma cell line A2780s, with similar results. 

3.8 The clinically approved HDAC inhibitor SAHA decreases BRCAl protein 

expression in vitro. 

The HDAC inhibitor M344 is effective in down-regulating BRCAl expression and 

also increasing platinum-induced cytotoxicity. It is however, not approved for use in 

the clinic. Recently, the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA, 

also known as vorinostat) has been approved for the treatment of cutaneous T-cell 

lymphoma (99). The down-regulation of BRCAl expression, if any, following 24 

hour SAHA treatment was analysed by western blot in A2780s cells. At all treatment 

concentrations, SAHA decreased BRCAl protein levels as compared to the untreated 

controls (Figure 15F). Treatment with 1.0 uM SAHA was less effective in decreasing 

BRCAl protein expression as compared with the same concentration of M344 (Figure 

15F). At 5.0 uM, SAHA treatment decreased BRCAl protein expression to 
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Figure 14: Treatment with the HDAC inhibitor M344 is associated with 
decreased acetylated Histone 4 at the BRCAl proximal promoter region. A. Real­
time PCR products were run on a 1.6% agarose gel. Three samples of each treatment 
are seen: the input controls which have not been exposed to either agarose beads or 
AcH4 antibody, the Beads control samples to which agarose beads have been added 
in the absence of AcH4 antibody, the AcH4 to which agarose beads and AcH4 has 
been added. This final sample is the ChIP sample. B. MCF7 cells treated with an 
HDAC inhibitor alone or in combination with cisplatin (CDDP) show reduced 
amounts of BRCAl promoter DNA bound to acetylated histone 4 as quantified by 
real-time PCR suggesting a decrease in transcription of the BRCAl gene. 
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Figure 15: The clinically approved HDAC inhibitor SAHA decreases BRCAl 
protein expression in vitro. A comparison of the chemical structures of the HDAC 
inhibitor TSA (A), HDAC inhibitor used for in vitro experiments in this study, M344 
(B), and the HDAC inhibitor approved for clinical use, SAHA (D). C. The basic 
chemical structure shared by all three of these compounds consists of an enzyme 
binding region, a spacer region, and an enzyme inhibiting group. (Adapted and 
manipulated from Remiszewski, S. W., Sambucetti, L. C, Atadja, P., Bair, K. W., 
Cornell, W. D., Green, M. A., Howell, K. L., Jung, M., Kwon, P., Trogani, N., and 
Walker, H.Inhibitors of Human Histone Deacetylase: Synthesis and enzyme and 
cellular activity of straight chain hydroxamates. J Med Chem, 45:753-757, 2002. and 
Jung, M., Brosch, G., Kolle, D., Scherf, H., Gerhauser, C , and Loidl, P. Amide 
analogues of trichostatin A as inhibitors of histone deacetylase and inducers of 
terminal cell differentiation. J Med Chem, 42:4669-4679, 1999.) E. The 
hyperacetylation of histone 4 in Friend leukemic cells following treatment with the 
indicated HDAC inhibitors. (Adapted and manipulated from Jung, M., Brosch, G., 
Kolle, D., Scherf, H., Gerhauser, C , and Loidl, P. Amide analogues of trichostatin A 
as inhibitors of histone deacetylase and inducers of terminal cell differentiation. J 
Med Chem, 42:4669-4679, 1999.) F. Levels of BRCAl and acetyl-H4 (AcH4) protein 
as analyzed by Western blot following 24 hour treatments as indicated in A2780s 
cells. 

45 



undetectable levels which appears to be more effective than the same concentration of 

M344 (Figure 15F). Therefore, the clinically approved HDAC inhibitor SAHA 

appears to down-regulate BRCAl expression in vitro. 
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4. DISCUSSION 

Ovarian cancer is the leading cause of death from gynaecologic malignancies 

(111). Poor prognosis is generally due to the development of chemoresistance to 

standard platinum-based therapies (112). Discovering chemotherapeutics that enhance 

response to platinum therapy is essential to aid in improving the 5-year survival rate 

of this disease, a dismal 30-40% that has not changed in decades (1). The purpose of 

this study was to enhance platinum-induced cytotoxicity in EOC by targeting BRCAl 

using novel therapeutic approaches. Studies have shown that ovarian cancer patients 

with BRCAl germline mutations demonstrate improved response to platinum-based 

chemotherapy and improved overall survival as compared to those without the 

mutation (113). As BRCAl is a critical component of the DNA-damage recognition 

and repair machinery, the inability of deficient tumour cells to repair the damage 

induced by platinum treatment results in increased apoptosis, translating into 

improved response. Results presented here demonstrate that the addition of an 

inhibitor of HDAC activity, M344, potentiates cisplatin treatment in a panel of breast 

and ovarian cancer cell lines via the targeting of the BRCAl tumour suppressor gene. 

The first objective of this study was to identify a small molecule inhibitor that 

sensitizes EOC cells to platinum-induced cytotoxicity. None of the three small 

molecule inhibitors tested showed any activity when combined with the control 

chemotherapeutic agent, paclitaxel. Neither the inhibitor of the PARPl enzyme nor 

the Cdk2 kinase showed any activity in combination with either platinum agent, as 

shown by the cell viability assay. In an IHC study of PARPl expression in a cohort of 

ovarian serous carcinomas, strong PARPl expression was demonstrated in 76% of 
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cases and this higher level of expression correlated with a poorer outcome compared 

to patients with comparatively low expression (68). The DNA lesions created by the 

inhibition of PARPl require functional BRCAl for recognition and repair (114). 

Therefore, if BRCAl is present in cells, the lesions will be repaired. PARPl is a 

rational therapeutic target in BRCAl-deficient cancer cells since BRCAl dysfunction 

sensitizes cells to PARPl inhibition by causing the accumulation of DSBs resulting in 

cell cycle arrest in G2 phase, followed by apoptosis (68, 114, 115). In the present 

study, both A2780s and A2780cp cell lines exhibited relatively high levels of BRCAl 

expression. Therefore, it is not unexpected that treatment with a PARP inhibitor did 

not demonstrate in vitro cytotoxicity. Although, an immunofluorescence assay 

visualizing DSBs by probing for phosphorylated H2AX would be a positive control 

experiment to confirm the function of the PARP inhibitor. Similarly, the inhibition of 

CDKs has shown increased levels of toxicity in cells deficient in components of DNA 

repair such as BRCAl and ATM. Cells deficient in genes like BRCAl, commonly 

present in familial breast cancer cases, are up to 4-fold more sensitive to CDK 

inhibition (72). Cancers with mutated BRCAl have been shown to select for 

activation of Cdk2 activity through the loss of the Cdk2-inhibiting p27 (116, 117). It 

has been suggested that Cdk2 inhibitors be specifically used in the clinic on patients 

with BRCAl-deficient tumours (72). Therefore, the inactivity of the Cdk2 inhibitor 

when in combination with the platinum agents in the BRCAl-expressing A2780s and 

A2780cp cell lines is not unexpected. In addition, analysis by flow cytometry could 

determine whether the Cdk2 inhibitor is functional by visualizing the cell cycle 

profile of the cells following treatment. 
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DNA repair pathways are frequently defective in malignant cells and targeting 

such defects seems to be a more rational therapeutic approach than direct gene 

therapy (118, 119). HDAC inhibitors are a promising new class of anticancer 

therapeutics that have been tested in phase I and phase II clinical trials (97-99). The 

interaction between HATs and HDAC enzymes regulates gene expression by 

modifying chromatin transcription in various malignancies, and BRCAl is known to 

play a role in altering chromatin structure (38). HDAC inhibitors have shown some 

promise as single agent therapies for EOC, though they may be most useful as an 

addition to standard therapies. There is also evidence that HDAC inhibitors could 

function in part via targeting BRCAl expression through BRCAl involvement in 

chromatin remodelling (38). The cell viability assay used in this study showed a trend 

towards increased cytotoxicity with the addition of an HDAC inhibitor to cisplatin 

and carboplatin in the paired A2780s and A2780cp EOC cell lines. The mechanism 

by which HDAC inhibition is thought to enhance platinum-induced cytotoxicity is 

through chromatin relaxation, allowing for increased DNA damage in 

transcriptionally active DNA regions (91). This study demonstrates that in addition to 

this mechanism, the HDAC inhibitor M344 may sensitize the A2780s and A2780cp 

cells to platinum by decreasing the mRNA and protein expression of BRCAl, as 

shown by quantitative RT-PCR and Western blot analysis. This represents a novel 

mechanism of action of this class of agents whereby the HDAC inhibitors can target 

expression of the DNA repair protein, BRCAl in combination with platinum agents. 

This phenomenon requires further investigation to determine its scope in a variety of 
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human cancers and to delineate its mechanism with respect to targeting BRCAl 

expression. 

In order to expand the observations of the HDAC inhibitor activity in combination 

with platinum agents, a panel of three breast carcinoma (T47-D, MCF7, and 

HCC1937) and three ovarian carcinoma cell lines (A2780s, A2780cp, and OVCAR4) 

were included in this study. Variable levels of BRCAl mRNA and protein were 

observed in this ovarian and breast cancer cell line panel when analyzed by 

quantitative RT-PCR and western blot analysis. This is consistent with the range of 

expression levels our group and others have observed in ovarian and breast tumour 

specimens (4, 13, 28, 120). HCC1937 cells harbour the germline BRCAl mutation 

5382insC, which causes in a frameshift creating a premature stop codon and resulting 

in a truncated non-functional protein product (108). As anticipated, the HCC1937 

breast carcinoma cells did not express any BRCAl protein. HCC1937 cells did have 

detectable levels of BRCAl mRNA, though it was lower than the other breast cancer 

cell lines examined, which is in keeping with previous observations that tumours from 

germline mutation carriers express mRNA levels significantly lower than those seen 

in sporadic tumours (121). Of all cell lines examined, OVCAR4 exhibited the least 

BRCAl mRNA when analyzed. The protein amount was also comparatively low. The 

aforementioned variable levels of basal BRCAl mRNA and protein expression would 

be useful to assess the role, if any, of this gene in the activity of the HDAC inhibitors 

when in combination with platinum agents. 

Studies conducted both in vitro and in vivo have demonstrated some cytotoxic 

efficacy of HDAC inhibitors in ovarian cancer models (93, 104, 122-126) A recent 
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clinical study however, have shown minimal value of these compounds as a single 

agent treatment in this disease (127). HDAC inhibitors have also been shown, in 

ovarian and other cell types, to enhance the effect of radiotherapy and some types of 

chemotherapy (103, 128, 129); however, the molecular mechanism behind this effect 

is not well understood. The work presented here has shown that co-treatment of the 

ovarian cancer cell lines A2780s and A2780cp with the HDAC inhibitor M344 

increased sensitivity to cisplatin. Upon further investigation, this study confirmed that 

the cisplatin + M344 co-treatment of a panel of ovarian and breast cancer cell lines 

was more effective than treatment with either agent alone in the cells. Both the breast 

(T-47D) and the ovarian (A2780s) lines with higher BRCAl levels displayed the 

greatest increase of cisplatin cytotoxicity with the addition of M344. No effect was 

observed in the BRCAl-deficient HCC1937 cells and little to no effect in the low-

expressing OVCAR4 cells. Flow cytometry confirmed the increased apoptosis seen in 

the cisplatin + M344 combination treatment with the cell viability assay. Considering 

the panel of cell lines, cells with low levels of BRCAl were, in general, more 

sensitive to single agent cisplatin treatment than those with higher levels, consistent 

with the clinical observation that BRCAl levels in tumours are predictive of 

chemoresponse in ovarian cancer (13, 60). Thus, co-treatment with an HDAC 

inhibitor was able to potentiate the effect of cisplatin in breast and ovarian cancer 

cells that displayed minimal response to cisplatin treatment alone, which could be a 

result of targeting of BRCAl by M344. 

The BRCAl tumour suppressor gene plays a major role in the detection and repair 

of DNA damage (39, 40, 130). Without functional BRCAl activity, cells demonstrate 
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an increase in irreparable DNA double-strand breaks in response to DNA-damaging 

agents, such as chemotherapeutics, due to a shift from the HR pathway to the more 

error prone NHEJ pathway (4). In order to determine if treatment with M344 was 

affecting BRCAl mRNA and protein levels, the panel of ovarian and breast cancer 

cell lines was treated with M344 alone or in combination with cisplatin and 

expression levels were assessed via quantitative RT-PCR and western blotting. 

BRCAl protein levels were found to be decreased by treatment with M344 alone in 

the entire cohort of cell lines examined. The effect was more pronounced in cells with 

higher BRCAl protein levels. Treatment with cisplatin caused an increase in BRCAl 

protein expression, reflective of the engagement of the DNA damage response 

triggered by the DSBs caused by this treatment (109, 110). Treatment with M344 in 

conjunction with cisplatin reduced BRCAl protein levels in all cell lines assessed, 

thus counteracting the effect of cisplatin treatment alone. In the ovarian cancer cell 

lines, a significant decrease was observed in 2 of the cell lines OVCAR4 and 

A2780cp, with the exception being the A2780s cells. A2780s cells have wildtype p53 

status and are exquisitely sensitive to cisplatin treatment, whereas A2780cp are 

mutant for p53 and minimally sensitive to cisplatin. OVCAR4 cells are quite sensitive 

to cisplatin treatment, but are also mutant for p53 (131). Thus, in ovarian cancer cells, 

p53 status may be an important determinant of the ability of an HDAC inhibitor to 

target BRCAl in the presence of DNA-damaging agents, and is a phenomenon that 

warrants further investigation. The targeting of BRCAl expression by HDAC 

inhibitors was first reported by Zhang et al, who observed that the HDAC inhibitor 
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TSA sensitized resistant human squamous carcinoma cells to radiation-induced DNA 

damage and apoptosis (102). 

It is possible that the decrease in BRCAl mRNA expression as seen in the 

quantitative RT-PCR experiments could be due to decreased mRNA stability 

following treatment with the HDAC inhibitor. To eliminate this possibility and 

determine whether this effect is due to transcriptional regulation as controlled by the 

accumulation of acetylated histones, a ChIP assay was performed on cells treated with 

each agent alone and in combination. As previously mentioned, genes actively being 

transcribed are known to be associated with nucleosomes with high levels of 

acetylated histones and silent genes are associated with nucleosomes with low levels 

of acetylated histones (87-89). It would be expected then, that the results seen earlier 

with the decrease in BRCAl mRNA and protein expression following HDAC 

inhibitor treatment alone and in combination with cisplatin would be due to the 

BRCAl promoter DNA being associated with fewer acetylated histones. The results 

of the ChIP assay confirm this hypothesis and mirror the pattern of BRCAl mRNA 

and protein expression following these treatments. The amount of BRCAl promoter 

DNA bound to acetylated histone decreased in the M344 single agent treatment 

relative to controls, which indicates that transcriptional repression may be occurring. 

The amount of BRCAl DNA bound to acetylated histone increased following 

cisplatin treatment, indicating that the increase in BRCAl mRNA and protein 

expression is due to transcriptional up-regulation as caused by being associated with 

acetylated histones. These results are in keeping with the previous observation that an 

increase in BRCAl expression is reflective of the activation of the DNA damage 
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response triggered by the platinum agents (109, 110). In the HDAC inhibitor -

cisplatin treated cells, the amount of BRCAl DNA bound to acetylated histone was 

decreased. Therefore, the ChIP assay supports that the decrease in BRCAl expression 

following HDAC inhibitor treatment, either alone or in combination, may be 

transcriptionally regulated. 

HDAC inhibitor treatment could be affecting the regulation of BRCAl 

transcription by the role of acetylated histones in modulating chromatin structure. 

HDAC inhibitors promote the accumulation of acetylated histones within the 

nucleosomes. This leads to the loosening of the chromatin structure and actively 

transcribed genes because the loosened structure allows access for the transcriptional 

machinery (84, 87-89). The ChIP assay results indicate that by decreasing BRCAl 

promoter DNA bound to acetylated histones, this section of chromatin is more 

condensed and therefore, less transcriptionally active. The primers used in this 

particular study amplify a small stretch of the BRCAl proximal promoter region for 

DNA fragments approximately 1 kb in size and while the PCR fragment does not 

encompass the negative transcriptional element contained within this region (the UP 

site), the entire BRCAl promoter would be analyzed by this approach (Figure 3) (52, 

106). HDAC inhibitor treatment may allow for the expression of an as yet, 

undetermined repressor protein which targets the BRCAl gene. Recently, metastasis-

associated tumour antigen 1 (MTAl) has been identified as a transcriptional repressor 

of BRCAl (132). Molli et al showed that MTAl, as a component of the nucleosome 

remodelling and deacetylating (NuRD) complex, targeted the ERE contained within 

exon 1 of the BRCAl gene, which implicates MTAl as a novel transcriptional 
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repressor of BRCAl (132). However, their results show that following treatment with 

the HDAC inhibitor TSA, MTAl-mediated BRCAl repression was relieved, which 

indicates that MTAl may not be the mechanism by which HDAC inhibitors are 

targeting BRCAl as observed in the work published by our group as well as others 

(13, 102, 132). Hence, it is most likely that the primary effect of the HDAC inhibitor 

treatment combination in the cell lines analysed in this study is the condensation of a 

section of chromatin containing the proximal promoter region, resulting in repression 

of BRCAl expression through an as yet unknown mechanism. 

The results which have been shown here present a possible alternative to the 

current platinum- and taxane-based therapeutic regimen in the clinic. However, the 

HDAC inhibitor which has shown successful and safe activity in the clinic is a 

structural analogue of TSA and M344, SAHA (Figure 15A - C) (112, 122, 133-135). 

SAHA is approved for the treatment of cutaneous T-cell lymphoma (112). It was 

imperative to confirm activity of SAHA in a model of EOC and results shown here 

indicate that the targeting of BRCAl expression may be a common mechanism of 

action of HDAC inhibitors, as supported by the work presented by Zhang et al with 

TSA (102). It was expected that SAHA would have slightly weaker activity in vitro 

due to toxicological and chemical data regarding TSA, M344, and SAHA (133-135). 

The observed inhibitory activity of SAHA is thirty-fold weaker than that of TSA 

(136). In comparison, a thirty-fold greater concentration of M344 is required to 

achieve histone acetylation levels comparable to that of TSA (Figure 15E) (134). The 

HDAC inhibitor M344 is structurally related to both TSA and SAHA, where M344 

possesses an enzyme binding region similar to TSA and a spacer region as well as 
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enzyme inhibiting group similar to SAHA (Figure 15A - D) (134, 135). There are 

currently clinical trials recruiting ovarian cancer patients to assess combinatorial 

treatment with carboplatin and SAHA. It would be of great interest to observe 

whether tumour BRCAl levels influence outcome in this treatment setting. 

In the future, there are several avenues available to expand on the observations 

made in this study. An experiment in which a wild-type BRCAl is ectopically 

expressed in the BRCAl- deficient HCC1937 cell line would determine if the 

potentiation of platinum-induced cytotoxicity by the HDAC inhibitors is due to its 

ability to target BRCAl. Zhang et al observed that while TSA had no effect on the 

radiosensitivity of the BRCAl-null HCC1937 cell line, TSA treatment increased the 

radiosensitivity of HCC1937 cells ectopically expressing wild-type BRCAl, which 

implies that the TSA-induced sensitization effect is due to its ability to target BRCAl 

(102). The opposite experiment could also prove useful. The effect of silencing this 

gene through BRCAl-targeted RNA interference on the HDAC inhibitor-induced 

potentiation of platinum sensitivity in a BRCAl expressing cell line could be used to 

confirm whether the activity of the HDAC inhibitor is dependent on its targeting 

BRCAl. A cell line such as A2780s or MCF7 could be used for this purpose. In 

addition, the regulation of BRCAl transcription by HDAC inhibition remains to be 

deciphered. Whether the HDAC inhibitor treatment causes the down-regulation of 

BRCAl expression by chromatin remodelling or indirectly resulting in its down-

regulation by providing access of BRCAl-targeting transcriptional repressors to the 

gene would be worthy of investigation. Identification of this mechanism could not 

only lead to the development of BRCAl-specific targeted therapies and have far-
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reaching implications in the treatment of BRCAl-related tumours, but also reveal the 

mechanisms dictating the expression of this crucial DNA repair gene. In addition, the 

HDAC inhibitors discussed here (TSA, SAHA, and M344) are broad spectrum 

inhibitors, which means they target HDAC enzymes of all four classes (94). It is 

known that BRCAl interacts with HDACI and HDAC2 which are HDAC isoforms 

of Class I which in turn, have been shown to be overexpressed in ovarian tumour 

tissues (93, 94). The use of a Class I-specific inhibitor such as MS-275 or even the 

HDACl/HDAC2-specific inhibitor depsipeptide in combination with the platinum 

agents would be of great importance in determining the role of HDACs and perhaps, 

their interaction with BRCAl in EOC. In hindsight, the analysis of HDAC expression 

levels in the group of cell lines in this study, in addition to that of BRCAl, was 

imperative to interpreting the effects of the HDAC inhibitors in combination with the 

platinum agents. 

The overall objective of this study was to uncover novel therapeutic avenues to 

overcome chemoresistance in ovarian cancer. In summary, HDAC inhibitors show 

promise as therapeutic agents in combination with platinum-based drugs in the 

treatment of breast and ovarian cancers due to their ability to down-regulate BRCAl 

expression. This study has shown that the inhibition of HDACs sensitizes ovarian 

cancer cells to platinum chemotherapeutics but not taxane chemotherapeutics. 

Inhibition of Cdk2 or PARP does not sensitize cells to either family of 

chemotherapeutics. A novel finding of this study suggested that HDAC inhibition 

effectively targeted mRNA and protein expression of BRCAl in vitro, both alone and 

in combination with platinum agents. This study also demonstrates that in breast and 

57 



ovarian cancer cell lines, HDAC inhibition showed a trend towards increasing 

platinum-induced cytotoxicity. HDAC inhibitor treatment appeared to cause 

decreased binding of acetylated histone to the BRCAl proximal promoter region, 

which may be leading to the down-regulation of BRCAl expression. In vitro 

experiments presented here show that the clinically relevant HDAC inhibitor, SAHA, 

is effective in targeting BRCAl protein expression. This is significant as lower 

BRCAl levels have been shown to be a positive predictive marker of progression-free 

survival and overall survival in ovarian cancer (13). Thus, co-treatment with an 

HDAC inhibitor and a platinum-based agent may provide an effective novel treatment 

for ovarian cancer via the targeting of BRCAl. 
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Abstract 

The improved outcome of Breast-Cancer 1 (BRCAl)-deficient breast and ovarian cancer 

is linked to their impaired ability to repair DNA damage Targeting BRCAl expression 

can sensitize tumour cells to platinum-based chemotherapies However, therapeutically 

relevant agents that target BRCAl expression have not been identified Here we explore 

the effect of histone deacetylase inhibition (HDACi) on BRCAl expression and platinum 

sensitivity in a panel of breast and ovarian cancer cell lines BRCAl mRNA and protein 

expression was determined by Q-PCR and Western blot The efficacy of HDACi to 

potentiate the cytotoxicity of platinum-based chemotherapeutics was evaluated using the 

MTT viability assay and flow cytometry The effect on DNA damage was measured by 

immunofluorescence staining and flow cytometry for yH2A X foci Baseline BRCAl 

expression was variable in three breast (MCF7, T47D and HCC1937) and three ovarian 

(A2780s, A2780cp and OVCAR4) cancer cell lines Expression of BRCAl protein 

decreased in response to the HDACi M344 in the cell lines that expressed detectable 

levels of BRCAl by Western blot BRCAl mRNA levels decreased with the addition of 

M344 in all cell lines evaluated Treatment with M344 incieased the sensitivity to 

cisplatin and carboplatin tieatment in the cell lines with higher BRCAl levels Expression 

of BRCAl piotein and mRNA was decreased in cells treated with the HDACi and 

cisplatin A2780s cells subjected to combination platinum and HDACi treatment 

demonstrated increased levels of DNA damage This study supports a novel mechanism 

of BRCAl targeting with the potential to sensitize breast and ovarian cancer cells to 

platinum treatment 
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Introduction 

Chemoresistance is primary obstacle in the management of advanced epithelial 

ovarian cancer (OC) and novel therapies are required to enhance standard platinum-based 

treatment and to improve the poor prognosis In various in vitro and retrospective clinical 

studies, it has been suggested that the Breast-Cancer 1 (BRCAl) protein is a marker of 

chemoresistance and that BRCAl-deficient tumors predict for a better overall survival 

after standard platinum-based chemotherapy (1-3) The improved outcome in BRCAl -

deficient tumors is believed to be due in part, to an increased sensitivity to DNA 

damaging chemotherapeutics, such as cisplatin, as a result of the induction of irreparable 

DNA double strand breaks (DSB) through the homologous recombination repair (HR) 

pathway Thus, BRCAl has been regarded as a rational therapeutic target to help 

overcome platinum resistance in advanced and recurrent OC While phase I and phase II 

clinical trials of direct gene therapy to inhibit BRCAl expression were not promising (4, 

5), in an era of evolving molecular inhibitors, new therapeutic strategies merit 

consideration 

BRCAl is involved in a number of cellular processes including the repair of DNA 

damage, usually through the error free mechanism of HR (6, 7) BRCAl functions as a 

scaffolding protein, colocahzing with complexes of other DNA damage repair proteins at 

sites of damage (8) Cells deficient in BRCAl resort to more error-prone mechanisms of 

repair such as non-homologous end-joining (NHEJ) which predisposes to genomic 

instability and renders cells susceptible to cytotoxic stress (9) Ovarian cancer patients 

with germline BRCAl mutations display an improved response to DNA-damaging 
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platinum based therapy (10, 11), as do Brcal-deficient mouse ovarian surface epithelial 

cells (12). 

The interaction between histone acetyl transferase (HAT) and histone deacetylase 

(HDACs) enzymes modulates chromatin structure and regulates transcription factor 

accessibility to regulate gene expression (13). Chromatin remodeling is particularly 

active during the DNA damage response, with rapid, localized unwinding of chromatin to 

allow for the entry and assembly of proteins that form DNA repair complexes (14). 

During this damage-induced remodeling, HAT complexes work with ATP-dependent 

chromatin remodeling complexes to facilitate repair. Chromatin structure also influences 

the susceptibility of a DNA sequence to damage, with areas of loosely compacted, and 

hence more transcriptionally active chromatin increasing the frequency of DSBs (14). 

The BRCAl tumour suppressor gene also plays a role in chromatin remodeling. The 

BRCT domain of BRCAl gene associates with both HDACI and HDAC2 and it is 

thought that this association directly represses transcription (15). BRCAl has been shown 

to be a component of the SWI/SNF chromatin remodeling complex, and its coactivation 

function with p53 is mediated through this complex (16). It is thought that the BRCAl -

SWI/SNF complex may be essential for the activation of genes involved in the DNA 

damage response and that it could also play a more direct role in homologous repair by 

enabling access to sites of damage via chromatin remodeling (16). 

HDAC inhibitors (HDACi) promote the accumulation of acetylated histones, which 

results in a relaxed chromatin structure (17), potentially allowing better access to DNA 

damaging agents. They have shown promise as anticancer agents, demonstrating 

inhibition of growth of cancer cells both in vitro and in vivo (18, 19), and recently the 
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HDACi suberoylanilide hydroxamic acid (SAHA, also known as vorinostat) has been 

approved for the treatment of cutaneous T-cell lymphoma (20). Because of their ability to 

relax chromatin structure and hence render DNA more vulnerable to potential assaults, 

HDACi are being evaluated as combination therapies in conjunction with standard 

cytotoxic treatments. A number of HDAC inhibitors are reported to increase radiation 

sensitivity in various tumor types (21-23) and it is suggested that HDAC inhibitors work 

in part by inhibiting DNA repair. Evidence exists that HDAC enzymes are important for 

homologous recombination repair of DNA double-strand breaks and the assembly of 

RAD51 subnuclear foci (24). The BRCAl-deficient breast cancer cells, HCC1937 

demonstrated increased sensitivity to IR (25). In the same cell line, Zhang et al have 

shown that trichostatin A exposure delayed DNA damage repair in response to IR by the 

suppression of key genes including BRCAl (23). HDACi have also demonstrated the 

ability to potentiate the effects of numerous chemotherapeutic agents in a pre-clinical 

setting, such as topoisomerase inhibitors, and DNA-damaging agents such as platinum 

compounds (17). 

HDACi have shown potential as a therapeutic option in ovarian cancer and their 

ability to target BRCAl makes them an even more attractive option for this disease (26-

28). Our group has recently demonstrated that HDACi also sensitize A2780 OC cells to 

platinum by decreasing the expression of BRCAl (3). In this study, we observe the effect 

of the HDACi M344 on the cytotoxicity of various breast and ovarian cancer cell lines in 

combination with platinum compounds. 
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Materials and Methods 

Cell Culture. The A2780s and A2780cp cell lines were kindly provided by Dr. B. 

Vanderhyden (Ottawa Hospital Research Institute, Ottawa, ON, Canada) and the T47D, 

BT-549, and OVCAR-4 cell lines were donated by Dr. J. Bell (Ottawa Hospital Research 

Institute, Ottawa, ON, Canada). MCF7, HCC-1937 and SKOV-3 were purchased from 

the American Type Culture Collection (Rockville, MD). All cell lines were maintained 

in Dulbecco's-MEM (Media Services, Ottawa Regional Cancer Centre, ON, Canada) 

supplemented with 10% fetal bovine serum (Wisent Inc., St-Bruno, Quebec, Canada) and 

lOOug/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA). Unless otherwise 

described, cells were treated for 24 hours with 2 ug/ml cisplatin (provided by the 

pharmacy at the Ottawa Hospital Regional Cancer Centre, Ottawa, Ontario, Canada) 

alone and in combination with the HDAC inhibitor M344 (Biovision, Mountain View, 

CA) at concentrations of 0.5, 1.0, or 5.0 \xM . 

RNA isolation and RT-PCR. Total RNA was extracted from cell lines in sub-confluent 

10cm dishes using the RNeasy® kit (Qiagen, Germantown, MD). RNA concentration 

was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific Inc, 

Wilmington, DE). Total RNA (lug) was reverse-transcribed for polymerase chain 

reaction (PCR) as previously described. The Applied Biosystems AB 7500 Real-Time 

PCR system (Applied Biosystems, Foster City, CA) was used to detect amplification. A 

real-time PCR reaction was carried out in a total volume of 25 uJ that contained 2.5 \i\ of 

synthesized cDNA (42ng), 1.25 u.1 of TaqMan Gene Expression Assay Primer/Probe 

(20X) (Applied Biosystems, BRCAl, HS00173233), 12.5 u.1 of TaqMan Universal PCR 

Master Mix (2X) (Applied Biosystems) and 8.75 u.1 of RNase-free water for BRCAl 
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expression. GAPDH (Applied Biosystems, HS4333764-F) was used as an endogenous 

control. Amplification conditions were 95°C for 5 min, 40 PCR cycles at 95°C for 15 

sec, and 60°C for 1 min. Three independent reactions from separate RNA extractions 

were used to determine the average RNA expression and a standard error for each 

treatment condition. 

Western Blotting. Protein samples were collected in RIPA buffer containing IX 

Protease Inhibitor Cocktail (Sigma-Aldrich, St-Louis, MO) and protein content was 

measured using a commercially available protein assay (BCA Protein Assay Kit, Pierce, 

Rockford, IL) and a Biomate3 Spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA). Samples were separated on 8-12% SDS polyacrylamide gel and transferred to a 

PVDF membrane (Immobilon-P, Millipore, Billerica, MA). Blocking was carried out 

with 5% milk in Tris-buffered saline with Tween-20 (TBS-T). For all subsequent 

immunoblotting, antibodies were diluted to the appropriate concentration in 5% milk in 

TBS-T. Blots were incubated with the following primary antibodies for 1 hour at room 

temperature or overnight at 4°C; mouse-anti BRCAl (1:200, D-9, Santa Cruz, Santa 

Cruz, CA), rabbit anti-p53 (1:1000, FL-393, Santa Cruz), rabbit-anti acetylated Histone 4 

(acetyl H4) (1:1000, Upstate Cell Signaling, Lake Placid, NY) and mouse-anti actin 

(1:5000, Sigma-Aldrich). Following three washes in TBS-T, blots were incubated with 

the appropriate HRP-labeled secondary antibody (goat-anti-rabbit-HRP, goat-anti-mouse-

HRP, 1:5000, Jackson ImmunoResearch, West Grove, PA) for 1 hour at room 

temperature. The chemiluminescent substrate used was Supersignal West Pico (Pierce) 

and the visualization of the protein bands was performed using the GeneSnap image 
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acquisition system followed by densitometry analysis with the GeneTools software 

(Syngene, Frederick, MD). 

Cell Viability Assay. Cell viability was measured by the methylthiazolyldiphenyl-

tetrazolium bromide (MTT) rapid colorimetric assay. Approximately 4,500 cells were 

seeded into each well of a 96-well flat bottom plate. The cells were incubated overnight 

to allow for cell attachment. Cells were then treated with cisplatin in concentrations of 0-

8 ug/ml alone or in combination with 1 uM of the HDAC inhibitor M344. Forty eight 

hours following treatment, 42uJ of a 5mg/ml solution in phosphate buffered saline of the 

MTT substrate (Sigma-Aldrich) was added and incubated for up to 4 hrs at 37°C. The 

resulting violet formazan precipitate was solubilized by_the addition of 82uJ of a 0.01M 

HCl/10% SDS (Sigma-Aldrich) solution and plates were incubated overnight at 37°C. 

The plates were then analyzed on an MRX Microplate Reader from Dynex Technologies 

(Chantilly, VA) at 570 nm to determine the optical density of the samples. 

Flow Cytometric Analysis of Apoptosis. Cells treated for 48 hours in 10cm dishes were 

fixed in 80% ethanol for 1 hour. Cells were then washed with PBS and resuspended in 

staining buffer (0.2% Triton X-100, 1 mM EDTA in PBS, pH7.4) containing 25u.g/mL 

propidium iodide (Sigma-Aldrich) and 100 [xg/mL RNaseA (Sigma-Aldrich). Cells were 

incubated with staining buffer in the dark for 1 hour prior to DNA quantification by the 

Coulter Epics XL flow cytometer (Beckman Coulter, Fullerton, CA). Data analysis was 

performed using ModFit LT (Verity Software House Inc., Topsham, ME). 

Immunofluorescence. Cells were fixed on gelatin-coated coverslips in cold methanol at -

20°C for one hour, followed by three washes in IX PBS. The cells were then 

permeabilized via incubation with 0.2% Triton-X-100 in PBS for 10 min, followed by 3 
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washes in PBS. Blocking was carried out for 30 min at room temperature with 5% normal 

goat serum in PBS. Cells were incubated with mouse anti-H2A.X (serl39) (1:100 in PBS, 

Millipore) for one hour, followed by three PBS washes. Secondary antibody, anti-mouse 

Alexa Fluor 488, (Invitrogen, 1:400 in PBS) was applied for one hour, followed by 3 

washes in PBS. Following a rinse with ddH20, coverslips were mounted on glass slides 

using Vectashield mounting medium with DAPI (Vector Laboratories, Burlington, ON, 

Canada). Fluorescence was assessed using the Axioskop 2 MOT (Carl Zeiss 

Microimaging, Thornwood, NY) microscope. 

Flow Cytometric Analysis of y-H2A.X Expression. Following treatment, cells were 

trypsinized, washed in PBS and fixed on ice with 1% paraformaldehyde for 15 min. 

Following centrifugation, the cell pellet was resuspended in 500 pi of PBS and 

transferred to a tube containing 4.5 ml of cold 70% ethanol and kept at -20°C for a 

minimum of 2 hours. Cells were centrifuged and then washed twice in BSA-T-PBS (1% 

bovine serum albumin and 0.2% Triton-X-100 in IX PBS). Following the second wash, 

the cell pellet was resuspended in BSA-T-PBS containing mouse anti-H2A.X (serl39) 

(Millipore) primary antibody at 1:100 and incubated overnight at 4°C. Cells were then 

washed IX in BSA-T-PBS and resuspended in BSA-T-PBS containing anti-mouse Alexa 

Fluor 488 (Invitrogen) secondary antibody at 1:400 and incubated at room temperature in 

the dark for one hour. Cells were washed IX in BSA-T-PBS and resuspended in PBS 

containing 50 ul/ml propidium iodide (Sigma-Aldrich) and 5u.l/ml RNAse A (Sigma-

Aldrich). Cells were analyzed on a Coulter Epics XL flow cytometer (Beckman Coulter) 

and the resulting data was assessed using ModFit software (Verity Software House). 

Statistical Analysis. The probability of significant differences was determined by 
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analysis of variance (ANOVA; multiple groups). Bonferroni's posttest was used to 

determine significance between specific treatments when whole group differences where 

detected by ANOVA. For all analyses, significance was inferred at P<0.05 and P values 

were two-sided. Analyses were performed using Graphpad Prism statistical software 

(Graphpad Software, San Diego, CA). 

Results 

Expression of BRCAl and p53 in a panel of breast and ovarian cancer cell lines. 

Four breast cancer cell lines (MCF7, T-47D, BT549, and HCC1937) and four ovarian 

cancer cell lines (A2780s, A2780cp, SKOV3, and OVCAR4) were analyzed for BRCAl 

protein expression via Western blot (Figure 1A) and mRNA expression by qPCR 

(Figure IB). HCC1937 cells harbour the germline BRCAl mutation 5382insC, which 

results in a frameshift causing a premature stop codon and resulting in a truncated non­

functional protein product (29). The breast carcinoma line MCF7 was used as a positive 

control and was used as the calibrator for analysis of expression of both mRNA and 

protein levels and assigned an expression value of 1.0. Relative to itself, MCF7 cells 

displayed the highest levels of BRCAl protein of the breast cancer cell lines. Predictably 

HCC1937 cells did not display any detectable BRCAl protein. A2780s expressed the 

most protein of the ovarian cancer cell lines, but only slightly more than their cisplatin-

resistant counterpart A2780cp cells. T-47D cells displayed the highest levels of BRCAl 

mRNA expression of the breast lines, with almost twice the levels of the MCF7 cells. 

HCC1937 cells did demonstrate detectable levels of BRCAl mRNA, comparable to those 
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of MCF7. A2780s cells expressed the most BRCAl mRNA of the ovarian cells, with 

twice the expression level of its cisplatin-resistant pair. 

Treatment with the HDAC inhibitor M344 enhances the efficacy of cisplatin 

treatment in breast and ovarian cancer cell lines. Effects on cell viability of treatment 

with M344 alone or in combination with cisplatin were measured using the MTT cell 

viability assay. Addition of M344 to cisplatin treatment did not enhance the effect of 

cisplatin in either the HCC1937 or the BT549 breast cancer cells (Figure 2). In MCF7 

cells, cell viability was significantly reduced with the addition of M344 to cisplatin 

treatment, but only at the lowest dose of cisplatin used (1 ug/ml, P < 0.05) (Figure 2). 

Cell viability of the T-47D cells was significantly lower, by more than 50%, with the 

addition of M344 to cisplatin treatment at all the concentrations of cisplatin used (P < 

0.001 at all concentrations, Figure 2). Treatment with M344 enhanced the effect of 

cisplatin treatment on cell viability in the A2780s cells at concentrations of 1 and 2 ug/ml 

cisplatin (P < 0.05). No effect was observed in the A2780cp cells (Figure 2). An 

enhancement of effect was only observed at a dose of 1 ug/ml cisplatin in the OVCAR4 

(P < 0.05) and the SKOV3 (P < 0.01) ovarian cancer cells (Figure 2). 

Treatment with the HDAC inhibitor M344 in combination with cisplatin increases 

apoptosis. Cells were treated with M344 and cisplatin, alone or in combination, for 48 

hours and then subjected to flow cytometric analysis. Treatment with M344 alone did not 

cause a dramatic increase in apoptosis versus control cells. Treatment with cisplatin alone 

resulted in increased apoptosis in all cells examined as compared to controls. Treatment 
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of the cells with a combination of M344 and cisplatin resulted in an increase in apoptosis 

levels above what was observed with either agent alone, with the exception of MCF7 

cells, where no such increase was observed (Figure 3). A2780cp cells demonstrated the 

highest levels of apoptosis in response to combination treatment with M344 and cisplatin. 

A2780s cells were too sensitive to cisplatin to be evaluated for apoptosis by flow 

cytometry after 48 hours of treatment and thus were not assessed. 

Treatment with the HDAC inhibitor M344 reduces BRCAl protein and mRNA 

expression in breast and ovarian cancer cell lines. mRNA levels of BRCAl were 

assessed following exposure to M344 alone or in combination with cisplatin. In all of the 

breast cancer cell lines examined, treatment with M344 alone resulted in a significant 

decrease in BRCAl mRNA expression at the highest concentration as compared to 

DMSO-treated controls (Figure 4). With the exception of MCF7, BRCAl mRNA levels 

were increased with cisplatin treatment alone as compared to untreated control in all of 

the breast cancer cell lines. The addition of M344 to cisplatin treatment resulted in a 

decrease in BRCAl mRNA levels in all of the breast cancer lines, though the result was 

not significant in the BT549 cells (Figure 4). BRCAl protein levels were found to 

decrease with treatment with M344 alone as compared to DMSO control and were also 

found to decrease with treatment with cisplatin in combination with M344 as compared to 

cisplatin alone in all the breast cancer cell lines examined (Figure 5). Due to their mutant 

BRCAl status, BRCAl protein was not detectable in the HCC1937 cells and thus protein 

levels in response to treatment were not assessed in these cells. 
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When BRCAl mRNA levels were examined in the ovarian cancer cell lines, it was found 

that treatment with M344 alone decreased expression in all of the cell lines as compared 

to DMSO control, with the most significant decreases observed in the A2780s and the 

SKOV3 cells (Figure 4). Combination treatment of cells with cisplatin and M344 

resulted in a significant decrease in BRCAl mRNA levels with the highest concentration 

of M344, as compared to treatment with cisplatin alone, in all of the cell lines with the 

exception of A2780s, where no decrease was observed (Figure 4) Protein levels of 

BRCAl were assessed only in the A2780s and cp cells, as protein was barely detectable 

by western blotting in the SKOV3 and OVCAR4 cells Contrary to the mRNA results, 

BRCAl protein levels were decreased with treatment with M344 either alone or in 

combination with cisplatin in the A2780s cells (Figure 5) This was also observed, to a 

lesser degree, in the A2780cp cells (Figure 5) 

Treatment with the HDAC inhibitor M344 in combination with cisplatin results in 

an increase in DNA damage as assessed by yH2A.X foci formation. A2780s cells were 

tieated with M344 alone or in combination with cisplatin and the impact of DNA damage 

levels, as assessed by yH2A X foci formation, were evaluated both by direct 

immunofluorescence and by flow cytometry Cells treated with DMSO as a control did 

not display any yH2A X foci Foci were observed in a small number of cells with 

treatment with 5 OM M344 The majority of cells displayed many foci when treated with 

cisplatin either alone or in combination with M344 (Figure 6A) Following treatment, 

cell samples were also sorted via flow cytometry after being incubated with a fluorescent-

labeled anti yH2A X antibody (Figure 6B) Cells which were not treated with primary 
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antibody were used as a control. Minimal labeling of cells treated with M344 alone was 

observed. Cells treated with cisplatin alone displayed both labeled and unlabeled 

populations. The majority of cells treated in combination with both M344 and cisplatin 

were labeled for yH2A.X, indicating an increase in DNA damage. 

Discussion 

Ovarian cancer is the leading cause of death from gynecologic malignancies (30). 

Poor prognosis is generally the result of the development of chemoresistance to standard 

platinum-based therapies (31). The discovery of chemotherapeutics that enhance 

response to platinum therapy is essential to aid in improving the 5-year survival rate of 

this disease, a dismal 30-40% that has not changed in decades. Studies have shown that 

ovarian cancer patients with BRCAl germline mutations demonstrate improved response 

to platinum-based chemotherapy and overall survival as compared those without this 

mutation (10). As BRCAl is a critical component of the DNA-damage recognition and 

repair machinery, the inability of deficient tumour cells to repair the damage induced by 

platinum treatment results in increased apoptosis, translating into improved response. 

Direct inhibition of the BRCAl gene has failed to show clinical value, thus alternative 

methods to target its expression must be found. HDAC inhibitors have shown some 

promise as single agent therapies for EOC, though they may be most useful as an addition 

to standard therapies. There is also evidence that HDAC inhibitors could function in part 

via targeting BRCAl expression. In this study we demonstrate that the addition of an 

inhibitor of HDAC activity, M344, potentiates cisplatin treatment via targeting of the 

BRCAl tumour suppressor gene. 
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Variable levels of BRCAl mRNA and protein were observed in the ovarian and breast 

cancer cell lines we analyzed. This is consistent with the range of expression levels we 

and others have observed in ovarian and breast tumour specimens (2, 3, 32, 33). As 

anticipated the HCC1937 breast carcinoma cells did not express any BRCAl protein, as 

they possess a germline BRCAl mutation resulting in protein truncation (29). They did 

have detectable levels of BRCAl mRNA, though it was lower than the other breast 

cancer cell lines examined, which is in keeping with previous observations that tumours 

from germline mutation carriers express mRNA levels significantly lower than those seen 

in sporadic tumours (34). 

Studies conducted both in vitro and in vivo have demonstrated some cytotoxic efficacy 

of HDACi in ovarian cancer models (26, 28, 35-39). Recent clinical studies however, 

have shown minimal value of these compounds as single agent treatments in this disease 

(40). HDACi have also been shown, in ovarian and other cell types, to enhance the effect 

of radiotherapy and some types of chemotherapy (27, 41, 42); however the molecular 

mechanism behind this effect is not well understood. We have previously shown that co-

treatment of the ovarian cancer cells A2780s/cp with the HDACi M344 increased 

sensitivity to cisplatin (3) and here we show that co-treatment of ovarian and breast 

cancer cell lines with M344 and cisplatin was more effective than treatment with either 

agent alone in the cells which displayed higher levels of BRCAl protein and mRNA. 

Both the breast (T-47D) and the ovarian (A2780s) lines with the highest BRCAl levels 

displayed the greatest potentiation of cisplatin cytotoxicity with the addition of M344. No 

effect was observed in the BRCAl-deficient HCC1937 cells and little to no effect in the 

low-expressing OVCAR4, SKOV3, and BT549 cells. Cells with low levels of BRCAl 
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were, in general, more sensitive to cisplatin than those with higher levels, consistent with 

the clinical observation that BRCAl levels in tumours are predictive of chemoresponse in 

ovarian cancer (1,3). Thus, co-treatment with an HDACi was able to potentiate the 

effect of cisplatin in breast and ovarian cancer cells that displayed minimal response to 

cisplatin treatment alone, which could be a result of targeting of BRCAl by M344. There 

are currently clinical trials recruiting ovarian cancer patients to assess combinatorial 

treatment with carboplatin and SAHA. It would be of great interest to observe whether 

tumour BRCAl levels influence outcome in this treatment setting. 

In order to determine if treatment with M344 was affecting BRCAl mRNA and 

protein levels, ovarian and breast cancer cell lines were treated with M344 alone or in 

combination with cisplatin and expression levels were assessed via quantitative RT-PCR 

and western blotting. BRCAl protein levels were found to be decreased by treatment 

with M344 alone in the entire cohort of cell lines examined. The effect was more 

pronounced in cells with higher BRCAl protein levels. Treatment with cisplatin, as well 

as other DNA-damaging agents, has been found to result in an increase in BRCAl 

protein, reflective of the engagement of the DNA damage response triggered by the DSBs 

caused by this treatment (43, 44). Treatment with M344 in conjunction with cisplatin also 

reduced BRCAl protein levels in all of the cell lines assessed, thus counteracting the 

effect of cisplatin treatment alone. At the mRNA level, treatment with M344 alone, at the 

highest concentration examined, resulted in a significant decrease in BRCAl expression 

in all of the cell lines examined. Treatment with M344 in combination with cisplatin 

resulted in a decrease in BRCAl mRNA expression as compared to treatment with 

cisplatin alone in all of the breast cancer cell lines. This decrease was not statistically 
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significant in the BT549 cells, which displayed low baseline levels of BRCAl, however 

there was a significant decrease observed in the BRCAl-mutant HCC1937 cells. In the 

ovarian cancer cell lines, a significant decrease was observed in all of the lines, with the 

exception of the A2780s cells. A2780s cells have wildtype p53 status and are exquisitely 

sensitive to cisplatin treatment, whereas A2780cp and SKOV3 cells are mutant for p53 

and minimally sensitive to cisplatin. OVCAR4 cells are quite sensitive to cisplatin 

treatment, but are also mutant for p53 (45). Thus, in ovarian cancer cells, p53 status may 

be an important determinant of the ability of an HDAC inhibitor to target BRCAl in the 

presence of DNA-damaging agents, and is a phenomenon that warrants further 

investigation. 

The BRCAl tumour suppressor gene plays a major role in the detection and repair of 

DNA damage (6, 7, 46). Without functional BRCAl activity, cells demonstrate an 

increase in irreparable DNA double-strand breaks in response to DNA-damaging agents 

such as chemotherapeutics due to a shift from the HR pathway to the more error prone 

NHEJ pathway (32). A hallmark of DNA DSBs is the formation of yH2A.X foci, 

resulting from the rapid phosphorylation of yH2A.X at sites of DSBs (47). The extent to 

which foci formation is observed can be used to assess levels of DNA damage. When we 

examined A2780s cells treated with M344 alone or in combination with cisplatin for 

yH2A.X foci formation via direct immunofluorescence as well as by sorting via flow 

cytometry, minimal foci formation was observed with M344 treatment alone, indicating 

that treatment with this HDAC inhibitor as a single agent was not sufficient to induce 

significant amounts of DNA damage. Treatment with M344 in addition to cisplatin 

resulted in an increase in the level of DNA damage as compared to cisplatin alone, 
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demonstrating that the addition of M344 to cisplatin treatment enhances levels of DNA 

damage. As BRCAl levels are being reduced by this treatment, this increase in DNA 

damage is likely a result of a failure in damage repair resulting from decreased BRCAl 

expression, though the precise mechanism behind this warrants further investigation. 

We have shown that treatment of ovarian and breast cancer cells with the HDACi 

M344 enhance the cytotoxicity of cisplatin therapy, particularly in cells with higher 

baseline expression of the tumour suppressor BRCAl. We have also demonstrated that 

this treatment combination results in a decrease in BRCAl expression levels, indicating 

this HDACi may effectively target BRCAl. This is significant as lower BRCAl levels 

have been shown to be a positive predictive marker of progression-free survival and 

overall survival in ovarian cancer. Thus co-treatment with an HDACi and a platinum-

based agent may provide an effective novel treatment for ovarian cancer via the targeting 

of BRCAl. 
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Figure 1: A) Western blot analysis of basal expression levels of BRCAl protein in a 

panel of cell lines. Actin was used as a loading control. Numbers indicate protein 

densitometry readings with MCF7 used as the calibrator and set to 1.0. B) Basal levels of 

BRCAl mRNA analyzed by real time quantitative RT-PCR. Fold changes were 

calculated following normalization to GAPDH levels and expressed as the mean +/-

SEM. 

Figure 2: MTT viability assays comparing the responses of a panel of cell lines to 0-8 

ug/ml cisplatin alone (•) or with co-administration of 1 uM M344 (A). Cell viability was 

assayed with the activity of untreated cells taken to be 100%. Numbers represent the 

mean +/- SEM of where n= 3 in triplicate. Differences between treatment with cisplatin 

alone versus treatment with cisplatin and M344 were analyzed using 2-way ANOVA 

with Bonferroni posttest. * indicates a significant difference where P<0.05, ** where 

P<0.01, and *** where P<0.001. 

Figure 3: Percentage of apoptotic cells in a panel of cell lines following 24 hours of 

treatment with 1.0 uM M344 alone or in combination with 2 ug/ml cisplatin as assessed 

by flow cytometry. 

Figure 4: Western blot analysis of BRCAl in a panel of cell lines following 24 hours of 

treatment with 0.5, 1.0, or 5.0 uM M344 either alone or in combination with 2 ug/ml 

cisplatin. Numbers represent densitometry readings with untreated control used as the 

calibrator and set to a value of 1.0. 
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Figure 5: BRCAl mRNA levels in a panel of cell lines analyzed by real time quantitative 

RT-PCR following 24 hours of treatment with 0.5, 1.0, or 5.0 uM M344 either alone or in 

combination with 2 ug/ml cisplatin. Numbers represent the mean +/- SEM of three 

separate experiments. Differences between treatments were analyzed using 1-way 

ANOVA with Bonferroni posttest. Statistically significant differences, when present, 

between 5 uM M344 and DMSO control or 2 ug/ml cisplatin + 5 uM M344 and 2 ug/ml 

cisplatin alone are indicated by * where P<0.05, ** where P<0.01, and *** where 

P<0.001. 

Figure 6: A) Cells were subjected to treatment with DMSO control, cisplatin or M344 or 

both for 24hrs and then stained with a fluorescence-labelled antibody for yH2A.X B) 

Following treatment, cells were probed with an anti-yH2A.X antibody and sorted via 

flow cytometry. 
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Abstract 

The mechanisms underlying the pro-apoptotic effect of the chemotherapeutic agent, 

cisplatin, are largely nndefined. Understanding the mechanisms regulating cisplatm 

cytotoxicity may uncover strategies to enhance the efficacy of this important therapeutic 

agent This study evaluates the role of Activating Transcription Factor 3 {ATF3} as a 

mediator of cispiatm-induced cytotoxicity. Cytotoxic doses of asplatin and carboplatin 

treatments consistently induced ATF3 expression in five tumour derived ceil lines 

Characterization of this induction revealed a p53. BRCAl, and integrated stress response 

(ISR), independent mechanism, all previously implicated _ stress mediated ATF3 

induction. Analysis of MAPKinase pathway involvement m ATF3 induction by cisplatm 

revealed a MAPKinase dependent mechanism Cisplatm treatment combined with 

specific inhibitors to each MAPKinase pathway (INK. ERK and p3S). resulted in 

decreased ATF3 induction at the protein level. P38 pathway inhibition led to decreased 

ATF3 mRNA expression and a reduction in the cytotoxic effects of cisplatin as measured 

by MTT cell \iabihty assay. In A549 Sung carcinoma cells, targeting ATF3 with specific 

shRNAs also attenuated the cytotoxic effects of cisplatin. Similarly. ATF3 -'- MEFs 

were shown to be less sensitive to cisplatin induced cytotoxicity as compared with 

ATF3+'J- MEFs. This study identifies cisplatin as a MAPKinase pathway dependent 

inducer of ATF3. whose expression influences cisplatm' 3 cytotoxic effects. 

Abbreviations: ATF. activating transcription factor: cisplatin . cis-
Diamimnecfic]doroplamiirin(lI}, ISR integrated stress response; MAPKmase. natogen-
activated protein kinase; MEFs. munne embryonic fibroblasts: cisplatin . eis-
Di___ie_c_oicplatinu_(II} 
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In ti eduction 

cis-DiansmmedichlOToplatiniHnlll) (cisplatm) is among the most active anti­

tumour agent used m human chemotherapy Cisplatm and its derivative, carboplatin, are 

widely used agents m various tumour types mcluding lung and ovanan cancers [1]. 

Acquired resistance ami toxicities associated with treatment are major impediments 

inhibiting their efficacy [2] Understanding the mechanisms regulating tamour eel 

cytotoxicity ma}' uncover novel therapeutic strategies to enhance the efficacy of titiese 

platinum-based chensotherapeutics. Cisplatm and carboplatin are primarily considered as 

DNA-damaging anticancer drugs forming different types of bi-functional adducts in 

reaction with cellular DNA [1] Cisplatin and carboplatin become activated intra-

ceflularlv by the aquation of one of two chlonde leaving groups, and subsequently 

covalently bmd to DNA. form nig DNA adducts [3] Carboplatin is a less ta^ac 

compound with a more stable leaving group than chlonde which lowers toxicity, and 

reduces nephrotoxicity, without affecting anti-tumour efficacy [4] The final cellular 

outcome of DNA adduct formation is generally apoptohc cell death, thought to occur 

through baiting of cellular processes such as replication and transcription leading to 

prolonged G2 phase cell-cycle arrest and deregulation of signal transAiction pathways 

involved in growth, differentiation, and stress responses [1. 3] Cellular mechanisms of 

resistance to platimmi-bas*d chemotherapeutics are mulh-factonal and contribute to 

severe limitation in their use m cluneal practice They include molecular events inhibiting 

drug-DNA interaction, such as a reduction m cisplatin accumulation inside cancer cells or 

inactivation bv thiol-contaenng species [2] Other important mechanisms acting 

downstream to the initial reaction of cisplatm with DNA include an increase in adduct 



repair and a decrease in induction of apoptosis [2]. Although DNA is the primary target 

of cisplatin and carboplatin activity, there still remains gaps in our understanding of the 

process that translates cisplatin induced DNA damage into its therapeutically beneficial 

process of apoptosis. Two significant cellular pathways have been demonstrated to play 

key roles in pbtih-mduced apoptosis/cytotoxicity, die mitogen activated protein kinase 

cascades (MAFKinase) and ihe tumor suppressor p53 [5, 45]. An understanding of the 

mode of action is indeed desirable in refilling therapeutic approaches that farther enhance 

the aim-tumour activity of platinum based chemotherapeutics. 

Activating transcription factor 3 (ATF3) is a member of the basic region-leucine 

zipper proteins originally identified for their ability to bind the cAMP responsive element 

(ATF/CRE) site (TGACGTCA) [7] While ATF3 mRNA and protem lewis are not 

detectable under basal conditions in most cells, a large body of evidence shows that 

ATF3 is induced by a wide vanety of stress causing agents including hypoxia, metabolic 

stress and DNA damage [8]. ATF3 is also induced in times of physiological stress such 

as liver regeneration [9], brain seizure (10], ischemia-reperfusion of the heart [11] and 

nerve damage {12, 13]. ATF3 has been demonstrated to play a role in apoptosis and 

proliferation, two cellular processes critical for cancer progression [14-17]. ATF3 can 

either promote or suppress these processes For example, over expression of ATF3 in the 

sense orientation m colorectal cancer cells led to decreased focus formation in vitro and 

reduced the size of mouse tumour xenografts in vivo [14]. Divergence m function of 

ATF3 between a pro-and anh-apoptotic factor m cancer models is likely dependent on 

both cellular mcdei and state of malignancv [17. 18] ATF3 is also a member of the 

Activating Protein-1 (AP-1) transcription factors which consist of homodimers and 



heterodimers of the basic region-leucine zipper proteins that belong to the Jun (c-Jun, v-

Jun, JunB, JunD), Fos (c-Fos, v-Fos, FosB, Fral, Fra2) and the related activating 

transcription factor (ATF2. ATF3/LRF1. B-ATF) subfamilies [19] Activation of ATF3 

by a wide array of stress signalling pathways have been demonstrated including DNA 

repair pathway components p53 [20, 21] and potentially BRCAl [15. 22], the Integrated 

stress response that is principally activated by hypoxia and metabolic stress [23], and the 

stress induced MAPKinase cascades {SAPK/JNK. p38 and ERK) [24, 25] Of interest, 

p53 and MAPKinase cascades have also been shown to play roles in regulating cispktm-

niduced cytotoxicity However the downstream effectors that regulate cisplatin-mduced 

cytotoxicity have not been established 

In this study, we evaluated the potential of cisplatin to induce ATF3 and 

determined the pathway regulating this induction Furthermore, we determmed the role of 

ATF3 as a mediator of the cytotoxic effects of cisplatin 



Material and Methods 

Tissue Culture. The A549. PC3, and MCF-7 cell hues w e e obtained from American 

Type CuMure Collection (ATCC, RockviUe, MD) Cell tines SKOV-3 and A2780-cp 

were kindly provided by Dr Barbara Vandeihyden, Ottawa Hospital Research Institute 

(OHRI), Ottawa, Canada. The MEFs used m this study were derived from wild type and 

knockout mice from ATF3, ATF4 and ATF2 models (kindly provided by D Park 

(University of Ottawa, Ottawa, Ontano) and L. Ghmcher (Harvard Medical School, 

Boston, M \ ) All cell lines were maintained in DMEM (Media Services, Ottawa 

Regional Cancer Centre) supplemented with 10% fetal bovine serum (FBS. Medicorp, 

Montreal, Canada) and 100 units penicillin and lOQug streptomycin (GIBCO, Burlington 

ON) ml of media Cells were exposed to cisplatm. carboplatin and taxol (provided bv 

the pharmacy at the Ottawa Hospital Regional Cancer Centre Ottawa) alone or in 

combination with the p38 inhibitor SB2O35E0 (Calbiochem Gibbstown. NJ) JNK 

inhibitor JNK inhibitor II (SP6O0125) (Calbiochem. Gibbstown. NJ) or ERK inhibitor 

U0126 (Calbiochem, Gibbstown, NJ) diluted m DMSO Adenovirus p53wt and LacZ 

control were kindly provided by Dr Brace McKay (Ottawa Hospital Research Institute, 

Ottawa. C anada) 

3-(4.5-Dimeth>lthiazol-2-\I)-2,5-Diphenjlteti-azoKmn Bromide ( M i l ) Assaj. In a 

96-vv ell flat-bottomed plate (Nunc Napeiville. EL) -»5 000 cells/ 150 pL of cell suspension 

were used to seed each well The cells were incubated overnight to allow for ceil 

attachment and recovery Cells were treated with indicated drugs and incubated for 48 h 

at 37°C Following treatment. 42 uL of a 5 nig mL solution in PBS of die MTT 

tetrazolium substrate (Sigma) was added to each well and mcubatedfor - 20 mm at 37°C 



The resulting violet formazan precipitate was solubihzed by the addition of 82 uL of a 

0 01 molT. HCl/10% SDS (Sigma) solution, and allowed to further incubate at 3TC 

overnight The plates were then analyzed on an MEX Microplate Reads' from Dynes 

Technologies (West Sussex, Umted Kingdom)at 570 nm to determine the absorbance of 

the samples 

Flow Cytometn. Cells were plated at 1 X 10* / 10 cm dish and allowed to grow 

overnight and subsequently tieated with cisplatm for 48 h Single cell suspensions were 

labelled with 50 ug/ml propuhmn iodide (Sigma) and approximately 10* cells m l m l 

analyzed by flow cytonoetiy Ten thousand cells were evaluated and the percentage of 

cells m sub -2N phase determined using the Modfit LT program (VentySoftwaxe House, 

Topsham, Maine) 

Iinmunocvtochemisfrj'. MCF-7 and PC3 cells grown to 50% confluence were seeded on 

2 x 15cm platesi'tieatnient/block with no treatment or with cisplatin (8u.g/ml) for 24 h. 

Ceils were washed twice in. PBS harvested in 10 ml PBS/ plate and combined with 20 

ml of 20% Neutral Buffered Formahn (Sigma) Cells were fixed at 4°C for 1 h spim 

down at 1600rpm. for 10mm at 4° C and cells were washed once m PBS Fonnahn-fixed 

cells were paraffin embedded, cut into 5 um sections and allowed EO dry at room 

temperature overnight Sections were deparaffimsed by washing in toluene (3 X 5 mm) 

followed by absolute alcohol (2 X 1 min) Sections were washed with water (5 mm) 

followed by Tns Buffered Sakne (TBS) and loaded on the mtellliPAT FLX automated 

slide stamer Automated slide sfamer was programmed with the following treatments 

3% H;Oj in TBS for 10 mm rinsed in TBS for 5 mm. blocked with universal blocking 



agent Background Sniper (Biocare Medical: Brampton, ON, Canada) for 20 min at room 

temperature, incubated with ATF3 antibody (1:200 ehlubon in DaVinci universal diluent 

(Biocare Medical)) for 1 h at room temperature, rinsed with TBS for 5 wrii^ incubated 

with universal mouse probe (Biocare Medical Mach 4 universal polymer detection kit) 

for 5 —in. rinsed with TBS for 5 min, incubated with Rabbit HRP Polymere (Biocare 

Medical Mach 4 universal polymer detection kit) for 10 n i l at room temperature, rinsed 

with TBS, and developed for 5min with DAB RTU (Biocare Medical Betazoid DAB 

chromatogen kit) and rinsed with water. Slides were counterstained in hanatosylin for 1 

min, washed in running water, 0.2% HCl in 70% alcohol for 5 dips, washed in running 

water 1 min. dipped once in 2% aqueous saturated hthiuni carbonate, washed m miming 

water 5 min. dehydrated in absolute alcohol cleared in toluene and mounted on cover 

slips with permoimt 

Adenovirus Infection PC3 cells were plated at 2.5 X 10 cells /well (6-well dish) and 

infected with p53Trt or LacZ control adenovirus (provided by Dr. B. McKay, Ottawa 

Hospital Research Institute, Ottawa) at 25 plaque-forming units per millilitre (pfulfcell. 

Following a 6 h infection penod, media was removed from the cells and replaced with 

media containing cisplatin (lOug/ml) or taxol (25uM) for 24 h Cells were then 

harvested and analyzed by Western blotting as descnbed below. 

Design and expression of small hairpin RNAs. The two 19mer sequences targeting 

ATF3 mRNA are; #l-5'-GCCAAAGAATATTCCATTT-3" and #2- 5"-

GGGAGGGGCTGCAGTGATT-3" to pSuper vector from Oligoengine small hairpin 

RNA (shRNA) (#1. nucleotides 1524-1542. GenBank accession number 

111 



NM_001O3O287 #2 nucleotides 1270-1259, GenBank accession number 

NM_O0iO3O287) target sequence As controls, we used the GFP-targeted oligonucleotide 

5X;ATGCGTCCACTCrTCCTC-3' with accession number NC011521 These sequences 

were BLAST confirmed fox specificity The forward and reverse synthetic 60 nt 

oligonucleotides (Integrated DNA Technologies, Coialville, IA) were designed, annealed, 

and inserted into the BgBHEmdM sites of pSUPERjetropuro vector, following the 

rnanufacturer's instructions (Ohgoengme, Seattle. WA) These constructs express a 

19_er targeting two independent location within ATF3 mRNA or GFP (control shRNA) 

mRNAs Retroviral packaging cell tine RetioPack PT67 (Clonetech Labarotones, 

Mountain View, CA) was used for stable virus production according to me 

manufacturer s instructions Bnefly, packagms cells were transfected with ATF3-shRNA 

plasnnds*! *2 or GFP-shRNA usmg FuGENE£> HD Transfection Reagent (Roche, 

Mississauga. ON) After generation of stable clones and determination of viral titer, A549 

cells were infected with viral siqjeniatant using 4 fig/ml potybrene Stable transfected 

clones expressing shRNAs were selected using 3ug/ml puromyan. 

Western Blot Analysis Cells plated at 0 7 X 10 i 60 mnn dish were allowed to grow 

overnight and treated with indicated drug for 24 h Protein samples were collected m 

RIPA buffer (50 mM Tns-CL pH 7 5 150 mM sodium chlonde, ImM EDTA 1% 

Tnton-X-100 0 25 % sodium deosycbolate, 0 1 % SDS) containing 50 mM sodium 

fluoride, ImM sodium ortfeovanadate 10 niM jJ-glycerolphospnnte and IX Protease 

Inhibitor Cocktail (Sigma- Aldnch. St Louis MO) Protein concentrations were assayed 

using Bio-Rad Protein Assay (Mississauga Ontario Canada) and a Biomate 3 

Spectrophotometer (Thenno Fisher Scientific vlaltham MA) Protem extracts 
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representing 60 jig were separated on a 12% SDS-PAGE gel and electrophoretically 

transferred to a polyvinyhdene difhioride membrane (hnmobilon-P, Millipore, Billerica. 

MA) Membranes were blocked in 5% skim milk powder in Tris-buffered saline 

containing 10% Tween-20 (TBS-T) for Ih at room temperature followed by mcabation 

with primary antibody diluted in 5% skim milk in TBS-T with shaking overnight at 4°C. 

Polyclonal antibody ATF3, ERK and phospho-ERK (Tyr204) were purchased from Santa 

Cmz, Santa Ciuz, CA. Monoclonal anti-actiQ was purchased from Sigma-Aldrich. St. 

Louis, MO, and monoclonal anti-p53 (Ab-6) from Calbiochem San Diego, CA 

Polvclonal antibodies Jun, phospho-Jmi (Ser73), p38, phospho-p38 (rhrl80.'Tyrl82) and 

Parp were purchased from Cell Signalling Technology, Beverly, MA Polyclonal 

antibodies against hsp27 and phospbo-hsp27 (Ser78) were piuchased from Stessgen Ann 

Arbor, MI. Following washes in TBS-T, blots were incubated with the appropriate HRP-

labelled secondary antibody for 1 hr at room temperature. Visualization of protein bands 

was perfbrrued using the Supersignal West Pico Chermhmiiiiescent Substrate (Pierce, 

Rockford IL) exposed on Kodak film in a Konica Minolta SRX-101A tabletop processor 

RT-RNA isolation and RT-PCR. MCF-7 cells plated at 0 8 X 105 cells per 10 cm dish 

were incubated at 3 7 ^ overnight. The next day cells were treated with asplatin (m the 

absence or presence of SB203580) for 24 h Total RNA was extracted from cell samples 

using the RNeasyl kit CQiagen. MD). RNA concenteations were quantified using a 

NanoDrop ND-1000 spectrophotometer (Wilmington. DE). One microgram of total RNA 

was reverse-transcribed to complementary DNA for quantitative, real-time, reverse-

transcnptase polymerase cham reaction (RT-PCR) as previously described [26] The 



Apphed Biosystems AB 7500 Real-Time PCR system (Apphed Biosystems, Foster 

City,CA) was used to detect amplification. A leal-time PCR reaction was earned out in a 

total volume of 25 ul that contained 2.5 ul of synthesized cDNA (42 ng), 1.25 ul of Taq 

Man Gene Expression Assay Primer/Probe (20X) (Applied Biosystems, ATF3, 

HS00231069), 125 ul of Taq Man Universal PCR Master Mix (2X) (Applied 

Biosystems, 4304437) and 8.75 ul of RNase-free water for ATF3 expression. The 

endogenous control for ATF3 was the housekeeping gene, human GAPDH (20X) 

(Apphed Biosystems, HS4333764-F). Amplification conditions were 95°C for 5 mm, 40 

PCR cycles at 95%^ for 15 sec and 60°C for 1 mm. Three independent espaimenls wee 

performed to detemnne the average gene expression and standard deviation. 



Results 

Cisplatin and carboplatin cytotoxicity is associated with ATF3 induction 

We analyzed the cytotoxic effects of cisplatm and caiboplatm treatment on a number of 

human tumour cell lines, MCF-7 (breast adenocarcinoma, A549 (lung carcinoma), 

SKOV-3 (ovanan carcinoma), PC3 (prostate carcinoma) and A2780-cp (ovarian 

carcinoma), using the MTT cell viability assay and flow cytometry (Figure 1) In A549, 

PCS and A2780-cp cell lines higher doses of cisplatm lead to 100 % cytotoxicity (Figure 

1 A) whereas the MCF-7 and SKOV-3 cell lines appealed more resistant as determmed by 

the MTT cell viability assay Resistance to the cytotoxic effects of asplatin m the MCF-

7 and SKOV-3 cell hues was evidenced by a plateau patterning at higher doses of the 

treatment a pattern previously suggested to be related to deficiency m pro-apoptotic 

factors [2] (Figure 1A) Indeed, the MCF-7 cell hue is caspase-3 deficient [2~] 

Carboplatin also induced cell cytotoxicity m all cell lines and similar to cisplatin. MCF-7 

and SKOV-3 displayed the greatest resistance to the cytotoxic effects (Figure IB) We 

further employed flow cytometry analyses to determine the potential for apoptosis 

induction by the platinum-based chemotherapeutics m the A549 and SKOV-3 cell lines 

Apoptosis was visualized as a sub-2N peak that identifies apoptofac bodies resulting from 

cellular fragmentation [28. 29] Cisplatm treatment resulted m 1019 % and 8 42% of 

cells in the sub-2N fraction m A549 and SKOV-3 cell hues respectively (Figure 1Q 

Cirboplatm treatment resulted m 23 44 % and 11 53°* of cehs m sub-2N in A549 and 

SKOV-3 cell hues, respectively (data not shown) 

Previously our lab had identified lovastatin. a potent inhibitor of mevalonate 

synthesis as an inducer of the ISR pathway and subsequent mediator of lovastatm-
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induced apoptosis [30] Downstream effectors of the ISR pathway activated by lovastatm 

included members of the Activating Transcription Factor (ATF) family, ATF4 and ATF3 

A role for the stress mchicible gene ATF3, m tumourgenesis has been demonstrated and 

can act as either a tumour suppressor or oncogene depending on cell context. Smce 

various stress pathways that induce ATF3 expression have also been shown to regulate 

cytotoxicity, we first evaluated the potential of cisplatin and carboplatin to affect ATF3 

expression Indeed we found thai ATF3 was significantly induced at the protein level 

when treated for 24 h with cytotoxic concentrations of cisplatin (lOng/ml) and 

carboplatin (100 and 500 uM) m a panel of human cancer cell lines (Figure 2 A) These 

higher concentrations of drug treatment induced significant cytotoxicity at 48 h 

treatments as demonstrated by MTT assay analysis (Figure 1A) fmuiunocytoehermcal 

analysis of ATF3 expression m cisplatin (8ng/_l) treated MCF-7 and PCS ceis for 24 h 

showed that while untreated cells did not express ATF3. a significant proportion of 

cisplatin tested cells showed expression and nuclear localization of this transcription 

factor (Figure 2B) Time course analysis of ATF3 induction by cis- and carbo-platm 

revealed maximal induction levels occurring at 12 and 24 h m the MCF-7 cell line 

(Figure 2C) Furthermore it was demonstrated that cisplatin could significantly induce 

the levels of ATF3 mRNA (Figure 2D) In summary, ATF3 is highly induced at the 

protem and mRNA level by cisplatin m human cancer cell lines 

Induction of ATF3 b\ cisplatin is independent of a p53. BRCAl. or ISR mechanisms 

ATF3 mRNA and protem levels are readilv induced by a wide range of stress 

causing agents [S] The niechamsm(s) of stress induced ATF3 has been previously well 
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documented (Figure 3A) and in this study, we evaluated these regulatory mechanisms 

with respect to cisplatin mduction of ATF3 Smce the tumour suppressor p53 had been 

previously unphcated in ATF3 regulation [20, 21] we debeimmed its role m cisplatin 

mduction of ATF3 ATF3 was induced by cisplatin m the p53 functionally null cell lines 

SKOV-3 and PC3, which suggested a p53-mdependent mechamsm (Figure 1A) To 

further investigate a possible regulatory role, we viraHy expressed p53 m the PC3 eel 

line, treated the cells with asplatin or taxoL a micxotubule depolarizing agent, and 

determmed ATF3 expression levels ATF3 mduction by cisplatin was unchanged 

between LacZ vector control and p53 containing viral infection under asplatin treatment 

further confirming a p53-mdependent mechanism (Figure 3B middle panel) Taxol 

treatment had no effect on ATF3 expression levels (Figure 3B, bottom panel) We next 

looked at the possible involvement of the DNA damage response factor BRCAl. in the 

regulation of ATF3 mduction by platinum-based chemodniss smce previous reports 

suggested that BRCAl could transcnptionally regulate ATF3 expression [15 22] In 

order to deteimme whether BRCAl played a role m ATF3 mduction by cis-or carbo­

platin ATF3 induction was contrasted in cell hnes expressing and null for BRCAl. 

MCF-7 and 1937, respectively As shown in Figure 3C, no difference m ATF3 induction 

levels was observed between the two cell hnes with either treatment suggesting that 

mduction of ATF3 by the chemodrugs is independent of BRCAl expression Next we 

evaluated the role of the ISR pathway m mediating ATF3 mduction smce ATF3 is a 

downstream effector of the pathway [23] We tested the ability of cisplatin and 

carboplatin to induce ATF3 expression in immortalized heterozygous or ATF4 null 

MEFs the upstream inducer of ATF3 expression in the ISR pathway Figure 3D 
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demonstrates the absence of ATF4 had no affect on ATF3 induced by a s - and carbo­

platin suggesting an ISR independent mechanism as well 

MAPKinase pathways regulate ATF3 induction by cisplatm. 

Recent characterization of ATF3 mduction by amsomycin revealed a MAPKinase 

dependent mechanism [25], therefore, we investigated the individual MAPKinase 

pathways tor potential regulation of ATF3 expression by platinum-based chemodnigs. 

First we determined whemer the pathways were activated under the drug treatments m 

the MCF-7 cell line Time course analysis of JNK pathway activation following 

treatment with platinum-based chemodnigs as measured by the phosphorylation status of 

c-Jun, a downstream effector of the JNK pathway cascade revealed a slight increase m 

phospho-c-Jim at 12 and 24 h which comcided with maximal ATF3 induction by both 

cisplatin and carboplatin (Figure 4A left panel) To determine the role of the JNK 

pathway m ATF3 mduction by cisplatin and carboplatin, MCF-7 cells were treated with 

cis- or carbo-platin for 24 h in the presence of a JNK specific inhibitor, JNK Inhibitor JJ 

SP600125 (SP), which revealed effective blockage of the pathway as measured by 

phospho-c-Jun levels (Figure 4A. nght panel) ATF3 induction levels were found to be 

reduced imder cisplatin treatment in the presence of JNK inhibitor but not with 

carboplatin, suggesting a role for the JNK pathway m mediating ATF3 induction by 

cisplatin (Figure 4A. nght panel) Next we evaluated the role of the ERK pathway m 

ATF3 induction by cis- and carbo- platm Time course treatment with chemodnigs 

revealed acnvation of the ERK pathway as measured bv the phosphorylation status of 

ERK at 4h under cisplatin. and 4 and Sh under carboplatin treatment (Tiguie 4B, left 
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panel). Phosphoiylated ERK was not detected at 12 and 24 hrs under either treatment 

(Figure 4A, left panel). To determine the role of the ERK pathway in ATF3 induction 

by cisplatin and carboplatin, MCF-7 cells were treated with cis- or carbo-platiri in the 

presence of the specific inhibitor to the ERK pathway, U0126, which was efiective in 

blocking of the pathway as measured by phospho-ERK levels (Figure 4B, right panel). 

Treatment with ERK inhibitor in the presence of cis- and carbo-platin revealed a dose 

dependent decrease in ATF3 expression levels suggesting a role for the pathway in 

mediating induction by the chemodnigs (Figure 4B, nght panel). Lastly, we determined 

the activation of the p38 pathway in MCF-7 cells following treatment with cis- or carbo­

platin at 9 and 24 h time points. Indeed it was observed that the pathway was active at 

these tome point as measured by the phosphorylation status of p38, which correlated with 

ATF3 mduction levels (Figure 4C, left panel) To investigate the role of p38 pathway in 

the induction of ATF3 by cis- and carbo-platm MCF-7 cells were treated with 

cheniodiugs in the presence of the specific p38 inhibitor. SB2035S0 (SB), for 24 h. This 

p38 inhibitor was shown to effectively block the pathway as measured by the 

phosphorylation status of the Heat Shock Protein 27 (hsp2T). a downstream target of p38 

(Figure 4C. nght panel). ATF3 expression levels were also shown to be decreased by me 

inhibitor in a dose dependent manner suggesting a regulator}' role of the p38 pathway in 

chemodiug mduction of ATF3 (Figure 4C, right panel). We next characterized the 

involvement of the MAPKinase pathways in the honour derived cells hnes SKOV-3. 

PC3. and A459 and found that indeed all inhibitors against the three MAPKinase 

pathways had variable degrees of inhibition of ATF3 induction bv cisplatm implicating 

all three pathways in the mechanistic mduction of ATF3 by cisplatm (Figure 5A). 



Interestingly, the pattern of reduced ATF3 mduction by cisplatm in the presence of 

MAPKinase inhibitors was consistent between all four cancer cell hnes with the p38 

pathway inhibitor showmg the greatest mhibibon of ATF3 induction and the ERK 

pathway inhibitor showmg the least (Figure 5A) We also showed that the p38 inhibitor 

could down-regulate cisplatin mduction of ATF3 mRNA levels by approximately 5-fold 

(Figure 5B) Taken together these results identify die MAPKinase pathways as 

regulators of ATF3 mduction by platinum-based cytotoxic drugs 

ATF3 regulates, in pait, the cytotoxic effects of cisplatin 

Since ATF3 has been previously shown to play a pro-apoptotic role in cancer 

models, we investigated the role of ATF3 induction by cisplatin m regulating the 

cytotoxic effects of cisplatin Treating A549 cells with mcreasmg concentrations of 

cisplatm in the presence or absence of SB203580 (10uM) die cytotoxic effects of 

cisplatm was observed to be attenuated by approximately 20 ' . a s measured by MTT 

assay (Figure 6A) Similar results were obtained in the PC3 cell line (data not shown) 

Inhibition of ATF3 expression levels under cisplatm treatment m the presence of p38 

inhibitor was also observed m the A549 cell Sine (Figure 6A. bottom inset) The cleavage 

status of Parp, a marker of apoptosis. was determmed m the A549 cell line following 

treatment with cisplatm m the presence of MAPKinase inhibitors Indeed PARP 

cleavage induced by cisplatm v, as reduced m the presence of MAPKinase inhibitors to all 

three pathways (Figure 6A. top inset) To further demonstrate ATF3 s role as a factor in 

the cytotoxic affects of cisplatm. ctable expression of shRNA against two separate area: 

of ATF3-mRNA and GFP a negative control were employed m the A549 cell line Cells 



expressing both shATF3 and treated with cisplatm showed a significant decrease m ATF3 

expression as compared with the GFP control (Figure 6B, inset) MTT analysis of the 

three cell hnes tieated with a range of cisplatm concentrations revealed attenuation of the 

cytotoxic effects of the drag in the shATF3 cell lines as compared with GFP control 

(Figure 6B) Lastly, we contrasted the cytotoxic effects of increasing cisplatin treatments 

on MEF cells expressing and knocked out for ATF3 ATF3 (+/+) MEFs were more 

sensitive to cytotoxic effects of cisplatin as compared with ATF3 (-/-) MEFs (Figure t?Q 

Cisplatin treatment induced ATF3 expression m the ATF3 (+'+) MEFs but not as the 

ATF3 (-I-) MEFs (Figure 6C. inset) The differences m cytotoxic effects of cisplatm 

observed in ATF3 (+/+) and (-'-) MEFs were contrasted m MEFs (+>'+) and (-<-) for the 

ATF2 family member No differences in the effect of cisplatin cytotoxicity was observed 

beftveen ATF2 ( -^ ) and ATF2 (-'-) MEFs (Figure 6D) Taken together this study 

piovides evidence that the cytotoxic effects invoked by cisplatin can m part be conelated 

to the drug s ability to induce ATF3 expression as regulated by MAPKinase pathways 

121 



Discussion 

In summary, this study has identified the platinum-based chemocytotoxic drug, 

cisplatin, as an inducer of the stress mducible gene, ATF3. at both the mRNA and protem 

level Through elimination of potential ATF3 regulatory mechanisms namely, p53, 

BRCAl, and ISR, we identified ATF3 mduction by cisplatin as regulated by the 

MAPKmase pathways JNK. ERK and p38 Inhibition of the MAPKinase pathway with 

the p38 inhibitor SB203580 m asplatm treated cells residted in the greatest decrease m 

ATF3 induction at the protem level m all of the human cancer cells analyzed. Increased 

ATF3 expression was associated with cisphtm-mdnced cytotoxicity as evidenced by 

attenuation of ATF3 expression and cytotoxicity with treatment of the p38 pathway 

inhibitor and m shATF3 knockdown cells compared with control Furthermore, ATF3 -'-

MEFs were more resistant to cisplatm cytotoxicity as compared with ATF3 +'+ MEFs 

Taken together these results provide strong evidence that ATF3 is a regulator of 

platinum-based chemotherapeutic induced cytotoxicity Identifying ATF3 as a cisplatin 

induced geae through MAPKinase pathway activation may have therapeutic relevance 

Inducers of the MAPKmase pathways or other cell stress pathways that enhance ATF3 

expression may augment the cytotoxic effects of cisplatm Foi example two agents that 

induce ATF3 expression through different mechanisms, salubnnal and proteosome 

inhibitors, have demonstrated synergistic cytotoxiciti, m myeloma cells and may 

represent a novel combinational therapeutic approach [31 32] 

It is well characterized that the commencement of the anti-cancer effects of 

cisplatin involves DNA adduct formation resulting in apoptotic cell death if the DNA. 

damage cannot be adequately repaired [1] However the specific mechamsm(s) 



downstream of cisplatin induced DNA damage which leads to the apoptobc response are 

poorly defined In this study we show that cisplatm and its denvative, caiboplatin. could 

readily mduce ATF3 expression A role for ATF3 m tumoungenesis has been implicated 

through its abihty to affect the transcimtion of a number of regulators of apoptosis and 

cell proliferation mchidmg CHOP and cyclin Dl . respectively [33, 34] Depending on 

the cell type and the type and seventy of the cell stressor ATF3 has been implicated as 

both a proto-oncogene or tamour suppressor For example over-expression of ATF3 

inhibited proliferation and induced cell cycle arrest in human cancer cells [15], whereas 

loss of ATF3 in a Ras transformed model resulted in higha proliferation rates and 

increased Gl to S phase transition efficiency [16] Treating oiu panel of human cancer 

cell lines with a high and low dose of cisplatm or carboplatin revealed an increase in 

ATF3 protem expression which was associated with the high cytotoxic doses of these 

drugs implicating a role for ATF3 m regulating platm-mduced cytotoxicity Smce ATF3 

has been unphcated as a biomarker for cell death ni cancer models based on these results 

expression levels of ATF3 with respect to plafan response in patients should be evaluated 

Following the identification of ATF3 as a asplatm induced gene, the major 

objective of this stud}' was to systematically identify the mechanism of mduction of 

ATF3 A number of cellular stress pathways have been shown to regulate the expression 

of ATF3 The DNA damage response factors p53 and BRCAl. had previously been 

linked to ATF3 regulation Likewise ATF3 is a known downstream effector of the ISP. 

induced bv ER. hypoxia, viral and metabolic stressors [23] This studv showed that 

neither BRC A. 1 p53 nor the ISR were factors m ATF ̂  mduction by cisplatin Instead the 

mechamsm of mduction of ATF3 b\ cisplatm was found to be largely MAPKmase 



pathway dependent Looking at the involvement of the ERK, JNK and p38 pathways we 

found all three pathways, when inhibited, lead to decreased mduction of ATF3 by 

cisplatin Althoush the inhibition of ATF3 induction by cisplatm m the presence of 

MAPKinase pathway inhibitors was significant rt was not complete suggesting that other 

regulatory mechamsm(s) may exist 

In conclusion, we detemnned the functional relevance of ATF3 expression in 

regulating cisplatin induced cytotoxicity Recent literature has unphcated the MAPKinase 

pathways m the regulation of stress induced ATF3 apoptosis Similar to our results, that 

nbotoxic stress induction of ATF3 was shown to be mediated through the p3S pathway 

and ATF3 expression was shown as a pro-apoptotic factor m HeLa cells [25] Another 

recent study reported that cisplatm could mduce ATF3 in T98G glioblastoma cells at both 

the protem and mRNA level [24] In contrast to our results, this report showed that the 

mduction of ATF3 b\ cisplatin was anti-apoptotic Discrepancies between our results 

and others could stem from differences in cellular model or status of cell line malignancy 

both of which have previously been suggested to determine ATF3"s role as an anti-or 

pio-apoptotic factor [16.17] 

The literature has previously reported that asplatin Ueatment results m the 

activation of MAPKinases [35] Reports showing acbva&on of the p38 pathway by 

cisplatm has been exclusively correlated with pro-apoptotic outcomes m a number of cell 

lines whereas activation of the JNK and ERK pathways are correlated with both anti-

and pro- death outcomes [35] Inhibition of the p38 pathway with specific inhibitors has 

been previously shown to increase resistance to cisplatin [36. 37] Likewise reduced 

activation of the p38 pathway has been identified as a mechanism correlated with 



cisplatin resistance [2]. Although the activation of MAPKinase pathways by cisplatin 

treatment has been documented the signallmg pathways downstream of activation which 

determines cell fate are poorly understood. This study identifies ATF3, previously 

defined as a factor capable of influencing cellular fate, as a novel target of the 

MAPKmase pathways when activated by cisplatin treatment. This study suggests ATF3 

induction by cisplatin may identify a novel factor responsible for mediating the 

established link between cisplatin induced MAPKinase pathway activation and cell 

cytotoxic outcomes. Whether ATF3 is directly activated by the MAPKmnse pathway or 

is induced downstream of known MAPKinase pathway transcription factor targets 

remains to be determined Defining the specific mechamsm(s) responsible for the anti­

tumour affects of asplatin may lead to novel and improved therapeutic approaches. 
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Figuie Legends 

Figure 1 Cisplatin and carboplatin treatment mduce cytotoxicity and apoptosis m a panel 

of human cancer cell lines A Cell hnes SKOV-3 MCF-7, A2780-cp, PC3 and A549 

were treated with cisplatm (A) or carboplabn (B) for 48 h. and cell viability was assessed 

as measured by MTT activity Data is represented as a percentage of MTT activity where 

untreated cells were taken to be 100% Error bars are representative of six individual 

treated samples C Flow cytometry analysis of SKOV-3 and A549 cell hnes treated 

with cisplatin for 48 h 

Figure 2 ATF3 is induced by cis- and carbo-platm A ATF3 protem expression levels 

following treatment with low and high doses of cisplatin (1 and 1 Dug/ml) and carboplatin 

(10 and 500uM) m SKOV-3 MCF-7 PC3 A2780-cp and A549 cell hnes B 

hmnunocytochemistiy analysis of ATT3 expression (brown) m MCF-7 and PC3 cell lines 

m non-teated cells (contol) and cisplatin treatment for 24 h Methylene blue stain is 

used as the nuclear stain C Tune courre analysis of ATF3 expression m MCF-7 cells 

treated with cisplatin (lQu.g/ml) or carboplatin OOQuM) at 4, 8 12 and 24 h time points 

D ATF3 mRNA quantified by RT-PCR m MCF-7 cells untreated, treated with 2 and 

10ug>ml cisplatin for 24 h Error bars are representative of quantified mRNA from three 

independent experiments In all blots actin is used as a loading control 

(*) 100 uM was used as the high dose for the A2780-cp cell line 

Figure 3 ATF? induction by cisplatin is independent of a p53 BRCAl and ISR. 

mechanism. A. Schematic representation of the potential mechanisms involved mATF3 



mduction by cisplatin B ATF3 detection m PC3 cells transduced with no virus (mock), 

LacZ vector control (LacZ), or P53*1 (p53) oontanung adenovirus for 6 h following no 

treatment (control) (top panel), cisplatin (lOiig/ml) (middle panel), or taxol (25 uM) 

(bottom panel) for 24 k C ATF3 expression detected m MCF-7 and 1937 (BRCAl null) 

cells unteated (control) or treated with cisplatm (i and 10ug/mf} or carboplatin (10 and 

500uM) for 24 k D ATF3 detection in ATF4 - - and ~<- MEFs unteated (control) or 

treated with cisplatin (l^ignil) and carboplabn (lOuM) for 24 k In all blots actm is used 

as a loading controL 

Figure -i ATF3 mduction bv cisplatin ic mediated by MAPKmase pathways m MCT-7 

cells A MCF-7 cells treated with no treatment (control), anisomrycin (20uM) for 1 k 

ana cisplatin (10|ag'Dil} or carboplatin (lOOuM) for 4 S, 12 and 24 h time points were 

analyzed by western blotting for detection of ATF3, actm. phospho-c-jun •'p-c-jiui} tobu 

c-jim (left panel) MCF-7 cells tested with cisplatin (lOug'hil) or carboplatin (lOOuM) 

m the absence (0) or presence of JKK pathway inhibitor (SP 2 5 and 50itM) for 24 h w ere 

analyzed for the detection of AIF3, actm. p-c-jun and total c-jun (right panel) B MCF-

7 cells treated with no treatment (control), amsomycm (2GwM) for 1 k and cisplatm 

(iOue'rai) oi carboplatin (lOOuM) for 4 8, 12 and 24 h time pomts. were analyzed by 

western blotting for detection of ATF3, actin phospho-ERK (p-ERK) and total ERK (left 

panel) MCF-7 cells tested with cisplabn (lOng'tnl) or caiboplatm I.100UM) m the 

absence (0) or presence of ERK pathway inhibitor (L*0126, 10 and 25uM ) for 24 h were 

analyzed for the detection of ATF3 and actm. and at 4 h for p-ERK and total ERK (nght 

panel) C MCF-7 cells untreated ^contiol) treated with TNF-a (20nsml) for 15 and 30 



min, and cisplatin (lQugfaai) or carboplatin (lOOuM) for 9 and 24 h fame pomts, were 

analyzed by western blotting for detection of ATF3. actin phospho-p38 (p-p38), and total 

p38 (left panel) MCF-7 cells treated with asplatin (10ng/ml) or carbopiabn (lOOjiM) m 

the absence (0) or presence of p38 inhibitor. SB2035S0 (SB, 5 and lOpM) for 24 h were 

analyzed for the detection of ATF3, actin. phospho-hsp27 (p-hsp27), and total hsp27 

(nght panel) 

Figure 5 Induction of ATF3 by cisplatin is mediated by MAPKmase pathways in a panel 

of human cancer ceEs A SKOV-3, MCF-7, PC3 and A549 cells untreated, and treated 

with cisplatin (lOng'tal) for 24 h in the absence (contol) or presence of MAPKinase 

pathway inhibitors (SP6O0125 (50uM), U0126 (25uM). SB203580 (10uM» and 

analyzed by western blotting for ATF3 and actin. B ATF3 mRNA quantified by RT-

PCR in MCF-7 cells untreated treated with cisplatm (lOug/ml) or cisplatin m the 

presence of SB203580 (lOuM) for 24 h Error bars are representative of quantified 

mRNA from three independent expenments 

Figure 6 ATF3 expression mediates, in part the cytotoxic effects of cisplatin A A549 

cells treated with cisplatin (0-10ng.'ml) m the presence (closed squares) or absence (open 

circles) of SB20358O for 48 h was assessed for cell cytotoxicity as measured by MTT 

activity Data is represented is a percentage of MTT activity where untreated cells were 

taken to be 100% Error bars are representative of triplicates of two independent 

experiments Western blot analysis for ATF3 actin j>-hsp27 and total hsp27 m A549 

cells treated with 10u.g<ml of cisplatin foi 24 h in the absence (0) oi presence of SB (5 



and IGuM) (bottom inset). A549 cells treated with no treatment (untreated) and cisplatin 

in the presmce of MAPKinase inhibitors (SP, U0126 and SB) and analyzed by western 

blotting for Parp and actin (top inset). B. A549 cells stably expressing short haiipin 

RNA against two separate ATF3 mRNA regions (skATF3-l and shATF3-2) and GFP 

(negative control) were treated with cisplatin for 48 h and analysed for MTT activity. 

Western blotting analysis of ATF3 and actin in GFP, shATF3-l and shATF3-2 

expressing cell lines Mowing !Q|.ig/ml treatment for 24 h. (inset) C. ATF3 ( -/-} and 

(+/+) MEFs heated with cisplatin (O-Spg/ml) and analysed for MTT activity. Western 

blot analysis for ATF3 and actin in ATF3 (-/-) and (+/+) MEFs treated with 10ug_l of 

cisplatin for 24 h (inset). Actin was used as a loading control. D. ATF2 (-/-) and (+/+) 

MEFs treated with cisplatin (G-Sug/ml) and analysed for MTT activity. 
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4Bmmm tf tfe_fa_' 0ncal&gy £?__»_ O n S m a C_n*a_3 

1 _ K s&d? comp-resl! /e_sl t_ncKr I glftglA* {_n_ e_j_tanrcp_ir 
csoss eomji«n„_shKi*i gnajp i £|_tfjfJ > cxpresson as predkSiir* 
in_r™tjs _nd era—i_tei _ i* aa >i&» £_h_noe:m_i£ «f §d i t t m m itxsa <* 
tar^tr n_i& _—rget__ agent* in spaa-dx: _e_i_ai __»__- fiX->. A 
r_xeemes_ve Kt~ifc naa p_-?cnm*_ _f _dv_ne__ stage OC pa&krts 
r_™#tang jda„num4i._xd cihem£3-he3_pT IfcRCii _n_ ESiC'CJ 
mRJSA c-KjDwskai w_s deta-minggj lYcon fftazefi _ X S K &f 
51 p-&ai-L \ _ _ t _ n o T e r a i Kprv&al fOSl~-aa longer for j_**crts 
wfeh b i r e r BSiCAi n . h^h_-_JBC4J t«£ n J 3 n u r t h x , p = @ © 3 L 
I$gh JVftC.U - _ 4 jpiedkliTe erf poorer OS S J _ C „ _ _ D Y m patkinfc; 
with fe^^u_l d i _ _ _ >*RDt <_ cm <*p = 8„0> There UPAS _ m^m-ia?* 
n i f e i ^ t aj»5ca_t3Qii 1-rsr pitacitfs wiSh JOT*—- £ J i l l j _nd Kl>*_: i m 
3i KaTKsr ^f mrp-ore- i3ei _nd _me to is-ogressKm P-iJsnfc ^JVJ 
axpraw-d itagter k*_k -tf h _ _ BRC V3 _nd FRCl 1 xnRNA had _ 
shel ter OS compared to pxbmix i n_ i lower fevers of catiiar e»r 
he_i ^_wso7p4 *|JiJ ts>lfi m_i_ i s , p = &J&*L SVhein Tea proper 
t~s»_l moddfiH w_s used fev ntpJie-WKitffflg SftCAi _nd f&tCJ 
m R h V e^resslksi i s _ eanii?_*-««5 \_r ishie , liatli emer^« _s pc*_si 
t _ l j !T_i„ ior ; of surxn_i OC eeS ̂ nes W«TE s^posed to chemo-
t h e r a w _i a:*TTi'hm_)3-nfli in(3i 0"N \ 3Ep_fr | _ t W „ T inhjiator^ _nd 
fe_ii Wjthiteii was —KeasKd. /a time hfcf*sns de-aceJri—% |IH>-1I1 im 
listii-'gi ai_ie-_«d t he s_isds*it* of A_?$f<i5 cp c d b to a ^ - t e n 
_nd ^-rhopliJim h i - D-J* to Usc^, c»>aia_:rt -with a sKTiifie—nt 
daera-K In BJ3.C \ 3 _nd ERO-,1 _rpT_ai» «n4 "wg^^ong ±h_t 4hr 
eynnpcaiiid dir—.^tir tJH^ets D S A ncp^ir Ian 3nmm_n *Ja^ ^3i«h 
sfa-Q"^ th_t low „ f i C l i _nd £ _ C C i erpresagm _>jrelite is^ii 
imp70tr_i _ir*ir_! in »afrr_n£e_ O i _nd TlDAC anhitoScai - lances 
CTfl_-^3*££T*'^ffi«K3tv«iTtii | iai)nura M ' t . ^ 

Key woa-ds. _M!^\i ERCX.3 ^--^rjds •-^xrusj.j 'Kej IJ'VS -rtsxts 

_d%_nLed ?_ee Tieraiti'^ 3-1 a 5 -%e_r i w i l of o i l ^ 2B 1O7 

"Pie Ixiidzrd'tre-ii-nest cif O C E jrgic_l deh-^n-w in1\ov>^d " , 
^l_*in_m xrsil ii_Tie c*i^Tia^ i_j_n\ Al stcKixh ""0^ if -ixae-ts 
with _di._nL.ed d)isex5<,liniljaJi'. xe^ic^d xi ^he t im I n e re-piie-i, 
exrH Tecnnie_ce^ _nd •j?lxi,Tain ye^is J5ii.e_ne- c era "no T O ^K—tie-? 
isi ahe STi_nige-nea* n( %hvi dtseojx: \<5e-\uHi-*? i c h n l e -^edK 
<r^ of re-sTOTse _nd *T«* _5e of n-ne l * Terj.p^-a'x J.PCT*S n 

e-uiarK'11 p1x3TU~n efficis-^ _re -needed a •oi-iym* -yt -ujn^ee 
*ne-e of Of P _ n _ 7 i je-^i^i-Tue 1* "Tialaf_L5oT_,] ' xnd xn 
iTwntr_rs! Ti-ev'trnj -n ^f r e ^ ^ z r v e 1^ cn-_T!ei*e.d £tleT_n^e •> 
*j]_ T u m DXA d_m_^"- _nd e i j u n t e d •^TJ.TT of d_m„£'ed FA \ 
IT _ XJT*:"*, ~*i -nzlin_^-ie-> T-l—ios- OC e t f i i - f d ex-ire x icn 
c»f Jie D \ J \ T*-mf TTi-nen-v B r«i ." f ,_TtisT 1 ft'RC'U i i d e t L i 
« m « T _ I T rim% coTip1^T_T__ t i ? T T J T I *TRCi I I^T.'e >. ? 
Te-ljL_d n i n TeT^an^* «a T!_ n _ n !i 1 -*i -nndel'. "_%¥ 

j i n w i Ji_* _Tpe-tiT£ «*«• e-anrexiin-iof *5 t i RRT \ I _rd FRCC I 
_Ta t ._e i H i s sa Tlx3Tim *_. ed Lie-n^TeTi-iexk- _ r e - c 

p x .n inn i e i n _ i f n O C 

WT JI _-a^nificsji n^s of datelf—rmi? *jy_fi_nd OC t̂f mc^Or^ 
of OCi _ne -*elp^-ed _• 2Xi*e ~OTidK.a1K "ft Tril* T _ ^ . ten of .m 
^ a n e i xicDTi-noT n-.-nradiL diie_-rf BR£" \ l <K tfiK—iT, icro 
e w r i fT^qpe-Ti^ n V - ^ e d IT OC SilBTLts-' i f B%C*} 

JiiaagT pitMn^ra" i__av_._aei, ckciexied es^res aoT 1x^0^*1 ge^e 
d£]_,Knf'1o?L* esf ^ie_:^Erv—s^i*\ ^ OT —asjerab—csi of i*l__d pene. 
n a_TM5* BI_IA3 - a r w a y « mpQff£_o —1 neji-Swgiffnea^ erf a -ii? 
jufimna pmTianK~ of '"ny&dic K~a«B_ t a i R e c a i i c b - I C J c_L. 
•ra pges^ _i_i _r-noT es: -nssaco o f BRCAl h—s p3_3__\i& i-xlue tn 
j—tira&s TVJIIKKIS a i?^C4^ cnuSraan."^ A 3_rge cssn___^'e _jd^ 
an BRCA i ~mlem eafi3_i^ic~ JSI 230- av_n_n s_iuTia well s a m w l 
ck3_ori 352 Tia.lienxj retailed J_ l j__ei&4 wdh Emiirnal BRCAJ 
expaf'-'aaT *_d _ ICE^CT OVJCTXIJ "•"arviii'al f .O^ A T*rce--C _d> s-ff 
Tl Tati**T*- ^rexStd TATT T _ _ T _ T I . a s e d V i a ^ ca-iLladed ^TXI 
*cw o r c e - n _ d i r _ teveZ'i ofh-RC^ -nMS \ w a r e i s , ^ a 3 » d mn^ 
m,DXj%*'d O J V P - J an;m;"_P£d fn ^^tse ,**n'n in^T i ^ t k , lEi^-^^ieT 
o ^0 " " ^ J_*e i*eTe *«_Tcr?:eTe'T3 ^ ' ^ " ' t r _ve"U m *ie *af*i 
DRCAf | F n p xnd _ ^ignificm'' T_H*KT nf p _ a a r s •werc ~ e z _ d 
•wn"! _n T3*_i_d L}_ma*'iiexxpv ^"CTifiT, - i l _ n _ n 2nd !_-sc1o^iov 
jfe*i_mac_ ^"_rn -i_vncfi T« jef le^tnsof i^ti«iii& iTei._^jny tjniejK 
s-*_3no T C T - ^ AlshoingSi BRCA] deficiency E gtTextlH —^i.f.1 
j ._- i nish rn-nvned -rv>^—TFE- _flej p h i n x u "teed TEE. "tteri'L no" 
ill MJICT* 1 T_V»* ii_iid_ ed J\t tadj~s^ ~£ i^—fc^^T.f *_ f_"-l_ 

' a i e ^ jjre T&eded. fc^Te^xi^K h i DRC \ i ez-re*^ m \ _ i "wsi 
a-'i-T^T >̂ i rve jKDgT^iac i£-Bfic_x:e n peinKiiu. Tezr rjnee-r 
_^d nx^ c r t j i_ i_d wTij i jc^cin>^.f e r p _ n _ n CBTI—TITE _ I * T > 
otheizrpy n TOT —ti_3 cell 'hrtj; CJ^%„^J CVJOX^t,1 I J P ^ « ^ T S 
B R C \ 1 T_,^ ^_^ie a uni f ic_x •"•_ _ - aKcn_r_ej r t v_nc*j. 
_nvns ,^Te' 

I T T»Kene-ctn,e-"i!__i^^ _ e ^ _ _ d EROT3 eigiie^^CEi mas cnî >»> 
b. ed w r n T l a u n s m rea4unee- o p_ae~_f •% itn c-akffec—j ! ̂  n_ 
tnu "* e^jjLhifei] f r ?_id <r?_ i a c ^ ' _ id \ S O C "~ 2 1 O ^ u i n 
tiTt/ir ' fxim T _ " _ T 1 ^ ^2i—tcxll-s. sea*tan* "A plam-xn- <,a-rm1—nd? 
T i ^ e V e r Jiown "to *i_ieele'* a_d _.-ve3 cf fERCCI^" l ^ i t t w 
n _ reccT G 'v - pro log - Oacolagy &>i„p 5̂adK of IT) rx-ae-s of 
optiTE-h 7f _c*ed 'aj^e Ul OCi , E^^CI "nRN A eiEnre-wEvn _rd 
D V \ j d d a c foT*n_3on fict~t p e i - n e _ . l Tlctnd leik^Jn-Ve did TOS 
—row* 2D Te •—deTCTdeT p n e d x ^ r of (.Tmcal co_cen« tTi :<r_ 
"ML d\ 1_m«s" _^sae- ^ _ s TK>*» a%_3xhle fTom •a,ad'% paracnan-n tnr 
dm— t<i_e-1_aoT Se*w««'T fxno j FRCCI es~re *»IT _id -_-aeH,r 
rsj_<Fne»L TTcnefcme- n e £ W _ T J _1 a\-»k- if KRCC 1 or j . predx i*e 
-n_r«ETafplitiT-ii "K-Knwn m l i - i v j - T e u J - _ r re recpir^'i 
f _ - ler — _ h n OC 

.jftjue"*-!^ K *-J~_ ^a^™i f S ui.fc._- s*z >A. UD «: ^—J —-

(c_^ f» x̂̂  «fc M_vi fe. f_.j-.* P^ai, SjHj%-t C vjf™i "C™ i.e£ 't-^*' 
C*. %™ jJS < _ * ̂ w _ / I*Tt t__t»4j. L *L _ft 1 Hextr Ke -̂j • 

"1 uiyesp^fldomEe te t&t • JT_I>.J HL.^^_ U_™™ <„ T jk I*-

1.J t _ ™ k H ^ i 6 ? JE™uJ 1-JS - « , ^ 1 ~ t ^ - -
r--^__„ j»_>e « _ ^3 f t _ * _ ™ ^ „ i . a * t . j 

ii&.&.>'eu. \ ¥ H W A L _ f „ j J j i y i i ^ ^ ^ I ^ J T J . X < 
[>11 it Mil, ^ ^ ^T 

*_• t&-iT _ 4 A-K- * i j ; 1 V»«c* L _^S_hajt *•--* T^ i . t i t 

L > ^ t l l i i - » - ^ — J ^ ^ - ^ ^ »!-**STI<B!™fl_ l T i i » # j J W * >-V*-
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The Enprcrtedjfftirroa JT BRCAl def ic i t -1£_TI_~ K Tebeved 
JTS **« date *i an T _ i e _ _ n _-_T_VI*Y _i DNH d_aru£i*w cTsmo-
Jiex^)ea_c d n ^ t ^ _r"h JK p1_3_xrt, _s _ KF_.1L of &_ xnd_Jjan of 
_re*_T_hJe DM \ da_3le s_raid tjuc—cs fDSBfr t%asigh ^ a m d ^ c i x 
rec£En._„_j_i _*3i_3_ "*** Tar^ i r t t ; DNA nqmr n_c__iKma !h_s 
_i_s heem [jwopaaisd _? a litKraggalx sSsotegy aa far__r esihme_ 
$i3_a„_n aeT_l3\ia n BRCAl define*- Samara. i_±_i*_ie _t«3_ 
jH^ac _ jge„ _ii i s e n a - z e ^ella to p__3_oi by EihfeiSiag DVA 
DSB j tpajr i f ids3dei i^lH_»3c^t_ie3^y(ADP r&a—^palyinej-se 
1 CPARP'3)eTJA

—ws, _a isificB_Ji3.caTf)_a_il«f Sss rejsaji i__h_v-
ery25 r r i o J i n deT_atentt b „ _ _ 2 (CDK_) W_K*I radars 
growSi azre_ foBem-iag DMA damage -Bowing 5_ne fax _ie repair 
JFOOKS io p a o x d before DNA I>-J_!L__331 c_n occur2* A sravel 
STOTIP of _reT*s Shu 1_reJ Ti-"3i_ie daiaerrjkxes (HDAC*! are _Hi 
_1oagnt io esttj—ate jHx.xa3n a_sed __s___s_nagie_ia_5 ifl̂  &JC*_T 
o u i5_ CTTOOU™™ <_-ac_Te _id f_n___*tg erfluncedDNA tuge* 
n j off Swse uw*te-* Ttha"! c l _ a af mT&ikirs « c_re-it}y tieis^g 
ev_l_E_d in Fh_se I and Phase TT c_T3_d _ _ J , V &S_ _ _ J T sea. mv 
c> I T O C JP_TDC__TH r1 cccn„ ,*u_ixi UTUI p h i r m t , i _ n _ 
f_i3_r_E_v 

Tins , pwiiminrrj daia sa^ges-r __2 6ie DNA imj!_r gmwifK 
BRCA1 _id FRCCI _ e nujfeer's of platm—m nffa^xnce kat diesr 
xalaexs *sit_i_i\e T i - x e r i i T G C i s -wt well e^aMiihed, Carael_ 
s-ve _ ^ o ^ T % _ I delHaci -ti I C T -*r*3b.'t)~i axe Tailed •£* —~* 
ceed-n _ —r"5~ei.3ve _d^ V^e •—•"» ode uiefix_.^_dv l i _ on-raw 
_.•*«- _-rmT FRff} t-xzwivacm wi"i s_n.iv_i and <. un^me^ 
"•PC* f _r„ ! ^ ~ V | n r-tr-nnn_a in JK predit—me -n_fk_x o 
ish—iced OCT_jK*T>t treated >sr inix-ruTY j)a.«d c'hemo'Vj^iv 
%e e*al_i_ "re effiiL-^ of nmd „ e r^p_^ en jib^irraTi _-Tsiaw*> 
»i i _ / i _ T _ *t_H i 1 - eTf_l af êie»Tf Ti^^eal i r i T ^ ^ T r ^ ns\ 

B R C \ 1 _nd ERCCl _. L r i s i of DN A K I _ T _ J I U M I 

Maten_ l _nd meLhod-i 

"_e™lJ _."&•?•" Z_{ rjXj_ j J f 2S3 

TSe- jnn^x-il •»_* a -proved ITV "le O s a u a Ko^ij_.l Re-__rCT 
D*Ba Bn_d S_nipk " a e j e s e k c - d frelrctfgiectively *_._d en Si**-
fn^lowng c-Te7_ jjd\_n_!d ^_£e- *?T arnfLxnif rn i i l^ "u xir\ erf 
mreast AT a t _ r _ n exneer n3edcKnn-n,Sl> s»o"as SfKSile -̂*, _d_pii am 
pii^iorn *%*.__ •L1_-TTt^eTJC}\ xnd _%_il_a'b,*i, sf _ile>__ 2 Aieir 
of I.„~UI.<_ frtlVrw, up da a l l3_i frcsren 8_ncw -»_s dttamed JTOTI 
TaiicTi^ »•*» gave r t fomed COT^CTI Z& "sdbni _ _=~_e 1ci J ie Ov_r 
_n Cancel Tl I-JC- Bar_ _ rtTe O ' a w a I V J l i Reieeji *i H r a t e 
" » I W P ~ 1**7 _rd2tTQ5 \ S •smos" i-v. j e oole—ed _ -s-pexv w n 
u*_cnrTiedTy_p_3iDlqg_ i_ci3ie _bTu _CEI ,J» _i-no Tint rig 

f_^-soTie' fjte jnd re—irrence^ were e-s__jed jc^rB-dri? >̂ 
RDCIST c_aen_ Co*mle_ Ts,p-m^ ^OR T defiTed a. _ i e d i 
a^enrance of all ciin_al _nd fadkilog"_al evide*_e-af i_-Tt<& pa? 
•aai JTEK-KH _• PR} 1 _ iex« a i0*^ dec i__e in „ » ^ c * of a _xpe^ 
_ aosn p r a ^ n w : dl *ase ^PD^ 3 „_T«r f ie aiKstaraiKe af Tet* 
_Tic7T le-^KiTs >ar a ka.-g a 3fK^ n c r e ^ e n ^ -aze of ''Te e-osti-ig 
33-n IT _rd «_ile-dt«-jsc <SD in Te ther ioffici_i'HTra£_.£,e of 'n 
• n a in if i i l ih far i PR T*.- -afncieT! i !_^e«,« n̂ cpilrfv for PD 
An ebva *TEI a e r x n 1 A J^S Cancej ArSireT 12^ inr ^icv, 
-nerf af jccarjv~».e •** i i-enfir-ned ei~Tia' T% dtCKrame-red d t „ -# 
n I-IIT]—.1 es-ajn -.B- TK—s_-ije- disease an C T ^ r al^x/iand Ti-ne 

xy TFOE^C ^*->T TTP %vas dr'er-niTed froni _e *]TI>* l i e pa3>-T: 
^ -rn-ile^d L^er^-^ ie _~, JD TC m e of Tfic_TK-ned di'*"^'* ~-~» 
-rre^t: cr-WV—TCTI.'' r»\ier_F JT^T^-.] CIS ^ -^ _»K jla ed frc m 
"*iecL_ if aiT;—, i i f d i i " rfdea 1 

To-al RV \ -H_^ e-TTac _d from ' «p_-a^e V) ITS? _,-m1e4 «, f f' 
TI"T _"ni>T f"*r^acT T_ „ T a^TF Te R S C K % * s i Oia>ren, MD 
R V \ c ciCTTTa-D-xi u _ qa_t i f ied i t e ig _ N._inP>yiT ^T> lliff 
~*e_"?r»T • <-~ie_r Vrflmn—or DF Cine TTtftEnsn f r—1 
R1^ ^ w i i jc-%-eT^̂  t ran_Tned IT ca-rck-TreTiirv D"*v \ ire q_jnt) 
_ n-e real m e ne,i_"ie£T_n*.Tip_. e "TpKT_Ta_ ^.*_n K C3*n 
"RT P<1< » -—e"vic_-v!\ d e c n i K d Tre Vn1*^3 B-KIT, _ T I \ f j 

75Hfl R e ^ TJ-ne- PCR - , ^ T t A ^ - ^ BBST,-5^TI . \ jPa^er C_y 
C \ -OtM _jed l a d e _ c _nT_5c_ti _ i \ s__ _ T _ KTR K_c_cei 
V,JJ, csjTKd a n n a i__l \ o a - n e ctf 25 jxl -n_ conajTed 2 3 ^_ *^ 
^ r _ i e _ E e d cDKA ^42 Tg 3__S p3 of Tacj \1_i GeJB E^|iTe-sKian 
A3=_y PrcneT^Profee (20 \» (iT^ifed BHSSV-KIIS, BRCAl 
JLS001732i3 FRCC1 TiSO.*>157435). 12-5§d a f T a q M - n U s m e r 
_1 FCR M u m Mix (ZX$ ^Anpbed B M ^ _ _ , 43C44^7) _nd 
S.75 jil flrf"RN_se free waler fox BRCAl espr_i ,ioa_. "RieEn—^gs-
no_i oaccxal f—: BJOAi _ndER0C3 -»*_5 i_e^e_Ke_K5jBmg ^ s a , 
T_-IS_I G,\PD>i C20X> ( A l l i e d _ic_3_tBi_ TBS4B3764-F) The 
pa*atTve c a a u d far BRCAl *•._; M C T T ^ATCC* I~TB 22K and 
f_r ERCCl _ _ c3^da_T_3H_n-e' sn._n_n call Jne , A27S3S m 

Am„if ic_a_i casi__eKK w-3e95^C f«r 5 srna, 40 PCR ds'cliM _t 
95°C fax 3 5 3tv a^id fiffC f ~• 3 Tin Thre& ndeptTde^l JB__XI-K 
{JSSXI «jui™.e R \ * i ejcr_: K I *«Te a .ed _ de—j-nxie _ i e - ^ e -
a » gCTC fripx^'oaT and a ^_ rd_ r i de:v__«si iaa- e_rn l—mar Rep-
3ic__ exjaie-s. » T V__*IH. T_s__T:g IJI a lar^ex __ idud dervia_c¥i 
were jep_L_d a _nj die cffigEiil cDXi*t fey _ae give_ ^_n£ik> aad 
5ie * TIOS _3T_^je-£ swt_„ %•_* _:ed for c_ fiTal detanmciaJi^Ei 
c r f a i . _ ^ e g e « _ edqpiresaan for eacin a m o r 

~ ' "aiff r_T_t ,sr 

T i e A 2 7 ^ t and A2"^t"icp ^ef] I T S - £ I J _ 1 V j r m _ed TT, DT B 
v_*Je~^\iesi ^_ t ?„ 1 s_i_i Re ̂ ^JV t> i n _ O*—s*. ^ n 
i_ru_c_d r DaJidL-.-^ MT1*! ^ l e J j * SC'T.ICE "*>* v̂ Re 

n nal ^anc* ,T reTure j - r i le-neT-d U T I 10^ fe_l 'Vcvne-ierjm 
"%1«aJiCinB— Mocereaii M i w a ' e e i T t t ' e d acL^il_in c_rbop_j_i 

and _aL>Tl tnAided T\ ^tf Thirniacv _ t ine C^tn*a llospj—l Re-
^ I T _ ] Cancex C e n t « O S J W I ^ akrse _nd n co-nhn_>3T wnh a 
PARP s \rm-K)!»_i7_-*,TBC_(i *"H1_ Cd_2 Tihiml.rs- ITT̂  and 
l « D \ C c t i m ^ T ^ C — -Q fr«-n O i m _~n^ cfab__ fim-n -
IQ-nM >_ n f i ' h J 

l%>i_-m —n-n̂ e- we:re c^3k».led n R1P \ Saffei a n l J i n g i \ 
Pr>_a^,e 1-Sfrnrtr C x . c a Q S F T O » \ l d n £ \ ^ i 3-oait̂  MO and 
TTa_n ccm_3C TA— HQL?areda-aT^a ctm-ni_Li_ , iv _>,2a'L',!le]sa»-
_ in _$-_•». BC \ PJO _r j 1> _,^ Jot, Pierce, Rocjcf-̂ wd, R.^ a i d a 
Bio~n_.«3 ^Tc^lra'-tiDxrne-T TTcr-na TasTei ScKTlific ^ a l - i a n i , 
M \ ? Sample^ % eat «"t_ra ad OT % 12% SD^ polyacT^lajnade ^el 
and T_T!rfeTi_d TI a PMDP T_-mr_nc iT i - ra rn te P MtllTKsre 
B-JlleT-a, M \ B1 *Ljai^ n-as earned nai ^iLT 9^1 "nils m 
Tn T^ifcied _ I n e *ssn T ^ t i 2U TBS T1 TOJ JD os^seq'je-r 
n m x i o - i l n _ i _ annN^die mieiv1 d_a_d o ^ne ajijm^naje r i i -
re i i ra x n IT S^ -mlk n T R S T Bin*- "ewKre i - t -x i a -d w î s?*e 
foHiwrit p m s i - ! _ra^idie-,i f«"! i n TQiiTT*!e~ijieTa'tiTe-'ircnes' 
TI¥*VT _ 4.-C TT.K1* _iri B R C \ 1 1 JilD D 9 S_ i_ CT_% San_ 
Cro7 r \ ^ ra-*rr j t n S i 1 i n m Tl ^"^ San_ Cnxr "S_n_. 
Cia7 CA Tiomc-asi- FRCCl \ 1*100Ft JO 'San- CTJZ, S_n_ 
Cr_* C \ raTTi _nci _.e->L. ed Jj^ane- * iTe*>l FH'i 1 I'TJO, 
I T _ . e t ell S i p a l o g l _ r e Pl__d, V^ _nd -nca. e_n_ - t in 

i 3100 Sjjjrri— \klr* . i . S Ixui . , MCh Fol l^wn^ "S •waanci m 
TB^i T iVr^ TA-eie n^JTaed v,-tin ne _-nro-tnae l&RP ladeled 
_viTTir~i ^*_*>flv f"- I "\r± r»»-n _-Tt-*;Ta_ie vivaaliKatJ^jn -*F 
— n _ n ">_̂ d w _• -wTf-^-ned ati-i"* Te Sa-ieTarral ""rVê * Px"» 
CieTiil_TioeK^«i S_**- a_ "Piete Rc*.Klbjd.B ard C-eneS*UT 
m_pe a^q J I I ">n > <a;Ti S'Tfeie- P'vdexiCA. MD 

IfTT v , n 

IT ">» well fU TOTI —! i b . e 'X _ x N m n i i i e - B a^rmi«i 
Ti-3eK ** >H \-P\\ I ^1 u. <"f ^ell \a~>eTiaTT ^—^ J ^d in ieed?ai.T 
H-'ll Tne •.«!!-. w _s ITL J*_ ed " t e n I F T « aHs«», f\ir c^l! _ _ C T 
TCT: a rd is terv Af» o>»_ T _ T SO p.1 -»f _ c T I ^ T I ! nb"acn n 

Tio— _._ -offered i _ „ f «f **• \ fTT _ T_-r1]_rs a> tr__ 
Si~na m add^d _^_ iTLj-said ITT I > i t 6 Y _ ^^"C T i e 
e ^ ^ T g \xi\t f n i 2 7 _ ~recr)t:a_ i*a xt fa Til used Tv ^ie _ idj 

•a-nof n i a i ^ f - O O i M I O |f>" SDS "Si-na ^l_-*aT^T_JTF 
n * * n r _ "t TSe i _ es *ieTe *I«T _ T _ v .ed ^^l Tr n _ 
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Vj^aSdi^riCr^-i 
33-40 
41-SQ 
Sl -60 
M-TO 
7J-S0 
-•SO 

Scwe 

nr 
rv 
3 

j 
Hi5S>Jc'£y 

^exo^K 
Sgrc^a^aisefcca «:rr'}3 
Sessm^ckox ceB 
SlGxKl 
U:—-fse—aed 

fer^KaJ Tsr^fttaiK 
T A H . — 0 + O 
BSftiUSO + O 
T y f + / - i ? i + i • - • _ - . ; -
T ' J t . 'K ' " ' + "i + PI M • 

fte adaal di'X.s.e 
. . i c j n 
' 2 cm 

5 
7 

18 
14 
5 
1 

t. 
41 

4 

*? 

6 
44 

^9 
9 
1 
1 
1 

» V 
j . i 

i 

JM 
Fir® fee c—ssnociara'A -es?carf 

€R _y 
Wt 17 
_> M 

W> 4 
Rr.i j_se c a m e r a srapv Teamen 

Caj>">p_a T,_*°ii _ £ > 
£j~'W»_'a'"! "i 
G ^si—Ei, ™LHD3 i "*, 
ia r*__n ,<e j d ^r^vrvanTU de i 
COT&O^—S t̂_—iiVcpST-iSK—i i 

TAlT, _*_1 _3do3H__J ihys-rocKtani ISAOi'UiiTJt •*ioJ__iai,r_sil2__J 
- J ^ ^ s ^ p ^ ^ a c c r o , U oT_rf__o*m j^JsT^Si_(«raipeii.3cH^rDh 
sod* _ „ _c3os\, Cft, cojnple _ „ rx"vs,$e PR, pxr.ul re^po-dK, ST), "su 
3k d n a i „ , P B ^Tgrewsve c_~_si_ 

\1RX MjcTinl—'e Read—1 frcm Dvnesc Tec*na1o nas _ 570 nm Tt 
deleo i ine 'Se anneal dei-.r > of fie ^ansple-. 

^uzi&iral •aioK'si.'' 

In i§ie denmpVKn of ^an j^rs . *._es^Bic_1 d _ a weie eiqin_- i_d 
TV percenlare^ jnd a i m r a T £ ^ana^les a.i re- mean and ^andard 
deaiancm. iUSA exHFe-Km S RT PCR wax mnde-led a\ a ceo 
ananas v_n_*i_ m ^TC pstmarv n i v i i i . v i n R t fCU and JLMCC} 
k^e l s l a ? iT_n.?f>-»rrned Y> achieve T'7rmalr\ Co* pKrxiraoTal 
lL_"_rds models u e i e j i e d o de rnrune n < seh^To-Rhin *»e~veen 
OS and TTP _avwi # £ C V and J ? ? m tffweK Tne hazard rair> 
ISR'•and ^5*7 ertnfi'rie,*iL<' n~er\al ^ i CI * WCTV reported o -_p 

_ra_ annaxia-.e mod^h f™- >-ei j ^ r t , ' and FJsCC/ P a a e i : ap<* 
•£_£T T£Tfi.ini_it e T a _ , and xe idaai dre*—,*,* T O T -rJT«r\ .are n 
denaiden: predi_ar<s of overall ._"viT.a] n CC ' jtairn^Vi " h e * 
cnK performance ^ _ _ ^ a . T>T a\aiia">^e f u arulyn-? n tnii 
" jd} F a c i i f l ie remaniT^ rirf" facj^r. «,_••; a ^ e s ^ d its "KT~ra'5e-
j n n a n a _ - Ca? modeH and **K^e lound :n *̂ e ^fmfiaLT'1 w e i 
adj_3ed f~* n a -nab i -ana e C r̂T _iah*M. 

In nj-dex s> c m n a r e u r i u n e r ruilKTed _ i d j a , mRVA 
expaesom "was e^jiriev-ed i ? a d c i o ^ n t o a ' ^_r_.^te, di% id rw _1 
p r : l e t , n ? 2 r x i x r , u r n r_a3ve hirneT jnd Ii^-er -nRNA 
eTn3?i^ioT Tie kan lan Mes**T nn* _iod * n ased ~ci CPTtTUxe *.rt e? 
a l Tjn,TT. al and 3TI<* n -—--rre ,1-rii. j rve3 f>>t ** p C4| _^d fflCCF 

AW_> 3JKX1 ;JI - Sit 

£H__D,«!_vi%_ 
L ^ j B B O k l 
L M B X C A I 

LsgBKtri 
Lc^ E R C C l ' 

L O T B J S C A ! 1 

L-sEROCS 
L o ^ E R C E l 1 

1 J 6 
1J39 
IJSt 
1 4 i 

1 10 
IJOO 
iJS 
1 30 

a92,l.B 
am IJS 
1—.145 
U 9 1 , 2 — 

OSS, 1.43 
0 J & . 1 J 1 
0—,1 .90 
0 7 7 , ! A t 

H 3 5 

a«) 
OJQS 

a n 
0 4 J 
0 9 v 
O J 0 
0 4 4 

1 Adj_s_d lasLrd ntaos f™- ireadaaj dsse_ae sga-s. 

Irs-—^ divacled _&a 2 ^rs_ips _ _ n ^ „ _ _ wa^iecSive sne_im _3 _ss 
c_lcifF posol The k*^ i_ni lest w_ . _-ed *<T a.^efi . 5ie efTect 
bel'ft'een ^ a a ^ s wt'h JSI a3|p&_ leva! of 0i05 —-„d as al*_i c^taff fm 
s t_S(_c_ 3a^afic_ice. K_pO_n M E I C J carves ware pa r fao ied ni 
_i» s i s r e -s-mpte aa •^'ell _s m fi-bei-s ^trat i j__ ar_oad_ig to TO-
^ d _ i i dKease «S_t_? C""-2 m and -*2 csn^ Cooelatjon a n J y s i s 
•was f s ^ f ^ m e d Iie4-»eea BRCA! and E $ C C 7 AH analy^e^ weae 
peTfcsrmtfd a _i ? SAS v r a x n 9, C _ ^ , KC 

T i % one palJtstii d _ ^ s i o « d wi^i O C !hrt«vee„ 1"̂ 97 and 2005 
•xideT»r*™t TJjgKral -raFiup x ^ adp^am cnemoiTejapy J? TSe 
0*S3.w„ Tkt-^s—d (T_hfe 1^ The folViw •ap pen aid was a i m n n r s m 
cf 2 year*. i^T doaln? and 'ap to 101 mTrtTr; T V mean pa^wm age 
•ssa S7 1 ± 1J 5 > ear, m w . ^! ^1 O r e pit3em3 » i ' , In Ti *O f>i1 
ITW X I af5_- i ^ e a j Cb-i^n-5 ^ ^ , T A c*tinned !>•«• PenaK 'e-^TP 
o 23a , cc^*i3l and ^eaef^ie, permlne ma_axin^ for BRC'V! W * K 
an.&TWT a* ne tanae =,?f p_'„"ii *elec^in T K pa^ieT CP*IS~T XI 
COTrrpoTied mara}y a»f |n.i_3K^ wish TIJSI ^ a d e advanced -}_£&, 
pa.pIJ]aJ%• -Tcoi _irncr\, ^ne mc^3 o - n n y o pj_;en_.'**Tn if €>C ai 
cba£SK)„i T-»«n?j' nme ^ ^ - l p i t i e d . kid R D -O cm af'ar 
-—T^ery, ^e^erJ serf •w^osn pre^enied w3*h -agmfk_nl SKI Iky RD *̂* 
10 c m , _nd 22 paHeita ^44%; had RD * 2 c m AB p _ * : n s Ihad 
p la_Txn \ r aed enemegnerapy o i i e fire lane '-•'Sin.g inc l__ng 
5 |Taaent^ who p_ractjs_s_d n d x i „a l _ i _ ^ •JOV 1 ^ _, OY 14 3 <. 
Oaly 2 nf _ e SI uv-n^-i t»4*̂ , s d ^ no? Tdcene c_rDop]a_n or CB~ 
platrn plai _^r*l x i _ie Tiuiii a f t h e nr^4 line s e j m e n Kine^1 p e j 
c e m a f parjMdi nad ex i i e i a CR ^ r P R a±eTi_-ge-jy and cT.-3<̂ i»-s™: 
cremefihe japy 

There ^'«7e **sn few p___i& tvi^i \ce_ig age £rjde 1 3_iiOfs 
_nd •>_,£» 11 disease i i fjctar m dhe n i ^ i r u t e ana ly^s R D s a 
_ i Has a 'i'igmfic—JTS confa_id'_ xnd •war. acc'X3n_d fe m ine 
_ij^.T<d C^s: pr™x>njfn_l model ^T—ile ]\( T i e •aradja^jed n_? 
rrd Ta'3'Ti ffs- i™?Ctif and f$fCt~*} irw m-eTall r j n n al a * J 26 
| 0 9 2 . 17*^ and ! _ ^ (1 m 2 4 ? l m,pectiw>y Ali„Vra?T -JITS 
eff^c, I*—'! dimrn-<Ted %VT«I adjaxed for R D f i n \ . njie "Tend n 
•fns f_an%-eK d i a l a ? m r %a.,m fai,\iT»-(f . iecrea#d Tjn n.al wi_t 
Ti j -Vr^ypre^of i of i^rji B (? r t . ' a n d r j ? ^ - ; all ItR ! Tie ie 
•was al>>.ta nan •ap-ufiLan* i - . f f o i r n •sen^'een a .nc<reTTTP AIVI 

B£C%i mRVA enri*i ,-j.tn for ea t i —TTnT w ar. (.ompajed 3>T rie 
*_n_n V e _ _ _denn>.an.inaji_ «__3 line MCF7 a l i e p i ™TVC cun 
TOI , MTJC-1 f, known xi >eipje ^ ingmtiGLT- VT.^1 > nf B R C \ I 
MTT 7 Tan -veji _fedes_TSTvel% as a cr*mpaj— \w %2^wpk- m :nan\ 
t _iie . per_inxi|f _• BRC"\ 1 „ i d T*«I/ a^.«Fned an e'ciren.aaa 
•t-alje of 1/1 ^" len pa-affiT, weie dp.-id>_i acccs-dinf -o w1_Tieh 
-n^neT and IOWCT -nRKA erpre'L-aon ~n_t re Tree* T» M C I - *LTe 
2?T«^.^t>*je itmilxr wTire- r iec-T» age >-a,ge ?rade and RD n 
„•; Ties** w i . TT» i r a n s n t _ h ^ispificam Uif-ference rn -ne TTOTVIT 
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£> Ail patients All patients 

« N I I 
T T P ( I B D ) 

BRCAl higjur 

F&.1. _r 1 Jffî T-li' m R K \ leveh espheresed a-i a da. vmniofas t,jn_>ic a>-nT__i^ Si pa_ci£3 divided e BRCAl a i^r„r <,"*0 1>^ xrd 
T.RCA1 k*>fcar*'"OS^Jjgr^x^ „ | , ^CecUan TIRNA _%eJ(i _ ^ i and "5:n pe_en_Fei, aSd bi^ie-a _r„l k ^ e - r >afcaji _ M T S * - - c ' t ^ n j p */> 
_ d . . „ O s xsd TTP ^"-T _3~t_3"!r**dj<._k!d r r f^ _p-"r and Mao: ;f*xip - a n d / . , jf-frri.1 ^5*—r j ^ d Mv^* ' Vi_e~ r ^ a p - c^*nprsdiD as-nTt., 
^ A ^ j - ^ T T T +co"T3!e-^ „n_*j_da*:onrd:-?,'i>*,ftl'» ->^.c~n • ~ 1^" and RD „ c n -̂  ~ __' 

Scsi of Twpcmder^ i*tCR - i d PR > henv*en t_e mpner and "bwer 
£ T O X R far J?J?T4 r /> - CI J_{ and ERCCJ p - o'o** T i e mean 
a^e aidiagnesas few p a t i e n t m BBCif l~*er mas 5 ^ 3 ± 12.0, 
[31 -S] ] _nd £Ji)CA/_ig__r w u 5 7 3 ± 1J_!, P3-Sflj Tamnrs o 
*he _£?CA/ lower group hzd re_±n.e mRNA enjse-ssinei _ t e _ 
a-Cl5_, and n sSie _J?C4 / hiip—' groap had mRNA lei. e h -*0 5 3 
(Fig 1| Only 9 p_3ej_", mere i _ l _ n . e a t i n e end of i ie stady, 
and 7 nf 9 of these pa_e-_j were m ine BRCAf lower F?a:ip 
Kaplan Meier e s a m - c s a f "S—rviv—I for _1J patier1-. in_ ic_e _le 
median OS far ihe fiJJ'CAJ lower gm-rp •&_, iS n v r r M , 95S?» O 
P 7 6£ f, and fnsr tne BtfCAf higher group w „ "̂  * mm*3i ^ ^ S ^ G 
j21~4£|, /1 — 0 0 3 , s j a r p e ^ a ? "hat patients wiri relatively "k/vvw 
B£>CA! ccpresrafo tlbowed an inoea.-9ed l&dihood of TJTVIVAI 
Wih_i paaens: were •—-;_—ied acctirdmg *o RD •3_ ,_s, _IFHTBT \a l 
_!*. erf BRCAJ %vese predictive of a poorer OS in " » « p _ i e n „ 
ml\" w r i R D ^ 2 cm ,/i — 0 fT3\ 0 a* n--*1 in n e pxiap of p_ ien i i 
wi §1 RD > 2 em ^ - 0 •SCli ,V •** end of „ e fclkm an period. At, 
af 51 p_*iecn % nad reaarren- d i « a s e and 5 of ^1 pan«iK Hid nml 
vet e x p a i e n c e d a w-cj-enoe T**ere U S T " =2a__c_Hj ^ipmfican* 
<_ff«aence in median TTP n_ween &RCU W « _id &fV<*! 
m i?VT projnv nerardle _ of RD *.ti*_s 

The _ n ?e >-»f jelati^e n i R W e s p s e ^ r o fe FJtCfr ^ JTJ ^sea-er 
n a n n _ i ffir i ?^"4 i r T j i n i ' , m ne fWCS l iwer r r>x i _d 
n R \ " \ e^presacin s 0 D*ft and m n e fJRCC* twiti grcrjp Hmi 
mRNAl^^e l i » 0 ° J , T-laave "0 ne pnra_%e carn\»l \2~^'>. Tig 
2 The mean are a" d iamn TK I T £SV~Cf Inwzr ^ a , ^^ ^ _ 11 v̂. 
["d &1 f and ioJF^m "TIPTCT i*_' f7 4 ± i U f- < SO' Tc^ _1 
na^ien:^ -ne median CIS m FS.-fCi mpie r *«_•* "^ mnnf^ii, c o m 
nared 30 ^ met-en-? in : i e L&CCl k m ^ r jr«-*jn */• — H I i Simfi_-
t i i i^C t / , median 7_n,j\al _id TTP o n_ien-.i w.r-1 RD * 2 ^ni 
WCTC 1<—iper m r i e LR*T'I VnvwT S T ^ I P V a1i->upi ".in did nm: 
reac,*) ^a-a-acal ^ rn ihcance ,OS p~~ 0 10 and TTP /> - CI 11* 
The m R \ \ expp,i..a<.n _ - \e i . >f r ^ " ' " ' / _irreJa_ u r n •"•**•*-,« of 
_ ^ O l / . ,n - "n (V and ' . i i n r , ^ _ n > i „ JJWMJ m?Ter and 
n ^ A ^ 1 . i i rVT rt.vre c^mnared *u *TTI x>- lAnere e r h e i V^C* f f™ 

•mtCyf were 3n ^ie Inw—r £~ncnj ^Fig^ *«3 •—id 4 b ^ Tnc^.e p _ _ n ^ 
v.'Ho ertBe-ised n jgher le^eb of nesn mRNtV om^enpx^ nad a me* 
dian OS of \^ montnn, c^•Olpar«d. in 4% si»3_1^ fe _icr_- p_ ien s 
-*!_! did no5 (/J - Qi*HV 

Tlk- in HTSIQ £ ^ r ^ tfdrug wnsj&vtzv *i ^ <Si?C4/ taai E8CC! 
£3pr£% •30J3 in OC 

When 3 molec_armmlir lcB- ji %ere ccoihined wuh 5_ndardcne> 
mo;l_Tape_^_ ^ e n _ n A27IH1; and A_7S0q» celU. I'nsre w „ . m 
rnpTi'i.'em.ena o dnjg ^en3it«T*y •wiien ^ e PARP m h ^ n ^ r and 
CDK2 irC*n"h*<w -were _dded na cnem-o^JTe-ra^' d r a ^ £T\g 1) Onh ' 
^ie l tDAC idhj*M_w' TKCi3fic_n_y incTea._d "sensiavily mf f\278i> 
and AlTSSTlcp cells *5n c i^ laas i and caxSc^Hxan cywSancKy l«w. 
e^«T, ihere * aa no effect of f'his anaiSisoi csi -^le c^-^a.ixia'-v of 
_x_L wlmch K nne a DKA damaging a^em Bod OC c _ L l ine^ 
A27^Qji and r a c isplato re*a _m5 de rned c t e e A27^0cp, 
e - o - s / s d fela-n d y 2ii^h l ewi s of BRCAl and J_WTJ mRNA 
i-Fip 4J \\rm espcurart* Mf cell I ne s To c i^ i l am, *._rVKi_.'3ri and 
- i«ol -neje 'w.̂ Te "anUe chmge^ rt J3J?^"4/ and O C O mR"N'\ 
l e \ „ * . iKt TO .ipnrfican: differences n p ro ' en e-prei'SKin Ti?^. 
^3 and 4c'* T r e _ m e m ^T*JI CTe PARP and CDK2 inniTKor', nad 
jeUnveH n o e f f e C o n B R C A l and FRCC i mRNA - rx i* npt-i xnd 
p r n _ r i levels lixi^eier, n "hun •ne A2730 . and A27 ^Vn n<"^ 
•wa^ a ^ m t c r p decreo.ie isi mRVA and nrm-em kv^V> t»f " n n 
J^Ot^_ndr^OT/wTih8}_HT>ACin .TJT5wr , _ w » * i i f thi" tm 
-.«xrip»_id direcdj _j?e '^ TWA repair "n. "n>—li'an? "Te < c ^ e s 
>acn of _;^s res-^—cg--; af ihi'. naiima^ 

h inTi re?:£?igiec;rve -i__i. nf a Tomo^ene^ai rrc_n ni c-l 
^d%_iced OC p_i„"L^ wno ^ e r e 3 e a _ d UTI^ a d / j ^ a f p k u n a m 
and n ^ d r a s x l -H-e have «.<nrel_ted kn* leveli »̂f FJJCW arid 
- j - . ^ ~ . r —jjj^. ^ eTrre- .inn w n i a he^a - OS and tni^ effec w i , 
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F$>»i"ay i J.A # } mRKAiev—^esjf'—Ked as ad3<&o_cno3s ^azio&le a>mp_js,g M pa3ar^dwded;m.D\V~.! i* Signer Vi&iivjrsd £%fT-i 
Wag- - iix*» j ro -p „ \5e>™_nTIRN'A Je"v«.h, I f e o o d 7 ^ p _ c _ s i l e » and ..lagnes* jr>d 3eme * \ __ss =_e«a~ifcr eaca g~*3p ^ a r „ c i , O S 
•o-l I I P Jo- lU p _ tusn^ dsv^dca £•£-» ^ p e r and i£ra.e;r grcy^n 4 -and;1. 4 i f /V -a^^si J > J j k J ^ c ^ ^ ' ^ P ^'"^paTC-s «n _—*\ -4 ""^ „-• J 
I f l i^ 'nana-* !<pn_-a„d accord—s£ to RD » _ cm and RD -~ *. crn 

m»^e n_j j :_ i in p _ i i _ r e TS„o h i v e k i d an qp_n_J ^_rgic_. se^ec 
-son Xi "2 *.m CT-i-sifcti vmz <£her repeal*, T~r _3dy a p p o i t i 
B^«Cti' a.5 apred—"'•n.e mesmar—er n OC ^ n e n m R N A espre^acxn 
m r« i re "sensed as a daesinrtomo—s v a _ a h l _ Jmpaj&rairy, •»« a___d 
BJ?C4 $ ^icm^i^Kin 3D R D «a_K _ i d d e m c o s _ _ l e 55uJ in _ » pffe-> 
ence of R D ** 2 cm, <he jpredactive %al_t af BRCAl i* 1«-K1 "Thx» 
dai_ <_^ge^Vhal ^ r a f _ _ n i R D i ' s a n •TVTeiTidn^pxifnasg—: fades -

n a s V a l d "?e aaca—XCid f«—" m f J iare uFicrnarkeT^ ;9Zjd«5 in O T 
V c l w Chi; propcrlKoaJ m a d e l n g is a Ted sr*y regjae^man? m P N A 
as a c r r c tn jT i? %_nahle. hern J*12C4r and E.MCCI e~are\,sion 
emei?»* i* p o _ n o i l nredanori <irf s i i v w i , rsu a 1 _ ' P « J "Etadv vi 
need *••* -validate m ^ effect Tn a d d r ' n n , we Have denwnsr ra_d 
T J n e r ^ i ^ c cVff •crnccj' wi'Si tne add—cei off an lIFxAC33I*IJ*H_8" to 
.V .p l rm and ^ a j n ^ L _ n m A27^(K and A27J30cp €JC c e l l ^ 
•v.h_ebv he meT-iumCT. of acixm xn^-cil^iei; de_re_ied e^nrexacBi 
of nosh HV A repair pr^fein^ BRCAi and ERCCl 

C—rr_i"j^ :nere an" nn c l m c a l H l e l e^am ^ m _ r s e r ! •w.nicn 
pn-^ln.- fo<r •i.Vmti^ejt.'rii-T^ and cveril l pnr»gnora*i ra OC TJieAe 
T_m g!,,.s:«.~roi_TT, C A 125 n n e ^ % •'xrusr manter £T_: K j « ; d 
tlmca.l'H x> laiVnv reason.* in aiemD-nera—j! * lL<TM.ê .er n_s# 
hne CA I 25 does no^ t-osrelaTe vnzh platmram re-'W^a^vze^ oT-erall 
" r o r n a t ! , -r t i e lilaf^nrtiid off np_m— _meir rffiecnan,' D ^ ^ i -
n e ne_T>-tt'enerv « i n r e r i c i ^* Jie clinj_Ll and paix»'k»ri. pre* 
_n^ii3«ci n O C m»»r paiien**, wno7e*.«ft,e fir< line >. nem^neranv 
are •*"ea,*;̂ l xnfn^niH ^m^ p l _ _ r _ n and pac l t_xe l Tha^, there i" 
a need & idenafv- molen-ulaTmjjfiBX^ ^Ui. ,1 may impact on •'nera 
p e j _ . o^^"ll.̂ î  • ia«d»in'*_ncfr TKJKIPJ Rel iable predici^i; >ifp_.-
n ani me <i r an^e mav icferLifv - ^_5f ~tfap of pa'a^nii. "iu." v, 
xil«—K n re ri'r—1 t - t p l r n — m " T „ „ d j e i t n e t , d e c r e x « m i n 
from annev* . _ T S .nemotnerapy and x i , „ , t climcianr. m d i r e m ? 
- ^ - K — - ^ i -op_~„ ipa ' a> in inc lDxa 1 n i U 

T n r„dv i-s I T xFTeemen* 'wYn precbnxa.1 daia » u i r jF JVI - i 
n a _tna*? e^pre^Hrt i f B R C A l ma-\ nai,e pTedictnte ^alae n 
na. ien: . •% r n TJ zP^^ 1/ m a t in on. Re „*_rs •variant ^ cimlatin. 
.rf "Tr - e i r and o \ _ r _ n o_ll l r _ i M O " 7/"R and S X O \ \ 'R 

re _ J _ d an mc—ja^ed _ns_n,in, iu ciin_Lio w i n _n_?en^t» in-lim 
3cn a f J?J?C4/ * ,_,RCtJ deficienl m r a i e m _ n x n epi'ihel—l cell>! 
•^ere i h n nscrwn XJ nave- mciex^ad "jenptrTVity to p k t n o n t 
F_-£iermoTe, _ has aeen ^ icmn in "hreaaS cancer that BRCA1 tanc-
_ o n i AS a t—fferemaal modalrtfir of cVnrn_ie_Lpy n d a c e d ^i~n3o-
n^ in *3K pre ience nf a ranpt of cyofta—c a,pe3_ ̂  Overe^qsre^sion 
of _ B T 4 J in O C cells m mvj k d &r Tesa'^ance ^ D N A d_m_^ing 
a re iEi n c l a d i n p cinib.-an, C o n o o d e and das>ir_3__i ^ BRCAf 
rXL7, "oeen anxibaUed m ^re . p o d l e i '^emri l j checlnoint . _ c n iSial 
do'wn re r j l a t ioo of BRCAl c_3<_-is di__p_ion rtf ghe <mi_PJC spm 
—e^*"^1 Tai? mav accc_n* fe»rrejacial_ice!ti ihesnjcxi1_"aKile-inler 
fe r rw zsjen1 paclit—ie] m cells wi_i lahani—<J endofgeiw_; BRCAt 
e_!cpa?r,':aon. * Tierefore. preclunGai d r i a impiie^ t n ^ p^aents 
i*ifi law fc-vels "if BRCAi m a j nenefi- from "angle -3jear chemo 
"nej^iy •wnJt a platm _m dsug, u"r_Te_5 siiiee wnii hwh levels may 
nenafii frcrn a "angle Agar 1 IA_Lne S m c e all tiat 1 palienl m ^ I K 
•^_^T, recer-«d coml ima^x i p l a t m a m _nd paclitase-1, a;^e' ^ n - ^ 
c f n - s r i t r i - n f ie "."hnical _ t n p , • 'henpti in^ b e n _ k cffplannam. 
T U I , I > P Te „s_ined due _t _ p « - H r » l e , _ £ a _ v e e f f e _ of ti-sanes in 
B R C \ ! deficien: "'xnor-. Almoogn Ti—Txn'i g r r ap hx-i iTma-i 
"nai recbc—I R8Ci} erpreK^'Ti confers incre_.ed reia-__ice ti 
l2x&m* t-i vi*7o there v,±*. a nan ggmfican: tx-nd m ineir retro-
CTe_rve pa"3en: a n _ v i r *o ^2gg*ar," ''na" p a _ e n _ -wtTii "ii^n _in.ff 
_ - \ d s *-*f f t J?Ci / ma^ ?a.m a sarvi>al advarcape n n *oj:_ie nsu»d 
c _-m'-F nerapv " 

h n i i natien: wrer €<m pjt^n>r3coa] n»debn j : repealed a-iir 
n3i1<_n2 c^*rrehn-n of b v , fRCC? e3-pre^*m TSVI-JI a P*H£7 0 5 , 
mpl \Tn£ n a fXCC7 mav ai-*t he a rele*v _m pre—ICTTV e marker in 
"̂KT Oar .ndi , rxip>-e~^pTacrlrn^al da i idemonLrrannp •flur inmh) 

ticn of -*ne F R C C i nTLi*ein b>- _ r a *srr.i»- R \ A e~pre%aar tn A27SO 
and •£* . i i cnh rabtn OC cell - t ie OVCARJO. enhanced pla_ 
n a m _n.«nTv.T-i, i'! \jr,\ * T n » data i . _1 ki m a^7e«m_i i*nLi a 
pn . ff anaH^i . i f n m o r from I * O C pa"ienu. clinacaTlv Te a t _ j f IT 
pla—iam •evi'K'i .noive-d liphex m R ^ . \ k - \ _ . »"»f D?CCf u n e n 
cnrriT-Ted -o _CTI*IT iTren iS naaent". *v m „-K3_T.-e d j«a™ In 
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F * ; i „ r 3 V F T *nbiLev a s _ m co^TOJSsg'fte se-spccssen ol A ^ n\g/ui asr-latn U 500 J M carioplas! aox ft- 3.0 u M a * n l _fc>ae ox mffiiitw 
codd."riiE™se-_iOS5 of sii jS4 PAR^i, h JM ode2i or 1 a\£ IfD-AC— C d i •vu .^m __s as_ijed -5*1*25 s_ _:avsi, of x^^eaied celS^ ___a So be 
]iit-e "Camnr—trci of Teamen"-; era" dTrniaved ja,g_ifi_vzr dtHenince, srs \*TT ac_vi~ crarpxred TO ei*£«r a^est a k a e fp *' f (0 l . Paired 
T le-?1- MTT'- nae-̂ e _ _ h<7ed a*-ix h r o - c e ^ - n : •o.i— ese n_Tsod .**ed "H she i>al^yr_' Canoe- fe„JE " 

NSCI C am>rn? pa-ten; i 'n*—ed with plannnm har.ed che-m*xhe? 
apv lew k w l i >.if FRCC I nxs le^n x ^ i c t i - d w c h an impyived 
> i\ e u l l Tjrv TV _ " i JS "his effe*. 4 ua,*; n o ' LCEKtceinily 
*nown * ^ h w on"h pxospecme s_id«T!i3_d cki ical 1r_1 ie*8 
n r c as k~rvi jed i- iematntrapv xn jd\ax»ced X5/CIC FRCC1 
m R V \ predicj-d f i r -export* i i aCTiann nased chemotherapy m 
"U6 p a a e n s * 5<-cne re-scareher*; have denxinrrraied l i a ' m rarlv 
•!aas^" *V5C1 C "» jnnc_8vre*c_d feir c_r»* F R C C I e-*nse„jcin » i i 
a l io pyinHt*ic mfavnr of b n s e r iarvTvaLv"'" lEo*vever "ne find 
n ? n— no^ confirmed m all -_aclies Over—1 :_• d ' feo of 
E R C C l a s a mon_r.ee 1 of pTorroit i 1^ ner ye* c ^ n c b o v e m >axig 
cancer and nere 1̂  tnrnparaiive'H I T : * d a _ a^aiiaile m OC 
FRCC I nlav-. a r a_ I r n r n r n,»ie m TTCI.FI? DNA ^n "ne ^ -.ide 

of a legion. s™.h a.*, a p t o i r a m i r i d - c e d DNA acfcbct, and cells 
wr.hoji fane 3* n i l ERCCl do *%*• indeTgo D ^ A addaci Tepair 
The npdct.^'iiie excision repair I.NFR? prtiPAay « £1* mam n_ch_ 
m s n of rcpa innr CF.piiTi indaced DNA c ro^ . lins:55; _nd ahMoc™ 
r ip "an-srrrption and rXA$ K highly se l^arE to ihe r«"mh' of DNA. 
repair mediated LnemiTreti^anue o O C While CROC 1 K cracia] 
x> MIR. ei,idej_e al,»i *,xipcms it^ snk- in hTnol^ ip_ i ( rec^rnhin-
2on repair Ai ERCCl TH_J .hem-n "n ne rrvolved m the price—ing 
of jn^a"iTand cm „ IriSc mebced E»5B ' T h _ ^ U « an manf j ing 
po'eatn'hty cha* B R C A i and FRCCI TEU^ n e ia—ed ^ r o a ^ h a 
ccrnnaon D N \ rc-pjar f xi—>iin, 1 _ r h a i D5D rep_ir 

The canen : ._ i i ) TJ ?PS ^ 1 'ha : /?J?f4 / and ZRCCI leveK cor 
relaie n a a_:n a n e t lahx.'i t . imn»"r:_i1 in _eonn-sideTanein nf 

http://mon_r.ee
http://ttci.fi


112 W!Sa!?iS.S B M. 

r 

_ f] 
_ i 

*s 

SRCAE 

8 w. 
| "\ J-r !J 

ni 
t 1 

r 

| 

J U L 

, rh 

i 
j Li D 

RROL1 

1 * w 

U i 
USTilkp 

ac £ID 

A2?8 

««mi PACMI i y > i t i n -tan 

HD*O 

Kjorrml mCM> l l f M giMl apxi 

HDACt 

» M l J 

- | " s ^ A . " 

Fsr.imr 4 a Hxfi-A „•*•_ vt n^-io B k i *U 3£™Ti*OC3 rnHS \ ES pasezr i_mos pjedsas; for& nnossr oa_c«ne C D - n n i a i H i ' a v a e i t w . 
ftn&areicrai >, . BRCA3 j n d F R l C l rnlLS \ k ^ _ w ^ ^ - a e »_o ejch o _ e i EP CCi * - a ^ J t _ J b _ A 3 + U «fc/9 ? 1_>%_L « _ W W a_d 
U?<£ £ ! mfiJS \ a-olf,—;d hi, j e _ _-neq j _ r j _ . s v 3 ' k T Ft Rlol i^m.ns '24hr as j_r_ssr _~ indie ified. Pc-idcaffirigie^p-es'ecji ___dtbI&ftB—tjf "V** 
T_1S__ifo *. £_,*_.>/ kve& 5At - _^3 f r r — , _ a * n _ \ ^4- ^E\S, , d) BRCAl a>_ei>11U ,__J „ s i p r c r a m a-.} _lEng —* rx>ifoiJow_g 
24 hr irrw*h'*35j ,rne!r ss AJ?°lJi ana \J.)

aOcp,2,i5£ids _'ed. £ , WeT_rahL*" ar-K^is if FRCCl j jcdps^ in A _ J 3>t j r d A2T £i(cp uelK JJ1_J 
zv J2nt£ir •ET ^ i r O A l j _T>k_. f 5 U l i a i d f d R r f *.lf JULC- '—te—£ 
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f__ire s i _ _ e s . FITSOV Sie ca~&Ei-_3si _f m_r_er3 tmay have 
gre__r pxatac—we T._be _ _ n one _sigks _i_r_Hr IV e h a e shawa 
„_3 high 3ev__ of h o i - E&C4J -~3 JSRCGT mR^A _ _ a v a a f e d 
wi_i _ nocRer s_~ma3 romp—red Sri km fc\_^ e*Fej__r T_xk_r, 
and d m isagrartsm _hs_ri—__n requires f_nher saa&y 5e_in_ly , 
even w_h siameroas bod ies <5_£*ges_ng Sie v _ b e of B R C A l _s _ 
£§iex_c^%«hisn_ri_TJinv_n_a^ ma3^i_ac_!_, e x p _ _ _ a _ levels af 
a s_a*jet of DNA repair ip-thsray c_s_a&ianSs enay provide _ snaae 
roh__ nuil—T3l_r jpsafile a f dhe_ii_Ts^pexHivne-j a i d nrcj^sKi— 
T h e fesjge—sdeafre _3<_r of She SV4I0 T$ _™3gen ted _> _ie _i__w 
cry of _ ccms—rved ge_o Sranscai|&KB_1 _gn:__r_ m ntnlStaple egn-
eheS_i t_iuo-35 Tins gi__i_e ?3g.si__3e was found l o be ac_¥__d 
a n x p e l y an SsEmara u _h _h_ra_—: 11-53, Rh or BRCA1 eatgfireisen, 
and xn h _ _ s i , p ros__ ; and kmg __ic_-, assac—led wi_i an aggre*-
_ ve plienctype a n d paoTgimgaasaa, s—s.ge^ing lh_t they si_a? iep^ 
-*e-_nL J_i>:gia_ cand_la3en f*w he nrecHmcal fle^n£ off h i a k m 

C_11% lTfl-Cfrt-T* 3 _ 5 _ _ . 

EKNA repm pa_m_y3 are freqpen_> d___Lis e in siialTjpaaafi 
c&Qi-nd Sarpsang fsachdefccas seems i cnaea more r_aaai3 ahera-
peaac a b r o a c h &an djracl gene Siaa^iy ^^* JIDAC ta- ih-cr 3! 
a re a jprasra'-ng; siaw c l _ _ of _Ai___eT iho-apaa&cs which _re 
nave heen _33e& i_ jphxs- I and ;ph_—> IT d m n - d S m l s . ^ 5 ^ The 
interadacEi helweem las—tne _o_yl __a_r„r_$„s _nd hrsSone de_oe» 
in, bae, enzymes neg-Lies £ « l e e s f i ^ s a o n h j sn-difving iJhran__ri 
^an_-ri3—nn rn -\_ntKii imabrnasicies, and BRCAl i<5 jfcnowsi m 
nla^ a _tie in aissnstg cnrcKnaan ^djoc^ne The „_ch_—.im is* 
m*i_h IEDAC inhirancm ^ ncsag—l _i esm_ice pi!-—nam mdaced 

Y" 023300% i hrcEi rh cnrcoiaSn nel__«Aon alkn* mg for 
-mcTaLnedTJl^A darna.ps m ffiransainiactnalli, __1i%,e DNA megiesm ^ 
O a r ^rcon hx^ demnsKU__d "5i_. n addmon io £hn mechani^n, 
TU?AGinSrjhi1cir^ _bn _ n s _ _ e OC cells to p b l m _ i i hv des_e_&-
xig -heexprff-aon of VH*I I3RCM and ERCCl Tn% M _ T » _ T _ a 
n m e l me* H n _ n Tf acDrrH if this cl_s5 -sf a ? e n ^ i_i_l reqane . 
f_rlTer _ d v >_^cne T Q A \ , 3 ^ e i l rnn r*i_ra. ^ s ^ d n_r^:_" 
a f D \ A ^crahle^jand hre_H, r iocm-n eshind _» inelffl tCM f-ar 
S » T > ] _ T m r _ l ^BSECT d o m _ n c r f i n e B R C \ 3 senft"1*!* i _ heen 
a^ge?—:d ahai ICD^C 3,n1_—I'tor" efJ_rxn.e§v TCider cansor g r a*_ i 
when oomhined ^ T h DNi \ dama^in^ a^eri"^ s ich a, IGimaITP 
radj—jmn and _ » V A dama^in IJ chemogJhexape_J~'i, h v the inhiIn 
a e n of DMA doaale ^jrand hseik 3ep_ir -hroEign jwdlnnged pti*-^ 
phar tva-on of I12AX. T K I fDAC mhih-finr P O 24781, wbich 
mmhri^ T-anoer TIDAC i5ofcirm,% led to a ^ r a f i c a n : recbct i^i m 
^ene !3_nscnntxin _n*3nc"i__d vftzi Tcmolagaf_; recamhinaacEi 
repair mdadrng RAD*? fe_re^tmjK tnaa cnmiKi—id 3e*<_!_d 
m a 'T/ner^ _L ef_c* so _ion it-1 n com&xi_non %i_i a P ^LRP 
_ihi£nlMr saggrBasif P _u "his dre^ Lom.tii2_—an may he fi_!3rj~ 
h r l y efrecn^e n i m w n •win defe^"*5 m hcimxilc^—as reeon— m_-
_ _i icpaiT PARPl is a ni iojuJe i i e r x i e - a u —riget m H ^ C 4 / 
deficien* caji^.ia' ceS** smce B R C A l d^ _ncnnsi -^en^l_e.^ cell^ a 
rihnvtKin erf cms e n r y m e 6 , r ' ^ In an ITiC ^ _ 3 \ of PARP esp re^ 

5 e*a ' OJ M—.„i_i_.ui *£ eft—_*̂ fle a. * . ^ _&a j _ ca^«D (JEJO. 

». Qwi^J-E, J J» _' CJL, \ _ ^ _ - i . i h N - , ^ 4 J M ^ ^ i j e J ' U a ^ C i k 
M _ i PB_ I c - ^ x x i K» WJ^CC RH, Hau*_i DP KM \3 _JiN A, 
ey^e^X': ^^e_^ ^^J—a 3 ^ ^es_3 ^ » M „ *"^^^ car—î i af_ 

J - _ _ ^ < Mjf J W r b „ JM _^cfeej JJ M * j a J KWJt 
—JINA e .̂> e:-^?^ _ w l _, j f J^C.R._L eg cfcae~vir>S!-̂ _̂*ce ^ tii | 
^ ^^e H - ^ S i o <i__cXi4. ^^4^-v-* 

4- D_>**"_,jfc M \ - A % ^ « J B*«S^*.A P î—. t- * - JJ Kae^f Mjauesa?* 
R * i U i e «-* O" V i 4 M i a _ ^<._j^.«.^jce E^S*-* *.«"_ _ i _ 
w *£• je<if%^e o c__, a> |-ct*tl L_f c^y_t*. J C J ^ t cesr 

*• Oat* Ih,t tx3L.f& M Mu__ i FB u ^ i e P%i <„.sr<, M J u - ^ _ _ 
Ki H a „ „ DP k & \ IJ I .CJX-« _ J £-tJ_ ,£ui_ ^ * L a : a ol 
i. _ *» „ _ _ a , j^_^eii^^K^: ^ Cjexfc lies:2i«'"i (•? f _1 —» 

H_3 . rf J-ediSI %-£ HJ ^^>r._ JH, H_1« H \ ™ j A J i j > t 

_ a n in a caeioji dF a^_n_n i « o _ 3 carcinoai_.\ —SaxKig PARP 
- f s s — i 3 i w_3 d__—iBied 3si 78 •& af enses and _ras frcErn enrre-
i_edmi_ i _ penna- s _ i t u e aampared 3a pas*:i_s wifi low eaqse^ 
-an.* 1 In ihe pR-_n* ^i_dy, hash A2~J30' and A_7?iarp cell Snei 
- _ i S a _ d j e l - j v e i j b ^ i fevrit of BRCAI and ERCCi m R k l 
T^hejefoR, - i s n f * i x i e i p e - _ d _i_l _ec_nws_ wa_i _PARPis_o—L-
_irdidnald—nasi—__e i f l i_ ' JP cylc»_:maciSy 

1_Ere _ne _<V__1 B O B - S - K I S - i —us re_osnec— vs aaalysia ahal 
aiKnl cxiBideTa-cii O a r ___y i s anahle ao __Jhe33 ^ h e - i e r 
ERC4 / smdEBCCI srfRMA te\_a a s f i ^ncBSiq Shal Bn ahe aha 
_y of theas m_As^io_5leT3n3nec lEoc_ o_L_inae independsnl of 
&ea_i—3_ gTV-i ** Ttie a l a E ^ Sa perf_nai _ _ody in sSi^e I O C 
pMigftis as _;seaa !fee p ro^ro _J_ v _ b « a f a t inn- r m_r_i_ is chal 
- s ignig __s toSh_l_l1J6M-iOl-e3• _Te_rl^^slageOC p^ienls-WTD 
da CE« i K a v e che™K«f_T^iy One STOKI aJao caci-ader So l _i 5__L 
cnrrenl • _ _ i ' , Tt-3*2_a__l •____r fcir SJ?C4^ w a s 3 _ n « r a T a1 ne 
ftarusof p_a_nl andnsaEra i a_ i £ K -nalysia. 'ftliiSe £ i s inFcrni-nan 
as v - b - b l e , _a_e a.Bffi€A$ cn_!_3an cna^ n ise2f l c n d * i a n i c i » 
f_!KS_bJ_ a&ca-ne^ •»•« prc§isfc_, S_3 a. a predxi-ave m_rker 
BI2G41 e_pres'aan _ canadere i i as a spfcclram frani l<cm 3o ^u^i, 
re^ndless eif i i e miedh_nism crffli^CA/ in2__%_S_i, whe_i_r c K 
T â ^ems 5xi_ii___i__rtr gene dele_cm or an eptj^ari—x: IHIJBC—_n_sri. F ^ J 
Hiesisnore, Tii*_i^aiA]e4geSl_a m aisihse* of gj,_£KKISSJmart ci 5 » 
__dv ^here •»_-, i -__panent v a n a m h l j hen»een raplicjie Fene 
eapa&ssaan levek Jsi ' a c h c_._a, cK-her \ _ b e s werp- re-peaLied _3*rg 
^ne cEigin_j c D S j t n a n l e i ._ Q t _ 3 ^ Inc m it.-raaej?"L •Tpl™ _ 
•«ra3_Stf» for e_dh _mp*e I > f__n: _ id i_ - n c r i J r _ n o ^ - o V 
h_e3> L—isure ne_e? _rcts'aov of -epie*;man%e _ m n r P N \ _nd 
csbvase _ » pc_;n£_J p a o ^ e m mcorn ra t ing nurmal i s^ae 121 ne 
nat-|!fe_—on of BPI _™* 

The saresem "& _3y paovide^i _3di—onal evidence i« ^npncm xne 
•tiTicir -T-LRML k \ _ ^ cd" >mh B ^ 4 / and r&CC! —id r n n o r a n a h 
^heir - c n i T n a ^ m a? na^nnp ^alJe a —-edxr'n.e m_3r^en in OC 
T h e d _ _ JTP-rt -^H^ and asner -.tadas* i«_bt__ ne need _i ra rnar 
eT-abale ^le1— m3r^e~ in a nFiriecfn^- ^ r _ i Fjr5rerm<*re ha x 
i i e nr?i sir_K T»TI_I dem_™\ ira—r- ^ha3 F D - \ C inhiaTiwi effe«. 
a^TrJy _jge"» the espre^ KIT of nc«i O^CC 1 _nd _ v ^ 1 i ? n OC 
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p-ia_^_s_r>iA _a___ a_c5 exj™sĴ j3 _̂ffisa_ Ci_t_-__^-_e__c.™_ 
p—ip I espfi—¥k_i _i c^s^afl, ®a^e ";!JJ egi-^e„_; ia>_^_ c_3_ss 
„_u_3 w_s p3__t_J>«3™ase j__s_^-—"^y. C a i x s Hes 2<J3%£>T.. 
44t4-S3. 

£4. Vaf_:D ad, ?££_ M_. BJKiClAD aE fee am:^sc^d _' cf-I-g»e c___ii 
oa:t_?aft's; sseoacfees fe t^e3f_f_s: l__rfe"a_J£C&. Mol C^rcea l i e f 

xam^fsm-404 
2$. Oa__fig' iK, SsefeK—_tt V, ?4_i_a^_s^ C, "]_„&> C KaseiJ E, Be La 

^i_ia Ct, Q_f_r J, UiZ&j V, IMj_—i—_:-«—: Mf_Cil J. t£& M _ S _ Ci. 
lffig#e^—_; fit pJ3%tAi3¥-€&x$£} ^cAjmiiSi&g i® £aae *&&&€& seg&tt.. 

26. &Jieaafi AL K_3Gai l>i!,it, ?bT™Meea O , M_o_r.so C l_=j_be«sa 1, Mejte-
~/XJ CiA„ Cj\^_~—p«_„E£ „—_;„ 2 JrlS™:!—:_3 4i N__ i_ DNA 
Hfig^i^ _^3 « A 'thss'&ptm_> -J"_rg« _f .-K£:AI-DeS_tga: t_^*_^ 
C_i__r i_s ZU06$6£-tiL-3&-

atCiT^AH~l9„ 
« ']-htt-_£se J*, Af&u-r SO, ^s<-h_ief HA, W_^_ss J. 3 _ ^ i KS, 
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resa_a is a© l___tse i_ |_:o_:^__ni_ c__ages. Esp C__ Ilea 10J7; 
3D 3CI33-W. 

TL jC_jg; _?, „"^__c &, A L-oasa Cjf_fi3 J a £J& rr£*_c:_—r c ta—dS^L—I^ 
c<f E^_ia^™^c_tai OfgaiT-c caxxccm. C_c__r Hiea _HD&i_kS^*9-53.. 

3 ^ %^.-a_u Vn Lafaj^e S, K ^ x o VX -DD_\__^c:-e^a_rre a-liVJn,1 of a 
&(_.!! isa^cjeias s saa_ : _ _ _ a co grti—f_r__^ siEaa'^ecac^ir yo 
•r̂ "o„ asa3 c_;___—«—/s_y i_ a sac—_ o i a i _ a Ciacc:e? c_3 Use. i_f i 
Oneflfl 2 0 _ 3 Q S * S - _ „ 

39. _ - £ - _ e 2 C, L___K _, lki_«_ _, 3»_53S M, V_e_e A l_e____t F. 
j—4_AS i—jic—agfi—i—L—i _ _ _ _• |_es___e s__dria_c_ aT f̂ -ad™-
c—e«̂ gpo—a: __i e_§_r_ fi_:__aea _-«a_3_c_ Cd3 C>^^ 1XX&&: 
1DOB-7. 

4iJ. WViag ^tri, Y_ -M, De^; CX. A i«c;_iK[xssi fc<r £:ceai2!:-ca-*^__:<i. 
jgedgeiHe 2 ^_l_l.^_\ aj>__ ___ fip____s __£_*_£_.Pax: Sad Ac_5 a_i U 
SA __»*,i30P-!73Ui-3X. 

4L HaeLHsbiX, >_s « j , >_t^ HJ-.RaMa&B., ,K._-JjwiA„ J_i _. A*_L-
a g ^ x i M L M.ci_Lj —Si. 'K-HCA3 ^e|._a_-< |ia.„ esp-j&jjAax:; tc«: 
mc&$ym&ix& pjqgjsegs-s_ Oa2 t:y_e __iS,4.sfc4B-«•*(. 

4X T_gscs™i P/Laa^a&gs-ii F, Jteaicie-j A, feito_i S^«,>-^e£_-i Ji, .M_--
seS .MJ.̂  iiee-I A, '&a_s_d V, t_™__iK> i% Bcdat^l CHL, VecA—a S 
HMCJAS esfMegs—o La&Si—i»s c&_—o_;£_i'i_*_¥ >af B3£CAi-„5iee-' 
rj-*e HtrcJWJT __su_ SMcaiE: czmss ce3iL l » J C_^ce^ 20OM&. 
l_t3-^3- -----

4.* >fc^-_w__3_a M, J*_an_f -0A, i ^ j it, V e _ ^ AT. i__-^o_ "IS1 
i-^Lri—i_*l „ i ^ i _ — i CjTiliKfflifia! '̂ £?»!* ii.S_:'[>_^; _ _ C__£»:•——i eSt_„C)-_ 
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