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Abstract: Ovarian cancer is the fifth most common female cancer in the Western world, 

and the deadliest gynecological malignancy. The overall poor prognosis for ovarian cancer 

patients is a consequence of aggressive biological behavior and a lack of adequate 

diagnostic tools for early detection. In fact, approximately 70% of all patients with 

epithelial ovarian cancer are diagnosed at advanced tumor stages. These facts highlight a 

significant clinical need for reliable and accurate detection methods for ovarian cancer, 

especially for patients at high risk. Because CA125 has not achieved satisfactory sensitivity 

and specificity in detecting ovarian cancer, numerous efforts, including those based on single 

and combined molecule detection and “omics” approaches, have been made to identify 

new biomarkers. Intriguingly, more than 10% of all ovarian cancer cases are of familial 

origin. BRCA1 and BRCA2 germline mutations are the most common genetic defects underlying 

hereditary ovarian cancer, which is why ovarian cancer risk assessment in developed 

countries, aside from pedigree analysis, relies on genetic testing of BRCA1 and BRCA2. 

Because not only BRCA1 and BRCA2 but also other susceptibility genes are tightly linked 

with ovarian cancer-specific DNA repair defects, another possible approach for defining 

susceptibility might be patient cell-based functional testing, a concept for which support 

came from a recent case-control study. This principle would be applicable to risk assessment 

and the prediction of responsiveness to conventional regimens involving platinum-based 

drugs and targeted therapies involving poly (ADP-ribose) polymerase (PARP) inhibitors. 
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Abbreviations: AT, Ataxia telangiectasia; ATM, Ataxia telangiectasia mutated; Bcl-2, B-cell 

lymphoma 2; BARD1, BRCA1-associated RING domain protein 1; BACH1, BRCA1-associated  

C-terminal helicase 1; BAP1, BRCA1-associated protein 1; BRCA1, breast-cancer susceptibility gene 1; 

BRCA2, breast-cancer susceptibility gene 2; BRIP1, BRCA1 interacting protein 1; CA125, cancer 

antigen 125; Chk2, checkpoint kinase 2; CAN, acquired somatic copy number aberration; CNV, copy 

number variation; CAT, computerized axial tomography; CtIP, C-terminal-binding protein interacting 

protein; DSB, DNA double-strand break; EGFP, enhanced green fluorescent protein; EGFR, epidermal 

growth factor receptor; FACS, fluorescence activated cell sorting; FA, Fanconi anemia; HER2, human 

epidermal growth factor receptor 2; HE4, human epididymis protein 4; FIGO, International Federation 

of Obstetricians and Gynecologists; LFS, Li-Fraumeni syndrome; MAPK, mitogen-activated  

protein kinase; MEK, MAPK/ERK kinase; MGMT, O6-methylguanine-DNA-methyltransferase;  

MMR, mismatch repair; MLPA, multiplex ligation-dependent probe amplification; MRE11, meiotic 

recombination 11; MRN-complex, protein complex consisting of MRE11, RAD50, and Nibrin;  

MLH, MutL homolog; MSH, MutS homolog; NHEJ, non-homologous end-joining; MRI, nuclear 

magnetic resonance imaging; NER, nucleotide excision repair; PALB2, partner and localizer of 

BRCA2; PJS, Peutz-Jeghers syndrome; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase  

and tensin homolog; γH2AX, phospho-histone AX; PARP, Poly(ADP-ribose)polymerase;  

PMS, postmeiotic segregation; RAD51C, RAD51 homolog C; RAD51D, RAD51 homolog D; Ras, rat 

sarcoma; Raf, rapidly accelerated fibrosarcoma or rat fibrosarcoma; ROMA, risk of ovarian 

malignancy algorithm; STK11, serine/threonine kinase 11; SNP, single nucleotide polymorphism; 

SSA, single-strand annealing; TNFα, tumor necrosis factor α; TP53, gene encoding human p53. 

1. Introduction 

Ovarian cancer is mostly a disease of postmenopausal women [1]. The mean age of ovarian cancer 

diagnosis is approximately 69 years, and 80% of all ovarian cancer cases are diagnosed after the age of 

50. The lifetime risk for ovarian cancer accumulates to approximately 1.5%. According to the 

American Cancer Society, the projected incidence and death rates of this disease in the US are 

approximately 22,000 and 15,000, respectively, which means that ovarian cancer accounts for 3% of 

all female cancers and represents the most fatal gynecological malignancy [2]. Although reproductive, 

demographic, and lifestyle factors affect the risk of ovarian cancer, the single greatest ovarian cancer 

risk factor is family history of the disease [3]. Hereditary ovarian cancer comprises 10 to 15% of all 

cases of ovarian malignancies and is mainly associated with germline mutations in the BRCA1 and 

BRCA2 genes [4,5]. Consequently, these two high-risk genes have become an integral part of genetic 

testing programs worldwide. Following more recent discoveries of susceptibility genes for ovarian 

cancer, the molecular diagnosis of ovarian cancer predisposition within risk families was extended to 

novel genes such as RAD51C [6] (see Table 1 and Figure 1). 
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Table 1. Lifetime risks for ovarian cancer susceptibility genes [7–11]. 

 BRCA1 BRCA2 RAD51C RAD51D 

Ovarian cancer 20%–50% 10%–20% >9% 10% 
Breast cancer (female) 50%–90% 40%–60% * n.s. n.s. 
Breast cancer (male) 0% 11% 0% ? 

Prostate cancer 7% 31% ? ? 

* n.s., no significant difference. 

Figure 1. Schematic overview of susceptibility genes for familial ovarian cancer. Ten to 

fifteen percent of ovarian cancer cases are of familial origin. Until now, 16 susceptibility 

genes causing at least six cancer susceptibility syndromes have been identified [12,13]. 

However, approximately 80 to 90% of the hereditary ovarian cancer cases can be explained 

by mutations in BRCA1, BRCA2, RAD51C, and RAD51D, which cause Hereditary Breast 

and Ovarian Cancer Syndrome. 

Ovarian Cancer
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85-90% 10-15%

Lynch

Further syndromes

80-90%
Hereditary Breast and Ovarian
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Regarding its histology, ovarian cancer is a heterogeneous disease with surface epithelial ovarian 

cancer (as compared with germ or sex cord-stromal tumors) representing the most common form, 

particularly in hereditary cases [14]. Five major subtypes among epithelial tumors, papillary serous, 

endometrioid, mucinous, clear cell, and transitional cell can be differentiated, and certain predisposing 

factors promote the appearance of certain subtypes. Regarding its pathogenesis, a low-grade,  

multi-step pathway generates benign and borderline up to malignant forms of the cancer. However, a 

high-grade pathway underlies the formation of rapidly growing, undifferentiated, and highly 

aggressive tumors [12]. This pathway dominates among epithelial ovarian cancers and is further 

promoted in BRCA1- and BRCA2-mutated tumors, thus necessitating major research efforts to improve 

diagnosis, as early detection is of utmost importance for therapeutic success. 

In addition to clinical examination, an ultrasound of the pelvis, followed by serum cancer antigen 

125 (CA125) tumor marker determinations are the most frequently used screening examinations for 

ovarian cancer. Various interpretation criteria exist, but sensitivities are not satisfactory [15,16]. In 

2008, the US Preventive Services Task Force (USPSTF) issued a statement on “fair evidence” that 

ovarian cancer screening (consisting of ultrasound and CA125 tumor marker determination) had little 

effect on reducing mortality rates, while instead increasing the risk of harm (diagnostic operations, 

decline in quality of life). Computerized axial tomography (CAT) scan and nuclear magnetic 
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resonance imaging (MRI) are techniques applied for preoperative evaluation of a suspected ovarian 

malignancy and for surgical planning, but not as primary screening tools [17].  

Today, neither early detection nor therapy of ovarian cancer is effective. Due to its biological 

aggressiveness, new strategies, especially in defining persons at risk, are necessary. A conceivable 

approach may address DNA repair dysfunction as a potential common denominator because there are 

phenotypic and molecular similarities between hereditary ovarian tumors with mutations in high risk 

susceptibility and DNA repair genes compared with some sporadic tumors, which display a high 

response rate to platinum agents, high-grade, serous histology, BRCA mutations in the tumor and 

similar molecular abnormalities [18].  

2. Genetics of Hereditary Cancer 

2.1. BRCA1 and BRCA2  

Compared with 5 to 10% of breast cancer cases, 10 to 15% of ovarian cancer cases are caused by a 

hereditary predisposition [5,19]. Until the recent discoveries of RAD51C and RAD51D [6,7], the most 

notable genes contributing to the 4.6-fold relative risk conferred by hereditary ovarian cancer 

susceptibility had been BRCA1 and BRCA2. Deleterious mutations in BRCA1 lead to a lifetime ovarian 

cancer risk of approximately 20%–50% and in BRCA2 of approximately 10%–20% (see Table 1). In 

support of a particularly severe influence of BRCA1 mutations, it was further shown that the mean age 

at diagnosis of ovarian carcinoma is significantly younger in BRCA1 (49) versus BRCA2 (58) mutation 

carriers but still significantly reduced compared with the general population (68) [6]. In terms of 

histological features, ovarian cancer from both BRCA1 and BRCA2 mutation carriers were found to 

predominantly belong to the high-grade serous carcinoma subtype [20,21].  

BRCA1 and BRCA2 are of utmost importance in DNA repair, cell cycle checkpoint control, and 

maintenance of genomic stability [4]. According to Kinzler and Vogelstein’s definition [22], both of 

these genes belong to the group of caretakers. Compared with a gatekeeper, a caretaker is not directly 

involved in tumor initiation or promotion, but rather, its involvement is indirect. Thus, the inactivation 

of a caretaker leads to genomic instability including mutations in oncogenes and tumor suppressor 

genes, thereby disabling cell death and cell cycle checkpoint functions and enabling tumor growth.  

2.2. Susceptibility Genes with Involvement in the BRCA-Fanconi Anemia Pathway of DNA Repair  

Ten years after the discovery of BRCA2 as a breast and ovarian cancer susceptibility gene, it was 

found to be the same gene as FancD1, i.e., one of the genes causing the childhood disease Fanconi 

anemia (FA), upon bi-allelic mutation [23]. FA patients suffer from bone marrow failure, skeletal 

abnormalities, reduced fertility, genomic instability, and cancer predisposition [24]. FA can be 

diagnosed through cytogenetic analysis of peripheral blood lymphocytes, as patients’ cells fail to repair 

damage resulting from ex vivo DNA cross-linker treatment (Figure 2).  
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Figure 2. Interactome of ovarian cancer susceptibility gene products summarizing DNA 

damage response activities and assays for the detection of functional defects. Functional 

and physical interactions between DNA repair-related ovarian cancer susceptibility gene 

products are schematically drawn and their role in different DNA repair mechanisms and 

checkpoint responses during the cell cycle are indicated [25–35]. Various readouts for 

DNA repair failure that have been assayed as potential biomarkers for ovarian cancer risk 

are positioned next to the corresponding mechanisms, as discussed in the text [12,24,36–39]. 

One-headed arrow, recruitment or activation; two-headed arrow, physical interaction; 

stippled arrow, transcriptional regulation; encircled “P”, phosphorylation; blocked line, 

inhibition; blue-circled protein names, ovarian carcinoma susceptibility gene product; red 

letters, processes with relevance for genome stability; vaulted black arrow, detection of a 

repair defect. Note that breaks may also occur in cell cycle phases other than G1/S phase. 
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After BRCA2/FancD1, two other genes, namely, BRIP1/FancJ and PALB2/FancN, were described 

as FA and breast and ovarian cancer susceptibility genes, suggesting a strong genetic connection 

between FA and hereditary breast and ovarian cancer [25,40]. BRIP1 encodes a helicase, also called 

BACH1, which was originally identified as a BRCA1 binding protein. PALB2 protein is also known to 

interact with BRCA2, facilitating BRCA2-mediated DNA repair by promoting the localization and 

stability of BRCA2. BRIP1 and PALB2 mutations are known to confer a two-fold increased risk of 

familial breast cancer. The precise relative risk for ovarian cancer has remained unclear. 

The identification of a series of genes that are involved in the BRCA-FA DNA repair pathway 

inspired more systematic searches for other pathway components, which resulted in the discovery of 

two further prominent ovarian cancer risk genes in 2011 and 2012: RAD51C and RAD51D [6,7]. First, 
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highly penetrant mutations were identified in the RAD51C gene in families with both breast and 

ovarian cancer (1.3%) but not in families with breast cancer only [6] (Table 1). As with 

BRCA2/FancD1, BRIP1/FancJ, and PALB2/FancN, bi-allelic mutations in RAD51C/FancO cause FA, 

and mono-allelic mutations increase the risk of breast and ovarian cancer. RAD51C families showed a 

striking complete segregation regarding gene mutation and the development of malignancies. More 

recently, RAD51D was found to be associated with ovarian cancer, but not breast cancer, with an 

estimated relative risk of 6.3 [7]. The encoded proteins RAD51C and RAD51D play roles in damage 

signaling, the recruitment of the recombinase RAD51 to the sites of damage, and processing repair 

intermediates in different complexes with products of other members of the RAD51 family of related 

genes, namely, RAD51B, XRCC2, and XRCC3 [41].  

2.3. Further DNA Repair Genes and Syndromes Associated with Hereditary Ovarian Cancer  

Aside from the above listed genes that have been linked with the BRCA-FA DNA repair pathway, 

other genes and genetic syndromes were also found to be associated with increased ovarian cancer 

risk. Mutations of specific genes including, but not limited to, MLH1, MSH2, MSH6, PMS1, and 

PMS2 are responsible for Lynch syndrome, which is associated with susceptibility to carcinomas of 

the ovary and endometrium [12,42]. In addition to mutations, epigenetic hypermethylation, and loss of 

mismatch repair (MMR) gene expression were observed in ovarian cancers. Ovarian cancer in Lynch 

syndrome patients is characterized by distinct histology, namely, the formation of endometrioid and 

related clear cell types rather than serous epithelial carcinomas. Nevertheless, Lynch syndrome also 

increases the risk of colorectal cancer and cancers of the stomach, small intestine, liver, bile duct, 

urinary tract, brain, and central nervous system, as well as possibly breast cancer. All the genes linked 

to Lynch syndrome play important roles in MMR, suggesting a malignant transformation through loss 

of this specific DNA repair activity. Mutations in MMR genes can be comprehensively detected by 

PCR-based analysis of microsatellite instabilities (MSI), which has been used for diagnostic purposes 

(Figure 2). From these observations, ovarian cancer risk is associated with a single additional defective 

DNA repair mechanism. At first sight, the functional defects in the BRCA-FA pathway and Lynch 

syndrome patients appear to be completely unrelated. However, mispairings can arise not only after 

DNA replication, but also after the pairing of divergent sequences during homologous recombination. 

Mispairings can reduce the accuracy of this fairly safe repair mechanism and lead to mutagenic events 

and carcinogenesis. Indeed, several groups demonstrated that MMR proteins also proofread 

homologous recombination processes in a manner that depends on, or acts independently of, classical 

MMR enzyme functions [26,27]. According to these studies, MutS homologs block heteroduplex 

extension when involved in mispairings, and MutL homologs stimulate MutS protein function, 

possibly destabilizing blocked intermediates, and triggering ATM and ATR signaling. 

ATM and ATR belong to a protein family known as the phosphatidylinositol 3-kinase  

(PI3K)-related protein kinases and initiate a signaling cascade in response to DNA double-strand 

breaks (DSBs) and stalled replication forks, respectively, through the phosphorylation of many DNA 

repair proteins such as p53, BRCA1, Nibrin, and Chk2 [28]. Heterozygous carriers of Ataxia 

telangiectasia (AT)-causing mutations in the ATM gene have been associated with hereditary breast 

and ovarian cancer [43]. AT is a neurodegenerative, autosomal recessive disorder characterized by 
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high sensitivity to ionizing radiation, immune deficiency, and cancer predisposition, especially for 

leukemia and lymphoma.  

In this context, it is important to mention Li-Fraumeni syndrome (LFS), which is linked with 

germline mutations within the TP53 gene. LFS shows autosomal dominant inheritance, as would be 

expected from the dominant-negative or even gain-of-function features of cancer-related p53 mutant 

proteins [44]. LFS is accompanied by a higher risk for developing osteosarcoma, soft tissue sarcoma, 

leukemia, and breast, brain, and ovarian cancer [45]. LFS is rare, but a recent analysis of breast  

cancer cases revealed that an unexpectedly high fraction of early-onset patients may have TP53  

mutations [46]. TP53 mutations are found not only in LFS but also in 50 to 60% of high-grade serous 

ovarian carcinomas and may represent early events accompanied by DNA damage during high-grade 

pathogenesis [12]. p53 is known to exhibit crucial checkpoint functions in response to DNA damage, 

which may explain the high frequency of TP53 mutations in BRCA1-mutated cells. Intriguingly, 

accumulating evidence in recent years has further demonstrated that p53 also controls homologous 

recombination independent of its checkpoint functions in a manner that is highly reminiscent of the 

proofreader activities of MMR proteins [29,47].  

Mutations in PTEN cause the Cowden syndrome known as multiple hamartoma syndrome, which is 

associated with benign and malignant tumors of the breast and ovaries, in the latter case with the 

endometrioid type of ovarian carcinomas [12]. PTEN encodes a lipid phosphatase that functions as a 

tumor suppressor and is linked with the pathways involved with p53, RAS, and mTOR. It came as a 

great surprise when PTEN was shown to play an essential role in chromosomal stability through the 

induction of RAD51 and homologous recombination [48]. 

Ovarian cancer has also been associated with basal cell nevus (Gorlin) syndrome and multiple 

endocrine neoplasia type 1 and inherited breast–ovarian cancer syndromes. The protein Menin that is 

encoded by the gene MEN1, which is mutated in Gorlin syndrome, binds FancD2 and mediates DNA 

cross-link repair and homologous recombination [49–51].  

In contrast to all the ovarian susceptibility genes and syndromes listed above, Peutz-Jeghers 

syndrome (PJS) has thus far not been linked with DNA repair. PJS is caused by a specific genetic 

mutation in the STK11 gene and is associated with multiple polyps in the digestive tract that become 

noncancerous tumors. In addition to an increased risk of ovarian cancer, PJF also raises the risk of 

breast, uterine, and lung cancer [52]. STK11 codes for a serine/threonine kinase that inhibits cellular 

proliferation, controls cell polarity, and interacts with the mTOR pathway. 

3. DNA Repair Mechanisms 

The genetic defects listed above, which predispose a patient to familial ovarian cancer, revealed 

that, with one single exception (STK11), each single ovarian cancer susceptibility gene can be directly 

or indirectly linked with DNA repair, particularly with the BRCA-Fanconi Anemia and mismatch 

repair pathways. Therefore, DNA repair dysfunction may represent a common denominator of this 

type of cancer. The precise knowledge of the molecular details of these mechanisms may help to 

identify novel diagnostic, predictive biomarkers, and targets for the development of novel therapies.  

DNA suffers from a wide range of lesions, e.g., DSBs, single-strand breaks, intrastrand, and 

interstrand cross-links, free radical oxidative damage, or incorporation of mismatched bases due to 
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errors in replication. DSBs are among the most toxic and lethal DNA lesions [53] and can be caused by 

exogenous sources such as ionizing radiation. Additionally, DSBs arise endogenously, e.g., as a result 

of replicative stress [54]. If left unrepaired, DNA lesions can result in permanent cell cycle arrest or 

cell death.  

DNA repair pathways are determined by the type of damage and the cell cycle stage at which it 

arises (Figure 2). If one strand is injured and the complementary strand is still intact and can be used as 

a template, base excision repair, nucleotide-excision repair, or mismatch repair are employed to restore 

the lesion. Base excision repair is dedicated to removing smaller adducts such as oxidative base 

modifications [55]. In base excision repair, DNA glycosylases remove the incorrect or modified bases, 

apurinic/apyrimidinic endonuclease subsequently incises the sugar-phosphate backbone next to the 

missing base; the gap is then filled and the DNA sealed. PARP1 is a key regulator of this repair 

pathway, as it assembles base excision repair components such as X-ray repair cross-complementing 

protein 1 (XRCC1) [56]. Upon activation by nicked, gapped or broken DNA, PARP1 cleaves NAD+ to 

nicotinamide and ADP-ribose and generates long branched polymers of ADP-ribose on PARP itself or 

on other DNA repair proteins and chromatin components, thereby modifying the functions of  

these proteins. 

DNA mismatch repair (MMR), which repairs single-base mispairings or larger insertion/deletion 

loops, represents another repair mechanism of interest in the context of ovarian cancer risk [12]. 

Mispaired bases and single base insertion/deletion loops are recognized by the MutSβ complex 

consisting of the proteins MSH2 and MSH6 [55]. The MutSβ or MSH2–MSH3 complex detects larger 

insertion/deletion loops. Mismatch detection is followed by ternary complex formation with MutL 

complexes composed of MLH1 and PMS2, PMS1, or MLH3. The following incision step was reported 

to be supervised by PARP1 through interactions with MutSα and exonuclease 1, thereby assuring that 

it is limited to sites of mispairings [57]. Excision of the strand circumventing the mismatch, repair 

synthesis, and ligation complete this repair pathway. 

For the most problematic incident of a DSB, homologous recombination, nonhomologous  

end-joining (NHEJ), or single-strand annealing (SSA) are the repair pathways of choice because there 

is no complementary strand that can be used for repair [58]. The homologous recombination pathway 

is the most accurate DSB repair mechanism, in which a homologous stretch of DNA on a sister 

chromatid serves as template to guide the repair of the broken strand. NHEJ is a less accurate form of 

DSB repair, as it frequently (canonical NHEJ) or always (microhomology-mediated) results in the loss 

or gain of nucleotides and, hence, in the disruption of genomic integrity. Similarly, SSA starts with 

DNA end processing, however, it is followed by DNA annealing between genomic repeat sequences 

with extensive homologies. SSA always leads to the loss of the intervening DNA sequences, and 

therefore, is considered mutagenic. The homologous template necessary for homologous 

recombination is only present during the S and G2 phases of the cell cycle, thus limiting homologous 

recombination to these cell cycle phases, whereas NHEJ can also take place during the G1 phase [58]. 

Repair of DNA cross-links initiates at stalled replication forks, involves homologous recombination, 

and takes place during the S phase [30].  

Canonical NHEJ essentially utilizes the V(D)J recombination machinery and is mostly relevant 

regarding diseases of the hematopoietic system [59]. DSB repair other than canonical NHEJ is initiated 

by the recruitment of the MRN complex to the DNA lesion. MRN, composed of the heterotrimer 
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MRE11-RAD50-Nibrin, catalyzes the processing of DNA ends, whereby extended single-stranded 

DNA overhang formation for homologous recombination and SSA require the recruitment of the 

exonuclease CtIP by BRCA1 [58]. The resulting 3' single-stranded ends are rapidly coated by the 

replication protein A (RPA), which in turn is replaced by RAD51 through action of BRCA1, BRCA2, 

PALB2, and auxiliary proteins including RAD51C and RAD51D [41,60]. The newly formed RAD51 

nucleoprotein filaments then invade the sister chromatid and initiate the homology search and repair 

synthesis. From that point on, DSBs can be repaired by classical DSB repair or alternative  

synthesis-dependent strand annealing. The classical model involves Holliday Junction formation and 

its resolution in a non-crossover or a crossover manner, a process again involving RAD51C and 

RAD51D, whereas during synthesis-dependent strand annealing, the displacement of the resynthesized 

strand and reannealing with the parental strand reconstitute the intact duplex [41,58]. Compared with 

homologous recombination, the mutagenic pathways SSA and microhomology-mediated NHEJ are 

mechanistically less well defined; however, they are clearly independent of the central invasion and 

strand exchange steps mediated by RAD51 and its auxiliary factors. Interestingly, PARP1 has been 

identified as a component of the microhomology-mediated NHEJ pathway [61]. 

DSB repair and the homologous recombination pathway, in particular, are of highest relevance in 

the context of ovarian tumor formation and its treatment [41,60]. Thus, the respective repair genes 

include risk genes for ovarian and breast cancer, especially BRCA1, BRCA2, and RAD51C. In addition, 

in non-tumor cells, DNA repair and the accuracy of DNA repair are also controlled by DNA damage 

checkpoints that halt cell cycle progression at the G1/S and G2/M boundaries (Figure 2). ATM, which 

is mutated in Ataxia telangiectasia patients and in family members with increased breast and ovarian 

cancer, encodes a kinase that senses DSBs through the MRN complex and triggers a cascade of 

phosphorylation events, implementing high-fidelity DNA repair and checkpoint control [28,43]. 

Regarding potential targeted therapies for ovarian cancer patients in the future, it is important to consider 

that PARP1 was reported not only to promote base excision repair and microhomology-mediated NHEJ 

but also to play a role in the detection of stalled replication forks, namely, in the recruitment of the 

MRN complex for end processing, and also in homologous recombination to restart the stalled 

replication fork [62]. 

4. Diagnostics: Present and Future 

4.1. Pathology of Ovarian Cancer  

Epithelial ovarian cancer is a heterogeneous disease characterized by diverse subtypes, which are 

distinguished by histological, clinical, and molecular features and are relevant in the context of 

biomarker development [12]. Germline BRCA1 and BRCA2 mutations are predominantly associated 

with high-grade serous carcinoma formation [20,21] (Table 2). The serous histotype represents the 

most common type of ovarian cancer (70%) and is sub-classified into low- or high-grade cancer [63]. 

Clinicopathological data suggest that low- and high-grade serous carcinomas have different genetic 

origins or are the result of different genetic defects in different pathways. TP53 mutations (50%), 

and, to a lesser extent, possibly HER2/neu and AKT2 gene amplifications, are genetic alterations that 

are associated with high-grade serous carcinomas, whereas BRAF and KRAS mutations are found in  
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two-thirds of low-grade serous carcinomas [64]. Another histological subtype comprising 10 to 20% of 

epithelial cancers is endometrioid carcinoma, which is often associated with endometriosis and 

endometrial cancer of the uterus [65]. PTEN mutations, β-catenin gene mutations or alternative 

deregulation of these pathways and microsatellite instabilities due to loss of expression of MLH1, 

MSH2, or other MMR genes have each been reported in up to 20% of endometrioid ovarian 

carcinomas and are also observed in the closely related endometrioid endometrial cancer [65,66]. 

High-grade carcinomas of FIGO grade 2 and 3 frequently also carry TP53 mutations.  

Table 2. Overview of the characteristics of the main epithelial ovarian cancer  

types [65,67]. 

Histological 
subtype of ovarian 

cancer 
Clinicopathological characteristics 

Associated gene mutations or 
pathway defects * 

Serous 

histology: usually large; often bilateral; 
mixture of cystic, papillary, and solid 
growth; usually marked nuclear atypia 

 

low-grade: slow proliferation/progression; 
poor response to chemotherapy 

low-grade: BRAF and KRAS mutations 
(Ras/Raf/MEK/MAPK pathway) 

high-grade: rapid proliferation/progression; 
poor response to chemotherapy; recurrence 

high-grade: germline BRCA1/2 
mutations; TP53 mutations; HER2/neu 
amplifications; AKT2 amplifications 
(PI3K pathway)  

Endometrioid 
histology: strong resemblance to endometrial 
adenocarcinoma;  
associated with endometriosis 

PTEN mutations (PI3K pathway);  
β-catenin mutations (WNT signaling); 
Microsatellite instability via loss of 
MMR gene expression; high-grade: 
TP53 mutations  

Clear cell  
histology: growth tubular, papillary, solid, or 
frequently mixed types; associated with 
endometriosis 

PI3K pathway deregulation; 
Microsatellite instability in subset;  
low frequency of KRAS, BRAF, and 
TP53 mutations  

Mucinous  

histology: usually unilocular; largest of all 
ovarian tumors; papillary and solid forms; 
associated with endometriosis; poor response 
to chemotherapy compared with serous 
cancer 

frequently KRAS mutations; 
overexpression of mucin genes 
(MUC2, MUC3, and MUC17) 

* Associated gene mutations or pathway defects that play critical roles in the etiology are described in this 

table. The table is not intended to be exhaustive because the transition between certain types is fluid. 

Mucinous and clear cell tumors represent additional clinically important subtypes of ovarian cancer, 

but, due to their rarity, have been less well characterized in molecular terms. Ovarian clear cell 

carcinoma accounts for approximately 5% of all ovarian cancer cases and is often diagnosed at an 

early stage. Clear cell carcinomas share molecular features with endometrioid ovarian carcinomas 

because microsatellite instability can be observed in a subset and PTEN mutations at a low  

frequency [65,68]. Mucinous tumors are classified either as benign or borderline in some instances or 
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as malignant in others; however, pathological classification is difficult for this heterogeneous type of 

tumor. KRAS gene mutations (>75%) appear to play a critical role in the etiology of mucinous ovarian 

cancer [69]. Additionally, expression profiling has revealed the differential expression of genes 

involved in signal transduction, cell cycle regulation, and cytoskeleton regulation beyond the 

characteristic mucin gene overexpression [70]. 

In conclusion, each subtype appears to carry characteristic defects in certain pathways, which 

suggests that current clinical management is inappropriate. Moreover, even within the most common 

histological subtypes, the molecular pathogenesis of low-grade versus high-grade tumors appears to be 

largely distinct. One approach to cope with this heterogeneity was to generate a model for the 

development of type I and II tumors [64]. Type I tumors include low-grade serous carcinoma,  

low-grade endometrioid carcinoma, mucinous carcinoma, and a subset of clear cell carcinomas, which 

develop in a stepwise fashion from well-recognized precursors, namely, in most cases, borderline 

tumors. Most type I tumors are slow growing. Type II carcinomas include high-grade serous 

carcinoma, high-grade endometrioid carcinoma, undifferentiated carcinoma, possibly certain clear cell 

carcinomas, and malignant mixed mesodermal tumor (carcinosarcoma). Type I tumors often harbor 

somatic mutations of genes that encode protein kinases, including BRAF, KRAS, and other signaling 

molecules such as PTEN and ß-catenin. Type II tumors are characterized by a high frequency of TP53 

mutations, fast growth, and chromosomal instability.  

4.2. State-of-the-Art and Recent Efforts to Identify Single Molecule or Combined Biomarkers  

An ultrasound of the pelvis is the most frequently used screening examination for ovarian cancer, 

aside from abdominal examination [15]. Despite the existence of various interpretation criteria, a lack 

of ultrasound standardization is pervasive. Exploratory laparoscopy or laparotomy, CAT scan, and 

MRI are techniques applied to determine the cause of a patient’s symptoms or to establish tumor 

characteristics, but not for screening purposes [17]. In addition to the aforementioned diagnostic tools, 

CA125 has been used as a serum marker [71]. It is widely accepted that CA125 is a useful preoperative 

marker to predict malignant potential. However, it is also known that CA125 is not useful as a 

screening marker [15]. CA125 is correlated with a poor outcome because high levels of CA125 are 

associated with larger tumor masses. Conversely, CA125 is of no use for the detection of early onset 

ovarian cancer, as only 50% of early-stage I and II cases demonstrate elevated CA125 levels. 

Moreover, many benign ovarian and non-gynecological incidents are also associated with an increase 

in CA125, particularly in patients with underlying endometriosis [72].  

Another potential diagnostic marker, which generated enthusiasm at the beginning of the 

millennium, is osteopontin. Osteopontin was initially found to be differentially expressed during a 

cDNA microarray study of RNA isolated from ovarian cancer cell lines and human ovarian surface 

epithelial cells [73]. More recently, research has focused on kallikreins as potential biomarkers [71]. In 

two studies published in 2003 [74,75], the majority of the screened ovarian cancer patients showed 

elevated human kallikrein 6 and 8 serum levels, respectively, whereas elevated levels of kallikrein 

were not detected in the controls. At this stage, the evaluation of its predictive power would require 

validation in large-scale studies. High preoperative plasma bikunin levels have been reported to 

represent a strong and independent favorable prognostic marker for ovarian cancer [76]. In a DNA 
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profiling study of primary serous ovarian and fallopian tube carcinomas, the amplified genes included 

SPINT2, i.e., the gene encoding Bikunin [77]. In addition to these candidate markers, multiple 

angiogenic factors and cytokines have been evaluated because a high degree of tumor angiogenesis has 

been shown to correlate with poor survival in women with ovarian cancer [78]. Among these 

angiogenic factors, VEGF appears to be a promising prognostic factor for ovarian cancer, but does not 

appear to be useful for screening.  

Candidate molecules have been evaluated as single markers or in combination with CA125. From 

these studies, the human epididymis protein 4 (HE4) turned out to be the most promising candidate for 

the detection of ovarian cancer [79,80]. Compared with CA125, HE4 showed lower sensitivity, but it 

did improve specificity in detecting malignant versus benign cases [79–83]. However, there is 

conflicting data regarding the predictive value of HE4 as a marker of malignant adnexal mass [84,85]. 

In particular, the authors of a recent meta-analysis concluded that HE4 is not superior to CA125 in 

predicting epithelial ovarian cancer, whereas the risk of ovarian malignancy algorithm (ROMA) was 

found to be a promising predictor to replace CA125 [86]. Nevertheless, evidence has accumulated 

indicating that high preoperative HE4 levels are significantly associated with an unfavorable prognosis 

in ovarian cancer patients and significantly associated with risk of an incomplete tumor  

resection [87,88]. Importantly, evidence for HE4 as an independent predictor of ovarian cancer relied 

on serum measures [87,88], whereas immunohistochemical expression of HE4 has been found in 

benign, borderline, and malignant ovarian tumors [89]. Altogether, there are controversial results of the 

impact of HE4 in predicting adnexal masses, but it appears to be associated with an inferior outcome. 

Most important, compared with CA125, HE4 exhibited a considerable capacity to distinguish between 

ovarian cancer and endometriosis [82]. Thus, even though CA125 has not achieved satisfactory 

sensitivity and specificity in detecting ovarian cancer as a single predictive and prognostic marker, 

combined clinical use of CA125 with HE4 may significantly improve their predictive  

values [83,90]. Consequently, HE4 has been approved for clinical use along with CA125 to predict 

epithelial ovarian cancer with a pelvic mass or in remission after chemotherapy. However, because of 

the strong effect of age on HE4, thresholds for HE4 should be defined for specific ages [91]. 

4.3. “Omics”-Based Approaches to Identify Potential Biomarkers  

In the last two decades, more than 200 biomarkers for ovarian cancer have been proposed, but only 

a few of them are suitable for clinical routine. A biomarker search focused on detection and diagnosis 

in the beginning, but more recently shifted to prognostic markers for personalized treatment and risk 

stratification [92]. Most of these studies engaged omics technologies, i.e., mostly proteomics as well as 

genomic and epigenomic analyses, and revealed molecular changes associated with the tumorigenesis, 

pathophysiology, and outcome of ovarian cancer.  

4.3.1. Protein Markers  

Proteomic profiling mostly relies on two-dimensional gel electrophoresis and mass spectrometry, 

whose sensitivity is limited. More recently, it has utilized antibody arrays, which are limited by the 

availability of immunoassays [80,93]. Since the 1990s, more than 160 proteins have been reported to 

be differently expressed in early ovarian cancer patients compared with healthy women (reviewed  
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in [94]). Nolen and Lokshin [94] postulated that most of these potential biomarkers from body  

fluids can be classified into six functional subgroups that reflect the different biological pathways of 

ovarian tumorigenesis: mediators of inflammation/cytokines/chemokines (e.g., TNFα), acute-phase 

reactants/coagulation factors, adhesion molecules/proteases (e.g., CA125), hormones/related molecules 

(e.g., leptin), and growth/angiogenesis factors (e.g., VEGF). Additionally, groups of proteins involved 

in apoptosis and energy homeostasis and of undefined function, including HE4, have been identified. 

Le Page and colleagues [95] categorized biomarkers for chemoresistance/survival identified by 

immunohistochemistry into nine main groups: oncogenes and tumor suppressors such as p53; 

proliferation markers such as Ki67; cell cycle regulators such as cyclins; apoptosis modulatory proteins 

such as CD95 or Bcl-2 family members; DNA repair enzymes such as BRCA1, BRCA2, and PARP1; 

markers of angiogenesis such as VEGF; immunological factors such as cytokines; tyrosine kinase 

receptors such as EGFR: and, cadherins/β-catenin. Presently, multimarker panels containing different 

combinations of known protein biomarkers are under evaluation. A promising panel under the trade 

name OvaSure™ (Labcorp, NC, USA) monitors the serum biomarkers leptin, prolactin, osteopontin, 

insulin-like growth factor II, and macrophage inhibitory factor combined with CA125 and was 

reported to perform with a sensitivity of 95.3% and a specificity of 99.4% [96]. However, a few 

months after the report, Macintosh and colleagues [97] noted severe statistical errors. Consequently, 

the US Food and Drug Administration intervened, and the OvaSureTM test was withdrawn from the 

market. Several other groups investigated similar panels for detecting ovarian cancer in an early stage 

with sensitivities and specificities 90%, but prospective randomized studies are necessary for clinical 

implementation [94,98–100].  

4.3.2. Patterns of Genetic and mRNA Expression Changes 

As has been observed with other cancer entities, genetic alterations in ovarian cancer are associated 

with clinical characteristics. Ovarian cancer is thought to develop de novo either from the epithelium 

of the ovarian or the fallopian tube surface, whereby malignant transformation involves a multi-step 

process with the accumulation of genetic lesions [12]. Because of the existence of increasingly higher 

resolution techniques, today, genetic alterations can be identified as so-called copy number variations 

(CNVs), i.e., changes in genomic copy number involving DNA fragments as short as 50 bp [101,102]. 

These alterations include quantitative divergences such as repeats, duplications, and deletions. CNVs 

are thought to account for 13% of the human genome and appear to encompass more nucleotides and 

arise more frequently than single nucleotide polymorphisms (SNPs) [103]. CNVs can affect gene 

expression by altering gene dosage and influencing neighboring regulatory regions [104]. Copy 

number aberrations (CNAs), a sub-class of CNVs that arise somatically, are mostly found in tumor 

DNA, reflecting genomic instabilities developed during tumorigenesis, and are hallmarks of cancer-related 

gene deregulation [105]. 

CNAs are most frequently found in the DNA of solid tumors and show a wide range in number and 

types of alterations [105]. Mutations in genes that are related to DNA repair and were identified in 

cancer-prone syndromes such as BRCA1/2 (hereditary breast and ovarian cancer) or TP53 (LFS) are 

known to be associated with chromosomal instability [106,107]. In this context, it is important to note 

that during the last years, in addition to single-nucleotide mutations, CNAs were also identified in 
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BRCA1 and BRCA2 through multiplex ligation-dependent probe amplification (MLPA). Thus, a  

large-scale MLPA exploration of 1506 German families for pathogenic genomic rearrangements in the 

BRCA1 gene and of 450 families for gross rearrangements in BRCA2 showed that in high-risk groups 

for hereditary breast and ovarian cancer, the prevalence of rearrangements was 2.1% [108]. Although 

only a minority of ovarian cancer patients have somatic BRCA1 and BRCA2 mutations [109], Hilton 

and colleagues [110] reported that BRCA1 and/or BRCA2 functions were found to be compromised in 

the majority of both hereditary and sporadic ovarian cancer cases through a combination of gene 

alterations including mutations, the loss of heterozygosity, epigenetic silencing mechanisms, and 

unknown mechanisms leading to a lack of mRNA. From their results, the authors concluded that 

BRCA1 and/or BRCA2 dysfunction may be of nearly universal importance for the process of ovarian 

carcinogenesis. The TP53 gene is mutated in 50 to 80% of high-grade invasive ovarian carcinomas but 

rarely in other ovarian cancer subtypes including borderline serous tumors [12]. For comparison, KRAS 

and BRAF mutations are rarely detected in high-grade invasive carcinomas but are often present in 

borderline ovarian tumors, low-grade adenocarcinomas, and adjacent benign epithelium. Independent 

of the tumor grade, single-nucleotide mutations, and CNAs additionally target the PI3K/AKT signaling 

pathway in ovarian cancer, including the susceptibility gene PTEN [111]. 

Analogous to corresponding studies on breast cancer genomes, analyses of CNAs were performed 

to categorize ovarian cancers into distinct subtypes. Engler et al. [112] evaluated 72 high-grade serous 

ovarian carcinomas and estimated that there are two primary subgroups characterized by a distinct 

CNA cluster. Regions of frequently increased CNAs were localized on 1q, 3q26, 7q32-q36, 8q24, 

17q32, and 20q13, whereas regions of decreased CNAs were localized on 1p36, 4q, 13p, 16q, 18q, and 

X12. The genes reproducibly targeted by gains or losses were MYCL1, EVI1, BRAF, MYC, KRAS, 

CCNE1, TP73, RB1, and MN1 [69]. The subgroups differed at eight genomic regions along 8p21.3, 

8p23.2, 12p12.1, 17p11.2, 19q12, 20q11.21, and 20q13.2 and in progression-free and in overall 

survival. Interestingly, positive correlations were observed between the different loci of frequent 

CNAs such as between gains on 19 and 20q and gain on 20q and loss of X, which is also associated 

with patient outcome [113].  

To better define the molecular subgroups associated with clinical features, mRNA expression 

profiling-based studies have been performed. In this way, it was found that mucinous and clear cell 

ovarian carcinomas can be distinguished from serous subtypes independent of tumor stage and  

grade [70,114]. Expression profiling of serous tumors of the ovary showed that the majority of the 

low-grade tumors clustered with the low malignant tumors, whereas the high-grade tumors were 

characterized by the enhanced expression of genes linked to cell proliferation and chromosomal 

instability [115]. A widely recognized study by Tothill and colleagues [116] identified six molecular 

subtypes of ovarian cancer through microarray gene expression profiling due to a comparatively large 

number of cases, namely, 285 serous and endometrioid tumors. Importantly, these molecular subtypes 

reflected histopathologically relevant subtypes, namely, serous low malignant, low-grade 

endometrioid, and four high-grade serous and endometrioid subtypes, and were associated with distinct 

survival characteristics. Additionally, gene expression profiling was found to discriminate between 

primary chemoresistant and primary chemosensitive ovarian cancers and to predict overall survival 

and relapse-free survival [117,118]. To predict overall, relapse-free, and progression-free survival after 

platinum-based chemotherapy, Kang et al. [119] produced a score via the expression profiling of 
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known genes involved in DNA repair after corresponding treatment. Patients with improved survival 

showed a high score and vice versa. From their data, the authors postulated that this score may help to 

determine patient benefit before the initiation of the first-line therapy, as patients in the lowest scoring 

category appeared to benefit from alternative therapies rather than platinum-based regimes [119]. 

Taken together, there are numerous studies trying to refine the molecular understanding of ovarian 

carcinomas via array-based analysis. In recent years, the similarities between expression patterns from 

different studies including stromal response/extracellular matrix, immune, and proliferation signatures 

and between gene sets predicting the survival or platinum responses have been observed. Thus, the 

identification of molecular subsets from expression studies has helped to better understand the biology 

and pathogenesis of ovarian cancer and represents a promising marker for the clinical categorization of 

ovarian cancer, either alone or in combination with genomic profiling and/or functional marker sets. 

4.3.3. Epigenetic Markers 

One major challenge in the treatment of relapsed ovarian cancer is the acquisition of drug resistance 

after first-line chemotherapy with platinum-based drugs. Several mechanisms have been discussed for 

resistance development such as genetic alterations in DNA repair genes and genes involved in 

apoptosis, cell cycle control, or drug uptake mechanisms (summarized in [120]). Epigenetic 

deregulation, caused by aberrant DNA methylation, histone modification, or RNA interference, is 

frequent in ovarian cancer. It has been investigated for single loci and in the gene panel format up to 

the microarray-based methylome scale [121]. From these studies, Balch et al. [121] listed more than 

100 potentially prognostic biomarkers such as hyper- and hypomethylated genes and misexpressed or 

misprocessed microRNAs, which are associated with the detection of ovarian cancer, tumor stage and 

grade, chemoresponse, or survival. One very well-established epigenetic mechanism is the aberrant 

DNA hypermethylation of CpG islands in the promoter region of tumor suppressor genes that result in 

gene silencing [122]. The DNA repair genes BRCA1, MLH1, and MGMT were among those genes 

affected by hypermethylation in ovarian cancer [123–126]. One study, investigating 50 patients versus 

40 controls, demonstrated an association between ovarian cancer and gene hypermethylation in at least 

one of six genes, including BRCA1 [127]. This marker performed with a sensitivity of 82% for 

preoperative serum, 93% for peritoneal fluid, and 100% specificity for all tumor types and stages, and 

therefore, is promising regarding the detection of early ovarian cancer. The analysis of another set of 

six genes, including MLH1 and BRCA1, with a previously established correlation between the 

methylation and expression status in borderline versus malignant tumors revealed that promoter 

methylation was associated with ovarian cancer risk and disease progression [128].  

Because sporadic ovarian tumors with hypermethylation of BRCA1 show a BRCA deficiency 

phenotype and are, therefore, sensitive to drugs that affect impaired homologous recombination [129], 

methylation analysis might be a useful tool to predict the suitability of corresponding therapy options, 

i.e., to individualize therapy protocols [130]. In support of this notion, Stefansson et al. [131] showed 

that BRCA1 CpG island promoter hypermethylation-associated gene silencing can predict enhanced 

sensitivity to platinum-derived drugs in cancer cell lines and xenografted tumors, increase the time to 

relapse, and improve overall survival in ovarian cancer patients undergoing chemotherapy with 

cisplatin. Finally, the Cancer Genome Atlas Research Network published their integrated genomic 
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analyses of ovarian carcinomas where they performed mRNA and miRNA expression profiling, 

promoter methylation estimation, DNA copy number detection, and DNA sequencing to analyze the 

genomes of 489 high-grade serous ovarian carcinomas using various Illumina, Agilent, and Affymetrix 

platforms [109]. As shown before, TP53 was frequently mutated in 303 out of 316 samples, and 

BRCA1 and BRCA2 had germline mutations in 8%–9% and somatic mutations in 3% of the cases. RB1, 

NF1, FAT3, CSMD3, GABRA6, and CDK12 were other recurrently mutated genes with statistical 

significance. Additionally, they found frequent somatic copy number alterations, indicating genomic 

instability. They proposed that these alterations might be due to the high prevalence of mutations and 

promoter methylations in DNA repair genes, including homologous recombination components. 

Strikingly, homologous recombination components were compromised in approximately 50% of the 

cases, which confirms similar observations by Hilton and colleagues [66]; thus, the authors proposed a 

benefit of PARP inhibitor therapy for this group [109].  

4.4. Functional Testing, a Novel Concept in Biomarker Development  

A family history of ovarian cancer was convincingly demonstrated to represent the single greatest 

risk factor [3]. Strikingly similar to breast cancer [25], the vast majority of ovarian cancer 

susceptibility genes play a role in DNA repair, particularly in the DSB repair pathway of homologous 

recombination. Moreover, multiple genetic and epigenetic mechanisms cause the inactivation of 

BRCA1, BRCA2, and/or other repair factors in hereditary and sporadic ovarian cancer, and  

it was estimated that as much as 50% of epithelial ovarian cancer could be homologous  

recombination deficient [36,110]. In addition, other genetic factors may influence BRCA function in a 

fraction of sporadic occurrences. Indeed, families and individuals often harbor more than a single 

dangerously mutated gene, which requires extended pedigree analysis that in the future may become 

increasingly difficult in view of the demographic development. Additionally, so-called low-penetrance 

modifier genes impact high-penetrance risk genes and may confer a significant cancer risk, even in the 

absence of a susceptibility gene [132].  

A common denominator of ovarian cancer risk could be a specific DNA repair deficiency. 

Analogously to functional assays that detect MSI associated with various mutations in MMR genes in 

Lynch syndrome patients or that cytogenetically monitor reduced cross-link repair capacities resulting 

from various FA mutations, it is conceivable that a significant fraction of ovarian cancer risk can be 

captured by appropriate DNA repair assays (Figure 2). Several groups tested the comet assay and 

analysis of focal nuclear accumulations (foci) specific for γH2AX or RAD51 to monitor the 

dysfunction of DSB repair in family members with increased breast and ovarian cancer risk, and in 

primary ovarian carcinoma cell cultures [36–38]. However, the comet assay and γH2AX analysis 

quantify DNA breaks and their overall removal, i.e., they do not discriminate between error-free and 

error-prone mechanisms. The first limitation of RAD51 foci as a marker of HR function is that at least 

one notable exception among the risk genes exists because BRIP1 is required for HR but dispensable 

for RAD51 foci formation [133]. Second, hereditary risk is associated with decreased RAD51 foci 

numbers, i.e., there is a decrease in an already weak signal, often resulting in insufficient sensitivity. 

However, promising results with an association between inaccurate DNA repair and increased ovarian 
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cancer risk were obtained by assays monitoring micronuclei or distinct error-prone DSB repair 

pathways in peripheral blood lymphocytes.  

4.4.1. Micronucleus Assay  

Micronuclei are derived from chromosome fragments arising from asymmetrical structural 

aberrations or represent whole chromosomes that are not incorporated into the nucleus during cell 

division. Acentric fragments are most often sequestered within micronuclei after the irradiation of 

cells, whereas entire chromosomes are more frequently found in spontaneously occurring micronuclei 

or after spindle poison treatment, as was demonstrated by anti-kinetochore antibody staining [134]. 

The most frequently used method for the micronucleus test is to score micronuclei in cells that have 

already passed mitosis and are prevented from cytokinesis by cytochalasin B treatment [135]. In order 

to define individual DNA repair capacities, blood lymphocytes are isolated, brought into short-term 

culture, and exposed to ionizing radiation, other genotoxic agents, or left untreated. 

Originally, the micronucleus test was used to investigate chromosomal instabilities in patients with 

mutations in various genes that are needed for the repair of DNA damage, such as in FA [136] or AT 

patients [137]. The results prompted researchers to look for increased radiosensitivity in the carriers of 

BRCA1 or BRCA2 mutations with the micronucleus test [38]. Indeed, mutation carriers showed, on 

average, elevated micronucleus frequencies compared with the healthy controls. Baeyens and 

colleagues [138] further demonstrated that breast cancer patients with BRCA1 or BRCA2 mutations 

showed higher micronucleus frequencies than the controls, but interestingly, there was no difference 

compared with breast cancer patients without BRCA1 or BRCA2 mutations. In this study, healthy 

BRCA mutation carriers showed no difference in the micronucleus test compared with the controls. A 

meta-analysis by Cardinale et al. [139] confirmed a certain degree of data inconsistency. Nevertheless, 

it could be concluded that, on average, elevated radiation-induced micronucleus frequencies are 

associated with certain syndromes with compromised DNA repair activities, including BRCA mutation 

carriers, i.e., individuals predisposed to breast and ovarian cancer (Table 1). As mentioned above, 

ovarian cancer is a heterogeneous disease. Still, the majority of hereditary cases, particularly those 

with mutations in BRCA1 and BRCA2 and, interestingly, a fraction of sporadic ovarian cancer cases 

with a similar phenotype, have been postulated to share “BRCAness” [18,110]. Taken together, one 

can speculate that a certain common phenotype is measured by the micronucleus test in irradiated 

lymphocytes. Thus, despite its limitations, the micronucleus test may represent a valuable functional 

assay within a range of tests to further characterize this phenotype.  

4.4.2. Pathway-Specific DSB Repair Analysis  

From the data described above, functional assays turned out to be promising tools for improved 

assessment of ovarian cancer risk; however, new approaches were needed to specifically address the 

functional pathways that are most specific for pathogenicity. 

In our laboratory, a sensitive test for the detection of specific DNA repair defects was developed 

more than 10 years ago [140]. This assay system requires two plasmids, which are serially or 

concomitantly transferred into the cells of interest by either viral infection or DNA transfection. One 

plasmid carries the information for the expression of the rare-cutting I-SceI restriction enzyme 
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targeting an 18 bp recognition site. The second plasmid contains the DNA substrate for the specific 

DSB repair pathway of interest. Thus, a typical substrate for homologous DSB repair includes two 

homologous sequences, a so-called donor and a recipient version of the EGFP gene. Both sequences 

have been mutated such that only after successful DNA recombination, green fluorescing EGFP 

protein is expressed. The recipient EGFP variant carries the I-SceI recognition sequence in place of the 

chromophore-encoding region, and its expression is driven by the CMV promoter. The donor lacks a 

promoter element. Specific I-SceI-mediated cleavage within the acceptor sequence creates an artificial 

DSB. Using the donor sequence as a template, the break is repaired, thus leading to EGFP reactivation. 

Different EGFP donor and recipient sequences have been generated and different donor-recipient 

combinations cloned, allowing for the specific detection of HR between long and short homologies, 

SSA, NHEJ, and combinations thereof.  

Taking advantage of this technique, we analyzed a series of lymphoblastoid patient cell lines,  

i.e., immortalized lymphocytes, with defined mutations in various breast and ovarian cancer 

predisposing genes including BRCA1, BRCA2, TP53, and ATM [140–142]. These studies revealed 

increases in error-prone DSB repair activities, namely, in microhomology-mediated NHEJ and SSA, as 

a common denominator. Having identified a phenotypic signature that captures various defects 

resulting from predisposing genetic alterations, we performed the first case-control study for the 

prospective evaluation of this potential biomarker in peripheral blood lymphocytes from 35 individuals 

of breast and ovarian cancer high-risk families, 175 sporadic breast cancer patients, and 245 healthy 

donors (Figure 3). Primary lymphocytes from blood samples were isolated by Ficoll gradient and 

cultivated for three days. The DSB repair substrate and I-SceI expression plasmid were introduced into 

the cells according to amaxa protocols, and then the EGFP-positive cells were quantified by FACS. 

The results showed that error-prone DSB repair activities were increased in women with familial risk 

(odds ratios for different DNA substrates: 2.61–4.05) and, to a similar extent, in sporadic breast cancer 

patients of young age, whereas non-hereditary risk factors had no influence [39]. This effect was 

observed independently of the presence of BRCA1/2-mutations, i.e., it exceeded the limits of 

genotyping routinely performed in the clinic. Monitoring NHEJ and SSA rather than homologous 

recombination is more promising for biomarker development because error-prone repair activities 

increase rather than decrease (as observed with error-free homologous recombination) with hereditary 

risk, which substantially improves signal sensitivities. The observed shift from homologous 

recombination to error-prone activities in cells from patients at risk is consistent with earlier models on 

the accumulation of DNA damage and genomic instabilities in BRCA1- and BRCA2-mutated cells due 

to homologous recombination failure [143]. Knowing that hereditary susceptibility is the greatest 

ovarian cancer risk factor [3] and that all ovarian cancer susceptibility genes except one play a role in 

DSB repair, these data suggest that the detection of error-prone DSB repair activities in cells derived 

from blood samples may serve as a powerful tool for ovarian cancer risk assessment.  
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Figure 3. Detection of error-prone DSB repair activities in peripheral blood lymphocytes. 

Peripheral blood lymphocytes from high-risk breast and ovarian cancer individuals, breast 

cancer patients, and healthy control individuals were comparatively analyzed using the 

EGFP-based DSB repair assay system [39]. Peripheral blood lymphocytes were isolated 

from blood samples by Ficoll gradient centrifugation, brought into ex vivo culture, and 

pathway-specific substrates nucleofected (amaxa) into these lymphocytes together with the 

expression plasmid for the endonuclease I-SceI. The schematic drawing outlines the 

representative DNA substrates for measurements of error-prone DSB repair activities, 

specifically NHEJ and SSA. These substrates are composed of an I-SceI recognition 

sequence within a mutated EGFP gene, which allows the targeted introduction of a DSB. 

After NHEJ and SSA, the wild-type EGFP gene is reconstituted, and the fraction of  

EGFP-positive cells is quantified flow cytometrically by FACS analysis. 
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5. Therapy: Reality and Hopes 

Ovarian cancer is characterized by vast clinicopathological heterogeneities. Most of the cases show 

a papillary serous histology (approximately 50%), which is followed by the less common histological 

variants such as clear cell, endometrioid, and mucinous [144]. Papillary serous and endometrioid 

tumors, i.e., the majority of tumors, are often presented in advanced stages and tend to be less 

operable. The histological subtypes also show differences regarding chemoresponsiveness. Whereas 

papillary serous and endometrioid tumors show responsiveness rates above 60 to 70%, clear cell 

tumors appear to be much more resistant. Further clinicopathological features, which are important 

prognostic variables, are stage, histological grade, lymph node involvement, residual tumor size after 

cytoreductive surgery, ascites, and age. Presently, stage, grade, and residual tumor size show the 

greatest prognostic values [145].  
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In light of this review, it is of particular interest that DSB repair dysfunction in familial and 

sporadic ovarian cancer patients with high-grade serous histology modifies responsiveness to 

genotoxic chemotherapies, such as the widely used platinum-based regimens [18]. Along the same 

line, more recent research used synthetic lethality approaches, which revealed the therapeutic efficacy 

of the better-tolerated PARP inhibitors in DSB repair deficient cancers [143].  

5.1. Standard of Care and Its Refinement 

Even though ovarian cancer encompasses a complex and heterogeneous group of diseases at the 

clinical, morphological, and molecular levels, therapy strategies do not vary to the same extent. 

Currently, the key feature for patient outcome is macroscopic complete tumor resection  

(R0) [146,147]. Several authors reported a favorable prognosis as a consequence of optimal debulking 

surgery. Although patients can profit from a non-optimal debulking (<1 cm tumor rest R1) as well, 

macroscopic incomplete resection of the tumor (>2 cm tumor rest R2) is associated with a significantly 

impaired prognosis in terms of relapse-free and overall survival [148]. The current standard of care is 

therefore a multidisciplinary approach to primarily achieve R0 resection in ovarian cancer patients. 

Within the trials investigating the surgery of this disease, the fraction of R0 resection reaches 35 to 

45%. Neoadjuvant chemotherapy, therefore, plays a role in the treatment of ovarian cancer, even 

though it was not possible to demonstrate a survival benefit [149]. The current standard of care in the 

neoadjuvant chemotherapy setting involves three cycles of chemotherapy before and after surgery [150].  

Chemotherapy regimens in the adjuvant setting are platinum based. The standard of care has 

remained carboplatin in combination with paclitaxel [151]. Several trials demonstrated that carboplatin 

is as effective as cisplatin but is associated with an improved safety and toxicity profile [151,152]. 

Other trials investigated alternative carboplatin-based regimens such as carboplatin/PEGylated 

liposomal doxorubicin or carboplatin/gemcitabine [153,154]. Until now, there has been no evidence of 

a benefit of a third chemotherapeutic compound to the standard combination. A Japanese group 

demonstrated a survival benefit with a weekly dose of dense paclitaxel in combination with carboplatin 

in a phase III trial [155]. Recently, expression data suggested that VEGF could be a target for the 

treatment of serous and clear cell ovarian carcinomas [94]. Based on positive phase III trial results, 

bevacizumab, a VEGF antibody, has indeed been approved for the adjuvant therapy of  

ovarian cancer [156]. 

In 2003, Cass and colleagues [20] made the surprising observation that a group of ovarian 

carcinoma patients with BRCA1 and BRCA2 mutations had a significantly higher (72%) response rate 

to primary platinum-based chemotherapy than patients with sporadic disease (36%). The same group 

also discovered that in vitro sensitivity testing to platinum-based chemotherapy was highly predictive 

of BRCA mutation carrier status. Follow-up studies confirmed better response rates of BRCA mutation 

carriers to platinum-based therapy [21,157], highlighting the mechanistic link between platinum-DNA 

adduct formation and the homologous recombination defect in hereditary ovarian carcinoma patients.  

5.2. The Potential of PARP Inhibitor Therapy 

Tumor cells exhibit a high replication frequency, which increases their dependency on the ability to 

repair DNA lesions that otherwise will cause DNA replication fork arrest, DSB formation, and 
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ultimately trigger death signals. The detrimental effect of unrepaired DNA lesions can be alleviated by 

recombinative bypass of stalled replication forks, which requires the integrity of the RAD51-dependent 

homologous recombination pathway [30,158]. DNA cross-linking agents, including platinum-based 

chemotherapeutic drugs, are particularly effective at inducing replication fork arrest, which provides a 

rationale for both cytogenetic FA diagnosis after cross-linker treatment of patient cells [30] and for the 

observed sensitivity of BRCA-mutation carriers to platinum-based chemotherapies [20,157]. However, 

even in the absence of exogenous genotoxic insults, estrogen-exposed organs such as the ovaries 

appear to be particularly dependent on an intact homologous recombination pathway, as suggested by 

the clustering of susceptibility genes in the homologous recombination pathway. This dependency on 

recombinative replication fork reactivation can possibly be explained by the weak genotoxicity of 

estrogen metabolites in combination with the proliferation stimulatory effect of the hormones [132]. 

Because PARP1 is involved in DNA repair at multiple levels [56], it appears to be a good target for 

the potentiation of the effect of complete loss of BRCA1 or BRCA2 function due to the loss of 

heterozygosity in hereditary ovarian carcinomas. As PARP-inhibited cells fail to repair DNA damage 

via base excision repair, single-stranded DNA breaks accumulate and are converted into DSBs when 

they encounter a DNA replication fork [56,159]. These DSBs lead to fork collapse, which causes cell 

death without functional homologous recombination. This so-called synthetic lethal interaction 

between PARP1 and BRCA1 or PARP1 and BRCA2 has caused great excitement [143,160]. Most 

PARP inhibitors are analogs of the nicotinamide component of NAD+ and bind to the catalytic site of 

PARP, whereby its function is reversible blocked.  

In 2005, Bryant et al. [161] and Farmer et al. [162] were the first to demonstrate that PARP 

inhibition was lethal for BRCA1- or BRCA2-deficient cells in vitro and in tumor xenografts. In 2009, 

Fong and colleagues [163] published their results from a phase I trial with the PARP inhibitor olaparib 

involving 60 tumor patients enriched in BRCA mutation carriers, including 16 hereditary ovarian 

carcinoma patients. This study revealed only very mild toxicities of olaparib and a durable  

(>4 months), objective antitumor activity (63% benefit: complete response, partial response, stable 

disease) that occurred only in mutation carriers. These encouraging results prompted further research 

activities, so that currently, there are 7 PARP inhibitors in clinical trials at different development 

stages (phases I–III). PARP inhibitors have been studied both as single agents in BRCA-associated or 

BRCAness cancers and in combination with radiation and/or DNA damaging agents, and also in other 

tumors [159,164,165].  

PARP inhibitors reveal important advantages in comparison with standard cytotoxic chemotherapy, 

particularly compared with platinum-based therapies. They specifically target homologous 

recombination-defective tumor cells, i.e., they do not nonspecifically induce DNA damage in all 

tissues. Therefore, they are relatively nontoxic in normal cells, i.e., they have fewer side effects despite 

their ability to kill tumor cells. However, as with so many other therapies, resistance to PARP inhibitor 

treatment has been reported. It has been shown that through second site mutations within the same 

gene or compensatory mutations within other genes, the HR defect can be reversed [160]. In addition, 

tumors with increased PARP expression have shown resistance to PARP inhibition. However, the 

failure of a recent phase III clinical trial with triple-negative breast cancer patients, i.e., sporadic breast 

cancer patients with frequent defectiveness in the BRCA1 pathway, can simply be explained by  

the improper use of the drug iniparib, which in fact does not—or, at best, weakly—inhibits  
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PARP [166,167]. In support of the concept that platinum-based chemotherapy and PARP inhibition 

target the same BRCA-sensitive DNA repair mechanism, replication-associated HR, a correlation 

between responsiveness towards the two types of treatment was observed in ovarian carcinoma 

patients [168].  

In light of the severe side effects of platinum-based therapies, even when used in combination 

treatment [153,154], PARP inhibitor treatment remains a promising tool in the therapy of ovarian 

cancer, at least for the hereditary forms of the disease. Notably, Wang and colleagues [169] showed 

that the detection of a loss of heterozygosity, another readout for error-prone DNA repair upon 

homologous recombination failure (Figure 2), enabled the identification of subgroups of high-grade 

serous carcinomas, which differ with respect to chemotherapy response. A very recent study identified 

homologous recombination-deficient epithelial ovarian cancers via a RAD51 foci analysis on primary 

cultures from ascitic fluid. It revealed that homologous recombination deficiency was correlated with 

higher PARP inhibitor sensitivity ex vivo, clinical platinum sensitivity, and improved survival [170]. 

Future studies are needed to show whether functional assays monitoring homologous recombination 

failure will also predict the clinical PARP inhibitor response.  

6. Conclusions  

The early detection of ovarian cancer is still lacking powerful biomarker systems, despite extensive 

research involving imaging technologies, individual serum markers, and array-based omics 

approaches. Better clues for the identification of increased ovarian cancer risk as a first step towards 

early detection may come from recent advances in the identification of genetic and functional defects 

in hereditary cancer patients, which suggest that homologous recombination dysfunction represents the 

common denominator.  

Moreover, with the advent of drugs such as PARP inhibitors that target HR dysfunctional tumors, 

markers are needed to select those patients who will benefit from treatment. The mutational status of 

BRCA1 or BRCA2 was found to predict therapeutic responsiveness to PARP inhibitor treatment. Future 

biomarker searches could include BRCA1 modifiers or genes encoding interacting proteins such as 

BRIP1, BARD1, or BAP1 [171]. Functional approaches utilizing patient cells to detect specific DNA 

repair defects may further complement single gene analysis to evaluate BRCAness, independent of 

individual mutations, for the development of personalized treatment regarding novel and conventional 

therapeutics such as PARP inhibitors and carboplatin, respectively.  
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