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Abstract

The rise of advanced technologies for characterizing human populations at the molecular level, 

from sequence to function, is shifting disease prevention paradigms toward personalized strategies. 

Because minimization of adverse outcomes is a key driver for treatment decisions for diseased 

populations, developing personalized therapy strategies represent an important dimension of both 

precision medicine and personalized prevention. In this commentary, we highlight recently 

developed enabling technologies in the field of DNA damage, DNA repair, and mutagenesis. We 

propose that omics approaches and functional assays can be integrated into population studies that 

fuse basic, translational and clinical research with commercial expertise in order to accelerate 

personalized prevention and treatment of cancer and other diseases linked to aberrant responses to 

DNA damage. This collaborative approach is generally applicable to efforts to develop data-

driven, individualized prevention and treatment strategies for other diseases. We also recommend 

strategies for maximizing the use of biological samples for epidemiological studies, and for 

applying emerging technologies to clinical applications.
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1. Introduction

The National Institute of Environmental Health Sciences (NIEHS) sponsored a workshop in 

June 2015 entitled “Workshop on New Approaches for Detecting DNA Damage and 

Mutation in Population Studies”. This commentary emerged from a consensus-building 

discussion that followed technology-focused presentations by attendees, including several of 

the authors. Attendees broadly agreed that the field of DNA damage, repair, and mutagenesis 

is uniquely positioned to take a leading role in developing strategies for personalized disease 

prevention. The purpose of this publication, therefore, is to propose a framework for 

promoting personalized prevention through collaborative population-based studies that 

engage cutting-edge technologies.

In the quarter century since the human genome project was launched it has become apparent 

that the molecular basis for inter-individual differences includes much more than just the 

DNA sequence. Environmental exposures and stochastic phenomena produce enormous 

complexity in biological response at the level of epigenetics, transcriptional and translational 

regulation, and posttranslational modifications of proteins. Furthermore, every individual 

possesses a mosaic of heterogeneous cells. This staggering variability leads to a unique set 

of risks and vulnerabilities for each individual and calls into question the standard approach 

that has dominated preventive medicine since its inception.

An increasing focus on “Precision Medicine” [1] at the national level reflects the growing 

recognition that, because no two individuals are exactly alike, a tailored approach to 

treatment based on either germline genetics and/or tumor-specific genetics is likely to 

provide the largest benefit to patients and to best uphold the principle of primum non nocere. 
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Here, we discuss the role that DNA repair phenotype assays and new DNA sequencing 

approaches can play in improving precision medicine and cancer prevention. As precision 

medicine methods apply to tertiary prevention, we extend these principles to secondary 

(screening) and primary prevention under a general framework of “Precision prevention” 

and its importance in exposure biology. The same principles of targeted therapy apply, at 

likely much higher benefit given the lower cost of treatment to patients when interventions 

are made further upstream. Thus, rather than waiting for a potentially incurable disease to 

manifest, one can instead address the specific needs of individuals through disease-

preventing interventions, or detection and treatment at the earliest possible stage. Precision 

prevention focuses on being able to predict who is at high risk for a given disease and 

thereby target screening frequency and onset as well as primary prevention interventions 

earlier in life to alter disease susceptibility. Individualized prediction is derived from the 

integrated impact of individual inherent factors (the individual’s genome and epigenome), 

individual physiological factors (e.g., inflammation and comorbidities) as well as individual 

biomarkers and response to environmental factors (e.g., individual responses to exposure to 

air, water, soil, and food). For example, while almost everybody may be exposed to certain 

pollutants in the environment, such as polycyclic aromatic hydrocarbons (PAH), some 

individuals may be more susceptible to their health effects based on having deficient DNA 

repair capacity (DRC). Thus, in this example, measuring DRC in combination with 

measures of individual PAH metabolites can help in terms of risk stratification and risk 

assessment. In general, information about inter-individual differences in the ability to 

respond to environmental exposures and physiological stress are potentially useful for 

personalized prevention of any disease for which risk is governed by gene-environment 

interactions.

Precision prevention requires screening tools that enable stratification to identify groups that 

would most benefit from interventions. Furthermore, fine-tuned tools are needed to prevent 

ineffective focus on individuals who would not benefit greatly from primary and secondary 

prevention interventions. Precision prevention promises to identify at-risk individuals, 

empowering educated decisions on prevention. Importantly, the concept of precision 

prevention applies not only to the identification of risk-prone individuals, but is also relevant 

to the evaluation of risk-associated exposures. For example, with the advent of robust 

analytical tools, we are now poised to break down complex mixtures so that effort(s) can be 

made toward mitigating the effects of key harmful constituents. Importantly, precision 

prevention will certainly reduce health care costs over time, because small advances in 

disease prevention among many add up to a significant reduction in the socioeconomic 

burden of disease.

This review focuses on emerging methods for developing better predictors for disease risk in 

populations exposed to known or unknown agents that can induce DNA damage or alter the 

ability to repair DNA damage. DNA damage can lead to mutations and cell death; inefficient 

DNA repair is associated with cancer, neurological disease, immune dysfunction, and 

developmental disorders, making the damage response of central importance in precision 

prevention. For decades, researchers have sought to understand what makes some people 

more prone to disease than others. Prior to discussing today’s cutting-edge approaches, it is 

helpful to look back at past high impact discoveries. Importantly, for many of these key 
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discoveries, there is now a ‘modernized’ version. Fig. 1 shows how several current 

technologies are connected to prior advances in our understanding of the DNA damage 

response, DNA repair, and mutagenesis.

The field of DNA damage and repair began with studies of mutagenesis. Even before the 

structure of the double helix was known, scientists were working to understand how our 

environment impacts our genes. Hermann Muller first showed that radiation can lead to 

mutations [2], and Charlotte Auerbach founded the field of chemical and environmental 

mutagenesis when she demonstrated that mustard gas, like radiation, can induce mutations 

[2]. Other early key contributions included those of Alexander Hollaender, who showed that 

UV wavelength correlates with the spectrum of nucleic acids absorption and with 

mutagenesis, arguing that nucleic acids were the genetic material at a time when dogma had 

proteins playing that role [3]. He subsequently demonstrated that under reduced oxygen 

tension, the mutagenic effects of radiation and of certain chemicals was reduced [4]. Also 

key were the studies of J. Weigle [5], showing that DNA can be ‘reactivated’ in the cell 

through a process that we now know is DNA repair. Propelled by these advances, our 

understanding of environmentally-induced mutations leapt forward in the 1990s with the 

discovery of translesion DNA polymerases [6]. There is now significant literature, spanning 

from molecular to population-based studies, that uncovers both chemical and biochemical 

processes that cause DNA damage and a subsequent increase in mutations, associated with 

disease. As expected, varied types of environmental exposure will give rise to different DNA 

lesions, and these lesions can be repaired by one or more of six major DNA repair pathways 

(Fig. 2). Though the bulk of research findings are based on cellular and animal models, we 

suggest that fundamental concepts drawn from laboratory findings and some relevant 

population studies can now be applied to a precision prevention strategy. Using datasets 

derived from well-examined gene-environmental disease entities provides an illustration of 

how precision prevention can provide insights into disease origins and mechanisms, as well 

as needed screening assays and early biomarkers that will underlie preventive/intervention 

strategies.

1.1. Towards precision prevention: the example of breast cancer

As with any disease, precision prevention of breast cancer first requires prediction of 

individuals at high risk. Historically, high-risk individuals were identified based on their 

family history, but as the incidence of breast cancer has been increasing in women under 40 

years in the U.S. and women under 50 around the world [7,8], it is increasingly inaccurate to 

define high risk purely based on family history. Identifying high-risk individuals more 

accurately is essential as the most effective primary prevention options include 

chemoprevention (e.g., tamoxifen) and risk reducing surgeries. These options are not 

without side effects and thus require accurate targeting. Greater accuracy is also needed for 

secondary prevention as MRI screening is more sensitive than mammography in young 

women and more frequent screenings may be needed. For example, if DNA repair 

phenotypic markers can help to improve the accuracy of the estimate for a given woman’s 

underlying risk, then clinical decision-making can be improved. Precision prevention will 

mean that some “high-risk” women based on their family history may actually be at much 

lower risk if they have relatively robust DRC compared to the population average, and 
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therefore those individuals should not undergo risk-reducing surgeries including 

mastectomies and oophorectomies, which obviously have major harmful effects on overall 

mortality for average risk women. Similarly, precision prevention should also improve that 

identification of truly high-risk women, irrespective of family history, who may benefit from 

early initiation of chemoprevention, early and frequent MRI screening, and/or risk-reducing 

surgeries at an earlier age.

Improved risk stratification is also needed to better understand how the environment 

modifies underlying genetic susceptibility. Environmental factors are likely to have their 

impact temporally over one’s lifespan, such as in the well-described relationship between 

exposure to diethylstilbestrol and disease [9,10]. Given the influence of exposures on cancer 

risk across life course, improved delineation of risk is essential to inform prevention efforts. 

Thus, although new, non-invasive approaches are in development [11], we focus here on the 

precision prediction of breast cancer as an example.

Whilst a few high-penetrance allelic variants are strongly associated with high individual 

risk of breast cancer, most women, perhaps as many as 90%, who develop breast cancer are 

not carriers of BRCA1 or BRCA2. Rather, underlying genetic susceptibility to breast cancer 

is likely driven by interactions between multiple alleles, rather than by a single or a few 

major variants. In other words, for many women individual susceptibility to breast cancer is 

driven by inherited combinations of multiple low penetrance alleles [12]. This observation 

leads to two potential approaches to individualized risk prediction. One is to identify these 

multiple low-penetrance alleles and develop tests for them – a genotypic approach that has 

been somewhat successful for those in the most extreme risk category. Alternatively, a 

phenotypic approach can be taken; for example, inducing DNA damage in a tissue sample 

(e.g., blood), and then measuring the rate of repair or the frequency of unrepaired damage. 

Because not all phenotypic variation can be predicted from sequence, and because not all 

samples are amenable to phenotypic assays, the two approaches are complementary. In this 

review we will address both genotypic and phenotypic approaches.

In attempting to determine the potential power of these approaches, a number of models 

have been developed to predict individualized breast cancer risk based on epidemiological 

and clinical risk factors, but with limited success [13]. In studies in which these factors were 

augmented with information from two phenotypic DNA repair assays, however, the 

predictive power for breast cancer was markedly increased [14,15]. Importantly, these 

studies showed that genotype was not equivalent to phenotype and that the phenotypic 

markers of DNA repair were much stronger in predicting why one sister was diagnosed with 

breast cancer when the other sister was not [14,15]. To date such phenotypic approaches 

have been laborious to perform, with low throughput and thus remain impractical for large-

scale use. However, improvements in existing assays, as well as development of novel ones, 

are emerging that will accelerate precision prevention. These assays provide valuable 

insights into multiple cellular pathways simultaneously, are high throughput, and/or require 

only limited tissue or blood volumes. Validation is ongoing, wherein the pre-requisites for 

such assays are characterization of reproducibility, specificity, and, critically, the association 

with eventual disease or other known biomarkers.
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1.2. Moving from classical measures of DNA damage, repair and mutagenesis to 
contemporary methodologies

Given the myriad significant health problems that can result from DNA damage, great effort 

has been spent developing technologies to monitor DNA damage and to measure DNA 

repair. Here, we show how some of our most fundamental assays for assessing DNA damage 

and repair (Fig. 1, inner circles) are now being eclipsed by high-throughput, highly sensitive 

platforms (Fig. 1, outer circles). Herein, we discuss how these new technologies might 

impact the field. Importantly, we call attention to exciting opportunities to work 

synergistically, so that multiple platforms can be incorporated into population studies.

2. Tools and technologies in DNA damage, repair and mutagenesis for 

personalized prevention

Functional assays and sequencing technology have taken major steps forward in the last 

decade. Together, these technologies constitute a diverse toolbox of complementary methods 

that can potentially be used to develop individualized disease risk assessments and 

prevention programs.

2.1. Emerging technologies to quantify DNA damage, DNA damage response and DNA 
repair capacity for personalized risk and exposure assessments

In this section we describe several cutting-edge and emerging technologies that address the 

question of “what does it take” to start using the technology among basic scientists, clinical 

researchers, and population study investigators. The first five approaches, CometChip, 

RABiT (Rapid Automated Biodosimetry Technology) γ-H2AX, FM-HCR (Fluorescence-

based multiplexed host cell reactivation), DNA Repair Beacons, and ECL-DDR 

(Electrochemiluminescence-based DNA Damage Response) are phenotypic in concept, 

while others (e.g., CypherSeq, discussed in the next section) are genotypically oriented. A 

key consideration will be practicality and throughput. If these approaches are to be of use for 

precision prevention, the assays need to be simple to perform, cost-effective, and high-

throughput. Some of the assays described here already meet this goal, in that they are high-

throughput modifications of existing assays, while others would need additional 

development to reach this goal.

2.1.1. CometChip—The CometChip is based upon the traditional Comet assay, wherein 

the extent of DNA damage is quantified based upon the extent to which DNA migrates away 

from the nucleus when electrophoresed. As an example, a normal healthy cell has highly 

supercoiled intact DNA that does not migrate during electrophoresis. However, if a cell is 

exposed to ionizing radiation or other DNA damaging agents, the DNA can become nicked 

and fragmented, and is thus able to migrate away from the nucleus when electrophoresed. 

The assay was originally developed in the 1980s by Ostling and Johansen and Singh [16–

18], and it has been used in thousands of studies. Nevertheless, it is often affected by low 

reproducibility and relatively low throughput. To overcome these limitations, the CometChip 

was developed, and this approach has been shown to increase throughput by more than 

~100X together with increased sensitivity and reproducibility. The approach is described 

below.
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The CometChip (Fig. 3) works by taking advantage of photolithography to create a stamp 

with pegs that are approximately the diameter of a single mammalian cell. The mold is then 

pressed into molten agarose, the temperature is dropped, and the mold is removed to reveal 

an array of microwells. A cell suspension is placed on top of the microwells and mammalian 

cells are loaded by gravity. The arrayed cells can then be manipulated (e.g., exposed to DNA 

damage and allowed to repair for different lengths of time), and ultimately processed the 

same way as for a traditional comet assay (namely, lysis, incubation in high pH buffer, and 

electrophoresis). Using this approach, each well of a 96-well plate can contain ~300 

microwells at the base, enabling 96 sample conditions to be assayed in parallel. Sensitivity is 

also increased in part due to reduced comet-to-comet variation. Using the CometChip, the 

repair kinetics (multiple time points) of 24 human cell lines were recently analyzed in 

parallel [19]. Approximately 1000 samples were analyzed in a single experiment, something 

that could not be done using the traditional comet assay due to experimental noise.

2.1.1.1. Readiness/Needs for potential application to precision prevention: Variation in 

DRC has been clearly linked with risk for several types of cancer. The CometChip technique 

is therefore ready for epidemiological studies of risk prediction.

2.1.2. RABiT- γH2AX and global DNA repair capacity—The γ-H2AX assay has 

been widely used to quantify the yield of DNA double strand breaks after radiation or other 

genotoxic exposures [20]. The RABiT (Rapid Automated Biodosimetry Technology) 

approach for (among other endpoints) high-throughput γ-H2AX measurements was initially 

developed as an ultra-high-throughput technology for biodosi-metric reconstruction of past 

radiation exposures, measuring micro-nucleus or γ-H2AX yields in a fingerstick of blood, 

with a throughput of ~30,000 samples per day [21]. This fully-automated high-throughput 

methodology has been adapted to assay global DRC through automated quantification of the 

time-dependent kinetics of the disappearance of γ-H2AX foci after a radiation challenge 

[22].

The current automated methodology, using an automated robotic workstation, involves 

acquiring fresh fingerstick blood samples, which are then centrifuged, irradiated and 

dispensed into a 96 well plate format. A key aspect here is the use of a small, inexpensive 

automated capillary fingerstick irradiator [22]. The multi-well plates containing the cells are 

maintained in the RABiT incubator, and the post-irradiation, time-dependent γ-H2AX yield 

measurements are based on sequential automated samplings from these lymphocytes at five 

post-irradiation times from 0.5 to 24 h. A typical result from a study of 94 individuals is 

shown in Fig. 4 [21], and we note here that the technique requires a small number of cells 

per sample – typically 25,000 lymphocytes for the 5 samplings (i.e., 5000 lymphocytes per 

time point). As illustrated in Fig. 4, the key quantities characterizing global DRC are the 

characteristic decay constant of the γ-H2AX (DSB) yield (Kdec in Fig. 4), and the yield of 

long-term unrepaired breaks (Fres in Fig. 4).

Fig. 5 shows the person-to-person distributions of the parameters Fres (residual DSBs) and 

Kdec (characteristic DSB decay time) derived from the recent study of 94 healthy individuals 

[23] using the RABiT system. The red curves show fits to biphasic normal distributions, 

which might be interpreted as relating to normal and radiation-sensitive sub-populations; 
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interestingly, there is a statistically significant separation of the two distributions for the 

yield of long-term breaks (Fres).

The RABiT methodology to date has been developed on a dedicated purpose-built robotic 

workstation. In the past few years, however, commercial robotically-based, high-throughput 

cell handling workstations have become very common. The RABiT protocols are being 

adopted for use on commercial high-content, high-throughput cellular screening systems 

[24].

2.1.2.1. Readiness/Needs for potential application to precision prevention: Several 

studies have suggested that DRC is a major risk factor for development of many cancers 

including lung, breast, and bladder. Thus, the high-throughput RABiT γ-H2AX approach is 

potentially ready for population studies to measure the predictive power of global DNA 

repair in a variety of cancers.

2.1.3. FM-HCR—Historically, measuring DRC has been a laborious, time-consuming 

activity requiring extensive training and unique methods to analyze each of the repair 

pathways. This reality has contributed to DNA repair experts working in silos defined by 

single repair pathways, and has represented a major barrier to including functional repair 

assays in epidemiological studies [25]. Fluorescence-based multiplexed host cell 
reactivation (FM-HCR) assays measure the ability of cells to repair lesions which 

altogether are substrates for all 6 of the major DNA repair pathways illustrated in Fig. 1, 

using transiently transfected episomal fluorescent reporter vectors (Fig. 6) [26]. Multiple 

repair pathways can be monitored simultaneously because each pathway is reported by a 

different colored fluorescent reporter protein. Detection is carried out by flow cytometry, but 

the assays are also amenable to high-throughput imaging analysis. Key strengths of FM-

HCR include the ability to measure repair capacity in multiple pathways simultaneously in 

live cells, the use of a single approach with a quantitative readout for all pathways 

(transfection and fluorescence measurements), and the flexibility to measure repair capacity 

in any transfectable tissue with a turnaround time of less than 24 h.

FM-HCR involves in vitro preparation of reporter plasmids containing specific types of 

DNA damage that alters either the efficiency or the fidelity of transcription after transfection 

into cells. The earliest HCR assays were based upon the ability of UV-induced DNA damage 

to block replication of viral DNA; viral transduction efficiency was proportional to the 

ability of the host cell to repair and subsequently replicate the damaged viral DNA. Since the 

advent of recombinant DNA, HCR assays have made use of transiently transfected plasmid 

vectors that express reporter proteins in human cells. Some types of DNA damage, such as 

strand breaks, UV-induced photoproducts, and DNA cross-links, block transcription unless 

they are repaired. Thus, expression of the plasmid encoded reporter protein is proportional to 

repair capacity. FM-HCR has recently extended this paradigm to include DNA lesions that 

do not block transcription, such as O6-methylguanine or 8-oxoguanine. These DNA lesions 

are bypassed by the RNA polymerase, however they induce transcriptional errors via a 

process that has been termed transcriptional mutagenesis [27]. FM-HCR uses plasmids 

containing site-specific DNA damage to measure repair by transducing lesion-induced 

transcriptional errors into measurable fluorescent signals that are proportional to repair 
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capacity for the lesion of interest. Because cytotoxic and mutagenic DNA lesions often 

either block transcription or cause transcriptional errors, FM-HCR is broadly applicable to 

measuring repair efficacy in all of the major DNA repair pathways.

FM-HCR works with transfection and analysis in a 96-well format, allowing for automated 

flow cytometric analysis and batch processing of samples. This allows for analysis of repair 

capacity in 4 pathways for 48 samples in approximately 2 h of active laboratory time.

2.1.3.1. Readiness/Requirements for potential application to precision 
prevention: Pioneering work published over 20 years ago has already demonstrated that 

HCR assays are ready for applications in precision prevention [28,29], and the new FM-

HCR assays can now build upon this paradigm by way of population studies in cells isolated 

from normal human tissues. In particular, measuring multiple DNA repair pathways using 

relatively accessible primary blood cells and epithelial cells can provide estimates of inter-

individual variation, tissue-specific variation, and will provide key information about the 

association between DRC and disease risk.

2.1.4. DNA repair beacons—DNA repair pathways maintain the integrity of the genome 

and thereby help prevent the onset of cancer, disease and aging phenotypes [30]. As such, 

the critical requirement for DNA repair proteins and pathways in response to radiation and 

genotoxic chemotherapeutics implicates DNA repair proteins as prime targets for improving 

response to currently available anti-cancer regimens [31]. In this vein, inhibitors to the DNA 

repair proteins PARP1, ATM, APE1, WRN and BLM (among others) have been developed 

and are either undergoing clinical testing or are being considered for such [32–38]. Although 

defects in critical DNA repair pathways or proteins can predispose to cancer onset [39,40], 

such cancer-specific DNA repair defects offer novel approaches for tumor-selective therapy 

[41]. These repair defects may manifest as genomic loss (LOH or mutations), suppression of 

mRNA expression via promoter methylation, defects in mRNA stability by aberrant miRNA 

expression, or loss of protein expression. Many of these cancer-specific DNA repair defects 

[42] can be detected using current omics technologies. However, there are many defects that 

can only be detected from an analysis of either pathway- or protein-specific DRC. The Sobol 

lab has developed a DNA Repairomics platform as an essential tool to address this need. 

This platform offers a high degree of flexibility, may be utilized with standard laboratory 

equipment, will be critical in biomarker analysis, and will have immediate application in 

screening and structure-activity relationship (SAR) analysis for DNA repair protein 

inhibitors using purified proteins.

The overall structure of a DNA Repair Beacon, as recently described by Sobol and 

colleagues [43], is shown in Fig. 7A. The DNA Repair Beacon consists of a 

deoxyoligonucleotide containing a single base lesion with a 6-Carboxyfluorescein (6-FAM) 

moiety conjugated to the 5′ end and a Dabcyl moiety conjugated to the 3′ end of the 

oligonucleo-tide. The base excision repair (BER) molecular beacon is 43 bases in length and 

the sequence is designed to promote the formation of a stem-loop structure with 13 

nucleotides in the loop and 15 base pairs in the stem [32,44]. When folded in this 

configuration the 6-FAM moiety is quenched by Dabcyl in a non-fluorescent manner via 

Förster Resonance Energy Transfer (FRET) [45,46]. The lesion is positioned such that 
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following base lesion removal and strand scission the remaining 5 base oligonucleotide 

containing the 6-FAM moiety is released from the stem. The DNA repair beacons are 

incubated with cell extracts or purified proteins to facilitate lesion removal and DNA strand 

cleavage. The subsequent release and detachment of the 6-FAM containing DNA from the 

quencher (Dabcyl) results in an increase of fluorescence that is proportionate to the level of 

DNA repair. By collecting multiple reads of the fluorescence values, real-time assessment of 

repair activity is possible. Using standard quantitative real-time PCR instruments allows for 

the simultaneous analysis of numerous samples. To provide multiplexing capacity, the 

beacons are being optimized for multiple sets of fluor/quencher pairs that will allow the 

assay to be used in 96- or 384-well platforms for high-throughput application. To 

complement the beacon ‘In Solution’ assay (96-well plate), the platform has been modified 

using microspheres or bead-based Beacons (Fig. 7B and C). These include an extended 5′ 
arm containing biotin to allow the use of optically encoded microspheres (beads). Bead-

based tethering provides a high-degree of multiplexing as well as side-by-side analysis of 

DNA repair protein levels with additional Luminex™-based endpoints from the same lysate 

sample.

2.1.4.1. Readiness/Requirements for potential application to precision prevention: DNA 

Repair Beacons represent a novel approach, utilizing state-of-the-art nucleic acid-based 

technologies for enzymatic activity profiling useful in biomarker analysis and in the 

development of specific DNA repair inhibitors. Since the ‘In-Solution’ assay is a real-time, 

quantitative assay that measures fluorescence, the assessment of activity is achieved with 

standard quantitative real-time PCR instruments, allowing the simultaneous analysis of 

numerous samples. The bead-based assay has the advantage of being able to be combined 

with other bead-based analysis tools simultaneously. Overall, this platform is amenable to 

kinetic analyses, DNA Repair quantification and inhibitor validation and is adaptable for 

quantification of DRC with purified proteins, with tissue and tumor cell lysates and with 

application for functional biomarker measurements [43]. The use of beads, the design of the 

unbiased discovery platform, and the adaptability of the DNA Repair Beacon to many DNA 

repair protein substrates that can be modified to provide specificity for damage-specific 

nucleases, structure-specific nucleases, helicases, and topoisomerase all contribute to the 

development of a complete DNA Repairomics platform that can be applied in future studies.

2.1.5. ECL-DDR—Quantitative measures of all DNA Damage Response (DDR) and DNA 

repair proteins in a cell or tissue sample have the potential to pinpoint defects in key 

response pathways that can identify individuals susceptible to environmentally-induced 

disease or can be exploited for development of cancer therapeutics. The γ-H2AX assay, 

described above, is a single protein analytic that reflects activation of the DDR and can be 

considered a surrogate measure of DNA strand breaks. To activate one arm of the DDR, 

Ataxia telangiectasia mutated (ATM) autophosphorylates in response to DNA strand breaks 

[47–49]. Activated ATM then phosphorylates histone protein H2A leading to the formation 

of γ-H2AX foci at sites of DNA damage, [50] and promotes the phosphorylation and 

activation of hundreds of downstream proteins including checkpoint kinase 2 (CHEK2) and 

tumor protein p53 (p53) [48,51]. Activation of the DDR regulates the activity of > 100 DNA 

repair and cell cycle proteins vital to genome stability [52]. Severe defects in the DNA 

Nagel et al. Page 10

Mutat Res. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



damage response can predispose individuals to cancer and neurological diseases [53]. In 

addition, individuals heterozygous for defective DDR and DNA repair genes have increased 

rates of cancer incidence [54], which further highlights the importance of measuring DRC. 

The link between cancer incidence and defects in DDR highlights the need for proper 

activation of damage-responses that is essential for preventing disease.

Measuring the levels and activity of the > 100 proteins and associated damage-induced post-

translational modifications (PTMs) participating in DDR and DNA repair is technically 

challenging. The associated technology platform requires (1) a large dynamic range measure 

low-, medium- and highly- expressed proteins and PTMs, (2) high-content and high-

throughput capabilities, and (3) ease-of-use and robustness to effectively transition into 

practice in clinical or laboratory settings. A commercially available high-throughput and 

high-content capable electrochemiluminescence (ECL)-based platform has been adapted for 

use in measuring DDR proteins and damage-induced PTMs. Available from MesoScale 

Discoveries, the ECL platform uses an electrode-lined well coated with a specific antibody 

to bind a target protein, a second target specific antibody labeled with a light emitting tag, an 

electrical-to-chemical signal initiation, and an amplification cycle to generate a 

luminescence signal that quantitates target proteins or PTMs over a 6-log dynamic range 

(www.mesoscale.com) [55–58]. Further, the 96-well and 384-well plate designs, coupled 

with 4- to 10-addressable spots in each well, endow the ECL-platform with a high-content 

capability that could measure thousands of DDR and DNA repair proteins and associated 

PTM’s simultaneously. Five antibody pairs specific to protein and phosphorylated DDR 

components were identified and optimized for use in the ECL-platform, as demonstrated by 

cell line- and tumor-specific responses to ionizing radiation and other classic DNA 

damaging agents (Hseih et al., in preparation). The technology platform and validated assays 

were also assessed using clinical samples. A study design that utilized patient blood draws, 

pre-and post-diagnostic CT-scans, was utilized. Diagnostic CT-scans that expose patients to 

~30 mSv of radiation during each medical procedure have been shown to activate the DDR. 

ECL-based analysis of patient-matched leukocytes using the DDR-specific assays 

successfully identified activation of the DDR in the post-CT scan sample for most patients 

(Hseih et al., in preparation). Further, the study demonstrated that the ECL technology 

platform is amenable for use with clinical samples. Validation of new measures of DDR or 

DNA repair components in clinical samples is needed to promote wide-spread use of next 

generation measures of DRC. Clinical samples derived from patients undergoing radiation-

associated medical procedures represent a well-controlled study of patients with an 

environmental exposure to DNA damaging agents, and this study design can be used to 

validate other platforms or assays.

2.1.5.1. Readiness/Requirements for potential application to precision prevention: The 

ECL-platform is commercialized and ready for deployment in pre-clinical and population-

based studies. It has been shown to be technically reproducible in lab and clinical studies, 

with radiation-associated medical procedures identified as an optimal exposure for 

technology validation. Thousands of commercial antibodies specific to DDR and DNA 

repair proteins are available for testing in the ECL-platform. Near complete coverage of the 

hundreds to thousands of protein participating in the DDR and DNA repair pathways 
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requires robust analysis of existing antibodies and/or development of antibody pairs to each 

target. Further, the use of good manufacturing practices (GMP) to produce high-coverage 

and technically-reproducible ECL-plates is needed so that researchers can assess DDR and 

DNA repair and associated PTM-protein levels in patient studies with a 1000 or more 

participants.

2.2. Emerging technologies to quantify mutation frequencies for personalized risk and 
exposure assessments

Environmental mutagens can cause disease in somatic cells by inducing mutations in critical 

genes. If, for example, the genes are drivers of malignant transformation, the resulting 

outcome/disease is cancer. Thus, monitoring the frequency of mutation in humans has the 

potential to provide early markers of exposure and increased risk of developing disease. 

Methods to measure induced mutations have focused on (1) housekeeping genes that, when 

mutated, offer a selective growth advantage, (2) plasmid reporter genes, and (3) mice with 

reporter genes integrated into their chromosomes [59–61]. Data produced by these 

methodologies have been used to estimate human mutagenesis, but a major concern in 

genetic toxicology is the ability to extrapolate the genotoxicity observed with high-dose 

mutagen exposure in model animals or human cells in culture to that which occurs at low, 

environmentally-relevant doses in humans [62]. Human studies have been limited to those 

involving cells in culture, at mutational targets subject to selection (i.e., the hprt gene), and 

therefore are subject to biases and lack sufficient sensitivity to detect mutation resulting 

from low-dose exposure to environmental chemicals. Thus, overly conservative risk 

assessments are typically made based on assays that monitor DNA damage rather than 

mutation, and maximum tolerated doses (MTDs) are calculated based on extrapolation of 

these high-dose experiments (usually in model organisms or cell culture) to low-dose, 

environmentally relevant exposure in humans. In the case of DNA damaging agents, these 

MTDs ignore the efficiency of DNA repair in removing the lesions, as well as the vast range 

in mutagenic potential of various DNA adducts. However, with the advent of next-generation 

sequencing technologies, we are now in a position to establish the unbiased frequency and 

spectrum of spontaneous mutations throughout the human genome, and to identify regions 

of the genome that are the most tractable for use as robust biomarkers of mutagenic 

exposure.

Massively-parallel sequencing is revolutionizing biomedical research, enabling high-

throughput and low-cost sequencing of hundreds of billions of bases in about one day 

[63,64]. However, these technologies are limited by error rates of 0.05% to 1% [65,66] 

resulting in millions of sequencing errors per experiment. This level of inaccuracy hinders 

our ability to apply these promising sequencing technologies to the detection and 

quantification of somatic mutations, an application that requires very high sensitivity and 

specificity [67–70]. One way to circumvent this problem and quantify mutational 

heterogeneity within tissues is via whole genome sequencing of a representative number of 

single cells [71]. However, the level of accuracy in single-cell genome sequencing may not 

be sufficient for detecting differences in exposure-induced mutation load between 

individuals. Accurate measurement of all types of genetic changes accumulated over a 

lifetime in single-cell lineages recently performed with the fibroblast clones from healthy 
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human donors provided proof-of-principle that the load of base substitutions can serve as an 

overall dosimeter of environmentally-(UV-) induced mutagenesis [72]. While such 

technologies are extremely powerful for investigating the fundamental mechanisms of 

mutagenesis, they are limited in throughput and, thus, in their utility to monitor mutagenic 

exposure in human populations. While several groups have devised methods to improve the 

accuracy of bulk massively parallel sequencing, these methods do not overcome the three 

main technological barriers that have precluded the application of next generation 

sequencing- (NGS-) based assays for monitoring the extremely low frequency of somatic 

mutations in populations, namely: (1) the intrinsic error frequency of high-throughput 

sequencing, (2) the number of reads a sequencing platform can produce, and (3) the amount 

of input DNA available.

Many groups have worked to improve the error rate of NGS with both computational [73] 

and molecular approaches [74–76]. The CAPP-Seq system uses statistical models to parse 

error from real variants, which permits a mutation to be detected among a background of 

5000 nucleotides or 2 × 10−4 substitutions errors per nucleotide [73]. To date, the most 

accurate molecular approaches for error correction are based on DNA barcoding 

technologies in which each read is assigned a unique identifier and amplified. Multiple 

copies of each read are then sequenced, and a consensus is created. Utilizing 12–14 base pair 

single stranded barcodes, the Safe-Sequencing System improves mutation detection down to 

roughly 10−5 mutations per base pair [76]. Several other groups have also described similar 

molecular barcode-based error-reducing methodologies [75,77]. One notable example is the 

Duplex Sequencing method in which each double-stranded template molecule is tagged with 

a double-stranded barcode [75]. The use of double-stranded barcodes permitted the detection 

of 1 mutation in 4 × 105 wild-type base pairs, though, theoretically, double-stranded 

barcoding should permit the resolution of < 1 mutant base among 109 wild-type nucleotides 

[75].

To overcome these barriers to rare variant detection, Bielas and colleagues have designed 

and established a novel mutation detection method, termed CypherSeq [78]; a circular, 

double-stranded, dual-barcoded sequencing methodology that combines barcoding, targeted 

rolling circle amplification (RCA), bead-based enrichment, and massively parallel 

sequencing into a single assay. The circular nature of CypherSeq libraries (Fig. 8) offers 

several distinct advantages over other technologies. Circular DNA is inherently more stable 

than linear DNA, and can be further preserved via transformation into E. coli and 

preparation of glycerol stocks. Transforming CypherSeq libraries into bacteria allows users 

to titrate the number of barcodes used in a sequencing run. Additionally, CypherSeq libraries 

can be proliferated in bacteria as a pre-amplification step prior to sequencing, which, thanks 

to the repair pathways of E. coli, offers much greater fidelity than PCR and reduces data loss 

during correction. Furthermore, the circular nature of the plasmid-based sequencing library 

permits enrichment for specific targets using RCA, which serves to reduce off-target reads 

and maximize read depth (Fig. 9).

The CypherSeq approach corrects the errors inherent to NGS sequencing, allowing detection 

of mutations at frequencies as low as 2.4 × 10−7 per base pair [78]. However, by increasing 

the number of base pairs sequenced, the sensitivity of the CypherSeq methodology can be 
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increased, as double-stranded barcoding-based error correction can theoretically permit the 

resolution of mutation frequencies as low as 10−9 to 10−10 per nucleotide [75]. As such, the 

CypherSeq methodology allows for exact determination of mutation frequencies in high-

throughput screens that interrogate millions of base pairs simultaneously, and can permit the 

first high-resolution estimate of the rate of somatic mutation throughout the human genome. 

These data would provide the first available measurements of random mutations throughout 

the genome in humans, and will permit us to delineate the impact that genomic architecture, 

sequence context, replication timing and transcription have on genome-wide mutation 

frequency and spectrum. Moreover, this technology allows human mutagen exposure to be 

monitored via DNA biomarkers, through the direct assessment of mutation at neutral (free of 

selection pressure) target sites enriched via RCA. This data would serve as a historical 

record of environmental mutagenic exposure, and potentially provide the ideal biomarker for 

human risk assessment, as the measured endpoint (somatic mutation) is a driver of 

carcinogenesis.

2.3. Importance of animal models in understanding gene and environment effects on DNA 
damage response and disease

Population science is an invaluable tool for identifying biological markers that associate with 

environmental exposure and disease. These associations, however, require validation. To 

facilitate implementation of preventative measures and identification of possible therapeutic 

targets requires a basic understanding of target organ biology. Animal models, therefore, 

play an important role in the validation process and in deciphering perturbed mechanisms. 

Such models allow testing for effects of environmental exposures or interacting genes on a 

disease process and have the potential of uncovering associations that may not be obvious 

from human epidemiology studies. In the case of cancer, the effect may be to accelerate or 

retard the incidence of disease or rate of tumor progression.

An example of the latter is the role of low penetrance CHEK2 alleles in breast cancer. The 

CHEK2*1100delC allele has a C deletion at position 1100 to produce a truncated protein 

lacking a kinase domain. It clearly impacts breast cancer risk since first degree relatives of 

patients with bilateral disease who are heterozygous for CHEK2*1100delC are at three 

times greater risk for breast cancer than first degree relatives of patients with bilateral 

disease who are CHEK2 wild-type. Risk increases eight-fold compared with women in the 

general population [79]. In the mouse, some of the biological consequences of 

homozygosity at Chk2*1100delC are predictable whereas others are unexpected. The Chk2 

kinase participates in cell cycle and checkpoint regulation by phosphorylating Cdc25A and 

promoting its proteasome-mediated degradation. Following DNA damage, it perturbs the 

integrity of the G1/S checkpoint, producing genomic instability [80]. The mouse model, in 

fact, displays constitutive DNA damage, an altered cell cycle profile, and an elevated level of 

polyploidy and multinucleated cells [81]. The mice also develop tumors, not restricted to the 

mammary gland, and expire only after 12 months of age [82]. Strikingly, only female mice 

develop tumors above the level of control mice [82], suggestive of a hormonal contribution. 

In humans, male breast cancer is very rare [83] but has been associated with obesity and 

with hormonal imbalances [84]. It has also been associated with gynecomastia (enlarged 

breasts in men) and excessive levels of estrogen [85]. It should be instructive to ascertain 
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whether or not the sexual dimorphism observed in mice homozygous at Chk2*1100delC is 

hormonally related and whether such imbalance may apply to the human condition.

Whether environmental exposure or genetic interactions affect the time of onset or severity 

of the disease in women who harbor the CHEK2*1100delC allele is not known but has been 

addressed in the mouse. Exposure to the carcinogen 7,12-dimethylbenz(a)anthracene 

(DMBA) causes tumor formation in mice, which is accelerated in similarly treated mice 

homozygous for Chk2*1100delC [82]. Likewise, mice that overexpress the oncogenic 

receptor tyrosine kinase RON in the mammary gland form tumors in about 40 weeks. In 

contrast, the time of tumor formation in mice that overexpress RON and that are also 

homozygous for Chk2*1100delC is reduced to 34 weeks [86]. Thus, both genetic 

constitution and environmental exposure interact with the Chk2*1100delC allele to produce 

a more severe phenotype.

While rodent models have been invaluable for monitoring responses to environmental 

challenges and genetic interactions, they are limited by cost, by their generally long response 

time, and by the fact that their responses may differ from those of humans. Response time 

and cost for assessing exposure and for modeling human disease can be overcome by model 

systems that use lower organisms such as Drosophila [87,88] or C. elegans [89]. Although 

informative, these models, however, do not necessarily mimic the human condition or effects 

at target organs. In principle, most of these concerns can now be overcome by the use of 

human induced pluripotent stem (iPS) cells [90,91] that have been coaxed to differentiate 

into a lineage representative of the human target cell type [92]. While this approach 

represents an advance over current commonly used approaches, it still assumes that 

responses to exposure are cell autonomous. The use of iPS cell-derived organoids that mimic 

the complexity of a target tissue could circumvent this last concern, and its advantages for 

studying cellular responses to drug exposure have been discussed [93]. Further possibilities 

for establishing mechanisms underlying responses to environmental exposure or drug 

administration may be provided by patient-derived iPS cells [94] or by precision editing of 

iPS cells [95] prior to their differentiation into specific lineages and into organoids. One can 

thus envision a personalized approach to prevention or reduction of exposure to 

environmental toxicants.

2.4. Integration across methods, fields, and disciplines to achieve predictive power

Significant advances in predictive power should be realized as an integrated landscape 

emerges based on multiple assays that address similar aspects of the same question. Thus, 

researchers in assay development need to collaborate to perform complementary studies. By 

sharing the same sample set, we will learn about the strengths and weaknesses of different 

approaches, affording new opportunities for methods refinement. Therefore, it is of 

particular importance for basic researchers not only to team up with clinical researchers and 

population scientists, but additionally to join forces with other methods development teams 

so that data can be collected from a shared sample source. Ideally, if subpopulations of 

susceptible individuals are identified, these could be cross-examined using complementary 

methods to explore assay integration. As an example, DNA double strand breaks can now be 

measured in more than one way. Ideally, multiple different approaches (for example, the 
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comet and γ-H2AX assays) should be brought to bear on a shared sample set to learn more 

about the strengths and weaknesses of each approach and the ability of data collected using 

divergent methods to combine in order to strengthen data analysis. Ultimately, many of the 

methods described here will need to be used in parallel both to validate the differing 

approaches, and to pave the way for more robust analysis tools. Moreover, for individuals 

with high risk, whole-genome or whole-exome sequencing of single-cells, cell clones or 

micro-biopsies can be used to validate extreme risk prediction and to support prevention 

recommendations.

3. Overcoming barriers to personalized prevention

3.1. Considerations from the epidemiology perspective: practical considerations for 
collecting and preserving biological samples for phenotypic assays

In epidemiological studies, phenotypic assays complement genomic approaches that cannot 

directly assess pathway function. While molecular epidemiology studies using genetic 

biomarkers, such as germline mutations or single nucleotide polymorphisms, have advanced 

rapidly, leading to genome-wide association studies [96] and whole genome sequencing 

efforts, studies with phenotypic assays are limited. This is partly because viable cells are 

often needed for cellular functional testing. In such cases, time course and dose escalation 

are vital for assessing cellular functions, and the use of live cells to reffect the individual’s 

biological response to exposures and the need to keep the cells proliferating normally are 

required to simulate in vivo biology. Therefore, to address the requirement for viable 

lymphocytes in performing phenotypic assays for biomarker studies, both fresh and 

cryopreserved lymphocytes have been used for cell culture-based functional assays. The use 

of fresh lymphocytes does not allow most assays to be conducted in batches, while 

cryopreservation of isolated lymphocytes results in a considerable loss of viable cells. Both 

fresh and cryopreserved lymphocytes have been used to assess the extent of DNA damage 

and the kinetics of repair as phenotypic assays. This includes testing for DRC using cells 

that are exposed to a known carcinogen in cell culture assays, such as Comet assay [97–99], 

or γ-H2AX foci formation [100] or to a substrate harboring DNA damage, such as the host-

cell reactivation (HCR) assay.

Although freshly isolated lymphocytes and cryopreserved lymphocytes have their respective 

advantages and drawbacks, both lymphocyte sources appear to produce valid data regarding 

repair capacity. When the feasibility of using cryopreserved whole blood as a source of 

viable lymphocytes in molecular epidemiology studies was compared with the use of whole 

blood cryopreserved by traditional methods, using HCR and mutagen sensitivity assays, the 

outcome was similar with a correlation 0.77 (P < 0.001) for paired blood samples [101]. The 

Wei lab has also shown that the baseline of γ-radiation-induced chromatid breaks, as 

measured by the mutagen sensitivity assay were not significantly different between 

lymphocytes from either frozen blood or fresh blood. Although the correlation between the 

numbers of chromatid breaks in the paired blood samples was statistically significant, the 

lymphocytes from frozen whole blood were more sensitive to γ-radiation, with a higher 

mean level of chromatid breaks than that in fresh blood. Overall, these data suggest that 
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within the limits of the parameters investigated, cryopreserved whole blood is a good source 

of viable lymphocytes for biomarker assays in molecular epidemiological studies.

While either T- or B-lymphocytes may be used in biomarker-based molecular epidemiology 

studies, in practice, T-lymphocytes are more easily maintained through PHA stimulation in 

cell culture. In contrast, B-lymphocytes have to be obtained by transformation with EB 

virus, a procedure that has limited success. Whereas T-lymphocytes play a central role in 

cell-mediated immunity and B-lymphocytes are responsible for the humoral immunity of the 

adaptive immune system, both types of cells are responsive to antigens through their specific 

receptors in different ways [102]. More importantly, T-lymphocytes, once stimulated, have 

all the biologic features that B-lymphocytes do, including DRC and apoptotic response when 

the damage overwhelms their DRC. Based on a series of studies of cancer susceptibility with 

DRC measured by the HCR assay using T-lymphocytes from the peripheral blood, the DRC 

of lymphocytes was shown to accurately reflect the repair capacity of the donor [103]. Given 

the limited availability of viable biopsies, studies integrating genetic analyses with 

functional assays in multiple tissues are needed to establish whether genetic analyses can 

predict function, and whether function in blood cells is representative of function in other 

tissues.

3.2. Importance of approaches for enhancing estimates of disease risk, treatment effects, 
and susceptible populations

The role of DRC in cancer susceptibility has been demonstrated in several environmentally 

induced cancers using blood samples. For example, reduced DRC in T-lymphocytes from 

blood, based on the HCR assay, is associated with sunlight-induced skin cancers, including 

non-melanoma (i.e., basal cell and squamous cell carcinomas) [104] and cutaneous 

melanoma [105]. In these studies, an engineered expression vector harboring well-defined 

DNA damage, such as thymidine-thymidine induced by UV light exposure, can be 

transfected into cells and used to monitor the host cells’ nucleotide excision repair pathway. 

An inherited low level of DRC may explain why some of the exposed people contracted skin 

cancers but others did not. A similar approach also demonstrated an association between 

lower DRC and the risk of prostate and breast cancers [106,107]. This DRC assay also 

detected low-level DRC that is responsible for elevated risk of tobacco-induced lung cancer 

[108] and head and neck cancer [109]. In these experiments, a tobacco carcinogen, 

benzo[a]pyrene diol epoxide, was used to form DNA adducts on the expression vector that 

was transfected into the host cells. A recent genome-wide association study of lung cancer 

has shown that the DRC-associated risk of lung cancer has a genetic basis that could be 

detected by genetic variants in blood samples [110]. It should be noted that while these 

studies provide a foundation for personalized prevention based on inter-individual 

differences, the studies reach their conclusions by measuring significantly different average 

repair capacity in case versus control study groups. While the existence of such measurable 

differences is necessary, for personalized prevention strategies to be feasible, it is not 

sufficient. In practice, precision prevention demands assays that are sufficiently reproducible 

to provide information that can be used to reliably assign individual people to risk groups 

and guide clinical decisions. This higher bar may require improvements to the 

reproducibility of assays to enable measuring differences between large populations.
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3.3. Limitations and barriers to applying DNA repair functional assays in population 
studies

Blood-based biomarker studies in molecular epidemiology would be ideally performed in 

population-based case-control studies, particularly in well-defined cohort studies, for 

example in a nested case-control study. However, for practical reasons, including the timing 

of blood sample collection, field transportation, sample storage, cell culture, and 

experimental batch effects in performing the phenotypic assay (including DRC assays that 

require viable cells), hospital-based case-control studies are preferred. These types of studies 

allow for consistency in obtaining experimental data that are comparable across batches, 

particularly for repeated experiments that ideally are performed on the same day under the 

same experimental conditions, to minimize variation due to laboratory conditions, reagent 

batch order, and cell culture medium preparation.

In some studies, measurements can be made with minimal sample volume. However, in most 

other studies the amount of blood available may severely restrict the number of 

measurements per patient. One question often asked is whether, when considering sample 

size for such biomarker studies, more subjects should be recruited or more experiments or 

measurements be made. These considerations should take into account both the financial 

constraints and the correlation between measurements. For the study design, one approach is 

to balance the variance and the financial constraints by minimizing the variance to maximize 

the power, because the power to detect a difference under the alternative is inversely related 

to the variance [111]. This calls for well-established, reliable phenotypic assays that can be 

performed consistently with a minimal co-efficient of variation. Another issue is whether 

DRC in lymphocytes can reflect DRC in target tissues, such as tumors. Considering the 

influence of tumor microenvironment as well as somatic mutations that may impact DRC in 

tumors, it is not likely DRC in lymphocytes will reflect DRC in tumors. However, the 

current application of DRC in lymphocytes has been validated as a biomarker for genetic 

predisposition to cancer [110].

4. Concluding thoughts

Current and emerging technologies for measuring inter-individual differences in DNA 

damage and repair, the DNA damage response, and mutagenesis have the potential to make 

Precision Prevention a reality for many diseases and many people. To realize this potential, 

the performance factors for the assays used in this effort must include reproducibility and 

ease-of-use; compatibility must be adequately addressed to allow the transition of DNA 

repair measures from research laboratories to clinical testing. Many of the assays described 

above, for example, originated in academic research labs with limited resources or expertise 

to identify factors that affect technical variance in assay results. These factors can include 

instrument calibration, environmental fluctuations, human errors, and quality control, among 

others. Engineering an assay for ease of use, as well as reproducibility, are additional factors 

that limit the broad use of DNA damage and repair assays. As a practical matter, converting 

an assay into an easy-to-use design is not supported through most research funding 

mechanisms, although small business (SBIR) grants do provide a potential path toward this 

goal. However, SBIR grants require a biotech or commercial partnership, with a small 
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business with the resources to bring such a product to market. Notably, the ability for DNA 

damage and DRC assays to make large impacts in disease prevention efforts will require 

widespread testing in a clinical setting, thus necessitating a “kit” and a highly reproducible 

assay. Once performance factors are validated, broader assay implementation factors 

including, e.g., manufacturability, shelf-life, commercialization, and health insurance 

mandates must be addressed, or at least discussed, before measures of DNA damage and 

repair can impact Precision Prevention and Precision Medicine decisions for specific 

diseases.

A potential strategy for dealing with issues relating to large-scale assay performance would 

be for the NIH to engage the Federal Drug Administration (FDA) and industries with proven 

expertise in developing and using high quality and manufacturer-ready diagnostic assays to 

help guide assay development. The FDA has years of regulatory experience that could be of 

great benefit to laboratories with little experience in transitioning a laboratory test into a 

clinical diagnostic. For applications outside the purview of the FDA, industry partnerships 

could promote assay development. The engagement of industry early in the assay 

development pipeline could help to speed up the transition of a laboratory assay to a clinical 

assay and to provide economic insight into making DNA damage and repair measures 

mainstream diagnostic tools. Industries that could help support assay transition, as well as 

benefit from the final product, could include pharmaceutical and biotechnology companies 

that have expert knowledge in high throughput assay development, Good Laboratory 

Practice- (GLP-) based expertise that will be needed for a marketed diagnostic, as well as 

potential products that could be coupled with diagnostic assays. A main conclusion that 

should be acted upon is that scientists developing useful DNA damage and DRC assays need 

to engage with experts that have business and manufacturing expertise to transition their 

assay to a clinically useful product. Similarly, the DDR community must work together with 

federal entities to continue to show the importance of measuring these factors to highlight 

their value in Precision Prevention.

The confluence of new high throughput phenotypic assays, advances in DNA sequencing 

technology, and methods for analyzing large data sets have already begun to revolutionize 

the practice of medicine. The field of DNA damage, repair and mutagenesis has played a 

leading role in these advances. The field has also been deeply involved in developing current 

strategies for predicting disease susceptibility and establishing relationships between 

environmental exposure and risk at the level of populations, particularly in the context of 

preventing carcinogenic exposures. We are now poised to refine these strategies to assess 

individual susceptibility and take key steps toward the practice of precision prevention.
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Fig. 1. 
From traditional assays (center) to today’s tools for population studies (outer circle). The 

impact of new technologies emerges through their integration into population studies 

(orange circle).
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Fig. 2. 
Major classes of DNA damage and major DNA repair pathways.
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Fig. 3. 
CometChip uses photolithography to create a mold with micrometer scale pegs. A) The 

mold creates an array of microwells. B) Cells are loaded into the wells by gravity and excess 

cells are removed by shear force. C) Comet data from an undamaged cell (top) and a heavily 

damaged cell (bottom). D) An array of comets resulting from the CometChip.
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Fig. 4. 
γ-H2AX yields and DNA repair kinetics as measured with the high-throughput fully-

automated RABiT system [21,22], from a study of finger stick blood samples from 94 

healthy individuals [23]. Experimental data and model fit (see [23]) pooled from 94 donors 

exposed ex vivo to 4 Gy gamma radiation, assayed at 0.5, 2, 4, 7 and 24 h post irradiation.
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Fig. 5. 
Distributions of the DNA repair parameters Fres (residual DSBs) and Kdec (characteristic 

DSB decay time) derived from a recent study [23] of 94 healthy individuals using the high 

throughputfully-automated RABiT system [21,22]. The red curves show fits to biphasic 

normal distributions, showing evidence for distinct subpopulations with different DNA 

repair capacities.
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Fig. 6. 
Schematic of FM-HCR. Fluorescence based multiplex host cell reactivatio (FM-HCR) 

assays use unique fluorescent reporter plasmids to measure repair capacity in multiple DNA 

repair pathways in parallel in live cells (Nagel et al. (2014) PNAS 111(18), E1823–32).
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Fig. 7. 
DNA Repair Molecular Beacons – (A) Overall design of the DNA repair molecular beacons 

– a deoxyoligonucleotide containing a single base lesion with a 6-Carboxyfluorescein (6-

FAM) moiety conjugated to the 5′ end and a Dabcyl moiety conjugated to the 3′ end of the 

oligonucleotide. (B) Schematic representation of utility of the DNA repair molecular beacon 

assay in 96- or 384-well plates for analysis of cell and tissue lysates or purtified proteins. (C) 

Modification of the DNA repair molecular beacon platform – microspheres or bead-based 

Beacons for increased multiplexing capacity.
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Fig. 8. 
Schematic representation of the double-stranded CypherSeq construct. The CypherSeq 

construct includes all of the components necessary for sequencing on Illumina platforms, 

plus two 7-nucleotide double-stranded, randomly generated barcodes (flanking a blunt-SmaI 
restriction site). Sheared genomic DNA is ligated into the vector at the SmaI site. The library 

is then amplified (via E. coli transformation or PCR) and deep sequenced. The resulting 

sequence reads are filtered, computationally de-convoluted, and error-corrected via the 

double-stranded CypherSeq barcodes.
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Fig. 9. 
Overview of rolling circle amplification (RCA) enrichment from CypherSeq libraries. A 

CypherSeq vector library is amplified by extension of biotinylated, target-specific primers 

using the strand displacement synthesis-proficient polymerase. Two primers, one targeting 

each of the complementary strands, must be used to achieve double-strand molecular 

barcoded error correction. Template CypherSeq vectors containing non- target sequences 

remain unamplified while templates containing the target sequence are amplified via RCA 

into long single-stranded products containing redundant copies of the target sequence and 

sequencing cassette. The RCA products are purified using magnetic streptavidin-coated 

beads, subjected to limited PCR with the library preparation primers, and sequenced. Reads 
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are computationally compiled by barcode and a consensus is made for each barcode family 

independently. Substitutions occurring in < 90% of the reads within a family are rejected as 

artifacts, while substitutions present in all or nearly all (> 90%) of a family are accepted as 

true mutations.
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