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Abstract

Although DNA repair is known to impact susceptibility to cancer and other diseases, relatively 

few population studies have been performed to evaluate DNA repair kinetics in people due to the 

difficulty of assessing DNA repair in a high throughput manner. Here we use the CometChip, a 

high throughput comet assay, to explore inter-individual variation in repair of oxidative damage 

to DNA, a known risk factor for aging, cancer and other diseases. DNA repair capacity after 

H2O2-induced DNA oxidation damage was quantified in peripheral blood mononuclear cells 

(PBMCs). For 10 individuals, blood was drawn at several times over the course of 4-6 weeks. In 

addition, blood was drawn once from each of 56 individuals. DNA damage levels were quantified 

prior to exposure to H2O2 and at 0, 15, 30, 60, and 120-minutes post exposure. We found that 

there is significant variability in DNA repair efficiency among individuals. When subdivided into 

quartiles by DNA repair efficiency, we found that the average t1/2 is 81 minutes for the slowest 

group and 24 minutes for the fastest group. This work shows that the CometChip can be used 

to uncover significant differences in repair kinetics among people, pointing to its utility in future 

epidemiological and clinical studies.

#corresponding author Z.D.N.: znagel@hsph.harvard.edu.
*these authors contributed equally

Declaration of competing financial interests: B.P.E. is a co-inventor on the patent for the CometChip.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2022 October 01.

Published in final edited form as:
Free Radic Biol Med. 2021 October ; 174: 89–99. doi:10.1016/j.freeradbiomed.2021.07.033.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Graphical Abstract

Keywords

CometChip; DNA repair; DNA damage; repair kinetics

INTRODUCTION

DNA damage can lead to mutations and cancer. The health effects of exposure to DNA 

damaging agents vary greatly among individuals, in part due to differences in their genetics. 

For example, among heavy smokers who are exposed to many genotoxic agents, not 

everyone develops lung cancer, partly due to gene-environment interactions (Wu et al. 2004; 

Deng et al. 2009; Yang et al. 2016; Leong et al. 2019). Furthermore, genetic differences 

among individuals contribute to divergent responses to DNA damaging agents used for 

cancer treatment with regard to both efficacy of treatment and toxic side effects (e.g., 
(Pollard and Gatti 2009; Cortesi et al. 2021)). Despite the relevance of DNA repair capacity 

as a driver of differences in susceptibility to DNA damage, population studies investigating 

this have been limited due to technical and throughput limitations of existing repair assays. 

Having a way to identify people with reduced DNA repair capacity opens doors to precision 

prevention (Collins and Varmus 2015; Nagel et al. 2017), as well as to personalized 

medicine for cancer treatment (e.g., to maximize toxicity to the tumor, while minimizing 

toxicity to the patient). Here, we describe the application of a higher throughput approach 

for monitoring DNA repair capacity in human lymphocytes.

The Base Excision Repair (BER) pathway is responsible for repair of ~30,000 lesions 

per cell per day (Wallace 2014; Marsden et al. 2017). Human cells have a suite of DNA 

glycosylases that initiate BER by recognizing and removing damaged bases from the 

genome, giving rise to an abasic, or AP site (Svilar et al. 2011; Kumar et al. 2020). For 

a key subpathway of BER, bifunctional glycosylases both remove the offending lesion and 

cleave the phosphodiester backbone. AP endonuclease 1 (APE1) can then hydrolyze the 

phosphodiester bond 5’ to the AP site, DNA polymerase β can perform repair synthesis 

and the remaining single strand break (SSB) can then be sealed by a DNA ligase (note 

that BER has multiple subpathways; for more information, see (Meira et al. 2005; Svilar 

et al. 2011; Krokan and Bjoras 2013; Wallace 2014)). Important connections have been 

drawn between BER and disease. One approach is to measure enzyme activity for a single 

component of a pathway, as has been done for the OGG1 DNA glycosylase. Indeed, it 
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has been shown that there is an association between OGG1 activity and susceptibility to 

cancer (Paz-Elizur et al. 2006; Leitner-Dagan et al. 2014). However, BER has multiple 

steps and thus analysis of one step in the pathway does not necessarily reveal efficiency 

of the entire pathway. For example, although having high levels of a repair enzyme may 

seem advantageous, we now know that increased initiation of a repair pathway may have 

detrimental effects if downstream enzymes are rate limiting, leading to an accumulation 

of toxic BER intermediates (Zverina et al. 1991; Glassner et al. 1998; Calvo et al. 2016; 

Allocca et al. 2019). Furthermore, many studies of DNA repair have been performed for 

a single time point, making it difficult to discern repair kinetics. Despite the importance 

of repair kinetics for resolving genomic DNA damage, DNA repair kinetics are rarely 

measured in population studies. This gap in the literature is primarily due to the lack of 

assays amenable to measurements of repair pathway completion in live cells over the course 

of multiple time points.

In addition to activity assays for specific repair components, there are also assays that 

measure responses to DNA damage (e.g., phosphorylation of H2AX [γH2AX] at sites of 

double strand breaks [DSBs] and replication stress). These assays have proven to be highly 

useful, however, they are not a direct measure of DNA repair kinetics. Indeed, we found 

that while physical DSBs were very rapidly cleared within the first hour, γH2AX levels 

remained above background for more than 6 hours afterwards (Weingeist et al. 2013). Thus, 

to learn more about the ability of cells to repair damaged DNA, we turned our attention to 

cell-based assays, where pathway kinetics can be directly assessed for DNA damage present 

in the genomes of cells.

Recently, two traditional cell-based DNA repair assays have been reengineered for use in 

population studies, namely the host cell reactivation assay (HCR), and the comet assay. 

The traditional HCR assay involved damaging plasmids and querying restoration of the 

DNA structure via expression of a reporter gene. To make the assay amenable to population 

studies, a multiplexed fluorescence-based flow cytometric host cell reactivation assay (FM­

HCR) was developed to enable higher throughput analysis of DNA repair (Nagel et al. 2014; 

Chaim et al. 2017). In addition to HCR, the traditional comet assay is also an effective 

approach for evaluating DNA damage (Ostling and Johanson 1984; Singh et al. 1988; 

Hartmann et al. 2003; Collins 2004; Olive and Banath 2006). The underlying principle of 

the comet assay is that damaged DNA migrates more readily than undamaged DNA when 

electrophoresed through agarose. In particular, SSBs release superhelical tension, resulting 

in loops that pull away from the nucleus during electrophoresis, creating a plume with a 

comet-like shape. Although effective for measuring DNA damage, the conventional comet 

assay suffers from being low-throughput and from being highly variable from experiment to 

experiment. To overcome these limitations, we previously created the CometChip (Wood et 

al. 2010; Weingeist et al. 2013; Ge et al. 2015).

The basis for the CometChip is the ability to create microarrays of mammalian cells. By 

arraying cells ∼250 μm apart in microwells of an agarose chip, the resulting comets are on 

the same focal plane. Since people generally analyze 100 comets per sample (via imaging 

them one-by-one), being able to capture 100 comets in just one or two images reduces labor 

significantly. The format is a 96-well plate, which can be imaged in ∼15 minutes using 
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automated systems, and images are then processed using in-house software. As a result, 

the CometChip is easier, more robust, and at least two orders of magnitude faster than the 

conventional comet assay, paving the way toward large-scale population studies of DNA 

repair kinetics.

Here, we leveraged the CometChip to measure repair kinetics for DNA oxidation damage in 

human peripheral blood mononuclear cells (PBMCs). Others had previously shown that the 

comet assay is compatible with analysis of oxidation damage to DNA starting with frozen 

leukocytes (Akor-Dewu et al. 2014; Bohn et al. 2019). In addition, we have previously 

shown that the CometChip is able to detect repair of DNA oxidation damage in live PBMCs 

(Sykora et al. 2018). Here, we have extended upon our prior work to study repair in dozens 

of individuals. Our rationale for selecting PBMCs reflects our interest in epidemiological 

studies. Specifically, there are many cryopreserved lymphocyte samples that have been 

banked as part of retrospective studies that can be used to study the relationship between 

DNA repair kinetics and disease. In addition, we have focused on oxidative stress because 

it is considered a critical driver of cancer, neurological diseases, heart disease and many 

other conditions (Cooke et al. 2003). As such, we have focused on reactive oxygen species 

(ROS) by challenging cells with H2O2, which induces a spectrum of damage similar to that 

produced endogenously during inflammation or following exposure to certain exogenous 

chemicals and radiation (Evans et al. 2004). Damage to DNA includes directly formed 

SSBs, oxidized bases, and the downstream base excision repair intermediates formed during 

repair of oxidized bases (Massie et al. 1972; Lesko et al. 1980; Demple and Linn 1982; 

Kennedy et al. 1997; Valverde et al. 2018), all of which are detectable using the CometChip. 

Key advances described here include the use of the CometChip for analysis of over 1,500 

samples (equal to over 150,000 comets), which would be exceedingly difficult using the 

traditional comet assay. Taken together, this work demonstrates the utility of the CometChip 

for population studies and adds to comet literature pointing to significant differences in 

DNA repair capacity among individuals (Pool-Zobel et al. 1998; Jenkinson et al. 1999; 

Collins et al. 2001a; Collins et al. 2001b; Collins et al. 2003; Trzeciak et al. 2008a; Trzeciak 

et al. 2008b; Gaivao et al. 2009; Hoelzl et al. 2009; Chang et al. 2010; Nair-Shalliker et 

al. 2012; Trzeciak et al. 2012; Garm et al. 2013; Slyskova et al. 2014; Czarny et al. 2020; 

Kazmierczak-Baranska et al. 2020; Moller et al. 2020; Niu et al. 2020).

MATERIALS AND METHODS

CometChip fabrication

Materials.—Sylgar™ 184 silicone elastomer kit (102092-312) and bottomless 96-well 

plates (82050-714) were purchased from VWR, Radnor, PA. GelBond® Film (53761) was 

obtained from Lonza, Portsmouth, NH. UltraPure™ agarose (16500100) and UltraPure™ 

low melting point agarose (16520100) were purchased from ThermoFisher Scientific, 

Waltham, MA.

Procedure.—The microwells were fabricated as described previously (Wood et al. 2010; 

Ge et al. 2013; Weingeist et al. 2013; Ge et al. 2014; Ge et al. 2015). Briefly, 1% 

w/v agarose solution in Dulbecco’s phosphate-buffered saline (DPBS) was prepared. A 
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polydimethylsiloxane (PDMS) stamp with an array of micropegs was fabricated using the 

Sylgar™ 184 kit, as described previously (Wood et al. 2010). The stamp was pressed into 

the molten agarose solution on top of the hydrophilic side of a sheet of GelBond® Film. The 

agarose was allowed to gelate at room temperature (RT) for ∼15 minutes. The stamp was 

removed to reveal an array of microwells with ∼40-50 μm in both diameter and depth. The 

microwells were spaced 240 μm apart. A bottomless 96-well plate was pressed on top of the 

agarose chip to form 96 macrowells. The bottom of each macrowell was an array of ∼300 

microwells.

To load cells into microwells by gravity, ∼2,000 or more cells in suspension were placed 

into each macrowell, and the chip was incubated at 37°C in the presence of 5% CO2 for 

15 minutes. Excess cells were then washed off with DPBS by shear force. The chip was 

covered with an agarose overlay (1% w/v low-melting point agarose solution in DPBS, kept 

molten at 43°C until use). For complete gelation of the overlay, the chip was kept at RT for 2 

minutes followed by 2 minutes at 4°C.

Alkaline CometChip assay

Chemicals.—Sodium chloride (NaCl, 7581), disodium EDTA (Na2EDTA, 4931), and 

sodium hydroxide pellets (NaOH, 7708) were purchased from VWR, Radnor, PA. Trizma® 

base (T1503), Trizma® HCl (T5941), and Triton X-100 (X-100) were obtained from 

MilliporeSigma, St. Louis, MO. 10,000X SYBR™ Gold nucleic acid gel stain was obtained 

from ThermoFisher Scientific, Waltham, MA.

Buffers.—The lysis buffer (pH ∼ 10) is a solution of 2.5 M NaCl, 100 mM Na2EDTA, 10 

mM Trizma® base, and 1% v/v Triton X-100. The alkaline unwinding buffer is 0.3 M NaOH 

and 1 mM Na2EDTA at pH 13.5. The neutralization buffer is 0.4 M Trizma® HCl at pH 

∼7.5.

Procedure.—Cells encapsulated in the CometChip were incubated in lysis buffer overnight 

at 4°C. The nuclei were unwound in the alkaline unwinding buffer for 40 minutes at 

4°C prior to electrophoresis in the same buffer and at the same temperature for 30 

minutes at 1 V/cm and ∼300 mA. The CometChip was then washed three times in the 

neutralization buffer by submerging for five minutes each time at RT. The DNA was then 

stained via incubation in 1X SYBR™ Gold diluted in PBS for 15 minutes, protected 

from light. Fluorescent images of the comets were captured at 40X magnification using an 

epifluorescence microscope (Nikon Eclipse 80i, Nikon Instruments, Inc., Melville, NY) with 

a 480 nm excitation filter. Image acquisition was achieved by automatic scanning using a 

motorized XY stage. Comet images were automatically analyzed using Guicometanalyzer, a 

custom software developed in MATLAB (The MathWorks Inc., Natick, MA) as previously 

described (Wood et al. 2010). Outputs from Guicometanalyzer were processed and imported 

to a spreadsheet (Microsoft Excel, Microsoft Office Suite 2016) using Comet2Excel, an in­

house software developed in Python (Python Software Foundation, Python version 2.7.10). 

Software is available upon request.
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Culture of cell lines

Reagents.—RPMI-1640 and Pen-Strep were purchased from ThermoFisher Scientific, 

Waltham, MA. Fetal bovine serum (FBS) was obtained from Atlanta Biologicals, Inc., 

Flowery Branch, GA.

Cell lines.—TK6 cells (Skopek et al. 1978; Liber and Thilly 1982), a human B­

lymphoblastoid cell line, were cultured in RPMI-1640 with GlutaMAX™ supplemented 

with 100 U/mL Pen-Strep. TK6 cell suspension was directly obtained from the suspension 

culture. Cell viability and cell number were analyzed using an automated Trypan Blue 

exclusion system (Vi-CELL™ cell counter [Beckman Coulter Life Sciences, Brea, CA]). 

TK6 cells were cryopreserved in multiple vials at the same passage to be used as an internal 

control for the assays.

Peripheral blood mononuclear cells (PBMCs)

Reagents.—Ficoll-Paque PLUS solution was purchased from GE Healthcare Bio­

Sciences. Heat-inactivated fetal bovine serum (HI-FBS, 100-106) was obtained from Gemini 

Bio-Products, West Sacramento, CA. Phytohemagglutinin-L (PHA-L, L4144) and 100% 

dimethyl sulfoxide (DMSO, D8418) were obtained from MilliporeSigma, St. Louis, MO. 

D-Glucose (dextrose, BDH9230) was purchased from VWR, Radnor, PA.

Human whole blood.—For assay optimization and internal controls, fresh whole blood 

from one anonymous apparently healthy donor collected in sodium heparin Vacutainer 

collection tubes was purchased from Research Blood Components, Brighton, MA. For our 

population study, human subjects protocols were approved by the Committee on the Use 

of Humans as Experimental Subjects at MIT and informed consent was obtained from 

volunteers. Fresh whole blood from 56 healthy volunteers was collected in sodium heparin 

Vacutainer collection tubes by a clinical professional at the Clinical Research Center at 

Massachusetts Institute of Technology, Cambridge, MA. Ten of the 56 volunteers had 

multiple blood draws (up to five visits) over a period of 4-6 weeks while the remaining 46 

volunteers had one single blood draw per person.

PBMC Isolation.—PBMCs were isolated using standard Ficoll gradient density 

centrifugation (Boyum 1968b; Boyum 1968a; Cheng et al. 2001). Briefly, 10 mL of fresh 

whole blood was diluted with 10 mL of warm RPMI-1640 solution. 8 mL of the Ficoll­

Paque PLUS solution was gently injected underneath the diluted blood sample without 

mixing the two solutions. The whole tube was then centrifuged at 400 g for 40 minutes 

at 18°C with brakes off. The upper layer containing plasma and platelets was aspirated 

off, providing access to the PBMC layer (buffy coat). PBMCs were transferred to a new 

centrifuge tube. PBMCs were washed by diluting in warm RPMI-1640 solution to a final 

volume of 50 mL and centrifuged at 600 g for 20 minutes at 18°C. The supernatant 

was aspirated, and the pellet was resuspended in 20 mL of warm RPMI-1640 solution. 

Cells from 10 μL of the suspension were stained with crystal violet, and the number of 

mononuclear cells were counted with a hemocytometer. The remaining suspension was 

centrifuged at 400 g for 15 minutes at 18°C. The supernatant was aspirated, and the pellet 

was suspended in the freezing medium (40% RPMI-1640 + 50% HI-FBS + 10% DMSO). 
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The volume for the freezing medium was one-tenth the volume of the original blood sample 

(i.e., 1 mL freezing medium to suspend a pellet isolated from 10 mL of fresh whole blood). 

The average cell density was ∼10x106 cells/mL.

PBMC cryopreservation and storage.—1 mL aliquots of PBMCs suspended in 

the freezing medium were transferred to separate cryovials. The vials were stored in a 

Styrofoam container and placed in a −80°C freezer. After 24 hours, the frozen vials were 

transferred to a Dewar containing liquid nitrogen.

PBMC recovery and T-lymphocyte stimulation.—Cryopreserved PBMCs were 

rapidly thawed by placing the vial containing the cells in a 37°C water bath for ∼1 minute. 

Cells were transferred to a centrifuge tube containing 9 mL warm thawing medium (40% 

RPMI-1640 + 50% HI-FBS + 10% D-glucose) and centrifuged at 600 g for 5 minutes at RT. 

The pellet was resuspended in 10 mL of stimulation medium (RMPI-1640 + 20 % HI-FBS 

+ 100 U/mL Pen-Strep + 5 μg/mL PHA-L). 500 μL of the suspension was analyzed for 

cell viability using an automated Trypan Blue exclusion system (Vi-CELL™ cell counter). 

The recovery procedure typically yielded more than 85% viable cells. T-lymphocytes were 

stimulated for three days by placing the remaining suspension in a tissue-culture incubator 

(37°C, 5% CO2).

CometChip cell loading.—For each experiment, ∼10x105 of PHA-stimulated T­

lymphocytes were harvested and suspended in 5 mL of complete medium (RPMI-1640 

with 20% HI-FBS and 100 U/mL Pen-Strep). Cells were loaded into microwells by gravity 

by placing 50 μL of the suspension into a macrowell and incubating for 15 minutes in a 

tissue-culture incubator (37°C, 5% CO2).

DNA damage induction and evaluation of repair kinetics

H2O2 treatment.—Doses of H2O2 were prepared immediately before use by diluting 30% 

stock solution (10 M) with cold PBS. Suspension of TK6 cells was obtained directly from 

exponentially growing culture and loaded onto the CometChip. A new bottomless 96-well 

plate was placed on top of the CometChip and 100 μL of 100 μM H2O2 solution was 

pipetted into each well. The CometChip was then incubated at 4°C for 20 minutes (protected 

from light). Afterward, the H2O2 solution was aspirated, and the bottomless plate was taken 

off. The CometChip was rinsed by submerging in cold PBS.

DNA damage and repair.—To analyze DNA damage immediately after treatment, the 

CometChip was placed in cold lysis buffer and processed following the remaining steps of 

the alkaline comet assay. To study repair kinetics, the CometChip was cut into ∼5 cm x 

5 cm pieces using a pair of sterile surgical scissors and incubated in culture medium in a 

tissue-culture incubator (37°C, 5% CO2) for up to two hours. At each time point, a piece of 

the CometChip was removed and placed in cold lysis buffer prior to standard processing, as 

described above.
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Data analysis of repair kinetics

Multiple comparisons between individuals.—One-way ANOVA followed by Tukey­

Kramer’s multiple comparison test was performed using the Real Statistics Resource Pack 

software (Release 5.1).

Mathematical modeling.—Background-corrected data were obtained by subtracting the 

baseline damage level from the DNA damage level at each repair time point. Non-linear 

regression was performed using GraphPad Prism version 7.01 for Windows to fit the 

background-corrected data to a biphasic exponential decay model:

f(t) = F . e−kf ⋅ t + S . e−ks ⋅ t,

where f(t) is the level of DNA damage at time t, kf and Ks are two rate constants 

corresponding to the fast and the slow phases of the repair kinetics, and f(0) = F + S is 

the initial DNA damage level. Therefore, if t1/2 is the time required to repair half of the 

initial damage (half-time), then

F . e−kf ⋅ t1 ∕ 2 + S . e−ks ⋅ t1 ∕ 2 − F + S
2 = 0 .

The value of t1/2 was approximated using the Solver add-in in Microsoft Excel (Microsoft 

Office Suite 2016).

RESULTS

Quantification of repair kinetics for DNA oxidation damage in PBMCs from healthy 
volunteers

To study inter-individual variation in repair capacity for oxidative damage to DNA, we 

set out to measure H2O2-induced DNA damage and its repair in PBMCs. PBMCs were 

isolated from blood drawn from 56 healthy volunteers including 29 females and 27 males 

who were between 21 and 66 years old. Isolated PBMCs from each blood sample were 

viably cryopreserved in four separate vials and stored in liquid nitrogen (three vials were 

used for subsequent studies). Note that there is evidence that repair is correlated in fresh 

versus cryopreserved lymphocytes (Trzeciak et al. 2008b). For each experiment, cells from 

one vial were thawed, and T-lymphocytes were stimulated to divide using PHA-L for three 

days (Nowell 1960; Chen et al. 2003) before exposure to H2O2 (Figure 1). Our rationale 

for using PHA is that it increases sensitivity of the assay, enabling more robust assessment 

of DNA repair kinetics. Three independent experiments, corresponding to three vials of 

PBMCs thawed on different days, were analyzed using the alkaline comet approach, which 

is appropriate for studies of SSBs.

Repair kinetics for control lymphoblastoid cells and primary PBMCs

We included TK6 lymphoblastoid cells as an internal control for each experiment where 

we tested DNA repair kinetics in PBMCs. In preparation for the study, TK6 cells were 

therefore cultured, cryopreserved in multiple vials at the same passage, and stored in liquid 
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nitrogen. In addition, to control for PBMC processing procedures (e.g., thawing and PHA­

stimulation), we also included PBMCs from one individual (#00) in all of the experiments. 

We purchased 440 mL of whole blood from #00, isolated PBMCs, and stored multiple vials 

of cryopreserved cells in liquid nitrogen.

Repair of DNA oxidation damage was evaluated as previously described (Ge et al. 2014). 

Specifically, PHA-stimulated lymphocytes were embedded in the CometChip, exposed to 

100 μM H2O2 for 20 minutes at 4°C in the dark and then submerged in medium, allowing 

up to two hours for repair. As shown in Figure 2A, both TK6 cells and PHA-stimulated 

lymphocytes from #00 repair nearly all of the H2O2-induced DNA damage within 60 

minutes. While most of the damage is cleared within 30 minutes for the TK6 cells, there 

is still residual damage in the #00 cells, indicating a slower rate of repair. We therefore 

estimated the repair rate by fitting a biphasic exponential decay model to the data, as had 

been done previously with primary PBMCs exposed to radiation (Trzeciak et al. 2008b). 

We then used the resulting equations to calculate the time it takes to repair 50% of the 

initial damage (t1/2) for both cell types (Figure 2B). Notably, the t1/2 for TK6 cells is ∼24 

minutes, which is >1.5 times faster than that of sample #00. In terms of analysis of kinetics 

in PBMCs, these experiments show that repair of oxidative damage to DNA is quite rapid, 

and that the t1/2 can be estimated via a non-linear regression model.

Analysis of intra-individual variation in DNA repair kinetics

Before investigating inter-individual variation in repair capacity, we first studied the 

variability within individuals over time (intra-individual variation). Ten volunteers from our 

pilot study (#01, #02, #05, #06, #09, #11, #12, #18, #19, and #23) had their blood drawn 

in multiple visits on different days, over the span of 4-6 weeks. PBMCs were isolated from 

each of 4-5 blood draws and cryopreserved prior to storage in liquid nitrogen. To measure 

DNA repair capacity, the cryopreserved PBMCs were thawed, stimulated with PHA-L, and 

then analyzed using the CometChip assay. The repair curves for PBMCs obtained from 

serial visits by individuals #01, #02, #05, #06, #09, #11, #12, #18, #19, and #23 are shown 

in Figure 3A. Visual inspection shows that repair curves for each individual are quite 

consistent from visit to visit.

Inter-individual differences in DNA repair kinetics

We next studied variability in damage levels among individuals. After averaging across 

visits, there is inter-individual variation in the initial levels of damage, as well the kinetics of 

repair. Specifically, there is a larger variability among individuals than within individuals 

when sampled at different times (Figure 3B). Statistically significant differences (p < 

0.05, one-way ANOVA) are observed for the baseline damage level (UT) for different 

individuals, as well as at all repair time points (with the exception of the values immediately 

after exposure to H2O2) (Figure 3B). We also performed post-hoc analysis (Tukey’s 

honest significance test) to query whether there are statistically significant differences 

when the level of DNA damage for one individual is compared to the others (Table 

S1). Specifically, for each time point we queried whether a person’s damage levels are 

statistically significantly different from any of the other individuals. Only one person (#23) 

displays no statistically significant difference from anyone else. Interestingly, only one pair 
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of individuals (#05 and #09) shows a significant difference at the baseline damage level, 

whereas six pairs differ significantly at the latest repair time point (Table S1). To learn more 

about differences among people, we quantified the rate of repair for each individual, based 

on the average value for all of the visits. Similar to TK6 and #00, we applied biphasic 

exponential decay equations to calculate t1/2 for each person’s PBMCs (Figure 3C).

Variability in repair kinetics of oxidative damage to DNA among 56 individuals

While serial blood draws yield information about intra-individual variability in repair 

kinetics, a single blood draw enables larger studies of inter-individual variation. To 

investigate differences in DNA repair capacity among people from a larger population, we 

studied PBMCs from 56 volunteers (the first blood draw from the 10 individuals whose data 

is displayed in Figure 3 plus an additional 46 individuals who came in for a single blood 

draw). Isolated PBMCs were again stimulated with PHA-L, treated with 100 μM H2O2, and 

analyzed with the alkaline CometChip assay. The repair kinetic curves for each individual, 

shown in Figure 4A, are the average results from three independent vials collected from a 

single blood draw. Visual inspection shows that curve shapes are highly variable among the 

56 volunteers. Further analysis of the repair curves for specific individuals shows that there 

is variation in the shapes of the repair curves among individuals (Figure 4A). For example, 

#03, #04, and #38 rapidly repair most of the initial damage within the first 30 minutes, and 

there is no significant reduction of strand breaks after 30 minutes (Figure 4A). On the other 

hand, #19 and #26 display a gradual reduction in strand breaks over the entire 120 minutes 

of repair (Figure 4A).

Despite variation among experiments (indicated by the error bars showing the SEM for 

each time point), Figure S1 shows that the variability among people is significantly greater 

than the variability among experiments at 30 and 60 minutes (see also Tables S2 and S3) 

(p < 0.05, one-way ANOVA for 46 single visit individuals). The coefficient of variation 

(CV) was also calculated for technical replicates, among visits, and among individuals. As 

illustrated by Figure 4B, the CV is very similar for technical replicates and among visits 

at most timepoints, while the CV values are consistently higher among individuals. To 

quantify the repair rates, we parameterized the kinetic curves by fitting the data to a biphasic 

exponential decay model, as described above. Results from one blood draw from each of 

the 56 volunteers show a broad range of t1/2 values, with a 9.5-fold difference between 

the fastest repair rate (13 minutes) and the slowest repair rate (123 minutes) (Figure 4C). 

We then divided the values of t1/2 into quartiles, representing individuals with “very fast”, 

“fast”, “medium”, and “slow” repair (Figures 4A and 4C). As expected, #03, #04, and #38 

(described above as showing nearly complete repair within the first 30 minutes) all belong 

to the “very fast” group. Additionally, both #19 and #26 belong to the “slow” repair group, 

with #19 being the slowest of the 56 people. The average t1/2 values for the “very fast”, 

“fast”, “medium”, and “slow” repair groups are 24 minutes, 35 minutes, 50 minutes, and 81 

minutes, respectively. A closer examination of the “very fast” group reveals a common trend, 

where most of the initial DNA damage is rapidly reduced during the first 30-60 minutes 

(rapid phase) while any further reduction of damage afterward appears to be much slower 

(slow phase) (Figure 5A). The shapes of the “fast” and “medium” group show features in 

between the “very fast” and “slow” groups (Figure 5B and 5C). Furthermore, the “slow” 
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group appears to have a relatively consistent rate of damage reduction over the entire 120 

minutes (Figure 5D).

Looking at repair curves for specific individuals is also informative. Figure 5E shows the 

results for individuals with the fastest (#05) and the slowest time to repair initial damage 

(#19), which clearly have different repair curves. There are also interesting differences 

between the repair rates of individuals in the “medium” and “slow” repair groups. In 

Figure 5F, a comparison between #19 and #46 (from the “slow” and “medium” groups, 

respectively) shows that both samples have comparable strand break levels at the earlier 

repair time points (0, 15, and 30 minutes), however, #46 has a repair rate ∼2 fold faster (t1/2 

= 57 minutes vs 123 minutes) and thus the amount of remaining damage differs at the later 

time points (60 and 120 minutes).

Since there are four fitted parameters in the biphasic exponential decay model, a risk 

of overfitting exists. To test the robustness of the information derived from the biphasic 

exponential decay model, we estimated the repair half-times for the 46 single-visit 

individuals using an alternative analysis approach for nonlinear regression, namely PROAST 

(Slob 2014a; Slob 2014b). Importantly, analysis using the PROAST model is quite 

consistent with results using the biphasic model, described above. For example, similar to 

the biphasic model, the PROAST approach again shows over a seven-fold difference in t1/2 

values between the fastest (18 minutes) and the slowest (130 minutes) (Figure S2). Further, 

most of the 23 individuals with the fastest PROAST repair rates (top half) belong to the 

“very fast” and “fast” groups from the biphasic model (Figure S2). The 23 slowest PROAST 

repair rates (bottom half) also appear to correlate well with the “medium” and “slow” groups 

(Figure S2).

In order to learn more about the statistical significance of the differences between the 

PROAST t1/2 values, we compared their 90% confidence intervals (90% CIs). Figure 5G 

highlights two groups where the 90% CIs do not overlap, indicating that one group has 

statistically significantly faster repair than the other. Importantly, most of the members of 

the “faster” PROAST group are also members of the “very fast” and “fast” groups from 

the biphasic model, while almost all of the “slower” PROAST group members belong to 

the biphasic “slow” group. Taken together, the results from both the biphasic model and 

the PROAST analysis show that there is a wide range of repair rates among PBMCs from 

apparently healthy individuals, and that distinct groups with significantly different repair 

rates can be identified.

DISCUSSION

DNA damage causes mutations that drive cancer. Nevertheless, relatively few studies have 

been performed to explore variation in DNA repair capacity among people. Interestingly, 

while there are over 10,000 studies using the comet assay (PubMed search on “comet”), to 

our knowledge, only one research team has measured t1/2 in over a dozen people (Trzeciak 

et al. 2008a; Trzeciak et al. 2008b; Trzeciak et al. 2012), since this requires quantification 

of DNA damage at multiple time points post exposure which is difficult to do using the 

traditional comet assay. Thus, despite broad appreciation of the importance of DNA repair 
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as a modulator of cancer risk and response to cancer therapy, there has been scant use of the 

comet assay for population studies of DNA repair capacity. Here, we have analyzed DNA 

repair capacity in over 50 people, and we have revealed significant differences in repair 

capacity among individuals.

We had previously developed the CometChip, a higher throughput and more robust version 

of the well-established traditional comet assay (Wood et al. 2010), which is effective for 

analysis of many kinds of DNA damage, including oxidative damage to DNA, which is an 

important cancer susceptibility factor (Wallace 2014). Here, we have applied the CometChip 

to learn about variation in repair kinetics for oxidative damage to DNA. A strength of the 

approach is that the assay detects repair of both directly-induced SSBs as well as base 

lesions (revealed by the kinetics of clearance of BER intermediates). We also observed that 

there is even greater variability when comparing DNA repair kinetics among individuals. 

Looking at repair kinetics for specific individuals, we find that the dynamics of DNA repair 

are variable, with some individuals showing initially rapid repair followed by slower repair 

kinetics, while others show a steady decline in damage levels. Being able to discern such 

differences in the shape of the repair kinetics curve enables future studies to learn the impact 

of rapid versus slow initial clearance of DNA damage. Together, these studies show the 

efficacy of the CometChip for population studies and thus open doors to new understanding 

of how endogenous and environmental factors impinge on risk of cancer.

To study repair kinetics, we measured the initial levels of DNA damage, as well as the 

levels of DNA damage at multiple timepoints following exposure to oxidative stress. Using 

a biphasic model, we calculated the t1/2 for each individual’s PBMCs, and we rank-ordered 

individuals based on their repair kinetics. We observed significant differences in t1/2 for the 

fastest and the slowest repair groups. Using an alternative approach for deriving t1/2 and for 

calculating confidence intervals (PROAST), the fastest and the slowest repair groups show 

statistically significant differences in repair kinetics.

We found that inter-individual variation is higher than both technical and intra-individual 

variation, pointing to a possible role for genetics and/or environmental factors in influencing 

repair rate, as has been previously reported (Garm et al. 2013; Slyskova et al. 2014; Czarny 

et al. 2020; Moller et al. 2020; Niu et al. 2020). In terms of the range of repair rates, 

we observed a 9.5-fold variation in t1/2 of H2O2-induced damage when analyzing a single 

blood draw from 56 individuals. This magnitude in difference among individuals is similar 

to previous estimates using cell extracts (Gaivao et al. 2009). We also observed differences 

in repair kinetics between visits for the same individual. However, these differences were 

similar in magnitude to differences among technical repeats, so the extent to which DNA 

repair kinetics vary over time for the same person is not clear from these particular studies. 

Notably, previous studies using either the live cell comet assay (e.g. the conditions in this 

report) or using cell extracts (e.g. the “in vitro” comet assay) have shown that steady-state 

DNA damage levels vary over time for the same individual, and furthermore that they may 

be affected by diet and lifestyle (Pool-Zobel et al. 1998; Jenkinson et al. 1999; Collins et al. 

2001b; Collins et al. 2003; Freese 2006; Briviba et al. 2008; Hoelzl et al. 2009; Chang et al. 

2010; Fenech and Bonassi 2011; Thomas et al. 2011; Nair-Shalliker et al. 2012; Slyskova et 

al. 2014; Xie et al. 2015; Kazmierczak-Baranska et al. 2020). Further studies are warranted 
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to learn more about the extent to which intra-individual variation in repair kinetics can be 

influenced by diet or other environmental factors.

Replication forks can break down when they encounter SSBs formed during BER (Yang 

et al. 2004; Ensminger et al. 2014). BRCA2 is one of the key proteins involved in the 

repair of the resulting double strand breaks (Scully and Livingston 2000; Nagaraju and 

Scully 2007). PARP inhibitors are now well established as cancer chemotherapeutics, 

and their mode of action is to suppress the rate of single strand break repair, which 

increases replication fork breakdown events. Broken forks are repaired by BRCA2-mediated 

homologous recombination, so PARP inhibitors are particularly toxic for cells deficient in 

homologous recombination, such as BRCA2 deficient tumors (Curtin and Szabo 2020; Rose 

et al. 2020). Remarkably, with a potent PARP inhibitor, the t1/2 for BER increases ∼8 fold, 

going from ∼3 minutes to ∼24 minutes (Strom et al. 2011) which is similar in magnitude to 

the difference between the fastest and slowest repair rates (the t1/2 ranged from 13 minutes to 

123 minutes). As such, differences in repair rates among individuals may affect likelihood of 

spontaneous fork breakdown events, which could affect sensitivity to defects in BRCA2 (as 

well as other proteins involved in fork repair).

There are many valuable approaches for studying BER. For example, incubation of extracts 

with oligonucleotides containing site-specific DNA adducts is an excellent approach for 

assessing efficiency of particular steps in BER (Sauvaigo et al. 2004; Li et al. 2018; Healing 

et al. 2019). Another approach that more closely reflects pathway efficiency is a modified 

comet assay wherein cell extracts are incubated with damaged nucleoid substrates (reviewed 

in (Collins et al. 2001a)). Another option is the FM-HCR assay, which allows for monitoring 

of repair of specific DNA lesions in living cells (Nagel et al. 2014; Chaim et al. 2017; Nagel 

et al. 2019). While proven effective, a key difference between these approaches and the 

comet assay is that they do not detect repair in the context of intact chromatin. Clearly, using 

multiple approaches to assess DNA repair will deepen our mechanistic understanding of the 

relationship between BER and disease. Interestingly, despite the difficulties of performing 

the traditional comet assay, there have nevertheless been detailed studies of DNA repair 

kinetics among people following exposure to ionizing radiation (Trzeciak et al. 2008a; 

Trzeciak et al. 2012). These studies showed that there are biphasic repair kinetics, and that 

the rate of the fast component of repair is impacted by sex, age, and race. Extending upon 

these exciting results is now more feasible and will likely lead to a deeper understanding of 

the impacts of these important factors.

Looking ahead, there remain some challenges to be addressed. First, there is variation in 

the results among different vials of PBMCs collected at the same time. Future studies could 

be directed toward evaluating the underlying cause of such variability, which may reflect 

differences in sample handling among experiments. In addition, comparing the same sample 

among multiple experiments (for TK6 and #00) showed some evidence of a batch effect. It 

is noteworthy that we observed significant differences between individuals even without any 

sort of correction for batch effects. Nevertheless, further study is warranted as correcting for 

batch effects could be a way to suppress experimental noise.
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Taken together, using the CometChip, we have revealed significant differences in DNA 

repair capacity among individuals, consistent with previous studies (Pool-Zobel et al. 1998; 

Jenkinson et al. 1999; Collins et al. 2001a; Collins et al. 2001b; Collins et al. 2003; Freese 

2006; Briviba et al. 2008; Trzeciak et al. 2008a; Trzeciak et al. 2008b; Hoelzl et al. 2009; 

Chang et al. 2010; Fenech and Bonassi 2011; Thomas et al. 2011; Nair-Shalliker et al. 2012; 

Trzeciak et al. 2012; Slyskova et al. 2014; Xie et al. 2015; Kazmierczak-Baranska et al. 

2020). Given the higher throughput of the CometChip compared to the traditional assay, 

this work calls attention to the utility of this approach for future population studies, with 

relevance to both public health and personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The comet assay can be used to measure DNA oxidation damage

• CometChip is a higher throughput DNA damage assay

• CometChip can be used to measure repair kinetics

• Repair rates have been measured in dividing lymphocytes (PBMCs)

• Repair capacity varies for PBMCs from different individuals
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Figure 1. 
Experimental workflow. For each blood draw, lymphocytes (PBMCs) were purified and 

cryopreserved in four vials. Three vials were used for subsequent analysis. Vials were 

thawed and cultured with PHA for three days. Cells were then loaded in the CometChip for 

H2O2 treatment, lysis, electrophoresis, imaging, and analysis.
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Figure 2. 
Repair kinetics for the TK6 cell line and PBMCs from one individual (#00), whose cells 

served as an internal control. (A) Baseline damage is indicated as untreated (UT). DNA 

damage was induced with 100 μM H2O2 at time 0, and then repair was allowed to occur for 

15, 30, 60, 90, and 120 minutes in warm media. (B) Background corrected graphs of repair 

kinetics profiles. Repair rates were estimated by fitting a biphasic exponential decay model 

to the data. The resulting equations were used to calculate the time it takes to repair 50% of 

the initial DNA damage (t1/2). Mean and standard error of the mean (SEM) are shown.
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Figure 3. 
Repair kinetics for individuals who provided multiple samples. (A) Repair kinetics curves 

of 10 individuals who each came in for four to five repeat blood draws. (B) Repair curves 

for the average of all visits for each individual. Differences between individuals at each 

timepoint were evaluated using analysis of variance (one-way ANOVA). (C) Background 

corrected graphs of repeat visit individuals’ repair kinetics profiles. Calculated values of t1/2 

for each individual are indicated. *statistically significant differences (p < 0.05). Mean and 

SEM are shown on all graphs.
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Figure 4. 
Repair kinetics for 56 individuals. (A) Repair kinetics curves of a single blood draw from 

each of 56 individuals. Note that for the 10 individuals who came in for repeat visits, only 

data from the first visit is included. Mean and SEM are shown. Kinetics for all individuals 

are shown. (B) Coefficient of variation (CV) values of technical replicates, among visits, 

and among individuals. (C) Rank ordered estimation of t1/2 for each individual, separating 

individuals into four quartiles of repair: very fast (pink), fast (blue), medium (green), and 

slow (orange).
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Figure 5. 
Comparisons of repair kinetics among quartiles and individuals. Background corrected 

kinetics of the 56 individuals grouped by the repair kinetics groups (A) very fast, (B) fast, 

(C) medium, (D) slow, as indicated in Figure 4. (E) Background corrected data for cells that 

had the fastest and the slowest repair kinetics. (F) Representative background corrected data 

for the slow and medium sets. Mean and SEM are shown for all repair kinetics graphs. (G) 

PROAST t1/2 values of 46 single visit individuals with non-overlapping confidence intervals.
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