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REPORT

Single-cell microarray enables high-throughput
evaluation of DNA double-strand breaks
and DNA repair inhibitors
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HR, homologous recombination; DNA-PK, DNA protein kinase; PI3K, phosphatidylinositol 3-kinase; PI3KKs,
phosphatidylinositol 3-kinase related kinases

A key modality of non-surgical cancer management is DNA damaging therapy that causes DNA double-strand breaks
that are preferentially toxic to rapidly dividing cancer cells. Double-strand break repair capacity is recognized as an
important mechanism in drug resistance and is therefore a potential target for adjuvant chemotherapy. Additionally,
spontaneous and environmentally induced DSBs are known to promote cancer, making DSB evaluation important as a
tool in epidemiology, clinical evaluation and in the development of novel pharmaceuticals. Currently available assays
to detect double-strand breaks are limited in throughput and specificity and offer minimal information concerning the
kinetics of repair. Here, we present the CometChip, a 96-well platform that enables assessment of double-strand break
levels and repair capacity of multiple cell types and conditions in parallel and integrates with standard high-throughput
screening and analysis technologies. We demonstrate the ability to detect multiple genetic deficiencies in double-
strand break repair and evaluate a set of clinically relevant chemical inhibitors of one of the major double-strand break
repair pathways, non-homologous end-joining. While other high-throughput repair assays measure residual damage or
indirect markers of damage, the CometChip detects physical double-strand breaks, providing direct measurement of
damage induction and repair capacity, which may be useful in developing and implementing treatment strategies with

Keywords: high throughput, neutral single-cell electrophoresis assay, neutral comet assay, microarray, DNA double-strand breaks,

reduced side effects.

Introduction

Ionizing radiation (IR) and genotoxic chemotherapeutics are
frontline tools in cancer management."* One of their main mech-
anisms of action is the formation of toxic double-strand breaks
(DSBs) that can inhibit cell division and induce cell death in
tumor cells. Normal mammalian cells rely predominantly upon
two major pathways of DSB repair: non-homologous end-joining
(NHE]J) and homologous recombination (HR).>* These repair
pathways reduce the toxicity of these treatments and are also
known to modulate sensitivity of tumors to chemotherapeutics.
For example, DSB repair has been identified as an underlying
mechanism of drug resistance and is also important in guiding

*Correspondence to: Bevin P. Engelward; Email: bevin@mit.edu
Submitted: 11/26/12; Revised: 02/03/13; Accepted: 02/04/13
http://dx.doi.org/10.4161/cc.23880

www.landesbioscience.com

treatment strategies that more selectively target cancerous cells
and reduce side effects.®’ Ironically, although we use DSB induc-
ing agents to treat cancer, we also know that spontaneous and
environmentally induced DSBs are an important risk factor
for cancer susceptibility. Thus, the ability to evaluate DSBs is
relevant both for cancer treatment and cancer prevention. An
emerging approach for treating cancer is to sensitize tumors by
inhibiting their DNA repair response system, e.g., NHE]J.5!" A
major challenge in identifying such inhibitors is that currently
available DNA damage assays are limited in throughput and
often provide information about residual damage (i.e., chromo-
somal aberrations) but offer little insight into the actual lesion
burden or kinetics of repair. Better methods to directly measure
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Figure 1. Creation of a 96-well macrowell array. (A) Assembly of macrowell comet
array. Agarose gel with microwells is sandwiched between a glass substrate and a bot-
tomless 96-well plate and sealed with mechanical force. Approximately 300 arrayed
microwells comprise the bottom of each macrowell. (B) Loading and chemical dosing
of cell samples in macrowell. One sample is loaded into each macrowell and cells settle
by gravity into the arrayed microwells. The bottomless plate is removed in order to
aspirate excess cells and enclose the cells in agarose. The bottomless plate is replaced

does not provide the resolution required for detailed
DSB analysis.** Equally problematic is the issue
of throughput and noise. The traditional neutral
comet assay suffers from very low throughput, and
high sample-to-sample variation (estimated to be
as high as 26% inter-scorer and 47% inter-labora-
tory).?? If these limitations were overcome, the
neutral comet assay could enjoy the same success
as the alkaline version for detection of base damage
and single-strand damage.

With an interest in leveraging the comet assay
for broader applications, we recently developed the
CometChip platform, which exploits microfabrica-
tion to enable the creation of a single-cell microar-
ray. The arrayed cell format (Fig. 1) has been shown
to help overcome problems in reproducibility and
throughput of the comet assay;* however, the plat-
form had not previously been shown to be effective
for analysis of DSBs. Here, we set out to: (1) evalu-
ate the specificity of the neutral CometChip for
detection of DSBs, (2) demonstrate efficacy of a
96-well plate format and (3) evaluate the potential
advantages of the multi-cell/microwell format both
in terms of throughput and sensitivity. Using a com-
bination of cell lines carrying specific DSB repair
defects, as well as chemical inhibitors of DSB repair,
we show that the neutral CometChip can indeed be

in order to treat each macrowell with a chemical condition.

used as a tool for monitoring DSB formation and

DSBs could therefore be useful for assessing a person’s DNA
repair capacity (relevant to cancer susceptibility), assessing DNA
repair capacity in tumor cells (so as to predict drug sensitivity)
and for identifying novel pharmaceutical compounds.

Currently, one of the most broadly used approaches for assess-
ing DSBs is to measure the levels of phosphorylated serine 129 of
the histone variant H2AX (y-H2AX), an early signaling event
in response to a DSB. Although the y-H2AX assay is remark-
ably sensitive,'”” H2AX phosphorylation is separable from DSBs,
in part due to its dependence on the activity of ATM, DNA-PK
and other phosphatidylinositol 3-kinase (PI3K)-related kinases
(PI3KKs)."” An alternative approach is to directly measure DSBs
based on their physical properties. Direct physical detection of
DSBs prevents problems that are associated with quantifying cel-
lular responses and is thus considered to be the gold standard.

Physical detection is the basis for both the alkaline elution
method and the neutral single-cell gel electrophoresis assay
(known as the neutral comet assay), both of which rely upon
changes in the mobility of intact vs. broken DNA."" Each of
these approaches has serious limitations, however. The alkaline
elution method suffers from being technically difficult and slow,
and thus is used increasingly rarely. Although there are many
reports of the neutral comet assay being used for analysis of
DSBs,'*!® unlike its alkaline counterpart, which is well accepted
for analysis of single-strand lesions, the neutral comet assay is
a highly controversial approach. Some argue that the approach
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repair. In addition, we show here that throughput
is increased by using a 96-well plate format (com-
patible with high-throughput screening tools) and by exploiting
multi-cell comets (enabled by capturing multiple cells within a
single microwell), which dramatically improve both throughput
and sensitivity. Indeed, experimental conditions that tradition-
ally require ~100 individual images, each analyzed separately,
can now be performed with just a few images (without loss of
sensitivity). Together, these advances make it possible for the first
time to physically monitor DSB formation and repair in a high-
throughput fashion, thus enabling evaluation of DSB formation
in the clinic, in the pharmaceutical industry and in epidemiologi-
cal studies.

Results

High-throughput neutral comet assay. Currently available
assays for detecting DSBs are limited in throughput and speed of
analysis, attributes that are necessary for development of effective
clinical or pharmaceutical assays and for epidemiological studies.
We recently developed the CometChip, which enables up to 96
different cell samples or chemical conditions to be analyzed on a
single agarose gel (Fig. 1). To perform the assay, cells are arrayed
in microwells in an agarose gel by gravity and subsequently cul-
tured, treated, lysed and electrophoresed using traditional comet
protocols.””? The resulting patterned comets at the base of each
well of the 96-well plate, hereafter referred to as a macrowell
(Fig. 2A), can be imaged manually on a fluorescent microscope
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or in an automated fashion using an imaging platform. One
advantage of the arrayed microwell approach is that the com-
ets are optimally patterned at the same focal depth with no
overlap, enabling 10 or more comets to be captured and auto-
matically analyzed in a single image, rather than one at a time
using the traditional method. Images can also be analyzed
using unbiased, fully automated software, reducing the pro-
cessing time from hours to minutes.

To explore the potential utility of the CometChip for stud-
ies of DSBs, we compared the traditional neutral comet analysis
to the CometChip in cells exposed to ionizing radiation (IR).
DNA damage can readily be observed by the change in mor-
phology from a sphere (undamaged nucleus, Fig. 2A, top) to a
comet-like morphology (Fig. 2A, bottom). Standard methods
for assessing DNA damage from measurement of DNA signal
in comet tails include comet tail length (wm), percent tail DNA
and comet tail moment. A comparison of the traditional assay
and the CometChip platform shows that both approaches yield
a linear dose response across the 0-100 Gy range (Fig. 2B).
Among the three standard comet measurement parameters,
it was found that tail length is the most sensitive parameter
(R* > 0.8 for both traditional assay and the CometChip). As
expected, the absolute values vary somewhat between the tra-
ditional and the CometChip approach. Importantly, however,
the CometChip is consistently more sensitive, as reflected by
the regression statistics (for tail length, R? = 0.85 and R? = 0.94
for the traditional and CometChip data, respectively). This
increased sensitivity may result from the improved morphol-
ogy of the microwell comet, since the DNA is constrained by
the walls of the microwells, providing a more distinct head-
to-tail cutoff and, thus, more reliable assessment of comet tail
length. It is noteworthy that for the traditional approach, each
data point in Figure 2B corresponds to comets collected from
several glass slides. Consequently, a total of 30 slides were ana-
lyzed for the traditional assay vs. a single CometChip.

To further assess the efficacy of the neutral CometChip
for evaluating chemical exposures, we assayed bleomycin, a
glycopeptide antibiotic that efficiently introduces DSBs and
is used in the treatment of numerous cancers.”?” To analyze
bleomycin-induced DSBs, more than 300 comets were pooled
from six replicate macrowells for each data point, and the
resulting data fit a linear dose response (Fig. 2C). Together, these
data show that the CometChip may be used to measure DSBs
following multiple chemical exposure conditions in parallel.

Statistical analysis and reproducibility. Traditionally, the
comet assay is performed by putting a layer of agarose onto a
glass slide. This approach introduces noise from several sources,
including variation in focal plane, overlapping comets, non-uni-
formity of electrophoresis conditions. By placing cells in a single
focal plane, preventing overlapping comets via the microarray
and performing analysis of 96 samples in parallel, experimental
noise is greatly reduced.

Previously, we had shown that by increasing the size of the
microwell, it is possible to capture multiple cells per microwell
and furthermore that the cluster of cells can be effectively ana-
lyzed as a single “microwell-comet.”? The microwells essentially
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Figure 2. Arrayed microwell comet assay for detection of double-strand
breaks. (A) Arrayed microwell comets from untreated TK6 human lympho-
blasts and TK6 cells exposed to 100 Gy IR. Scale bar is 100 wm. (B) Compari-
son of irradiation dose response between traditional comet slides scored
using commercial software and microwell comets scored using automated
software. Each data point is the average of three independent experi-
ments, where the median percent total DNA in tail (top), the median olive
tail moment (middle), or the median tail length (.m) of 100 individual com-
ets were used to represent the extent of DNA damage. Error bars represent
the standard error of the mean from the four independent experiments.

% DNA tail, R? = 0.92 (CometChip) and R? = 0.42 (traditional); olive tail mo-
ment, R? = 0.97 (CometChip) and R? = 0.63 (traditional); tail length (m),

R? = 0.94 (CometChip) and R? = 0.85 (traditional). (C) Bleomycin dose re-
sponse conducted on macrowell platform with each data point represent-
ing the median tail length (um) of at least 300 comets pooled from six
macrowells.

provide uniform comet head, making the system self-calibrat-
ing and thus enabling analysis of multi-cell microwells, each as
a single comet. To learn more about how data from multi-cell
microwell comets compares to traditional analysis, we plated
human lymphoblastoid cells into microwells of various sizes
(from 25 pm, which generally captures a single cell, to 45 pm,
which captures multiple cells per well) (Fig. 3A), and we ana-
lyzed both the sensitivity and the comet-to-comet variation fol-
lowing exposure to a range of doses of IR. Analysis of tail length
shows that the sensitivity is not significantly affected by the size
of the microwell (Fig. 3A). This result is consistent with earlier
studies under alkaline conditions.?

Given that multiple cells contribute to a single data point
(which essentially averages the data for multiple cells in a single
multi-cell comet), we predicted that the variance among multi-cell
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Having observed that the CometChip platform greatly
reduces comet-to-comet variance, we next asked if the plat-
form is also advantageous with regard to sample-to-sample
variation. Here we compared samples from 10 macrowells of
the 96-well plate of the CometChip to 10 traditional slides.
TK6 lymphoblastoid cells were exposed to 100 Gy ionizing
radiation (IR) and analyzed for DSBs using the two plat-
forms. As expected, traditional assay performed on glass slides
demonstrated high variability from slide to slide (Fig. 3C),
with a coefficient of variation of around 20% (lower than
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the published estimates, because only one scorer performed
the experiment here). Conversely, 10 macrowells of the
CometChip displayed a coefficient of variation of only 5%
(Fig. 3C), which is not increased even when we extend the
analysis to the entire chip (Fig. S1). Taken together, being
able to process 96 samples in parallel on a single platform,
rather than on separate slides, is not only more practical, but
it also greatly suppresses experimental noise.

Detection of DSBs on the CometChip. In order to assess

the ability of the neutral comet to detect DSBs, we set out to

Figure 3. Statistical analysis and reproducibility of the CometChip
compared with traditional comet slides. (A) IR dose response of TK6 cells
loaded into different sized microwells. Each data point is the average of
three independent experiments, where the median tail length of at least
100 individual comets was obtained in each experiment. Fluorescent
images display 25, 30 and 45 wm diameter microwells filled with Syber
Gold stained TK6 human lymphoblasts. Scale bar is 10 wum. (B) TK6 cells
were irradiated with 100 Gy IR. Randomly selected 10, 50 or 100 individual
comets on traditional glass slides or microwell comets on the CometChip
were analyzed. Each data point is a single comet or microwell comet. Box
plots show median tail length (um) of the data set as the middle line and
the lower and upper quartiles as the box. Whiskers show extent of furthest
data points within 150% of interquartile range. (C) Slide-to-slide variability
of traditional comet assay and macrowell-to-macrowell variability of 96-
well format CometChip using TK6 cells exposed to 100 Gy IR. For traditional
slides, medians of 30 traditional neutral comets from 10 slides are plotted.
Mean comet length of 10 sides, 69 um; coefficient of variation, ~20%. For
CometChip, medians of at least 50 microwell comets from 10 macrowells of
the CometChip are plotted. Mean comet length of 10 macrowells, 109 p.m;
coefficient of variation, ~5%.

compare DSB repair kinetics among cell lines with known
genetic deficiencies in NHE]. An early step in the NHE] path-
way is recognition of the DSB by the Ku70/Ku80 heterodimer.
The Ku heterodimer recruits the DNA-PK catalytic subunit,
DNA-PKcs, to form the DNA-PK complex, which promotes
strand alignment and recruitment of factors involved in end-
processing and ligation.”®? We used mammalian cells specifi-
cally mutated in either Ku80 (xrs-6) or DNA-PKes (irs-20) to
see if cells lacking critical genes in NHE] show a repair defi-
cit when analyzed on the CometChip. Cells were exposed to
100 Gy IR, and the macrowells corresponding to the zero min
time point were immediately lysed, while the remaining mac-
rowells were filled with growth medium and allowed to repair
over the course of 120 min. Wild type cells demonstrated a
fast recovery within the first hour, while both the Ku80- and
DNA-PKcs-deficient cells showed a severe repair defect, with
about half of the damage still remaining after 2 h (Fig. 4).

comets would be lower than that of traditional comets. To explore
this possibility, we measured the tail length for individual cells
and for individual multi-cell microwell comets. Among individ-
ual traditional comets (which are, by definition, single cells), tail
length is highly variable, ranging from about 50 to about 175 um.
For the traditional comets, as the sample size increases from 10 to
100 comets, the range between the upper and lower quartiles is
reduced, as expected. Remarkably, analysis of only 10 microwell
comets reveals data that is tightly clustered, with upper and lower
quartile ranges that are even smaller than the data from 100 tra-
ditional comets (Fig. 3B; median is indicated by the middle line,
while the box indicates the upper and lower quartiles). Likewise,
analysis of standard deviation (data now shown) again indicates
that analysis of just 10 microwell comets yields data with a smaller
standard deviation than that of 100 traditional comets. Given
that nine multi-cell comets can be captured in a single image
(Fig. 2A), it is now possible to collect data that is equivalent or
better than that from 100 traditional images, in just two images.

910 Cell Cycle

These data show that the assay is effective for detection of
DSBs, which is consistent with previously published studies of
Ku80 and DNA-PKcs deficient cells using similar methods.?*%!
Interestingly, even in the absence of DNA-PK activity, there is
some residual clearance of DNA damage, which is likely due to
alternative DSB repair pathways that are revealed in the absence
of NHEJ >3

Comparison of CometChip to the y-H2AX assay. One poten-
tial advantage of the CometChip is that it enables direct physi-
cal measurement of DSBs, rather than assaying for an indirect
marker of a double-strand break, such as y-H2AX. To directly
compare CometChip and the y-H2AX assay, we studied repair
following exposure to 100 Gy IR. Physical breaks were assessed
by CometChip and levels of y-H2AX were determined by west-
ern blot, as shown in Figure 5A and B, respectively. Exposure to
IR leads to almost immediate creation of DSBs, and these breaks
are detectable with the CometChip. In contrast, DSBs are not
detected using y-H2AX assay immediately after exposure, which
is consistent with literature showing that it takes time for foci to
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Figure 4. Evaluation of DNA repair kinetics of CHO-K1 (wild type), xrs6
(Ku80~") and irs20 (DNA-PKcs™") exposed to 100 Gy IR. All cell types and
repair times conducted on a single CometChip with data representing
median comet tail lengths (uwm) from at least 50 comets. Error bars rep-
resent standard deviations of three independent experiments. Symbols
indicate a significant difference compared with wild type according to
t-test: *p < 0.05, **p < 0.005.

form (y-H2AX signal peaks and plateaus 10-30 min post-expo-
sure).® Furthermore, whereas there is rapid clearance of DSBs
within about 2 h of exposure, as shown by the ComeChip analy-
sis, the apparent rate of clearance is much slower for y-H2AX.
Indeed, the signal for DSBs persists for several hours after DSBs
have been completely repaired according to the CometChip anal-
ysis. Thus, the appearance and the disappearance of the y-H2AX
signal clearly lags behind repair of actual physical DSBs, and
interpretations of results from this assay based on single time
points could be misleading, because the measurements do not
directly reflect the actual kinetics of DSB repair. Taken together,
these data demonstrate the value of physical detection of DSBs
rather than assessment of a response to the damage. Furthermore,
they support the use of the CometChip for analysis of small-mol-
ecule inhibitors of DNA-PK and other DSB repair proteins.

Screen of DNA-PK inhibitors. Evaluating DNA-PK inhibi-
tors that could be useful in the clinic is a potentially valuable
application of CometChip technology, as inhibitors of DSB repair
are of particular clinical values as radio- and chemotherapy sensi-
tizers. To test the efficacy of the CometChip as a tool for identi-
fying repair inhibitors, we screened a subset of leading DNA-PK
inhibitors, listed in Table 1. Wortmannin and LY294002 are
benchmark PI3KK inhibitors that have been shown to sen-
sitize cancer cells to DNA damaging agents via inhibition of
DNA-PK-dependent DSB repair.®**¢ NU7441, NU7026 and
Compound 401 were developed as LY294002-like inhibitors
with improved specificity for DNA-PK.¥** DMNB and PI103
reflect the range of specificity and efficiency of other DNA-PK
inhibitors, with DMNB having high selectivity and relatively low
inhibitory efficiency for DNA-PK (i.e., 15,000 nM), and PI103
having nanomolar potency for numerous PIKKs.

CHO-K1 (wild type) cells were loaded into a 96-well
CometChip and exposed in triplicate macrowells to 50 uM of
each inhibitor. This concentration represents the half maximal
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Figure 5. Comparison of neutral CometChip to y-H2AX assay for repair
kinetics. Wild type cells were exposed to 100 Gy IR. (A) All cell condi-
tions and repair time points were conducted in triplicate macrowells of
a single CometChip. Comet tail length (um) values were normalized to
peak wild type damage. (B) Repair kinetics were measured in triplicate
over eight hours using a western blot version of the y-H2AX assay. Error
bars represent standard deviation of three replicate experiments.

effective concentration (EC,,) of LY294002, which can be greater
than 1,000-fold higher than the half maximal inhibitory concen-
tration (IC, ), due to cellular penetration, competition with ATP
and the high abundance of cellular DNA-PK.*’ The use of the
96-well plate minimized the volume requirement of each inhibi-
tor to 50 pL and reduced the complexity of the experiment to
just three CometChips. All steps including cell loading, repair
inhibition, irradiation and repair took less than three hours to
complete. Imaging was greatly reduced in terms of labor require-
ment through automation.

NU7441 is being pursued as a potential adjuvant in cancer
treatment due to its ability to increase efficacy of both chemo-
and radiotherapy in tumor-bearing mice through selective inhi-
bition of DNA-PK.?! Figure 6 shows the relative repair 1 h after
exposure compared with wild type for each inhibitor and cell
type. All inhibitors, except for the less potent DMNB, displayed
inhibition of DSB repair at an efficiency comparable to or greater
than the cells with DNA-PK genetic deficiencies. One possible
reason for reduced repair relative to NHE]-deficient cells is that
some inhibitors have multiple PI3KK targets, which could lead
to a more pronounced effect on DSB repair. Inhibition of mam-
malian target of rapamycin (mTOR) has recently been shown to
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Figure 6. Evaluation of relative repair from 100 Gy IR after 1 h exposure
to DNA-PK inhibitor library. CHO-K1 (wild type) cells pre-incubated for 1
hrin 50 uM of each inhibitor. All conditions and controls, xrs6 (Ku80~"")
and irs20 (DNA-PKcs™), assayed in triplicate macrowells. Data and error
bars represent averages and standard deviations of three independent
experiments. Symbols indicate significance compared with wild type
(DMSO) according to t-test: *p < 0.05, **p < 0.005, ***p < 0.0005.

significantly inhibit NHE], which might explain the increased
efficacy of several of the DNA-PK inhibitors.” Most notably,
Compound 401 targets DNA-PK and mTOR, and was found
to completely inhibit DSB repair. Thus, the CometChip can be
used to both identify inhibitors of DSB and provide information
regarding their relative potencies.

Discussion

Here, we have described a high-throughput method to directly
assess DSBs resulting from both radiation and a chemotherapeu-
tic agent, and we show the DSB repair kinetics for multiple cell
samples analyzed in parallel. DNA-damaging agents are central
to non-surgical cancer treatment and as adjuvants to surgery, but
their clinical efficacy varies considerably among individuals. The
CometChip provides a relatively inexpensive and fast method of
measuring DSB repair capacity, which could be used to assess
patient sensitivity and tumor resistance in order to design optimal
therapeutic strategies that minimize side effects. Additionally, an
assay for DSBs in human cells can be used to assess environ-
mental exposures and interindividual variation in susceptibility
to exposures that induce DSBs.

The morphology of neutral comets differs from that of alka-
line comets and is often criticized for reducing the sensitivity
and reproducibility of the assay. Single-strand breaks relax super-
coiled DNA, resulting in a “halo” that makes it difficult to deci-
pher the head-to-tail threshold.”® One advantage of the arrayed
comet platform is that the DNA conforms to the morphology of
the microwell, producing a distinct and reproducible comet head
and tail. This feature may explain the increased sensitivity of the
CometChip compared with the traditional comet assay as deter-
mined by ANOVA analysis. Another contributing factor may be
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the reduced variability in the CometChip. A major advantage of
the CometChip is the reduction of labor, and therefore human
error, resulting from the ability to conduct all samples and con-
trols on a single device integrated with high-throughput screen-
ing technologies. With this system, we are now able to investigate
smaller differences among samples, which were once over-
whelmed by slide-to-slide variations in the traditional assay. Also,
because the CometChip is fully integrated with automated imag-
ing and analysis platforms, high inter-scorer and inter-laboratory
variability observed in traditional assay would be significantly
reduced.”* In addition to increased sensitivity and reproduc-
ibility, it is noteworthy that the CometChip, by allowing multi-
cell comets analysis, enables assessment of DNA damage in cell
aggregates, which more realistically reflect biological systems.

High-throughput screens are most useful when a very small
volume is required per sample, thus minimizing the amount of
test agent required. An important feature of the CometChip is
that the demand for chemical reagents is significantly reduced
compared with the traditional assay (while -2 ml is generally
required for on-slide treatment using the traditional method,
only ~50 pl is required using the CometChip per treatment con-
dition). This is important in terms of cost savings when evalu-
ating expensive chemotherapeutic compounds. Furthermore, all
chemical conditions can be conducted on the CometChip, elimi-
nating the need for cell plating and post-exposure centrifugation
and trypsinization required by other high-throughput versions
of the comet assay (Trevigen, Inc.).” The increase in throughput
not only has potential applications in drug screening and person-
alized medicine, but it also can be used to better classify envi-
ronmental pollutants and understand the risk they represent to
exposed populations.

In addition to NHE] and HR, DSBs can also be repaired by
alternative mechanisms, such as single-strand annealing (SSA)
and microhomology mediated endjoining (MME]).*3* In the
case of HR, we do not anticipate detecting a significant impact
from this pathway during the early time points, since NHE] is
significantly faster than HR.? Likewise, SSA and MME] are sig-
nificantly slower than NHE] and are thus kinetically separable.
Indeed, we observed residual end joining with slower kinetics in
the NHE] mutant cells (Fig. 4), which is consistent with resid-
ual repair by SSA, MME] and possibly HR. The ability of the
CometChip to measure rapid repair during the initial 2-h repair
period provides a tool for studying factors that impact classical
NHE].*

The irs-20 CHO cell line contains a defect in the DNA-PKcs
that disrupts its kinase domain, while maintaining its DNA-
binding activity.* Detection of this deficiency supports the
use of the CometChip for screening potential adjuvant thera-
pies known to inhibit the phosphorylation activity of DNA-PK.
Indeed, we found that the potent DNA-PK inhibitor NU7441
induces equivalent levels of repair inhibition as the irs-20 mutant
(Fig. 5). Interestingly, compounds with lower specificity for
DNA-PK demonstrated stronger inhibition profiles, suggest-
ing the potential importance of other PI3KKs in DSB repair
mediation. This is best exemplified by LY290042, which has
relatively low potency for DNA-PKcs compared with the other
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inhibitors (Table 1), but had a dramatic effect on DSB repair
capacity. In addition to potential differences due to non-specific
targets, the increased efficacy of LY290042 over wortmannin
may also result from its ability to competitively inhibit the active
site of DNA-PKcs, as opposed to the non-competitive nature
of wortmannin.® Further differences in efficacy may be due to
off-target interactions with mTOR, as previously discussed,* or
PI3K, which has recently been shown to influence DSB repair
through interaction with other PI3KKs (i.e., ataxia telangiecta-
sia mutated).” In support of this hypothesis, NU7026, a highly
selective inhibitor, has significantly less potency for mTOR and
negligible affinity for PI3K and did not suppress repair as effec-
tively as NU7441 (Fig. 6). It will be interesting to further explore
this concept through evaluation of specific inhibitors of mTOR,
such as PP242 and PP30.% There are limited tools to investigate
the direct effect of the PI3KK signaling cascade and other chro-
matin remodeling processes on DSB repair. Chromatin modi-
fications are gaining attention for their role in carcinogenesis®
and for their potential as targets for pharmaceutical interven-
tion.*® CometChip studies are currently underway to assess other
PI3KK-targeting compounds, such as ATM (i.e., KU55933).
Additional studies are also underway to investigate histone
deacetylase (HDAC) inhibitors, a promising new class of small
molecules in cancer treatment.”

In conclusion, the CometChip is an effective tool for directly
measuring the induction of DSBs. The 96-well format enables
multiple cell types and chemical conditions to be assayed in par-
allel with improved processing speed to that of the traditional
comet assay. Using both a genetic approach and a chemical inhib-
itor of DNA repair, we demonstrated that the assay is sensitive
for DSB detection and showed that the assay improves reproduc-
ibility and enhances throughput by nearly an order of magni-
tude compared with the traditional assay according to reference
15. Furthermore, the platform directly measures DSB repair
kinetics, enabling the detection of end-joining deficiencies and
the evaluation of inhibitors of DSB repair. It is noteworthy that
this new DNA damage-sensing platform opens doors to studies
that were previously virtually impossible. The ability to screen
96 samples in parallel with significantly reduced noise enables
detection of very subtle differences among cell types and expo-
sures. Additionally, the reduced processing time from months to
days potentiates large-scale screening. Taken together, it is hoped
that the neutral CometChip will give rise to new insights into the
roles of DNA damage and repair in health.

Materials and Methods

Cell culture. TK6 human lymphoblastoids were cultured in sus-
pension in 1x RPMI medium 1640 with L-glutamine (Invitrogen)
supplemented with 10% horse serum (Invitrogen). Chinese
hamster ovary (CHO) cell lines were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum (Atlanta Biologicals). All cell culture media
were supplemented with 100 units/mL penicillin-streptomycin
(Invitrogen). CHO-KI and xrs-6 CHO cells were kindly sup-
plied by Larry H. Thompson (Lawrence Livermore National

www.landesbioscience.com

Table 1. DNA-PK inhibitors

Compound Other Major IC,, (nM) Relative
pou Targets?® DNA-PK PI3K Inhibition®
ATR, ATM,
PI3K, P110B3/y,

PI-103 PI3KC2a/B, 2 8 100

mTORC1/2,

hsVP534
Compound 401 mTOR 280 > 100,000 100
Ly290042 BN (PO 360 1.4 100

CKll

NU7441 PI3K, mTOR 14 1,700 79
Wortmannin PI3K, PLK1 150 2-5 68
NU7026 230 > 100,000 50
DMNB 15,000 14

List of small-molecule drugs used in analysis of double-strand break re-
pair inhibition. For each compound, major targets other than DNAPK are
listed as well as the IC, (for DNA-PK and PI3K) and the relative inhibition.
2bData compiled from manufacturer (Tocris); ‘Relative inhibition values
calculated from Figure 6.

Laboratory), and irs-20 CHO cells were a generous gift by
Dr Joel S. Bedford (Colorado State University). All genotypes
were confirmed by western blot (data not shown).

Microwell fabrication. Negative molds were fabricated from
silicon wafers (WaferNet) that were lithographically patterned
with SU-8 photoresist microwells (SU-8 2025, Microchem), fol-
lowing a protocol similar to Wood, et al.” Polydimethylsiloxane
(PDMS, Dow Corning) was cast on the negative silicon mold and
baked for 1 h at 50°C according to the manufacturer’s instruc-
tions. After 1 h, the PDMS was removed to reveal patterned
microposts of approximately 50 wm depth and 30 pm width.
Molten 1% normal melting point agarose (Omnipur, Invitrogen)
was applied to a sheet of GelBond film (Lonza), and the PDMS
mold was allowed to float until the agarose set. The PDMS mold
was removed, leaving a 300 pm thick gel with arrayed microw-
ells. The microwell gel was then clamped between a glass plate
and a bottomless 96-well titer plate (Greiner BioOne).

Macrowell preparation. Figure 1B illustrates CometChip
loading. At least 10,000 cells were added to each macrowell (well
in a 96-well plate) and allowed to settle by gravity in complete
growth media at 37°C, 5% CO,. Excess cells were aspirated after
15 min, and the bottomless 96-well plate was removed in order
to enclose the arrayed cells in a layer of 1% low melting point
agarose. Traditional comet slides were prepared as previously
described.?

Exposure to ionizing radiation. Microwell gels were either
irradiated all at once in the 96-well format, or cut and exposed
in smaller pieces. A Cobalt-60 irradiator (Gammacell 220 Excel,
MDS Nordion) was used to deliver 0-100 Gy of ionizing radia-
tion (IR) at an approximate rate of 120 Gy/min. Cells were irra-
diated in 4°C phosphate buffered saline.

Treatment with chemicals. Bleomycin (Bioworld) was dis-
solved in phosphate buffered saline and was exposed to cells for
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1 h at 4°C. All chemical conditions, controls and replicates were
conducted on a single CometChip. All repair inhibitors were pur-
chased from Tocris. NU7441, NU7026 and PI1103 hydrochloride
were prepared in dimethyl sulfoxide (DMSO) and Wortmannin,
LY294002, Compound 401 and DMNB were prepared in etha-
nol. All inhibitors were stored at -20°C until immediately before
use. The inhibitors were diluted to 50 pM in complete growth
medium and exposed in triplicate macrowells for 1 h at 37°C,
5% CO,. CHO-KI1 cells in 1% DMSO and untreated xrs-6 and
irs-20 cells were used as controls. The inhibitors were replaced
with 4°C phosphate buffered saline during irradiation and fresh
inhibitor was applied during evaluation of repair kinetics.

Repair on-chip. To evaluate repair kinetics, cells were treated
and then incubated in media to permit repair. At various times
after initiation of repair, repair was stopped by lysis (2.5 M NaCl,
100 mM Na EDTA, 10 mM Tris, 1% N-Lauroylsarcosine, pH
9.5 with 0.5% Triton X-100 and 10% DMSO added 20 min
before use). The 0 min repair time point was achieved by adding
lysis buffer to macrowells immediately post-exposure. Multiple
repair times were analyzed on a single plate by adding lysis buffer
to the macrowells at the appropriate times. After all cells have
been lysed, the entire gel was removed from 37°C incubator,
immersed in fresh lysis buffer and transferred to a 43°C incu-
bator. In the evaluation of NHE] deficient cells, all time points
(0, 30, 60, 90, 120 min) were conducted on a single CometChip
(with 96 macrowells formed using a bottomless 96-well plate).
For the screen of NHE] repair inhibitors, each condition (non-
treated, 0 and 60 min) was run on a separate gel.

Neutral comet assay. The comet assay was performed using
a modified version of the neutral comet protocol as previously
described.?* Briefly, gels were lysed for 4 h at 43°C (2.5 M NaCl,
100 mM Na EDTA, 10 mM Tris, 1% N-Lauroylsarcosine, pH
9.5 with 0.5% Triton X-100 and 10% DMSO added 20 min
before use). After lysis the slides were washed three times for 30
min with the electrophoresis buffer (90 mM Tris, 90 mM Boric
Acid, 2 mM Na,EDTA, pH 8.5). Electrophoresis was conducted
at 4°C for 1 hat 0.6 V/cm and 6 mA.

Fluorescence imaging and comet analysis. After electropho-
resis, gels were neutralized in 0.4 M Tris, pH 7.5 (3 x 5 min).
Slides were then stained with SYBR Gold (Invitrogen). Images
were captured automatically using an epifluorescent microscope
and analyzed automatically using custom software written in

MATLAB (The Mathworks). Traditional comet slides were
scored manually using Komet 5.5 (Andor Technology). ANOVA
analysis was conducted to determine statistical significance
between irradiation doses (Fig. 2) and a Student’s t-test was used
to evaluate relative repair differences between cells (Figs. 3-5).

v-H2AX assay. Wild type (CHO-K1) and DNA-PKcs™~ (irs-
20) CHO cells were plated in 6-well plates and allowed to grow
to confluency over night. Media containing 50 pM NU7441
inhibitor was added to wild type cells for 1 h at 37°C, 5% CO.,.
All plates except the untreated control were exposed to 100 Gy in
the Cobalt-60 irradiator (Gammacell 220 Excel, MDS Nordion).
Cells were allowed to repair for (0, 1, 2, 4, 8 h) in either fresh
medium or medium supplemented with NU7441. Cell sam-
ples were lysed at each time point [0.12 M TRIS-HCI pH 6.8
with Photostop tab (Roche Cat. #04906837001) and complete
Mini (Roche Cat. #05056489001)], scraped from the dish and
stored in eppendorf tubes for y-H2AX analysis by western blot.
Briefly, samples were sonicated and run in the high-throughput
E-Page gel system (Invitrogen) and transferred using the iBlot
Blotting System (Invitrogen). y-H2AX was visualized using
anti-y-H2AX rabbit monoclonal antibody (Cat. #9718, Cell
Signaling Technology) and normalized to actin levels using anti-
actin mouse monoclonal antibody (Cat. #A5441, Cell Signaling
Technology).
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