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Abstract
Background and Purpose—DNA repair assays to identify radiosensitive patients have had
limited clinical implementation due to long turn-around times or limited specificity. This study
evaluates γ-H2AX Irradiation Induced Foci (IRIF) kinetics as a more rapid surrogate for the ‘gold
standard’ colony survival assay (CSA) using several known DNA repair disorders as reference
models.

Materials and Methods—Radiosensitive cells of known and unknown etiology were studied.
γ-H2AX-IRIFs were quantified over 24 hours, and the curves were fitted by combining
logarithmic growth and exponential decay functions. Fitted values that differed from radionormal
controls were considered aberrant and compared to CSA results.

Results—We observed 87% agreement of IRIF data with the CSA for the 14 samples tested.
Analysis of γ-H2AX-IRIF kinetics for known repair disorders indicated similarities between an
RNF168−/− cell line and an RS cell of unknown etiology. These cell lines were further
characterized by a reduction in BRCA1-IRIF formation and G2/M checkpoint activation.

Conclusion—γ-H2AX-IRIF kinetics showed high concordance with the CSA in RS populations
demonstrating its potential as a more rapid surrogate assay. This method provides a means to
globally identify defective DNA repair pathways in RS cells of unknown etiology through
comparison with known DNA repair defects.
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Introduction
Defects in DNA double strand break repair proteins result in varying clinical phenotypes
which, thus far, can be included under the umbrella of the XCIND syndrome (X-ray
irradiation sensitivity, Cancer susceptibility, Immunodeficiency, Neurological impairment,
and Double strand breakage repair) [1]. Many deficiencies such as Ataxia-Telangiectasia
(A-T), Nijmegen Breakage Syndrome (NBS), DNA LIGASE IV deficiency (LigIV),
RNF168 deficiency (RNF168), and polynucleotide kinase 3’-phosphotase (PNKP)
deficiency are now diagnosed by routine immunoblotting or sequencing. The large number
of potentially defective DNA repair proteins, however, makes these techniques impractical
for diagnosis of new double strand break (DSB) DNA damage response (DDR) deficiencies.
To address this challenge our lab has sought to utilize functional DNA repair assays that can
rapidly identify pathways of underlying repair deficiency.

The DNA repair disorders mentioned above have been extensively studied to elucidate the
role the responsible gene contributes to DSB processing. In some cases, these associations
are overly simplistic and only provide working models for diagnostic evaluations. Ataxia-
Telangiectasia Mutated (ATM) is activated within minutes after irradiation (IR) and is
responsible for many downstream events in the DSB-DDR [2]. Nibrin plays an early role in
recruiting ATM to the damage site and initiating homologous recombination [3]. DNA
LIGASE IV is responsible for ligation of the broken DNA in non-homologous end joining
[4]. RNF168 and PNKP have been characterized more recently and represent defects in the
chromatin ubiquitin ligase cascade (CULC) [5–7] and 3’–5’ end processing after DSBs,
respectively [8, 9]. We have evaluated the utility of γ-H2AX-Irradiation Induced Foci (IRIF)
kinetics as a general screen for radiosensitivity and characterized the unique kinetics in
known and unknown DNA repair disorder models.

Materials and Methods
Cell Panel

The lymphoblastoid cell lines (LCLs) used in this study were derived mainly from patients
with an XCIND-like disorder or a reduced survival fraction (SF%) by CSA. They were
coded for anonymity in accordance with an approved protocol for the study of human
subjects (Exemption #4). No human subjects were recruited for this study. Peripheral blood
lymphocytes (PBLs) were isolated and transformed with EBV as previously described [10].
LCLs were screened by immunoblotting to confirm the deficiencies reported and compared
to radionormal or wild type (WT) daily controls. Transformed LCLs were maintained in
RPMI1640 media, 10% fetal bovine serum (FBS) (Hyclone, Logan, Utah) and 1%
penicillin/streptomycin (Gibco BRL, Grand Island, NY) at 37°C and 5% CO2.

Colony Survival Assay (CSA)
The average SF% for LCLs was assessed by CSA, using normal and RS ranges, previously
defined with 29 WT and 104 A-T LCLs [10]. Briefly, cells were seeded in a 96-well plate
and treated with 1 Gy γ-IR at a dose rate of 4.5 Gy/min (Mark 1 Cs137 Irradiator) or mock
irradiated. Plates were returned to 37°C for 10 to 13 days at which time they were stained
with MTT dye (tetrazolium-based colorimetric assay, Sigma, St. Louis, MO). SF% of <21%
was interpreted as RS and SF% >36% was considered radionormal [10].

Immunofluorescence detection of γ-H2AX-IRIFs
Immunofluorescence detection of γ-H2AX has been previously described in many
laboratories [11, 12]. Briefly, LCLs were irradiated, spread on coverslips, and fixed with a
4% formaldehyde solution at the indicated time points. The cells were permeabilized in
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0.5% Triton-X-100, incubated with appropriate primary and secondary antibodies then
mounted on slides using Vectashield with DAPI. Cells were quantified by fluorescent
microscopy and nuclei containing 4 foci/cell or more were scored as positive.

G2/M Checkpoint Assay
Histone, H3, phosphorylated on serine 10 (H3pS10) has been described previously as a
marker for the G2/M checkpoint [13]. Briefly, LCLs were irradiated or mock irradiated and
returned to 37°C for 1.5 hours. Cells were fixed in 70% ethanol and incubated with
appropriate primary and secondary antibodies followed by staining with propidum iodide
(Invitrogen, Carlsbad, CA) before analysis by flow cytometry.

Antibodies
Immunofluorescence antibodies were: γ-H2AX 1:300 (Upstate, Charlottesville, VA), 53BP1
1:400 (Santa Cruz Biotechnology, Santa Cruz, CA), BRCA1 1:300 (Novus, Littleton, CO),
RAD51 1:100 (Santa Cruz Biotechnology, Santa Cruz, CA), Alexa Fluor 488 anti-mouse
1:300, and Alexa Fluor 568 anti-rabbit 1:400 (Invitrogen, Carlsbad, CA). The H3pS10
antibody was used at 1:100 (Cell Signaling, Beverly, MA) and the FITC secondary antibody
was used at 1:100 (Jackson Biologicals, West Grove, PA).

Kinetics Model and Statistics
The kinetics of γ-H2AX-IRIF formation has been observed to be logarithmic in nature while
the resolution of IRIFs is exponential [14, 15]. These characteristics were expressed in a
non-linear fit function combining logarithmic growth and exponential decay functions. An
Interior-Trust-Region non-linear optimization algorithm was implemented to fit the data
with this model [16]. A visual reference of this technique is shown in Supplemental Figure
1. P-values are based on the two samples of unequal variance two-tailed student’s t-test
calculated in Microsoft Excel (Microsoft, Redmond, WA).

Results
γ-H2AX IRIF kinetics identifies ‘fingerprint’ curves for known DNA repair disorders

LCLs with formation and resolution of IRIF constants statistically different from the WT
were considered RS. This resulted in a 60%, 80%, and 87% concordance with the CSA for
the formation of IRIF, resolution of IRIF, and combination of constants, respectively (Table
1). A significant relation between SF% and the individual fit constants was found by linear
regression analysis with a correlation coefficient of 0.54 for each constant (Table 1). The
kinetics of A-T was characterized by a delay and reduction in the formation of γ-H2AX-
IRIFs with poor resolution of IRIFs at 24 hours. Similarly, DNA LigIV exhibited poor
resolution of IRIFs at 24 hours but formed IRIFs at a higher efficiency than A-T LCLs at 1
hour (Figure 1B). PNKP and NBS, conversely, displayed WT-like curves characterized,
however, by a slower resolution kinetic. NBS was characterized by reduced positive cells at
one hour (Figure 1C). Lastly, the RNF168-LCL displayed WT-like repair rates until four
hours post-IR at which time a slower, linear repair rate was observed (Figure 1D).

‘Fingerprint’ γ-H2AX kinetic identifies defective repair pathway in unknown RS-LCL
We focused on RS73, which displayed γ-H2AX-IRIF kinetic changes at four hours similar
to the RNF168-LCL (Figure 1D). This suggested that RS73 might have a defect in the same
pathway as the RNF168-LCL prompting us to analyze 53BP1-IRIF kinetics, a biomarker of
the entire CULC pathway [7]. A-T and RNF168 LCLs displayed large differences in the γ-
H2AX and 53BP1 kinetics (Supplemental Figure 2D&E). In WT, NBS, and PNKP LCLs,
the γ-H2AX and 53BP1 kinetic curves closely mimicked each other in that early (1hr) and
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late (24hrs) repair were normal (Supplemental Figure 2A,B,C). 53BP1-IRIF kinetic’s of
RS73 mimicked those of γ-H2AX-IRIF kinetics suggesting a defect independent or
downstream of 53BP1-IRIF formation (Supplemental Figure 2F).

RS73 confers a reduction in both BRCA1 foci formation and G2/M checkpoint activation
after IR

The above results prompted us to test BRCA1-IRIF kinetics. The BRCA1A complex has
been shown to function downstream of 53BP1-IRIFs through ubiquitin binding [17]. RS73
displayed a delay in BRCA1-IRIF formation but did not display the severe reduction
observed in the RNF168-LCL (Figure 2A). RAD51-IRIF formation in RS73 was similar to
the WT-LCL, suggesting that the core of the homologous recombination pathway was intact
[18] (Figure 2B). Previous experiments have demonstrated that adequate function of the
BRCA1A complex is required for a functioning IR-induced G2/M checkpoint [17, 19].
RS73 exhibited reduced activation of the G2/M checkpoint post-IR (Figure 2C) strongly
supporting this operational model.

Discussion
Developing a predictive assay for radiosensitivity is a central challenge in radiation biology
[20]. Previously, genetic association and molecular techniques have been applied to this
problem [21, 22]. The CSA SF% remains the ‘gold standard’ and identifying a more rapid
surrogate assay would make measuring radiosensitivity practical in oncology patients. It
would also improve diagnostic studies of patients with an XCIND phenotype. Such efforts
could also impact upon the analysis of large populations with exposure in nuclear accidents.
Previous studies have found significant correlations between SF% and γ-H2AX-IRIF
methods in cell lines with repair defects, however, in more heterogeneous populations
significant correlations have been difficult to achieve [14, 15, 22, 23]. It is also unclear
whether persistent DNA damage is predictive of side effect severity in radiotherapy [24].

The present study demonstrates strong qualitative agreement between γ-H2AX kinetics and
the CSA. Low correlation coefficients, however, indicate this γ-H2AX kinetic method is
unable to adequately account for the variability observed in RS-LCLs and quantitatively
predict SF%. The utility of this method, instead, is its ability to characterize repair kinetics
to identify global DSB repair defects while qualitatively identifying potentially RS
populations.

The concept of synthetic lethality has gained recent popularity and current trials using
PARP-1 inhibitors for breast cancer patients with BRCA1 mutations have provided a
convincing argument for even broader implementation in oncology [25]. However, rapidly
identifying DNA repair defects in cancers with unknown backgrounds remains a central
challenge to identifying promising candidates and targets for synthetic lethality-based
treatments [26, 27]. The efficacy and implementation of synthetic lethality could be vastly
improved if an assay(s) could clearly evaluate all major DNA repair pathways and indicate
targets for specific inhibitors.

This study begins to build a library of global repair kinetics from known disorders. Defects
in repair function, as those found in A-T and LigIV LCLs, are characterized by persistent
IRIFs at 24hrs, representing residual, unrepaired DNA damage, and minimal resolution of γ-
H2AX-IRIFs over 24 hours. Reduced positive cells early after IR in NBS and A-T LCLs
illustrates the impact of sensory protein defects. RNF168 and PNKP deficiencies exhibit
delayed resolution kinetics and relatively flat curves from 8 to 24 hours, suggesting the
presence of damage that requires these proteins for timely repair [28].
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RS73 illustrates the use of γ-H2AX-IRIF kinetics to evaluate unknown repair defects. RS73
was submitted to our lab for RS testing because the patient had developed T-cell leukemia
early in life and had an adverse reaction to radiotherapy, strongly suggesting the presence of
a DNA repair defect. Analysis of the γ-H2AX and 53BP1-IRIF kinetic profiles in the
RNF168-LCL and RS73 cells suggested a defect downstream of 53BP1 in RS73. The
BRCA1A complex has been described previously as being recruited to polyubiquitin chains
[19] at the sites of 53BP1-IRIFs and its retention at these sites is instrumental for
homologous recombination repair [29]. A functioning, or partially functioning, homologous
recombination pathway is suggested by the formation of a)BRCA1-IRIFs (although delayed)
and b) RAD51-IRIFs, which may explain the WT-like γ-H2AX-IRIF levels at 24 hours.

The G2/M checkpoint assay further supports a defect in the G2/M checkpoint pathway in
RS73 that is more severe than that of the RNF168-LCL. This G2/M checkpoint defect
appears in other deficiencies in the CULC pathway [30, 31] and interactions of the
BRCA1A complex at damage sites plays a central role in the activation of this checkpoint
[13, 17, 19]. The data for RS73 and the RNF168-LCL suggest that adequate formation of
BRCA1-IRIFs at the sites of polyubiquitin chains is necessary for a functional G2/M
checkpoint following IR. These data provide an example of applying kinetic measurements
to the diagnostic assessment of DNA repair disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. γ-H2AX kinetic ‘fingerprint’ of repair disorders
The unique groups of γ-H2AX-IRIF kinetics characterized in WT1, WT2, A-T, LigIV, NBS,
PNKP, and RNF168 LCLs are shown. IRIFs were evaluated after 1 Gy IR.
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Figure 2. Follow-up analysis of RS73
A) BRCA1-IRIF kinetics evaluated after 12 Gy IR. B) RAD51-IRIF evaluated at 8 hours
post-IR. C) Results of the G2/M checkpoint assay. Values are the ratio of H3pS10 positive
cells before and 1.5 hrs after IR (−IR/+IR). The data were normalized to WT1, a WT-LCL
included in the same experiment.
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Table 1

γ-H2AX-IRIF comparison with the CSA

Cell Line 24 Hour1 Formation2 Resolution3 Combined

WT2 N N N N

A-T N D D D

NBS N D D D

LigIV N D D D

PNKP N N D D

RNF168 D N D D

RS36 N N D D

RS73 N D D D

RS70 N D D D

RS39 N N N N

RS26 N D N D

RS100 N D D D

RS29 D N D D

RS37 D N N N

Concordance With CSA (%) 27 60 80 87

Regression Slope −0.04 2.25 0.008 NA

P-value 0.79 0.001 0.001 NA

Correlation Coefficient 0.005 0.54 0.54 NA

N: Normal compared to WT1 daily control.

D: Defective. Values outside of WT range (WT1 daily control).

1
Previously used single time point IRIF technique (24 hour post-IR).

2
Formation of IRIF constant from fit function.

3
Resolution of IRIF constant from fit function.
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