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Introduction

DNA damage response (DDR) is essential for the maintenance 
of genomic stability,1,2 and an unstable genome leads to accumu-
lations of mutations and cancer development. Inefficient DNA 
double-strand break (DSBs) repair can result in chromosomal 
translocations, deletions and chromosome fusions or loss. Cells 
respond to DSBs by activating the DDR, which blocks cell-cycle 
progression until the damage is repaired or initiates cell death if 
the damage is irreparable2-4. There are two main pathways for 
repair of DNA DSBs: non-homologous end-joining (NHEJ), an 
error-prone repair pathway predominant during G

1
 and early S 

phases of the cell cycle, and homologous recombination (HR), an 
error-free repair pathway active primarily in late S and G

2
 phases 

of the cycle.5 DNA damage signaling involves a large number of 
proteins that act as sensors, mediators, transducers and effector 
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proteins.6,7 Recruitment of the mediator/adaptor protein H2AX, 
BRCA1, 53BP1 and CtIP to DNA DSBs is a key event in the 
DDR.8-10 Defective recruitment of repairosome factors at DNA 
DSBs, such as delay in appearance or disappearance of these pro-
teins, is associated with defective DDR.

Cell cycle checkpoint regulatory proteins have a critical role 
in the DNA repair process. The eukaryotic cell cycle progression 
depends on proper coordination of DNA replication and duplica-
tion of chromosomes to daughter cells,11 a process precisely regu-
lated by modification of the components of chromatin that allow 
the accessibility of factors to target sites involved in transcription.12 
Thus, proteins involved in modulating the chromatin structure 
play an important role in cell cycle progression. In this context, 
recent studies have shown a role for p53, a well-known tumor 
suppressor protein, in maintaining chromosomal stability during  
tetraploidization.13 Additionally, the posttranslational modification 
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We have previously identified human 
Ada3 as a novel HPV 16 E6-binding pro-
tein.30 We showed that Ada3 binds and 
stabilizes the tumor suppressor p53 pro-
tein and is required for p53 acetylation 
by p300.31 Significantly, our recent stud-
ies have shown that germline deletion of 
Ada3 in mouse is embryonic lethal, and 
adenovirus-Cre mediated conditional 
deletion of Ada3 in Ada3fl/

 

fl MEFs leads 
to delay in G

1
 to S phase of cell cycle and 

mitotic defects by controlling histone 
acetylation and several mitotic genes.32

Recently, it has been shown that 
cyclin-dependent kinase activity and cell 
cycle phase determine whether DSBs 
are repaired by NHEJ or HR.33 Central 
to this regulation are the proteins that 
initiate the processing of DNA repair 
by HR, such as the Mre11-Rad50-Nbs1 
protein complex and CtIP.33,34 Because 
Ada3 is a regulator of cell cycle as part of 
HAT complexes, we determined the role 
of Ada3 in DDR. Here, we report that 
loss of Ada3 results in severe chromo-
some aberrations, which increases post-
irradiation and correlates with significant 
delay in disappearance of repairosomes, 
thus suggesting the role of Ada3 in DNA 
replication stress and maintenance of 
genomic stability.

Results

Increased levels of DNA damage-related 
proteins in Ada3-null cells. Given the 
connection of DNA damage and the cell 
cycle,27,28 we assessed if Ada3 plays a role 

in the DNA damage response. Cells with and without Ada3 were 
analyzed for pATM, γH2AX, p53BP1 and pRAD51 as such or 
after IR exposure. Significantly, Ada3‑/- cells exhibited higher lev-
els of phosphorylated forms of these proteins as compared with 
Ada3fl/

 

fl cells (Fig. 1), indicating that Ada3 deficiency itself led 
to DNA replication stress-induced DNA damage. However, IR 
response was intact upon Ada3 deletion, indicating that Ada3 
loss has minimum influence on DNA damage sensing.

Ada3 deletion delays disappearance of DNA damage foci. 
DSBs are critical cellular lesions that can result from ionizing 
radiation exposure. A well-known marker for DSB is the phos-
phorylated (Ser139) form of the histone H2 variant H2AX 
(γH2AX) and recruitment of the damage sensor p53-binding 
protein 1 (53BP1) to the DSB-containing chromatin, so we next 
investigated the appearance of IR induced γH2AX and 53BP1 
foci. These experiments clearly showed that upon radiation treat-
ment formation of foci of γH2AX, and 53BP1 was not compro-
mised in Ada3‑/-cells.

of core histones (H2A, H2B, H3 and H4) is an essential pro-
cess for altering chromatin structure.14,15 Coordination of chro-
mosomal regulation and histone synthesis with DNA replication 
is required for proper cell division.16,17 Histoneacetyltransferases 
(HATs) and histone deacetylases (HDACs) are required to main-
tain steady-state levels of acetylation.18 Several HAT enzymes, 
such as GCN5 (general control nonderepressible 5), PCAF, p300, 
CBP and MOF, have been identified over the years as participants 
in histone acetylations.19-22 Most of the HATs are part of large 
complexes, such as the human TBP-free TAF complex (TFTC), 
SPT3/TAF9/GCN5 acetyltransferase complex (STAGA) (human 
homolog of yeast SAGA complex) and the Ada2a-containing 
(ATAC) complex, that play a role in several important processes, 
such as cell cycle and DDR.23-27 The combined presence of Ada3 
with GCN5 in a number of distinct HAT complexes and the 
recent evidence for a role of GCN5 and various HAT complexes 
in regulating DNA replication as well as repair26-29 suggested that 
Ada3 may also play a role in DDR.

Figure 1. Ada3 deletion affects ATM activation and other downstream targets in DNA damage re-
sponse. Total proteins were prepared from Ada3fl/

 

fl and Ada3‑/- immortalized MEFs at the indicated 
times after exposure to 10 Gy IR. Immunoblotting was performed using indicated antibodies. The 
normalization of each phospho protein with respect to total proteins was calculated by using 
ImageJ software and shown at top of the corresponding gel.
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Given the critical role of Ada3 in cell cycle checkpoints and 
histone acetylation, and emerging evidence that resumption of 
the cell cycle following DNA damage requires disassembly of 
DNA damage response foci, we next examined disappearance 
of foci in Ada3fl/

 

fl and Ada3‑/- cells upon IR treatment. These 
experiments showed that both cells showed maximal numbers 
of γH2AX foci at 30 min after IR (Fig. 2A); however, at 2 h 
post-irradiation, only ~65% of Ada3fl/

 

fl cells contained γH2AX 
foci, whereas almost 80% of Ada3‑/- cells retained γH2AX foci. 
Similarly, 50% of Ada3‑/- cells retained 53BP1 foci at 2 h, persist-
ing up to 4 h, as compared with 30% in 2 h and only 15% at 4 
h in control Ada3fl/

 

fl cells (Fig. 2B). The persistence of γH2AX 
and 53BP1 foci in Ada3-deleted cells is indication of a delay in 
DNA repair process, suggesting a role of Ada3 in the DNA repair 
process.

Given the recent findings from our laboratory and that of oth-
ers’ that Ada3 plays an important role in S and G

2
/M cell cycle 

check point and recent evidence of the indispensible role of CtIP 
in intra-S phase and G

2
/M checkpoints and DNA repair path-

way,25,32 we assessed disappearance of CtIP foci in Ada3fl/
 

fl and 
Ada3‑/- cells upon 2 Gy of IR treatment. Notably, 6 h post-radi-
ation ~50% of Ada3fl/

 

fl cells exhibited CtIP foci, whereas 70% of 
Ada3‑/- cells retained CtIP foci; however, as the time progressed, 
~60% of Ada3‑/- cells exhibited foci by 12 h, whereas the majority 
of Ada3fl/

 

fl cells showed no foci (Fig. 2C). Taken together, these 
results clearly demonstrate that Ada3 plays a role in the DNA 
repair response.

Ada3-null cells exhibit spontaneous chromosomal aberra-
tions and higher residual aberrations. Based on a vast body of 
literature in which it is known that proteins that regulate cell 
cycle, and DNA replication processes are major checkpoints 
for maintaining genomic stability, we performed karyotypic 
analysis of Ada3fl/

 

fl MEFs upon Ada3 deletion. For this pur-
pose, we used primary MEFs isolated at passage 1 rather than 
immortal cells, to avoid in vitro culture artifacts, and infected 
with adenovirus expressing the Cre recombinase to delete Ada3. 
Metaphase chromosomes from two independent Ada3fl/

 

fl or 
Ada3‑/- cell lines were prepared and analyzed for chromosome 
anomalies. Although mitotic chromosome condensation was 
normal in Ada3-deleted cells, higher frequencies for chromo-
some aberrations were observed (Fig. 3A, indicated by arrow). 
As summarized in Figure 3C, 87 aberrations were observed in 
50 metaphases obtained from Ada3-deleted cells, as compared 
with 35 aberrations in control Ada3fl/

 

fl cells. The average number 
of aberrations per metaphase among Ada3-deleted cells was 1.74 
compared with 0.7 in control Ada3fl/

 

fl cells. Furthermore, over-
all Ada3-deleted cells showed increased chromatid and chromo-
some abnormalities, including chromosome breaks, fragments, 
deletions and translocations. Thus, accumulation of spontaneous 

Figure 2. Ada3 regulates disappearence of DNA repair foci after IR 
treatment. Ada3fl/

 

fl and Ada3‑/- immortalized MEFs were immunostained 
with antibodies against γH2AX, 53BP1 or CtIP after irradiation with 2 Gy, 
and foci at different time points post-irradiation were quantitated for 
γH2AX (A), 53BP1 (B) and CtIP (C). Cells with more than five foci were 
scored positive for each antibody. The data represents mean ± SE from 
three independent experiments performed in triplicates.
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deletions. These analyses showed that although the frequency of 
chromosomal aberrations was modestly higher in Ada3‑/- cells 
in G

1
 as well as in G

2
, the differences were not statistically sig-

nificant (Fig. 5A and C). However, a significant increase was 
obvious in S phase-specific chromosome aberrations (p < 0.05) 
(Fig. 5B). These results indicate that Ada3 plays a role in S phase 
checkpoint, which is affecting the repair of chromosome aberra-
tions in S phase cells (Fig. 5B). Since HR is predominant in S 
phase cells, it suggests that Ada3 may be modulating the check-
point required for the recruitment of repairosome formation dur-
ing HR.

Ada3-deleted cells exhibit more DNA damage follow-
ing irradiation. To determine whether Ada3‑/- cells exhibit 
more DNA damage as compared with control Ada3fl/

 

fl cells, we 
assessed DNA damage post-10 Gy IR exposure using the comet 
assay. Ada3‑/- cells did show more DNA damage as compared 
with control cells. Notably, consistent with data presented above, 
Ada3‑/- cells showed a significant delay in repair efficiency, having 
a higher percentage of unrepaired DNA in the comet tail by 8–16 
h in comparison to control Ada3fl/

 

fl cells (Fig. 6A and B). These 
results are consistent with delayed disappearance of nuclear foci, 
suggesting Ada3 deletion significantly influences the DNA repair 
process.

Discussion

In recent years, emerging evidence of intra-S-phase DNA dam-
age checkpoint and its impact on the cell cycle machinery has 
provided important insights into the DNA repair process.35,36 
Recent research has also provided important insights into chro-
matin modifications in response to DNA damage. Here we dem-
onstrate that Ada3, a known component of ADA complex that 
connects HATs to TFs, influences the DNA repair process.

genome instability in Ada3-deleted mouse cells suggests that 
Ada3 plays important role in maintaining genome integrity.

Ada3-null cells exhibit more chromosomal aberrations upon 
DNA damage. Next, to assess the effect of clastogen-induced 
DNA damage, primary MEFs isolated at passage 1 with adeno-
virus expressing the Cre recombinase to delete Ada3 were treated 
with mitomycin (MMC) or Diepoxybutane (DEB) and then 
examined for various chromosomal aberrations. As summarized 
in Figure 4C, with the treatment of these clastogens, there is an 
increase in DNA damage, as measured by the number of chro-
mosomal aberrations. Both MMC and DEB treatments revealed 
increased chromosome aberrations in Ada3‑/- cells as compared 
with Ada3fl/

 

fl cells. When treated with MMC, the average num-
bers of aberrations per metaphase of Ada3‑/- cells was 10.2 as 
compared with 7.6 in Ada3fl/

 

fl cells. Treatment with DEB resulted 
in an average of 8.4 aberrations per metaphase in Ada3‑/- cells 
as compared with 5.9 in Ada3fl/

 

fl cells. Chromosomal abnormali-
ties like dicentrics, rings, tri-radials and quadri-radials were fre-
quently observed in the clastogen-induced aberration analyses 
(Fig. 4A). Taken together, our chromosomal analyses showed a 
clear role for Ada3 in maintaining genome integrity.

Ada3-deleted cells exhibit higher frequencies of chromo-
somal aberrations in S phase after IR treatment. To determine 
cell cycle stage-specific frequencies of chromosomal aberrations 
post-irradiation: for G

1
 specific aberrations, cells were treated 

with 3 Gy, incubated for 18 h post-irradiation and then sub-
cultured, and metaphases were collected; for G

2
-specific aber-

rations analyses, metaphases were harvested following 90 min 
irradiation. Cell cycle phase-specific chromosome aberrations 
were ascertained based on the frequency of chromosomal and 
chromatid-type aberrations observed at metaphase. Categories 
of asymmetric chromosome aberrations were scored: dicentrics, 
centic rings, interstitial deletions/acentric rings and terminal 

Figure 3. Ada3 maintains genome integrity. (A) Representative metaphase images for spontaneous chromosome abnormalities in Ada3fl/
 

fl and Ada3‑/- 
MEFs (arrow indicates one of the aberration seen upon Ada3 deletion). (B) Western blotting for Ada3 protein in Ada3fl/

 

fl and Ada3‑/- primary MEFs shows 
the adeno-cre deletion of Ada3; β-actin was used as a loading control. (C) Summary for spontaneous genomic instability in Ada3fl/

 

fl and Ada3‑/- primary 
MEFs. Metaphase spreads were Giemsa banded and analyzed for chromosomal abnormalities.
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Ada3-deleted cells as compared with the Ada3fl/
 

fl cells upon IR 
treatment, further confirming the importance of Ada3 in regulat-
ing the DNA repair process.

Similar to Ada3, hMOF, the human ortholog of the 
Drosophila MOF (male absent on the first) is a histone acetyl 
transferase whose depletion results in early lethality in mice, and 
hMOF has also been associated with DDR.21,22,37 Another HAT 
TIP60 has been shown to acetylate core histones H2A, H3 and 
H438,39 and cells expressing catalytically inactive TIP60 accumu-
late DSBs.40 Further, TIP60 and its cofactor Trapp directly bind 
to chromatin near DSBs, and depletion of Trapp impairs DNA 
damage-induced H4 acetylation and impairs repair of DSBs by 
HR.41 Similar results were obtained with NuA4, a yeast homo-
log of TIP60, following HO endonuclease-induced DSBs.42 The 
NuA4 HAT complex binds directly to the sites of DSBs, which 
occurs concomitantly with the appearance of γH2AX.42 These 
studies clearly link histone modification to DSB repair. Our 
recent observations that Ada3 is in complex with p300/CBP, 
PCAF and GCN5, and that deletion of Ada3 dramatically down-
regulates p300 and PCAF is consistent with a role of Ada3 in 
histone modification.32 Furthermore, we recently directly demon-
strated that knockdown of Ada3 significantly decreased the lev-
els of acetylation of several histones, such as H2A-K5, H2B-K5, 
H3-K9, H3-K14, H3-K56 and H4-K8,32 further underscoring 
the importance of histone acetylation in DNA repair pathway.

We have recently shown that conditional deletion of Ada3 from 
Ada3fl/

 

fl mouse embryonic fibroblasts (MEFs) using an adenovirus 
cre system demonstrated a critical role of Ada3 in cell cycle pro-
gression.32 Given the known connection between cell cycle regula-
tors and DNA repair pathways, in this study we first examined the 
levels of several proteins known to play a role in the DNA repair 
process. Significantly, several proteins, such as pATM, γH2AX, 
p53BP1 and pRAD51, were elevated in Ada3‑/- cells as compared 
with control Ada3fl/

 

fl cells without inducing any external dam-
age. These results indicated that loss of Ada3 itself induced DNA 
damage, probably as a result of DNA replication stress. Next, we 
assessed levels of well-known proteins in the DNA repair pathway 
upon radiation treatment. Although, there was no significant dif-
ference in the kinetics of various proteins in control and Ada3‑/- 
cells, a significant delay was observed in disappearance of nuclear 
foci in Ada3‑/- cells in response to radiation induced DNA dam-
age. It has been demonstrated that DNA damage-sensing proteins 
localize to the sites of DSBs within seconds to minutes following 
irradiation, resulting in the formation of repairosomes. The obser-
vation that Ada3‑/- cells showed delayed disappearance of DNA 
damage foci is consistent with a significant role of Ada3 in the 
DNA repair process. These results together with our recent obser-
vations that Ada3 regulates cell cycle checkpoints underscore a 
role for ADA complex in the DNA repair pathway. Finally, using 
comet assays, we demonstrate the persistence of DNA damage in 

Figure 4. Ada3-null cells are more prone to DNA damage. (A) Representative images depicting chromosome aberrations in Ada3fl/
 

fl and Ada3‑/- primary 
MEFs upon treatment with Mitomycin C (MMC) and Diepoxybutane (DEB). Chromosome aberrations are indicated by arrows. (B) Western blotting for 
Ada3 expression in Ada3fl/

 

fl and Ada3‑/- primary MEFs; β-actin was used as the loading control. (C) Summary for MMC- and DEB-induced chromosome 
aberrations in Ada3fl/

 

fl and Ada3‑/- primary MEFs. Giemsa-banded metaphase spreads were analyzed for chromosome abnormalities.
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dramatic increase in aneuploidy and polyploidy as well as higher 
frequencies for chromosome breaks or fragmentation, suggesting 
a critical role of Ada3 in maintaining the genomic integrity of 
cells. Notably, cells lacking Ada3 when exposed to DNA dam-
age further accumulated more genomic instability, as shown by 
treatment of cells with MMC or DEB and enhanced chromo-
somal aberrations as compared with untreated cells. Consistent 
with our recent findings that Ada3 regulates transition of cells 
from G

1
 to S and S to G

2
/M, we observed higher frequencies of 

chromosomal aberrations in S-phase in Ada3-deleted cells upon 
exposure to DNA damage as compared with G

1
 or G

2
 phase of 

cell cycle. As maintenance of genomic integrity is coordinated 
by DNA replication and histone biosynthesis,16,17 our previous 
results32 together with data presented in this study suggest a criti-
cal role of Ada3 in this pathway.

In conclusion, we have demonstrated that Ada3, as part of 
histone coactivator complexes and a regulator of cell cycle, plays 
a critical role in maintaining genomic stability. Considering that 
Ada3 interacts with human papilloma virus 16 E6 oncoprotein 
and is required for E6 function,30 and our recent observations 
that Ada3 levels/localization are correlated with bad prognos-
tic markers and predict poor survival in breast cancer patients 
(Mirza et al., manuscript submitted), we provide evidence of an 
important link with genomic integrity and cancer.

Materials and Methods

Establishment of MEFs. Embryonic day 13.5 embryos were dis-
sected from Ada3+/fl intercrossed females, and MEFs were iso-
lated and immortalized following the 3T3 protocol.43 MEFs 
were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum.

Adenovirus infection. Adenoviruses expressing EGFP-Cre 
or EGFP alone were purchased from University of Iowa (Gene 
transfer vector core). The protocol followed was as previously 
described.32

Western blotting and antibodies. Protein was quantitated 
from cell extracts using the BCA protein assay reagent (Pierce). 
Immunoblotting was performed with primary antibodies against 
Ada3;23 other primary antibodies used were anti-phosphoATM 
(#05-740, Millipore), anti-ATM total (#07-1286, Millipore), 
anti-Phosho-H2AX (#MABE205, Millipore), anti-H2AX total 
(DR 1016, Calbiochem), anti- phospho-53BP1 (NB100-1803, 
Novus Biologicals), anti-53BP1(NB100-304, Novus Biologicals), 
anti-phospho-RAD51 (SAB4504264, Sigma), anti-RAD51 
(#07-1782, Millipore) and β-actin (A5441, Sigma).

Given the important role of Ada3 in the cell cycle and the 
observation that DNA damage was induced upon deletion of 
Ada3 in cells without exogenous treatments, we were prompted 
to analyze effect of Ada3 on genomic stability. Supporting our 
hypothesis, karyotypic analysis of Ada3-deleted cells revealed a 

Figure 5. Ada3 deletion followed by IR induces more chromosomal 
aberrations in S phase of the cell cycle. (A) For G1-specific aberrations, 
cells in plateau phase of proliferation were irradiated with 3 Gy, incu-
bated for 24 h post-irradiation and then subcultured, and metaphases 
were examined. (B) For S-phase-specific aberrations cells in exponen-
tial phase were irradiated with 2 Gy and analyzed after 4 h post-IR, as 
above, (C) For G2 phase-type aberrations, cells in exponential phase 
were irradiated with 1 Gy and analyzed as above. For each experiment, 
50 metaphases were scored. Data represents mean ± SE of three inde-
pendent experiments, each done in triplicates.
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final concentration of 0.1μg/ml for 48 h. All cultures were har-
vested following conventional cytogenetic protocol.44 Briefly, 
the cell cultures were treated with 0.1μg/ml Colcemid (Irvine 
Scientific) approximately 40 min before the initiation of harvest. 
For chromosome preparations, the cells were harvested following 
conventional cytogenetic protocol of hypotonic treatment (0.7% 
sodium citrate for 25 min at 37°C) and freshly prepared chilled 
3:1 acetone:methanol fixation. This was followed by three addi-
tional fixation cycles and air-dried slide preparation. The slides 
were “aged” in a hot oven (100°C) for 30 min or in a 60°C oven 
overnight, followed by Giemsa banding with trypsin pretreat-
ment. A total of 50 metaphases were scored for each culture. To 
avoid selection bias, consecutive metaphases with sufficient, well-
defined chromosome morphology were included in the analy-
ses. Structural aberrations, including chromatid/chromosome 
breaks, fragments, deletions, translocations, dicentrics, rings, 
triradials and quadriradials were recorded as per the protocol.44 
Fifty metaphases (n = 50 cells) from each genotype were analyzed 
for chromosome aberrations. Chromosome images were acquired 
using CytoVision® (Leica microsystems).

Analysis of chromosomal aberrations during cell cycle. 
Ada3fl/

 

fl and Ada3‑/- cells were exposed to various doses of γ irra-
diation, and chromosomal aberrations were assessed in cells at G

1
, 

Analysis of γH2AX, 53BP1 and CtIP foci by immunofluo-
rescence after γ irradiation. Ada3fl/

 

fl and Ada3‑/- cells were cul-
tured on coverslips and then irradiated with 2 Gy using a Mark 
I Cs-137 irradiator. Cells were fixed in 4% paraformaldehyde in 
PBS for 5 min and analyzed at various time periods after irra-
diation. Cells were permeabilized and incubated with antibodies 
against γH2AX, 53BP1 or CtIP (kind gift from Richard Baer) 
primary antibodies followed by incubation with goat anti-mouse 
or goat anti-rabbit Alexa Flour 594-conjugated secondary anti-
bodies. Mounted slides were analyzed under fluorescence micro-
scope briefly; three independent observers randomly counted 
cells displaying greater than 5 foci per nucleus; 100 cells per 
experiment were counted, and three independent experiments 
were performed. Representative images were captured using 
a Zeiss Axiovert epifluorescence microscope equipped with a 
Hamamatsu ORCA-ER high-resolution digital B/W camera 
driven by Slidebook acquisition software (Intelligent Imaging).

Cytogenetic studies of spontaneous and clastogen treated 
MEFs. Primary MEFs (passage 1) were initially plated in 
DMEM containing 10% FBS until cells reached 60–70% con-
fluence. For clastogen-induced aberration studies, two separate 
cell cultures were treated with mitomycin-C (MMC) at a final 
concentration of 0.045 μg/ml and diepoxybutane (DEB) at a 

Figure 6. Ada3 deletion delays DNA repair process. Ada3fl/
 

fl and Ada3‑/- immortalized MEFs were irradiated with 10 Gy of γ irradiation and analyzed for 
DNA damage-induced comet tail over various time periods (1–16 h) after irradiation. (A) Representative images of neutral comet assays in both cells. 
(B) Unrepaired DNA was quantified as comet tail length (in pixels) using the CometScore software. At least 50 cells per sample were analyzed, and 
presented as mean ± SE from three independent experiments.
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S and G
2
 phases of the cell cycle using the procedure described 

previously.45

Analysis of DNA damage using neutral comet assay. Ada3fl/
 

fl 
and Ada3‑/- MEFs were harvested at various time points after γ 
irradiation (10 Gy) using a Mark I Cs-137 irradiator (J.L. Sheperd 
and Associates), re-suspended in cold PBS at 5 x 105 cells/ml, 
mixed with low-melt agarose (1:10), and 50 μl of the cell/agarose 
mixture was spread on manufacturer’s slide (Trevigen’s Comet 
Assay kit). Slides were subjected to electrophoresis, immersed 
30 min each in DNA precipitate solution (1M NH

4
Ac in 95% 

ethanol) and then in 70% ethanol, and dried at 45°C. The dried 
slides were mounted in mounting media with DAPI (Vector 
Labs) and analyzed using Zeiss Axioskop epifluorescent micro-
scope, and images were captured with a Zeiss AxioCam HRm 
camera driven by Axiovision 4.6. TIFF images were converted to 
bitmap format, and 50 cells per experimental condition were ana-
lyzed for tail length and tail DNA percentage using the Comet 
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