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Abstract

Nitrogen mustard (NM), a structural analog of chemical warfare agent sulfur mustard (SM), forms 

adducts and crosslinks with DNA, RNA and proteins. Here we studied the mechanism of NM-

induced skin toxicity in response to double strand breaks (DSBs) resulting in cell cycle arrest to 

facilitate DNA repair, as a model for developing countermeasures against vesicant-induced skin 

injuries. NM exposure of mouse epidermal JB6 cells decreased cell growth and caused S-phase 

arrest. Consistent with these biological outcomes, NM exposure also increased comet tail extent 

moment and the levels of DNA DSB repair molecules phospho H2A.X Ser139 and p53 Ser15 

indicating NM-induced DNA DSBs. Since DNA DSB repair occurs via non homologous end 

joining pathway (NHEJ) or homologous recombination repair (HRR) pathways, next we studied 

these two pathways and noted their activation as defined by an increase in phospho- and total 

DNA-PK levels, and the formation of Rad51 foci, respectively. To further analyze the role of 

these pathways in the cellular response to NM-induced cytotoxicity, NHEJ and HRR were 

inhibited by DNA-PK inhibitor NU7026 and Rad51 inhibitor BO2, respectively. Inhibition of 

NHEJ did not sensitize cells to NM-induced decrease in cell growth and cell cycle arrest. 

However, inhibition of the HRR pathway caused a significant increase in cell death, and 

prolonged G2M arrest following NM exposure. Together, our findings, indicating that HRR is the 

key pathway involved in the repair of NM-induced DNA DSBs, could be useful in developing 

new therapeutic strategies against vesicant-induced skin injury.
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1. Introduction

Sulfur mustard (bis(2-chloroethyl)sulfide; SM) and its structural analog nitrogen mustard 

(bis(2-chloroethyl) methylamine; NM) are blister-causing chemical warfare agents, whose 

exposure can cause extensive damage to various tissues and organs including skin, eyes and 

lungs [1–3]. Though never used in the battlefield, NM was developed as a chemical warfare 

agent in 1940s by Germany and the United States [4], and poses a similar threat as SM for 

use as a warfare or terrorist agent. Like SM, cutaneous exposure to NM is also reported to 

cause toxicity to the continuously dividing skin basal epidermal cells [5]. This leads to the 

basal epidermal cell death and delayed vesication as well as other cutaneous injuries [5]. The 

insight into the mechanisms involved in these NM and SM-induced skin injuries is 

important for the development of effective therapies against the skin injuries by vesicant 

exposure.

Since DNA damage is the major consequence of vesicating agent-exposure which 

contributes to its genotoxicity [6–8], efforts have been directed to understand the signaling 

pathways involved in vesicant-induced DNA damage. SM/NM-induced cytotoxicity is 

mainly attributed to its alkylating properties. In aqueous solution, SM/NM can 

spontaneously lose a chloride ion and undergo nucleophilic substitution to form a cyclic 

sulfonium/aziridinium ion [9, 10]. This reactive intermediate can form a second sulfonium/

aziridinium ion that can react with the solvent, or with nearby nucleophilic sites resulting in 

the formation of adducts or crosslinks. Potential targets include most cellular 

macromolecules including DNA, RNA and proteins [6, 11]. Cytotoxicity resulting from 

SM/NM exposure is attributed especially to its ability to induce DNA modifications. 

Interstrand crosslinks (ICLs) of DNA contribute significantly to SM/NM-induced 

cytotoxicity, and can result in the induction of cell cycle arrest, and cause inhibition of DNA 

synthesis and cell replication [6, 12].

There are two stages involved in ICL repair including recognition and incision of DNA 

ICLs, followed by the action of double strand break repair (DSB) pathways [13]. The first 

step in ICL repair involves the recognition and the incision of the DNA near the cross-link 

by nucleases, thus forming DNA DSBs [14, 15]. These DNA DSBs are mainly repaired by 

one of the two repair pathways, namely non homologous end joining (NHEJ) and 

homologous recombination repair (HRR) [16]. The NHEJ pathway, as the name indicates, 

involves a homology-independent DSB repair wherein broken DNA ends are ligated without 

the need for a homologous template. NHEJ repair starts with limited end-processing by the 

MRN (Mre11, Rad50, NBS1) complex. These DNA ends are then bound by ku70/ku80 

heterodimer which recruits the DNA-PK catalytic subunit (DNA-PKcs) forming DNA-PK 

holoenzyme. DNA-PK, when bound to the broken ends, becomes activated, undergoes auto-

phosphorylation and recruits DNA ligase IV along with its binding partners XRCC4 and 
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XLF. This completes the repair process by resealing the broken ends [17]. By contrast, the 

HRR pathway requires that a homologous sequence in the genome be used as a template to 

complete repair of the DNA DSBs. The repair process begins with extensive end-processing 

of the broken ends from 5' to 3', which is regulated by MRN complex and exonucleases. The 

resulting 3' ssDNA tails are bound by RPA (replication protein A) which prevents the 

broken 3' ssDNA tails from binding to themselves [18, 19]. BRCA2 interacts with Rad51 

and coordinates the binding of Rad51 filament to 3' ssDNA tails [20–22]. The Rad51 

filament then searches and invades a homologous sequence with the help of Rad54, which 

stabilizes Rad51 filament and induces negative DNA supercoiling, resulting in a transient 

DNA strand separation. After synthesis of the repair branch, strand annealing is catalyzed by 

BRCA2 and Rad51, completing the DNA DSB repair process [18, 23]. In addition to its role 

in DNA DSB repair, rad51 has also be en shown to play an active role in the regulated 

processing of the ICLs [23, 24].

Apart from these repair pathways, vesicant-induced DNA damage has been reported to 

trigger the activation of other cell signaling pathways which in turn can initiate cell cycle 

arrest to facilitate repair, regulate transcription of repair molecules, or, in case of inadequate 

repair or excessive damage, activate the apoptotic pathway to remove damaged cells [25, 

26]. These pathways are reported to include the activation of phosphatidylinositol-3 kinase-

related kinase (PIKK) family proteins including Ataxia telangiectasia mutated (ATM) and 

Ataxia telangiectasia-Rad3-related (ATR) [27, 28]. Upon activation, these kinases 

phosphorylate and activate other molecules like p53, chk2, etc., which play important roles 

in regulating cell cycle arrest and apoptosis [26, 29, 30].

Although vesicant-induced DNA damage and signaling have been studied, the role DNA-

damage repair mechanisms involved in NM/SM-induced DNA damage is not well examined 

in relevant skin injury models. A previous study in Chinese hamster ovary cells using SM 

and 2-chloroethyl ethyl sulfide (CEES), a monofunctional analog of SM, has reported the 

involvement of nucleotide excision repair (NER) in CEES-induced DNA monoadducts [31]. 

Studies in lymphoblastoid cells and Chinese hamster ovary mutant cell lines has shown the 

role of both NER and base excision repair (BER) in CEES-induced DNA damage [32] and 

role of HRR in response to bi-functional alkylating agents [33, 34]. However, these studies 

have not been carried out in skin epidermal cells, which can be employed as efficient skin 

injury models for screening therapeutics, and are reported as major targets of vesicating 

agents. Furthermore, these studies do not compare the activation of DNA repair pathways in 

a single cell line and also does not address skin toxicity by these vesicants [32].

Accordingly, the aim of the present study was to determine the activation and role of DNA 

DSB repair pathways after NM exposure in an epidermal keratinocyte cell line. Since NM is 

a bi-functional alkylating agent similar to SM, with comparable toxic effects and can be 

used in a laboratory setting, we have employed NM in this study. The toxic and DNA 

damaging effects of NM were studied employing JB6 mouse epidermal keratinocytes. The 

extent of involvement of DNA DSB repair pathways, NHEJ and HRR was determined using 

specific inhibitors of DNA-PK and Rad51 (key molecules involved in these pathways), 

NU7026 and BO2, respectively. Our studies using these inhibitors in JB6 cells have 
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established that HRR plays the predominant role in response to NM-induced DNA damage 

relative to the NHEJ pathway.

2. Materials and methods

2.1. Cell culture and treatments

JB6 cells were obtained from American Type Culture Collection (ATCC; Manassas, VA) 

and cultured in minimal essential medium (MEM; Gibco BRL, Grand Island, NY) 

containing 5% heat-inactivated fetal bovine serum (FBS) and 25 µg/mL gentamycin. Cells 

were grown under standard culture conditions at 37 °C in a humidified 5% CO2 incubator. 

NM (mechlorethamine hydrochloride; 98%) was obtained from Sigma-Aldrich Chemical 

Co. (St. Louis, MO) and the stock solution of NM was prepared fresh in dimethyl sulfoxide 

(DMSO) for the exposures. For the inhibitor studies, NU7026 and BO2 were obtained from 

Sigma and EMD Millipore (Billerica, MA), respectively, and the stocks were prepared in 

DMSO. Cells were treated with either 10 µM NU7026 1 h before NM exposure, or with 12.5 

µM BO2 along with NM exposure and desired assays were carried out 4 to 48 h following 

these treatments. Unless stated otherwise, the final concentration of DMSO in the culture 

medium during treatments did not exceed 0.1% (v/v). All NM preparations were carried out 

in a continuously operated chemical and biological safety hood, and exposures were initiated 

under a safety laminar hood using all required and approved personal protective equipment.

2.2. Cell growth and cell cycle analysis

Cell viability was determined by Trypan blue exclusion assay. Cells were exposed to NM 

and harvested at desired time points by brief trypsinization, and washed and resuspended in 

cold PBS. Trypan blue (10 µL) was added to 90 µL of cell suspension and cells were 

counted for total and Trypan blue-positive (nonviable) cells using a hemocytometer. For cell 

cycle analysis, after desired exposures, cells were collected by brief trypsinization, washed 

twice with PBS and incubated in 0.5 mL of saponin/PI solution (0.3% saponin, 25 µg/mL PI, 

0.1 mM EDTA, and 10 µg/mL RNase in PBS) at 4°C for 24 h in the dark. Cell cycle 

distribution was then analyzed using flow cytometry at the University of Colorado Cancer 

Center FACS analysis core laboratory.

2.3. Western blot analysis

Following exposures, whole cell lysates were prepared and protein estimation was done by 

Lowry method (Bio-Rad Laboratories, Richmond, CA). Immunoblot analysis using 80–150 

µg of protein per sample was carried out on 6 – 12% Tris-glycine gels via western blotting 

as reported earlier [27, 30]. Membranes were blocked using Odyssey blocking buffer for 1 h 

at room temperature and probed using primary antibodies for H2A.X Ser139, p53 Ser15, 

total p53 (Cell Signaling; Beverly, MA), DNA-PK (Novus biological; Littleton, CO), DNA-

PK Ser2056 (Biorbyt; Cambridge, UnitedKingdom) and rad51 (Santa Cruz Biotechnology; 

Dallas, TX) overnight at 4°C, followed by the incubation with IRDye® 800CW Conjugated, 

Goat Anti- Rabbit or Anti-Mouse IgG Polyclonal secondary antibody for 1 h at room 

temperature. The membranes were then visualized using Odyssey™ Infrared Imager (LI-

COR Biosciences Lincoln, NE). To ensure equal protein loading, each membrane was 

stripped and reprobed with β-actin antibody (Sigma-Aldrich, St. Louis, MO). Quantitative 
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analysis of the immunoblots was performed employing NIH ImageJ software and the values 

were normalized to the loading control.

2.4. Immunofluorescence confocal microscopy

Cells were plated overnight on cover slips placed in 12-well plates and the desired exposures 

were carried out. Following exposures, cells were washed with PBS and fixed in 3% 

formaldehyde for 30 min. Cells were next washed twice with PBS, incubated with ice cold 

methanol at −20°C for 10 min and then washed with PBS. Cells were incubated in Cas-

block blocking solution for 1 h followed by overnight incubation with H2A.X Ser139 or 

rad51 (Abcam; Cambridge, MA) antibody. Cells were then washed thrice with PBS and 

finally incubated with Texas red-tagged goat anti-rabbit or Alexa fluor goat anti-mouse 

secondary antibody along with 4′,6′-diamidino-2-phenylindole (DAPI) for 45 min. The 

coverslips were mounted on microscope slides, cell images were captured at 400X 

magnification on a Nikon D Eclipse C1 confocal microscope (Nikon, Instruments Inc., 

Melville, NY), and images were processed by EZ-C1 Freeviewer software.

2.5. Comet assay

Single cell gel electrophoresis (SCGE), also known as alkaline comet assay (pH ≥ 13), was 

used to measure DNA damage following exposures and treatments [30, 35, 36]. Briefly, 150 

µl of cell suspension was mixed with 500 µl of 1% low-melting point agarose and added to a 

1% normal-melting point agarose-precoated slide. Thereafter, slides were left at 4 °C in the 

dark overnight in lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris–Base pH 10.5 to 

which 1% Triton X-100, and 1% DMSO were freshly added). After lysis, slides were 

washed with ddH2O for 1 h, transferred to an electrophoresis unit, covered with fresh 

electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH ≥13), left for unwinding of DNA 

for 30 min and electrophoresed for 20 min at 22 V and 200 mA for 20 min. Slides were then 

neutralized with neutralization buffer (500 mM Tris-HCl, pH 8.0), washed with ddH2O and 

stained with 3 µg/ml of propidium iodide (PI). Slides were then dried overnight in dark and 

scored for comets using fluorescence microscopy under a Nikon inverted microscope (Nikon 

Eclipse TE300) at 200X magnification. Images were captured using CoolSNAPES CCD 

camera. Fifty cells per slide were analyzed and scored in triplicate using Komet 5.5 software 

(ANDOR Technology, South Windsor, CT). DNA damage is represented as tail extent 

moment (TEM), which is the product of tail length and percent tail DNA.

2.6. Statistical analysis

Data were analyzed by one-way analysis of variance (one-way ANOVA) using SigmaStat 

3.5 software (Jandel scientific, San Rafael, CA) to determine the statistical significance of 

differences between different groups, followed by Tukey test for multiple comparisons. 

Differences were considered significant if the P-value was ≤ 0.05.
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3. Results

3.1. NM exposure caused decreased cell growth and induced arrest in S-phase of cell 
cycle

The aim of our study was to analyze DNA repair mechanisms activated after NM exposure, 

so we started our studies by determining a concentration of NM that does not cause more 

than 50% reduction in cell viability after 24 h of exposure (data not shown). Based on results 

from these experiments, we chose a level of 0.75 µM NM and conducted a time course (4 to 

72 h) study using trypan blue exclusion assay. As shown in Figure 1 a and b, NM exposure 

caused a huge decrease in total cell numbers that was significant starting at 24 h after 

exposure, with a concomitant increase in percent dead cells when compared to controls. 

Nevertheless, the percent decrease in total cell numbers did not translate into an identical 

increase in percent dead cells, which led us to consider that NM exposure induced growth 

arrest.

Based on the above results that suggested that NM exposure could induce growth arrest, we 

next analyzed the effect of NM on cell cycle progression using FACS analysis. In a time-

kinetic study design, after 16 h of NM exposure, 64% of cells were arrested in the S-phase 

of the cell cycle. These cells had entered G2M phase at 24 h, and by 36 h and 48 h after NM 

exposure the cells moved into G1 phase (Fig 1c).

3.2. NM-induced DNA damage indicated by activation of DNA damage response molecules 
and an increase in the comet tail extent moment

Next, we investigated the DNA damaging properties of NM that could lead to an arrest in S-

phase of cell cycle progression and cause cell death. First we studied activation of known 

DNA damage markers, which are phosphorylated H2A.X at Ser139, p53 at Ser15 and the 

total p53 levels [37, 38]. Accordingly, an increase in the phosphorylation of H2A.X and p53, 

as well as an increase in total p53 levels, was observed within 4 h after NM exposure, which 

persisted for 24 h (Fig 2a). This activation of DNA damage response was further confirmed 

by immunofluorescence detection of H2A.X Ser139. Exposure to NM, induced nuclear 

H2A.X Ser139 foci formation which was observed as increased red fluorescence when 

compared to control cells (Fig 2b). We next confirmed the ICL forming ability of NM in 

JB6 cells through indirect comet assay, where the ability of NM to inhibit the comet 

formation by hydrogen peroxide is related to its ICL forming capacity (data not shown). 

Based on the fact that DNA ICLs are processed into DNA DSBs and that our results show 

an increase in DNA damage markers with NM exposure, we further quantified DNA 

damage employing comet assay, which has been previously used to quantify DNA damage 

following SM analog exposure [30]. A time-kinetic study from 1 h to 24 h using the 

concentration of 0.75 µM NM further confirmed the DNA damage pattern measured as TEM 

in comet assay, which increased between 4 and 8 h after NM exposure, with a substantial 

increase of 4-fold by 16 h that persisted at 24 h after NM exposure (Fig 2c and d). These 

results, along with those showing arrest of cells in S-phase from 8 h and an increase in DNA 

DSB response molecules from 4 h after initiation of NM exposure, suggested that most NM-

induced DNA ICLs are processed within 4 and 8 h after exposure resulting in the formation 

of DNA DSBs.
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3.3. NM induced activation of DNA DSB repair pathways NHEJ and HRR

DNA ICLs are first processed by exonucleases to form DNA DSBs. Upon formation of 

DSBs, the two DNA DSB repair pathways, NHEJ and HRR, are activated, which help in 

repairing the damage. Our next objective was to determine if both the repair pathways are 

activated by NM-induced DNA damage in epidermal keratinocytes. Accordingly, we 

assessed activation of the NHEJ pathway by analyzing activation of DNA-PK, the key 

molecule involved in repair through this pathway in mammalian cells [39, 40]. DNA-PK is 

known to localize at DNA DSBs, then becoming activated by auto-phosphorylation at 

Ser2056 and Thr2609. DNA-PK, apart from its role in DNA repair, also plays a role in the 

phosphorylation of DNA damage-response molecules, namely p53 and H2A.X [41, 42]. 

Exposure of JB6 cells to NM caused an increase in the levels of total DNA-PK between 30 

min and 4 h post-exposure. An increase in the phosphorylation of DNA-PK at Ser2056 was 

also observed, where a maximal effect was seen at 4 h after NM exposure, indicating 

activation of the NHEJ repair pathway (Fig 3a). Next, we assessed activation of the HRR 

pathway through Rad51 foci formation and through increased levels of BRCA2 and rad51 

[43]. The process of HRR repair includes formation of rad51 foci at DNA DSB sites. This 

was confirmed through immunofluorescence assay, where NM exposure induced a 

significant increase in nuclear rad51 foci (Fig 3b). A time-kinetic immunoblotting analysis 

of NM-exposed cells further supported the activation of this pathway through increased 

BRCA2 and rad51 levels (Fig 3c). These studies demonstrated that NM exposure in JB6 

cells caused activation of both DSB repair pathways, NHEJ and HRR.

3.4. Inhibition of NHEJ caused increased NM-induced cell death but did not alter NM-
induced cell cycle arrest

Next we analyzed the role of NHEJ pathway in the cellular response to NM-induced 

cytotoxicity. To accomplish this, we employed NU7026, a competitive inhibitor of DNA-

PK. This compound acts by inhibiting auto-phosphorylation of DNA-PK at DNA strand 

breaks, thereby resulting in inhibition of the NHEJ repair pathway [44, 45]. We used a 

concentration of 10 µM NU7026 1 h prior to NM exposure. Our trypan blue exclusion assay 

showed that NU7026 treatment prior to NM exposure did not cause a significant decrease in 

total cell number when compared to NM exposure alone (Fig 4a). However, NU7026 

pretreatment caused a significant increase (14% as compared to NM exposure) in the 

percentage dead cells at 36 h post-NM exposure (Fig 4b). We next examined the effect of 

NHEJ pathway inhibition on NM-induced cell cycle arrest, by following a time-kinetic 

FACS analysis of cells treated with 10 µM NU7026 1 h prior to NM exposure. Our results 

showed that inhibition of the NHEJ pathway did not have a significant effect on NM-

induced cell cycle arrest in JB6 cells (Fig 4c, d and e). Furthermore, we assessed the effect 

of NHEJ inhibition on NM-induced activation of DNA damage markers. Our 

immunoblotting results showed that NU7026 pretreatment caused a decrease in 

phosphorylation of both H2A.X Ser139 and p53 Ser15 (Fig 5). This could be a result of 

inhibition of DNA-PK, which, apart from its DNA repair properties, can also induce 

phosphorylation of p53 and H2A.X [41, 42, 46]. These immunoblot results confirm 

inactivation of DNA-PK activity by NU7026.
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3.5. Inhibition of HRR sensitized cells towards NM-induced cytotoxicity

Rad51 and BRCA2 are the key molecules involved in homologous recombination repair 

[21]. To study the effect of HRR inhibition on NM-induced cytotoxicity, we employed BO2, 

a new small molecule inhibitor of rad51 which acts by inhibiting the DNA strand exchange 

activity of rad51 [47, 48]. Our cell viability study employing trypan blue exclusion assay 

showed that 12.5 µM BO2, when administered throughout NM exposure, caused a 

significant decrease in total cell numbers at 36 and 48 h when compared to 0.75 µM NM 

exposure alone (Fig 6a). There was also a significant increase in percent cell death observed 

with BO2 treatment in NM-exposed cells at 4, 36 and 48 h of exposure (Fig 6b). Cell cycle 

analysis of JB6 cells exposed to BO2 along with NM showed that rad51 inhibition did not 

have a significant effect on NM-induced cell cycle arrest through 24 h of NM exposure, but 

by 36 and 48 h, rad51 inhibition caused accumulation of NM-exposed cells in G2M phase, 

preventing them from entering G1 phase (Fig 6c, d and e).

We also confirmed the rad51 inhibition efficacy of BO2 in JB6 cells through 

immunofluorescence, wherein 12.5 µM BO2 caused a significant decrease in NM-induced 

rad51 foci formation after 24 h of exposure (Fig 7a). In addition, an increase in cell size by 

24h of NM exposure was also documented (Fig 7a). Our immunoblot analysis of cells 

exposed to BO2 along with NM showed that inhibition of HRR pathway caused persistence 

of DNA damage similar to that of NM exposure, as evidenced by increased phospho H2A.X 

Ser139 and p53 Ser15 levels through 24 h of exposure (Fig 7b).

4. Discussion

SM has been used as a chemical warfare agent for nearly a century, and despite its well-

documented toxic effects, there is still a need for effective antidote(s) to counteract its 

damaging effects on various tissues, including the skin [49]. NM, which has a similar 

mechanism of action to SM, induces skin toxicity through its bifunctional alkylating effects, 

forming adducts and crosslinks with DNA, RNA and proteins [11]. Since keratinocytes are 

the major target of topically applied vesicating agents SM and NM, we used JB6 mouse skin 

keratinocytes to study the kinetics of NM-induced DNA damage and cytotoxicity. In 

addition, we explored the roles of DNA DSB repair mechanisms by employing specific 

DNA repair pathway inhibitors. Our studies demonstrated that HRR is the crucial DNA 

DSB repair pathway activated in response to NM. These findings, by clarifying the critical 

repair mechanism involved in repair of NM-induced DNA damage, the major event that 

leads to its cytotoxicity, could help define new rescue therapies for NM, and possibly SM, -

induced skin injuries.

DNA damage is the major lesion following SM exposure [50]. Our previous studies using 

the monofunctional SM analog CEES have given a broader understanding of the role of 

oxidative stress and direct DNA damage in response to such exposure in both skin epidermal 

cells and dermal fibroblasts [30]. To better understand repair mechanisms activated in 

response to these alkylating agents, we employed NM. Since CEES is a monofunctional 

alkylating agent, it only forms adducts leading to DNA single strand breaks. By contrast, 

SM/NM cause ICLs and lead to the formation of DNA DSBs [11].
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The damage to cells exposed to SM/NM, if not repaired, results in decreased cell viability as 

demonstrated in studies where SM caused dose- and time-dependent declines in cell 

viability of human epidermal keratinocytes [51, 52]. Accordingly, our time-kinetic studies 

employing 0.75 µM NM confirmed a decrease in cell viability starting as early as 16 h after 

NM exposure. However, this decrease in cell viability was not proportional to the increase in 

NM-induced cell death. This data directed us to the possibility that NM-induced decreased 

cell viability was due to decreased cell growth rather than an increased cell death. Previous 

studies indicated that exposure to SM causes cell cycle arrest via prolongation of the S phase 

of cell cycle progression [53, 54]. In fact, our cell cycle progression analysis also found that 

NM caused a prolonged S-phase arrest, after which these cells moved to G2M phase and 

later to G1 phase. Studies have shown that even the cells with unrepaired damaged DNA can 

initially continue through the cell cycle with prolonged S and G2M phases, but, may 

ultimately arrest in G1, where the fate of the cells is decided [55, 56]. In our study, cells 

moving from prolonged S and G2M phases may symbolize such phenomena, which might 

also be the reason that we see an increase in cell death starting 24 h in our cell viability 

studies, with the other possibility being that some cells are actually undergoing successful 

repair.

NM-induced DNA damage was indicated by an increase in the phosphorylation of H2A.X at 

Ser139 and p53 at Ser15. These markers have been established as indicators of DNA 

damage by our previous and various other studies [30, 32, 57, 58]. In the presence of DNA 

damage, MRN complex, H2A.X and various other factors localize to strand breaks aiding in 

recruitment of PIKK family protein kinases, which include ATM, ATR and DNA-PK. These 

kinases then become auto-phosphorylated in the presence of DNA damage, becoming 

activated, further phosphorylating and activating H2A.X, 53BP1, SMC1, p53, chk1, chk2 

among other proteins, which are important in modulating cell cycle progression to facilitate 

the repair process, and, in the event of overwhelming damage, direct cells to apoptosis [6, 

12]. The maximum increase of phospho H2A.X and p53 seen after NM exposure coincides 

with increases in tail extent moment measured via comet assay, which we noted to have 

begun between 4 and 8 h of exposure. This time interval (4 to 8 h after initiation of 

exposure) might be the time when maximal processing of NM-induced DNA ICLs is taking 

placing, leading to DNA DSB formation. Our study also shows the progression of events 

following NM exposure, where optimum DNA damage is followed by arrest of cells in S-

phase, thus slowing cell cycle progression to facilitate repair.

Previous studies indicated that absence of HRR, NHEJ or NER pathways affects cells 

adversely in the event of SM exposure, and that absence of HRR has the most adverse effect 

following SM exposure [6, 32, 59]. However, the cell lines used to compare the role of the 

repair pathways in those studies were different for each of the pathways (human fibroblast 

cells, TK6 lymphoblastoid cells and Chinese hamster ovary cells). Therefore in our study we 

have aimed to use a single cell type to conduct a comparative study for the activation of the 

DNA DSB repair pathways following NM exposure. BER pathway was also shown to play a 

role in repair after exposure to half mustard (CEES) and NM [32, 60]. But studies have also 

shown that presence of active BER pathway further sensitized cells to these compounds and 

that the NER pathway assists in repair after SM/CEES exposure [61]. Our study, for the first 

time, has demonstrated the activation and role of the two DNA DSB repair pathways, NHEJ 
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and HRR, in NM-induced DNA damage and cytotoxicity using a single epidermal 

keratinocyte cell line. As we have discussed earlier, DNA-PK, apart from its DNA damage 

repair functions, also acts as a protein kinase in response to DNA damage and 

phosphorylates DNA damage response molecules like H2A.X and p53. Accordingly, 

inhibition of DNA-PK, despite the presence of DNA damage, caused a decrease in p53 

Ser15 and H2A.X Ser139, further confirming the inhibitory potential of NU7026. 

Furthermore, in spite of the slight increase in toxicity seen with NU7026 alone when 

compared to control, only a slight increase in NM-induced cell death following DNA-PK 

inhibition was observed, showing that the absence of the NHEJ pathway did not detectably 

affect cell cycle progression after NM exposure. By contrast, inhibition of HRR caused a 

significant decrease in total cell numbers and increased cell death, especially following 36 

and 48 h of NM exposure. This coincided with the inability of these cells, unlike HRR-

competent NM-exposed cells, to exit the G2M phase of the cell cycle. Our results, taken 

together, demonstrated activation of both NHEJ and HRR in response to NM-induced DNA 

damage, and that the activity of HRR was the major determinant of cell fate following NM 

exposure. These findings should be useful in rescue/repair of skin injury following NM, and 

potentially also SM, exposures. If an increase in HRR could be effected through the use of 

compounds such as rad51 stimulatory compound-1 (RS-1) [62], the increase in repair of 

damaged DNA could result in decreased cell death, preventing the release of pro-

inflammatory molecules, and ultimately, excessive activation of inflammatory immune 

response [63]. At the same time, studies are also needed to explore potential adverse effects 

like, increases in mutations due to accelerated or faulty repair that might result when 

activating repair pathways through external stimuli. Finding a balance between 

advantageous and adverse effects of DNA repair activation could be a major new strategy in 

developing countermeasures against DNA damaging agents such as vesicants and associated 

damage to skin and other tissues and organs.
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Research Highlights

• NM exposure caused growth arrest and increase in DNA double strand breaks in 

JB6 cells

• NM exposure caused the activation of both DNA DSB repair pathways NHEJ 

and HRR

• Unlike NHEJ, inactivation of HRR sensitized the cells towards NM-induced 

cytotoxicity
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Fig. 1. Effect of NM exposure on cell proliferation and cell cycle progression in JB6 cells
JB6 cells plated overnight in 60 mm plates were exposed to either DMSO or 0.75 µM NM 

for 4 to 96 h. At the end of the exposure times, all cells, including the floating dead cells 

were collected, subjected to Trypan blue exclusion assay using a hemocytometer for 

counting the cells. The total number of cells (a) and the percentage dead cells (b) were 

calculated as described under material and methods. Following similar exposures, FACS 

analysis was carried out to determine the cell cycle progression following NM exposure (c). 

Cells collected after 4 to 48 h of exposures were incubated overnight with saponin/PI at 4°C 
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and subjected to FACS analysis as described in material and methods. Data are presented as 

mean ± SEM, n = 3. * P< 0.05 as compared to control.
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Fig. 2. Effect of NM exposure on the activation of DNA damage response molecules and 
formation of DNA DSBs in JB6 cells
JB6 cells were exposed to either DMSO or 0.75 µM NM for 30 min to 24 h. Following 

exposures, whole cell lysates were prepared and subjected to SDS PAGE followed by 

western blot analysis for H2A.X Ser139 and p53 Ser15 using 80 µg protein as detailed under 

Materials and Methods (a). Total p53 protein levels and β-Actin levels were determined by 

stripping and reprobing the membranes with total p53 and β-Actin antibodies (a); 

densitometry values represented as numbers under the bands were calculated employing 

NIH ImageJ software. Following similar exposures, cells were subjected to 
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immunofluorescence for assessing the accumulation of H2A.X Ser139 at the DNA damage 

sites, seen in the form of foci in the DAPI stained nucleus (b). Cell images were captured at 

400× magnification using a Nikon D Eclipse C1 confocal microscope as described under 

Materials and Methods. Cells exposed to DMSO or 0.75 µM NM for 1 to 24 h were 

subjected to comet assay as described under Materials and Methods (c) and the 

representative pictures of NM exposed cells at various time points were captured using a 

fluorescence microscope at 200× original magnification (d). Data are presented as mean ± 

SEM, n =3. * P< 0.05 as compared to control.
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Fig. 3. Effect of NM exposure on the activation of DNA DSB repair pathways NHEJ and HRR
To determine the activation of NHEJ pathway, whole cell lysates prepared from JB6 cells 

exposed to either DMSO or 0.75 µM NM for 30 min to 16 h, were subjected to SDS PAGE 

followed by western blot analysis for DNA-PK Ser2056 and total DNA-PK using 150 µg 

protein as detailed under Materials and Methods and the densitometry values represented as 

numbers under the bands were calculated employing NIH ImageJ software (a). Similarly, 

cells were subjected to immunofluorescence after 4 h of exposures to determine the 

activation of HRR pathway seen as rad51 foci formation in the nucleus (b). Cell images 
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were captured at 400× magnification using a Nikon D Eclipse C1 confocal microscope as 

described under Materials and Methods. The activation of HRR was further confirmed 

through immunoblot analysis for BRCA2 and rad51 as described under material and 

methods (c).
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Fig. 4. Effect of DNA-PK inhibition on NM-induced cytotoxicity
JB6 cells were treated with 10 µM NU7026 1 h prior to 0.75 µM NM exposure for 4 to 48 h. 

At the end of the treatment times, all the cells were collected and subjected to trypan blue 

exclusion staining to determine total cell number (a) and percentage dead cells (b) as 

described earlier in material and methods. Following similar treatments, cells were collected 

and incubated with saponin/PI for 24 h at 4°C and analyzed for the G1 (c), S (d) and G2M 

(e) phases of cell cycle progression using FACS analysis as detailed under materials and 

methods. Data are presented as mean ± SEM, n =3. * P< 0.05 as compared to 0.75 µM NM.
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Fig. 5. Effect of DNA-PK inhibition on NM-induced phosphorylation of H2A.X at Ser139 and 
p53 at Ser15 in JB6 cells
Whole cell lysates were prepared from JB6 cells treated with 10 µM NU7026 1 h prior to 

0.75 µM NM exposure for 4 to 24 h. 80 µg protein was subjected to SDS PAGE followed by 

western blot analysis for H2A.X Ser139 and p53 Ser15 as detailed under Materials and 

Methods and the densitometry values represented as numbers under the bands were 

calculated employing NIH ImageJ software.
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Fig. 6. Effect of rad51 inhibition on NM-induced cytotoxicity
JB6 cells treated with 12.5 µM BO2 along with 0.75 µM NM exposure for 4 to 48 h, were 

collected and subjected to trypan blue exclusion staining to determine total cell number (a) 

and percentage dead cells (b) as described earlier in material and methods. Following similar 

treatments, cells were collected and incubated with saponin/PI for 24 h at 4°C and analyzed 

for the percentage cells in G1 phase (c), S phase (d) and G2M phase (e) of cell cycle 

progression using FACS analysis as detailed under materials and methods. Data are 

presented as mean ± SEM, n =3. * P< 0.05 as compared to 0.75 µM NM.

Inturi et al. Page 24

Mutat Res. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Effect of rad51 inhibition on NM-induced cytotoxicity
JB6 cells were treated with 12.5 µM BO2 along with NM exposure for 24 h and were 

subjected to immunofluorescence to assess the accumulation of rad51 at the DNA damage 

sites, seen in the form of foci in the nucleus (a). Cell images were captured at 400× 

magnification using a Nikon D Eclipse C1 confocal microscope as described under 

Materials and Methods. Similarly, treated cells were collected between 4 h and 24 h of the 

treatments and whole cell lysates were prepared. 80 µg protein was subjected to SDS PAGE 

followed by western blot analysis for H2A.X Ser139 and p53 Ser15 as detailed under 
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Materials and Methods and the densitometry values represented as numbers under the bands 

were calculated employing NIH ImageJ software (b).
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