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Abstract: Knowledge of cellular responses in tissue

microenvironment is crucial for the accurate prediction of human

health risks following chronic or acute exposure to ionizing

radiation (IR). With this objective, we investigated the radio

responses for the first time in three-dimensional (3D) artificial

human skin tissue microenvironment after c-rays radiation. IR-

induced DNA damage ⁄ repair response was assessed by

immunological analysis of well-known DNA double strand break

(DSB) repair proteins, i.e. 53BP1 and phosphorylated ataxia

telangiectasia mutatedser1981 (ATMser1981). Efficient 53BP1 and

phosphorylated ATM foci formation was observed in human

EpiDerm tissue constructs after low and high doses of c-rays.

Interestingly, EpiDerm tissue constructs displayed less 53BP1 and

ATM foci number at all radiation doses (0.1, 1, 2.5 and 5 Gy)

than that observed for 2D human fibroblasts. DSB repair

efficiency judged by the disappearance of 53BP1 foci declined with

increasing doses of c-rays and tissue constructs irradiated with 2.5

and 5 Gy of c-rays displayed 53BP1 foci persisting up to 72 h of

analysis. Pretreatment of EpiDerm tissue constructs with

LY294002, [an inhibitor of phosphatidylinositol-3 kinase and PI-3

kinase like kinases (PIKK)] completely abolished IR-induced

53BP1 foci formation and increased the apoptotic death. This

observation indicates the importance of PIKK signalling pathway

for efficient radiation responses in intact tissue constructs. In

summary, we have successfully demonstrated the feasibility of

monitoring the DNA damage response in human skin tissue

microenvironment. In this system, 53BP1 can be used as a useful

marker for monitoring the DSB repair efficiency.
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Introduction

Exposure to ionizing radiation (IR) inflicts single strand

breaks, double strand breaks (DSB), base damage and

DNA-protein cross-links in the genomic DNA. Among

them, DSB is the most critical lesion, which when misre-

paired or unrepaired, can lead to genomic instability and

cell death. Two major DSB repair pathways, non-homolo-

gous end joining (NHEJ) and homologous recombination

repair (HRR), operate in eukaryotic cells. Some important

players in NHEJ include DNA ligase IV ⁄ XRCC4 (X-ray

cross complementation group 4) DNA-dependent protein

kinase (DNA-PK), Ku70 and Ku80. In HRR, Rad51 protein

and its paralogues Rad52 and Rad54 have crucial roles.

Studies using high doses of low LET radiation have identi-

fied additional accessory proteins that participate in DSB

repair. Proteins involved in DSB repair have been grouped

under three distinct categories: (i) damage sensors and

mediators, (ii) signal transducers and (iii) effectors.

Proteins belonging to the phosphatidylinositol-3 kinase

(PI-3) super family, which are activated at very early stages

of DNA damage induction, serve as sensors as well as the

mediators of ensuing cellular repair and cell cycle check-

point responses (1–5). PI-3 family members include Mec1p

and Tel1p in the yeast Saccharomyces cerevisiae, Rad3 and

Tel1 in Schizosaccharomyces pombe and ataxia telangiectasia

mutated (ATM), ATM- and Rad3-related (ATR) and

DNA-PK in humans. These proteins despite sharing a PI-3

kinase-like domain do not function as lipid kinases but

serve as serine ⁄ threonine kinases. Among them, ATM, ATR

and DNA-PK are critical for efficient cellular radio-

responses as functional inactivation of these genes predis-

poses to hyper-radio sensitivity.

Bakkenist and Kastan (6) demonstrated that, inactive

ATM dimeric molecules become active in response to DSB

through autophosphorylation at serine 1981. The activated

ATM monomers phosphorylate a number of downstream

targets such as histone H2A variant, H2AX. A recent study
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has provided evidence for the phosphorylation of H2AX

both by DNA-PK and ATM in a redundant, overlapping

manner in mouse and human cells (7). This subsequently

facilitates the recruitment and phosphorylation of other

mediators such as mediator of DNA damage checkpoint

protein 1 (MDC1), p53 binding protein 1 (53BP1), BRCA1

(breast cancer susceptibility gene) and Mre11-Rad50-Nbs1

complex. In case of replication-mediated DSB repair, ATR–

ATR interacting protein complex is additionally recruited

to the stalled replication forks by replication protein A

(RPA). In a recent study, a time-dependent assembly of

RPAp34 foci with c-H2AX was demonstrated in response

to DSB generated by both c-rays and hydroxyurea (8).

Nuclear foci formation by these multi-protein mediator

complexes promotes the transmission of DNA damage sig-

nal to downstream signal transducers such as Chk1, Chk2,

Fanconi anaemia complementation group D2 (FANCD2)

and structural maintenance of chromosome 1 (SMC1).

Chk1 and Chk2 kinases phosphorylate downstream effec-

tors like p53, CDC25A and CDC25C, leading to transient

cell cycle delay to promote DSB repair. In case of excessive

DNA damage, cell cycle checkpoint activation is prolonged,

resulting in either senescence or apoptosis.

Much of our knowledge on induction and repair kinetics

of DSB has come from studies performed at high doses of

low and high LET radiations in 2D cell culture systems

where each cell is traversed by many ionization events (9–

13). However, our knowledge of DSB signalling and repair

mechanisms in cells with 3D architecture that comprise the

tissue microenvironment is highly restricted. Knowledge of

tissue responses to radiation is an absolute requirement for

estimating human health risks associated with chronic and

acute doses of IR. With this objective, the present study

was performed to analyse the radiation responses in 3D

skin model system.

Methods

Cell culture and radiation treatment
Primary normal human lung fibroblasts (MRC5) were

acquired from Coriell Cell Repository, Camden, NJ, USA.

Fibroblast cells were routinely cultured essentially following

the same procedure described previously (8,14,15). MRC5

cells in passage 12 were used for the present study. Human

EpiDermTM (skin model with only human primary kerati-

nocytes) and EpiDermFTTM (full thickness skin model with

both human primary keratinocytes and fibroblasts) tissue

constructs were purchased from MatTek Corporation (Ash-

land, MA, USA). MRC5 cells and human EpiDerm tissue

constructs (EpiDermTM and EpiDermFTTM) were irradiated

with different doses of c-rays (0.1–5 Gy) using a 137Cs

source delivering a dose rate of 0.82 Gy ⁄ min (Gamma Cell

40, Atomic Energy of Canada).

Immunological detection of DSB induction and
repair in human cells
Immunological procedure for the detection of DSB markers

[53BP1 (Novus Biologicals, Littleton, CO, USA),

ATMser1981, DNA-PKT2609 and pan ATM ⁄ ATR (Cell Signal-

ing Technology, Danvers, MA, USA)] was essentially the

same as described earlier (8,14,15). 2D human fibroblasts in

exponential growth phase were irradiated, incubated for

various postrecovery time points (30 min, 2 h, 8 h, 24 h,

48 h and 72 h) and fixed in acetone:methanol (1:1). Tissue

constructs, irradiated with different doses of c-rays and po-

stincubated for various time points, were fixed in buffered

formalin and embedded in paraffin. Fixed paraffin sections

were utilized for immunological detection of DSB induction

and repair. The immunofluorescence procedure was carried

out using the DAKO cytomation kit (DAKO, Carpinteria,

CA, USA). Briefly, the slides were washed in TBST (20 mm

Tris–HCl pH 7.4, 137 mm NaCl and 0.2% Tween-20) and

incubated for 30 min in TBST containing 5% NFDM

(non-fat dried milk). The slides were washed in TBST and

incubated with the primary and fluorochrome-conjugated

secondary antibodies (1:100 dilution in TBST)5% NFDM)

for 1 h at 37�C. The slides were washed in TBST, counter-

stained for DNA either with propidium iodide (PI) or 4¢, 6-

diamidino-2-phenylindole (DAPI, 0.1 lg ⁄ ml prepared in

Vectashield mounting medium; Vector Laboratories, Burlin-

game, CA, USA.) and covered with a cover glass. The vari-

ously fluorochromed images were captured using a confocal

laser scanning microscopy (Nikon, EZ.C1, Melville, NY,

USA). For inhibition of PI-3 kinases, EpiDerm tissue

constructs were treated with LY294002 (100 lm, EMD

Biosciences, Gibbstown, NJ, USA) for 16 h prior to

radiation treatment. Tissue sections were processed for

immunofluorescence essentially as described above.

Quantitative analysis of IR-induced foci
Images of cells and EpiDerm tissue sections were captured

from randomly selected fields using the confocal laser-scan-

ning microscope. IR-induced foci as a function of radiation

dose and postrecovery time were counted in the captured

images both by eye and by Image J software (developed at

the National Institutes of Health, Bethesda, MD, USA). Ini-

tially, nuclei were extracted by applying the threshold on

DNA signal (DAPI or PI). For Image J software foci analy-

sis, captured images were first converted to grey scale (16

bit) and a threshold was applied on fluorescein (488 nm)

or Texas Red signal. For each nucleus, the number as well

as the area of foci was measured. Image J software analysis

yielded nearly similar foci number estimated by eye and

the data from both types of analyses did not differ by more

than 15%. At least 100 cells were scored for each radiation

dose and postrecovery time and the data were pooled from

two independent biological experiments. Results obtained
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on 53BP1 foci analysis are presented as XY scatter plot as a

function of radiation dose and postrecovery time. Sham

treated controls were included for all the postrecovery

times and the basal level of 53BP1 foci number observed in

sham treated fibroblasts and EpiDerm tissue constructs at

different postrecovery times (30 min, 2 h, 8 h, 24 h, 48 h

and 72 h) was subtracted from the IR-induced foci number

in both cell model systems.

Detection of apoptotic cells by Apo-BrdU TUNEL
assay
TUNEL assay was performed to determine the effects of high

radiation doses on cell death in EpiDermTM tissue con-

structs. EpiDermTM tissue constructs were irradiated with

different doses of c-rays (2.5 and 5 Gy) and the irradiated

tissues were incubated for different recovery times (24, 48

and 72 h). Tissues were fixed and processed essentially as

described before. Paraffinized tissue sections were subjected

to Apo-BrdU TUNEL assay (Invitrogen, Carlsbad, CA, USA)

following the manufacturer’s protocol (16). Cells were

counterstained with PI. Apo-BrdU positive cells in randomly

selected microscopic fields were scored. At least 200 cells were

scored for each radiation dose and post-irradiation time.

Results

53BP1 is an efficient marker for the detection of
DSB in human cells
The P53 binding protein 1 is recruited rapidly to DSB

containing genomic DNA sites where they form distinct

foci. To monitor DSB induction and repair, MRC5 cells

were irradiated with low doses of c-rays (0.1–0.5 Gy) and

postincubated for various recovery times. In contrast to

unirradiated cells, irradiated cells fixed 30 min after IR

showed a dose-dependent increase in 53BP1 foci number

in a non-linear fashion (Fig. 1a). A quantitative assess-

ment of 53BP1 foci made in at least 100 randomly cho-

sen cells is shown in Fig. 1b. In this study, IR-induced

foci number was estimated both by eye and Image J soft-

ware (developed by NIH, Bethesda, MD). Comparative

analyses of foci number estimated by both methods did

not differ by more than 15% (Fig. 1b). In corroboration

with earlier studies, 53BP1 foci induced by different doses

of c-rays radiation completely co-localized with that of

c-H2AX (data not shown). The average basal level of

small residual 53BP1 foci was found to be 2.3 ± 0.31 per

cell for human fibroblasts, 0.20 ± 0.04 for EpiDermTM

and 0.24 ± 0.1 for EpiDermFTTM tissue constructs. The

spontaneous 53BP1 foci number observed in sham treated

primary fibroblasts and EpiDerm tissue constructs did not

differ very much as a function of recovery time. The

basal level of 53BP1 foci number observed in sham

treated fibroblasts at 24, 48 and 72 h was found to be

2.27 ± 0.12, 2.37 ± 0.12 and 2.26 ± 0.11 per cell, respec-

tively. Similarly, the basal level of 53BP1 foci number in

sham treated EpiDerm tissue constructs analysed at 24,

48 and 72 h was 0.25 ± 0.04, 0.23 ± 0.06 and 0.26 ± 0.03

per cell, respectively. Unless otherwise stated, all the data

presented on IR-induced foci number ⁄ cell for both fibro-

blasts and EpiDerm tissue constructs had the subtraction

of background value of foci number observed in sham

treated control cells at different recovery times. MRC5

cells irradiated with 0.1 Gy displayed 4.8 ± 0.4 foci ⁄ cell

after 30 min of IR exposure. According to theoretical cal-

culations, 0.1 Gy of low LET radiation should generate an

average of 2.5 DSB (25 DSB ⁄ 1 Gy) in the genomic DNA

of a human diploid cell (17). A few studies have esti-

mated the DSB number to be 40 in a human diploid cell

after irradiation with 1 Gy of c-rays (18,19). Thus, the

number of 53BP1 foci observed after 0.1 Gy of c-rays in

our study correlates well with the expected number of

DSB estimated by theoretical calculations. IR-induced

53BP1 foci number gradually declined with increasing

post-irradiation times and a homogenous distribution of

53BP1 was observed by 24 h after IR in MRC5 cells

irradiated with 0.1 Gy. Observation of complete disap-

pearance of 53BP1 foci in cells irradiated with relatively

(a) (b)

Figure 1. 53BP1 is a sensitive marker for low-dose radiation-induced

DSB in human cells. (a) Intra-nuclear assembly of c-rays radiation-

induced 53BP1 foci formation as a function of radiation dose in normal

human primary fibroblast cells. MRC5 cells (in exponential growth

phase) grown on two-well chamber slides were irradiated with varying

doses of c-rays and fixed after 30 min in acetone: methanol (1:1).

Immunological detection of 53BP1 was performed using a primary

antibody (Rabbit IgG, Novus Biologicals) and a fluorescein-conjugated

secondary anti-rabbit antibody (Vector Laboratories). Cells were

counterstained with propidium iodide. A microscopic field of cells

observed for each c-rays radiation dose is shown in the left most

panels. (b) Quantitative assessment of radiation-induced 53BP1 foci

number, as a function of radiation dose was determined in randomly

chosen microscopic fields of cells by eye (a) and by Image J software

(b). Bars represent the standard error of the mean. The background

value of foci number observed in sham treated control cells was

subtracted from IR-induced 53BP1 foci number.

DSB induction and repair in human tissue constructs
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low doses (0.1–0.5 Gy) after 24 h indicates that DSB

repair occurs efficiently at low radiation doses. However,

MRC5 cells irradiated with radiation doses higher than

1 Gy showed the persistence of 53BP1 foci in a dose-

dependent manner. MRC5 cells irradiated with 0.5, 1 and

2.5 Gy showed a non-linear increase in 53BP1 and c-

H2AX foci after 30 min with increasing radiation doses

(11.2 ± 0.8 foci ⁄ cell for 0.5 Gy, 19.2 ± 2.1 for 1 Gy and

51.7 ± 4.5 for 2.5 Gy of c -rays). MRC5 cells irradiated

with 2.5 and 5 Gy of c-rays showed the persistence of

five to six large 53BP1 and c-H2AX foci per cell, respec-

tively, for prolonged periods after radiation exposure (up

to 72 h of analysis, data not shown).

Analysis of DSB induction and repair in human
EpiDerm tissue constructs
An important component of this study, which is of spe-

cial concern to US Department of Energy, is the determi-

nation of radiation-induced DNA damage responses in

intact tissues or tissue-like constructs. Studies focused on

elucidating the tissue-specific radiation responses are

important for improving the accuracy of health risk esti-

mation in intact human tissues. As 53BP1 efficiently

forms foci at physiologically relevant low doses of IR, this

approach was used to determine the DSB induction and

repair responses in human skin constructs. In unirradiat-

ed tissues, 53BP1 was found to be more homogenous

similar to that observed in 2D fibroblast cells. Upon

irradiation, distinct focal sites of 53BP1 were observed in

tissues as a function of radiation dose (Fig. 2a). The

architecture of human EpiDermTM tissue construct is

shown by haematoxylin stained paraffinized tissue section

(Fig. 2b). Upon irradiation with 0.1 Gy of c-rays, an

average of 3.0 ± 0.11 foci were induced 30 min after irra-

diation (Fig. 2c). Analogous to that observed in human

primary fibroblast cells, DSB repair, assessed by 53BP1

foci formation and disappearance, was found to be very

efficient in tissues upon exposure to 0.1 Gy of c-rays.

However, tissues irradiated with 2.5 and 5 Gy of c-rays

showed the persistence of 53BP1 foci up to 72 h of anal-

ysis. Representative pictures showing the time course-

kinetic analysis of 53BP1 foci formation observed in Epi-

DermTM tissue constructs after 5 Gy of c-rays is shown

in Fig. 3. The persistence of 53BP1 foci number increased

with increasing radiation doses (Fig. 4a). As EpiDerm full

thickness skin tissue model (EpiDermFTTM) is very simi-

lar to human skin, time course kinetics of 53BP1 foci

formation was next investigated in human EpiDermFTTM

tissue constructs. The induction of DSB detected by

53BP1 foci formation in EpiDermFTTM tissue constructs

after varying doses of c-rays radiation was found to be

(a)

(b) (c)

Figure 2. Detection of DSB induction in human 3D EpiDermTM tissue

constructs. (a) Immunological analysis of DSB induction as a function of

radiation dose in human 3D EpiDerm tissue constructs. EpiDermTM

tissue constructs were irradiated with indicated doses of c-rays and

fixed 30 min after treatment in buffered formalin. Paraffinized tissue

sections were used for immunological detection of 53BP1 using

fluorescein conjugated secondary antibody. Cells were counterstained

with propidium iodide. (b) Paraffinized haematoxylin stained tissue

section showing the architecture of 3D tissue constructs. (c)

Quantitative assessment of 53BP1 foci induced by different c-rays

radiation doses in at least 100 randomly chosen cells for each radiation

dose. Bars represent the standard error of the mean.

Figure 3. EpiDermTM tissue constructs irradiated with high doses of

c-rays showed persistence of 53BP1 foci. EpiDerm tissue constructs

were irradiated with 5 Gy of c-rays and fixed at different post recovery

time points. Cells were counterstained with propidium iodide.

(a) (b)

Figure 4. Quantitative assessment of DSB induction and repair as a

function of radiation dose and recovery time in human EpiDermTM (a)

and EpiDermFTTM (b) tissue constructs. Data obtained on the time course

kinetics of foci formation and persistence after different radiation doses

and post-irradiation times are presented as a XY-scatter plot.
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similar to that observed in EpiDermTM tissue constructs.

Quantitative assessment of 53BP1 foci number performed

in at least 100 randomly chosen cells as a function of

radiation dose and postirradiation time in EpiDermTM

and EpiDermFTTM tissue constructs is shown in Fig. 4a,b.

Recruitment of phosphorylated ATM monomeric mole-

cules to DSB sites was next investigated in conjunction

with 53BP1. For this purpose, a combination of 53BP1

and ATMser1981 antibodies was used. 53BP1 foci were

found to precisely co-localize with phosphorylated ATM

foci in the interphase nuclei after c-rays radiation in both

types of EpiDerm tissue constructs. Further, the time

course kinetics of phosphorylated ATM foci formation as

a function of recovery time after c-rays was found to be

very similar to 53BP1.

It is interesting to note that the basal layer of cells in

EpiDerm tissue constructs showed efficient 53BP1 foci for-

mation, whereas the 53BP1 foci formation was hardly detect-

able in cells proximal to stratum corneum (Fig. 2a). It is

known that cells proximal to stratum corneum in human

skin contain excessive amounts of keratin and some of these

cells may not be viable. To verify this, human EpiDermTM

and EpiDermFTTM tissue sections were immunostained with

an antibody specific for human epidermal keratins (ABR

Affinity BioReagents, Rockford, IL, USA). This antibody rec-

ognizes cytokeratins of acidic (10, 14, 15, 16, and 19) and

basic families (1, 2, 3, 4, 5, 6 and 8). As expected, intense

cytoplasmic staining of keratins was observed in cells that

were proximal to stratum corneum (data not shown).

Analysis of apoptotic cell death by Apo-BrdU
TUNEL assay
If cells with persistent 53BP1 foci represent irreparable DSB

or misrepaired DSB, such cells are likely to undergo

apoptosis through accumulation of genomic instability. To

verify this, frequency of apoptotic cells was estimated in

EpiDermTM tissue constructs irradiated with 2.5 and 5 Gy

of c-rays. For this purpose, an Apo-BrdU-based TUNEL

assay was performed. In addition, the percentage of cells

with persistent 53BP1 foci was also determined after differ-

ent post-irradiation times (24, 48 and 72 h). The results

seem to suggest that the apoptotic death induced by high

radiation doses may be due to either irreparable DSB or

misrepaired DSB (Fig. 5a,b).

PI-3 kinase inhibitor abolishes 53BP1 foci
formation and causes apoptotic death in
EpiDerm tissue constructs
We have demonstrated an efficient induction of intra-

nuclear foci formation by PIKK involving ATM, ATR and

DNA-PK as a function of radiation dose in 3D human

tissue constructs. These observations demonstrate the

existence of efficient DSB-mediated signalling pathways in

tissues. In order to verify whether PI-3K- and PIKK-medi-

ated signal transduction pathways are important for DSB

recognition and repair in tissue microenvironment, Epi-

DermTM tissues were treated with a PI-3K and PIKK inhib-

itor LY294002 at a concentration of 100 lm prior to

radiation exposure. Treatment of PI-3 kinase inhibitor

completely abolished 53BP1 foci formation and resulted in

apoptotic death of the cells (Fig. 5c). This clearly illustrates

the importance of PIKK-mediated signalling pathways for

DSB recognition and repair of DSB in tissues. Currently,

experiments using commercially available specific and

potent inhibitors for ATM, ATR and DNA-PK are in

progress to evaluate the effects of low doses of low LET

radiation in tissue constructs.

Discussion

Knowledge of DNA damage responses in cells with 3D

architecture in tissue microenvironment is highly restricted.

With this objective, the present study was carried out to

investigate the radio responses in human 3D tissue micro-

environment. This information is critical for the accurate

prediction of radiation-induced health risks in humans.

The present study compared the radiation responses

between 2D human fibroblasts and 3D human skin tissue

constructs with special emphasis on the detection of DSB

induction and repair. Although skin is not the most radio-

(a)

(c)

(b)

Figure 5. Analysis of IR-induced apoptotic cell death in human

EpiDermTM tissue constructs by Apo-BrdU TUNEL assay. (a) Percentage

of 53BP1 foci positive cells observed at 24 and 48 h after 2.5 and 5 Gy

of c-rays radiation. (b) The frequency of apoptotic cells determined by

Apo-BrdU TUNEL assay as a function of radiation dose and recovery

time. Bars indicate the standard deviation of the mean. At least 200

cells were scored for each radiation dose and recovery time. (c)

Abolition of PI-3 kinases inhibits 53BP1 foci formation and causes

apoptosis in human EpiDermTM tissue constructs. EpiDermTM tissue

constructs were treated with LY294002 prior to radiation treatment

with 5 Gy of c-rays. Tissue sections were fixed after different

postincubation time points (30 min, 8 h and 24 h). Tissue sections were

imunostained using 53BP1 primary antibody and fluorescein conjugated

secondary antibody. Arrows indicate the apoptotic cells with

fragmented chromatin bodies.

DSB induction and repair in human tissue constructs
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sensitive organ, we chose EpiDerm tissue constructs for our

study because this model system has been very well charac-

terized and extensively used by several laboratories. Human

skin model systems (EpiDermTM and EpiDermFTTM) used

in this study exhibit in vivo-like morphological and growth

characteristics, which are uniform and highly reproducible.

This artificial skin model is widely used by several laborato-

ries because EpiDerm skin model consists of organized

basal, spinous, and granular, and cornified layers analogous

to those found in vivo.

For achieving the goal of this study, we wished to deter-

mine IR-induced DSB induction and repair in situ without

disrupting the architecture of 3D human tissue microenvi-

ronment. An immunological in situ approach was therefore

undertaken to monitor IR-induced DNA damage and

repair.

Earlier studies have demonstrated that histone H2A vari-

ant H2AX, rapidly phosphorylated by PI-3 kinase like kin-

ases (PIKK), is recruited to DSB sites (20,21). Additionally,

two other sensor proteins, 53BP1 and MDC1, also accumu-

late at DSB sites in response to IR, although the precise

sequence of assembly of these proteins is not known (22–

26). 53BP1 physically interacts with a number of proteins

that have demonstrated roles in DSB repair. Earlier studies

have provided suggestive evidence for a role of 53BP1 in

DSB repair (27–31). Owing to its importance in DSB

repair, we have chosen 53BP1 to monitor DSB induction

and repair in human skin model system.

Using the immunological approach, DSB induction and

repair has been successfully demonstrated for the first time

in 3D EpiDerm tissue constructs. Both 53BP1 foci number

and 53BP1 foci positive cells analysed at 30 min after IR

exposure showed a non-linear increase with increasing

doses of c-rays in both human fibroblasts and EpiDerm tis-

sue constructs. Two distinct differences were observed

between 2D (human fibroblasts) and 3D (EpiDermTM and

EpiDermFTTM tissue constructs) model systems: (i) 53BP1

foci were fewer in EpiDerm tissue constructs and (ii) heter-

ogeneity in the distribution of 53BP1 foci was observed

among different cell layers of EpiDerm tissue constructs.

The reason for fewer number of 53BP1 foci formed in the

EpiDerm tissue constructs is not fully understood at the

moment. We speculate that the scattering of c-rays radia-

tion by the stratum corneum may be responsible for the

less number of 53BP1 foci observed in the basal cells in

EpiDerm tissue constructs. A recent study has demon-

strated that that IR-induced foci were detected readily in

the less DNA dense regions as opposed to highly condensed

heterochromatic regions suggestive of the influence of

chromatin organization on IR-induced foci formation (32).

Further studies are required to determine the basis for the

reduced number of 53BP1 foci observed in keratinocytes

after radiation exposure.

Unlike dermal fibroblasts which did not show any heter-

ogeneity in 53BP1 foci formation, IR-induced 53BP1 foci

were predominantly found in the basal layer of cells in tis-

sue constructs while cells proximal to stratum corneum

failed to show any 53BP1 foci in EpiDerm constructs. It is

known that the cells proximal to stratum corneum in

human skin contain excessive amounts of keratin and some

of these cells are not viable. Although variations in IR-

induced 53BP1 foci number were observed between pri-

mary human fibroblasts and EpiDerm tissue constructs,

DSB repair was found to be efficient in both cell systems at

low doses of c-rays.

Persistence of 53BP1 foci was observed both in human

fibroblasts and EpiDerm tissue constructs irradiated with

high doses of c-rays (2.5 and 5 Gy) for prolonged periods

of analysis (up to 72 h after IR exposure). In contrast,

persistence of 53BP1 foci was not observed in both cell

model systems at radiation doses ranging from 10 cGy to

1 Gy of c-rays. Assuming that the persistent 53BP1 foci

reflect irreparable ⁄ misrepaired DSB, one would predict

that such cells would eventually undergo mitotic catastro-

phe and apoptosis. To verify this notion, frequency of

apoptotic cells induced by high radiation doses (2.5 and

5 Gy of c-rays) was measured by Apo-BrdU TUNEL assay

after 24, 48 and 72 h of radiation exposure in human

skin tissue constructs. The results showed a positive corre-

lation between the percentage of cells with persistent

53BP1 foci and the apoptotic cells. In corroboration with

our results, a recent study has reported X-ray-induced

apoptosis in human keratinocytes and the apoptosis

occurs in a protein kinase C delta-dependent manner

(33). Analogous to 53BP1 foci, persistence of foci detected

by ATM ⁄ ATR-specific pan antibody was also observed in

tissue constructs irradiated with high doses (2.5 and

5 Gy) of c-rays.

In this study, we demonstrated that pretreatment of Epi-

Derm tissue constructs with a PI-3 kinase inhibitor

(LY294002) not only abolished IR-induced 53BP1 foci for-

mation but also resulted in apoptosis. Abolition of IR-

induced 53BP1 foci formation is probably because of the

inhibition of the activities of PIKK involving ATM, ATR

and DNA-PK. Consistent with this notion, Lee et al. (34)

demonstrated that the phosphorylation of 53BP1 at ser1219

by ATM kinase is critical for an efficient DNA damage

response and suppression of 53BP1 phosphorylation at this

site also impairs the recruitment of other DNA damage

sensing molecules such as c-H2AX and MDC1 to DSB sites.

DiTullio et al. (28) demonstrated that 53BP1 functions as a

DNA damage checkpoint protein and 53BP1 is required at

least for a subset of ATM-dependent downstream phos-

phorylation events. These studies clearly illustrate the criti-

cal requirement of 53BP1 in IR-induced DNA damage

response. Therefore, the increased apoptotic death observed

Su et al.
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after treatment with PI-3 kinase inhibitor in EpiDerm tissue

constructs is probably because of disruption of efficient

DNA damage response as evidenced by the abolition of

53BP1 foci formation.

In summary, we have successfully demonstrated the fea-

sibility of monitoring the induction and repair of DSB

induced by low and high doses of low LET radiation in

human tissue constructs. Our study demonstrates the exis-

tence of an efficient PIKK-mediated DSB repair machinery

in human EpiDerm tissue constructs. This model system

can be effectively used for assessing the biological effects of

IR in a tissue microenvironment.
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