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Abstract
Purpose: Quantitative evaluation of early response proteins (ERPRO) and early response genes (ERG) following
g-irradiation of human lymphocytes; identification of specific proteins and genes as candidate biomarkers for the
development of a novel biodosimeter.
Materials and methods: Human peripheral blood lymphocytes were exposed to clinically relevant doses (1, 2 and 4 Gy) of
g-radiation ex-vivo. Analyses of protein and gene expression modulation were conducted 2 h post-irradiation. Global
modulations were monitored using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and DNA microarray
analyses of the samples originating from one human donor. On the proteome level, both phosphorylated and non-
phosphorylated proteins were considered. Proteins and genes of specific interest were further targeted using Western blot
(WB) and real-time quantitative polymerase chain reaction (RT-qPCR) techniques, employing samples from several human
donors (n¼ 3).
Results: A set of ERPRO and ERG showing significant alterations 2 h post-g-irradiation have been identified in human
lymphocytes. The most radiation responsive genes and proteins indicated alterations of cellular structure (b-actin, talin-1
[TLN1], talin-2, zyxin-2), immune and defence reactions (major histocompatibility complex binding protein-2 [MBP2],
interleukin-17E and interferon-g), cell cycle control (cyclin-dependent kinase inhibitor-1A [CDKN1A], mouse double
minute-2, annexin-A6 [ANXA6], growth arrest and DNA-damage-inducible protein-a [GADD45A], proliferating cell
nuclear antigen [PCNA], dual specificity phosphatase-2 and 8 [DUSP8]) as well as detoxification processes (peroxin-1) and
apoptosis (B-cell lymphoma-2 binding component-3 [BBC3]).
Summary: The estimations of protein concentration modulation of TLN1 and CDKN1A, phosphorylation status of
ANXA6 (dose range 0–2 Gy) and MBP2 as well as the alterations in the level of gene expressions of BBC3, DUSP8,
GADD45A and PCNA appears to be of potential value for future biodosimetric applications.
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Introduction

A study of radiation-induced early alterations in

mammalian cells can play an important role in the

understanding cell differentiation, malignant trans-

formation and cell death. The progress in the fields

of proteomics using two-dimensional polyacrylamide

gel electrophoresis (2D-PAGE), mass spectrometry

(MS) and genomics using DNA microarrays has

opened up new possibilities to understand these early

events. The identification of early response proteins

(ERPRO) and early response genes (ERG) can

potentially give deeper insights into the radiation-

induced cellular injuries, which are of particular

interest both in radiation therapy and protection

programs. Several studies addressing these issues

have produced a pool of potential protein biomarkers

of g-exposure. In one such study, Szkanderova et al.

(2003) identified 10 proteins in murine fibroblasts

20 min to 72 h after 240 kVp X-ray irradiation

(6 Gy). All of these proteins were related to

metabolism and involved with cell proliferation,

glycolysis or protein folding and degradation. How-

ever, no significant correlation was reported between
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the changes observed at the level of protein

concentration and the expression of corresponding

genes suggesting difficulty of using the gene expres-

sion data to deduce the reciprocal protein perturba-

tion. In another study employing 2D-PAGE and MS

analyses, Szkanderova et al. (2005) showed a time-

dependent (2.5 and 12 h post-irradiation) response

of 14 proteins in human T-lymphocyte leukemia

cells after their exposure to 7.5 Gy of 60Co g-rays.

These proteins were also metabolically important

and associated with various cell signalling pathways,

and protein degradation, malignant transformation

and detoxification processes. Marchetti et al. (2006)

summarised the results of radiation-induced protein

alterations ranking the identified proteins on their

potential suitability for biodosimetric applications.

Turtoi et al. (2007) further identified five ERPRO in

human blood lymphocytes 15 min after exposure to
137Cs g-rays (2 Gy) that were associated with the

cytoskeleton and cellular glycolysis. These studies

clearly indicate that ERPRO could indeed be used

as biodosimetric markers of exposure to g-rays.

Recently Ossetrova et al. (2007) showed that the

protein concentrations of cyclin-dependent kinase

inhibitor-1A (CDKN1A), interleukin-6, salivary

amylase and c-reactive protein in blood serum of

non-human primates could be reliable dose indica-

tors after whole body exposure to 250 kVp X-rays

(6 Gy) in vivo. These encouraging results point at

the possibility that similar measurements could be

possible in humans as well. However, the develop-

ment of precise, biomarker-based, dosimetric appli-

cations precludes the discovery of genes or proteins,

which are specific to ionising radiation and would

respond to medical relevant levels of radiation

exposure. Some of the above proteins, namely c-

reactive protein and interleukin-6, are known to be

elevated in acute phase inflammatory reactions

(Whiteley et al. 2009) and not only in response to

ionising radiation. Therefore, their elevated levels

may give rise to false positives. Likewise, alterations

of markers like the CDKN1A are often encountered

in cases of radiation and cytotoxic insults (e.g., non-

ionising ultra-violet [UV] radiations, free radicals,

etc.) (Fotedar et al. 2004) and cannot alone confer

the required specificity to a potential biodosimeter.

Along these lines, current endeavours are directed

towards the discovery of specific and radiation

responsive markers which would make such biodosi-

metric applications feasible.

Along the identification of radiation-responsive

proteins, DNA microarray-based gene expression

studies have also attempted to find suitable candidate

ERG to serve as biomarkers of radiation exposure.

A series of genome-wide screening of various cell

types have been performed raising the pool of

potential markers for human exposure to g-radiations

(Amundson et al. 2000, 2004, Kang et al. 2003,

Dressman et al. 2007). Using the DNA microarray

approach, we have identified 102 ERG in human

peripheral blood lymphocytes exposed to g-radiation

(Turtoi et al. 2008). Fourteen of the ERG have been

validated by real-time quantitative polymerase chain

reaction (RT-qPCR) in six individuals. Five of these

genes appear to be potentially suitable as biodosi-

metric markers, e.g., early growth response protein-1

(EGR1), early growth response protein-4 (EGR4),

interferon-g (IFN-g), cytoplasmic jun oncogene

(c-JUN) and tumour necrosis factor superfamily

member-9 (TNFSF9).

Although the measurement of radiation dose-

dependent alteration of protein concentrations has

ultimate biological relevance, the global proteomic

analysis alone may not provide a complete picture of

the radiation-induced cellular changes. The most

important reason for this is the inability of such

analyses to cover large dynamic ranges of protein

concentrations (currently up to maximum 3–4 orders

of magnitude). Genomic analyses by DNA micro-

arrays are more sensitive (approximately 7 orders of

magnitude). But, again, the modulated gene expres-

sion alone does not necessarily correlate with the

actual cellular response. The likely solution to this

problem would be monitoring the modulations of

both gene expression and protein concentration.

Until now, there is a dearth of studies that simul-

taneously assess the radiation-induced biological

modifications at transcriptional, translational and

post-translational levels. The present study was

designed to fill this void wherein proteomic and

genomic analyses have been combined to obtain a

more holistic picture of cellular response. The

objective was to come up with a series of radiation-

sensitive early response proteins and genes that

are altered in human lymphocytes exposed to

g-irradiation in a medically relevant dose range. As

a consequence, several differentially modulated

proteins have been identified. Of these, a selected

group was further investigated for corresponding

gene expression modulations using RT-qPCR.

Simultaneously, another screening was conducted

on the gene expression level using the whole human

genome DNA microarrays. More than 40 differen-

tially expressed genes have been identified. Four of

them were selected four were selected and their

corresponding protein modulations were analysed

by WB. Finally, five ERG and four ERPRO were

validated for their differential modulations following

ex-vivo g-irradiation of human blood lymphocytes

obtained from three individual donors. This two-way

approach – one starting from the protein level and

the other from the gene expression stage – should

provide a more complete picture of the early

alterations taking place in human blood lymphocytes

2 A. Turtoi et al.
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exposed to increasing dose of g-radiation in a

clinically relevant dose range (see Figure 1).

Materials and methods

Unless otherwise indicated, all chemicals (highest

quality available) were purchased from Sigma-Al-

drich Co. (St Louis, MO, USA). Both global

proteomic (2D-PAGE) and genomic (DNA micro-

arrays) analyses were conducted using samples

originating from one human donor (individual 1,

male, 30 years). Modulated genes and proteins

identified from these investigations were further

validated using RT-qPCR and WB in two additional

human donors (individual 2, male, 29 years, and

individual 3, female, 31 years). All three informed

and consenting human volunteers were healthy, non-

smokers and took no medication during the period of

investigation. The purpose of this project and the

experiments undertaken complied with the regula-

tions and ethical guidelines of the Research Centre

Juelich, Germany.

Irradiation, isolation of blood lymphocytes, and

preparation of protein and RNA extracts

Heparinised blood drawn from the donor (each

donor was sampled three times on three consecutive

days) was irradiated with 137Cs g-rays (Gammacell

40, Atomic Energy Canada, Mississauga, ON,

Canada). Whole blood specimens (6 ml) received

radiation doses of 1.0, 2.0 and 4.0 Gy delivered at a

dose rate of 0.8 Gy/min at 378C. Immediately after

irradiation, lymphocytes were isolated by density-

gradient centrifugation using Ficoll-Paque PLUS

(GE Healthcare, Piscataway, NJ, USA). One part of

the isolated lymphocytes (36 106 cells) was lysed in

1 ml ice cold lysis buffer (30 mM tris-HCl, 2 M

thiourea, 7 M urea, 4% 3-[(3-Cholamidopropyl)-

dimethylammonio]- 1-propanesulfonate (CHAPS),

protease and phosphatase inhibitor cocktail (Roche,

Mannheim, Germany), pH 8.0) followed by the

protein extraction and precipitation using the 2D

Clean-Up Kit (GE Healthcare).

The second aliquot of the lymphocytes was used

for RNA isolation. For this purpose, approximately

36 106 lymphocytes were transferred into 1 ml

Trizol1 (Invitrogen, Carlsbad, CA, USA) reagent,

vortexed and centrifuged at 12,000 g for 10 min.

The supernatant was mixed with 200 ml chloroform

and centrifuged. Clear RNA containing upper phase

was recovered. The RNA was precipitated using

500 ml isopropanol and was washed with 2 ml of

75% ethanol. After a brief desiccation at room

temperature, the RNA pellet was dissolved in 50 ml

of RNase-free water. The quantification and control

of the integrity of the RNA was performed using

Bioanalyzer 2100 (Agilent Technologies, Santa

Clara, CA, USA). All samples used had a RNA

integrity number (RIN, Agilent) ranging from 8–10

indicating the highest quality RNA specimen.

Protein analysis by 2D-PAGE

The protein sample from individual 1 (130 mg) was

dissolved in 300 ml of rehydratation buffer (7 M urea,

2% CHAPS, 0.5% ampholytes pH 3–10 (Invitro-

gen), 0.05% bromophenol blue and 20 mM 1,4-

dithio-DL-threitol [DTT]) and incubated overnight

with the immobilised pH gradient (IPG) strips

(17 cm, pH 3–10; BioRad, Hercules, CA, USA).

Subsequently, the strips containing proteins were

subjected to isoelectric focussing (IEF) at 208C in a

PROTEAN-IEF Cell (BioRad). The IEF run was for

20 min at 250 V followed by 2.5 h at 250–10,000 V

linear gradient or until 40,000 Vh had accumulated.

Following the IEF run, the IPG strips were

incubated for 10 min in buffer 1 (50 mM DTT in

5 ml 1X NuPage lithium dodecyl sulfate [LDS]

Sample BufferTM (Invitrogen) followed by 10 min

in buffer 2 (125 mM iodoacetamide in 5 ml 1X

NuPage LDS Sample-BufferTM).

The second dimension sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE)

was conducted using PROTEAN-II (198C,

16 mA/gel for 30 min, followed by 24 mA/gel

Figure 1. The flow chart gives an overview of the experimental

protocol followed in this investigation. The interrupted arrow

pointing from ERPRO towards RT-qPCR indicates that the

information obtained from the ERPRO was used to select the

genes whose expressions were studied using the RT-qPCR.

Similarly, the interrupted arrow pointing from ERG towards WB

indicates that the information from ERG was used to select the

proteins to be analysed with WB.

Acute radiation-induced alterations in lymphocytes 3
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for *5 h) employing 12% gels (40 ml 30% acryla-

mide/bis-acrylamide, 25 ml 1.5 M tris-HCl (pH 8.8),

1 ml 10% SDS, 500 ml 10% ammoniumpersulfate,

50 ml tetramethylethylenediamine (TEMED); final

volume made up to 100 ml with water) and tris-

glycine buffer (6.6 g tris-base, 28.8 g glycine and

2.0 g SDS in 2.0 l water). The gels were stained and

visualised using: (i) The phosphoprotein fluorescence

dye Pro-Q Diamond (535 nm green laser with

575 nm low-pass [LP] filter) as well as (ii) total

protein dye Sypro Ruby (473 nm blue laser with

530 nm dual-pass [DP] 20 filter). Both dyes were

obtained from Invitrogen. The specific phosphopro-

tein fluorescent dye reacts with the phosphate groups

attached to tyrosine, serine or threonine residues.

The respective signal intensity is linear over three

orders of magnitude and correlates with the number

of phosphate groups. The colouration does not allow

distinguishing between the increase of the protein

amount or its phosphorylation status. In the present

study, a phosphoprotein is considered changed in its

phosphorylation status if not found altered in the total

proteome analysis. Otherwise and in the case of the

total protein study, the spot volumes are considered

equivalent to the protein concentrations for all the

proteins which were uniquely identified in the MS

analysis within the corresponding 2D spot.

The 2D-PAGE gel was analysed using the

FLA5000 laser scanner (Fuji Film, Tokyo, Japan)

at 100 mm resolution. The images and the corre-

sponding optical densities were analysed with

the Delta 2D software 3.3 (Decodon, Greifswald,

Germany). Only spots showing significant changes of

intensity (two-sided, unpaired Student’s t-test, as-

suming equal variances with an error probability of

P� 0.05, n¼ 3) and greater than two-fold increase or

decrease in magnitude of relative concentration for

both 2 and 4 Gy samples were selected for further

analysis (exact statistics are provided in supplemental

data Table I, available online).

MS analysis and protein identification

The gel spots of interest were excised from a

preparative gel (12% SDS-PAGE with 300 mg

protein load) using Proteineer SP II spot-picking

robot (Bruker, Bremen, Germany). They were

transferred to a 96-well plate and further processed

using the Janus pipetting robot (Perkin Elmer,

Waltham, MA, USA). The gel spots were rinsed in

50 mM bicarbonate buffer, destained with acetoni-

trile and digested using trypsin (Promega, Madison,

WI, USA) overnight (16 h) at 378C. The peptides

were extracted in ultra-pure water containing 20%

acetonitrile and 0.5% formic acid. Following desic-

cation and solubilisation in 20 ml water and 0.1%

formic acid, the peptide containing samples were

analysed using the 1D-nano-high performance

liquid chromatography (HPLC) (Eksigent, Dublin,

CA, USA) coupled with the ESI-QTrap-2000 MS

(Applied Biosystems, Foster City, CA, USA). After

the sample injection in the HPLC system, the

peptides were desalted online using the C18 pre-

column (Acclaim PepMap, 300 mm i.d.6 5 mm;

Dionex, Sunnyvale, CA, USA) for 5 min at a flow

rate of 20 ml/min (97.9% water, 2% acetonitrile and

0.1% formic acid). The separation of the peptides was

performed using the analytical C18 column (Acclaim

75 mm6 150 mm; Dionex) and a 45 min solvent

gradient (t¼ 0 min, 0% B [B: 97.9% acetonitrile, 2%

water and 0.1% formic acid]; t¼ 45 min, 40% B) at

the flow rate of 0.3 ml/min. The MS scanned the mass

range from 400–1200 m/z (linear ion trap fill time

was set to dynamic mode). The three most intense

peptides found in this mass range, barringþ 2

andþ 3 charges, were preferentially and automati-

cally fragmented in MS/MS mode (m/z range: 100–

2000, rolling collision energy default settings, linear

ion trap fill time set at 250 ms). Protein identification

was conducted using the Mascot Search Engine

Version 2.1 (Matrix Sciences, Boston, MA, USA)

and the human non-redundant and non-identical

protein database Swiss-Prot (Swiss Institute of

Bioinformatics, Basel, Switzerland, release 57.0;

20,334 entries). Following parameters were used:

MS tolerance 0.6 Da, MS/MS tolerance 0.3 Da, 1

missed cleavage was allowed, carbamidomethylation

was set as fixed whereas oxidation and phosphoryla-

tion were variable modifications.

Quantitative gene expression study by DNA-microarray

The global gene expression analysis was performed

using the whole human genome 46 44K DNA

microarrays (Agilent Technologies). Three replicates

originating from one human individual were used

for each dose. The isolated total RNA (0.4 mg) was

converted into Cy3-cRNA using the Low RNA Input

Table I. TaqManTM assays used for the RT-qPCR gene

expression measurements of selected ERPRO and ERG. The

manufacturing ID codes correspond to the assays provided by

Applied Biosystems (see www.appliedbiosystems.com).

Gene Symbol Manuf. ID

ANXA6 Hs00241765_m1

ACTB Hs99999903_m1

BBC3 Hs00248075_m1

DUSP8 Hs01014943_m1

GADD45A Hs00169255_m1

LAP1B Hs00397345_m1

PCNA Hs00427214_g1

PGK1 Hs99999906_m1

TLN2 Hs00322257_m1

TRAF4 Hs00188755_m1

4 A. Turtoi et al.
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Linear Amplification Kit (Agilent Technologies).

The labelled cRNA was then purified using the

RNeasy Kit (Qiagen, Hilden, Germany). The

purified Cy3-labelled cRNA (1.65 mg) was fragmen-

ted and hybridised under rotation (10 rpm) at 658C
for 17 h on the 46 44K array using the Gene

Expression Hybridization Kit (Agilent Technolo-

gies). The arrays were washed in GE wash buffer-1

and 2 followed by immediate analysis. The data were

accrued on the Agilent Microarray Scanner and

processed with the GeneSpring 7 software to

generate ratios of relative gene expression (RE) of

the irradiated vs. non-irradiated samples. For statis-

tical evaluation, a one-way ANOVA test (parametric,

unequal variances, including Benjamini-Hochberg

false discovery rate multiple testing correction

combined with Tukey post-hoc test at the false

positive rate P� 0.05, n¼ 3) was employed for

the initial screening. Only those genes showing a

significant (P� 0.05), minimum two-fold up- or

down-regulation in at least one of the irradiated

samples with respect to the controls were considered

for the final evaluation (see Table II).

Quantitative analysis of gene expression by RT-qPCR

Gene expressions of four proteins, namely annexin-6

(ANXA6), talin-2 (TLN2), b-actin (ACTB) and

phosphoglycerate kinase-1 (PGK1), which exhibited

sustained dose response in at least three out of four

dose points, were quantified by RT-qPCR using the

TaqMan chemistry. In addition, the following five

genes were validated for all three individual donors:

B-cell lymphoma-2 binding component-3 (BBC3),

dual specificity phosphatise-8 (DUSP8), growth

arrest and DNA-damage-inducible protein-a (GAD-

D45A), proliferating cell nuclear antigen (PCNA)

and tumour necrosis factor receptor associated

factor-4 (TRAF4). For this purpose, 1 mg of RNA

was converted to cDNA using High-Capacity DNA-

Archive Kit. The cDNA (10 ng) was dissolved in

TaqMan PCR Mastermix containing the specific

TaqMan probes. Standard PCR program (958C
for 15 s followed by 608C for 1 min, applied for

50 cycles) was applied. The data evaluation was

conducted using the Sequence Detection Software

1.3.1 (Applied Biosystems). The 18S-rRNA

(Hs99999901_s1) TaqMan assay served as the

endogenous control. For statistical evaluation, Excel

software (Microsoft, Redmond, WA, USA) and the

Student’s t-test (two-sided, unpaired, assuming

equal variances and an error probability of

P� 0.05, n¼ 3) were used. The TaqMan assays

were selected such that for a given gene the largest

possible number of known splice forms could be

detected. The assay ID of the corresponding

TaqMan probes is shown in Table I.

WB analysis of selected proteins

Genes which showed altered level of expression

following DNA microarray analysis were checked for

alterations in their protein levels using WB. Four

proteins namely, CDKN1A, PCNA, c-JUN and

mouse double minute-2 (MDM2) were chosen for

this analysis. The modulation of these proteins

following g-irradiation was monitored in three hu-

man individual donors.

Lymphocyte protein extract (25 mg) was dissolved

in 15 ml sample buffer (8 M urea, 4% SDS, 100 mM

DTT, 25% glycerol and 0.05% bromophenol blue)

and loaded onto a 12% Novex bis-tris gel (Invitro-

gen) for electrophoresis (200 V and 208C for 1 h) in

3-(N-morpholino) propanesulfonic acid (MOPS)

buffer (10.46 g MOPS, 6.06 g tris-base, 1.0 g SDS

and 0.3 g ethylenediamine tetraacetic acid in 1 l

Table II. Selected proteins from Figures 3 and 4 that displayed PEST sequence: Those proteins which had PEST sequence near the C

terminus are marked with one asterisk (*) whereas those marked with two asterisk (**) had the sequence near the N terminus. The scores

represent the potential biological relevance for protein degradation; higher scores mean greater relevance. The scores were calculated with

EMBnet AUSTRIA software. For details, see: https://emb1.bcc.univie.ac.at/toolbox/pestfind/pestfind-analysis-webtool.htm.

Protein PEST-sequence Score

Talin-1 419 HFGLEGDEESTMLEDSVSPK 438 þ5.80

Talin-2 422 RFGLEGDEESTMLEESVSPK 441 þ6.12

Peroxine-1 1100 HSSGSDDSAGDGECGLDQSLVSLEMSEILPDESK 1133 þ7.16*

MBP2 773 RPQLQPGSPSLVSEESPSAIDSDK 796 þ8.15

840 KAPSPSETCDSEISEAPVSPEWAPPGDGAESGGK 873 þ13.68

1516 KDGLQSGSSSFSSLSPSSSQDYPSVSPSSR 1545 þ8.44

1574 KESSDELDIDETASDMSMSPQSSSLPAGDGQLEEEGK 1610 þ13.82

1906 HQFSDAEESDGEDGDDNDDDDEDEDDFDDQGDLTPK 1941 þ24.38

2026 RLDIPSCMDEECMLPSEPSSSPR 2048 þ6.55

Zyxin-2 51 RPGDSEPPPAPGAQR 65 þ8.02**

70 RVGEIPPPPPEDFPLPPPPLAGDGDDAEGALGGAFPPP þ16.08**

PPPIEESFPPAPLEEEIFPSPPPPPEEEGGPEAPIPPPPQPR 149

Acute radiation-induced alterations in lymphocytes 5
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water) using the X-Cell Sure Lock (Invitrogen)

electrophoresis device. Subsequently, the resolved

proteins on the gels were blotted onto 0.25 mm

nitrocellulose membranes (Invitrogen) at 30 V. After

30 min, the lower part of the membrane containing

the 10–30 kDa protein fractions was removed. The

remaining protein fractions (40–60 kDa and 60–

110 kDa) were blotted for additional 15 and 30 min,

respectively. The target proteins were identified

using the Qdot Kit (Invitrogen) as described below.

After blotting, the membranes were washed in wash-

buffer A, blocked with the blocking buffer at room

temperature for 1 h, and incubated with correspond-

ing primary antibodies in the same buffer overnight

at 48C under mild rocking. The concentrations of

antibodies used for different proteins were: 1:500

dilution of rabbit anti-PCNA [ab-5] (Calbiochem,

Nottingham, UK), 6 mg/ml rabbit anti c-JUN/AP1

[ab-2] (Calbiochem), 8 mg/ml CDKN1A (mouse

anti p21WAF1/CIP1; Sigma) and 4 mg/ml mouse anti-

MDM2 (Sigma). All except c-JUN were monoclonal

antibodies. After an overnight incubation, the

membranes were washed in wash buffer A and

incubated with Qdot secondary antibody (Qdot 655

goat anti-rabbit IgG and Qdot 565 goat anti-mouse

IgG) conjugates (dilution 1:1000) in blocking buffer

at room temperature for 2 h. The membranes were

again washed in wash buffer A followed by wash

buffer B prior to their imaging using the FLA5000

scanner (473 nm blue laser in combination with

Cy3- and Cy5-emission filter for the Qdot 565 and

655 antibody, respectively) at a scan resolution of

100 mm. The image analysis was conducted with the

help of the Aida Image Analyzer software platform

3.5 (Raytest, Straubenhardt, Germany). The nor-

malisation was conducted using the alpha tubulin

protein concentration (detected with mouse anti-

alpha tubulin; cat. no. ab80779 [Abcam, Cambridge,

MA, USA]). Proteins MDM2 and c-JUN normally

display several variants and/or additional post-trans-

lational modifications. In this study for both proteins

and within the corresponding molecular weight

range, several bands were observed. All the visible

bands were taken into consideration for the densito-

metric evaluation.

Results

MS-based identification of ERPRO

The 2D-PAGE analysis indicated at more than 20

proteins whose concentrations were altered following

the exposure of lymphocytes to g-radiation (disclosed

in the proceedings of the ACREBS 2006 conference

in Kolkata, India, and published as work in progress

by Turtoi et al. 2007). These proteins were subjected

to a detailed and individual MS identification, which

included liquid chromatography and data-dependent

MS analysis. The results obtained were compared

with the amino acid sequences from the Swiss-Prot

databank in order to identify corresponding proteins.

A representative result of one of these 20 proteins,

PGK1, is shown in Figure 2.

Among the modulated proteins, MS identified

11 radiosensitive candidate ERPRO (Figure 3).

Five of these 11 ERPRO exhibited significant

(0.5�RE� 2.0 and P� 0.05, in at least two out of

three irradiated samples) down-regulation (Figure 4).

Of these five ERPRO, four (TLN1 and 2, ACTB and

mutant ACTB [mACTB]) are essentially structural

proteins while the fifth, Peroxin-1 (PEX1), is

involved in protein transport and degradation. The

remaining 6 ERPRO (MBP2, PGK1, ANXA6, zyxin-

2 (ZYX2), interleukin-17E (IL17E) and phosphory-

lated ACTB) exhibited significant up-regulation

(Figure 5). Four of these proteins (MBP2, PGK1,

ANXA6, and IL17E) are associated with the cell

cycle control and immune system.

All the proteins that displayed significant modula-

tions were further analysed for the presence of special

amino acid sequences motif PEST (proline, glutamic

acid, serine and threonine) that can determine their

natural half-lives. Some specialised proteins like

MDM2 exhibit ubiquitin ligase function and tag

such motif containing proteins for proteosome

degradation. Using EMBnet web tool, PEST-con-

taining proteins have been scored indicating the

biological relevance of each PEST sequence found.

The algorithm screens hydrophilic regions of 12 and

more amino acids containing at least one proline,

glutamic acid, serine and threonine, flanked by

lysine, arginine or histidine. The scores range from

750 toþ 50; values greater thanþ 5 indicate sig-

nificant PEST motifs with respect to the abundance

of these motives in the entire genome. The results are

shown in Table II. Of the proteins investigated,

TLN1 and 2 as well as PEX1 appear to have at least

one PEST motif each. The proteins MBP2 and

ZYX2 have six and three PEST motifs, respectively.

Since no specific measurements of the ubiquitination

or oxidative damage were conducted, the results

indicate a cumulative effect of these processes and

ionising radiation. Nevertheless, the presence of such

motifs may indicate that degradation processes are

potentially responsible for the diminishing protein

quantities following g-irradiation.

Analysis of gene expression of selected ERPRO by RT-

qPCR

The results of the relative expression analysis of four

selected genes (ANXA6, ACTB, TLN2 and PGK1)

using RT-qPCR are shown in Figure 6. These genes

exhibited sustained dose responses. Since three

6 A. Turtoi et al.
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of these proteins (ANXA6, ACTB and PGK1)

also exhibited modulated phosphorylation levels

(Figure 5), we decided to investigate if the corre-

sponding genes underwent changes in expression

levels or not. Only three genes that also exhibited

alteration in phosphorylation level were found to be

significantly down-regulated (ANXA6 and ACTB

at 1, 2 and 4 Gy, whereas PGK1 at 2 Gy) following

g-irradiation (Figure 6). TLN2 did not show any

significant modulation following g-irradiation.

Identification of ERG by DNA microarray

The DNA microarray analysis identified 44 ERG,

which exhibited at least 2-fold up- or down-

regulation of the gene expression (Table III). The

Table shows GenBank accession number, gene

symbol, biological process, molecular function and

relative expression (RE) along with standard devia-

tion of means (SD) and probability of error (P) at 1,

2 and 4 Gy of g-rays for the identified genes. The

RE of the non-irradiated control has been taken as

1.00. All genes, except the docking protein 7

(DOK7), were significantly up-regulated following

g-irradiation.

Validation of gene expression modulation of selected ERG

in three donors

Following DNA microarray analysis, several genes

have emerged as potential and valuable candidates

for radiation biodosimetry. Our previous study on

lymphocytes has already reported changes in the

expressions of CDKN1A, CD69, EGR1, EGR4,

IFN-g, interferon-stimulated exonuclease gene

20 kDa-like 1 (ISG20L1), c-JUN, MDM2, polo-like

kinase 2 (PLK2), rho-family GTPase 1 (RND1) and

TNFSF9 genes in six human subjects following

0–4 Gy of g-irradiation (Turtoi et al. 2008). In the

present study we have, therefore, selected another

Figure 2. MS analysis of phosphoglycerate kinase-1 (PGK1). Representative results of MS analysis of PGK1, which includes the total ion

chromatogram (TIC) of the PGK1 (A), the enhanced MS spectrum (EMS) at the indicated point (t¼30 min) in the chromatogram (B), the

MS/MS spectrum (enhanced product ion [EPI]) of the selected peptide in the MS mode (m/z¼565.5) (C) and the entire protein sequence

of PGK1 as available in the Swiss-Prot database (D). The peptides identified from the MS/MS spectra of the entire chromatogram (A) are

indicated in bold and the underlined peptide is represented in the spectrum C.
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group of genes that has not been investigated so far.

This group of genes comprised BBC3, DUSP8,

GADD45A, PCNA and TRAF4. The modulations

of expression of these genes were monitored in

three individuals following g-irradiation of lympho-

cytes ex-vivo. The results are shown in Figure 7 and

Table IV. Significant alterations of gene expression

(RE� 2.0 and P� 0.05), with at least a trend of

dose-dependence, were detected in four of the five

genes – BBC3 (individual 3; R2¼ 0.97), DUSP8

(individual 3; R2¼ 0.99), GADD45A (individuals 1

and 2; R2¼ 0.97/0.93) and PCNA (individuals 1

and 3; R2¼ 0.87/0.94). However, the trends ob-

served for BBC3 and PCNA in the individual 3

were limited to 0–2 Gy range. For both genes a

significant decrease of the relative expression was

observed at 4 Gy.

Analysis of cellular proteins employing WB

Following the rationale that there is a significant

discrepancy between the gene expression and protein

modulation, predominately due to various post-

transcriptional events, a validation of several modu-

lated ERG was performed at the protein level. For

this purpose, protein products of selected genes

showing significant up- or down-regulations follow-

ing DNA microarray analyses were quantified by WB

analysis in three human donors. Four proteins

(MDM2, c-JUN, PCNA and CDKN1A) were

chosen for this analysis (Figure 8). Two of the

proteins, c-JUN and PCNA, did not show significant

changes in the protein concentration following

g-irradiation with the exception that PCNA for

individuals 2 and 3 and c-JUN for individual 3

displayed significant reduction of respective protein

Figure 3. 2D-PAGE protein analysis of irradiated lymphocytes. Sham control lymphocyte proteins separated on 12% SDS-PAGE gels in the

pH range of 3–10. Image (A) represents total proteins stained with Sypro-Ruby stain, whereas the image (B) shows the phosphorylated proteins

stained with the Pro-Q-DiamondTM dye. The spots indicated by the arrows are proteins identified with the MS that displayed at least two-fold

increase or decrease in the concentration as compared with the non-irradiated control at the P�0.05 following the g-irradiation.
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Figure 4. ERPRO response to irradiation. The dose-response plots of five ERPRO that displayed modulated protein concentration in

response to g-irradiation. The data were accrued from the Sypro RubyTM-stained 12% 2D gels. The standard deviations of the mean (SD)

have been plotted only in one direction.

Figure 5. Protein phosphorylation response to irradiation. Human lymphocyte proteins exposed to increasing doses of g-radiation were

subjected to 2D-PAGE on a 12% polyacrylamide gel and stained with Pro-Q Diamond fluorescence stain. Six proteins exhibited

modulations in their Pro-Q Diamond stain intensity and pattern; this is potentially indicative for alteration in their state of phosphorylation.

The standard deviations of the mean (SD) have been plotted only in one direction (n¼ 3).
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concentration at the highest dose. Significant in-

crease in protein concentrations was observed for the

other two proteins – MDM2 (individuals 1 and 3 at 1

and 2 Gy) and CDKN1A (individuals 2 and 3 at 1, 2

and 4 Gy).

Discussion

The relatively small number of proteins identified by

2D-PAGE/MS analyses (Figures 2 and 3) as ERPRO

exposes the obvious limitation of a solely proteomic

approach in identifying biomarkers of exposure to

g-radiation. The limitation appears to be due to: (a)

limited dynamic range of the 2D gels (approx. three

orders of magnitude) and (b) rather limited sensitiv-

ity of MS analysis of the in-gel digested proteins

using the proteomic set-up. In order to overcome

these limitations and to get a better insight into the

proteomic constitution of the cells, DNA microarray

and WB techniques have been additionally applied

here. It is important to note that the protein

alterations in this study are the result of a cumulative

effect of ionising radiation on human lymphocytes

ex-vivo. Therefore, the observed alterations in the

protein concentration could be the result of both the

alteration of gene expression and possibly an altered

biological half-life of the protein. Ionising radiation

generates reactive oxidative species in the cells,

which can react with a variety of molecules, includ-

ing proteins, to potentially build toxic complexes

(Stadtman and Levine 2003, Nyström 2005).

The accumulation of toxins might influence normal

cellular processes.

Although only half of the altered proteins seen on

the 2D gels have been identified, the g-radiation-

induced alterations of the structural proteins seem to

be very prominent. Significant alterations of TLN1,

TLN2, ACTB, mACTB and ZYX2 have been

measured (Figure 4). The general trend was a

decrease in the concentrations of structural proteins

with increasing g-doses (Figure 4). At the same time,

the phosphorylation of ZYX2 and ACTB proteins

was found to increase up to 2 Gy (Figure 5). To

explain the seemingly contradictory observations,

RT-qPCR measurements were performed for ACTB

and TLN2. The results showed a minor decrease of

the gene expression of ACTB and no alteration

of TLN2 (Figure 6). The gene expression pattern of

ACTB showed a similar trend compared with the

protein alterations. In case of ACTB, the 15- and

31-kDa apoptosis specific protein fragments could

not be detected on the gel. These fragments usually

arise from the ACTB cleavage and serve as an

indicator of apoptotic degradation. These results

point out that the decrease of the structural proteins

may represent a rather indirect effect of g-radiation

caused by another protein which may not be related

to apoptosis.

The genome-wide investigations conducted using

the DNA microarrays threw some light on the RND1

gene (see Table III). RND1 is known to phosphor-

ylate several structural proteins, including ACTB,

Figure 6. RT-qPCR analysis of ERG. Four selected ERPRO were analysed for possible modulation of their gene expressions using the

TaqManTM-based RT-qPCR. The corresponding TaqManTM probes are indicated in the Table I. The standard deviations of the mean

(SD) have been plotted only in one direction. The p* indicates significance of at least P¼ 0.05 calculated with the two-sided Student’s t-test

(n¼ 3).
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and is responsible for their depolymerisation and

reorganisation. Its gene expression is controlled by c-

JUN that was up-regulated in DNA microarray

studies (see Table III). Protein measurements con-

ducted with WB could not confirm these results in

three individual donors tested (Figure 7). This

discrepancy cannot be fully explained from the data

available and warrants further study. It is possible

that a rapid degradation of this transcription factor or

a time delay between gene expression and protein

synthesis may have contributed to the observation.

However, the available data clearly indicates that

ionising radiation activates the transcription factor

AP-1 whose major part is c-JUN, which, in turn,

activated the expression of the RND1 gene. Most

probably, the RND1 protein leads to the depolymer-

isation and rearrangements of structural proteins,

including ACTB and ZYX1. Chen et al. (2005) have

shown radiation-induced modulation of ACTB in

the bone marrow macrophages. They compared two

different populations of macrophages originating

from two mouse strains (C57Bl/6 and CBA/Ca)

24 h after in vivo g-irradiation (0.5 Gy). After

irradiation, an increase of ACTB concentration by

a factor of 3.1 was observed. Interestingly, the

corresponding ACTB spot on the 2D gel revealed

that the molecular weight was 30 kDa. No clear

explanation was given as to what might have

influenced this molecular weight reduction. Con-

sidering the results presented in this report, apoptotic

degradation or structural reorganisation may be one

of the possible reasons. Zhang et al. (2005) have

reported in IEC-6 rat epithelial cells a significant

reduction of vimentin and b-tubulin protein con-

centrations 24 h after g-irradiation (25 Gy). These

studies highlight possible important role(s) of struc-

tural proteins in cellular radiation response. They

also point at the need of further investigation to

understand these processes.

Another group of genes and proteins that appears

to be affected at an early stage after exposure to

ionising radiation are those involved in cell cycle

controls (Figures 5, 8 and Table III). The result of

this investigation further differentiates them into two

subgroups. The first one comprises proteins and

genes which participate in the RAS/RAF signalling

pathway and, in turn, activate mitogen-activated

protein kinase (MAPK) to induce cell cycle progres-

sion. ANXA6 is one such protein. It is a calcium-

dependent protein that induces the RAS-p120GAP

complex formation. Its phosphorylation was found to

increase with increasing g-dose (Figure 5). However,

the results of the gene expression study did not

provide further clarity as to the reason of the

observed change of the phosphorylation state.

The RT-qPCR investigation pointed at a potential

decrease of the ANXA6 gene expression (Figure 6).T
ab
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Figure 7. (A–C) Validation of ERG response in individual donors. The relative expression of up-regulated ERG identified in g-irradiated

lymphocytes from human peripheral blood of three individuals as measured by the RT-qPCR. Only genes showing linear trends were

considered. The dose dependence over the range 1–4 Gy was assessed by linear regression analysis. RE of the genes BBC3 and PCNA in the

individual 3 were only measured up to 2 Gy. Standard deviations of data points for each individual were taken from Table IV.

Table IV. The relative expression (RE) of selected ERG in lymphocytes following 137Cs g-irradiation (1–4 Gy) was determined in three

individuals using the TaqManTM RT-qPCR. The RE and SD (standard deviation of means) were calculated with respect to non-irradiated

control samples which were set to 1.000.

Individual no.

1 2 3

Gene Dose (Gy) RE SD RE SD RE SD

BBC3 1 1.26 0.08 0.73 0.07 2.56 0.10

2 1.18 0.15 0.64 0.08 5.40 0.17

4 1.20 0.01 0.39 0.05 4.01 0.07

DUSP8 1 1.57 0.08 1.01 0.14 1.83 0.28

2 1.40 0.11 0.83 0.01 2.22 0.12

4 2.08 0.05 1.30 0.08 3.88 0.24

GAAD45A 1 1.42 0.18 1.46 0.17 0.52 0.02

2 1.89 0.25 1.56 0.19 0.64 0.05

4 2.33 0.08 1.92 0.05 0.82 0.01

PCNA 1 1.69 0.19 1.24 0.10 2.39 0.16

2 1.85 0.20 1.37 0.07 5.84 0.40

4 2.23 0.20 1.09 0.03 4.35 0.48

TRAF4 1 1.69 0.14 0.63 0.01 1.05 0.01

2 1.56 0.24 0.72 0.02 8.64 0.85

4 1.93 0.21 0.71 0.03 3.39 0.30
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This contradiction cannot be explained with the data

obtained in the present study. However, assuming

that ANXA6 is activated through phosphorylation, it

would induce the RAS-p120GAP complex forma-

tion and, in turn, inactivate RAS, which may halt the

cell cycle progression (King and Sartorelli 1986).

DNA microarray analysis support the assumption as

it shows up-regulation of dual specificity phospha-

tase-2, 5 and 8 (DUSP2, DUSP5 and DUSP8)

genes, which code for phosphatases that depho-

sphorylate their target kinases (see Table III). These

genes negatively regulate MAPK superfamily pro-

teins, which are associated with cellular proliferation.

Several proteins and genes that are directly involved

in the cell cycle control were also found to be altered

after the exposure to g-radiations. One of the most

prominent candidates belonging to this group is

MDM2 protein whose modulated concentration and

gene expression patterns were detected (see Table III

and Figure 8). In this study, increased gene

expression as well as protein concentration of

CDKN1A were measured (see Table III and Figure

8). Bae et al. (1995) have shown p53 regulation of

CDKN1A after g-irradiation, which caused p53

mediated G1-arrest in Burkitt’s lymphoma wild-type

cells. The authors demonstrated that both protein

concentration and gene expression of CDKN1A

changed rapidly after irradiation reaching the highest

level within 4 h. In addition, either as a direct

consequence of alteration in the RAS/RAF or p53

signalling pathways, another cell cycle regulatory

gene, GADD45A, was up-regulated. GADD45A is a

gene whose expression is reported to increase

following treatment with DNA damaging agents,

including ionising radiation (Smith et al. 2000). The

measurements of gene expression and protein con-

centration do not reveal a large number of genes that

are directly involved in DNA repair except PCNA.

Our results show up-regulation of PCNA gene

expression (Table III) without a significant alteration

in its protein concentration (Figure 8).

From the observations made in this section of

the investigation, it can be postulated that g-radiation

induces immune system-mediated responses in

lymphocytes. Both DNA microarray and 2D-PAGE

analyses showed a series of altered genes and

proteins that are involved in immunity and defence

reactions (Figure 9). Two of the first identified

g-radiation modulated proteins belonging to this

group are MBP2 and IL17E. Both proteins were

found to be increasingly phosphorylated in response

to increasing g-doses. The dose-response trend

appeared to exist for MBP2 between 1 and 4 Gy,

whereas IL17E showed a rapid increase between

0 and 2 Gy followed by a significant decrease at 4 Gy

(Figure 5). MBP2 interacts with the DNA enhancer

elements of genes coding for MHC-I, interleukin-2

and interferon proteins (Van’t Veer et al. 1992).

These proteins are mainly responsible for cellular

defence processes. The subsequent DNA microarray

Figure 8. WB analysis of selected ERPRO. WB analysis of four selected proteins (MDM2, c-JUN, PCNA and CDKN1A) and their dose-

dependant alterations of protein concentration with respect to non-irradiated controls (set as 1.00). The normalisation was conducted with

respect to the TUBA1A values. The numbers indicate average values whereas * indicates significant result at the P�0.05 level.
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analysis could confirm the up-regulation of the

IFNG gene. IL17E is involved in the activation of

the nuclear factor of kappa light polypeptide en-

hancer in B cells (NFkb), and it enhances the

production of interleukin-8. Both proteins are

related to apoptosis and immune processes.

Protein degradation is a down-stream biological

process that is involved in the acute response of the

lymphocytes to g-radiation. This study measured a

decreased concentration of PEX1 protein in re-

sponse to g-irradiation (see Figure 4). PEX1 plays a

role in protein transport to the peroxisomes, thereby,

facilitating their degradation. However, its dimin-

ished level in response to the g-irradiation cannot be

easily explained. Among many possible biological

reasons, PEST sequence may be one. PEX1 shows a

PEST sequence near the C-terminus (see Table II).

According to Rechsteiner and Rogers (1996), the

C-terminal PEST sequences are particularly relevant

for the ubiquitine-dependent protein degradation.

On the other hand, some recent findings suggest

that PEST regions may not exhibit any preference

to be localised in the C-terminal regions and that

these motifs may be found in nearly 25% of the entire

proteome (Singh et al. 2006). Therefore, the discus-

sion remains inconclusive at this stage and more

work is needed to explain it. Recently, Turtoi

et al. (2008) have reported down-regulation of

serine hydrolase-like gene 2 (SERHL2) following

g-irradiation of human lymphocytes. SERHL2 is

found in peroxisomes taking part in protein hydro-

lysis and degradation. Apart from the similarities

in the expression/concentration patterns, both

SERHL2 and PEX1 indicate a possible role of

peroxisomes in the acute cellular response following

g-irradiation.

Finally, the modulated PGK1 concentration in

response to g-irradiation points to the importance of

glycolysis in radiation response of lymphocytes. The

2D-PAGE revealed a general reduction of the

phosphorylation of PGK1 in respect to the non-

irradiated controls. This was evident at 1 Gy, where

the decrease was at a maximum. From 2 Gy onwards,

the trend reversed (Figure 5). The phosphorylation of

PGK1 recovered completely at 4 Gy. The radiation

response of PGK1 cannot be explained completely

based on the results of this investigation. None-

theless, it is known from the work of Chandel et al.

(1998) that ROS can directly mimic the ionising

radiation-inducing expression of PGK1 gene. Our

results show the change of PGK1 phosphorylation

status (Figure 5) and a down-regulation of its gene

expression (Figure 6) after exposure of lymphocytes

to g-radiation. PGK1 is a key enzyme of glycolysis

and, hence, its deregulation can lead to short supply

of energy in cells. Several investigators have shown

changes in the concentration of various glycolysis

enzymes following exposure of mammalian cells to

g-irradiation. Zhang et al. (2003) have shown using

2D-PAGE an increase of PGK2 concentration in

Figure 9. Schematic network of major genes and proteins. This functional hypothetical network depicts the possible correlation between

selected proteins and genes, which showed significant modulation following g-irradiation of human lymphocytes (Figures 3–6 and Table III).

The analysis was based on the software, STRING 8.0 (Jensen et al. 2008).
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epithelial cells of intestine 3 h after their exposure to

ionising radiations (9 Gy). Lu et al. (2006) found a

decrease in the concentration of enolase in glioblas-

toma cells 24 h after exposure to ionising radiation

(7 Gy).

In conclusion, a satisfactory explanation for radia-

tion-induced alterations of protein concentration and

gene expression remains elusive. It is to be noted that

it does not take into account the mechanisms of post-

transcriptional gene expression regulation (e.g.,

miRNA measurements). Nevertheless, the alteration

of the protein concentrations can be viewed as an

immediate cellular response whereas the changes of

the gene expression might give clues as to what

action the cells might take in the near future. The

results of this investigation focus on the acute

proteome alterations after exposure to g-radiation

in clinical and mild to moderate dose range. The

data acquired could offer a basis for consideration of

biomarkers as radiation dose indicators. It is to be

noted that the data presented here are for a 2 h post-

irradiation period only. Although it would be

desirable to see the effects at 12- and 24-h post-

irradiation periods, we have not succeeded in

performing such experiments due to a significant

degradation of mRNA and enhanced level of

apoptosis at 6-, 12- and 24-h following g-irradiation

(unpublished results). Expanding the observation

period for several hours could provide additional

important data. Nevertheless, caution is required

while dealing with lymphocytes as the majority of

them rapidly enter apoptosis, which was measured in

at least 20% of the g-irradiated cells 6 h after 2 Gy
137Cs g-ray irradiation (unpublished results). Degra-

dation of RNA is an issue which may also prevent

confident gene expression analysis (Debey et al.

2004). After radiation exposure in vivo, lymphocytes

readily leave the blood circulation to invade the

surrounding tissue. This brings about the question

of appropriate sampling time for an eventual bio-

dosimetric purpose. The inherent fragile nature of

mRNA may limit the applicability of ERG or

ERPRO markers of lymphocytes for biodosimetry

to a post-irradiation period of only a few hours.

Another limitation of this approach could be the

problem of individual variability. The results pre-

sented in this report represent the individual status

of three human donors on the three different

sampling days (Figure 7). The data cannot be seen

as representative since factors like illness and other

life-style factors of the individuals may significantly

influence the basal levels of gene expression and

protein concentration. Nonetheless, this study does

narrow the cellular response to g-radiation to the

most significant ERG and ERPRO and, hence, offers

a possibility to focus further investigations on a

selected group of proteins and genes.

Summary and outlook

The investigations of gene expression and proteomic

reactions with the help of 2D-PAGE, DNA micro-

array as well as WB and RT-qPCR have proved to be

a promising approach in study of radiation-induced

cellular alterations. The all-encompassing approach

has revealed early alterations of the protein concen-

trations of talin-1, talin-2, b-actin, mutant b-actin,

peroxin-1, mouse double minute-2, cyclin-depen-

dent kinase inhibitor 1 as well as the phosphorylation

status of annexin-A6, MHC-binding protein-2,

zyxin-2, interleukin-17E and phosphoglycerate ki-

nase-1. Among them, talin-1 and annexin-A6 (in the

dose range 0–2 Gy) and MHC-binding protein-2

(1–4 Gy) displayed near-linear like dose-response

trends and, hence, appear to be suitable candidates

for biodosimetric applications. Gene expression

studies have identified 43 genes that displayed

significant changes in their expression following

g-irradiation. Of these BBC3, DUSP8, GADD45A

and PCNA seem to be of value as potential

biodosimetric markers of acute exposure to clinical

levels of ionising radiation (see Figure 9). Their

individual dose responses were essentially linear for

certain individuals and dose ranges. The majority of

the lymphocyte ERPRO and ERG suggest early

radiation-induced cellular changes of the cytoskele-

ton, proliferation and cell cycle, immunoreactions

as well as protein degradation and glycolysis. The

results warrant further studies involving more in-

dividuals and post-irradiation sampling times to fully

exploit their applied biodosimetric potentials.
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