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Abstract

Background: Rapid and accurate high-throughput estimation of radiation dose aims to help medical
rescue in nuclear radiation accident. However, current methods of dose estimation are still lacking of
speedy or accuracy. P53 signaling pathway plays an important role in DNA damage repair and cell
apoptosis induced by ionizing radiation. The changes of radiation-induced P53 related genes in the early
stage of ionizing radiation should compensate for the deficiency of lymphocyte decline and y-H2AX
analysis as novel biomarkers of radiation damage.

Methods: Bioinformatic analysis was performed on previous data to find candidate genes from human
peripheral blood irradiated in vitro. The radiation sensitivity and baseline levels of candidate genes were
verified. The approximate threshold for guiding medical treatment was estimated for each gene, and four
genes were combined to construct an effectively early dose estimation model of radiation.

Results: Four p53-related genes, DDB2, AEN, TRIAP1 and TRAF4, were screened and verified their
significant radiosensitivity. Their expressions were stable without gender or age difference in healthy
population, but significantly up-regulated by radiation, with time specificity and dose dependence in 2h-
24h after irradiation. Further studies showed these genes can be used as indicators for early medical
treatment in acute radiation injury. The effective combination of the four genes could achieve a more
accurate dose assessment and injury classification for large-scale wounded patients within 24 hours post
exposure.

Conclusions: This is the first time to investigate the potential biomarkers of ionizing radiation by
systematic study. The effective combination of the four genes provides a new model for dose estimation
and injury classification of a large number of exposed population in acute nuclear accidents, and also
provides a new idea and method.

Introduction

Timely estimation of radiation dose and classification of damage for large numbers of wounded, in the
early stage of nuclear accidents, will effectively guide the application of treatment plans and improve the
capacity of treatment and rescue.

The 0.5Gy irradiation will cause a slight decline of peripheral blood lymphocytes counts and recover
spontaneously. A total of 2Gy irradiation can cause obvious decline of peripheral blood lymphocyte
counts and inhibition of hematopoietic function, which usually requires medical treatment. However, 6Gy
and above irradiation can significantly inhibit hematopoietic function, which requires hematopoietic
factor application or hematopoietic stem cell transplantation. Therefore, it is essential to classify the
wounded accurately and rapidly for deciding the treatment of the wounded. Nuclear radiation accidents
usually happen accidentally, and the exposed individual will not carry physical dosimeters. Thus,
biological dose estimation technology is crucial for the classification and dose assessment of wounded
after nuclear accidents. Currently, applied biological dose estimation methods mainly include lymphocyte
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chromosome aberration analysis, lymphocyte count analysis and lymphocyte y-H2AX analysis and so on
(1-5). Among them, lymphocyte chromosome aberration analysis is considered as the "gold standard"
for biological dose estimation of radiation for its higher specificity and accuracy. However, high
requirements for operators are needed, including more than 48h cell culture before specimen preparation
and analysis. Furthermore, the upper limit of dose detection is 5-6Gy (6). lonizing radiation causes a
significant decline in peripheral blood lymphocytes, and the degree was dramatically related to the dose.
The lymphocyte count analysis within 12 to 48 hours after irradiation was used for classification and
preliminary dose estimation of patients with radiation injury. However, there are large differences between
individuals, resulting in low accuracy(7, 8). Since y-H2AX is recognized as a key biomarker of double-
strand break (DSB) and has great specificity to ionizing radiation. The y-H2AX Foci analysis is widely
used for identifying ionizing radiation. But the window period of y-H2AX foci change is short. It appears
several minutes after irradiated, the peak comes at Th and starts to decrease. Moreover, the operation is
complicated and cannot achieve high-throughput detection, which limit its widely application (9, 10). In
addition, peripheral blood lymphocyte count analysis can be used for triage in large number of patients,
and the accurate dose can only be estimated by chromosome aberration analysis. According to the
technical characteristics of both methods, it is impossible to apply lymphocyte count analysis earlier than
12 hours after irradiation, either achieve patient classification and dose assessment by the early post-
accident period chromosome aberration analysis.

Deoxyribonucleic acid (DNA) damage and apoptosis are the most basic and critical aspects of the
biological effects of radiation and can be used as markers of ionizing radiation (11-14). Cells will
immediately initiate apoptosis, once DNA damage repair fails (15, 16). 0.5-1Gy irradiation can induce
DNA damage and apoptosis for peripheral blood lymphocytes which are very sensitive to irradiation (17,
18). P53 signaling pathway plays an extremely important role in both DNA damage repair and the
initiation of apoptosis (14). Specifically, DNA double strand breaks (DSBs) induced by radiation activate
ataxia telangiectasia mutation (ATM) (19, 20), which phosphorylate and activate checkpoint kinase Chk2
(21). Consequently, P53 is activated and the stability of P53 is enhanced, which result in cell cycle arrest
at G1/S phase and provide a critical opportunity for cells to restore genomic integrity prior to DNA
replication. Repairable DNA damage tends to be transient, whereas sustained P53 activation will induce
the cells to initiate apoptotic program (17, 22). P53 signal plays an important regulatory role in the whole
process of ionizing radiation-induced DNA damage and lymphocyte apoptosis. Enhanced P53 activity is
a key marker for DNA damage and cell cycle arrest. Thus, the significant changes of radiation-induced
P53 signaling related genes in the early stage of ionizing radiation should be served as novel biomarkers
of radiation damage, which may compensate for the deficiency of lymphocyte decline and y-H2AX
analysis.

In our previous study, a variety of radiation sensitive genes were found in human peripheral blood after 2h
irradiation (23). We then further investigate the early sensitive genes which were mainly related to the P53
signaling pathway. Four genes (DDB2, AEN, TRIAP1 and TRAF4) were identified and stable real-time
quantitative fluorescence PCR detection methods were established respectively, to verify their radiation

sensitivity and baseline levels in healthy population. Our results showed that the levels of 4 genes in
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peripheral blood were dose and time dependent significantly at different time and dose range within 24h
after exposure. Further studies indicated that the baseline levels of the four genes in healthy population
could not be affected by gender and age. Taken together, we assessed rough thresholds for each gene at
different detection time points as guidelines for medical treatment and combined four genes according to
their different change patterns in the early radiation stage. We aim to build an effective early radiation
dose estimation model, which assist to injury triage and dose estimation of large quantities of people
exposed to nuclear radiation.

Materials And Methods
Human Peripheral Blood Sample Collection

Peripheral blood samples were collected from 32 healthy volunteers aged between 20 to 50 years
(female: 15, male: 17). None of them had a history of smoking, drinking, acute or chronic diseases, and
no X-ray has been exposed. Blood samples were collected intravenously with anticoagulant EDTA-K2.

Radiation and culture in vitro

The whole human peripheral blood sample was incubated in a water bath at 37°C to simulate the in-vivo
environment, and divided into 7 groups and irradiated in 0Gy, 0.5Gy, 1Gy, 2Gy, 4Gy, 6Gy and 10Gy
respectively with °°Co-y radiation at a dose rate of 1.14Gy/min. The samples were cultured at a constant
temperature in an incubator at 37°C after irradiation, and collected at Oh, 2h, 4h, 8h, 12h and 24h after
irradiation. Total Ribonucleic Acid(RNA) was extracted for subsequent detection.

RNA extraction and QRT-PCR

Primer pairs and probes for each gene were designed and synthesized by Gemma Company (Shanghai)
according to the genetic information retrieved from GenBank. The specific sequence and amplification
product size are detailed in (Supplementary table3).

Concentration and purity of RNA was extracted from blood samples using RNAprep Pure Blood Kit
(QIAGEN, Hilden, Germany) were quantitated by NanoDrop 2000 (Thermo Fisher Scientific, Rockford, IL),
and the integrity was detected by 1.5% agarose gel electrophoresis. The PrimeScriptTM RT Reagent Kit
with gDNA Eraser was used to reverse transcriptional complementary DNA (cDNA) as a template.

According to the genetic information retrieved from GenBank, the primers and probes of each gene were

designed and synthesized by Gemma Company, Shanghai. ITaq™ Universal SYBR Green Supermix (BIO-
RAD) was used for QRT-PCR analysis through TagMan probe two-step Real Time PCR. The relative levels

of candidate gene expression were calculated using the formula 2—24CT as described in user manual.

Plasmid construction and standard curve drawing

Total RNA was extracted from the collected peripheral blood samples and reverse-transcribed into cDNA
using PRIME Scripttm RT Reagent Kit with GDNA Eraser Kit. The target gene fragments of TRAF4, DDB2,
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AEN, TRIAP1 and B-actin were amplified using reverse transcribed cDNA as the template, and then linked
to pMD-18T vector and confirmed by sequencing. The plasmid concentration measured by
spectrophotometer was converted into molar concentration. The genes B-actin, TRAF4, DDB2, POLH,
GADD45A and TNFSF9 were amplified by MYIQTM2 real-time quantitative PCR using plasmid standards
of different concentrations as templates. The mole number of the standard plasmid was transformed
into the copy number of the plasmid according to the formula Copies/pl =(6.02x102%)x(ng/
ulIx107%)/(DNA Length x660) and then logarithm transformed as the abscissa of the curve. The ordinate
of the curve is the Cycle threshold (CT) values at different concentrations measured experimentally. The
standard curves of B-actin, TRAF4, DDB2, GADD45A and TNFSF9 genes were plotted according to the
above methods. The equation of the standard curve is y=-ax+b.

Statistical analysis

The results of the experiment used the relative quantitative analysis method of 2 2ACT_B-actin was used
as the reference gene to measure the messenger RNA (MRNA) expression level of radiation-sensitive
genes. PCR data analysis and comparison between groups were performed by SPSS18.0 (IBM). Bilateral
One-way analysis of variance test were used, with P<0.05 as significant difference. The dose-time
response relationships of individual radiation-responsive genes were analyzed by linear or nonlinear
regression methods. (Partial least-regression)PLS regression analysis was used to establish a dosimetry

model of gene expression. R? values were used to determine the goodness of fit for all models.

Result

lonizing radiation induced the expression of P53 signaling related genes including DDB2, AEN, TRIAP1
and TRAF4

We conducted an in-depth analysis of NimbleGen genome-wide chip data from the peripheral blood
samples of 3 healthy adults with doses of 0Gy, 0.75Gy, 2Gy and 6Gy at 2h after irradiation. For each dose
group, we screened genes with expression fold change greater than 2 times in the three samples as
differentially expressed genes (Figurela and Supplementary table1). 4 genes, including AEN, BBC3,
TRAF4 and TRIAP1, were significantly increased in all three samples after 0.75Gy radiation. Meanwhile,
all of them were shown significant difference in 2Gy and 6Gy dose groups. The number of differentially
expressed genes were 37 and 36 in 2Gy and 6Gy groups, in which 19 genes were same. Subsequently,
functional annotation analysis was conducted for the differential expressed genes of each dose group.
The results showed that the differentially expressed genes in 0.75Gy and other dose groups were
enriched into few signal pathways. The most significant pathway enriched was P53 downstream
pathway, as well as TP53 regulates transcription of cell death genes and TP53 regulates transcription of
DNA repair genes. These results indicated that P53-related signaling pathways significantly changed in
peripheral blood after irradiation (Figurela).

We then compared all differentially expressed genes enriched in TP53-related signaling pathways in

different databases and our results revealed a total of 17 differentially expressed genes were involved in
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TP53-related signaling pathways (Supplementary table2). We then explored the levels of the 17
differentially expressed genes, and screened 7 genes with stable expressions in the three samples in 0Gy
group, but increase or decrease in at least two dose groups (Figure 1b). Among them, 3 differentially
expressed genes POLH, RPS27L and GADD45A have been proved to be closely related to dose of
radiation and have been reported as radiation biomarkers (24-28). Previous studies have shown that
DDB2 was a radiative biomarker. However, most of them were focused on sequencing and screening and
lack of detailed studies on time-dose effect (29). Therefore, our study steps to the other four differentially
expressed genes, DDB2, AEN, TRIAP1 and TRAF4 and explore their feasibility as biomarkers for early
response to ionizing radiation damage.

Establishment of real time PCR detection method for DDB2, AEN, TRIAP1 and TRAF4 genes

We used peripheral blood cDNA as a template to optimize the amplification temperature conditions for
primers of DDB2, AEN, TRIAP1, TRAF4 and internal reference gene B -actin. Real Time PCR was
performed at the annealing temperatures of 58, 59, 60, 61 and 62°C. The results showed that there was
no significant difference in the CT values of all genes within this temperature range (Figure 2a). Finally,
we chose 60°C as the optimal annealing temperature for all 5 genes, after comprehensive comparison
and analysis. Then, we constructed pMD18T-B-actin, pMD18T-DDB2, pMD18T-AEN, pMD18T-TRIAP1 and
pMD18T-TRAF4 plasmids respectively, and the standard plasmid was diluted to a concentration of 6x108
copies by a 10-fold gradient. The minimum concentration was 6x102 copy numbers and real-time
qguantitative PCR was performed. As shown in Figure.2b, we obtained uniform amplification curves with a
CT interval of about 3.33, and all had strong fluorescence for all above 5 plasmids. Subsequently, the
standard curve was shown in Figure.2.c, with the logarithmic copy number of plasmid standard as the
abscissa X and the CT value as the ordinate Y. The results showed that there was an obvious linear
relationship between the plasmid copy numbers and CT values, and the fitting equations were as follows:
B-Actin Y=-3.31X + 42.72,DDB2 Y=-3.40X + 37.04, AEN Y=-3.54X+40.92, TRIAP1 Y=-3.63X+40.57, TRAF4
Y=-3.71X + 40.96. All correlation coefficients R? were greater than 0.99 and less than 1, respectively: B-
Actin R?=0.994, DDB2 R?=0.992, AEN R?=0.996, TRIAP1 R?=0.995, TRAF4 R?=0.997.

Time and dose effect analysis of ionizing radiation induced gene expressions

In order to analyze the time and dose effects of the four candidate genes after irradiation, human venous
blood was irradiated with 0-10Gy y-rays in vitro, and samples were collected at Oh, 2h, 4h, 8h, 12h and
24h after irradiation. The expression of DDB2 gene showed a significant dose-dependently increase at
four time points from 4 h to 24 h after irradiation, and peaked at 8h after irradiation. At 24h after
irradiation, the expression of DDB2 was still significantly higher in the 0.5Gy irradiation groups than
nonirradiated group (Figure.3a). The expression of AEN gene showed a significant increase dose-
dependently at all four time points from 2 to 12h after exposure, and began to increase after 2h exposure,
peaked at 8h to 12h after exposure, and then fell from 24h exposure. However, it was still higher than that
of the unexposed group (Figure.2a). The expression of TRIAP1 gene was significantly up-regulated from
2h-24h after irradiation, and peaked at 8h after irradiation. At 2h and 4h after irradiation, the expression
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level of TRIAP1 increased significantly in different dose groups, but there was no significant dose-
dependent relationship. At 8h, 12 and 24h after irradiation, the expression level of TRIAP1 at each dose
point was significantly higher than that in the unirradiated group, showing a dose-dependent increase
(figure.2a, middle and bottom). The increase of TRAF4 gene expression mainly occurred at 2-8h after
irradiation, and there was no significant change at 12 and 24 hours after irradiation. At 2h after radiation,
the expression level of TRAF4 was mainly up-regulated in the 6Gy and 10Gy groups, while the expression
level of TRAF4 gene showed an increasing trend after 4Gy and below irradiation, but there was no
statistical significance. At 4h after exposure, the expression level of TRAF4 reached a peak and increased
dose-dependently, then began to fall back at 8h after exposed and fell back to the normal level at 24h
after exposure (Figure.2a bottom).

Comprehensive analysis showed that, those four genes had characteristic patterns in the time range and
dose range of early radiation response. As shown in Figure 2b, DDB2 had significant time and dose
effects after 4 to 8h post irradiation. AEN showed a significant dose effect from 2 to 8h post-exposure.
The TRIAP1 pair dose was significant from 8h to 24h post-exposure. The detection window period for
TRAF4 was shorter, at 4 to 8h after irradiation.

Expressions of DDB2, AEN, TRIAP1 and TRAF4 in healthy population

To further evaluate the feasibility of DDB2, AEN, TRIAP1, and TRAF4 as biomarkers of radiation injury, we
collected venous blood from 29 healthy volunteers (age ranging from 20 to 50 years old, male: 15 and
female: 14) to conduct a preliminary analysis of the expression levels of these four genes in healthy
population. The results showed that the distribution of baseline levels of four genes in healthy population
was uniform and stable, without large fluctuations (Figure.4a). The average copy number of DDB2, AEN,
TRIAP1 and TRAF4 genes in 29 healthy people were DDB2: 0.204+0.049, AEN: 0.056+0.010, TRIAP1:
0.170+0.031, TRAF4: 0.0924+0.031 respectively; and the fluctuation range were DDB2: 0.103~0.326,
AEN: 0.041-0.075, TRIAP1: 0.101-0.248, TRAF4: 0.023~0.146 respectively. Further analysis showed that
there was no significant difference of these four genes between male and female. The levels in male and
female groups were DDB2: 0.208+0.053, 0.2004£0.047, P=0.695; AEN: 0.055+0.011, 0.057+0.010, P=0.278;
TRIAP1: 0.17440.033, 0.166%0.029; P=0.445; TRAF4: 0.091+0.035, 0.094+0.028, P= 0.787 (figure.4b).
Finally, 29 samples were divided into 3 groups according to age. We aim to investigate whether the genes
expressions were affected by age, including 10 people aged 21 to 30 years, 10 people aged 31 to 40 years
and 9 people aged 41 to 50 years. The expression levels of DDB2 in all age groups were 0.219+0.062,
0.199+0.034 and 0.194+0.049 (P > 0.05), and there was no significant difference among all groups. The
expression levels of AEN in different age groups were 0.066+0.007, 0.051+0.008 and 0.052+0.008. There
was no significant difference in pairwise comparison among all groups (P > 0.05). The expression levels
of TRIAP1 gene in all age groups were 0.179+0.033, 0.1704+0.031 and 0.160+0.029 (P > 0.05, Figure.4c).
The expression levels of TRAF4 gene in 3 groups were 0.107£0.032, 0.071+0.027 and 0.100+0.022. The P
values comparison between the 31-40 years group and the other two groups were 0.017 and 0.021
(Figure.4c bottom).
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DDB2, AEN, TRIAP1 and TRAF4 can be used as indicators for early medical treatment in acute radiation
injury

For the stability of the expression levels of four genes in healthy population, we plotted the population
normal distribution curve and estimated the 95% confidence interval based on central limit theorem. The
results are shown in Figure 5a and Table1. Their central values, standard deviations and 95% confidence
intervals in the normal distribution model are DDB2:Mean=0.196, STD=0.038,
Cl=0.120~0.271;AEN:Mean=0.051, STD=0.014, CI=0.023-0.079; TRIAP1:Mean=0.176, STD=0.040,
Cl=0.096~0.256; TRAF4:Mean=0.092, STD=0.031, CI=0.030~0.154. The coefficient of variation and the
fold change of the maximum and minimum values within the confidence interval were respectively
DDB2:CV=0.194, FCy=2.264; AEN:CV=0.275, FC;,4=3.435; TRIAP1:CV=0.228, FC,,;=2.677,
TRAF4:CV=0.336, FC;,4=5.106. Once the fold changes of the above genes before and after exposure
beyond the multiple of FCy,4 or the copy number of expressed exceeds the 95% confidence interval in
human peripheral blood changes, which may indicate that the individual maybe exposed to ionizing

radiation.
Table 1
Model of estimation for Threshold of exposure to ionizing radiation

Item Gene H o} cv 95% ClI FC(bg)
DDB2 0.196 0.038 0.194 0.120~0.271 2.264
AEN 0.051 0.014 0.275 0.023-0.079 3.435
TRIAP1 0.176 0.040 0.228 0.096~0.256 2.677
TRAF4 0.092 0.031 0.336 0.030~0.154 5.106
y: mean; o: standard deviation; CV: Coefficient of Variation; Cl: confidence interval; FC(bg): The
maximum of fold change in background.

Since 2Gy whole-body irradiation is usually required for medical treatment, we then further compared the
FCpg of DDB2, AEN, TRIAP1 and TRAF4 expression and the ratio of maximum to minimum value within
the confidence interval of baseline level at different time points after irradiation in healthy population. In
combination with the data in Figure 3b, we aim to find early indicators for medical treatment in exposed
patients. The minimum values of fold changes were chosen among groups radiated more than 2Gy in
each time point compared with the FC (bg), and the larger one was selected as FC value. We can identify
the individual who have been exposed in radiation at more than 2Gy when the up-regulation of gene
expression exceeds the corresponding FC, and then medical treatment is needed. Correspondingly, we
took the product of FC and Y, the central value of population normal distribution curve, as the
approximate threshold for considering medical treatment. For example, the change of AEN expression
level is the main factor in 2h after irradiation. Once the fold change of AEN expression exceeds 3.44 or
the copy number exceeds 0.051*3.44=0.18, it can be confirmed that the individual was irradiated with
more than 2Gy. In 4h after irradiation, the DDB2 expression increased multiple was more than 2.26 or the
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expressed copy number exceeds 0.196*2.26=0.44; the AEN expression increased multiple was more than
7.01 or the expressed copy number exceeds 0.051*7.01=0.36; the expression of TRIAP1 increased
multiple of 3.65 or the copy number of expression exceeded 0.176*3.65=0.64, and the TRF4 expression
increased multiple of 5.63 or the copy number of expression exceeded 0.092*5.63=0.52; each of them
could be regarded as the threshold for medical treatment when the exposure dose exceeded 2Gy. In the
case of sufficient medical resources, if the expression level of more than one of the four genes reaches
the threshold, attention should be paid and immediate medical treatment should be given. Their
respective threshold values could also be recognized at 8-24h after irradiation (Table 2). Medical
treatment must be considered if there are more than two time points within 2-24h after exposure, at which
the dosage reach the indications for medical treatment.

Table 2
Model of estimation for Threshold of medical treatment
ltem Gene 2h 4h 8h 12h 24h

FC Copies FC Copies FC Copies FC Copies FC Copies

DDB2 - - 226 0.44 816 1.6 537 1.05 7.1 1.39
AEN 344 0.18 7.01 036 10.7 0.54 6.52 0.33 - -
TRIAP1 - - 3.65 0.64 592 1.04 512  0.90 3.69 0.84
TRAF4 - - 5.63 0.52 - - - - - -

FC: fold change; Copies: the number of copies of the target gene per 100 copies of B-actin.

Based on existing experience, radiation of 6Gy or above can cause significant inhibition in hematopoietic
function, which requires the application of hematopoietic factors or hematopoietic stem cell
transplantation, earlier treatment, the better curative effect. Thus, we decided to screen for indications
that can guide transplantation in the early post irradiation. The minimum of the fold change of
expression in 6Gy and above groups were selected as the value of FC at each detection time point, where
the expression level of the target gene in 6Gy and above was significantly higher than that in the 4Gy and
below groups and greater than that in FC(BG). These indicate that radiation dosage of patient who has
exceeded 6Gy could be identified when the fold change was greater than FC.

We also used the product of FC and y, the central value of population normal distribution curve, as the
approximate threshold for hematopoietic factor application and hematopoietic stem cell transplantation
must be performed. Details are shown in Table 3. Early transplant therapy must be considered if there are
more than two time points within 2-24h after exposure at which the dosage reach the indications.
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Table 3
Model of estimation for Threshold of transplantation therapy

ltem Gene 2h 4h 8h 12h 24h

FC Copies FC Copies FC Copies FC Copies FC Copies

DDB2 - - 297 0.58 12.4 242 9.09 1.78 7.99 1.56
AEN 486 0.25 9.29 047 - - 125 0.64 - -
TRIAP1 - - - - 935 1.64 6.32 1.1 485 0.85
TRAF4 - - 7.33 0.68 - - - - - -

FC: fold change; Copies: the number of copies of the target gene per 100 copies of B-actin.

Combination of DDB2, AEN, TRIAP1 and TRAF4 can be used for acute radiation injury prediction

Since DDB2, AEN, TRIAP1 and TRAF4 had significant differences in time window of response to ionizing
radiation, the combination of them could perfectly cover all the time periods within a day after exposure
(Figure.5b).Therefore, the combination of them at different time periods after radiation were explored for
the prediction according to the unique variation patterns. We aim to build a dose assessment model with
good accuracy for the exposed dose above 0.5Gy at any time period within 24h after radiation. Firstly, the
dose estimation equation for each gene was fitted at different time points in time window. The results are
shown in Figure 5c: Equations for AEN were Dose2h=1.5129*AEN-1.8314, R2=0.9946;
Dose4h=0.0935e0-4508*AEN 'R2-0 9083; Dose8h=0.1685e0-2132*AEN R2=0.9737. Equations for DDB2 were
Dose4h=4.6682*DDB2-7.4239, R?=0.9697; Dose8h=0.6926*DDB2-3.1684, R2=0.9755;
Dose12h=0.2054e0.3563*DDB2, R2=0.9542. Equations for TRIAP1 were: Dose8h=0.19560-3743*TRIAPT
R2=0.995; Dose12h=0.1147¢0-6063*TRIAP1 'R2-0 9743; Dose24h=0.5452*TRIAP12-1.6696*TRIAP1+1.2567,
R2=0.9899. Equations for TRAF4 were: Dose4h=0.158e0-4637*TRAF4 ‘R2-0 9814: Dose=0.0912¢!-026*TRAF4.
R2=0.9804. Then we took the fitting formula of each gene as the new independent variables DDB2', AEN',
TRIAP1'and TRAF4' at 4h-12h after irradiation to fit the final dose estimation equations through PLS
fitting algorithm. The results are shown in Figure 5c: Dose4h = 0.374 * TRAF4'+ 0.541 * DDB2', R?= 0;
Dose8h = 0.111 * AEN-0.109 * TRIAP1'+ 0.941 * DDB2'+ 0.080 * TRAF4', R?2= 0.881; Dose12h = 0.616 *
TRIAP1'+0.412 * DDB2', R?= 0.867.

Discussion

Current methods of dose estimation are still lacking of speedy and accuracy, in the face of a large
number of casualties caused by nuclear or radiation accidents. Therefore, it is urgent to discover new
radiation biodosimeter and radiation dose assessment model. They will guide medical personnel to
classify injuries and develop effective treatment plans quickly in the early stage of accidents to minimize
casualties.
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In our previous study, a variety of radiation sensitive genes were found 2h after irradiation from human
peripheral blood irradiated in vitro (23). The present study found four sensitive genes DDB2, AEN, TRIAP1
and TRAF4 from the gene chip data. Further biological analysis indicated that they are closely related to
P53 signal and could be used as biomarkers of acute irradiation. It has been reported that DDB2
(Damage-specific DNA-binding protein 2) encodes DNA damage-binding protein 2, which is recognized as
a radiation sensitive gene (30—-32). DDB2 is increased and activated after the body exposing to ionizing
radiation, then binds to DNA damage sites and induces the up-regulation of P53 expression level, which
eventually participates in the nucleotide excision repair pathway (NER) (33-35). As a radiation sensitive
gene, AEN is a downstream gene in P53 regulatory network pathway and could promote apoptosis (36,
37). TRIAP1, also known as P53CSV, is an apoptosis suppressor gene, which may bind P53 gene coding
sequence (38). It is a target gene directly regulated by P53 during DNA damage, cell apoptosis and cell
cycle inhibition. In certain stress, P53 regulates TRIAP1 transcription and DNA damage induces
endogenous levels of TRIAP1(39). TRIAP1 prevents the mitochondrial pathway of apoptosis, and loss of
TRIAP1 affects the accumulation of cardiolipin, which is prone to apoptosis, under internal or external
stimuli(37).TRAF4, a member of the TNF receptor-related factor family, encodes a 54kD connexin
consisted of 470 amino acid, is highly expressed in a variety of cancer cells (40, 41).TRAF4 has been
widely recognized as a common target of the P53 family in previous studies (42, 43) due to the presence
of binding site approximately 1KB upstream of the promoter (44). It has been reported that Mir-29
promotes apoptosis in a P53-dependent manner through TRAF4/AKT/MDM?2 pathway in glioma (45). It
is also revealed that TRAF4 interacts with the deubiquitinating enzymes USP10, blocks the binding of
P53 to USP10 and induce P53 instability (46). In summary, DNA damage-induced gene DDB2 is
significantly up-regulated in the early stage of ionizing radiation, which induces P53 signal activation,
and drives the biological processes, such as P53-mediated cell cycle arrest, DNA damage repair and cell
apoptosis. As the most significant and direct biological effect of ionizing radiation, the four radiation
sensitive genes are closely related to this process.

Rapid reduction of lymphocyte count is one of the main clinical manifestations of acute external
irradiation injury. However, the onset time and degree of lymphocytopenia after exposure are related to
dose and individual sensitivity. The number of peripheral blood lymphocytes decreased is significantly
12h after irradiation when irradiation dose is exceeded 0.5Gy. The degree of reduction was positively
correlated with the dose in the range of 0.5 ~ 10Gy (47). At present, exposure dose is mainly estimated
based on the absolute value of lymphocytes 12h or 24-48h after irradiation, and the applicable is limited
to 10Gy. Moreover, since the absolute value of lymphocytes in healthy population is closely related to age,
sex, race and other factors, the single analysis of absolute value of lymphocytes has certain inaccuracy.
Therefore, the dynamics of absolute changes of lymphocytes should be adopted for analysis. However,
samples should be collected at least 2 hours apart. In our study, the expression levels of DDB2, AEN,
TRIAP1, and TRAF4 were significantly increased at 4-12h, 2-4h, 8-24h, and 4-8h after irradiation in human
peripheral blood irradiated at 0.5-10Gy in vitro, indicating significant dose and time dependence. The R2
of fitting curves were all higher than 0.9. Compared with the traditional lymphocyte counting, our method
extended the time window of sample collection to 2-24h after irradiation. This is of great significance in
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large-scale emergency rescue. The range of dose detection in our study was 0.5Gy-10Gy, which is similar
to the lymphocyte counting method. However, we could completely predict a higher dose according to the
obtained curvilinear equation, within effective time range for detection. Furthermore, all the expression
levels of four genes were stable in healthy population, and the difference was found between male and
female. Apart from TRAF4, whose expression was slightly lower in the 30-40 age group, the other three
genes could not be affected by age. Therefore, the accuracy of our model has more advantage than the
traditional lymphocyte count analysis.

Chromosomal aberration analysis is considered as the gold standard for biological dose estimation due
to its high accuracy and specificity (48). However, the detection process is relatively cumbersome,
technically difficult, and requires professional laboratory. Moreover, Lymphocytes need to be cultured for
48 to 72 hours before analysis, which greatly lengthens time required. The conventional chromosome
aberration analysis method is sufficient to dose estimation for a small number (from several to dozens of
patients) of patients with acute external radiation, however it is essential to improve the throughput of
analysis when deal with a large number of patients with external radiation. Lloyd DC suggested that slow
analysis speed can be solved to a certain extent by reducing the initial number of cells to 50 or even 30,
when dealing with a large number of patients (49). However, the reduction of analyzed cells to 50 would
cause an inaccuracy of 0.5 ~ 1.0Gy in estimated dose, although the analysis speed is increased (48, 50).
On the other hand, the manual operation is a main reason to limit the detection throughput. The
automated harvesting and staining systems, as well as metaphase cell search systems and
corresponding chromosome aberration analysis software have been developed to solve this problem, but
the standard curve for dose estimation is established under the condition of manual specimen
preparation and microscopic analysis. The efficiency of automatic analysis needs to be verified. In our
study, four P53-related radiation-sensitive genes were effectively combined according to their specificity
of expression level patterns, and the response time window and dose range of each gene covered and
connected. This model can accurately estimate the dose for injured patients within 2h-24h after
irradiation without cell culture process. Moreover, the rate of chromosome aberration was basically
saturated at 5Gy, while the effective dose range of our model covered from 0.5Gy to 10Gy. In early of
nuclear accident, our model can carry out high-throughput detection of samples without reducing the
accuracy.

P53-related genes DDB2, AEN, TRIAP1 and TRAF4 with significant radio-sensitivity were screened from
human peripheral blood irradiated, and this is the first time to investigate the potential biomarkers of
ionizing radiation by systematic study. The expression levels of P53 signal-related genes such as DDB2,
AEN, TRIAP1 and TRAF4 were significantly up-regulated by radiation, with time specificity and dose
dependence in 2h-24h after irradiation. In addition, the expression levels of DDB2, AEN, TRIAP1 and
TRAF4 in healthy population were stable and uniform, with no gender difference and less influenced by
age, which could be used as indicators to identify person who has been exposed to radiation and need
medical treatment. The effective combination of the four genes could achieve a more accurate dose
assessment and injury classification for large-scale wounded patients within 24 hours post exposure,

providing a basis for subsequent treatment plan formulation.
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Conclusions

Our study provides a new model for dose estimation and injury classification of a large number of
exposed population in acute nuclear accidents, and also provides a new idea and method. With the
development of radiation medicine, the range of time and dose detection of the model will be improved
continuously, through continuous supplement or modification of novel radiation-sensitive genes
according to the characteristics of different genes.
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Figure 1

Analyses of differentially expressed genes in human peripheral blood 2 hours after y -ray irradiated. (a)
Overlap analysis was performed on differentially expressed genes in 2h after different doses of
irradiation. Functional annotation analysis were performed on these differentially expressed genes, On
the outside, each arc represents the identity of each gene list, each deep orange arc inside the diagram
represents a gene that appears in multiple lists and the light orange arc represents a single gene in that
list, the purple line connects differentially expressed genes that were common to the different dose
groups and the blue line connects differentially expressed genes enriched in the same GO term. All
statistically enriched were hierarchically clustered into a tree and 0.3 kappa score was applied as the
threshold to cast the tree into term clusters; the heatmap cells are colored by their p-values, white cells
indicate the lack of enrichment for that term in the corresponding gene list. (b) Expression levels of P53
related candidate genes in human peripheral blood before and after different doses of irradiation.
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Figure 2

Real-time fluorescence quantitative PCR detection methods Established for target genes. (a)The CT
diagram of the different reaction temperature for B-ActiniDDB2IAENITRIAPT1and TRAF4. (b) The gradient
amplification curve of plasmid standard for B-ActiniODDB20AENITRIAPT1and TRAF4. The horizontal
coordinate of CT is cycle numbers, the vertical coordinate of RFU is fluorescence intensity. Plasmid
concentration of 1-8 is 6x108, 6x107, 6x106, 6x105, 6x104, 6x103, 6x102 and negative. (c) Standard
curves of 5 genes were plotted using the copy number de-log of plasmid standard as the x-coordinate and
the Ct value as the y-coordinate
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Baseline level analysis of DDB2, AEN, TRIAP1 and TRAF4 in healthy population. (a) Collected the venous
blood from 29 healthy volunteers (age ranging from 20 to 50 years old, male: 15 and female: 14), and
analyze the expression levels of DDB2, AEN, TRIAP1, and TRAF4. (b)The effects of gender and age on
DDB2, AEN, TRIAP1 and TRAF4 gene expression were analyzed (* P0.05).
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Gene expression distribution curve in population and radiation dose assessment model of combined
genes. (a) The total normal distribution curves of DDB2, AEN, TRIAP1 and TRAF4 expressed in
population. (b) Model of DDB2, AEN, TRIAP1 and TRAF4 response time to ionizing radiation. (c)The
single gene dose estimation equation was fitted at each time point In the dose range with significant dose
dependence, and the final dose estimation equation was fitted accordingly.
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