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The analysis of the great extent of data generated by using DNA microarrays technologies has shown that the transcrip-

tional response to radiation can be considerably different depending on the quality, the dose range and dose rate of

radiation, as well as the timing selected for the analysis. At present, it is very difficult to integrate data obtained under

several experimental conditions in different biological systems to reach overall conclusions or build regulatory models

which may be tested and validated. In fact, most available data is buried in different websites, public or private, in general

or local repositories or in files included in published papers; it is often in various formats, which makes a wide comparison

even more difficult. The Radiation Genes Database (http://www.caspur.it/RadiationGenes) collects microarrays data from

various local and public repositories or from published papers and supplementary materials. The database classifies it in

terms of significant variables, such as radiation quality, dose, dose rate and sampling timing, as to provide user-friendly

tools to facilitate data integration and comparison.
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Introduction

Mammalian cells respond to ionizing radiation through

several regulatory pathways involved in the control of sev-

eral cellular functions such as cell cycle arrest, DNA repair

and apoptosis (1). An important component of this biolog-

ical response is mediated by genes transcription modula-

tion (2). In recent years the importance of functional

genomic approaches to simultaneously analyze the tran-

scriptional modulation of thousands of genes in response

to radiation has been shown in mammalian cells (3–6). The

analysis of the mass of data generated from DNA microar-

ray technologies has shown that the transcriptional

response to radiation can be considerably different

depending on the quality (7), the dose range (8) and dose

rate of radiation (9) as well as timing window selected for

the analysis. It is very difficult to integrate data obtained

under very different conditions and from several biological

systems to reach much more general conclusions and build

regulatory models which then could be tested and vali-

dated (10).

Hence, one of the main difficulties is the fact that most

available data is to be found on different websites, public

or local repositories or additional files. Moreover, this data

appears in various formats (i.e. simple ratio versus log2 ratio

between conditions and controls) thus making it very diffi-

cult to compare.

Most published studies on transcriptional response to

ionizing radiation in mammalian cells involved extremely

high, even supralethal, doses to ensure strong gene
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activation and only few reports focused on clinically rele-

vant doses (<2 Gy). A recent review shows that extrapola-

tion from high doses to low doses of ionizing radiation (IR)

is inaccurate for most regulatory pathways activation (11).

There is a growing interest in the assessment of the bio-

logical effects of low doses of IR, and particularly when

they are delivered at low dose rate, a situation which is

relevant to most environmental exposures. It would be

very important to collect all the available studies on tran-

scriptional effects of low doses of irradiation in order to

facilitate the comparison with a larger collection of data

obtained at doses >2Gy. Doses >10 Gy are lethal for most

cell types (12,13) and their effects on gene expression in

surviving cells are prevalently indirect, being mediated by

cell-cycle blockage.

The issue of radiation quality is also very relevant. We

can distinguish between low- and high-linear energy trans-

fer (LET) radiations. Low-LET radiation is comprised of X-, b-

and g-rays, while neutrons, high charge (Z) and energy (E)

nuclei (HZE) and a-particles are high-LET radiation. There

are qualitative differences between high- and low-LET

radiation both in the induction and repair of DNA

damage (14,16,17). Although high-LET radiation is widely

used in medical applications and knowledge of its biologi-

cal effects is crucial for human protection during space

flights (14), at present, very few studies are available on

its impact on gene transcription modulation. We consider

it a priority to collect all the available microarray studies

applied to high-LET radiation as we do believe that this

will facilitate the search for high-LET versus low-LET-specific

target genes. This will be possible only by an extensive

comparison of the patterns of modulated genes obtained

in the same cell types with different doses of a high- and

low-LET radiation.

Finally, the time course of transcriptional response is also

very relevant to understand the biological consequences

of regulatory pathways activation.

We introduce a new database of radiation modulated

genes that groups most of the available data, classifying

it in terms of important variables, such as radiation quality,

dose, dose rate and sampling timing. It provides user

friendly tools to facilitate data integration and comparison.

These user-friendly search tools enable the users to search

for the database by gene name, dose quality, dose range

and sampling time. Although input data was not statisti-

cally filtered (see below), an arbitrary cut-off can be

chosen by users to select relevant data whose statistical

reliability can be experimentally controlled. Up till date

no similar database on transcriptome alterations induced

by ionizing radiation exists freely accessible on the

web. The introduction of this database allows researchers

working on the transcriptional response of mammalian

cells to radiation to raise important questions such

as following:

— Which genes show a general transcriptional response

to irradiation in different biological systems in vitro

and in vivo?

— Which genes show a general response to a wide

range of doses and to a different quality of irradia-

tion (i.e. low or high LET)?

— Which genes show an early and transient response

and which show, instead, a long range modulation?

These questions are very relevant for radiobiologists.

Methods

RadiationGenes (interactively accessible at http://www

.caspur.it/RadiationGenes) is a relational database of tran-

scription modulation data obtained from microarray

experiments. The database is implemented on a Linux

server (Suse Enterprise Server 9) running Apache, and

the management system is MySQL 5.0. PHP scripts and

GD libraries are used for graphical output display. The

data is available through several web service (RGretrieval

NCBIgene; on the site the WSDL pages are published)

giving functionalities similar to the web interface for sub-

mission and data retrieval. The web service NCBIgene uti-

lizes the eUtils (www.ncbi.nlm.nih.gov/entrez/query/static/

eutils_help.html) to query NCBI databases.

The software architecture of the system is shown in

Figure 1 and in the web site at the URL: http://www

.caspur.it/RadiationGenes/architecture.php

Data set

The main purpose of the database is to allow an easy com-

parison between modulation patterns obtained with differ-

ent doses of irradiation with low- or high-LET radiation. For

this reason we designed a simplified and modified MIAME

protocol for data import which requires a detailed descrip-

tion of irradiation conditions (Figure 2).

The database focuses on the early effects of sublethal

doses. Therefore, we collected data obtained with irradia-

tion doses up to 10 Gy and 72 h from irradiation. All

imported data has already been normalized by the original

Authors with the exception of experiments from 30 to 40.

In these cases we applied Loess normalization (15). All the

imported data was produced in at least two replicated

experiments and the imported values represent the aver-

age of the replicated values. On the home page a

dynamic table shows the number of expression data and

genes stored in the database.
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Currently there are 49 imported experiments, represent-

ing 72 distinct experimental conditions of cell type, time/

dose or radiation quality. Data was retrieved from the

GEO public repository or published papers supplementary

materials (7,8,16).

Web interface

The web interface has two main functions: the submission

and retrieval of data. Before submission, the user has

to register on the site. The registration data allows the

team in charge of the Radiation Genes to contact the sub-

mitter if they find inconsistencies in the data. Each submis-

sion is processed before loading it into the repository

(e.g. if only hugo names are provided for genes, the

NCBIgene web service supplies and stores the correspond-

ing RefSeq, Genbank, Unigene, Entrez and alias for genes).

The submission form allows both the experimental

irradiation conditions to be described and the previously

stored experiment to be modified. In the latter case, the

content of the experiment is automatically loaded on the

text areas of the submission form. A screenshot of submis-

sion form is provided in Figure 2. So far, all submissions

have been made online. The submission tool is primarily

aimed at users with no substantial local bioinformatics

support. No prior knowledge of the modified MIAME

guidelines (RG-MIAME) is required, and help is available

through links on the web interface.

Once the data is successfully loaded into the database,

a summary page is displayed.

The database provides a flexible search menu. Searches

can be made entering a gene name or accession number

(Hugo, RefSeq, Genbank, Unigene, Entrez and alias) using

the NCBIgene web service. More complex queries can be

submitted by adding dose range or sampling time to the

search form. The user can retrieve and visualize the gene

expression values for multiple experiments. A list of genes

that match the query ordered by log2 ratio is displayed.

Links are provided to access the full annotation of raw

data. Furthermore, the search can be limited to a particular

kind of radiation X- or g-rays, neutrons, heavy ions or alpha

particles. A major goal of potential database users would

probably be the identification of genes modulated in sev-

eral irradiation conditions. There are different approaches

to pursue such a goal. As an example ArrayExpress Atlas

(http://www.ebi.ac.uk/microarray-as/atlas/) gives the oppor-

tunity to identify strong differential expression candidate

genes in conditions of interest (i.e. irradiation conditions)

but it adopts very stringent statistical filters. As a result it

utilizes only a very limited number of the experiments con-

tained in the ArrayExpress database and retrives a small

number of candidates. We prefer to leave the user with

Figure 1. The software architecture of the system.
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Figure 2. Screenshot of the submission form prepared according to a simplified and modified MIAME protocol. Notice that dose,
dose rate and quality of radiation have been added to the experimental factors to be specified.
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the opportunity to fix an arbitrary fold change cut-off and

retrieve a list of modulated genes whose reliability could be

controlled on the original data, if necessary. An arbitrary

cut-off of log2 ratio between intensities obtained for irra-

diated samples versus unirradiated controls can be fixed to

extract a list of potentially modulated genes. The list can be

filtered to those genes which pass the cut-off in a defined

percent fraction of the conditions stored in the database.

Since fold change values strongly depend upon the selected

normalization method, we decided to introduce the option

to filter the modulated genes on fold change percentile

ranking. In this way it is possible to select the most modu-

lated genes in each experiment without depending on a

fold change absolute threshold.

Data can be visualized using a display tool available

with various search options. By clicking on the ‘Map’

button, the user can produce a heat-map of all modulation

values resulting from a specific query. The list of selected

genes can be exported into a table showing, for each

gene, all the values stored in the database. We have imple-

mented a tool which performs further hierarchical cluster

analysis using the R language. This tool supports various

types of distance functions (euclidean, maximum, manhat-

tan, binary, minkowski) and various types of clustering

functions (complete, average, single).

One of the applications is shown below.

In order to make the Radiation Genes remote program-

matic interface accessible and integrated into workflows,

we devised several methods for the submission and retrie-

val of data. The WSDL pages of the implemented web ser-

vices, RGretrieval and NCBIgene are available on the web

site to allow the interoperability of the data. Each web

service is available both in Java and in Perl, to support

users. A schematic diagram of the software architecture

is shown on the website.

Application

Figure 3 shows an example of hierarchical clustering

in which we have selected genes showing a log2 ratio

between irradiated sample and control �1 in at least 20%

of the experiments (this can be done by typing ‘1’ in the

greater or equal than ‘cut off value’ text field and ‘20%’

as additional filter in the text field ‘show only genes which

pass the cut off in’). We have obtained a list of 18 genes

which passed the cut-off. Values were then clustered using

the on line tool (by clicking on the ‘show clustering’

button). We performed a hierarchical clustering using

Euclidean distance and complete linkage as parameters,

producing a gene tree and a condition tree. An area of

the heatmap can be zoomed by clicking with the cursor

on the start and the end of the area of interest. To visualize

the ‘‘condition tree’’ better it has been horizontally

separated in three zoomed areas of Figure 3: the left por-

tion (panel A); the central part (panel B) and the right por-

tion (panel C). As it is evident, some of the genes show a

similar modulation in different conditions and cell types.

The most prominent feature is that doses >3 Gy tend to

cluster together in the ‘condition tree’ (Figure 3A), and to

show a higher level of induction for all the genes consid-

ered, indicating a clear dose dependency of their induction.

Some of the genes like CDKN1A, GADD45A, GDF15, MR1,

ACTA2, CXCR4, TNFSF9, PDE4B and DDR2 are also respon-

sive to lower doses, although showing lower levels of

induction (Figure 3B and C).

The second notable feature is that there is no clear

effect of the radiation quality. In fact, most of the genes

show induction after irradiation with X- and g-rays, and

HZE particles and the only neutron irradiation condition

(red arrow in Figure 3C) included in the 72 contained in

the database shows induction of four out of the seven

genes for which we have data (CDKN1A, PPM1D, DDR2

and DDB2). Also the sampling time does not appear to

be crucial, at least in the range of our data which goes

from 1 to 72 h from irradiation, since we see no tendency

for early or late times to cluster together. This can be due

to the small sample size and/or to the relative low

number (15/72) of late (�24 h) time conditions.

A clear cell type effect is instead evident: data from

HUVEC cells (experiments 15–19) cluster together and

show repression rather than induction of a group of

genes (DDR1, PMD1D, ACTA2, DDR2, DDB2 and S100A11)

upon irradiation with various doses of X-rays (Figure 3B).

This probably reflects the peculiarity of the response of

endothelial cells to irradiation which has been previously

described in detail (17). Furthermore most of the experi-

ments performed on melanoma cell lines (experiments

159–164) tend to cluster together independently from irra-

diation with X-rays or HZE particles.

Some of the 18 induced genes were already previously

shown to have an important role in the response to irradia-

tion. This is the case for two out of seven of the genes

responding to a wide range of doses (CDKN1A and

GADD45A) while much less is known about the possible

rational for the induction of the other five genes of

this group (GDF15, MR1, ACTA2, DDR2 and CXCR4). On

the same line, the induction of PPM1D and DDB2 at

high doses of radiation is somehow expected and pre-

viously described, while more puzzling is the involvement

of the other nine genes. In conclusion, a master role for

GADD45A, and CDKN1A (P21) in the general response to

irradiation is confirmed but other interesting candidates

have been identified whose role could be clarified in vari-

ous cellular systems in the future. In particular GDF15,

which is induced at least 1.5-fold in 15 out of the 23 con-

ditions for which we have data, shows a general responsiv-

ity. A table which summarizes the biological role of the
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Figure 3. Hierarchical clustering of data for 18 genes which pass the log2 ratio cut-off: >1 in at least 20% of the experiments.
Gene tree and conditions tree clustering were performed by selecting the following parameters: Euclidean distance and com-
plete linkage. The condition tree has been zoomed by using the online tools and horizontally separated in three areas: the left
portion (A) the central part (B) and the right portion (C).
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18 genes and references which link them to the response to

irradiation is included at the URL http://www.caspur.it/

RadiationGenes/supplementary/supplementary_table1-1.xls.

Future enhancement

The mass of data contained in the database is still limited

but the number of experiments in transcriptional modula-

tion by ionizing radiation, especially low-dose irradiation

and the number of published articles is rapidly increasing.

We will continue to import published data and offer the

opportunity to external groups to import their unpublished

data, provided that they follow our modified MIAME

protocol. A message board will allow us to receive users’

feedback to improve the usefulness of the database. The

database is currently sponsored by the Italian Space Agency

‘MoMa’ project which plans to perform several extensive

microarray studies on transcriptional effects of high LET

radiation. The experimental results will be stored in the

Radiation Genes database. The Italian Federation of

Radiation Research (FIRR) has a link to Radiation Genes

in its website (http://biotec.casaccia.enea.it/FIRR/) and we

hope that the Italian community of radiobiologists will

be encouraged to interact extensively with the database

in the near future.

Supplementary data

Supplementary data are available at Database Online.
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