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Abstract
Purpose—Previously, we showed that microRNA (miRNA) signatures derived from the
peripheral blood of mice are highly specific for both radiation energy (γ-rays or high linear energy
transfer [LET] 56Fe ions) and radiation dose. Here, we investigate to what extent miRNA
expression signatures derived from mouse blood can be used as biomarkers for exposure to 600
MeV proton radiation.

Materials and methods—We exposed mice to 600 MeV protons, using doses of 0.5 or 1.0 Gy,
isolated total RNA at 6 h or 24 h after irradiation, and used quantitative real-time polymerase
chain reaction (PCR) to determine the changes in miRNA expression.

Results—A total of 26 miRNA were differentially expressed after proton irradiation, in either
one (77%) or multiple conditions (23%). Statistical classifiers based on proton, γ, and 56Fe-ion
miRNA expression signatures predicted radiation type and proton dose with accuracies of 81%
and 88%, respectively. Importantly, gene ontology analysis for proton-irradiated cells shows that
genes targeted by radiation-induced miRNA are involved in biological processes and molecular
functions similar to those controlled by miRNA in γ ray- and 56Fe-irradiated cells.

Conclusions—Mouse blood miRNA signatures induced by proton, γ, or 56Fe irradiation are
radiation type- and dose-specific. These findings underline the complexity of the miRNA-
mediated radiation response.
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Introduction
MicroRNA (miRNA) are a class of small non-coding RNA that are important regulators of
gene expression (Bartel 2009). In vivo and in vitro studies have found that miRNA control is
essential for the proper execution of many processes in normal cells, including cell
metabolism, cell differentiation, and cell signaling (Maes et al. 2008, Shkumatava et al.
2009). A host of recent findings demonstrate that radiation has a significant impact on
miRNA expression (reviewed in Dickey et al. 2011). Among these studies are several
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examples of low linear energy transfer (LET) effects on normal human fibroblasts and
various immortalized cell lines (Ishii and Saito 2006, Marsit et al. 2006, Josson et al. 2008,
Maes et al. 2008, Chaudhry 2009, Shin et al. 2009, Simone et al. 2009, Nikiforova et al.
2011). The exact role of miRNA in radiation response biology is unclear, and the
mechanisms for its participation in post-radiation events remain to be determined.
Intriguingly, miRNA has a role in both direct or indirect effects of radiation, as was shown
in higher-order organoid cultures (Dickey et al. 2011). miRNA induction by either low-LET
X-ray or high-LET 56Fe-ion radiation may also play a role in chromatin remodeling and
DNA methylation (Aypar et al. 2011). A role for miRNA in pro-survival capacity after
irradiation is supported by findings in an endothelium-derived cell line (Kraemer et al.
2011). It was also shown that plasma miRNA signatures are dose dependent (Josson et al.
2008). We have reported a strong effect of radiation on miRNA expression profiles derived
from the circulating blood of radiotherapy patients (Templin et al. 2011b). We also showed
that blood miRNA expression signatures of mice exposed to low- or high-LET radiation (γ-
rays or 56Fe ions) are highly dependent on radiation energy and dose (Templin et al. 2011a).
Classifiers based on these signatures reliably predicted the irradiation type and dose of mice
with unknown irradiation status. Together, these results demonstrate that miRNA signatures
may be used as both radiation biodosimeters and indicators of radiation-induced functional
changes in cells and tissues.

In this study, we investigate the potential of miRNA signatures to be used as biomarkers for
exposure to 600 MeV protons. Protons are the main type of high-LET radiation encountered
by astronauts in low earth orbit. They are components of the solar wind, the Van Allen
radiation belts, and galactic cosmic rays and cumulatively pose a health threat to astronauts,
particularly during heightened solar activity. In this in vivo proof-of-principle study, we
exposed C57BL/6 mice to 600 MeV proton total body irradiation and measured miRNA
expression levels in the blood of the irradiated and control animals. Using these results and
the results that we obtained from prior work (Templin et al. 2011a), we developed statistical
classifiers that can be used in the estimation of exposure parameters. Finally, we analyzed
the involvement of the differentially expressed miRNA in cellular processes.

Materials and methods
Animals and irradiation

Eighteen male C57BL/6 mice were obtained from Taconic (Hudson, NY, USA). Animals
were kept in holding cages in groups of ~ 3, on a regular 12 h/12 h light/dark cycle with ad
libitum access to medium-fat standard lab chow and water. Animals were 12 weeks of age
when they were exposed to radiation. Three animals were used per condition, except for the
6 h post sham-irradiation control condition, for which only two animals were available. The
mice were exposed to doses of 0 (sham-irradiated control), 0.5, or 1.0 Gy 600 MeV protons
at a dose rate of 0.2 Gy/min at the National Aeronautics and Space Administration (NASA)
Space Radiation Laboratory of Brookhaven National Laboratory. Extra care was taken to
avoid stressing the animals during the experiments, in order to minimize stress-induced
changes in gene expression and to ensure that the measured miRNA expression changes
were indeed caused by irradiation. For this reason, we irradiated the mice in relatively large
cages that did not unnecessarily restrain the animals’ movements. Mice were individually
irradiated in boxes sized 11 × 8 × 6 cm (w/l/h), which were kept in the mouse cages for 24 h
before irradiation. Animals that did not receive the maximum radiation dose were kept in
their boxes in the radiation facility for the same time as the animals exposed to the highest
dose (5 min) in order to standardize treatment conditions. All animal husbandry and
experimental procedures were conducted in accordance with applicable federal and state
guidelines and approved by the Animal Care and Use Committees of Columbia University
Medical Center and Brookhaven National Laboratory.
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Blood collection and RNA isolation
Six or 24 h after irradiation, 250 µl blood was collected from the mice using the
submandibular method. The blood was collected directly in tubes containing lysis solution, a
procedure that preserves the in vivo miRNA expression signatures. Three samples were
collected per condition, resulting in a sample size of n = 3 biological repeats per irradiation
dose and time point, with the exception of the 6-h post sham-irradiation control condition,
which had a sample size of n = 2. Each mouse was bled only once, and different animals
were used for each irradiation condition (time point and dose). Total RNA was purified
using the mirVana™ PARIS™ kit according to the manufacturer’s instructions (Life
Technologies, Carlsbad, CA, USA). Neither blood nor RNA from different animals was
pooled, and all samples were processed and analyzed separately. RNA concentration was
measured on a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), and RNA integrity was determined using the Agilent 2100 Bioanalyzer
microelectrophoretic system (Agilent Technologies, Santa Clara, CA, USA).

Determination of miRNA expression signatures by means of quantitative PCR
In order to determine miRNA expression levels, the miRNA contained in samples of 50 ng
total RNA were reverse-transcribed into cDNA using Megaplex™ miRNA-specific stem-
loop primers and MultiScribe™ reverse transcriptase. Complementary DNA were
preamplified in 12 cycles and then amplified for 40 cycles in 384-well low-density
TaqMan® rodent miRNA expression arrays for quantitative real-time polymerase chain
reaction (PCR) (all Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
instructions. This methodology has been shown to provide data with greater precision than
data obtained from microarrays, which are based on solid-surface hybridizations between
oligonucleotide probes and target molecules, and this technology is routinely used to
validate data obtained from microarray studies (Pradervand et al. 2010, Yauk et al. 2010).
Also, the determination of relative miRNA expression by means of quantitative PCR is
highly correlated to expression results obtained from RNA sequencing-based techniques
(Pradervand et al. 2010).

Data processing for determination of differentially expressed miRNA
The quantitative real-time PCR data was imported into RQ Manager v. 1.2 (Life
Technologies, Carlsbad, CA, USA) to determine cycle threshold (CT) values. The data was
then exported to Excel (Microsoft Corporation, Redmond, WA, USA) for preprocessing.
Preprocessing included the removal of the non-relevant rat miRNA and of the miRNA that
did not have detectable expression (CT = 40) in at least one sample in both the irradiated and
time-matched control samples. The preprocessed data was then imported into DataAssist v.
2.0 software (Applied Biosystems) for the first part of the statistical analysis. The statistical
analysis included three steps: (i) Normalization of the expression data, (ii) calculation of the
P-values of the differentially expressed miRNA, and (iii) calculation of the false discovery
rate (FDR) for the results from step 2. The average CT values of miRNA miR-7b and
miR-200c were used for normalization of the remaining miRNA in the respective irradiation
conditions because the CT values of these two miRNA had the smallest standard deviations
across all conditions. Three endogenous controls supplied with an array proved to be
radiation-sensitive (small nuclear RNA RNU6B and small nucleolar RNAs snoRNA 135
and snoRNA 202). Normalized CT (ΔCT) values were imported into Excel, and, using the
Excel add-in BRB-ArrayTools v. 3.8 (Wright and Simon 2003, Simon et al. 2007), a
random-variance t-test was used to calculate individual P-values for the miRNA expression
levels in the different irradiation conditions, with the respective calibrator control samples
serving as the reference group. FDR were calculated according to the method of Benjamini
and Hochberg (1995). miRNA with FDR of less than 0.07 were included in the set of
differentially expressed miRNA.
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Additionally, statistical power was monitored using the methodology of Lee and Whitmore
(2002) and Lee (2004), permitting an assessment of the sensitivity of our analyses. This
approach assumes that the differential expression values follow an approximate multivariate
normal distribution, based on independent log-intensity values derived from multiple
repeated observations and the central limit theorem. Our analysis is based on the R package
‘sizepower’ by Qiu, Lee, and Whitmore (2010). The analysis requires specific inputs. The
set of inputs includes the mean number of false positives, the anticipated number of
unaffected genes, the mean difference in log-expression between treatment and control
conditions as postulated under the alternative hypothesis, the anticipated standard deviation
of the difference in log-expression between treatment and control conditions, and lastly the
group sample size.

Standard errors of the mean (SEM) for fold changes shown in Table I contain the variability
of both control and irradiated samples and were calculated according to the following
formula:

with SDΔCT depicting the standard deviation (SD) among the ΔCT values of the samples
belonging to a group.

Development of miRNA-based radiation class predictors
BRB-ArrayTools (Simon et al. 2007) was also used to perform class prediction using the
ΔCT values of the differentially expressed miRNA. The nearest-centroid method was used
as the prediction method. The centroid of each class is a vector containing the averages of
the ΔCT values of the miRNA belonging to the class. The distance of the miRNA expression
profile of a sample to each of the centroids is determined, and the sample is assigned to the
class with the shortest distance. The robustness of the class predictor was tested by
calculating the misclassification error rate using the leave-one-out cross-validation method.
Both of our classifiers (radiation type and radiation dose) produced error P-values of less
than 0.0001, with 10,000 random permutations.

Gene ontology analysis of miRNA target genes
miRNA target genes were determined using TargetScan-Mouse v. 5.2 (Lewis et al. 2005).
Only phylogenetically conserved miRNA targets with a context score ≤ −0.3, corresponding
to a log2 gene expression ratio of ≤ −0.3, as determined by multivariate linear regression
fitting of gene expression microarray data (Grimson et al. 2007, Friedman et al. 2009), were
used for gene-ontology (GO) analysis.

The predicted miRNA target genes were uploaded to the PANTHER GO database v. 7.0
(Thomas et al. 2003), which classifies genes according to GO terms, using published
scientific experimental evidence. Gene set enrichment analysis was performed, with the
NCBI mouse gene list serving as the reference whole-genome list. A binomial test was used
for pathway enrichment analysis.

Results
miRNA expression signatures induced by irradiation

A total of 119 mouse miRNA (out of an average 188 per sample that were amplified above
background level) were differentially expressed with P-values of less than 0.05. The
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differentially expressed miRNA were subjected to an FDR analysis, which controls for the
expected proportion of false positives (Benjamini and Hochberg 1995). The FDR was set to
0.07 which means that only 7% of the miRNA declared as differentially expressed are
expected to be false positives. After applying this restrictive adjustment, we determined that
26 miRNA were differentially expressed (FDR < 0.07, average P-value of 0.0002; Table I).
The differentially expressed miRNA were expressed in either one condition (77%) or
multiple conditions (23%). Notably, the majority of differentially expressed miRNA (79%)
were downregulated after proton irradiation.

The results from the power analysis show that we have relatively low power to detect 2-fold
differences between the compared experimental groups (geometric mean of 0.23). The
power improved for differences of 3-fold and over and is 0.69 for 3-fold differences, 0.88
for 4-fold differences, and 0.95 for 5-fold differences. Accordingly, 24 out of the 26
detected differentially expressed miRNA exhibit a radiation-induced up- or downregulation
of 3-fold or more.

Comparison of miRNA signatures for different types and energies of radiation
In a previous study using the same mouse strain (from the same vendor) and experimental
conditions, we assessed the miRNA response to γ-rays and 1 GeV/n 56Fe ions. As compared
to the 600 MeV proton irradiations, the prior 56Fe-ion particle exposures had comparable
relative biological effectiveness (RBE) magnitudes. Data in the previous study was
processed with the same criteria for statistical significance (Templin et al. 2011a). Based on
these factors, we believe that a reliable comparison between the two studies is possible. A
comparison of the differentially expressed miRNA shows that a total of 39 miRNA are
differentially expressed 6 h after irradiation with γ-rays, protons, or 56Fe ions and that 22
miRNA are differentially expressed 24 h after exposure to any of these three radiation types.
For each time point, 5 miRNA are differentially expressed upon exposure to either of two
different types of radiation, amounting to, respectively, 12.8% and 22.7% of all
differentially expressed miRNA at the 6 h and 24 h time point, but no miRNA are
differentially expressed in response to all three radiation types (Figure 1).

miRNA signature-based class prediction
The differentially expressed miRNA obtained in this study together with the miRNA
expression results obtained in our previous study were used to build classifiers in order to
test to what degree blood miRNA signature-based class prediction is able to indicate the
irradiation status of mice. The leave-one-out cross validation method was used to test the
robustness of the classifiers. In this method, all samples – except one – are used to build the
classifier, and the ability of the classifier to correctly predict the class membership of the
left-out sample is computed. This process is continued until each sample has been left out
once, and the parameters that characterize the performance of the classifier are based on the
overall ability of the classifier to correctly assign the samples to their respective classes.

Three parameters were calculated to gauge classifier performance: Accuracy, sensitivity,
and specificity. Accuracy is the percentage of samples correctly assigned to the class they
belong to. Sensitivity is the probability for a sample belonging to a class to be correctly
predicted as belonging to that class. Specificity is the probability for a sample not belonging
to a class to be correctly predicted as not belonging to that class.

Three different types of classifiers were created. The performance of these classifiers is
illustrated in Table II. The first classifier was designed to classify samples according to
radiation type (γ, proton, 56Fe, or control), irrespective of time point after irradiation and
radiation dose. Thirty-two miRNA were included in this predictor. This predictor correctly

Templin et al. Page 5

Int J Radiat Biol. Author manuscript; available in PMC 2013 March 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



classified 81% of the unknown samples, with specificities and sensitivities ranging from
0.583–1.00.

The second classifier was designed to classify samples according to the received proton
radiation doses irrespective of the time point after radiation exposure. This type of predictor
may be used for a sample known to be exposed to proton radiation. This predictor contained
3 miRNA (miR-292 - 3p, miR-379, and miR-667) and correctly classified 88% of the
unknown samples, with specificities and sensitivities ranging from 0.667–1.00. The third
classifier was designed to classify samples according to the time after receiving proton
irradiation. It can be used for a sample known to be exposed to proton radiation and
contained the same miRNA used in the dose prediction classifier. This predictor correctly
classified 83% of the unknown samples with specificities and sensitivities ranging from
0.778–0.889.

It is important to consider that class predictors can be employed in combinations. For
example, once the radiation type has been determined using this classifier, the miRNA
expression data obtained from blood samples can be further classified using separate
radiation type-specific predictors, such as the one for protons shown above or the γ ray-
or 56Fe ion-specific predictors we developed previously (Templin et al. 2011a). We
conclude that, in principle, blood miRNA expression profiles derived from C57BL/6 mice
can be used to correctly predict the type and dose of radiation received by the animal.

miRNA targets and gene ontology analysis
The goal of the GO analysis was to determine the physiological significance of radiation-
induced miRNA expression changes. This was a stepwise analysis, in which we initially
determined the genes that are targeted by the differentially expressed miRNA, followed by
GO analysis of the miRNA target genes. Radiation-induced miRNA expression changes in
total blood are the result of two factors: (i) Changes in blood cell composition (because of
cell killing) and (ii) cell-specific changes in miRNA expression. Therefore, a direct
comparison of expression data from irradiated and non-irradiated blood samples is difficult
because the cell composition in these two conditions is not the same, especially for high
doses (Niemoeller et al. 2011, Nikiforova et al. 2011). To avoid a misinterpretation of
expression data, we performed GO analysis of genes targeted only by those differentially
expressed miRNA that (i) had no detectable expression in the control samples, and (ii) were
switched on by radiation in the irradiated samples. The same strategy was used in our
previous work.

miRNA target genes were determined using TargetScan-Mouse v. 5.2. Only high-probability
target genes with context scores of ≤ − 0.3 and at least one conserved miRNA target site, as
defined by phylogenetic-tree analysis, were selected. Using these criteria, only conserved
target genes that were downregulated by at least 23% by the respective miRNA were
included as bona fide targeted transcripts.

GO analysis for biological process and molecular function was performed using the
PANTHER GO database v. 7.0 (Thomas et al. 2003). Since the PANTHER analysis
platform had been updated, commensurate with the expansion of published interactions of
signaling and effector pathways, we repeated the analysis of genes targeted by miRNA
switched on by γ or 56Fe irradiation. The results suggest that several biological processes
and molecular functions are modulated by the radiation-induced miRNA (Tables III and IV).
Very importantly, the biological processes and molecular functions most significantly
enriched in the predicted target genes of the switched-on miRNA were very similar among
to the γ, 600 MeV proton-, and 56Fe-irradiation conditions. A survey of target genes
suggests that up to 309 genes can be downregulated by the radiation-induced miRNA in the
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proton-irradiated group, 142 genes in the 56Fe ion-irradiated group, and 160 genes in the γ-
irradiated group. Also, 130 target genes were common to both the proton- and γ-irradiated
groups, while 52 genes overlapped in the proton- and 56Fe-irradiated groups. Finally, 80
genes overlapped in both γ- and 56Fe-irradiated samples. These findings highlight the
similarities and differences in the cell response to different types of radiation and
demonstrate that a characterization of radiation response biology can be obtained by miRNA
target analysis.

Discussion
In this paper we analyzed miRNA expression in the blood of mice irradiated with 600 MeV
protons. Our main finding is that proton irradiation induces changes in the miRNA signature
of whole blood and that these changes depend on the irradiation parameters. Another finding
is that miRNA expression profiles depend on radiation quality, i.e., every type of radiation
induces its own distinctive miRNA signature. And lastly, the GO results suggest that the
radiation-induced miRNA can be related through their target genes to similar GO categories.
A practical outcome of our study is that it is possible to develop miRNA-based statistical
classifiers. These classifiers exactly predict the radiation exposure of samples with
previously unknown irradiation status, providing information on both radiation quality and
dose. Overall, these results show that miRNA expression signatures can be used successfully
in radiation biodosimetry.

The specificity of miRNA signatures for γ, high-LET proton and 56Fe irradiation, described
in this study, is a new, but not surprising, finding. As shown over the last five years, miRNA
signatures are disease-specific and have diagnostic and prognostic value frequently
surpassing that of other methods. This is true for cancer (reviewed in Croce 2009, Ferracin
et al. 2010) as well as many other diseases (reviewed in Hebert and De Strooper 2009,
Latronico and Condorelli 2009, Nana-Sinkam et al. 2009, Kerr and Davidson 2010, Taft et
al. 2010). Therefore, every cellular process that is maintained by gene expression may have
specific miRNA expression signatures. Our findings provide more evidence that supports
this concept.

We found that 26 miRNA (14% of all detected miRNA) were differentially expressed in
mouse blood after 600 MeV proton irradiation. More miRNA were differentially expressed
upon exposure to the higher dose of 1.0 Gy, compared to the lower dose of 0.5 Gy, and more
miRNA were differentially expressed at the earlier time point of 6 h, compared to the later
time point of 24 h. These findings may be explained by the extent of irradiation damage and
concomitant repair. The differentially expressed miRNA fall into two categories: (1)
miRNA expressed in only one condition, and (2) miRNA expressed in multiple conditions.
Of the differentially expressed miRNA, 77% are specific to a particular radiation condition.
The remainder is expressed in two conditions (19%) or three conditions (4%). Most miRNA
are downregulated after proton exposure (79%), which may be explained by a combination
of radiation-induced changes in blood-cell miRNA expression and cell killing. Furthermore,
5 miRNA that change in response to proton irradiation are also differentially expressed upon
exposure to γ or 56Fe irradiation, at 6 or 24 h after radiation exposure. These findings
illustrate the complexity of the radiation response and the importance of miRNA in this
response. A comparison of the miRNA signatures obtained in this study and of the miRNA
signatures induced by equitoxic doses of low-LET γ and high-LET 56Fe radiation (Templin
et al. 2011a) shows that miRNA profiles are radiation type-specific. Consider that doses of
1.5 Gy γ, 1.0 Gy proton, and 0.5 Gy 56Fe irradiation have a similar RBE (Peng et al. 2009).
All these irradiations induce different miRNA expression signatures. Remarkably, a subset
of the differentially expressed miRNA becomes increased or decreased depending of the
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type of radiation used (Figure 1). Intriguingly, there is not a single miRNA that is modulated
by all three types of radiation.

The results presented here are in agreement with previous studies that showed differences
between gene expression signatures induced by low- and high-LET irradiation in cells and
tissues (Ding et al. 2005, Zhang et al. 2006, Matsumoto et al. 2008). It should be noted that
it would be useful for the use of miRNA in biological dosimetry to study the kinetics of
miRNA regulation over a longer period than was done in our studies. Since we also
examined the variables radiation type and radiation dose, we limited our studies to relative
short time points after irradiation (6 and 24 h), in order to keep the number of investigated
variables manageable. Cost constraints further limited the number of time points we were
able to investigate. Future studies will hopefully address the radiation-induced miRNA
response at longer time points after radiation exposure.

We attempted to cross-validate our results with other studies, but did not find any other
published work describing radiation-induced miRNA expression changes in mouse blood for
comparison. A comparison of our findings with radiation-induced miRNA expression
profiles in human cell lines and primary cells shows very little overlap, probably because of
differences in species, model system, cell type, and irradiation conditions (Maes et al. 2008,
Cha et al. 2009a, 2009b).

Condition-specific gene expression signatures are frequently used to build statistical
classifiers that can categorize unknown samples. Gene expression signatures of mouse and
human peripheral blood cells were successfully used to build radiation class-prediction
classifiers (Meadows et al. 2008, 2010, Paul and Amundson 2008). Based on the detected
differences in miRNA expression signatures, we developed classifiers that can be used as
predictors of exposure to γ-rays, protons or 56Fe ions. Our predictors classified the samples
quite well according to radiation type (accuracy of 81%), proton dose (accuracy of 88%) and
time after proton irradiation (accuracy of 83%). These classifiers encompass various
scenarios that require predictions about received radiation exposures. An advantage is that
the classifiers do not require a pre-exposure control sample because (i) all samples that were
used to develop the classifiers were derived from separate, independent organisms, and (ii)
the nearest-centroid classifiers that we developed are able to assign a radiation type and dose
to a sample with unknown irradiation status based on the absolute normalized expression
values (ΔCT values) of the miRNA contained in the classifier. It has to be noted, however,
that the miRNA used for class prediction are not necessarily radiation-specific. Differential
expression of miRNA as reported in this study might also be induced by other cellular
stresses, such as inflammation, reactive oxygen species, and cytotoxic chemicals (Simone et
al. 2009).

In addition to developing biodosimetric miRNA signatures, we identified biological
processes and functions potentially impacted as a result of miRNA induction caused by
radiation. The signaling networks that respond to this stimulus provide insights into the
physiological changes in mouse blood induced by proton irradiation. The GO analysis
results show that irradiation changes miRNA control of specific biological processes and
molecular functions, such as DNA binding, transcription factor activity, metabolic
processes, and others. There is a large overlap between the genes targeted in the γ-, proton-,
and 56Fe ion-irradiated blood samples. Accordingly, a similar pattern of signal transduction
developed as evidenced by the similarities in GO processes and functions. While the
overlapping set of genes is not identical, there is sufficient commonality, which indicates a
unified overall response to radiation. The evident differences among the target genes and
GO categories, depending on irradiation type, point to a precise discrimination of the
damage induced by the different types of radiation. Together, these results demonstrate a
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high level of resolution in the cellular response to radiation. Given that the determination of
the miRNA target genes was carried out by software analysis, we risk overstating the
significance of these findings. However, the rigorous and very conservative limits specified
in our analyses support the biological validity of our findings. Future work in this area will
include the validation of miRNA-mediated control of radiation response physiology.
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Figure 1.
Venn diagrams showing miRNA differentially expressed upon irradiation with γ-rays, 600
MeV protons, or 1 GeV/n 56Fe ions, regardless of radiation dose, at 6 h (A) or 24 h (B) after
radiation exposure. Areas of overlap among different circles depict miRNA differentially
expressed after exposure to either of two different types of radiation. Arrows indicate up or
down regulation of the specific miRNA after irradiation.
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Table II

Performance of class-prediction classifiers. Accuracy, sensitivity, and specificity of the class-prediction
classifiers designed to predict the irradiation type, proton-irradiation dose or time after proton irradiation
based on miRNA expression signatures.

Irradiation condition Accuracy Sensitivity Specificity

γ 81% 0.583 0.902

p 1 1

56Fe 0.75 0.902

Control 0.882 0.944

p 0.0 Gy 88% 1 0.833

0.5 Gy 1 1

1.0 Gy 0.667 1

p 6 h 83% 0.778 0.889

p 24 h 0.889 0.778

p = protons.
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Table IV

Molecular functions putatively activated by γ-, 600 MeV proton, and 1 GeV 56Fe irradiation. The first five
functions that showed the statistically most significant enrichment in the predicted target genes of the
switched-on miRNA, as well as the P-values of a binomial significance test, are shown.

Molecular function P-value γ P-value p P-value 56Fe

Nucleic acid binding 1.22E-09 4.84E-24 7.65E-09

DNA binding 1.66E-08 1.07E-26 3.05E-09

Binding 3.21E-08 4.82E-21 8.73E-08

Transcription factor activity 1.40E-07 1.13E-24 1.68E-07

Transcription regulator activity 1.40E-07 1.13E-24 1.68E-07

p = protons.
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