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Whole- or partial-body exposure to ionizing radiation
damages major organ systems, leading to dysfunction on both
acute and chronic timescales. Radiation medical counter-
measures can mitigate acute damages and may delay chronic
effects when delivered within days after exposure. However,
in the event of widespread radiation exposure, there will
inevitably be scarce resources with limited countermeasures
to distribute among the affected population. Radiation
biodosimetry is necessary to separate exposed from unex-
posed victims and determine those who requires the most
urgent care. Blood-based, microRNA signatures have great
potential for biodosimetry, but the affected population in
such a situation will be genetically heterogeneous and have
varying miRNA responses to radiation. Thus, there is a need
to understand differences in radiation-induced miRNA
expression across different genetic backgrounds to develop
a robust signature. We used inbred mouse strains C3H/He]J
and BALB/c mice to determine how accurate miRNA in
blood would be in developing markers for radiation vs. no
radiation, low dose (1 Gy, 2 Gy) vs. high dose (4 Gy, 8 Gy),
and high risk (8 Gy) vs. low risk (1 Gy, 2 Gy, 4 Gy). Mice
were exposed to whole-body doses of 0 Gy, 1 Gy, 2 Gy, 4 Gy,
or 8 Gy of X rays. MiRNA expression changes were identified
using NanoString nCounter panels on blood RNA collected 1,
2, 3 or 7 days postirradiation. Overall, C3H/HeJ mice had
more differentially expressed miRNAs across all doses and
timepoints than BALB/c mice. The highest amount of
differential expression occurred at days 2 and 3 postirradi-
ation for both strains. Comparison of C3H/HeJ and BALB/c
expression profiles to those previously identified in C57BL/6
mice revealed 12 miRNAs that were commonly expressed
across all three strains, only one of which, miR-340-5p,
displayed a consistent regulation pattern in all three miRNA
data. Notably multiple Let-7 family members predicted high-
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dose and high-risk radiation exposure (Let-7a, Let-7f, Let-7e,
Let-7g, and Let-7d). KEGG pathway analysis demonstrated
involvement of these predicted miRNAs in pathways related to:
Fatty acid metabolism, Lysine degradation and FoxO signaling.
These findings indicate differences in the miRNA response to
radiation across various genetic backgrounds, and highlights
key similarities, which we exploited to discover miRNAs that
predict radiation exposure. Our study demonstrates the need
and the utility of including multiple animal strains in developing
and validating biodosimetry diagnostic signatures. From this
data, we developed highly accurate miRNA signatures capable
of predicting exposed and unexposed subjects within a
genetically heterogeneous population as quickly as 24 h of
exposure to radiation. © 2023 by Radiation Research Society

INTRODUCTION

Acute whole-body exposure to even moderate doses of
ionizing radiation (>1 Gy) damages all cell types and can
lead to acute radiation syndrome (ARS) that manifests in
multiple organ systems (/—3). Survival permitting, untreated
ARS can cause delayed effects of acute radiation exposure
(DEARE) such as heart and lung fibrosis, as well as
radiation-induced cancers (4, 5), in the months to years after
exposure. Delivery of medical countermeasures within 24 to
48 h postirradiation may confer not only a survival advantage
from ARS but may delay the onset of DEARE. However, in
the event of widespread exposure from a radiological disaster
(e.g., nuclear reactor accident, dirty bomb explosion or
nuclear detonation), there will likely be scarce resources and
insufficient countermeasures, necessitating a method to
inform medical decision-making and efficiently distribute
limited resources (6).

Radiation biodosimetry correlates biological changes
with a physical dose of radiation and is used to guide
triage and allocation of resources in a widespread exposure
situation (7, 8). The current gold standard for biodosimetry
is the dicentric chromosome assay (DCA). While DCA has
demonstrated utility through its use in previous events like
Chernobyl and Fukushima (9-/7), its time-to-result and
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labor-intensive protocol limits its application in mass
screenings and demonstrates the need for more rapid,
high-throughput methods. Recent developments of assays
such as the protein-based Fluorescent Automated Screen-
ing Tool for Dosimetry (FAST-DOSE) and other blood-
based proteomic, metabolomic, and transcriptomic signa-
tures demonstrate improvements in biodosimetry methods
(12-19).

Assays based on microRNA (miRNA) expression
changes are of great interest due to their stability in room
temperature biofluids and their regulatory roles in the
radiation response (20—24). Recent work has demonstrated
the potential for circulating miRNA expression profiles to
identify radiation exposure (/7, 25-29). However, individ-
ual molecules often exhibit varying expression levels across
both dose and time after exposure and should therefore be
approached with caution. Given the large regulatory network
and abundance of interactions between miRNAs, long non-
coding RNAs, and mRNAs, an integrated expression signature
of blood based RNAs is likely to be more robust and shows
potential for use in radiation biodosimetry (24, 30, 31).

Establishing an accurate, integrated RNA signature for
biodosimetry will require an understanding of the factors
that cause differences in radiation responses across the
general population. Inherent to the radiation response is the
ability to repair DNA damage, which could be affected by
immune status, pre-existing conditions, and genetic back-
ground (32, 33). In mice, differences in radiosensitivity
across strains are apparent both in LD50 variation across
populations (34) and susceptibility of certain strains to
specific clinical pathologies, including radiation-induced
lung fibrosis or cancers (35, 36). Recent studies have
addressed differences in circulating gene and protein expres-
sion between mice with varying DNA repair mechanisms and
genetic backgrounds (36-39). Studies of differences in non-
coding RNA expression have focused on whole-thorax
irradiation (40), presenting a need to understand differences
in response to whole body irradiation (WBI) across several
strains of mice to employ the use of non-coding RNAs in
biodosimetry.

In an effort towards our development of an integrated
non-coding RNA signature for radiation biodosimetry, we
have expanded our previous work with blood-based miRNA
signatures from whole-body irradiated C57BL/6 mice by
profiling miRNA expression changes in two additional
strains, C3H/HeJ and BALB/c after whole-body exposure.
We analyzed the global miRNA response to radiation in each
of these strains and compared expression across all three
strains to improve our understanding of how baseline and
radiation-induced miRNA expression differs among a
heterogeneous population. Our goal was to create a proof
of concept that, despite the underlying heterogeneity of a
population, blood-based biomarker panels could aid in tiering
victims into categories. These categories would need to
differentiate between people who received a potentially lethal
dose and need immediate care (high risk, 8 Gy vs. 1 Gy,
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2 Gy, 4 Gy) compared to patients who received a higher dose
and need care (high dose, 4 Gy and 8 Gy vs. 1 Gy and 2 Gy),
enabling clinicians to deliver care more efficiently in scare-
resources situations.

MATERIALS AND METHODS
Whole-Body Irradiation

Female C3H/HeJ and BALB/c mice from 8-14 weeks of age
received whole-body exposure of 0 Gy (sham) or 1, 2, 4 or 8 Gy using
a Precision X-ray Irradiator cabinet at a dose rate of 3.59 Gy/min.
Animals were placed within plexiglass containers (with air holes)
allowing freedom of movement. Irradiation was done with 2 animals
per plexiglass container and the exposure was anterior/posterior (AP/
PA). The beam geometry entirely encompassed the plexiglass
container and previous dosimetry has validated beam uniformity
within acceptable ranges and in-run dosimetry was not carried out.
Dose rate was previously calibrated based on the procedures
described in American Association of Physicist in Medicine Task
Group Report 61 with regard to the following conditions: X-ray tube
potential was 300 kV, half-value layer was 0.8 mm copper, source-to-
surface distance was 50 cm. Dose rate was measured at 2 cm depth in
solid water phantom using a PTW model N23342 ion chamber
(Freiburg, Germany) and Inovisiont model 35040 electrometer
(Chesterfield, MI). Three to four animals per dose per timepoint for
each strain were included in this study.

Terminal Blood Collection from Mice using Cardiac Puncture

Blood samples were collected at 1, 2, 3, or 7 days postirradiation.
Mice were anesthetized with 2.5-5.5% isoflurane and approximately
500 pL of blood was drawn via cardiac puncture into RNA protect
animal blood tubes (QIAGEN, Germantown, MD). Samples were
inverted 8—10 times, incubated for 2 h at room temperature, and
stored at —80°C.

RNA Isolation and Purification

Total RNA was isolated from whole blood using the RNeasy
Animal Protect Blood Kit (QIAGEN). Briefly, blood cells were lysed
in the RNA Protect Animal Blood Tubes to release and precipitate
intracellular RNA. RNA and cellular debris were then pelleted and
washed once with RNase-free water before performing isolation
according to the manufacturer’s protocol. Total RNA was further
purified and concentrated using the Total RNA Purification Kit
(Norgen Biotek Corp, Thorold, Canada). Quantity and purity of the
RNA was assessed using a DS-11 Series Spectrophotometer/
Fluorometer (DeNovix, Wilmington, DE).

NanoString nCounter miRNA Panel

NanoString nCounter Mouse v1.5 miRNA Panels (NanoString,
Seattle, WA) were used to analyze blood-based miRNA expression.
These panels include unique nCounter Capture and Reporter probe
pairs for 578 well-characterized endogenous mouse miRNAs, 33 viral
miRNAs, and four endogenous reference controls (Actb, B2m, Gapdh
and Rpl19). Samples were prepared according to the manufacturer’s
protocol. Briefly, 100 ng of total RNA per sample was used to
prepare miRNA via ligation of sequence-specific tags onto the 3’ end
of target miRNAs and subsequent purification to remove non-ligated
tags. Samples were then hybridized to Reporter and Capture probes in
an overnight reaction at 65°C, followed by purification to remove
excess probes. Digital counts of miRNA sequences were performed
by scanning each hybridized sample on the nCounter Digital
Analyzer.
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Statistical Analysis of miRNA Expression Profiles

The nSolver Analysis software (NanoString) was used to normalize
raw miRNA counts and corrected for non-specific counts from the
NanoString miRNA panels. Normalization included the following
three steps: 1. Positive control normalization with respect to the
geometric mean of the positive control targets in each panel; 2.
CodeSet content normalization with respect to the geometric mean of
the top 100 expressed miRNA targets; and 3. Background thresh-
olding with respect to the geometric mean of the ligation negative
controls. After normalization, probes with counts at or below the
background level in all conditions were filtered out. For each miRNA
probe that passed the background cutoff, counts were averaged across
all samples and the standard deviation from this mean was calculated
for each sample. A 50th percentile cutoff for both the mean and
standard deviation was applied. Data were then analyzed using R
environment for statistical computing (https://www.R-project.org)
(41). Two-way analysis of variance (ANOVA) analysis was
performed to identify main effects of dose and time as independent
variables followed by false discovery rate (FDR) by Benjamini
Hochberg method (42). miRNAs are deemed significant at FDR <
0.05. To evaluate pairwise dose response effect at each time point,
one-way ANOVA followed by post hoc analysis by Dunnett’s test
was performed to compare multiple doses with control. Dose-specific
differential expression patterns at each timepoint (|[FC| > 1.5;
adjusted P < 0.05) were selected for further analyses. A summary
including the number of miRNAs that passed at each cut-off is given
in Table 1.

Comparative Analysis of C3H/HeJ, BALB/c, and C57BL/6 miRNA
Expression Profiles

Common doses and timepoints between the current study and our
previous study (24) were selected [0 Gy, 2 Gy, 4 Gy, 8 Gy; 1, 2 and
7 days after whole-body irradiation (WBI)] and normalized miRNA
data from each strain was subset accordingly. RNA from the prior
study (C57BL/6 mice) was assayed as previously described (24). Raw
data for C57BL/6 can be found in the Gene Expression Omnibus, an
NCI repository (GSE107057). One-way ANOVA followed by
Dunnett’s test was performed separately for each strain to identify
common differentially expressed miRNAs (JFC| > 1.5, P < 0.05)
across all three strains in at least one dose and timepoint.

Pathway Enrichment Analysis of Experimentally Verified mRNA
Targets of Common miRNAs

Radiation responsive miRNAs common to the three strains were
used to determine Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment using DIANA-miRPath v.3 (http://
diana.imis.athena-innovation.gr/DianaTools/) (43). Significantly reg-
ulated pathways by Fisher’s Exact Test were identified by P < 0.05.

Pooled Strain Prediction

To address if individual strains can be classified from pooled data
and generate easy to visualize decision rules, we used predictive
classification and regression trees (CART) (44) from Recursive
Partitioning and Regression Trees (rpart) package in R. The algorithm
of decision tree models works by repeatedly partitioning the data into
multiple sub-spaces, so that the outcome in each final sub-space is as
homogeneous as possible. This approach is technically called
recursive partitioning. The produced result consists of a set of rules
used for predicting the categorical variable, for classification trees,
and the decision rules generated by the CART predictive model are
visualized as a binary tree. Input to the model included pooled data
from three strains for common doses (0 Gy, 2 Gy, 4 Gy and 8 Gy) and
time points (1, 2 and 7 days). For each model we divided the data into
train (70%) and test (30%) samples. We chose three criteria to test the
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strain prediction for each time point selected: 1. irradiated vs.
unirradiated; 2. high dose (4 Gy, 8 Gy) vs. low dose (1 Gy, 2 Gy); and
3. viable (1 Gy, 2 Gy, 4 Gy) vs. high risk (8 Gy). To include the 3
days after whole-body exposure timepoint that was missing in pooled
sample data, we analyzed an additional model for day 3 using the two
strain data available (C3H/HeJ and BALB/c strains only).

Validation of miRNA using gRT-PCR

Due to limited sample quantity, BALB/c validation was not
possible. Validation of miR-150-5p and miR-23a was performed in
24h samples for C57BL/6 mice at 1 Gy, 2 Gy, 4 Gy, 8 Gy and sham
irradiated. No 48 h samples were available for C57BL/6 mice.
Validation of miR-150-5p and miR-23a-3p was done in 24 h and 48 h
samples for C3H/HeJ mice at 1 Gy, 2 Gy, 4 Gy, 8 Gy and sham
irradiated. For miR-92a-5p, miR-99a-5p and miR-223a-5p were
performed in 48 h samples for C3H/HeJ mice at 1 Gy, 2 Gy, 4 Gy, 8
Gy and sham irradiated. Since 48 h and 72 h showed the highest
differential expression between sham and irradiated animals, we
chose this time for the C3H/HeJ mice. Three samples from each time
and dose were used for qRT-PCR. Samples were validated using the
miRCURY LNA RT Kit (Qiagen, Cat. No./ID 339340) for cDNA
synthesis and miRCURY LNA SYBR Green PCR Kit (Qiagen, Cat.
No./ID 339345) per manufacturer protocols. The following miR-
CURY LNA PCR primers were purchased from Qiagen (Cat. No./ID
339306): miR-16-5p, miR-23a-3p, miR-92a-5p, miR-99a-5p, and
miR-223a-5p. Reactions were conducted in ABI QuantStudio and
analyzed with miR-16-5p as a known endogenous control (45). Fold
change was produced using this formula:

dCTmiRNA sampleA = CTmiRNA, sampleA — CTmiR—16—5p sampleA

ddCTmiRNA,sampleA = dCTmiRNA,sampleA - dCTmiRNA,conLrol sample

Fold ChangemiRNA sampleA — 2—ddCTmlRNA,sampleA

RESULTS

Circulating miRNA Expression after Whole-Body
Irradiation Differs between C3H/HeJ and BALB/c Mice

To understand changes in circulating miRNA expression
after irradiation, NanoString nCounter panels were used to
profile 578 well-characterized miRNAs in the blood of
C3H/HeJ and BALB/c mice collected on days 0-7 after
whole-body exposure to 1 Gy, 2 Gy, 4 Gy, 8 Gy or sham.
Overall, the number of differentially expressed miRNAs in
irradiated vs. control samples was higher in C3H/HeJ than
in BALB/c mice (Fig. 1 and Supplementary Table S1°
https://doi.org/10.1667/RADE-23-00007.1.S1), indicating
a potential difference in the sensitivity of the miRNA
response to whole-body exposure between these two
strains. Within this observation, the dose and time
distributions of significant miRNAs were similar across
both strains. Both strains exhibited increasing numbers of
miRNAs with increasing dose and a peak in differential
expression at day 2 after WBI, with 12, 22, 20 and 31
miRNAs in BALB/c and 11, 40, 82 and 92 miRNAs in

3 Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-23-00007.1) contains supplementary informa-
tion that is available to all authorized users.
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TABLE 1
Summary of Selection Criteria for Identification of Differentially Expressed, Blood-based miRNAs after
Whole-Body Irradiation

miRNA probes passed

Test performed C3H/Hel BALB/c
QC passed: 306 301
1. Probes below background filtered out
2. Probes within 50th percentile of standard deviation selected
Two-way ANOVA main effects (FDR < 0.05):
Time 40 11
Dose 57 13
One-way ANOVA and Dunnett’s test: Each dose vs. control at D1 D2 D3 D7 Dl D2 D3 D7
each time-point; P < 0.05 38 121 95 20 17 40 58 25

Note. All miRNAs were subject to QC criteria followed by one- and two-way analysis of variance to identify differentially expressed miRNAs

that change with respect to dose and time.

C3H/HeJ mice 2 days after WBI of 1 Gy, 2 Gy, 4 Gy and
8 Gy, respectively (Fig. 1A). C57BL/6 mice showed a peak
in shared miRNAs that were differentially expression at
day 2 after WBI with 51 miRNA showing altered
regulation across all doses; however, 7-day samples
showed the most changes in miRNA expression at each
dose (2 Gy, 4 Gy, 8 Gy and 12 Gy) (46). The overlap of
miRNAs commonly expressed in C3H/HeJ and BALB/c
strains was highest in 4 and 8 Gy irradiated mice, regardless
of time after exposure, and 2 and 3 days after WBI,

regardless of the dose (Fig. 1B and C). At other doses and
timepoints, few miRNAs were significantly expressed in both
C3H/He] and BALB/c mice. After 1 Gy, neither strain
showed any differential expression after 7 days, with minimal
change after 3 days suggesting a shorter timescale and faster
return to baseline for miRNA expression after a low dose of
radiation, regardless of strain. All three strains (BALB/c,
C3H/HelJ and C57BL/6) showed some continued alterations
in miRNA expression at 7 days in 4 and 8 Gy samples
(Fig. 1) (46). PCA analysis of the miRNA expression data

A [ C3H/HeJ [ BALB/c
1Gy 2 Gy 4 Gy 8 Gy
" 1001 b 92
< 81 82
22 80 7 . T
E ﬂ_ﬁ 61
E E 60 4 - - B
[ -]
o O
£ $ 404 1 1 s
ag 21
[ 20f1 18 i
ou%-zo- 13 1211 m DI]’V 66
w15 4o oo 12 AR i om
1 2 3 7 1 2 3 7 1 2 3 7
Time Post-WBI (d)
1 Gy 2 Gy 8 Gy
C3H/HeJ BALB/c C3H/HeJ BALB/c C3H/HeJ BALB/c C3H/HeJ BALB/c

Cc

C3H/HeJ BALB/c C3H/HeJ BALB/c

C3H/HeJ C3H/HeJ

FIG. 1. Differential miRNA expression is most pronounced two days after WBI for C3H/HeJ and BALB/c
mice. Panel A: For each strain, the number of differentially expressed miRNAs in irradiated samples vs. control
samples was identified across all doses at each timepoint using one-way ANOVA. Overlap in expression
between the two strains was determined for each (panel B) dose and (panel C) timepoint.
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further highlights the similarities of expression patterns
of 4 Gy and 8 Gy-exposed animals at days 2 and 3 after
WBI, as these samples clustered together for both C3H/
HeJ and BALB/c mice (Supplementary Fig. S1A and B;
https://doi.org/10.1667/RADE-23-00007.1.S2). While
the remaining C3H/HeJ samples formed a distinct cluster
away from the 4 Gy and 8 Gy samples at days 2 and 3
after WBI, at day 7 postirradiation BALB/c mice that
received 8 Gy of radiaiton also clustered with the two-
and three-day samples, demonstrating a potentially more
prolonged response from the higher doses in BALB/c
mice.

Radiation-induced miRNA Expression is Regulated in a
Time- and Dose-Dependent Manner

For each strain, we performed two-way ANOVA to
understand the independent effects of dose and time on
miRNA expression, selecting probes with a dose or time
FDR <0.05. In C3H/HeJ and BALB/c strains, miRNA
expression changed more in response to dose than to time,
with 57 and 20 miRNAs having dose-dependent expression
changes in C3H/HeJ and BALB/c mice, respectively (Fig.
2A and Supplementary Table S2; https://doi.org/10.1667/
RADE-23-00007.1.S3). Both strains also had a relatively
high overlap of miRNAs that showed both dose- and time-
dependent changes (31 in C3H/Hel] and 7 in BALB/c),
suggesting that while different dose exposures may be the
primary factor driving miRNA regulation, the expression
changes over time are also significant for many of these
miRNAs. Additionally in both strains, 1 Gy and 2 Gy
samples generally showed only slight increases or decreas-
es in expression across all time points, while 4 Gy and 8 Gy
samples had the most pronounced changes in expression
magnitude (Fig. 2B and C). In C3H/HeJ samples, about
half of the dose-dependent miRNAs showed a dose-
responsive increase in relative expression, while the other
half showed a dose-responsive decrease (Fig. 2B). Nearly
all these miRNAs exhibited a peak in expression magnitude
at days 2 and 3 after whole-body exposure, with similar
patterns observed in the C3H/HeJ time-dependent miRNAs
(Supplementary Fig. S2A; https://doi.org/10.1667/RADE-
23-00007.1.S4). We saw a similar peak at day 2 after
whole-body irradiation in our C57BL/6 data (46). In
BALB/c samples, relative expression patterns in dose- and
time-dependent miRNAs showed the highest relative
expression in the control, followed by a decrease in
expression over time (Fig. 2C and Supplementary Fig.
S2B). This is evident by looking at the expression patterns
over time of the top five dose-responsive miRNAs in
BALB/c mice. Three miRNAs, miR-16, -142 and -1937a/b,
exhibit detectable expression levels in 0 Gy samples but
drop below detection limits at days 2 and 3 after WBI in 2,
4, and 8 Gy samples before increasing closer to baseline
expression levels at day 7 (Supplementary Fig. S2C). In
contrast, the top differentially expressed miRNAs in C3H/
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Hel] mice exhibit a significant increase in response to
irradiation at these timepoints before returning to baseline
after 7 days (Supplementary Fig. S2D).

Differentially Expressed miRNAs Play Roles in Regulation
of Metabolism and DNA Repair

To understand potential differences and similarities in
function of the differentially expressed miRNAs in C3H/
HelJ and BALB/c strains, we used DIANA-miRPath to
identify gene targets of the miRNAs and their involvement
in KEGG pathways. We found that the miRNAs in both
strains regulate genes in 43 common pathways (Fig. 3A).
Metabolic pathways such as fatty acid biosynthesis, fatty
acid metabolism, and N-glycan biosynthesis were among
some of the most significant pathways identified in both
strains (Fig. 3B). These results highlight that while the
expression of specific miRNAs differs between C3H/Hel
and BALB/c mice after WBI, both strains likely undergo
dysregulation of similar pathways related to DEARE (4, 5).

We also sought to determine how alterations in miRNA
may impact DNA repair after radiation injury. Prior data
was used to choose miRNA of interest related to DNA
repair and damage response (47, 48). Briefly, some miRNA
including miR-34a, -100, -101, -193, -421, and -192, which
have previously been associated with DNA repair did not
show significant changes in expression in either mouse strain
(data not shown). However, miR-16, -29a, -29b, -29¢, -183,
-210, -125-5p, -21, -194 -148a and -148b show differential
expression after radiation injury in C3H/HeJ (Fig. 3C). In
BALB/c mice the miRNAs miR-29¢ and -125a-5p had at least
one sample at background expression levels for all doses and
times (Fig. 3D). Notably, dysregulation of DNA repair-related
miRNA:s is largely resolved in C3H/HelJ mice by 7 days while
downregulation of miRNAs seems to continue through this
timepoint for BALB/c mice.

Comparative Analysis of Differential miRNA Expression in
the Blood of C57BL/6, C3H/HeJ and BALB/c Mice

We previously used microarray analysis to identify
changes in blood-based miRNA expression in C57BL/6
mice and identified a 23-miRNA signature that can
distinguish irradiated from unirradiated mice (24). To
understand similarities and differences in the miRNA
expression profiles of C57BL/6, C3H/HeJ, and BALB/c
mice, data from each strain were subset to include only 0
Gy, 2 Gy, 4 Gy, and 8 Gy doses at days 1, 2, and 7, which
were the common conditions across all three strains. One-
way ANOVA followed by Dunnett’s test for each data
subset from each strain yielded the significantly regulated
miRNAs at these doses and timepoints. Comparison of the
three separate ANOVA analyses revealed that 12 miRNAs
were significantly regulated in at least one dose and
timepoint in C3H/HeJ and BALB/c mice (Supplementary
Fig. S4A; https://doi.org/10.1667/RADE-23-00007.1.S5),
as well as C57BL/6 mice from our previous study (24). As
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FIG. 2. Dose-dependent changes in blood-based miRNA expression are more significant than time-dependent changes after WBI. Panel A:
Venn diagrams for C3H/HeJ and BALB/c strains display results of the two-way ANOVA that identified the number of miRNAs differentially
expressed in dose- and time-dependent manners (FDR < 0.05). Panels B and C: Heatmaps and hierarchical clustering of miRNAs display
relative expression of miRNAs that were most significantly regulated by changes in dose, independent of time, for (panel B) C3H/HeJ and (panel
C) BALB/c mice. Color scales represent abundance of miRNAs after normalization with z-scoring across rows of the heatmap.

seen in the individual strain analyses, the most prominent
expression changes occurred at day 2 postirradiation across
all strains. By day 7 postirradiation, most expression levels
returned to basal levels except for 8 Gy irradiated BALB/c
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mice, which showed persistent downregulation of § of the
miRNAs. Across all doses, no miRNAs were commonly
expressed in all three strains at day 7. Notably, four
miRNAs exhibited contrasting differential expression
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FIG. 3. Significantly regulated miRNAs play roles in similar pathways in C3H/HeJ and BALB/c mice. Panel A: Venn diagram displays
overlap in pathway involvement between C3H/HeJ and BALB/c mice. DIANA-miRPath was used to identify pathway involvement of dose-
dependent miRNAs in C3H/HeJ and BALB/c mice. Panel B: Pathways predicted to be most significant in both C3H/HeJ and BALB/c mice.
Dashed line indicates P-value threshold (P < 0.05). Panels C and D: miRNAs related to DNA repair with at least one differentially expressed
time point and dose are shown in heatmaps for (panel C) C3H/HeJ and (panel D) BALB/c mice. Data shows fold change of irradiated mice
compared to 0 Gy controls indicated by color scale (FC > 2 or < 0.5, P < 0.05).

patterns in BALB/c and C3H/HeJ. Of the four, miR-92a-
3p, miR-223-3p, and miR-191-5p were upregulated in
C3H/HelJ and C57BL/6 [Supplementary Fig. S4A (46)] but
down regulated in BALB/c. The fourth miRNA, miR-20a-
5p, was downregulated in BALB/c and C57BL/6 but
upregulated in C3H/HeJ. Pathway analysis indicates these
12 miRNAs are involved in lysine degradation, the hippo
signaling pathway and the insulin signaling pathway
among others (Supplementary Fig. S4B). We sought to
validate these Nanostring results through qRT-PCR. Due to
limited quantities of RNA, we validated only C3H/Hel
samples at 48 h since this was the time point with the
highest differential expression. As miR-150-5p has previ-
ously been identified as a useful radiation biomarker in
prior studies, including our own, we sought to validate
miR-150-5p in C3H/HeJ and C57BL/6. In Supplementary
Fig. S4B we show decreased expression of miR-150-5p in
C57BL/6 at 24 h as anticipated, in the 4 Gy and 8 Gy
samples. We also see a significant decrease in miR-150-5p
at 4 Gy but not 8 Gy in the 24 h C3H/HeJ samples but
observed no significant changes in the C3H/HelJ samples at
48 h (Supplementary Fig. S4C and D), respectively. We
chose several miRNA that we noted were differentially
expressed in C3H/HeJ and Balb/C strains (Supplementary
Fig. S3; https://doi.org/10.1667/RADE-23-00007.1.S6).
These miRNA are shown in Supplementary Fig. S4D
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(https://doi.org/10.1667/RADE-23-00007.1.S5) for qRT-
PCR and Supplementary Fig. S4E for Nanostring. Fold
change for qRT-PCR of select miRNA: miR-99a-5p, miR-
92a-3p, miR-150-5p, miR-223-5p, and miR-466j compar-
ing irradiated samples to control are shown with asterisks
(*) to mark significant (fold change > 1.5, P < 0.05)
changes. Similar overall trends are observed between qRT-
PCR and Nanostring samples for miR-99a-5p, miR-92a-3p,
miR-150-5p and miR-223-5p. However, for miR-466j we
observed downregulation in the Nanostring results and
upregulation in the qRT-PCR. We observed tighter
expression changes between samples for qRT-PCR com-
pared to Nanostring.

Pooled miRNA Expression Data Enables Decision Tree
Model that Distinguishes Irradiated from Unirradiated
Subjects with High Accuracy

Our goal is to develop a robust RNA signature to be used
for radiation biodosimetry. We therefore sought to
determine whether we could identify a set of miRNAs that
could differentiate exposed from unexposed mice, inde-
pendent of strain, with the secondary goal of parsing out
mice that received low (1 Gy, 2 Gy) from high doses (4 Gy,
8 Gy) and those that would be deemed viable (1 Gy, 2 Gy,
4 Gy) from those at high risk (8 Gy) after exposure. We
pooled the expression data of all three strains and used
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recursive partitioning to develop a tree model consisting of
multiple miRNAs at each timepoint that could determine
radiation exposure and risk levels of mice. Our tree models,
a supervised learning algorithm, were designed to use
miRNAs to differentiate between two categories, e.g.,
radiation or no radiation. In the context of this model, an
important variable or feature is any miRNA that was
selected to split during the tree building process, and how
much the squared error (over all trees) improved (decreased)
as a result. In the end we kept the miRNAs selected by the
model that are relevant for the classification. Samples were
pooled and then tested to differentiate radiation vs. no
radiation or other categories. As such, C3H/HeJ, C57BL/6,
and BALB/c mice that received radiation were combined.
Overall, samples from irradiated groups showed similar
trends, allowing the decision tree to categorize them with
high accuracy, despite strain heterogeneity. Notably, while
the expression patterns of many of the individual miRNAs
from pooled samples did not show significant differences
between irradiated and control samples (Fig. 4), a combina-
tion of miRNAs predicted exposed from unexposed mice
with 100% accuracy at days 1 and 2 after WBI (Table 2).
Figure 4A shows those most important for predicting
exposed vs. unexposed, Fig. 4B showing those most
important for distinguishing low vs. high dose, and Fig. 4C
showing the most important miRNAs for predicting viable
vs. high-risk exposure.

Differences between strains and their expression of
miRNAs was notable, however, this did not prevent us
from developing statistically significant predictions. At day 1,
miR-19a, miR-16, and let-7f were the most important miRNA
for developing a tree model to predict exposed vs. unexposed
across all strains (Table 2). By day 2, miR-326, miR-148a and
let-7a were most important. By day 7, statistical significance
could not be reached and a set of miRNAs from our data
could not reliably predict which mice had been exposed to
radiation. Our miRNA signatures were also less reliable when
predicting more specific populations beyond exposed and
unexposed. At day 1 our test miRNA cluster showed a 66%
accuracy in differentiating between animals receiving high
and low doses with miRNAs let-7a, let-7e, miR-130D,
miR-132, miR-19a, miR-222 and miR-301a being most
important for this signature. As expected, based upon our
initial tree model for predicting exposed from unexposed
subjects, the day 7 miRNA expression data failed to reliably
predict differences between high and low doses of radiation
and viable and high-risk subjects. Prediction of high-risk dose
exposure could only be assessed at day 1 postirradiation (P <
0.0082), with miRNAs let-7a, let-7d, miR-1224, miR-19a,
miR-320, and miR-328 being most important for developing
this prediction.

We next sought to determine if the three day postirra-
diation timepoint would be useful in developing predic-
tions, as this was a timepoint with peak expression of many
miRNAs in BALB/c and C3H/HeJ mice (Fig. 1). To do
this, we used only our BALB/c and C3H/HeJ data to
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develop prediction trees at days 1, 2, 3, and 7 postirradi-
ation, still focusing on exposed vs. unexposed, low dose vs.
high dose, and viable vs. high-risk exposure (Supplemen-
tary Table S3; https://doi.org/10.1667/RADE-23-00007.1.
S7). Interestingly, removing the C57BL/6 mouse data led
to decreased accuracy and non-significant P values for our
exposed vs. unexposed markers, with the pooled data
decision tree showing P = 0.0625 on days 1 and 2. The
two-strain prediction at day 2 for low dose vs. high dose
was more accurate and had a lower P value than the day 2
prediction with 3 strains. Both the 2- and 3-strain
prediction models used miR-15b and let-7a (Table 2 and
Supplementary Table S3). Interestingly, when only C3H/
HeJ and BALB/c mice were used for prediction miR-374
became important in both predicting exposed vs. unex-
posed, low dose vs. high dose, and viable vs. high risk. This
miRNA regulates cell growth and differentiation in normal
tissue through multiple mRNA targets involved in the
PI3K/AKT pathway (49).

Finally, we wanted to understand how the miRNAs in
our prediction signatures may be relevant to biological
pathways and processes, giving potential insight into the
biological mechanisms of the miRNA response to radiation
across the pooled population. We performed pathway
analysis using the miRNAs most important to the prediction
signatures that defined exposed vs. unexposed (Fig. 5A),
high- vs. low-dose irradiation (Fig. 5B), and high-risk vs.
viable subjects (Fig. 5C). Notably, lysine degradation, fatty
acid metabolism, and proteoglycans in cancer are shown
across different categories and times. This suggests that while
the same miRNAs are not always dysregulated at all time
points, the impact of radiation on pathway regulation remains
consistent.

DISCUSSION

Early identification of radiation exposure after a nuclear
disaster is crucial for efficient allocation of resources and
may enable mitigation of DEARE. While mouse models
are widely used to develop assays for radiation biodosim-
etry, it is well established that proteomic, genomic, and
metabolomic responses to radiation can vary greatly across
genetic backgrounds and strains.

Based on our previously published miRNA signature
identified in the blood of C57BL/6 mice, we sought to
understand how circulating miRNA expression differs
across other commonly used mouse strains, radioresistant
C57BL/6J and C3H/HelJ, and radiosensitive BALB/c, and
whether common miRNAs could successfully sort irradi-
ated from unirradiated subjects to aid in development of a
robust signature for radiation biodosimetry. Our previous
work with C57BL/6 mice found that blood-based miRNA
expression changes are most significant at day 2 after WBI,
with very few miRNAs maintaining differential expression
after 7 days (24). The present study confirms this pattern in
both C3H/HeJ and BALB/c mice, and expands upon the
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FIG. 4. Differential expression of individual miRNAs important for prediction signatures show no
significant differences between irradiated and unirradiated mice. Box plots show mean expression of the most
important miRNA across all strains at days 1, 2, and 7 after WBI in each prediction model: (panel A) irradiated
(RT) and unirradiated (Cont) mice; (panel B) Cont, high dose (4 and 8 Gy), and low dose (2 Gy); and (panel C)

Cont, high risk (8 Gy), and viable (2 and 4 Gy) mice.

time course by showing a similar number of differentially
expressed miRNAs in both strains at day 3 after WBI
compared to two days. Additionally, we confirmed the
dose-responsive nature of miRNAs across these strains,
with more frequent and prolonged expression changes at
higher doses such as 4 Gy and 8 Gy. Interestingly, the
expression of specific miRNAs varied greatly across
strains, with relatively few miRNAs commonly expressed
in the blood of all three strains in at least one condition. It
is evident that there is substantial variability in the
expression of specific miRNAs when comparing these
three strains. Notably, while we saw a decrease in miR-
150-5p, a lymphocyte marker and negative regulator of
inflammation, after 4 Gy and 8 Gy doses in C57BL/6
samples at 24 h, we did not see a decrease in expression in
our C3H/HeJ samples at 48 h. In the sub-strain C3Hf/Sed/
Kam, researchers required 13.92 Gy whole-thorax exposure
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to decrease the expression of miR-150-5p by day 2 (50).
This may be related to the impaired immune system of
C3H/HeJ mice who are Lps™', TLR4 deficient (57). It
highlights the importance of using multiple biomarkers to
establish both dose and triage methods in a heterogenous
population that may include the immune compromised.

Prior research has shown that the more radiosensitive
BALB/c strain exhibits higher expression of y-H2AX and
greater numbers of micronuclei in skin tissue at day 7 after
10 Gy WBI compared to C3H/HeJ and C57BL/6 mice (52).
Similarly, y-H2AX foci showed slower DNA repair kinetics
in ex vivo lymphocytes after irradiation in BALB/c compared
to C57BL/6 mice; this is attributed to mutations in the DNA-
PKcs enzyme in the non-homologous end-joining (NHEJ)
pathway of BALB/c mice (53, 54).

We also observed differences in expression of DNA
repair-related miRNAs between the BALB/c mice and
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TABLE 2
Three-strain Tree Model Summary

Time after ~ Test data accuracy
Model WBI (95% CI) P Important miRNAs by tree model (score)
Exposed vs. unexposed Day 1 1 (0.5407, 1) 0.015  mmu-miR-19a (100), mmu-miR-16 (78.59), mmu-miR-let-7f (69.08)
Day 2 1 (0.5407, 1) 0.015 mmu-miR-326 (93.96), mmu-miR-148a (54.562), mmu-miR-let-7a
(23.189)
Day 7 0.66 (0.2228, 0.9567) 0.34 mmu-miR-let-7a (100), mmu-miR-16 (73.53), mmu-miR-99a
(59.88)
Low dose vs. high dose Day 1 0.66 (0.2993, 0.9251) 0.042 mmu-let-7a (100), mmu-let-7e (85.50), mmu-miR-130b (26.40),
mmu-miR-132 (30.59), mmu-miR-19a (32.96), mmu-miR-222
(97.61), mmu-miR-301a (36.47)
Day 2 0.66 (0.2993, 0.9251) 0.042 mmu-let-7a (41.273), mmu-let-7g (100), mmu-miR-15b (80.90),
mmu-miR-326 (43.94)
Day 7 0.33 (0.0749, 0.7007) 0.62 mmu-let-7a (65.76), mmu-miR-1224 (22.16), mmu-miR-223
(94.25), mmu-miR-29c¢ (44.042)
Viable vs. high risk Day 1 0.777 (0.3999, 0.9719) 0.0082 mmu-let-7a (33.66), mmu-let-7d (24.73), mmu-miR-1224 (69.40),
mmu-miR-19a (42.13), mmu-miR-320 (10.61), mmu-miR-328
(62.65)
Day 2 0.444 (0.137, 0.788) 0.35 mmu-let-7a (37.30), mmu-let-7f (24.80), mmu-miR-130b (31.32),
mmu-miR-326 (88.84), mmu-miR-484 (29.83)
Day 7 0.333 (0.0749, 0.7007) 0.62 mmu-let-7a (45.73), mmu-miR-132 (100), mmu-miR-148a (39.65),

mmu-miR-200c¢ (7.456), mmu-miR-223 (35.94), mmu-miR-322
(71.73)

Note. Tree model summary. Table showing time, prediction purpose (exposed vs. unexposed, high dose vs. low dose, or high risk), accuracy
and 95% confidence interval, P value, and most important miRNAs used to develop the prediction across 3 mouse strains (C3H/HeJ, BALB/c

and C57BL/6).

C3H/HeJ mice. Notably, multiple miRNAs remained
downregulated at day 7 after 8 Gy irradiation in BALB/c,
whereas C3H/HeJ mice showed a return to baseline
expression by this timepoint. While miR-148a, -148b,
-183, -210, and let-7a are negatively associated with
homologous recombination and their upregulation leads
to downregulation of DNA-repair genes BRCA1/2, RADS0,
and RADS51 [55]. This is an interesting result considering we
see upregulation of several of these miRNAs in BALB/c
samples. While the NHEJ pathway has previously been
considered inefficient in BALB/c mice due to the DNA-PKcs
mutation, no studies have previously highlighted potential
disruption of homologous repair in these mice after radiation
injury.

Several key miRNAs identified in our study have also
been implicated in other pathways. Namely, miR-29 family
members regulate fibrinogen, and their downregulation is
associated with fibrosis in the liver and end stage heart
failure (56), which are chronic effects of radiation.
Interestingly, miR-148a/b-3p is downregulated in endothelial
cells compared to umbilical cord cells, and this downregu-
lation is necessary for endothelial cell differentiation and
increased angiogenesis through NRP1 and VEGEF, respec-
tively (57). Downregulation of miR-210 is also associated
with endothelial cell dysfunction and reactive oxygen species
upregulation in rat aorta (58). Taken together, the observed
downregulation of these miRNAs in our data could potentially
be early indicators of long-term response to radiation, though
further investigation is needed.

While an overall return to baseline expression was
observed for most miRNAs in the blood of C3H/HeJ mice
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by day 7, BALB/c mice continued to show many altered
miRNA at day 7 postirradiation in 4 and 8 Gy samples
(data not shown). We acknowledge that miRNA in the
tissues of these mice may still be dysregulated as prior
reports have shown, and that C3H mice are known to
develop lung fibrosis months after irradiation, which is
undoubtedly due to continued changes in RNA after
irradiation. Our data does not conflict with other reports,
rather we highlight differences in our mouse strains’ responses
to radiation injury. The animal model chosen for radiation
injury will impact RNA response. Our goal was to show that
despite these strain- or species-specific changes, we could still
find universal miRNA markers that could be seen across
groups as a method to mirror human heterogeneity.

KEGG pathway analysis was performed to understand
the predicted functions of miRNAs relevant to predicting
general radiation exposure, high-dose exposure, and high-
risk exposure. Interestingly, the fatty acid metabolism, fatty
acid biosynthesis, and fatty acid degradation pathways are
dysregulated in all strains within predicted miRNAs in at
least one time point. Interestingly, non-human primates
showed changes in diacylglycerol and triacylglycerol
composition in blood 7 days after WBI (2, 4, 6, 7 and 10
Gy) which was previously linked to inflammation and
apoptosis (59). The impact of anticipated alterations in
lysine degradation according to changes in miRNA require
further study; however, prior research has indicated that
high levels of lysine taken orally are correlated with
improved healing of oral mucositis in patients after
radiation exposure, can protect kidney structures from
damage due to hypertension, and can regulate fatty acid
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FIG. 5. Pathway analysis of miRNAs important for predictive
signatures. DIANA tools miR-path was used to predict pathway
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synthesis through formation of chemical conjugates with
malonyl-CoA (60, 61). Because miRNAs are known to
have multiple gene targets based on various factors such as
tissue type and species, future mechanistic studies to
understand how these miRNAs regulate the identified
KEGG pathways and DNA repair must be undertaken.

In addition to involvement in KEGG pathways, several of
the common miRNAs identified in C3H/HeJ and BALB/c
alone have been reported for their involvement in radiosen-
sitization and general response to radiation. Specifically, miR-
20a may promote radioresistance by targeting Notch signaling
via NPAS2, which regulates apoptosis, cell cycle, and DNA
damage response pathways (62). Both miR-19a and miR-142-
Sp are associated with regulation of inflammatory pathways
and were differentially expressed in rat blood at two weeks
after 15 Gy whole-thorax irradiation (63, 64). Additionally,
miR-142-5p has been shown to increase expression of pro-
fibrotic genes and M2 macrophage polarization to promote
murine lung fibrosis (65), which is a major concern in terms
of the chronic effects of radiation exposure.

Specific expression data may not directly contribute to
our development of a universal test to determine the objective
dose of exposure. However, these miRNA biomarkers may be
useful in creating a medical triage decision tree. For example,
in the more radiosensitive BALB/c mice, miR-210 dropped
close to background levels through day 7 after 8 Gy WBI,
while C3H/HeJ mice showed no significant change in
expression of this miRNA. Significant, prolonged downreg-
ulation like this could be an indication that the BALB/c
mouse will not survive without intervention, and therefore
warrants further investigation into its utility as a biomarker.
Furthermore, these discrepancies in miRNA expression
between the sensitive and resistant strains have potential to
predict who is more likely to require urgent care vesus routine
follow-up. Further, differences in relative resistance as
determined by reported LD50/30 for each strain may explain
the difficulty in differentiating miRNAs altered at 1 Gy, 2 Gy,
4 Gy (viable) vs. 8 Gy (high risk) but allow for differentiation
between low dose (1 and 2 Gy) compared to high dose (4 Gy
and 8 Gy) (66-69). After a 4 Gy dose, BALB/c mice may
already be succumbing to radiation injury, while C3H/Hel
and C57BL/6 are surviving.

We aimed to understand variation in radiation-induced
miRNA expression across a genetically heterogeneous
population by comparing expression profiles of C3H/HelJ,
BALB/c, and C57BL/6 mice. Our study demonstrated that
even across these diverse strains, we were able to predict
with high accuracy exposed vs. unexposed mice at one and
two days postirradiation. This highlights that early analysis
is key to discerning irradiated subjects and that waiting until
7 days after exposure may be too late to accurately predict
results, underscoring the time-sensitivity of miRNAs.

There has been recent interest in identifying extracellular
miRNA that can be used as bio-markers for disease. While
a non-invasive procedure would be preferable for a patient,
miRNA in blood are typically of low abundance.



miRNA MARKERS FOR RADIATION EXPOSURE PREDICTION ACROSS 3 MOUSE STRAINS 277

Development of clinically useful miRNA profiling platforms
for accurate diagnosis requires that variability across samples
due to batch effect, pre-processing, and normalization
methods, be reduced to a minimum. Prior studies of different
miRNA profiling platforms have been performed to discern
which techniques are most useful (70, 77). Unlike RT-PCR or
RNAseq, Nanostring does not use reverse transcription or
amplification, which produces an exponential phase data
points (72). Nanostring relies on capture probes that bind to
target RNA and a reporter probe which acts as a molecular
barcode (73). A scanner then counts each individual molecule.
In one study looking at genes relevant to interferonopathy,
Nanostring and qRT-PCR results showed a high correlation
R2 = 0.87, though some genes showed opposing differential
regulation between these platforms (74). Our results, and
those of others indicates that Nanostring may be a useful “first
pass” tool for biomarker discovery, to be followed with
validation through qRT-PCR.

While this study improves upon previous research of
miRNA expression by comparing three strains of mice, our
study is not without limitations. The conclusions we can
draw about heterogeneity of radiation response across
genetic backgrounds is limited by the selected strains of
mice we used. Future murine studies should expand this
number to include both males and females of inbred (e.g.,
CD2F1), and outbred strains (e.g., CD-1), due to their
reported differences in radiation sensitivity (75). Addition-
ally, while C3H/HeJ, BALB/c, and C57BL/6 have been
reported to exhibit differences in their DNA repair
pathways, immune response, protein synthesis rates, and
hemostatic conditions (76—79), studying the effect of each
of these factors individually on the miRNA expression
could greatly improve our understanding of the RNA
response to radiation. Furthermore, although they are
beneficial for initial studies, mouse models are inherently
limited by their limited translatability to humans. Future
studies for identification and validation of biomarker
signatures should be conducted in higher-order animal
models like minipigs or non-human primates, which
possess more genetic diversity and more closely recapit-
ulate certain aspects of the human response to radiation.
Additionally, the miRNA panels used to identify expres-
sion in the C3H/HeJ and BALB/c mice profiled 578
miRNAs compared to over 3,000 profiled in our previous
C57BL/6 study. While the 578 miRNAs were the most
characterized, it is possible that the low overlap of common
miRNAs and significant predictive features across all three
strains was limited by this difference and therefore a larger
screen should be performed.

CONCLUSION

This study provides evidence that exposure to radiation
does not elicit a uniform response across C3H/Hel,
BALB/c, and C57BL/6 mice, underscoring the need to
consider variations in genetic background in the devel-
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opment of radiation biodosimetry signatures. These
signatures must be readily available, accurate, and time
specific. In a mass casualty scenario, health care systems
ideally should be able to test many people within 48 h, but
dire situations could result in testing delays for some
victims, necessitating an understanding of biomarkers at
later timepoints. While variable across strains, the
identification of differentially expressed miRNAs across
all strains demonstrate the utility of using miRNAs as a
biomarker for radiation exposure. In spite of this genetic
heterogeneity in our subjects, we developed highly
accurate miRNA signatures capable of predicting exposed
and unexposed individuals as soon as 24 h after WBI. To
improve efficacy of miRNA biomarkers, the complex
regulatory network of coding and non-coding RNAs can be
exploited to develop an integrated biomarker signature. Follow
up experiments to confirm miRNA, long non-coding RNA,
and mRNA expression profiles in additional strains of mice
and higher-order animals will aid in this development.
Ultimately, the identification of radiation-induced RNA
expression changes will contribute to a decision tree that will
enable segregation of exposed from unexposed victims of a
radiobiological disaster.

SUPPLEMENTARY MATERIALS

Original data is included as Supplementary file (https://
doi.org/10.1667/RADE-23-00007.1.S8), which contained
miRNA data for C3H/Hej and BALB/c mice. C57BL/6
data has previously been published.

Supplementary Table S1: miRNA lists from one-way
ANOVA. Results of one-way ANOVA analyses performed
for BALB/c and C3H/HeJ at each timepoint, including
P values and fold changes for each dose.

Supplementary Table S2: miRNA lists from two-way
ANOVA. Results of two-way ANOVA analyses performed
for BALB/c and C3H/HelJ with respect to dose and to time,
including FDR values for each miRNA.

Supplementary Table S3: Tree model summary for two-
strain analysis. Table showing time, prediction purpose
(exposed vs. unexposed, high dose vs. low dose, or high
risk), accuracy and 95% confidence interval, P value, and
most important miRNAs used to develop the prediction
across 2 mouse strains (C3H/HeJ and BALB/c).

Supplementary Fig. S1: Principal component analysis of
C3H/HeJ and BALB/c samples across dose and time. Principal
component analysis of normalized miRNAs expressed in
(panel A) C3H/HelJ and (panel B) BALB/c mice exposed to 0,
1,2,4,and 8 Gy at 1, 2, 3, and 7 days after WBI.

Supplementary Fig. S2: Two-way ANOVA results.
Panels A and B: Heatmaps and hierarchical clustering of
miRNAs display relative expression of miRNAs that were
most significantly regulated by changes in time, indepen-
dent of dose for (panel A) C3H/HeJ and (panel B) BALB/c
strains. Color scale represents abundance of miRNAs after
normalization with z-scoring across rows of heatmap.
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Panels C and D: Bar plots show expression of the top 5
dose-dependent differentially expressed miRNAs over time
for (panel C) BALB/c and (panel D) C3H/HeJ mice.

Supplementary Fig. S3: Twelve miRNAs are commonly
differentially expressed in the blood of C3H/HelJ, BALB/c,
and C57BL/6 mice after WBI. Panel A: miRNA expression
data from common conditions between the C3H/HeJ and
BALB/c datasets, as well as our previous C57BL/6 dataset,
were compared to identify differences in miRNA expres-
sion across strains after WBI (2, 4 and 8 Gy; 1, 2 and 7
days). Plots display normalized NanoString counts from
C3H/HeJ and BALB/c blood at each dose and timepoint.
Data for C57BL/6 was previously published (24).Panel B:
Pathway analysis was performed with DIANA-miRPath v.3
using the experimentally verified mRNA targets of the
common differentially expressed miRNAs across all three
strains of mice identified in panel A. Blue line indicates P
value threshold (P < 0.05).

Supplementary Fig. S4: qRT-PCR validation of miRNA
and Nanostring counts. CT values for miR-23a are presented
for C57BL/6 and C3H/Hel mice at 24 h to establish it as a
useful endogenous control (panel A). In 24 h C57BL/6
mouse samples, miR-150-5p was validated by qRT-PCR
expression analysis and shown to decrease after radiation
injury at 4 Gy and 8 Gy (panel B). In 24h C3H/HeJ samples
miR-150-5p was shown to decrease significantly at 4 Gy but
not 8 Gy (panel C). We performed gqRT-PCR using 48h
C3H/He] samples for miR-92a-5p, miR-223-5p, miR-150-
5p, miR-466j and miR-99a-5p (panel D) and compared it to
Nanostring results (panel E). For qRT-PCR, a student’s t-test
was performed, asterisks (*) indicate all doses with
significant fold change (fold change > 1.5, P < 0.05)
compared to 0 Gy.
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