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Abstract

MicroRNAs (miRs), which regulate target gene expression at the post-transcriptional level, play a crucial role in inducing biological
effects upon high-dose ionizing radiation. Yet, the miR expression profiles in response to repeated low-dose radiation (LDR) in
vivo have not been elucidated. This study investigated the response profiles of || miRs with functions involved in metabolism,
DNA damage and repair, inflammation, and fibrosis in mouse liver, heart, and testis upon repeated LDR exposure for 4 months.
The expression profiles were evaluated using stem-loop quantitative reverse transcription polymerase chain reaction immediately
and at 2 months after LDR exposure. The expression profiles varied significantly at both time points. At the organ level, the heart
was the most affected, followed by the liver and testis, in which significant miR upregulation related to DNA damage response was
found. Metabolism-related miRs decreased in the liver and increased in the testis. The current results showed immediate and

long-lasting alterations in the miR expression profiles in response to repeated LDR in different organs.
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Introduction

MicroRNAs (miRs) are conserved, endogenous, small noncod-
ing RNAs comprised of 16 to 22 nucleotides.' At the post-
transcriptional level, miRs bind to the 3’-untranslated regions
of target mRNAs to negatively regulate their expression; in
fact, 30% to 60% of protein-coding genes are regulated in this
manner. The miRs are involved in most physiological and
pathological processes, including development, differentiation,
autophagy, apoptosis, DNA damage response, metabolism, and
inflammation.? They also initiate and are involved in an organ-
ism’s response to ionizing radiation.’

Low-dose radiation (LDR) triggers specific biological
responses that are distinct from those caused by high-dose
radiation (HDR). The mechanisms of biological responses to
HDR have been studied extensively.*® Yet, the responses to
LDR at the molecular, cellular, tissue, or organism levels are
not fully understood. To date, increasing evidence indicates
significant changes of various miRs upon irradiation.*:'°
However, the LDR-induced biological responses of miRs in
different organs of the same animal model remain unidentified.

In this study, the expression levels of 11 miRs were systemati-
cally and comprehensively examined using stem-loop quantitative
reverse transcription polymerase chain reaction (QRT-PCR) assays

with hydrolysis probes immediately and at 2 months after repeated
LDR exposure for 4 months in mouse liver, heart, and testis tissues.

Materials and Methods

Animals

Thirty-two male FVB/NJ mice, aged 12 weeks old, were pur-
chased from Jackson Laboratory and were used for this study.
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Table I. Selected MicroRNAs and Their Key Target Genes Involved in Metabolism, DNA Damage Response, and Inflammation.

MicroRNA  Target Biological Effects
miR-34a SIRT-1, HNF4a, MYC, CCNDI, CCNE2, Regulate lipid and lipoprotein metabolism, promote cell division, senescence, and
MAPK, ACSLI, CD44, PPARa. apoptosis
miR-375 PDKI, GSK3, IGFR, JAK2, CCND2, ATG7 Regulate glucose-stimulated insulin secretion, promote pancreatic development,
contribute to cell growth, autophagy, and apoptosis
miR-185 SREBP- ¢, SREBP-2, Six|, DNMTI, Regulate lipid metabolism, improve insulin sensitivity, alter cell-cycle progression,
SOCS3, STIMI and sensitizes cells to apoptosis
miR-193a Mcl-1, CDK2, WT-I Promote apoptosis, active DNA damage response pathway
miR-421 ATM, PINKI, FXR, SMAD4, FOXO4 Involved in DNA despair response, cell proliferation, and apoptosis and regulate
radiosensitivity
miR-21 PTEN, cdc25a, TGF-B, EGFR, ERK, PPARa Have influence on cell-cycle control, DNA damage repair, apoptosis, autophagy;
enhance radiosensitivity in some cells; and contribute to fibrotic process
miR-199a HIF-1o, VEGFA, GLUT-4, COX-2, FZD7 Regulate angiogenesis, contribute to fibrotic process, and involved in cell
proliferation and survival
miR-146a NF-kB, TNF-a, IL-1B, SMAD4, TRAF6 Involved in inflammation, tumor progression, promote autophagy, and regulate
apoptosis
miR-155 SHIPI, SOCSI, NF-xB Regulate autoimmune inflammation and leukemogenesis

miR-221/222 PTEN, ADIDORI, p27, p57, TIMP2, PUMA Regulate cell cycle inhibition, cell proliferation, apoptosis, radiosensitivity; regulate
endothelial inflammatory response

All mice were housed at the University of Louisville Research
Resources Center at 22°C with a 12-hour light/dark cycle. A
diet of standard rodent chow and tap water were provided. The
mice were divided into 2 groups: sham (n = 16) and LDR (n =
16) groups. In the LDR group, the mice were administered 28
mGy of y-rays (source: cesium-137) every 3 days for 4 months.
Half of the irradiated mice (n = 8) were sacrificed for renal
function, histological, and biochemical measurements, whereas
the remaining mice (n = 8) were kept for an additional 2 months
without further irradiation. Identical examinations were per-
formed at 2 months after LDR exposure. All experimental
procedures were carried out in accordance with the guidelines
provided by the US National Institutes of Health Care and Use
of Laboratory Animals (National Academy Press, Washington,
DC, 1996). Approval by the Institutional Animal Care and Use
Committee of the University of Louisville (no.: 12067) was
received.

Experimental Design and Setup

To approximate the dose delivered in medical examinations, 28
mGy, which is equivalent to a whole-body computed tomogra-
phy examination, was selected as the LDR dose.'' A Gamma-
cell 40 Exactor (Nordion Intl Inc, Canada) was used to deliver
the whole-body LDR at a dose rate of 0.84 Gy/min.

The types of tissue were selected based on their functions:
(1) liver for metabolism with cell proliferation, (2) heart for
metabolism without active cell proliferation, and (3) testis for
active cell proliferation.

MiR Selection

Most miRs play multiple roles and act on various downstream
targets. The functions of miRs can significantly overlap. In this
study, 11 miRs with functions predominantly involved in the

regulation of metabolism, DNA damage and repair, cell-cycle
control, as well as inflammation were analyzed (Table 1): (1)
miR-34a and miR-185 regulate lipid metabolism, and miR-375
is involved in glucose-regulated insulin secretion and is
required for normal pancreatic genesis; (2) miR-421, miR-
193a, miR-21, and miR-199a are involved in active DNA
damage response pathways; and (3) miR-199a, miR-146a, miR-
155, and miR-221/222 participate in inflammation progression.
In addition, miR-21 and miR-199a are related to fibrosis.'>!?

RNA Extraction

Prepared tissues were homogenized in 1 mL of Trizol reagent
(Invitrogen, Carlsbad, CA) and mixed vigorously with 0.2 mL
of chloroform for 15 seconds to isolate the RNAs. The aqueous
phase was isolated by centrifugation at 4°C and 12 000 rpm for
15 minutes. RNA was precipitated with 0.5 mL of isopropyl
alcohol, washed with 75% ethanol by centrifugation at 4°C and
7500 rpm for 5 minutes, and dissolved in 20 to 40 pL of
nuclease-free water. A Nanodrop spectrophotometer (Thermo)
at 260/280 nm was used to determine the concentration and
purity of the RNA.

qRT-PCR Analysis of MiRs

A TagMan miR assay kit (Applied Biosystems, Foster City,
California) was used to validate the miR expression analysis.
Briefly, each RT reaction contained 5 ng of total purified RNA,
1x RT buffer, 5x stem-loop RT primer, 0.25 mM of each
dNTP, 50 U of MultiScribe reverse transcriptase, and 3.8 U
of RNase inhibitor. The reactions were incubated for 30 min-
utes at 16°C, 30 minutes at 42°C, and 5 minutes at 85°C and
were kept at 4°C. An ABI 7500 real-time PCR system and
TagMan miR assays were used to amplify the complementary
DNA for quantitation of miR-34a, miR-375, miR-185, miR-21,
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Figure |. A, B, Relative miR expression levels in the mouse liver immediately and at 2 months after repeated LDR exposure. Relative miR
expression is represented by fold-change compared to the control. Student t test: *P < .05. C, D, Profile of alteration in miR expression
immediately and at 2 months after LDR exposure. miR indicates microRNA; LDR, low-dose radiation.

miR-421, miR-193a, miR-199a, miR-146a, miR-155, miR-
221, and miR-222. The expression of U6 was used as an endo-
genous control. All assays were performed in triplicate. All
procedures were performed according to the manufacturer’s
instructions. The 2~**“T method was employed to determine
the relative quantitative level and was expressed as a fold-
difference to the relevant control (recognized as 1 [0.00]).

Data Analysis

All statistical tests were performed using Origin 7.5 data anal-
ysis and graphing software (OriginLab, Northampton, Massa-
chusetts). One-way analysis of variance was used for
comparisons among groups, followed by post hoc pairwise
comparisons using the Student ¢ test. Data were expressed as
the mean (standard deviation). P < .05 was considered statisti-
cally significant.

Results

The expression levels of each miR analyzed immediately and at
2 months after LDR exposure were normalized relative to that
in the control group. Repeated LDR exposure for 4 months in
normal mice induced different changes of these miRs immedi-
ately and at 2 months after LDR exposure among the different

organs, respectively. The results are described in terms of the
organs and time points.

Alteration of MiR Expression in Liver Tissue Upon LDR

MicroRNAs play important roles in normal liver development,
physiology, and pathophysiology.'*'> In response to LDR,
miR-21 and miR-221 were upregulated (18.18%; 2/11) and
miR-375 and miR-155 were downregulated (18.18%; 2/11),
while the remaining miRs did not show significant changes
in expression (63.64%; 7/11; Figure 1A and C). At 2 months
after LDR exposure, the expression of miR-421 was increased,
whereas the expression of both miR-375 and miR-155 was
significantly decreased (Figure 1B). These composed a new
profile of 9.09% upregulated miRs, 18.18% downregulated
miRs, and 72.73% unchanged miRs (Figure 1D).

Alteration of MiR Expression in Heart Tissue Upon LDR

MiR-421, miR-34a, and miR-185 were upregulated (27.27%,
3/11), while no changes in expression were found for the
remaining miRs analyzed immediately after LDR exposure
(Figure 2A and C). In total, 8 miRs were upregulated
(72.73%, 8/11) at 2 months after LDR exposure (Figure 2B
and D). Significant upregulation was found for miR-199a,
miR-146a, miR-421, and miR-34a, whereas the expression
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Figure 2. A, B, Relative miR expression in the mouse heart immediately and at 2 months after repeated LDR exposure. Relative miR expression
is represented by fold-change compared to the control. Student t test: *P < .05. C, D, Profile of alteration in miR expression immediately and at
2 months after LDR exposure. miR indicates microRNA; LDR, low-dose radiation.

levels of miR-375, miR-185, miR-155, and miR-221 were
upregulated without significance.

Alteration of MiR Expression in Testis Tissue Upon LDR

During spermatogenesis, miRs are crucial for translational reg-
ulation.'® Immediately after LDR exposure, miR-193a and
miR-199a were significantly upregulated (Figure 3A). At
2 months after LDR, miR-185 and miR-193a were significantly
upregulated, and miR-375 also showed apparent upregulation
(Figure 3B). The percentages of upregulated miRs immediately
and at 2 months after LDR were 18.18% and 27.27%, respec-
tively (Figure 3C and D).

Comparison of MiR Expression in Various Tissues and
the Time Response to LDR

The expression of miRs that was 0.5-fold lower or 1.5-fold
higher than that of the control was compared among organs
and across time points, as shown in Figure 4. Four (miR-21,
miR-155, miR-221, and miR-375), 3 (miR-34a, miR-185, and
miR-421), and 2 (miR-193a and miR-199a) miRs were altered
in the liver, heart, and testis, respectively, immediately after
LDR exposure, showing that there was no common alteration
in miR expression found among the tissue types. However, at
2 months after LDR, common late-responding miRs were

observed. MiR-375 had a late response in all 3 organs. In
addition, miR-421 and miR-155 showed changes in the liver
and heart, whereas miR-185 was altered in the heart and testis.
Throughout the experimental period, 2 miRs (miR-155 and
miR-375) remained downregulated in the liver. Moreover,
miR-21 and miR-421 had drastic changes in expression
throughout the period. MiR-421 was first downregulated and
then upregulated, whereas miR-21 was first upregulated and
then downregulated (Figure 4B). In heart tissue (Figure 4C),
3 miRs (miR-34a, miR-421, and miR185) were upregulated
and remained upregulated at 2 months after LDR. Of note, 5
different miRs (miR-146a, miR-155, miR-199a, miR-221, and
miR-375) showed no immediate response to LDR but were
upregulated at 2 months after LDR. In the testis (Figure 4D),
only 2 miRs (miR-193a and miR-199a) were upregulated
throughout the experiment, in which miR-193a expression
increased further. On the other hand, miR-185 and miR-375
were upregulated significantly only at 2 months after LDR.

Discussion

Repeated whole-body LDR exposure to mice apparently
altered the miR expression in the liver, heart, and testis tissues.
This study examined the immediate and late responses of miR
expression for various tissue types upon LDR.
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Immediate Effects of LDR on MiR Expression in the Liver

Upregulation of miR-21 and miR-221 expression in the liver
was found after LDR. MiR-21 is a well-defined survival factor
during hepatocellular carcinoma development and liver
injury.'”'® The overexpression of miR-21 during human liver
regeneration suggests that miR-21 is associated with hepatic
cell survival and regeneration.'® Reportedly, miR-21 is onco-
genic and is involved in the cellular response to ionizing radia-
tion.?® Consistent with this study, here we also showed
upregulated expression of miR-21 by repeated LDR, suggest-
ing the possible role of miR-21 in stimulating cell proliferation.

Evidence indicates that miR-221 is negatively associated
with the endothelial nitric oxide synthase (eNOS) level in
endothelial cells®! and is involved in the mitogen-activated
protein kinase kinase/extracellular signal-regulated kinase
(ERK) pathway to inhibit the proliferation of endothelial pro-
genitor cells through p21-activating kinase 1.** Therefore,
miR-221 might regulate nitric oxide production by reducing
eNOS expression or phosphorylation. Moreover, miR-221 pro-
motes the proliferation and migration of endothelial tip cells
during vascular development.”® Another study has shown that
miR-221 inhibits nitric oxide synthesis and activates nuclear
factor (NF)-kB signaling.>* These results suggest that the pos-
itive feedback of miR-221 and NF-«xB is possible to enhance
the inflammatory response. Besides, miR-221 has been shown

to participate in glucose/fat metabolism. In humans, overex-
pression of miR-221 upregulated several proteins involved in
fat metabolism, similar to peroxisome proliferator-activated
receptor activation.”> miR-221 is reported to affect radiosensi-
tivity by targeting phosphatase and tensin homolog/protein
kinase B pathway.?® The liver is heavily involved in metabo-
lism and cell proliferation, which are relatively insensitive to
ionizing radiation. Upregulation of miR-221 might suggest an
alteration in glucose/fat metabolism and the involvement of
inflammation after whole-body LDR.

The downregulation of miR-375 and miR-155 has many
effects. For instance, miR-375 regulates insulin secretion, pan-
creatic islet development, and alveolar epithelial cell transdif-
ferentiation®”>® or adipocyte differentiation probably related to
regulating phosphoinositide-dependent protein kinase 1, myo-
trophin, and ERK1/2 expression and function.?’=° However,
limited, if any, studies have investigated the expression of miR-
375 upon whole-body LDR, and the present data showed down-
regulation of miR-375 in the liver and upregulation in the heart
and testis. These results suggest that miR-375 is a target after
LDR; however, the exact mechanism of the different regulation
among tissues remains to be elucidated.

MiR-155 showed distinct expression profiles in hemato-
poietic lineage differentiation, immunity, inflammation, can-
cer, and cardiovascular diseases.’! Although miR-155 has
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been shown to be intensively involved in regulating
inflammation-associated processes,>*** anti-inflammatory
proteins have been found to be the target genes of miR-155,
for example, the suppressor of cytokine signaling 1. In line
with previous reports, the downregulation of miR-155 sug-
gested inhibition of the inflammatory response upon LDR.>>~

Immediate Effects of LDR on MiR Expression in
the Heart

Previously, miR-421 expression was mainly found in multiple
cancer cell types.>’? Moreover, Wang et al have reported that
mitochondrial fragmentation and apoptosis are regulated by
miR-421 in vitro and in vivo through targeting Pink1.** When
miR-421 interference using antagomirs or an miR-insensitive
expression vector for ATM was used, radiation sensitivity was
dramatically reduced.*’ Thus, miR-421 could be a potential
marker for radiosensitivity and heart that contains cells rich
in mitochondria, and our findings may indicate that the heart
was sensitive to LDR-related mitochondrial alterations.

MiR-34a has been shown to be hypermethylated in cancers,
whereas ectopic miR-34a induces G1 cell-cycle arrest, senes-
cence, and apoptosis, suggesting its tumor-suppressive
nature.*? SIRT1, which regulates the activity of adenosine
monophosphate kinase and is a known regulator of energy
metabolism, has been shown to be suppressed by miR-34a.*?
Furthermore, it has been demonstrated that downregulation of
miR-34a alters lipid metabolism in the liver of nonalcoholic
fatty liver disease.** Moreover, downregulation of miR-34a has
been shown to reduce cell death and fibrosis in acute myocar-
dial infarction, thus improving the recovery of myocardial
function.*® Therefore, upregulation of miR-34a could be a sen-
sitive biomarker of heart injury.

Selective high-density lipoprotein cholesterol uptake is
repressed by miR-185 through the direct targeting of high-
density lipoprotein scavenger receptor class B type I in human
hepatic cells.*® In prostate cancer cells*’ and in hepatocytes,*®
fatty acid metabolism, lipogenesis, and cholesterogenesis have
been shown to be regulated by miR-185 through targeting
SREBP1 and SREBP2. Another study has demonstrated that
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miR-185 can enhance radiation-induced apoptosis and prolif-
eration inhibition.** Our study is the first to report the upregu-
lation of miR-185 in the heart in response to LDR.

Immediate Effects of LDR on MiR Expression in the
Testis

In a study, ionizing radiation induced miR-193a, which down-
regulates Mcl-1 and eventually leads to apoptosis by increas-
ing reactive oxygen species and DNA damage.’® Other
studies indicated significant downregulation of miR-193a in
non-small cell lung cancer, which was associated with prolif-
eration, metastasis, and apoptosis.’'*>? The testis is known as
one of the organs with predominantly active cell proliferation.
Thus, miR-193a might be a potential biomarker for harmful
effects of LDR.

Previous studies have indicated that miR-199a expression is
modulated during development, growth, and regeneration in
cancers.>>”? Specifically, miR-199a-5p is involved in cell pro-
liferation, migration, and apoptosis in a hypoxic tumor micro-
environment.”* MiR-199a-5p is also heavily involved in the
process of fibrosis. Furthermore, it has been linked to multiple
processes associated with fibrogenesis, including cell prolifera-
tion, migration, invasion, and differentiation into myofibro-
blasts. Therefore, the upregulation of miR-199a observed in
the mouse testis might suggest fibrosis upon LDR.

Late Effects of LDR on MIR Expression in the Liver,
Heart, and Testis

The effect of LDR at 2 months after exposure was investigated.
Our results indicated that some of the immediate responses of
miRs returned to a normal level, while others remained dysre-
gulated. Interestingly, the expression of a few miRs showed
drastic changes at 2 months after LDR exposure (Figure 4B-D).

Among the altered miRs, 8 miRs were changed, independent
of the postirradiation time point, including miR-21 and miR-
221 in the liver; miR-375, miR-199a, miR-146a, miR-221, and
miR-155 in the heart; and miR-199a, miR-185, and miR-375 in
the testis. Meanwhile, the expression of miR-21 and miR-221
in the liver and miR-199a in the testis returned to control levels
at 2 months after LDR exposure.

These miRs with drastic alteration throughout the experi-
ment are involved in the DNA repair response, cell prolifera-
tion, apoptosis, as well as regulation of radiosensitivity. These
signaling pathways were activated with the upregulation of
miR-221 in the liver after LDR exposure.*' Sustained upregu-
lation was found in 5 miRs (miR-375, miR-199a, miR-155,
miR-146a, and miR-221) in the heart tissue, and these miRs
are reported to correlate with heart development and disease.
Studies have shown that miR-375 is significantly upregulated
in maternal serum at 18 to 22 weeks of gestation in a fetus with
congenital heart defects (CHD);® in addition, it is associated
with heart development and the occurrence of CHD through the
Notch signaling pathway.>’ MiR-155 can regulate endothelial
inflammation,>® whereas the expression of miR-155 is

upregulated in atherosclerotic plaques and is altered in
ischemic stroke.>® On the other hand, miR-199a has been
shown to be frequently upregulated in pressure-overloaded
hypertrophic hearts.®” In addition, dysregulation of miR-146a
has been found in a few vascular diseases, including abdominal
aortic aneurysm, atherosclerosis, and coronary artery dis-
ease.®'® Lastly, regulated miRs in the testis (miR-375 and
miR-185) are involved in metabolism regulation. The detailed
roles, functions, and biological effects of altered expression of
these novel miRs in response to LDR in mice should be further
studied for a better understanding of the effects of LDR.

LDR Affects MiR Expression and Their Functions

The miRs that had altered expression upon LDR are mainly
involved in metabolism, DNA damage response, cell-cycle
regulation, and inflammation. Previous studies have reported
metabolic changes in cells after irradiation, such as downregu-
lation of the citric acid cycle, pyruvate, and fatty acid metabo-
lism pathways in the mammary gland.®® Precancerous and
cancer cells depend on glycolysis, which increases fatty acid
synthesis and increases the rate of glutamine metabolism.
These properties are often employed in cancer therapeutics.®’
Prediction of the radiotherapeutic response is based on a pro-
gressive decrease in glucose metabolism in cancer cells.®®
MiR-34a, miR-185, and miR-375 are known to regulate these
metabolic processes.****”%® In this study, LDR led to signifi-
cant modifications in gene expression at the transcriptional
level. MiR-375 was regulated in all 3 tissue types, miR-185
was upregulated in both the heart and the testis, while an appar-
ent increase in miR-34a expression was found in the heart. Our
findings agreed with previous reports and have important
implications in understanding and assessing the health risks
of radiation exposure.®””°

The DNA damage response is activated upon DNA damage
to prevent the accumulation of gene mutations and chromoso-
mal rearrangements, which are related to carcinogenesis.”’
Many efforts have been made to analyze alterations of miR
expression profiles upon ionizing radiation. Recent studies
have detected many miRs that respond to ionizing radiation
in various biological contexts.”>’* A number of miRs that
modulate a cell’s sensitivity to radiotherapy have been identi-
fied.”® Validated targets of misregulated miRs fall into the cell
cycle and apoptosis categories. The increased expression of
select miRs also has been linked to cell-cycle arrest, apoptosis,
and the DNA damage response.

Inflammation maintains tissue integrity through a homeo-
static mechanism. The underlying immunological mechanisms
and the relationship between ionizing radiation and inflamma-
tion are complex and multifactorial on both the cellular and
biochemical levels. Inflammatory events vary in benignancy
and malignancy. Published data indicate that LDR therapy
influences murine osteoclast differentiation and may reduce
bone destruction.”® Without affecting basic functionalities,
such as phagocytosis, the phenotype of inflammatory cells can
be switched to an anti-inflammatory status by LDR therapy.
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Recently, metabolic risk factors, such as decreased ApoE lipo-
proteins, were found to enhance proinflammatory and pro-
thrombotic late responses in locally irradiated hearts.””””’
Another study also has suggested that LDR has the potential
to prevent diabetic cardiovascular complications.*® Our study
showed that the expression of inflammation-related miRs,
including miR-155, miR146, and miR221, were changed by
LDR. However, various aspects of the response upon LDR
were not investigated. Further studies are needed to clarify this
issue in vitro and in vivo.

Conclusion

The current study revealed alteration in miR expression in the
liver, heart, and testis tissues upon whole-body repeated LDR
of mice. All 3 of these tissue types showed different miR
expression profiles, with the heart showing the greatest number
of responding miRs. Several miRs that may be associated with
the regulation of metabolism, DNA damage response, and
inflammation were identified. These data improved the under-
standing of cellular and genetic changes induced by LDR.
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