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Time- and sex-dependent delayed effects
of acute radiation exposure manifest
via miRNA dysregulation

Gregory P. Holmes-Hampton,1,3 Dharmendra Kumar Soni,2,3 Vidya P. Kumar,1 Shukla Biswas,1 Kefale Wuddie,1

Roopa Biswas,2,* and Sanchita P. Ghosh1,4,*
SUMMARY

The detrimental effects of high-dose ionizing radiation on human health are well-known, but the influence
of sex differences on the delayed effects of acute radiation exposure (DEARE) remains unclear. Here, we
conducted six-month animal experiments using escalating radiation doses (7–9 Gy) on male and female
C57BL/6 mice. The results show that female mice exhibited greater resistance to radiation, showing
increased survival at six months post-total body irradiation. LD50/30 (lethal dose expected to cause
50% lethality in 30 days) for female mice is 8.08 Gy, while for male mice it is 7.76 Gy. DEARE causes
time- and sex-dependent dysregulation of microRNA expression, processing enzymes, and the HOTAIR
regulatory pathway. Differential regulation of molecular patterns associated with growth, development,
apoptosis, and cancer is also observed inmale and femalemice. These findings shed light on themolecular
basis of age and sex differences in DEARE response and emphasize the importance of personalized med-
icine for mitigating radiation-induced injuries and diseases.

INTRODUCTION

The current state of global conflict, military tensions, radiation disasters, and rise in prevalence of radiotherapy brings about the risk of expo-

sure to radiation through intentional or accidentalmeansworldwide.1–4 High doses of ionizing radiation can cause tissue damage and harm to

vital organs, leading to hematopoietic acute radiation syndrome (H-ARS), and gastrointestinal acute radiation syndrome (GI-ARS), with high

morbidity andmortality rates.5 For exposed individuals who survive acute radiation exposure or are exposed to sub-lethal doses, it is still likely

they will experience delayed effects of acute radiation exposure (DEARE), which can include chronic illnesses that affect multiple organs such

as lungs, liver, kidney, brain, and heart.6–8 This may result in long-term health problems like cancer, cardiovascular disease, and hereditary

problems. Thus, it is necessary to comprehend the long-term health effects of DEARE, late morbidity and mortality.

Previous work has suggested that DEARE will manifest with different levels of severity depending on radiation dose, exposure duration,

and radiation quality, compounded by demographic variables such as age, sex, and health of the exposed individual.9–11 Among these fac-

tors, assessment of sex differences in sensitivity and long-term response to radiation exposure is not well understood. The International Com-

mission on Radiological Protection (ICRP) has made their recommendations based on the average of the whole population instead of

different radiosensitivity data from subgroups and also recommends the same protection standards for both men and women.12–14 However,

the National Academy of Sciences (NAS) 2006 report on biological effects of ionizing radiation (BEIR VII) demonstrated that women may be

more likely to suffer and die from cancers caused by ionizing radiation thanmen exposed to the same amount of radiation.15 Also, the United

Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) believes that compared to men women experience a 1.5 times

higher absolute and relative risk of developing solid cancers.16 Similarly, the Nuclear Information and Resource Service (NIRS) also showed

that radiation has a greater impact on women, with 50% more cancer cases and fatalities reported among women than men for the same

radiation exposure.17

Research in animals has suggested that exposure to ionizing radiation has different impacts on males and females, as evidenced by the

different gene/protein expression profiles in various tissues of male and female mice exposed to both acute and chronic low-dose whole-

body irradiation.18–23 These findings point to the existence of numerous pathways that are affected differently depending on sex. Likewise,

DEARE studies also disclosed different effects on male and female mice.24–26 This implies that sex-related factors may play a role in the long-

term response to radiation exposure. Nonetheless, the associated cellular and molecular mechanisms for these variations in sensitivity and

long-term response to radiation exposure remain unclear. Gaining a deeper insight into the sex-specific mechanisms that contribute to the
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Figure 1. Effect of various doses of radiation on mouse survival

Kaplan-Meier survival curves depict the 30-day post-TBI survival of (A)male and (D) female C57BL/6mice exposed to various radiation doses. Probit analysis of the

30-day post-TBI survival curves for (B) male and (E) femalemice indicates the LD50/30, LD70/30, and LD90/30 values. Kaplan-Meier curves show the 6-month post-

TBI survival of (C) male and (F) female mouse groups exposed to three radiation doses (7.0, 7.5, and 8.0 Gy).
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varying degrees of DEARE is key to formulating medical interventions, assessing the efficacy of treatments, and developing radiation safety

guidelines and potential therapies. Studies have revealed that microRNAs (miRNAs, miRs), small, single-stranded noncoding RNAs (�19–21

nucleotides), are important regulators of nearly every cellular and molecular process.27–29 They do this in a sequence-specific manner at the

post-transcriptional level by either degrading the target messenger RNA (mRNA) and/or inhibiting its translation.

In this study, we performed animal experiments for a period of sixmonthswith six increasing doses of radiation (7–9Gy, 60Co g-radiation) in

male and female C57BL/6 mice to understand the sex differences in DEARE. Further, we examined global changes in the expression of miR-

NAs and associated pathways in the serum samples of male and female mice that had been irradiated and compared to non-irradiatedmice,

at two time points: one and six months post-total body irradiation (TBI). Our results indicate that femalemice are relatively radioresistant than

male mice and at 6 months post-TBI (7.5 and 8 Gy) female mice have increased survival and lethal dose expected to cause 50% lethality in 30

days (LD50/30) compared to male mice. Further analysis demonstrates that DEARE affects in a time- and sex-dependent manner through

dysregulation of miRNA expression and biogenesis and provides new insights into the DEARE-mediatedmolecular and cellular mechanisms.

Collectively, these data along with earlier studies point toward personalized medicine for the prevention of radiation-induced injuries and

diseases.
RESULTS

Sex-specific differences in radioresistance over 6 months post-TBI

Mice (n = 15 per group) were exposed to different radiation doses to assess 30-day lethality and gender-based differences. Long-term survival

was monitored for up to 6 months post-TBI. For male mice, survival rates at day 30 were 100% (7.0 Gy), 93% (7.5 Gy), 67% (7.75 Gy), 40% (8.0

Gy), 7% (8.5 Gy), and 0% (9.0 Gy) (Figure 1A). LD50/30, LD70/30, and LD90/30 were determined as 7.76 Gy, 7.95 Gy, and 8.24 Gy, respectively

(Figure 1B). No further mortalities occurred beyond day 30 for doses of 7.0, 7.5, and 8.0 Gy (Figure 1C). For female mice, day 30 survival rates

were 100% (7.0Gy), 100% (7.25Gy), 97% (7.5Gy), 67% (8.0Gy), 40% (8.25Gy), and 7% (8.5Gy) (Figure 1D). LD50/30, LD70/30, and LD90/30were

determined as 8.08 Gy, 8.27 Gy, and 8.54 Gy, respectively (Figure 1E). Notably, a �13% mortality was observed at 6 months post-TBI for the

lowest dose (7.0 Gy), which initially showed no mortality (Figure 1F). Overall, these results indicate that female mice exhibit greater radiation

resistance than male mice, as evidenced by higher 6-month post-TBI survival rates at doses of 7.5 and 8 Gy and a higher LD50/30 value of

8.08 Gy for female mice compared to 7.76 Gy for male mice.
Body weight (BW) changes in mice over 6 months post-TBI

Survivingmale and femalemice exposed to radiation doses of 7.0, 7.5, and 8.0 Gy along with age-matched non-irradiated animals weremoni-

tored for six months post-TBI. BWs were recorded monthly. A steady increase in BW of male mice was observed over the 6-month post-TBI

period (Figure 2A, left; Table S1). These results imply that the animals at the highest dose gained the least weight over the 6-month post-TBI

period. However, it is also worth noting that the animals from the 8.0 Gy radiation dose also had the highest starting BW. A similar trend of

increased BWwas observed for the female mice over the 6-month post-TBI observation period (Figure 2A, right; Table S1). For animals in this

age range (�12 weeks at the time of irradiation) the changes in BW observed here are typical. In summary, there were no significant
2 iScience 27, 108867, February 16, 2024



Figure 2. Body weight and peripheral blood cell counts

Mice exposed to doses of 7.0, 7.5, or 8.0 Gy were analyzed for up to 6 months post-TBI.

(A) Body weights of male (left) and female (right) mice post-TBI are shown.

(B‒H) The graphs depict WBC, NEU, LYM, MONO, RBC, %HCT, and PLT counts in both the control non-irradiated (naive) and irradiated male (left) and female

(right) mouse groups. The center legend is common to all graphs. Data are presented as meansG standard error of mean (SEM). Significance compared to naive

group is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The color of the asterisk corresponds to the group. N = 5–8 mice/group/sex.
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sex-specific differences in BW changes following TBI, as both male and female mice showed a similar increasing trend in BW over the six-

month period. Therefore, DEARE did not appear to have a significant sex-specific impact on BW.
Hematological changes in mice over 6 months post-TBI

Blood samples (�20 mL) were collected (via the submandibular vein) monthly from survivingmale and femalemice exposed to 7.0, 7.5, and 8.0

Gy, along with age-matched non-irradiated animals, for complete blood count (CBC) analysis. Over a 6-month period following exposure to

different radiation doses, both male and female mice exhibited similar hematological changes (Figures 2B–2H; Table S2). There were no sig-

nificant sex-specific differences in blood cell parameters, including neutrophils (NEUs), lymphocytes (LYMs), monocytes (MONOs), red blood

cells (RBCs), hematocrit (HCT), and platelets (PLTs), except for white blood cells (WBCs) count. Male mice had significantly reduced WBC

counts compared to naive mice as well as the normal defined levels for this strain.30 However, the WBC counts were restored to near-normal

levels by month 4 for male mice exposed to the lowest radiation dose (7.0 Gy). Interestingly, the female mice had significantly reduced WBC
iScience 27, 108867, February 16, 2024 3
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counts for all radiation doses (7.0 Gy, 7.5 Gy, and 8.0 Gy). These findings suggest that radiation-induced alterations in blood cell parameters

do not appear to differ between male and female mice, indicating that DEARE does not have a significant sex-specific impact on these

parameters.

Impact of TBI on total bone marrow and megakaryocyte counts in mice

We quantified bone marrow colony-forming units (CFUs) using bone marrow isolated from the femurs of animals euthanized at the 1-month

and 6-month post-TBI time points (Figure S1A). At the 1-month post-TBI time point, samples were obtained from both male and female mice

irradiated at 7.0 and 7.5 Gy. At the 6-month post-TBI time points, samples were obtained from both male and female mice irradiated at 7.0

and 7.5 Gy, and from female mice only at 8.0 Gy. Due to insufficient surviving animals in the 8.0 Gy group, we were unable to collect samples

from these animals at the one-month post-TBI time point and from the male mice at the 6-month post-TBI time point. Bone marrow CFUs

were classified as burst-forming unit-erythroid (BFU-E), granulocyte, erythrocyte, monocyte, megakaryocyte colony-forming units (CFU-

GEMM), or granulocyte monocyte colony-forming units (CFU-GM). We quantified each lineage as well as the total number of CFUs.

Over a six-month period following TBI, male and female mice showed similar trends in bone marrow CFU and megakaryocyte counts. TBI

resulted in decreasedCFU counts, specifically BFU-E, granulocyte, erythrocyte,monocyte, andCFU-GEMMcolonies, in bothmale and female

mice. There were no significant differences between irradiated male and female mice groups. Additionally, megakaryocyte numbers in the

bonemarrow sternumwere not significantly different betweenmale and femalemice, except for a specific comparison for femalemice at one-

month post-TBI (naive vs. 7.5 Gy) and for male mice at six-month post-TBI (naive vs. 8 Gy) (Figure S1B). These findings suggest that TBI does

not have a significant sex-specific impact on bone marrow progenitor cells and megakaryocytes over the six-month period.
Impact of TBI on histopathological changes in different organs tissue

One-month time point

Tissue samples were collected at the 1-month post-TBI (naive, 7.0, 7.5, and 8 Gy) stage and evaluated by a board-certified pathologist. Male

mice hadminimal lesions at the 1-month post-TBI time point. However, liver tissue from themale mice exposed to the highest radiation dose

(8 Gy) showed a low number of foamy histiocytes within the alveolar septa (Table 1). This condition was noted as minimal to mild and consid-

ered insignificant. On the other hand, the liver tissues isolated frommale mice exposed to the two lower doses, 7.0 Gy and 7.5 Gy, had small

multifocal and random aggregates of mononuclear leukocyte infiltrates, with fewer neutrophils. Similar lesion is often seen in aging mice.

Small foci of myocyte degeneration were found in the heart tissues of malemice exposed to TBI. Additionally, twomice from the 7.5 Gy group

did not survive (Figure 3A). The possibility of radiation being the cause of these lesions could not be excluded. Furthermore, kidney tissue

frommalemice exposed to TBI exhibited focally extensive fibrosis centered on an arcuate artery at the corticomedullary boundary (Figure 3B).

Fibrosis is a result of cytokine release, which may be a consequence of irradiation.

The lung tissues of female mice showed mild aggregation of mononuclear cellular infiltrates composed of lymphocytes, plasma cells, and

fewer histiocytes situated randomly within the interstitium. In the liver tissues (all groups including naive), there were small multifocal and random

aggregates of lymphocytes and plasma cells, with fewer neutrophils (Figure 3C). Since this was observed in naive animals as well, it is unlikely to

be related to irradiation.No significant lesionswereobserved in the femalemouse heart tissues; however, kidney tissues had histological features

consistent with focally extensive wedge fibrosis radiating out from the corticomedullary junction to the cortical surface.

Six-month time point

Samples were also analyzed from animals at 6 months post-TBI which were exposed to various radiation doses (naive, 7.0, 7.5, and 8.0 Gy).

Lesions were noted in the lung tissues of male mice (7.5 Gy and 8.0 Gy). Occasional and random small aggregates of mononuclear cellular

infiltrates, composed of lymphocytes, plasma cells, and fewer histiocytes were observed, which may not be caused exclusively by irradiation.

Small multifocal and random aggregates of mononuclear leukocytes, with fewer neutrophils, were observed in the liver tissues obtained from

malemice including the naive group. These lesions are common in aging animals and do not seem to be inducedby exposure to radiation. No

significant histologic changes were observed in the heart tissues of male mice. Several lesions were observed in the mouse kidney tissues

obtained frommalemice, including extensive fibrosis, moderate-sizedmononuclear leukocyte aggregates, and smaller aggregates of mono-

nuclear leukocyte infiltrates in the cortex (Table 1 with details).

Lung tissues isolated from female mice showed multifocal to coalescing lymphoma affecting more than half of the lung tissue section

(Figure 3D). Liver tissues obtained from female mice had mild- to moderate-sized multifocal and random aggregates of lymphocytes and

plasma cells, with fewer neutrophils affecting many liver sections from all subsets (7.0, 7.5, and 8.0 Gy TBI, naive subsets). There were no sig-

nificant histologic changes in the heart tissues of these femalemice. The kidney tissues obtained from femalemice had segmental glomerular

sclerosis affecting glomerular tufts.

Together, these results indicate that within all irradiated groups (7.0, 7.5, and 8.0 Gy), including bothmale and femalemice, and both 1 and

6 months post-TBI groups, random animals demonstrate abnormalities in the liver, kidney, heart, and lungs.

Expression of miRNAs varies in a time- and sex-dependent manner

To explore whether in response to DEARE the expression of miRNAs is distinctively altered inmale and femalemice, we performed a compre-

hensive analysis of miRNA expression profiles from the serum of the irradiatedmale (n = 12) and female (n = 12) mouse groups in comparison
4 iScience 27, 108867, February 16, 2024



Table 1. Histopathological changes in irradiated mice at 1 and 6 months post-TBI

Histopathological

changes

Radiation

doses (Gy)

Male mice (post-TBI) Female mice (post-TBI)

1 month (n =

5/group)

6-month (n =

5/group

1-month (n =

5/group)

6-month (n =

5/group)

Lung 7, 7.5, 8 minimal lesions minimal to mild and

considered

insignificant; however,

lesions were noted in

the lungs of a single

male mice at 7.5 Gy

and 8.0 Gy. Occasional

and random small

aggregates of

mononuclear cellular

infiltrates composed of

lymphocytes, plasma

cells, and fewer

histiocytes were

observed, which may

not be caused

exclusively by

irradiation

minimal lesions;

however, one of the

mice lung tissue from

the 7.5 Gy group

showed mild

aggregation of

mononuclear cellular

infiltrates composed of

lymphocytes, plasma

cells, and fewer

histiocytes situated

randomly within

interstitium, which was

rated mild (n = 1)

minimal lesions;

however, a female

mouse from the 7.0 Gy

group showed

multifocal to

coalescing lymphoma

that affects more than

half of the lung tissue

section (n = 1)

Liver 7 minimal to mild and

considered

insignificant; however,

small multifocal and

random aggregates of

mononuclear leukocyte

infiltrates were

observed, with fewer

neutrophils (n = 1)

small multifocal and

random aggregates of

mononuclear

leukocytes, with fewer

neutrophils observed

in the liver of several

animals including naive

(n = 4), 7.0 Gy group

(n = 3), 7.5 Gy group

(n = 1), and 8.0 Gy

group (n = 2)

small multifocal and

random aggregates of

lymphocytes and

plasma cells, with fewer

neutrophils,

considered

insignificant since this

was also observed in

the naive animals

Mild- to moderate-

sized multifocal and

random aggregates of

lymphocytes, plasma

cells, with fewer

neutrophils affecting

many liver sections

7.5 small multifocal and

random aggregates of

mononuclear leukocyte

infiltrates, with fewer

neutrophils (n = 5)

8 minimal to mild and

considered

insignificant; however,

a low number of foamy

histiocytes within the

alveolar septa (n = 1)

Heart 7, 7.5, 8 small foci of myocyte

degeneration;

however, two of the

mice heart tissues from

the 7.5 Gy group did

not survive (n = 2)

no significant lesions no significant lesions no significant lesions

(Continued on next page)
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Table 1. Continued

Histopathological

changes

Radiation

doses (Gy)

Male mice (post-TBI) Female mice (post-TBI)

1 month (n =

5/group)

6-month (n =

5/group

1-month (n =

5/group)

6-month (n =

5/group)

Kidney 7, 7.5, 8 minimal lesions;

however, one of the

mice kidney tissue from

the 7.0 Gy group was

characterized by focally

extensive fibrosis

centered on an arcuate

artery at the

corticomedullary

boundary (n = 1)

several lesions were

observed in the mouse

kidney, including

extensive fibrosis

(7.0 Gy group, n = 1),

moderate-sized

mononuclear leukocyte

aggregates in the naive

(n = 3), and smaller

aggregates of

mononuclear leukocyte

infiltrates in the cortex

of animals exposed to

7.0 Gy (n = 1) and

8.0 Gy (n = 2)

minimal lesions;

however, one of the

mice kidney tissue from

the 7.5 Gy group shows

histology features

consistent with focally

extensive wedge

fibrosis that radiates

out from the

corticomedullary

junction to the cortical

surface (n = 1)

minimal lesions;

however, segmental

glomerular sclerosis

was observed affecting

glomerular tufts in 3

animals from 7.5 Gy

group (n = 3) and a

single animal from the

8.0 Gy group (n = 1)

Summaries of histopathological evaluations made by a board-certified pathologist of major organs including the lung, liver, heart, and kidney from male and

female mice at 1 month and 6 months post-TBI are presented.
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to non-irradiated animals (n = 12), respectively, at two time points, i.e., one and six months post-TBI. Subsequently, we compared these signif-

icantly altered serum miRNAs of the male group with those of the female group at both time points.

The analyses identified a total of 136 and 172 dysregulatedmiRNAs (R1.5-fold) in the irradiatedmalemice groups at onemonth (R7.5_M1)

and 6 months (R7.5_M6) post-TBI, respectively, compared to non-irradiatedmale groups (Figure 4A). Among the 136 miRNAs in the R7.5_M1

group, 131 were downregulated and 5 were upregulated. Similarly, among the 172 miRNAs in the R7.5_M6 group, 90 were downregulated

and 82 were upregulated (Figure 4B). Likewise, in the irradiated female groups, a total of 104 and 162 dysregulatedmiRNAs (R1.5-fold) were

identified at onemonth (R7.5_F1) and 6months (R7.5_F6) post-TBI, respectively, compared to non-irradiated femalemice groups (Figure 4A).

Among the 104 miRNAs in the R7.5_F1 group, 91 were downregulated and 13 were upregulated, whereas, among the 162 miRNAs in the

R7.5_F6 group, 58 were downregulated and 104 were upregulated (Figure 4B). These outcomes reveal that, in response to DEARE, the down-

regulation of miRNAs is time and sex dependent, as at one-month post-TBI the total number of downregulated miRNAs was more in both

male (R7.5_M1, 96.32%) and female (R7.5_F1, 87.50%)mice groups, which decreased at 6months post-TBI in bothmale (R7.5_M6, 52.33%) and

female (R7.5_F6, 35.80%) mice groups. Additionally, time- and sex-dependent upregulation of miRNAs was also observed, as the total num-

ber of upregulated miRNAs at one-month post-TBI in both male (R7.5_M1, 3.68%) and female (R7.5_F1, 12.50%) mice groups increased at

6 months post-TBI in both male (R7.5_M6, 47.67%) and female (R7.5_F6, 64.20%) mice.

Analyses also showed that 89miRNAswere differentially expressed at both post-TBI time points and in both sexes (Figure 4C). However, as

depicted in Figure 4D,most of themiRNAs (85) among these 89miRNAswere downregulated in the R7.5_M1 group, which showed either less

downregulation or upregulation in the R7.5_M6 group. Similarly, in the R7.5_F1 group, most of the miRNAs (80) among commonmiRNAs (89)

were downregulated, which showed either less downregulation or upregulation in the R7.5_F6 group (Figure 4D). These results reveal that in

response to DEARE the expression of miRNAs is altered in a time-dependent manner in murine serum.

Further, the comparative analyses of these 89 miRNAs in between sexes (R7.5_M1 and R7.5_F1 groups) showed that, among the down-

regulated miRNAs (85) in the R7.5_M1 group, 53 had less downregulation and 8 had upregulation in the R7.5_F1 group (Figure 4D). Similarly,

comparative analyses between the R7.5_M6 and R7.5_F6 groups showed that among the downregulatedmiRNAs (52) in the R7.5_M6group, 9

had less downregulation (9) and 27 had upregulation (27) in R7.5_F6 group (Figure 4D). These results imply that in response to DEARE the

expression of miRNAs altered in a sex-dependent manner in murine serum.

Furthermore, we also found that 5, 33, 1, and 21 miRNAs were specifically expressed in the R7.5_M1, R7.5_M6, R7.5_F1, and R7.5_F6

groups, respectively (Figure 4C). The expression of specifically expressed miRNAs in the R7.5_M1, R7.5_M6, R7.5_F1, and R7.5_F6 groups

is shown in Figures 4E–4H respectively. These results further imply that in response toDEARE the expression ofmiRNAs varies inmurine serum

in a time- and sex-dependent manner.

Regulation of the HOTAIR canonical pathway varies in a time- and sex-dependent manner

To identify the molecular mechanisms involved in DEARE, we performed in silico analysis of canonical pathways using the Ingenuity Pathway

Analysis (IPA) program with the differentially expressed miRNAs of the irradiated male and female mice groups at both 1 and 6 months

post-TBI. IPA analyses identified that the HOTAIR regulatory pathway was significantly activated (Z score R2) in the R7.5_M1 group
6 iScience 27, 108867, February 16, 2024



Figure 3. Histopathological changes

Mice exposed to doses of 7.0, 7.5, or 8.0 Gy were analyzed for up to 6 months post-TBI.

(A) Heart tissues from male mice irradiated with 7.5 Gy, 1-month post-TBI, show loss of cardiocytes, fibrosis (black arrow), and mononuclear leukocyte infiltrates

(blue arrow).

(B) Kidney tissues from male mice irradiated with 7.0 Gy, 1-month post-TBI, show fibrosis (asterisk) centered on the arcuate artery.

(C) Liver tissues representing all groups of female mice at 1-month post-TBI display a small focus of mononuclear cells with fewer neutrophils (solid arrow); also

present are a few necrotic hepatocytes characterized by the loss of nuclei and hyper-eosinophilicity (open arrow).

(D) Lung tissues from a female mouse irradiated with 7.0 Gy, 6 months post-TBI, show broad sheets of lymphocytes.
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(Z score = 2.449) compared to the non-irradiated male mice group (Figure 5A). However, the analysis revealed that other pathways were

neither significantly activated (Z score R2) nor inhibited (Z score % �2) in both the irradiated male and female mice groups at both time

points, although in the R7.5_F1 group the HOTAIR regulatory pathway showed an inclination towards activation (Z score <2 i.e., 1.633)

compared to the non-irradiated female mice group. Further, the canonical pathway ‘‘epithelial-mesenchymal transition by growth factors’’

also showed an inclination towards activation (Z score <2 i.e., 1) for both R7.5_M1 and R7.5_F1 groups compared to non-irradiated male

and female mice groups, respectively (Figure 5A).

Conversely, analyses revealed that both pathways showed an inclination towards inhibition (Z score > �2) in the R7.5_M6 and R7.5_F6

groups compared to non-irradiated male and female mice, respectively. The Z score for the HOTAIR regulatory pathway was �0.816 for

both R7.5_M6 and R7.5_F6 groups, and for the epithelial-mesenchymal transition by growth factors was �1 for both R7.5_M6 and R7.5_F6

groups. Figure 5B shows the legend for the bubble bot, where the colors indicate the Z score and the sizes of the bubbles indicate the number

of overlapping genes. As depicted in Figures 5C–5F, the HOTAIR regulatory pathway was analyzed as a member of the cellular growth, pro-

liferation and development, and cancer category. The regulation of the epithelial-mesenchymal transition by growth factors was analyzed as a

member of the organismal growth and development and growth factor signaling category (Figures 5C–5F). Collectively, these results reveal

that in response to DEARE the regulation of the HOTAIR canonical pathway varies in a time- and sex-dependent manner in the murine serum

of the irradiated male and female mice groups.
Regulation of upstream signaling molecules varies in a time- and sex-dependent manner

The large variations in the expression of miRNAs in response to DEARE, at both post-TBI time points and pathways involved in cellular and

organismal growth and development, as well as cancer, urged to examine the potential master regulator genes that would have the role as

key modulators in response to DEARE. To investigate this, we performed IPA upstream regulator analysis for differentially expressedmiRNAs

in the serum of the irradiated male and female mice groups at both post-TBI time points. The analysis identified that several transcriptional

upstream regulators were either activated or inhibited in response to DEARE at months 1 and 6 post-TBI, in both sexes. The activation (+Z

score) and inhibition (-Z score) of upstream regulators and the expression of associated miRNAs in the serum from the irradiated male and

female mice groups at 1 and 6 months post-TBI compared to non-irradiated male and female mice groups, respectively, are shown in

Tables S3 and S4.
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Figure 4. Differentially expressed miRNAs

The histogram displays (A) the total number of dysregulated miRNAs, (B) including both downregulated and upregulated miRNAs; (C) the Venn diagram

illustrates the total number of miRNAs expressed commonly and specifically; (D) the heatmap demonstrates the expression of commonly dysregulated

miRNAs in serum samples of irradiated male and female mice, compared to their respective age-matched non-irradiated control groups. The bar graph

shows the expression of time- and sex-specific miRNAs in the following groups: (E) R7.5_M1, (F) R7.5_M6, (G) R7.5_F1, and (H) R7.5_F6, compared to their

respective age-matched non-irradiated control groups.

ll
OPEN ACCESS

iScience
Article
Activation or inhibition of upstream regulator in R7.5_M1 and R7.5_M6

Interestingly, in R7.5_M1 group, compared to non-irradiated male group, the analysis showed that the regulatory molecules such as insulin,

Gnasas1, follicle-stimulating hormone (FSH), DNA-methyltransferase, and c-Src were significantly activated (Z scoreR2), and the regulators

involved in miRNA biogenesis (such as AGO1, AGO2, DGCR8, and DICER1) and other regulators (such as single-strand DNA-binding
8 iScience 27, 108867, February 16, 2024



Figure 5. Differentially regulated canonical signal transduction pathways

(A) The heatmap shows the activation or inhibition of canonical signaling pathways in murine serum samples from the R7.5_M1, R7.5_M6, R7.5_F1, and R7.5_F6

groups, compared to their respective age-matched non-irradiated control groups.

(B) Legend for bubble chart: the colors indicate the Z score, and the sizes of the bubbles increasewith the number of overlapping genes. Bubble chart displays the

clustering of canonical pathways and their scores into categories in murine serum samples from (C) R7.5_M1, (D) R7.5_M6, (E) R7.5_F1, and (F) R7.5_F6 groups,

compared to their respective age-matched non-irradiated control groups.
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protein (SSB), E2F3, EPHB6,NF2, IGF1R, E2F1, E2F2, INSR, Smad2/3, LATS2, and PARN)were significantly inhibited (Z score%�2) (Figure 6A),

whereas, in R7.5_M6 group compared to non-irradiated male group, the analysis revealed that none of the regulatory molecules were signif-

icantly activated (Z score R2) or inhibited (Z score % �2). Although some regulators involved in miRNA biogenesis (such as AGO1, AGO2,

DGCR8, DICER1, and DROSHA) and other regulators (such as insulin, Gnasas1, FSH, DNA-methyltransferase, c-Src, RE1-silencing transcrip-

tion factor (REST), E2F3, EPHB6, NF2, IGF1R, INSR, and PARN) indicated inclination towards inhibition (Z score >�2), such as SSB, E2F1, E2F2,
iScience 27, 108867, February 16, 2024 9



Figure 6. Differentially regulated upstream signaling molecules and associated miRNAs

Upstream regulators analyzed to be activated or inhibited in murine serum samples from (A) R7.5_M1, (B) R7.5_M6, (C) R7.5_F1, and (D) R7.5_F6, in comparison to

their respective age-matched non-irradiated control groups. The color scheme indicates the value of the differential expressions, while the shapes represent the

type and function, as indicated in Figure S2. Solid arrows represent genes that interact directly, and dotted arrows represent indirect interactions between genes.
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Smad2/3, and LATS2 indicated inclination towards activation (Z score <2) (Figure 6B). Together, these results suggest that in response to

DEARE activation or inhibition of upstream signaling molecules is time dependent in the serum of irradiated male mice.

Activation or inhibition of upstream regulator in R7.5_F1 and R7.5_F6

The analysis of the R7.5_F1 group, compared to the non-irradiated female group, showed that regulatory molecules such as insulin, Gnasas1,

DNA-methyltransferase, and REST were significantly activated (Z score R2). In addition, regulators involved in miRNA biogenesis (such as

AGO2 and DICER1) and other regulators (such as SSB and Smad2/3) were significantly inhibited (Z score % �2) (Figure 6C). On the other

hand, in the R7.5_F6 group, compared to the non-irradiated female group, the analysis indicated significant activation (Z score R2) of
10 iScience 27, 108867, February 16, 2024
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IL17A and AGO2, and significant inhibition (Z score % �2) of DROSHA, NROB2, and Brain-derived neurotrophic factor (BDNF) (Figure 6D).

Although other regulatorymolecules in the R7.5_F6 groupwere not significantly activated (Z scoreR2) or inhibited (Z score%�2), therewas a

tendency towards inhibition (Z score >�2) of insulin, Gnasas1, DNA-methyltransferase, REST, DICER1, and SSB, and a tendency towards acti-

vation (Z score <2) of Smad2/3 in this group. These results suggest that in response to DEARE activation or inhibition of upstream signaling

molecules is time dependent in the serum of irradiated female mice.

Activation or inhibition of upstream regulators between male and female mice

Furthermore, the analysis showed that after one-month post-TBI, in response to DEARE, the R7.5_M1 group exhibited significant activation

(Z scoreR2) of FSH and significant inhibition of regulators related to miRNA biogenesis (AGO1, DGCR8) and other regulators (E2F3, EPHB6,

NF2, IGF1R, E2F1, E2F2, INSR, LATS2, PARN). In contrast, R7.5_F1 showed no significant activation (Z scoreR2) or inhibition (Z score% �2)

for these regulatory molecules but exhibited a trend toward FSH activation and the inhibition of miRNA biogenesis regulators (AGO1,

DGCR8, E2F3, EPHB6, NF2, IGF1R, E2F1, E2F2, INSR, LATS2, PARN) (Figures 6A and 6B). Similarly, after six months post-TBI, in response

to DEARE, the R7.5_F6 group of mice exhibited significant activation (Z score R2) of AGO2 and IL17A, while DROSHA, NROB2,

and BDNF were significantly inhibited (Z score % �2) (Figure 6D). In contrast, the R7.5_M6 group showed no significant activation

(Z score R2) or inhibition (Z score % �2) for these regulatory molecules but indicated a tendency towards AGO2, DROSHA, and BDNF in-

hibition (Z score > �2) and IL17A and NROB2 activation (Z score <2) (Figure 6C). These findings underscore the time- and sex-dependent

nature of the activation or inhibition of upstream signaling molecules in response to DEARE.
Regulation of disease and cellular function varies in a time- and sex-dependent manner

Subsequently, to distinguish the cellular processes and biological functions involvedwithDEARE, we performed IPAdisease and cellular func-

tion analysis with the differentially expressedmiRNAs in the serumof the irradiatedmale and femalemice groups at both post-TBI time points

compared to non-irradiated male and female mice, respectively. The analysis identified that at months 1 and 6 in response to DEARE several

molecular patterns associated with a (patho)physiological process were either activated or inhibited in both sexes.

Commonly dysregulated disease and cellular functions

The analysis revealed that in response to DEARE certain molecular patterns associated with a (patho)physiological process were

commonly activated or inhibited in both sexes and at all time points (R7.5_M1, R7.5_M6, R7.5_F1, and R7.5_F6), as shown in

Figures S3A–S3D. These activated functions included G1/S phase transition of embryonic cell lines, interphase of embryonic cell lines,

invasive tumor, maturation of chondrocyte cell lines, and migration of hepatoma cell lines. Inhibited functions included liver metastasis

and secondary neoplasm of the digestive system. These results suggest that the activation or inhibition of several molecular patterns

associated with a (patho)physiological process in response to DEARE is independent of time and sex in the serum of irradiated male

and female mice at months one and six.

Time-dependent dysregulation of disease and cellular functions

Our findings show that in response to DEARE certain molecular patterns associated with a (patho)physiological process were activated or

inhibited in R7.5_M1 and R7.5_F1. These activated functions included cell movement of tumor cell lines, expression of RNA, migration of tu-

mor cell lines,Protein kinase B (PKB) signaling, quantity of cells, and transcription. On the other hand, differentiation of muscle cell lines and

proliferation of epithelial cell lines were inhibited. This is depicted in Figures S4A and S4C. In R7.5_M6 and R7.5_F6, the functional activities of

these disease cellular functions were reversed, as shown in Figures S4B and S4D. These outcomes suggest that the activation or inhibition of

several molecular patterns associatedwith a (patho)physiological process in response to DEARE is time dependent and independent of sex in

the serum of irradiated male and female mice at months one and six.

Time- and sex-dependent dysregulation of disease and cellular functions

Furthermore, intriguingly, we found that in response to DEARE some molecular patterns associated with a (patho)physiological process

were particularly dysregulated in either R7.5_M6 or R7.5_F6, while being dysregulated in a reverse manner in all other murine serum

samples, as depicted Figures 7A–7D. For example, in R7.5_M6 some molecular patterns associated with a (patho)physiological process

were either activated (such as apoptosis of hepatoma cell lines, apoptosis of tumor cell lines, and cell death of tumor cell lines) or in-

hibited (such as cell proliferation of hepatoma cell lines and growth of solid tumor) (Figure 7B), while functional activities of these mo-

lecular patterns were reversed in all other murine serum samples. Similarly, the results showed that in R7.5_F6 some molecular patterns

associated with a (patho)physiological process were either activated (such as hematopoiesis of mononuclear leukocytes) or inhibited

(such as cytokinesis of ventricular myocytes, development of cardiovascular tissue, development of epithelial tissue, endothelial cell

development, migration of breast cancer cell lines, neoplasia of carcinoma cell lines, proliferation of rhabdomyosarcoma cell lines, pro-

liferation of vascular cells, sprouting angiogenesis, and vasculogenesis) (Figure 7D), while functional activities of these molecular pat-

terns were reversed in all other murine serum samples. These outcomes suggest that in response to DEARE activation or inhibition of

several molecular patterns associated with a (patho)physiological process is time and sex dependent in the serum of irradiated male

and female mice at months one and six.
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Figure 7. Time- and sex-dependent dysregulation of disease and cellular functions

Molecular patterns associated with a (patho)physiological process analyzed to be time and sex dependent activated or inhibited in murine serum samples from

(A) R7.5_M1, (B) R7.5_M6, (C) R7.5_F1, and (D) R7.5_F6, compared to their respective age-matched non-irradiated control groups. The color scheme indicates the

value of the differential expressions, while the shapes represent the type and function, as indicated in Figure S2. Solid arrows represent direct gene interactions,

and dotted arrows represent indirect interactions between genes.
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DISCUSSION

The DEARE can include chronic illnesses in multiple organs and serious health problems such as cancer, cardiovascular disease, and hered-

itary issues. Factors such as radiation dose, exposure duration, radiation quality, age, sex, and the health of the exposed individual can influ-

ence the severity of DEARE. Previous research has documented various disparities between the sexes in the incidence of thyroid cancer, lung

cancer, breast cancer, prostate cancer, blood-based ailments, and reproductive system-related disorders among those who survived the

Chernobyl nuclear reactor disaster, atomic bomb exposure, and occupational exposure to ionizing radiation.9,11,31,32 However, the detailed

understanding of sex-specific differences in the long-term response to radiation exposure is limited. Further research is needed to gain a

better understanding of the sex-specific differences and the cellular and molecular mechanisms that contribute to the varying degrees of

DEARE in males and females, to inform medical interventions, treatments, and radiation safety guidelines.

Mouse models have proven successful in supporting epidemiological findings in biological studies. These models enable analyses to be

conducted under standardized conditions and can yield conclusive evidence regarding the proposed sex-specific radiation sensi-

tivity.18–26,33 In this study, we performed a robust 30-day animal studies with 6 escalating radiation doses (7–9 Gy) and find that females

are more radioresistant than males. Probit analysis of the lethal dose curves shows that LD50/30 is 7.76 Gy for male mice and 8.08 Gy

for female mice. In addition, we demonstrate here that at 6 months post-TBI (both 7.5 and 8 Gy) increased survivors in female mice

were found compared to male mice. Recently, work from our lab analyzing survival curves in male and female mice from various studies

demonstrated a slight yet statically significant increase in female mice survival compared to male mice survival, a trend which was also

observed in the current work.34 It is expected that mice manifest DEARE including abnormalities and pathological changes in major tissues

and organs as long-term effect following radiation exposure. While comparing BW increases over 6 months post-TBI in male vs. female

mice, BW gain was similar in both sexes. We also did not observe major sex differences in blood cell parameters, bone marrow progenitor

cells, or megakaryocyte numbers in bone marrow sternum. Histopathological analysis of both male and female mice demonstrated
12 iScience 27, 108867, February 16, 2024
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abnormalities in random animals in all irradiated groups at 1 and 6 months post-TBI in liver, kidney, heart, and lungs except no abnormal-

ities found with heart in 6 months post-TBI group.

The cellular reactions to radiation are intricate and involve a multitude of sex-specific molecular processes. These include alterations in

gene expression, initiation of signal transduction chains through DNA damage or conformational changes in receptors on the membrane,

repair mechanisms that remove or tolerate DNA damage, cell proliferation, and responses like cell-cycle arrest and apoptosis.18,20,21,35–41

Essentially, differences in sex-specific physiological mechanisms such as hormonal factors, viral infections, and lifestyle, could lead to a

sex-specific response to radiation in the entire organism, including disparities in these molecular processes. Therefore, to understand the

effect of DEARE in radioresistance in 6months post-TBI survivingmice, we comparedmiRNA profile in male vs. femalemice.We have chosen

7.5 Gy dose to compare the genomic profile since higher number of survivors were found with female mice compared to male mice at

6 months post-TBI.

MiRNAs, which are short RNAs that do not code for proteins, play a role in regulating almost all cellular processes, such as DNA repair,

apoptosis, necrosis, cell-cycle arrest, and survival. Under typical circumstances, the expression of miRNAs is meticulously controlled through

variousmechanisms, including genetic or epigenetic changes, recruitment of transcription factors, and the proper functioning of the effectors

involved in miRNA production.42,43 Any disruption to these mechanisms can lead to alterations in miRNA expression. Exposure to radiation

can disturb numerous cellular processes, such as DNA repair, apoptosis, necrosis, cell-cycle arrest, and survival.44 To counteract these cellular

responses, the cell can initiate various modifications, including alterations in miRNA expression that vary depending on the dose, time, and

tissue type.22,45–50 Our current analyses show that in response to DEARE expression of miRNA varies in a time- and sex-dependent manner in

the murine serum. In comparison to non-irradiated male and female groups, miRNA profiling of serum samples from irradiated male and fe-

male groups revealed 136 and 172 dysregulatedmiRNAs at one and 6months post-TBI, respectively, and 104 and 162 dysregulated miRNAs,

likewise. Additionally, discrepancies in expression pattern and levels were observed amongmiRNAs altered in all 4 groups R7.5_M1, R7.5_M6,

R7.5_F1, and R7.5_F6, with 5, 33, 1, and 21miRNAs specific to R7.5_M1, R7.5_M6, R7.5_F1, and R7.5_F6 groups, respectively. In corroboration,

Koturbash et al. reported time- and sex-specific changes in miRNA expression in brain tissue of male and femalemice exposed to TBI.51 Simi-

larly, the sex-specific alteration in the expression of miRNAs in spleen and thymus tissue has been revealed in mice exposed to TBI.22 Further,

several other studies report time-dependent alteration in miRNA expression in serum, plasma, and whole blood of mice exposed to TBI.46–49

Along with available literature, our outcomes suggest that in response to DEARE upregulation or downregulation of miRNA is time and sex

dependent in the serum of irradiated male and female mice at months one and six post-TBI.

The observed significant differences in the miRNA expression between male and female mice at different time intervals indicate the

possibility of identifying potential sex-specific master regulator genes that play a crucial role as key modulators in the sex-based devel-

opment of diseases induced by radiation. In our upstream regulator analysis for differentially expressed miRNAs in the irradiated male

and female mice groups, we find that in response to DEARE at one-month post-TBI enzymes of miRNA processing such as AGO1 and

DGCR8 are significantly inhibited in the irradiated male mice group. Conversely, our results demonstrate only an inclination towards in-

hibition in the irradiated female mice group. Furthermore, at six-month post-TBI, the analysis shows that in response to DEARE enzymes

of miRNA processing such as AGO2 and DROSHA are significantly activated and inhibited, respectively, in the irradiated female mice

group, while only an inclination towards inhibition was observed in the irradiated male mice group. According to prior research, inhibition

of miRNA biogenesis—achieved by suppressing miRNA processing enzymes AGO2 or DICER in endothelial cells—was found to enhance

cell death following irradiation.52 The expression of DROSHA and DICER was observed to be lower in radiosensitive cell lines compared to

resistant ones.53 A recent study has proposed that miRNA biogenesis, or some of its processing enzymes, may be directly regulated by

radiation.48 Together, our results suggest a response to DEARE in the form of activation or inhibition of upstream signaling molecules

(including miRNA processing enzymes) and thereby dysregulation of miRNA expression and biogenesis is time and sex dependent.

This is a new and unexplored field of research, as the interplay between different members of the miRNA production pathway and their

response to radiation is still largely unknown. The potential for groundbreaking discoveries in this area is vast, as miRNAs hold great prom-

ise as regulators of cellular stress and the underlying mechanisms.

Subsequently, canonical pathway analysis identifies the HOTAIR regulatory pathway and epithelial-mesenchymal transition by growth fac-

tors as the affected pathways in response to DEARE in the serum samples of the irradiated male and female mice groups. Intriguingly, our

results show that regulation of the HOTAIR canonical pathway varies in a time- and sex-dependent manner. Further analysis shows that the

HOTAIR regulatory pathway is a member of the cellular growth, proliferation and development, and cancer category. The regulation of the

epithelial-mesenchymal transition by growth factors is a member of the organismal growth and development and growth factor signaling

category. Earlier, the association between the long noncoding RNAs (lncRNA) HOTAIR and radiosensitivity/radioresistance has been docu-

mented in various studies. For instance, overexpression of HOTAIR increased the radioresistance of pancreatic ductal adenocarcinoma cells,

cervical cancer cell lines, and HeLa and C33A cells by modulating WIF-1, HIF-1a, and p21, respectively.54–56 In addition, knockdown of

HOTAIR in breast cancer cell lines resulted in increased radiosensitivity, DNA damage, and cell-cycle arrest due to the suppression of

miR-218.57 Additionally, the role of HOTAIR in the regulation of cellular radiosensitivity was reported via the sponging of miR-449b-5p in

breast cancer cell lines.58 Along with previous reports, our data suggest that radiation-induced dysregulation of HOTAIR regulatory pathway

has a prominent impact on radiosensitivity in response to DEARE in a time- and sex-dependent manner.

The exposure to radiation can cause disruptions in various cellular processes, such as cell growth, death, invasion, metastasis, genomic

stability, energy metabolism, inflammation, and immune response.59,60 Consistently, we also conducted an analysis of disease and cellular

functions using miRNAs that showed differential expression in the serum samples of both male and female groups at one and six months
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after exposure. The analysis shows that in response to DEARE several cellular functions are commonly, irrespective of time and sex, dysregu-

lated in the irradiated male and female mice at months one and six. For instance, G1/S phase transition of embryonic cell lines, interphase of

embryonic cell lines, invasive tumor, maturation of chondrocyte cell lines, and migration of hepatoma cell lines are activated at both post-TBI

time points and in both sexes. Similarly, liver metastasis and secondary neoplasm of digestive system are inhibited at both post-TBI time

points and in both sexes.

Further, we also find that in response to DEARE activation or inhibition of several molecular patterns associatedwith a (patho)physiological

process is time and sex dependent in the serum of irradiated male and female mice at months one and six post-TBI. The notable contrast in

functional control mechanisms between male and female mice strongly indicates the importance of developing sex-specific targets for im-

mune or apoptosis-based radioprotectors and mitigators. The observed significant differences in the miRNA expression, upstream regula-

tors, and canonical pathways following radiation exposure, among both male and female mice at different time intervals, represent a signif-

icant and innovative discovery that may provide a plausible explanation for the sex-based development of diseases induced by radiation.

In summary, the findings indicate that female mice display higher survival rates and resistance to radiation compared to male mice at

6 months following TBI. DEARE triggers a dysregulation in the expression and biogenesis of miRNA in a time- and sex-specific manner, lead-

ing to the irregularity of molecular and cellular mechanisms, which have varying effects on male and female disease functions. In general, the

results show that DEARE impacts males and females differently and at different times, which calls for significant alterations to radiation safety

protocols. Further preclinical studies are requisite to fully comprehend the time- and sex-specificmechanismof DEARE and to devise an effec-

tive therapeutic approach to prevent DEARE in humans.
Limitations of the study

The current study does provide a time-resolved analysis of DEARE in both sexes of C57BL/6 mice; however, there are limitations to the study.

In particular, the study utilized animals which survived lethal doses of radiation exposure; this resulted in relatively low animal numbers, partic-

ularly as the dose of radiation increased. More broadly, this study utilized the C57BL/6 strain. This strain is widely used in radiation research;

however, other strains such as C3H/HeN are more radiosensitive and CD2F1 are more radioresistant. Conducting similar analyses in these

strains would serve to demonstrate the conserved nature of the alterations identified here. Finally, as with all radiation research this work

is done in animal models in an attempt to predict the human response; conducting analyses in additional species would provide additional

insight into conserved changes which may predict the human response.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mice Jackson Laboratories C57BL/6J

Mouse feed Harlan Teklad Rodent Diet 8604

Chemicals, peptides, and recombinant proteins

CBC Diluent Heska CAT 5222

CBC Diff Lyse Heska CAT 5223

LH Lyse Heska CAT 5225

Probe Cleanser Heska CAT 5228

Pre-Surgical Panel E-Wrap Heska CAT 6330-PRESURG/EWRAP

AST (GOT) Heska CAT 6330-AST

Methocult GF+ system for mouse cells StemCell Technologies M3434

Critical commercial assays

mirVana PARIS RNA purification kit Thermo Fisher AM1556

TaqMan MicroRNA Reverse Transcription Kit Thermo Fisher 4366596

Megaplex PreAmp Primers Thermo Fisher 4399203

TaqMan Universal PCR Master Mix, No

AmpErase UNG

Thermo Fisher 4352042

TaqMan� Rodent MicroRNA A Array v2.0 Thermo Fisher 4398967

Software and algorithms

Expression Suite Software V1.0.3 Thermo Fisher https://apps.thermofisher.com/apps/spa/

#/dashboard

Venn diagram Bioinformatics & Evolutionary Genomics https://bioinformatics.psb.ugent.be/

webtools/Venn/

Clustvis Clustvis: a web tool for visualizing clustering of

multivariate data (BETA)

https://biit.cs.ut.ee/clustvis/

Ingenuity Pathway Analyses (IPA) QIAGEN Inc https://digitalinsights.qiagen.com/IPA

GraphPad Prism GraphPad by Dotmatics Version 9

SPSS IBM SPSS Statistics Version 25.0
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to Sanchita P. Ghosh (Sanchita.ghosh@usuhs.edu).
Materials availability

This study did not generate new reagents.
Data and code availability

� The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable

request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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METHOD DETAILS

Use of male and female mice

Pathogen free male and female C57BL/6 male and female mice (12-14 weeks old) were purchased from Jackson Laboratories (Bar Harbor,

ME). Animals were housed as reported previously61 in the Uniformed Services University of the Health Sciences (USUHS) Department of Lab-

oratory Animal Resources (DLAR) facility and acclimated for a minimum of 5 days prior to use in experiments. Animals were identified by tail

tattoos. Both room and cage humidity were maintained between 30% - 70% and 10-15 air changes/hour occurred in housing room. An auto-

mated lighting system was used providing a 12-hour light, 12-hour dark cycle. Mice were provided Harlan Teklad Global Rodent Diet 8604 ad

libitum from the feeder rack within the cage. During critical periods of peakmortality, food pellets were added directly to the floor of the cage

in addition to being distributed from the feeder rack. This is a means of providing ease of access to animals that might struggle to obtain the

food otherwise. Water was made available to animals ad libitum from bottles attached to individual cages. The water provided is acidified

pH�2.5 from an Edstrom water bottle filling station. All procedures pertaining to animals were reviewed and approved by the USUHS Insti-

tutional Animal Care and Use Committee (IACUC) using the principles outlined in theNational Research Council’s Guide for the Care andUse

of Laboratory Animals and performed in accordance with relevant guidelines and regulations.

Animal studies were conducted in compliance with ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. Handling of

the animals was conducted in accordance with the USUHS IACUC and included the use of personal protective equipment (e.g. hair bonnets,

facemasks, lab coat, gloves, and shoe covers). Animals were handled inside a fume hood with a HEPA (high efficiency particulate air) filtration

system. During tissue collection in formalin buffer, appropriate PPE and fume hood/ventilation was used. Animals were weighed and

randomly assigned into different groups based on the study design. Veterinary care was available throughout the course of the study, animals

were examined by the veterinary staff as well as laboratory staffs as warranted by clinical signs or changes in appearance.

Irradiation conditions and dosimetry

For irradiation, the animals were transported in a climate-controlled van to the Armed Forces Radiobiology Research Institute (AFRRI) facility.

After animals were received at theAFRRI, theywere rested for aminimumof 60min prior to irradiation in custommade Lucite restrained boxes

with 8 compartments. After radiation exposure, animals were returned to their cages and ultimately returned to the DLAR facility via the

climate-controlled van.

Mice were irradiated bilaterally (simultaneously) at an estimated dose rate of 0.6 Gy/min in the Cobalt-60 gamma-irradiation facility at

AFRRI. Both males and female mice were irradiated at six doses at a dose rate of �0.6 Gy/min from non-lethal to �95% lethal doses (7 to

8.5 Gy). An alanine/Electron Spin Resonance (ESR) dosimetry system (American Society for Testing and Material Standard E 1607) has

been used to measure the dose rates in the cores of acrylic phantoms (3 inches long and 1 inch in diameter) placed in all empty slots of

the Lucite boxes. ESR signals were measured with a calibration curve based on standard calibration dosimeters provided by the National

Institute of Standard and Technology (NIST,Gaithersburg,MD). The calibration curvewas verifiedby inter-comparisonwith theNational Phys-

ical Laboratory (NPL) in the United Kingdom. The corrections applied to the measured dose rates in phantoms were for decay of the Co-60

source and for a small difference in mass-energy absorption coefficients for water and soft tissue at the Co-60 energy level. The radiation field

was previously reported to be uniform within G2%.62

Ethics statement

This study was conducted under an animal use protocol approved by the USUHS IACUC Protocol Number: AFR-20-999 following USDA An-

imal Welfare Act (21 CFR Part 9), and Public Health Service Policy, the Guide for the Care and Use of Laboratory animals, and the Office of

Laboratory Animal Welfare as applicable. The Testing Facility is accredited by the Association for the Assessment and Accreditation of Lab-

oratory Animal Care (AAALAC) International.

Veterinary care following radiation

Since animals were irradiated from non-lethal to almost 95% lethal doses, they were monitored three to four times daily following exposure.

Irradiated mice experience a critical period of peak mortality during �8 to �26 days depending on the dose level) when they start showing

clinical symptoms of pain and distress including unresponsiveness, abnormal posture, unkempt appearance, immobility, and lack of coordi-

nation. Animals that were found dead in the course of the study were documented and removed from the cage. Mice were considered

moribund when they showed an inability to remain upright, were cold, unresponsive or displayed decreased or labored respiration. Morbid

animals were monitored very closely according to their health in accordance with pre-defined criteria described and approved in the IACUC

protocol. Moribundmice were euthanized according to American Veterinary Medical Association (AVMA) guidelines. Animals were weighed

prior to the start of the experiment, during the course of the study animals that have lost more than 35% of their initial body weight were

euthanized.

Blood and tissue collection

Blood samples (�20uL) were obtained from the animals (n=5-8) through the submandibular vein at two different time points (1 and 6months).

These samples were utilized to obtain complete blood counts (CBC) using the Heska Element HT5 Veterinary Hematology Analyzer (Heska/

Cuattro Loveland, CO). At the 1- and 6-month marks following exposure to radiation, blood was collected from the animals under anesthesia
18 iScience 27, 108867, February 16, 2024
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(5% Isoflurane, Baxter International Inc., Deerfield, IL) for serum collection in BDmicrotainer tubes (Beckton, Dickinson andCompany, Franklin

Lakes, NJ). After leaving the samples to clot for 1 hour, they were separated via centrifugation at 2400xg for 10 minutes. The animals were

euthanized after the blood collection was complete through cervical dislocation, and femurs, sterna, spleens, hearts, lungs, and kidneys

were collected. Depending on the specific analysis to be conducted, these tissues were collected in 10% buffered formalin, 4% paraformal-

dehyde, or flash-frozen.

Hematopoietic progenitor clonogenic assay

The clonogenic potential of mouse bone marrow cells were assessed by measuring colony formation in semisolid cultures. To achieve this,

1 mL of Methocult GF+ system for mouse cells (Stem Cell Technologies Inc., Vancouver, BC) was used as per the manufacturer’s guidelines

and previously described methods.25,63 Colony-forming units (CFUs) were counted from samples obtained at both 1 and 6 months. Bone

marrow cells were obtained from the femurs of three different animals, washed twice with Iscove Modified Dulbecco Media, and seeded

onto 35-cm cell culture dishes (BD Biosciences) at a concentration of 1 to 53104 cells per dish. All samples were plated in duplicate and incu-

bated for 14 days before scoring. The Methocult GF+ system was used to identify and quantify granulocyte-erythrocyte-monocyte-macro-

phage CFUs (CFU-GEMM), burst-forming unit-erythroid (BFU-E), and colony-forming unit granulocyte-macrophage (CFU-GM) in accordance

with the manufacturer’s instructions. Colonies were counted using a Nikon TS100F microscope after 14 days, and the data were presented as

mean G standard error of mean.

Histopathology

Samples of liver, kidney, heart, and sternum were obtained for histological examination after 1 and 6 months. The tissues were preserved in a

10% buffered formalin solution for at least 24 hours. Decalcification of sternum was performed using 12-18% sodium EDTA (pH 7.4-7.5) for 3

hours. Prior to embedding in paraffin, all the tissueswere dehydrated usinggraded ethanol ranging from70% to 100%. Hematoxylin and eosin

(H&E) staining was utilized to stain the sections, and images were captured using an Olympus BX41 camera and analyzed with Adobe Photo-

shop. A board-certified veterinary pathologist conducted a blinded histopathological examination of all the samples.

Total RNA extraction

The mirVana PARIS RNA purification kit (Life Technologies, Frederick, MD) was utilized to extract total RNA from serum. To evaluate the con-

centration and quality of the serum RNAs, a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) was employed,

and all RNA samples showed absorbance ratios of 1.8-2.0 at 260/280 nm.

Murine microRNA analysis

Standard methods published by the vendor and previously described64 were employed to conduct miRNA analysis. TaqMan MicroRNA

Reverse Transcription Kit fromApplied Biosystems was used to performmultiplex reverse transcription. After reverse transcription, Megaplex

PreAmp Primers and TaqMan PreampMasterMix (2X) were used for pre-amplification. The PreAmp product was then utilized to prepare PCR

Reaction Mix using TaqMan Universal PCR Master Mix, No AmpErase UNG (2x). To run the PCR, 100 mL of the RT reaction-specific PCR re-

actionmix was loaded into the corresponding fill ports of the TaqMan Low-Density RodentMicroRNAPanel v2.0 and run on 7900HT Fast Real-

time PCR System (Applied Biosystems) using default thermal-cycling conditions.

Data analysis was conducted using Expression Suite Software V1.0.3 (ThermoFisher Cloud, Applied Biosystems, ThermoFisher Scientific

Inc., Waltham, MA, USA) to determine the relative fold changes of each miRNA at different time intervals in male (R7.5_M1 and R7.5_M6) and

female (R7.5_F1 and R7.5_F6) mice that were irradiated, compared to age-matched non-irradiatedmice. The comparative cycle threshold CT

(2-DDCT) method with global normalization was employed using the relative quantification (Rq) approach. Additionally, a comparison was

made between the miRNAs that were significantly altered (at various time intervals) in the R7.5_M groups and those in the R7.5_F groups,

and the Venn diagrams were generated using the online tool https://bioinformatics.psb.ugent.be/webtools/Venn/. Clustvis (https://biit.cs.

ut.ee/clustvis/), a web tool that employs Principal Component Analysis and heatmap for visualizing clustering of multivariate data, was

used to construct the heatmaps.65

Pathway analyses

We conducted an in-silico analysis on miRNAs that were differentially expressed in the serum of mice from different groups, with a fold

change of more than 0.5 but less than 1.2. The analysis was done using Ingenuity Pathway Analyses (IPA) from QIAGEN Inc. (https://www.

qiagenbioinformatics.com/products/ingenuity-pathway-analysis), which relied on both experimentally observed and highly predicted data

from the Ingenuity Knowledge Base data sources. Our goal was to identify the top canonical pathways, significant regulators, diseases

and functions, and gene networks that were relevant to our study. We categorized the differentially expressed genes according to their spe-

cific functions and used them to create functional networks between miRNAs, their target genes, and regulatory molecules.

QUANTIFICATION AND STATISTICAL ANALYSIS

Thirty day and 6 months survival data were plotted as Kaplan-Meier plots. GraphPad Prism 9 software was utilized to perform Fisher’s exact

test to compare survival at 30 days or 6 months post-radiation and a log-rank test to compare survival curves over the monitoring period.
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Probit analysis was conducted to determine the lethal doses of male and female mice with IBM SPSS Statistics 25.0 and a student’s t-test was

used to assess differences between the groups. Averages were reported +/- standard error of the mean (SEM). Hematological parameters

were graphed asmeansG SEM. These data were analyzed by two-way ANOVA. A p value of <0.05 was considered significant. Student’s t-test

was used to determine a significant difference between two groups in evaluating body weight change.

The expression levels of miRNAs in each group at different time points were compared using a Student’s t-test. Heatmaps were created by

clustering the miRNA expression data using the Euclidean distance metric for similarity and the average linkage method for association.

Fisher’s Exact Test was employed to conduct pathway analyses on miRNAs that were differentially expressed between groups at various

time points. A p-value of less than 0.05 was considered statistically significant.
20 iScience 27, 108867, February 16, 2024
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