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The focus of radiation biodosimetry has changed recently, and
a paradigm shift for using molecular technologies of omic plat-
forms in addition to cytogenetic techniques has been observed.
In our study, we have used a nonhuman primate model to
investigate the impact of a supralethal dose of 12 Gy radiation
on alterations in the lung transcriptome.We used 6 healthy and
32 irradiated animal samples to delineate radiation-induced
changes.We also used amedical countermeasure, g-tocotrienol
(GT3), to observe any changes. We demonstrate significant
radiation-induced changes in the lung transcriptome for to-
tal-body irradiation (TBI) and partial-body irradiation (PBI).
However, no major influence of GT3 on radiation was noted
in either comparison. Several common signaling pathways,
including PI3K/AKT, GADD45, and p53, were upregulated
in both exposures. TBI activated DNA-damage-related path-
ways in the lungs, whereas PTEN signaling was activated after
PBI. Our study highlights the various transcriptional profiles
associated with g- and X-ray exposures, and the associated
pathways include LXR/RXR activation in TBI, whereas pulmo-
nary wound-healing and pulmonary fibrosis signaling was
repressed in PBI. Our study provides important insights into
the molecular pathways associated with irradiation that can
be further investigated for biomarker discovery.

INTRODUCTION
Exposures to ionizing radiation are an undeniable reality of life. Such
incidents can bring about harmful health consequences; hence, radio-
logical preparedness is a grave security issue.1,2 Radiation exposures
can result in different types of injuries requiring diagnostic and thera-
peutic interventions. The clinical development of acute radiation syn-
drome (ARS) depends on the absorbed dose of radiation. Human ARS
manifests following exposure to total-body irradiation (TBI) or partial-
body irradiation (PBI) at doses >2 Gy delivered at a high dose rate.
Some organ systems such as the hematopoietic, gastrointestinal, pul-
monary, central nervous, and cutaneous system are more sensitive to
irradiation.3 Clinical indications of ARS include the hematopoietic
(H-ARS; 2–6 Gy), gastrointestinal (GI-ARS; 6–8 Gy), and neurovascu-
lar (NV-ARS; >8 Gy) subsyndromes.4 Individuals exposed to radiation
doses resulting in H-ARS or GI-ARS are expected to benefit more from
treatment with radiation medical countermeasures (MCMs).
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It is important to assess the extent of radiation exposure to provide
appropriate and timely medical intervention.5 Physical and biological
dosimetry can be used in combination to determine the exposure
dose, which provides a tool that accelerates clinical evaluation and
response.6 The gold standard for biological dosimetry includes cyto-
genic analysis of peripheral blood lymphocytes, dicentric chromo-
some assay, and quantification of metabolites and proteins in the
body fluids. However, these methods are labor intensive and unfeasi-
ble for population-based screening during a mass causality scenario.7

Hence, accurate and reliable methods suitable for mass screening to
differentiate radiation-exposed and unexposed individuals for medi-
cal care are warranted. Assays involving genomic, transcriptomic,
proteomic, and metabolomic markers have the potential for rapid
high-throughput screening of masses and can reliably account for
population variability.8–10 Of these methods, transcriptomic profiling
to identify radiation-specific biomarkers is an emerging, high-
throughput, reliable, and feasible approach for assessing related dam-
age.11–13 This advantage of transcriptome profiling over other
methods is due to the technological advancements to accurately
sequence the transcripts and the availability of bioinformatics algo-
rithms to analyze these profiles. In the recent past, transcriptomic
studies have presented insights into various areas of radiation biology
and demonstrated great potential for understanding radiation injury,
exposure dose determination, and MCM development.11–13 Several
studies from various investigators have profiled transcriptomic
changes in various tissues of nonhuman primates (NHPs).11–28

However, the majority of these publications are with baboons,
which are no longer used for such studies. Therefore, there is a
need for studies performed with rhesus and cynomolgus, which are
commonly used NHPs. Though significant progress has been made
with transcriptomic studies using radiation injury models of NHPs,
additional investigation is required to ensure that signatures are
robust.16,18–28
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Experimental design

Nonhuman primates were exposed to either total-body radiation (TBI) or partial-

body radiation (PBI). They were compared with healthy controls to identify

differentially regulated genes associated with radiation exposure. TBI or PBI

exposed NHPs were also treated with g-tocotrienol (GT3) or vehicle 24 h before

radiation. Lung tissue for RNA-seq analysis was collected at days 4 and 7 post

exposure.

Table 1. Different conditions analyzed in this study

Irradiation Comparison Up Down Total DE

TBI

Healthy vs. TBI-Veh 419 649 1,068

Healthy vs. TBI-GT3 511 753 1,264

TBI-Veh vs. GT3 0 1 1

TBI-Veh vs. GT3-SD4 9 14 23

TBI-Veh-SD7 vs. TBI-GT3-SD7 4 2 6

TBI-M-GT3 vs. TBI-F-GT3 26 13 39

TBI-M-Veh vs. TBI-F-Veh 6 4 10

PBI

Healthy vs. PBI-Veh 717 867 1,584

Healthy vs. PBI-GT3 786 696 1,482

PBI-M-GT3 vs. PBI-F-GT3 14 23 37

PBI-M-Veh vs. PBI-F-Veh 30 15 45

PBI-Veh-SD4 vs. PBI-GT3-SD4 21 124 145

PBI-Veh-SD7_vs. PBI-GT3-SD7 2 2 4

PBI-Veh vs. PBI-GT3 0 0 0

TBI/PBI comparison

TBI-M-GT3 vs. PBI-M-GT3 51 91 142

TBI-GT3 vs. PBI-GT3 59 228 287

TBI-Veh vs. PBI-Veh 30 101 131

TBI-F-GT3 vs._PBI-F-GT3 13 60 73

Differentially regulated genes after RNA-seq DESeq2 analysis are shown. M, male; F,
female; SD4, day 4; SD7, day 7; DE, differentially expressed genes.
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NHP models of radiation injury have several advantages over both
small animal models, including rodents, and large animal models,
including swine (minipig) and canines.3,29,30 NHPs closely resemble
humans and have several advantages with respect to their organ struc-
ture, genetic homology sharing with more than 95% DNA sequence
similarity, metabolism, response to physiological pathways, cell re-
ceptors, suitability for gastrointestinal symptoms (vomiting), long
life span, and the ease of sequential sampling for monitoring radiation
response and recovery. This model is as close as possible to humans,
and is considered the gold standard of all animal models available for
drug development and regulatory approval by the United States Food
and Drug Administration.31 In brief, the close relationship between
NHPs and humans has made NHPs an attractive animal model for
preclinical research. g-Tocotrienol (GT3) is an antioxidant and a
component of vitamin E under development as a radioprotector for
pre-exposure prophylaxis.32–36 It has been studied in rodents and
NHPs and has demonstrated radioprotective efficacy when adminis-
tered 24 h before TBI.32,35

In this study, we profiled transcriptomic changes in the lungs of
rhesus NHPs exposed to a supralethal dose of radiation inducing
severe ARS. We also compared the gene expression changes result-
ing from TBI and PBI. Furthermore, the changes induced by the
promising radiation MCM, GT3, at two time points, day 4 and
day 7 post irradiation, were analyzed. The sex-dependent transcrip-
tional changes in response to GT3 and irradiation were also
evaluated.
RESULTS
Lung transcriptome profiling for radiation response and drug

response

RNA-sequencing (RNA-seq) reads obtained after lung transcriptome
sequencing were aligned to the macaque genome using STAR aligner
in the two-pass mode. The alignment percentage of uniquely mapped
reads ranged from 80 to 89. Filtering based on the expression of the
genes having an average expression profile above ten reads was per-
formed. After filtering out lowly expressed genes, 44% of the total
genes were included in the downstream analysis. Differential expres-
sion of different comparisons was performed using DESeq2. Compar-
isons for TBI and PBI were performed separately. For each irradiation
group, the effect of irradiation (healthy versus irradiated), sex (male
versus female), drug treatment (GT3 versus vehicle), and days post
exposure (day 7 versus day 4) were profiled using differential expres-
sion analysis (Figure 1 and Table 1).

Transcriptomic profile comparisons to understand the effect of

TBI

Effect of TBI in lung tissues compared with healthy controls

Transcriptomic changes induced in the lung as a result of exposure to
12 Gy 60Co g-radiation were profiled by comparing the irradiated
NHPs treated with vehicle (designated as TBI-Veh) and untreated/
unirradiated healthy animals (designated as controls) (Figure 1).
A total of 1,068 genes were differentially expressed after irradiation
(419 and 649 genes upregulated or downregulated in TBI-Veh,
respectively, Table S1). Ingenuity Pathway Analysis (IPA;
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Figure 2. Top enriched canonical pathways identified using IPA in TBI treatment

Both up- and downregulated genes in each comparison are represented here (Benjamini-Hochberg corrected p value%0.05). Orange or shades of orange bars indicate the

predicted activation state of the canonical pathway, and blue or lighter shades of blue bars indicate a negative Z score and downregulation of the pathway. The activity

patterns are not predicted in the pathways with gray bars. The ratio indicates the number of significantly enriched genes compared with the total number of genes associated

with that canonical pathway. (A) Canonical pathways enriched in healthy controls (Healthy) versus treatment with vehicle (TBI-Veh). Z-score range is from �4.1 to 2.1.

(B) Canonical pathways enriched in Healthy versus pretreatment with GT3 and exposed to radiation (TBI-GT3). Z-score range is from �4.6 to 2.6.
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QIAGEN) was used to analyze these differentially expressed genes,
which revealed upregulation of pathways associated with PD-1/PD-
L1 cancer immunotherapy, p53 signaling, and cell cycle: G2/M
checkpoint regulation (Figure 2A and Table S2). On the other
hand, pathways associated with T helper 1/T helper 2 (Th1/Th2), liver
X receptor/retinoid X receptor (LXR/RXR) activation, phagosome
formation, leukocyte extravasation, natural killer (NK) cell signaling,
and neuroinflammation were downregulated after TBI. We observed
a strong transcriptional response in the lung after TBI, reflecting the
molecular changes associated with irradiation on lung tissues.

Effect of pretreatment with GT3 before TBI in lung tissues

Next, we compared the lung transcriptomic changes associated with
NHPs pretreated with GT3 and exposed to radiation (TBI-GT3) to
untreated/unirradiated healthy controls. A total of 1,264 genes were
differentially expressed after GT3 treatment and TBI (511 and 753
genes upregulated or downregulated in TBI-GT3, respectively,
586 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
Table S3). IPA analysis revealed several common pathways up- or
downregulated, similar to TBI-Veh versus controls (Figure 2B and
Table S4). These common pathways included PD-1, PD-L1 cancer
immunotherapy pathway, p53 signaling, and focal adhesion kinase
(FAK) signaling. We also investigated the differentially expressed
genes unique to TBI-GT3 versus controls and TBI-Veh versus con-
trols (Figure S1A). No enriched pathways were identified for genes
upregulated only in GT3-treated or vehicle-treated NHPs. Several
KEGG pathways, including Th1, Th2, and Th17 cell differentiation,
Rap1 signaling pathway, chemokine signaling pathway, Ras signaling
pathway, and antigen processing and presentation were enriched
among genes downregulated only in TBI-GT3 compared with
controls (Figure S1B). Enriched KEGG pathways associated with
unique genes downregulated in irradiated (TBI-Veh) included Wnt
signaling, chemokine signaling, thyroid hormone synthesis, and insu-
lin secretion (Figure S1C). Using IPA, pathway match analysis iden-
tified several common pathways regulated across both comparisons.



Figure 3. Comparative IPA analysis identified

pathways enriched across healthy versus TBI-Veh

and Healthy versus TBI-GT3

The values in the heatmap are the Z scores of each entity

in each experiment. Orange indicates a predicted

pathway activation and blue a predicted inhibition.
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Several pathways, including p53 signaling, GADD45 signaling, PD-1,
PD-L1 cancer immunotherapy pathway, erythropoietin signaling,
and cell cycle: G2/M checkpoint regulation, were upregulated in
both TBI-GT3 and TBI-Veh. On the other hand, several pathways,
including Th1/Th2, NK cell signaling, FAK signaling, and STAT
signaling, were downregulated among several others in both compar-
isons (Figure 3). Since a similar transcriptional response was detected
based on common pathways identified across GT3 and healthy con-
trols as well as a vehicle (TBI-GT3 versus controls and TBI-GT3
versus TBI-Veh), GT3 pretreatment was minimally effective in miti-
gating the effect of TBI.

Effect of sex-specific differences on TBI in lung tissues

A comparison of the effect of radiation exposure (TBI-Veh) and GT3
treatment (TBI-GT3) on males and females was also profiled. A total
of 39 genes (26 up- and 13 downregulated in TBI-GT3) were differ-
Molecular Therap
entially expressed in irradiated male NHPs pre-
treated with GT3 (Table S5). IPA pathway anal-
ysis identified signaling pathways including
EIF2, regulation of EIF4 and P756K, and
vascular endothelial growth factor (VEGF) (Fig-
ure S2 and Table S6). Relatively fewer genes
were differentially expressed in lungs when
male and female NHPs pretreated with the
vehicle and exposed to radiation (TBI-Veh)
were compared (total differentially expressed
genes = 10, six genes upregulated and four genes
downregulated in males, Table S7). Our study
noted that the lung transcriptional response
associated with sex on TBI was very limited,
but a slightly higher differential response to
GT3 was observed in both sexes.

Effect of days post TBI in lung tissues

A comparison of transcription profiles of TBI
NHPs pretreated with GT3 or vehicle was per-
formed to provide insights into the drug’s effec-
tiveness on molecular pathways affected by the
drug. However, we identified only a single gene
differentially expressed that was upregulated in
the GT3-treated animals (Table S8). Transcrip-
tional changes at day 4 and day 7 (TBI-GT3-
SD4, TBI-GT3-SD7) compared with vehicle-
treated NHPs were slightly different. A total of
23 genes were differentially expressed at day 4
(9 and 14 genes up- and downregulated in
vehicle-treated NHPs, respectively, Table S9). On the other hand,
these differences diminished on day 7. Only six genes were identified
as differentially expressed at day 7 between GT3 and vehicle
(Table S10). The results from this comparison indicate the temporal
effect of GT3 on TBI.

Transcriptomic profile comparisons to understand the effect of

PBI

Effect of PBI in lung tissues compared with healthy controls

Transcriptomic changes induced in the lung due to PBI to 12 Gy
X-rays were profiled by comparing the irradiated NHPs pretreated
with vehicle (designated as PBI-Veh) and unirradiated healthy con-
trols (designated as controls). A total of 1,584 genes were differentially
expressed after irradiation (717 and 867 genes upregulated or
downregulated in PBI-Veh, respectively, Table S11). IPA analysis of
these differentially expressed genes revealed activation of pathways
y: Nucleic Acids Vol. 29 September 2022 587
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Figure 4. Top enriched canonical pathways identified using IPA in PBI treatment

(A) Canonical pathways enriched in Healthy versus PBI-Veh. Z-score range for this comparison is from �4.2 to 2.1. (B) Canonical pathways enriched in Healthy versus

PBI-GT3. Z-score range for this comparison is from �3.4 to 1.9. Both up- and downregulated genes in each comparison are represented here (Benjamini-Hochberg

corrected p value%0.05). Orange or shades of orange bars indicate the predicted activation state of the canonical pathway, and blue or lighter shades of blue bars indicate a

negative Z score and downregulation of the pathway. The activity patterns are not predicted in the pathways with gray bars. The ratio indicates the number of significantly

enriched genes compared with the total number of genes associated with that canonical pathway.
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associated with PD-1/PD-L1 cancer immunotherapy and p53
signaling after PBI (Figure 4A and Table S12). On the other hand,
pathways associated with Th1/Th2, phagosome formation, wound-
healing pathway, NK cell signaling, PI3K/AKT signaling, STAT3,
FAK signaling, and neuroinflammation were downregulated after
PBI. Several of these pathways correlated with the transcriptional
changes identified in TBI (72 common pathways including p53
signaling, Th1 and Th2 activation pathway, senescence pathway,
wound-healing signaling pathway, and PI3K/AKT signaling). These
results show a distinct change in the lung transcriptional profile after
PBI, reflecting the direct molecular impact of irradiation on the lungs.
This observation was similar to the changes observed after TBI.

Effect of pretreatment with GT3 before PBI in lung tissues

Differential expression analysis of NHPs pretreated with GT3 and
exposed to radiation (PBI-GT3) compared with healthy controls
identified 1,482 genes (786 and 696 genes with statistically different
up- and downregulated gene expression, respectively, Table S13).
IPA analysis revealed several common pathways identified in PBI-
588 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
Veh versus control, for example, activation of pathways associated
with PD-1/PD-L1 cancer immunotherapy and p53 signaling after
PBI (Figure 4B and Table S14). On the other hand, pathways associ-
ated with Th1/Th2, phagosome formation, wound-healing pathway,
and PI3K/AKT signaling were downregulated in NHPs pretreated
with GT3 and exposed to PBI. A comparable transcriptional response
was associated with GT3 and healthy controls and vehicle (PBI-GT3
versus controls and PBI-GT3 versus PBI-Veh), indicating that the
GT3 pretreatment was unsuccessful in attenuating the effect of PBI.

Effect of sex-specific differences on PBI in lung tissues

The difference in transcriptional regulation associated with sex-spe-
cific differences was also studied and correlated with PBI. We identi-
fied the differentially expressed genes in males and females in both
comparisons, i.e., NHPs pretreated with GT3 or with vehicle (PBI-
M-GT3 versus PBI-F-GT3 and PBI-M-vehicle versus PBI-F-vehicle).
A total of 45 genes (30 up- and 15 downregulated) were differentially
expressed in male NHPs pretreated with the vehicle and irradiated
(Table S15). IPA pathway analysis identified signaling pathways
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including EIF2 and regulation of EIF4 and P756K to be enriched in
males (Figure S3A and Table S16). A total of 37 genes were differen-
tially expressed in lungs when male and female NHPs pretreated with
GT3 and exposed to radiation (PBI-GT3) were compared (14 genes
upregulated and 23 genes downregulated in males, Table S17).
Pathway enrichment analysis identified signaling pathways including
EIF2, regulation of EIF4 and P756K, and superoxide radical degrada-
tion to be enriched in the males (Figure S3B and Table S18). Our
study noted that the lung transcriptional response associated with
sex on PBI (both with and without GT3 pretreatment) was limited.

Effect of days post PBI in lung tissues

Transcriptional changes associated with various days post-irradiation
were also studied. Lung tissue collected at day 4 (SD4) and day 7
(SD7) post-irradiation were compared. The extent of transcriptional
differences was larger at day 4 compared with day 7 (Tables S19 and
S20). At day 4 post-irradiation, a comparison of the transcriptional
profile of GT3 and vehicle identified 145 differentially regulated genes
(21 genes upregulated and 124 genes downregulated in the vehicle).
IPA analysis identified glucocorticoid receptor signaling and granulo-
cyte adhesion and diapedesis differentially regulated (Figure S4 and
Table S21). Only four genes were differentially expressed on day 7
(two upregulated and two downregulated) in the vehicle compared
with GT3. When all samples collected on both days were pooled
and compared (PBI-GT3 versus vehicle), no genes were differentially
regulated, which indicated that transcriptional changes associated
with drug response were time sensitive. The results suggest the tem-
poral effect of GT3 on PBI is comparable with that of TBI.

Comparison of transcriptional changes associated with TBI

and PBI

Transcriptional profiles of NHPs with either TBI or PBI were
compared. The effect of GT3 in both sexes in two different types of
exposure (TBI and PBI) was also examined. The extent of transcrip-
tional differences across TBI and PBI exposure after pretreatment
with GT3 (TBI-GT3/PBI-GT3) was larger than with the vehicle treat-
ment (TBI-Veh/PBI-Veh). A total of 287 genes were differentially
expressed in the TBI-GT3 versus PBI-GT3 comparison (59 genes up-
regulated and 228 genes downregulated in TBI, Table S22). IPA anal-
ysis identified activation of pathways associated with GP6 signaling,
pulmonary fibrosis idiopathic signaling, and wound-healing signaling
(Figure 5A and Table S23). On the other hand, 131 genes were differ-
entially expressed in the TBI-Veh versus PBI-Veh comparison (30
genes upregulated and 101 genes downregulated in TBI, Table S24).
This comparison highlights the differential lung transcriptional pro-
files of g-ray TBI and X-ray PBI. Pathways associated with LXR/RXR
activation were activated in TBI, whereas pulmonary wound healing,
wound-healing signaling, and pulmonary fibrosis idiopathic signaling
was repressed (Figure 5B and Table S25). IPA comparison analysis
identified similarities and differences between TBI-GT3 versus PBI-
GT3 and TBI-Veh versus PBI-Veh. LXR/RXR activation was higher
in vehicle-treated NHPs than in GT3-treated NHPs. On the other
hand, the GP6 signaling pathway, wound-healing signaling pathway,
and pulmonary fibrosis idiopathic signaling pathway was activated in
the GT3-treated NHPs. Several other pathways, including FAK
signaling, interleukin-8 (IL-8) signaling, HOTAIR regulatory path-
ways, and ID-1 signaling pathway were repressed in the vehicle-
treated NHPs (Figure 6A).

We also compared the effect of sex-specific differences in TBI or PBI
exposure groups. Additional genes were differentially regulated
among males compared with females in NHPs pretreated with GT3
and exposed to either TBI or PBI. Among males, 142 genes were
differentially regulated (51 genes upregulated and 91 genes downre-
gulated in TBI) in the TBI-M-GT3 versus PBI-M-GT3 comparison
(Table S26). Pathway analysis identified only two pathways associated
with diapedesis as enriched (Table S27). On the other hand, in fe-
males, 73 genes were differentially regulated (13 genes upregulated
and 60 genes downregulated in TBI), and pathways associated with
wound-healing signaling, FAK signaling, and LXR/RXR activation
were repressed in female NHPs pretreated with GT3 and exposed
to TBI (Tables S28 and S29). IPA comparison analysis identified a
few pathways differentially regulated across male and female NHPs
pretreated with GT3 and exposed to either TBI or PBI (Figure 6B).
FAK signaling, osteoarthritis pathways, IL-8 signaling, neuroinflam-
mation signaling pathway, cAMP-mediated signaling, HOTAIR reg-
ulatory pathway, wound-healing signaling pathways, senescence
pathway, and LXR/RXR activation were enriched in both compari-
sons. FAK signaling pathway, IL-8 signaling, neuroinflammation
signaling pathway, cAMP-mediated signaling, and HOTAIR regula-
tory pathway were repressed to a greater extent in males than females.
Similarly, LXR/RXR and senescence pathway activity were higher in
males than females.

Gene interactions across total- or partial-body irradiation and

various factors analyzed in this study

Gene interactions associated with multiple factors, including sex, days
post exposure, and drug treatment, were analyzed separately in NHPs
exposed to TBI or PBI. The effect of GT3 treatment in NHPs exposed
to TBI identified secretoglobin (SCGB3A2) as differentially regulated.
Expression of SCGB3A2 was higher in GT3-treated females than
males (Figure S5A). At the same time, vehicle-treated NHPs had
opposite expression profiles for this gene. Analysis of GT3’s effect
post-irradiation identified ENSMMUG00000061549 (LOC719948)
as differentially regulated (Figure S5B). Expression of LOC719948
(PREDICTED: Macaca mulatta olfactory receptor 6K3-like) was
higher in GT3-treated NHPs at day 4, whereas vehicle-treated
NHPs had higher expression at day 7. Comparison between sex and
days post-irradiation identified three genes as differentially regulated:
carboxypeptidase b1 (CPB1), serine peptidase inhibitor kazal type 1
(SPINK1), and secretoglobin family 3a member 2 (SCGB3A2). CPB,
SCGB3A2, and SPINK1 had higher expression in males on day 4
post irradiation compared with day 7 (Figure S6).

For PBI, the interaction of GT3 treatment with sex among NHPs
identified oxysterol binding protein-like 3 (OSBPL3) as differentially
expressed. OSBPL3 had higher expression in GT3-treated males
than females and lower expression in vehicle-treated males than
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 589
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Figure 5. Top enriched canonical pathways identified using IPA in GT3 treated TBI and PBI

(A) Canonical pathways enriched in TBI-GT3 versus PBI-GT3. Z-score range for this comparison is from 2.2 to 1.6. (B) Canonical pathways enriched in TBI-Veh versus PBI-

Veh. Z-score range for this comparison is from �2.4 to 2.2. Both up- and downregulated genes in each comparison are represented here (Benjamini-Hochberg corrected

p value%0.05). Orange or shades of orange bars indicate the predicted activation state of the canonical pathway, and blue or lighter shades of blue bars indicate a negative

Z score and downregulation of the pathway. The activity patterns are not predicted in the pathways with gray bars. The ratio indicates the number of significantly enriched

genes compared with the total number of genes associated with that canonical pathway.
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females (Figure S7). Effects of GT3 treatment at various days post
irradiation identified cordon-bleu wh2 repeat protein (COBL),
impact rwd domain protein (IMPACT), and uromodulin (UMOD)
as differentially regulated (Figure S8). Of these genes, COBL and
UMOD had higher expression in GT3-treated NHPs at day 4 than
the other groups. On the other hand, IMPACT had higher
expression in vehicle-treated NHPs at day 4. Finally, we identified
five genes that interacted with sex and days post irradiation. These
genes included Itpr interacting domain containing 1 (ITPRID1),
Smad family member 1 (SMAD1), and pyruvate carboxylase (PC)
(Figure S9).

DISCUSSION
This study compared the lung transcriptional profile of NHPs
exposed to a supralethal dose of radiation. Both TBI and PBI study
590 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
results were analyzed. In addition, we also evaluated the effect of
GT3, a promising radioprotector under development, and sex on
the effects of irradiation. Transcriptional profiles were remarkably
different when healthy NHPs were compared against TBI or PBI
NHPs. On the other hand, no major differences were noted between
TBI/PBI vehicle- and GT3-treated NHPs. This suggests that GT3may
not be optimally effective as a radioprotector against supralethal doses
of radiation. This MCM has demonstrated consistent radioprotection
when animals were exposed to lower doses of radiation inducing
H-ARS in murine and NHP models.32,34,35 In an earlier study using
an NHP model for H-ARS, we reported serum levels of miR-30a-
5p, miR-126-5p, and miR-375-3p in GT3-treated and irradiated
NHPs (5.8 Gy, 6.5 Gy, and 7.2 Gy, LD50/60, LD50/60, and LD50/60,
respectively), which reflected the radioprotective efficacy of GT3;
these microRNA levels in GT3-treated animals resembled
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Figure 6. Comparative IPA analysis identified

pathways enriched across (A) TBI-GT3 vs. PBI-GT3

and (B) TBI-Vehicle vs. PBI-Vehicle. The values in

the heatmap are the z-scores of each entity in each

experiment. Orange indicates a predicted pathway

activation, and blue a predicted inhibition.
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unirradiated NHP.21 Recently, we have demonstrated that GT3 re-
stores radiation-induced proteomic changes in irradiated murine
(11 Gy, LD100/30).

37 In the current study we have used a supralethal
dose of radiation, which may be responsible for limited transcrip-
tomic changes by GT3.

Gene expression profiles between different conditions exposed to TBI
and PBI were analyzed in this study. The differentially regulated path-
ways identified across all major comparisons are visualized in
Figure S10 using IPA Match analysis. Lung transcriptome profile
comparison of NHPs exposed to TBI and PBI identified 131 differen-
Molecular Therap
tially expressed genes. This comparison between
TBI-Veh and PBI-Veh reveals the transcrip-
tional differences between g-ray TBI and
X-ray PBI in lungs. Several pathways, including
LXR/RXR activation, pulmonary healing
signaling pathway, wound-healing signaling
pathway, and pulmonary fibrosis idiopathic
signaling pathway, were dysregulated after irra-
diation. It has been demonstrated that lower-en-
ergy orthogonal X-ray absorption in tissues is
distinct and causes more serious biological dam-
age than higher-energy radionuclide g-rays.38

Even though our comparisons included TBI
and PBI exposure, we were able to identify
several pathways that could be associated with
the high-energy (g-ray) or low-energy (X-ray)
irradiation. LXR/RXR activation was noted in
TBI, whereas pulmonary healing signaling
pathway, wound-healing signaling pathway,
and pulmonary fibrosis idiopathic signaling
pathway was repressed in PBI compared with
TBI (Figure 5B). The LXR/RXR activation
pathway has been reported to be associated
with radiation-induced proteomic changes in
the jejunum and blood plasma.39,40 This
pathway was activated in TBI NHPs compared
with PBI in our analysis. Apolipoprotein E
(APOE) was upregulated and IL18RAP, IL1R2,
MMP9, and S100A8 were downregulated in
TBI. Of these genes, matrix metalloproteinase
9 (MMP9) expression dysregulated by radiation
was associated with cell invasiveness and pul-
monary metastasis in a subtype of lung carci-
noma.41 The pulmonary fibrosis idiopathic
signaling pathway was downregulated in TBI,
and genes dysregulated in this pathway included BIRC5, COL9A2,
FGF9, FZD8, MMP8, MMP9, WNT7A, and WNT9B. Additionally,
the development of idiopathic pulmonary fibrosis has been reported
as a side effect after thoracic radiotherapy.42–44 Wnt signaling
pathway and its member, wingless-type protein 7a (WNT7A) gene,
have been associated with radiosensitivity modulation in lung and
mammary gland cancer cells.45,46 Overexpression of WNT7A sensi-
tizes lung cancer cells to radiotherapy, and our analysis indicates
that TBI increases the expression of WNT7A in the lungs as a
response to ionizing radiation. The wound-healing signaling pathway
was upregulated in PBI compared with TBI. Of the genes dysregulated
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in this pathway, protein expression of vascular endothelial cell growth
factor C (VEGFC) has been reported to be induced by exposure to ra-
diation through the activation of the PI3K/Akt/mTOR pathway in
lung cancer.47 VEGFC was upregulated in PBI in comparison with
TBI in the lung tissue of NHPs, indicating that PBI resulted in
increased expression of this gene that could lead to radiation-induced
angiogenesis. These pathways have to be further investigated to un-
derstand the transcriptional response attributable to variations in ra-
diation energy.

IPA pathway comparison analysis of healthy controls versus TBI-Veh
and healthy controls versus TBI-GT3 identified common differen-
tially regulated pathways associated with TBI, along with the response
to GT3. Several common pathways were upregulated in both TBI-
Veh and TBI-GT3 compared with healthy controls (Figure S10).
These pathways included cell cycle: G2/M checkpoint regulation,
p53 signaling, GADD45 signaling, PD-1, and PD-L1 cancer immuno-
therapy. The GADD45 signaling pathway includes GADD45a, which
was upregulated in both the TBI samples (TBI-Veh and TBI-GT3)
compared with healthy controls. Growth arrest and DNA-damage-
inducible gene 45a (GADD45a) has been shown to be transcription-
ally activated by several stressors, including UV and ionizing
radiation and hyperoxia.48,49 GADD45a is also associated with the
maintenance of DNA integrity, apoptosis, DNAmethylation excision
and repair, and inflammatory lung injury.50–52 The expression of this
gene was also increased in a mouse model of radiation-induced lung
injury, and mice deficient in this gene had increased susceptibility to
radiation injury.53 Our analysis also indicates that the GADD45a
pathway is activated in both vehicle and GT3-treated NHPs, with
increased activation levels in GT3-treated NHPs. This might indicate
the marginal protective role of GT3 against such a supralethal
ionizing radiation exposure.

The p53 pathway was also found to be activated in both vehicle and
GT3-treated NHPs, with slightly higher activation in GT3-treated
NHPs (Figure S10). p53, known as the “guardian of the genome,” is
the master regulator of cellular response to irradiation.54,55 The role
of p53 in regulating the cellular response to radiation is cell type
dependent and can be different in different cell types.56 In mouse
models, p53 loss can lead to resistance to toxicity in the hematopoietic
system,57 and on the other hand p53 loss can lead to increased sensi-
tivity in the gastrointestinal system.58,59 We also noted a decrease in
the activity of the PI3K/AKT signaling pathway in GT3-treated NHPs
compared with vehicle-treated NHPs (Figure 4B). The PI3K/AKT
signaling pathway is shown to regulate cell cycle progression and sur-
vival.60 A decrease in the PI3K/AKT signaling pathway could increase
apoptosis in GT3-treated NHPs. We speculate that radiation-induced
p53 activation can lead to an increase in apoptosis in lung tissue.

Animal studies have indicated that the effects of irradiation are man-
ifested in males and females differently, with females being more sen-
sitive to radiation injury.18,61,62 In humans, long-term radiosensitivity
is higher in females even when both sexes receive a comparable radi-
ation dose.63,64 In addition, females have a significantly higher risk of
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dying from radiation-associated cancers.65,66 This study analyzed the
transcriptomic differences in males and females when exposed to TBI
or PBI and pretreated with GT3. Males had activation of senescence
and LXR/RXR pathways when exposed to TBI compared with females
(Figure 6B). On the other hand, wound-healing pathways were
repressed in females exposed to TBI compared with PBI. The neuro-
inflammation signaling pathway, IL-8 signaling, HOTAIR regulatory
pathway, cAMP-mediated signaling, and FAK signaling were
repressed in TBI males compared with PBI. FAK is a cytoplasmic
tyrosine kinase associated with integrin signaling, and its inhibition
is associated with the induction of senescence and DNA-damage
pathway activation in breast and lung cancer cells.67,68 This activation
of cellular senescence through inhibition of FAK was also identified in
our study. Earlier reports also link inhibition of FAK to sensitization
of tumor cell lines to radiation.69

We also identified several genes that interacted with multiple fac-
tors studied, including sex at various days post exposure and drug
treatment. For example, the expression of SPINK1 in lung tissue
exposed to TBI was higher in males than in females at day 4
post-exposure (Figure S6). At day 7 post-exposure, however, fe-
males had higher expression of this gene than males. SPINK1 is
identified as a plasma marker for radiation resistance in cancer
cells, upregulated by radiation-induced hypoxia.70 Reports also
suggest that the expression of SPINK1 is modulated by androgen
receptor (AR) and repressor element-1 silencing transcription fac-
tor, a corepressor of AR,71 indicating that this gene can be differ-
entially regulated in males and females. Among the PBI-treated
NHPs, SMAD1 gene expression was higher in males at day 4
post exposure but decreased at day 7 (Figure S9). In females, an
opposite trend was noted for this gene. Ionizing radiation pro-
duces reactive oxygen species that activate the transforming
growth factor b/SMAD pathway, leading to radiation damage.71,72

No reports of sex-specific effects of SMAD1 gene expression linked
to radiation response exist, so this interaction needs to be explored
further using appropriate experiments.

We have summarized major pathways identified in this study in Fig-
ure 7. Both common and unique pathways identified among different
comparisons in TBI and PBI are represented in this figure. Common
pathways upregulated in healthy NHPs compared with vehicle-
treated NHPs and exposed to a supralethal dose of radiation included
PI3K/AKT signaling, IL-12 signaling and production in macro-
phages, and gap junction signaling. On the other hand, FAK
signaling, NK cell signaling, and phagosome formation pathways
were downregulated in both TBI and PBI vehicle-treated NHPs
compared with healthy NHPs. Unique upregulated pathways associ-
ated with TBI irradiation included cell cycle: G2/M DNA-damage
checkpoint regulation, role of BRCA1 in DNA-damage response,
and role of CHK proteins in cell cycle checkpoint control. Unique
downregulated pathways associated with TBI irradiation included
kinetochore metaphase signaling pathway, estrogen-mediated
S-phase entry, and 14-3-3-mediated signaling. Interestingly, cell cy-
cle: G2/M DNA-damage checkpoint regulation and kinetochore



Healthy Vs. Vehicle

PBI

Healthy Vs. GT3

M-GT3 Vs. F-GT3

Common 
Pathways

FAK Signaling
Cardiac Hypertrophy Signaling (Enhanced)
Natural Killer Cell Signaling
Phagosome Formation

PI3K/AKT Signaling
IL-12 Signaling and Production in Macrophages
Gap Junction Signaling

TBI

Healthy Vs. Vehicle

Healthy Vs. GT3

M-GT3 Vs. F-GT3
VEGF Signaling

Healthy Vs. Vehicle

Healthy Vs. GT3

M-GT3 Vs. F-GT3

PTEN Signaling
MSP-RON Signaling In Macrophages Pathway
AntioxidantAction of Vitamin C
IL-15 Production
WNT/Ca+ pathway
Alpha-Adrenergic signaling

Ovarian Cancer Signaling, AMPK Signaling
G Beta Gamma Signaling, Synaptogenesis Signaling Pathway

EIF2 Signaling
Regulation of eIF4 & p70S6K Signaling

GADD45 Signaling
PD-1/PD-L1 pathway
p53 Signaling

FAK Signaling
Phagosome Formation

Cell Cycle: G2/M DNADamage Checkpoint Regulation
Role of BRCA1 in DNADamage Response
Role of CHK Proteins in Cell Cycle Checkpoint Control
Kinetochore Metaphase Signaling Pathway
Estrogen-mediated S-phase Entry
14-3-3-mediated Signaling

Cell Cycle: G2/M DNADamage -Checkpoint Regulation
HGF Signaling.Kinetochore Metaphase Signaling Pathway

Superoxide Radicals Degradation

Figure 7. Common and unique pathways identified in different comparisons across TBI and PBI

Common pathways are represented in the intersection between the two circles. Pathways in red indicate the predicted activation state of the canonical pathway, and blue

indicates the downregulation of the pathway. Pathways with no predicted activity patterns are depicted in black.

www.moleculartherapy.org
metaphase signaling pathway were uniquely upregulated or downre-
gulated in TBI, respectively. No common pathways were identified in
PBI treatments, showing that NHP response to PBI is variable.

The lung is an organ that is usually used for studying delayed and late
effects of radiation exposure.73–75 In our study, animals were exposed
to a supralethal dose of 12 Gy (either TBI or PBI with 5% bone
marrow sparing). This study was designed to investigate early acute
effects, and it was not possible to have samples collected for studying
the delayed and late effects of radiation exposure, as no animals sur-
vived for more than 7 days post-irradiation. Since the NHP study is a
rare opportunity, we decided to conduct a transcriptomic study using
the lung tissues of these animals. In the future, we plan to conduct
such a transcriptomic study with animals exposed to low doses of ra-
diation whereby samples can be collected for delayed and late effects.

MATERIALS AND METHODS
Animals and experimental design

A total of 32 naive rhesus macaques (Macaca mulatta, 14 males and 18
females) were used for this study. They were between 3.5 and 5.5 years
of age, weighing 4.35–10.35 kg. Sixteen of these animals were procured
from the National Institutes of Health Animal Center (Poolesville, MD,
USA), while the remaining 16 were supplied by Covance (Alice, TX,
USA). The NHPs were randomly assigned to a TBI or PBI cohort, 16
in each. Each group of 16 animals was further randomly divided; eight
received GT3 (37.5 mg/kg, subcutaneously), and the remaining eight
received only the vehicle. All animals were maintained in a facility
accredited by the Association for Assessment and Accreditation of Lab-
oratory Animal Care International. Animals were quarantined for
6 weeks prior to the initiation of the experiment. Animal housing,
health monitoring, care, and enrichment during the experimental
period have been described earlier.35 Animals were fed a primate diet
(Teklad T.2050 diet; Harlan Laboratories, Madison, WI, USA) twice
daily with at least 6 h between feedings (animals were fed four biscuits
each at 7:00 AM and 2:00 PM) and received drinking water ad libitum.
All procedures involving animals were approved by the Institutional
Animal Care and Use Committee (BIOQUAL, protocol #18-060)
and the Department of Defense Animal Care and Use Review Office.
This study was carried out in strict accordance with the recommenda-
tions made in the Guide for the Care and Use of Laboratory Animals.76

Drug preparation and administration

GT3 and olive oil (vehicle) formulations (50 mg/mL) in 5% Tween-80
in saline were purchased from Callion Pharma (Jonesborough, TN,
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 593
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USA). The quantity of GT3 or vehicle for each NHP was based on in-
dividual NHP body weight. The dose of GT3 administered was
37.5 mg/kg.35 Drug and vehicle were administered at the dorsal scap-
ular area (between the shoulder blades) 24 h prior to irradiation. The
area surrounding the injection site was shaved at least 48 h before
administering the drug so that the site could be easily observed for
any adverse skin reactions such as rash/eruption, inflammation, irri-
tation, or abscess formation following GT3 or vehicle administration.
Immediately prior to drug injection, the site was wiped with 70% iso-
propyl rubbing alcohol and allowed to air dry; the drug was adminis-
tered subcutaneously using a 3-mL disposable luer-lock syringe with a
25-gauge 5/8-inch needle.

Radiation exposure

Total-body irradiation

On the day before irradiation, NHPs were fasted for approximately
12 h. Animals were transported from BIOQUAL to the Armed
Forces Radiobiology Research Institute (AFRRI) by BIOQUAL
personnel via a climate-controlled transport vehicle. The distance
between AFRRI and BIOQUAL was less than 10 miles, and animals
were not sedated during the transportation. Upon arrival at AFRRI,
the transport crates containing the animals were transferred to a
HEPA filtered transport cart which was used to transport the ani-
mals through the common hallways and elevators within AFRRI.
Animals were removed from the transport cages and placed into a
standard housing cage in the radiation staging area. Before sedation
for irradiation, the unique tattoo identification numbers were
confirmed by study personnel. Animals were then sedated in their
cages using the squeeze-back mechanism and were administered a
10–15 mg/kg intramuscular dose of ketamine (100 mg/mL), and
up to two NHPs were sedated at a time. Once sedated, the animals
were placed in restraint boxes to limit movement and to maintain
the proper upright seated position during irradiation. The NHPs’
limbs were secured to the box using ropes that were tied onto a cleat.
Animals were then transported to the cobalt facility via elevator, and
the attending dosimetrist verified the NHPs’ tattoo identification
numbers. A 1.5–5.0 mg/kg intramuscular booster of ketamine was
administered to the NHPs to limit movement while being irradiated
if needed. For irradiation, two NHPs were placed on the irradiation
platform facing away from each other and were exposed to a midline
dose of 12 Gy 60Co g-radiation at a dose rate of 0.6 Gy/min (bilat-
eral, simultaneous exposure) as described earlier.35 To deliver the
precise radiation dose, NHP abdominal widths were measured
with digital calipers.

Animals were observed throughout the irradiation procedure via in-
room cameras. After irradiation, the animals were returned to their
cages in the housing area and were monitored for recovery from
the procedure. The radiation field in the area of the NHP location
was uniform within ±1.5%. The dosimetry for photons was based
on the alanine/electron paramagnetic resonance dosimetry sys-
tem.35,77 This is one of the most precise dosimetry techniques at pre-
sent, which is used by national standards laboratories for the most
critical measurements and calibrations.
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Partial-body irradiation

NHPs were fasted, transported, and sedated as described for the TBI.
For PBI, NHPs were irradiated one at a time using a 4 MV photon
beam from an Elekta Infinity clinical linear accelerator (LINAC).
Anterior/posterior measurements of the NHPs at the location of
the absorbed dose target (“core of the abdomen”) were measured
with a digital caliper. Measurements from the NHPs’ crown of the
head to knee, hip, and foot were taken. Each NHP was placed in
the custom-built positioning device attached to the LINAC couch.
The NHPs’ limbs were secured to the platform using restraints that
were attached to the device. Animals were exposed to PBI with 5%
bone marrow sparing. To achieve 5% bone marrow sparing, the irra-
diation field excluded the tibia, ankles, and feet of the animal. The
field size of approximately 80 cm along its diagonal with a collimator
angle of 45� was used to provide a field size that was large enough to fit
the crown-to-knee of each NHP inside the field (crown-to-knee
lengths of the NHPs varied 54–75 cm). The heart rate and tempera-
ture of NHPs were continuously monitored throughout the irradia-
tion procedure (Advisor vital signs monitor; Smiths Medical, Dublin,
OH, USA). An absorbed dose of 12 Gy was delivered, with a dose rate
of approximately 1.3 Gy/min. To ensure a uniform irradiation field,
half of the absorbed dose was delivered with a beam along the ante-
rior-posterior direction (gantry angle 0�), and the other half was
delivered along the posterior-anterior direction (gantry angle 180�).

The calculation of the number of monitor units (MUs) required to
deliver the requested absorbed dose was based on the dose rate to
the abdominal core of the NHP. Each NHP was positioned supine
on the platform with its coronal midline at 149 cm from the
LINAC target. However, the dose rate to the abdominal core depends
on the thickness of tissue through which the beam must travel from
the surface to the core of the NHP. To account for the effect of vari-
ations in attenuation of the beam due to variations in the anterior-
posterior separation of each NHP, the AP separation of each NHP
was measured prior to irradiation.

To determine absorbed dose rates to NHPs of various AP separations,
the absorbed dose rates to the center of a series of cylindrical water-
filled polymethylmethacrylate NHP phantoms were measured using a
Farmer ionization chamber (0.6 mL sensitive volume). Phantoms
with diameters of 5.08, 6.99, 10.16, and 12.7 cm were used for these
dose rate measurements. These phantom diameters covered the range
of AP separations of the NHPs that were experimentally irradiated
(7–11 cm). The number of MUs required to deliver the requested ab-
sorbed dose to the abdominal core was adjusted for the AP separation
of each individual NHP. The Farmer ionization chamber used for the
dosimetry measurements in this study was calibrated at a National
Institute of Standards and Technology-traceable accredited dosimetry
calibration laboratory. The calibration was in terms of absorbed
dose-to-water. A water-to-soft-tissue correction factor was applied
to the dose rates determined by these irradiations. This ionization
chamber-based dosimetry system is based on the calculation of
the absorbed dose rate that is described in the American
Association of Physicists in Medicine Task Group 51 protocol.78



www.moleculartherapy.org
The absorbed dose rates determined from ionization chamber
measurements were used to determine a function of dose rate
versus phantom diameter (where phantom diameter corresponds to
the AP separation of the NHP). This empirical function was then
used to determine the dose rate to the abdominal core of each NHP
(based on its individual AP separation that was measured prior to
irradiation). This function enables calculation of the absorbed dose
rate to the cores of NHPs that are intermediate in size between that
of the phantoms in which the dosimetry measurements were
performed.

Euthanasia

For animals exposed to 12 Gy, either TBI or PBI, three in each treat-
ment group were scheduled to be euthanized for tissue collection on
day 4, three on day 7, and two on day 10 post irradiation. However, no
animal survived beyond day 7. Moribundity instead of mortality was
used to relieve the animal from pain and distress. Euthanasia was car-
ried out as per the American Veterinary Medical Association guide-
lines when animals reached a point of no return.79

Lung tissue collection

Lung tissue samples from six healthy/unirradiated animals were used
as the control. Immediately after collection, all samples were put into
a sterile storage tube and placed on dry ice. Samples were stored at
�80�C until used. For TBI, six animals were euthanized as scheduled
on day 4. The remaining ten animals were euthanized on day 7. Simi-
larly, for PBI, tissue samples from six animals were collected on day 4,
and all remaining animals were collected on day 7. The experimental
protocol is presented in Figure 1.

RNA isolation

Total RNA was isolated from frozen lung tissue following the manu-
facturer’s protocol for the RNeasy Lipid Tissue Mini kit (Qiagen,
Germantown, MD, USA) and quantified by fluorometry using a Qu-
bit 4 fluorometer (Invitrogen, Carlsbad, CA, USA). The quality of
RNA was analyzed on a Bioanalyzer Eukaryote Total RNA Pico
Chip (Agilent 2100; Agilent, Santa Clara, CA, USA). The average
RNA integrity number (RIN) score across all samples was above
the recommended minimum RIN of 7. Total RNA samples were
stored at �80�C until use.

Library preparation and sequencing

The library for RNA-seq was prepared with 500 ng of total RNA input
using a TrueSeq stranded mRNA Library Prep kit (Illumina, San
Diego, CA, USA) with barcoded adapters. Library size distribution
was determined using a Bioanalyzer DNA 1000 kit (Agilent 2100),
and the library yield and concentration were determined using the
KAPA Library Quantification kit for Illumina (Kapa Biosystems,Wil-
mington, MA, USA). Clustering and sequencing were performed on
the NextSeq 500 (Illumina) with paired-end reads of 75 bp in length.16

Data processing and analysis

Sequencing data were demultiplexed, and FASTQ files were generated
using bcl2fastq2 software (version 2.20.0, Illumina). Sequencing qual-
ity control was performed using the FastQC tool.80 The reads were
aligned to the macaque genome, Macaca mulatta Mmul_10.105,
using the STAR spliced read aligner81 and the latest Ensembl gene
transfer format (GTF) file. The average percent alignment of reads
to the reference genome was 85%.

The read count for each gene was obtained using the –quantMode
TranscriptomeSAM GeneCounts command from STAR aligner.
Principal component analysis was performed to visualize main treat-
ment differences. Differential gene expression analysis was performed
using DESeq2.82 A gene was identified as differentially expressed if
the false discovery rate (FDR) cutoff using the Benjamini-Hochberg
procedure for multiple testing correction was%0.05 and the absolute
fold change was above 1.5. DESeq2 multifactor design was used to
analyze the paired samples in this study, including irradiation, drug
treatment, sex, and days post irradiation.

Differentially expressed genes in different comparisons were used to
perform pathway analysis using IPA83 and KEGG pathways using
ShinyGO v0.741.84 In all the comparisons, KEGG pathway analyses
of the up- and downregulated genes were performed separately to
reveal the differentially regulated pathways. FDR corrected p %

0.05 was set as the cutoff criterion for the enrichment, and
the gene lists were compared against all protein-coding genes in
the genome. A comparison of enriched pathways across
different conditions was performed using the IPA Match analysis
feature. Canonical pathways were identified as significantly
enriched from the differentially regulated genes using the right-
tailed Fisher’s exact test. Only canonical pathways with FDR
corrected p value of %0.05 were considered.
Data and materials availability

All data generated or analyzed during this study are included in this
published article (and its supplementary information). RNA-seq
FASTQ files have been uploaded to the NCBI SRA database with
BioProject accession number PRJNA820316.
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