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In the event of a large-scale event leading to acute ionizing
radiation exposure, high-throughput methods would be
required to assess individual dose estimates for triage
purposes. Blood-based gene expression is a broad source of
biomarkers of radiation exposure which have great potential
for providing rapid dose estimates for a large population.
Time is a crucial component in radiological emergencies and
the shipment of blood samples to relevant laboratories
presents a concern. In this study, we performed nanopore
sequencing analysis to determine if the technology can be
used to detect radiation-inducible genes in human peripheral
blood mononuclear cells (PBMCs). The technology offers not
only long-read sequencing but also a portable device which
can overcome issues involving sample shipment, and provide
faster results. For this goal, blood from nine healthy
volunteers was 2 Gy ex vivo X irradiated. After PBMC
isolation, irradiated samples were incubated along with the
controls for 24 h at 37°C. RNA was extracted, poly(A)+
enriched and reverse-transcribed before sequencing. The
data generated was analyzed using a Snakemake pipeline
modified to handle paired samples. The sequencing analysis
identified a radiation signature consisting of 46 differentially
expressed genes (DEGs) which included 41 protein-coding
genes, a long non-coding RNA and four pseudogenes, five of
which have been identified as radiation-responsive tran-
scripts for the first time. The genes in which transcriptional
expression is most significantly modified after radiation
exposure were APOBEC3H and FDXR, presenting a 25-
and 28-fold change on average, respectively. These levels of
transcriptional response were comparable to results we
obtained by quantitative polymerase chain reaction (qQPCR)
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analysis. In vivo exposure analyses showed a transcriptional
radioresponse at 24 h postirradiation for both genes together
with a strong dose-dependent response in blood irradiated ex
vivo. Finally, extrapolating from the data we obtained, the
minimum sequencing time required to detect an irradiated
sample using APOBEC3H transcripts would be less than 3
min for a total of 50,000 reads. Future improvements, in
sample processing and bioinformatic pipeline for specific
radiation-responsive transcript identification, will allow the
provision of a portable, rapid, real-time biodosimetry
platform based on this new sequencing technology. In
summary, our data show that nanopore sequencing can
identify radiation-responsive genes and can also be used for
identification of new transcripts. © 2020 by Radiation Research Society

INTRODUCTION

Over the last decade, gene expression analysis has
emerged as a realistic approach for assessing radiation
exposure in human blood samples after medical exposure or
during emergency situations, due to its high throughput and
time efficiency (/—4). Although many studies have used
microarrays (5, 6), qPCR analyses have proven to provide
accurate dose estimates by focusing on specific radiation-
responsive genes (7—15) in only 7 h (/6) and now in only 4
h (/7). This methodology has been validated through
several NATO and RENEB exercises (/6, 18, 19). A single
gene expression analysis [e.g., ferredoxin reductase,
(FDXR), also reported to be a protein biomarker of
radiation exposure, (20)] can offer accurate information on
dose received in vivo in humans across a large range of
doses from CT scan to total-body exposure (/4). However,
a radiation signature can provide further information about
homogeneity of exposure (27), mixed exposure (22) or dose
rate (/7). The transcriptomic profiles can provide distinctive
gene expression patterns useful for later reconstruction of
exposure characteristics. Transcriptomic analyses by micro-
arrays (//, 23) and next-generation sequencing techniques
either targeted (24) or specifically for microRNA tran-
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scriptome (25) can identify a radiation-response signature.
However, some of these techniques have limitations; they
can be time consuming, relying on existing knowledge of
transcriptome sequences and requiring advanced bioinfor-
matic tools and expertise (26, 27). On the other hand, the so-
called third-generation sequencing methods, either single-
molecule real-time sequencing developed by Pacific
Biosciences (Menlo Park, CA) (28) or nanopore sequencing
offered by Oxford Nanopore Technologies (Oxford, UK)
(29-31), provide full-length transcripts unlike the second-
generation sequencing techniques. The approach of Pacific
Bioscience is based on sequencing by synthesis reactions
occurring in zero-mode waveguides, which provide real-
time sequencing for thousands of reactions simultaneously
(32). Nanopore sequencing consists of passing DNA/RNA
molecules through a biological pore driven under an electric
field and recording changes in the ionic current as
nucleobases pass through the pore. For biodosimetry,
nanopore sequencing offers the advantages of high-
throughput, low-cost, real-time sequencing and the possi-
bility of using a portable device. This portable device from
Oxford Nanopore Technologies, referred to as MinION, is a
small, light-weight (under 100 g) sequencer, which can be
powered to a laptop in which data are transferred through a
USB connection during real-time sequencing. This device
has already been used and reported to operate efficiently
outside the laboratory for DNA sequencing in numerous
environments, including the rain forest (33), the Antarctic
(34) and on the International Space Station (35). Therefore,
it is clearly plausible that this sequencing technology could
be developed and used “‘in the field”” for transcriptomic
analyses in the event of a major radiological or nuclear
emergency, bypassing the need to ship blood samples to a
specialized laboratory; consequently, this feature will
considerably shorten the time required to provide dose
estimations.

In the current study, we developed a protocol and a
bioinformatic pipeline to demonstrate the suitability of the
nanopore technology to generate a radiation-induced tran-
scriptomic signature in human peripheral blood mononu-
clear cells (PBMCs). Moreover, we demonstrated its
usefulness to discover new radiation biomarkers. The future
development of a biodosimetry platform based on nanopore
technology is also presented.

MATERIALS AND METHODS
Blood Irradiation Ex Vivo

Blood from nine healthy donors (Supplementary Table S1; https://
doi.org/10.1667/RR15476.1.S1) was collected and received either O or
2 Gy X-rays at a dose rate of 0.5 Gy min™ (10 ml of blood per
condition per donor) (Fig. 1). Irradiations were performed at room
temperature using an A.G.O. HS X-ray system (Aldermaston,
Reading, UK; output 13 mA, 250 kV peak, 0.5 Gy/min). The dose
of 2 Gy was chosen due to its wide use as the therapeutic dose
delivered during radiation treatments and because this dose surpasses
the threshold for acute radiation syndrome (1 Gy). After irradiation,
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the PBMCs were isolated using Histopaque®-1077 (Sigma-Aldrich,
Poole, UK) and maintained in LGM-3 culture media (Lonza, Slough,
UK) at 2 X 10° cells ml™! for 24 h at 37°C in a humidified 5% CO,
atmosphere. After 24 h, the PBMCs were pooled in groups of three
donors each (PBMCs pooled from 30 ml of blood originally) and
stored at —80°C until RNA extraction. Venous blood was taken at the
Centre for Radiation, Chemical and Environmental Hazards, Public
Health England (Chilton, UK) with informed consent and the ethical
approval of the West Midlands - Solihull Research Ethics Committee
(no. REC 14/WM/1182).

Dose-Response Experiment

Blood from seven healthy donors (Supplementary Table S1; https://
doi.org/10.1667/RR15476.1.S1) was collected and exposed to a range
of X ray doses (0.25, 0.5, 1 and 2 Gy at a dose rate of 0.5 Gy min').
After 24 h, RNA was extracted using a RiboPure™-Blood RNA
Purification Kit (Thermo Fisher Scientific, Loughborough, UK). The
cDNA was synthesized from 350 ng of RNA using High Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems®, Foster City,
CA).

Radiotherapy Patient Samples

Blood samples from a previous study (/3, 36) were analyzed to
monitor the radiation response in vivo of apolipoprotein B mRNA
editing enzyme catalytic subunit 3H (APOBEC3H) and FDXR. This
cohort was comprised of patients with the following cancer diagnoses
(n): endometrial (4), breast (5), lung (4), prostate (3), esophageal (2)
and colon (1). Patients received intensity modulated radiotherapy
using a linear accelerator. Blood samples were collected at three
different time points during the course of the treatment: before the start
of the treatment, 0.5-2 h and 24 h after receiving the first fraction. The
prescribed doses for each patient are described elsewhere (13, 36).

Sequencing Analysis

The full-length sequencing by Oxford Nanopore Technologies was
performed using a PromethION sequencer (Oxford Nanopore
Technologies) with the libraries prepared using the PCS109 kit
according to the instructions (https://bit.ly/2Qx8z70).

RNA was extracted using the RNeasy Midi Kit (QIAGEN,
Manchester, UK). The quantity of isolated RNA was determined by
spectrophotometry using an ND-1000 NanoDrop (Thermo Fisher
Scientific™ Inc., Waltham, MA) and quality was assessed using a
TapeStation 2200 (Agilent Technologies Inc., Santa Clara, CA).
Before the library was prepared, the RNA was poly(A)+ enriched
using an Oligotex mRNA Mini Kit (QIAGEN) and the cDNA was
prepared from 1 ng of RNA using strand-switching and VN primers.
After the cDNA synthesis, a selective PCR amplification was
performed for full-length transcripts before specific adapters were
added to start the sequencing run in the PromethION sequencer. The
samples were run in two SpotON flow cells per sample in a
PromethION sequencer.

To compare the sequencing versus qPCR analyses, cDNA was
prepared from 50 ng of the poly(A)+-enriched RNA using the High-
Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s protocol. The cDNA was used for the
gPCR analyses as described in its respective section below.

Quantitative Real-Time Polymerase Chain Reaction

qRT-PCR was performed using a Rotor-Gene Q (QIAGEN, Hilden,
Germany) with PerfeCTa MultiPlex qPCR SuperMix (Quanta
Biosciences Inc., Gaithersburg, MD). The samples were run in
triplicate in 10 pl reactions with 1 pl of the cDNA synthesis reaction,
containing 1 ng poly (A)+ (validation sequencing analysis) or 7 ng of
total RNA (dose-response and in vivo analyses) converted to cDNA,
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FIG. 1. Experimental workflow. Panel A: Blood from nine healthy donors (20 ml per donor), which was sham
or 2 Gy irradiated (dose rate 0.5 Gy min™) ex vivo, was used to isolate PBMCs by a density gradient
centrifugation. The PBMCs were incubated for 24 h at 37°C before the RNA was extracted. The total RNA
obtained was poly(A)+ enriched to remove ribosomal RNAs from the samples. Panel B: A total of 1 ng from the
poly(A)+-enriched RNA was used for the sequencing analysis. The RNA was reverse transcribed using VN and
strand-switching (SSP) primers. A PCR amplification step was performed to enrich the samples for full-length
cDNAs followed by the addition of sequencing adapters. The samples were run in two SpotON flow cells per
sample in a PromethION sequencer. The time required for each step of the protocol is included in the diagram.
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together with five different sets of primers and fluorescent probes at
300 nM concentration each. 3’6-Carboxyfluorescein (FAM), 6-
hexachlorofluorescein (HEX), Atto 680, Atto 390 and Texas Red
(Eurogentec Ltd., Fawley, Hampshire, UK) were used as fluoro-
chrome reporters for the probes analyzed in multiplexed reactions with
five genes per run including a housekeeping gene. Primer sequences
for FDXR, APOBEC3H, GADD45A and DDB2 are listed in
Supplementary Table S2; https://doi.org/10.1667/RR15476.1.S1. The
reactions were performed with the following cycling conditions: 2 min
at 95°C, then 45 cycles of 10 s at 95°C and 60 s at 60°C. Data were
collected and analyzed by Rotor-Gene Q Series software. Gene target
cycle threshold (Ct) values were normalized to hypoxanthine
phosphoribosyltransferase 1 (HPRT1) internal control. Cycle thresh-
old values were converted to transcript quantity using standard curves
obtained by serial dilution of PCR-amplified DNA fragments of each
gene. The linear dynamic range of the standard curves covering six
orders of magnitude (serial dilution from 3.2 X 10~ to 8.2 X 107')
gave PCR efficiencies between 90 and 103% for each gene with R* >
0.998.

Data Analysis

Nanopore cDNA reads were analyzed using a Snakemake pipeline
modified to handle paired samples (37). The pipeline (https://bit.ly/
3403pVc) maps the reads to the transcriptome using minimap2 (38)
and estimates per-transcript read counts using salmon (39). After the
aggregation of transcript counts into gene counts based on the
Ensembl annotation, differential gene expression was detected using
the quasi-likelihood method provided by the edgeR (40) Bioconductor
package.

Statistical Analysis

Statistical analyses were performed using Minitab software (State
College, PA). Data are presented as means * standard deviation
(SD) or standard error of the mean (SEM). Comparisons were
analyzed using Student’s ¢ test. A significance of P < 0.05 was
applied to all statistical tests performed. Pearson’s correlation
analyses were performed to verify dose-response relationships and
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for comparison purposes between sequencing and qPCR analyses.
To measure the consistency of the gene expression response to
radiation, the coefficient of variation (CV, mean-normalized standard
deviation) was calculated for all the differentially expressed genes
(DEGS).

RESULTS
Nanopore Long-reads Sequencing

Three biological replicate experiments, each including
isolated PBMCs from three different donors pooled
together, were performed. Multiple blood samples were
pooled together so that enough poly (A)+-enriched RNA
could be isolated for the sequencing analysis, since the
maximum amount of blood we were permitted to obtain per
donor was 20 ml. After total RNA extraction from PBMCs,
the samples were enriched in poly(A)+ RNA to discard
ribosomal RNA from the sequencing analyses. The RNA
integrity number (RIN) values obtained for the different
RNA extractions ranged from 8.8 to 9.2, demonstrating
good-quality RNAs. The RNA extraction and poly(A)+
enrichment from the blood samples required 90 min and the
library preparation 165 min. The flow cells were run for 48
h in a PromethION and the data analysis required a day.

The samples were run for 48 h to generate library sizes of
40-75 million primary aligned reads (Fig. 2A) and a total of
25,656 mRNAs and 110,829 transcript variants were
identified. These read differences between samples could
be associated with inconsistencies between flow cells or
small differences in adapter ligation efficiency between
libraries.
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Differential Gene Expression Analysis

In our protocol, PBMCs were analyzed 24 h postirradi-
ation; at this time point, 41 protein-coding genes, 1 long
non-coding RNA and 4 pseudogenes were identified as
significantly (P < 0.00009) differentially expressed (Fig.
2B-E, Supplementary Table S3; https://doi.org/10.1667/
RR15476.1.51) with false discovery rates (FDR) ranging
from 0.0002 for the most significant DEGs after irradiation,
FDXR and APOBEC3H, to 0.049 for Fas cell surface death
receptor (FAS). When the control was compared to the
irradiated samples (Fig. 2B), the majority of the DEGs were
upregulated, with only cathepsin O (CTSO), hydroxysteroid
17-beta dehydrogenase 8 (HSD17B8) and immunoglobulin
lambda variable 1-44 (IGLV1-44) being significantly
downregulated.

The number of read counts for APOBEC3H was higher
than FDXR (Figs. 2B and 3A), with background counts
going from 957 = 181 between the three sequencing
repeats and 98 *= 21 to 16,423 = 520 and 1,587 = 84
(counts per 50 X 10° aligned reads), respectively, demon-
strating a higher endogenous level of transcription. On
average, after irradiation, the DEGs presenting higher
counts were ribosomal protein S27 like (RPS27L) followed
by phosphohistidine phosphatase 1 (PHPT1) (Fig. 2B). The
volcano plots shown in Fig. 2 allow for visualization of the
samples regarding the FDR (Fig. 2C) and P value (Fig. 2D)
compared to the fold change (FC) showing the most
significant genes, APOBEC3H and FDXR, highlighted at
the top of the graph.

The long non-coding RNA identified was the long
intergenic non-protein coding RNA 475 (LINCO00475)
presenting a consistent 30 = 2.2-fold increase in irradiated
samples.

Moreover, to the best of our knowledge, CTSO, IGLV1-
44, protein tyrosine phosphatase type IVA, member 1
(PTP4A1) pseudogene (ENSGO00000278275), a novel
pseudogene (ENSG00000283234), ribosomal protein L.23a
pseudogene 42 (RPL23AP42) and ribosomal protein S19
pseudogene 1 (RPS19P1) have been identified as radiation-
responsive transcripts for the first time. Interestingly, two
genes were significantly downregulated, CTSO counts
ranged from 184-739 per 50 X 10° primary aligned reads
in the control sample, while no counts were detected in the
irradiated samples (Supplementary Table S3; https://doi.org/
10.1667/RR15476.1.51). For IGLV1-44, 120 and 253
counts were detected in two control samples and no counts

were detected on the remaining samples. RPL23AP42 and
RPS19P1were upregulated to 14 = 8- and 3.4 = 0.96-fold
change, respectively. The novel pseudogene showed a high-
fold change of 54 = 12.1 but was present at lower counts
compared to the majority of DEGs (Fig. 2B).

Hierarchical clustering of DEGs (Fig. 2C), using the
Morpheus software package (https://software.broadinstitute.
org/morpheus/), showed separate clusters for the up- and
downregulated genes. From the 46 DEGs, most of the genes
(35 genes) showed a very consistent response to radiation
between replicates, with coefficients of variation between 0
and 20.2% (Supplementary Table S3; https://doi.org/10.
1667/RR15476.1.S1), while a few were less consistently
upregulated between experiments, in particular, FHL2,
RPL23AP42 and VPS28.

Comparison of RNA Sequencing and gPCR Analysis

The number of read counts for APOBEC3H, FDXR and
GADD45 genes were consistent among the three experi-
ments (Fig. 3A). The level of expression was approximately
10 times higher for APOBEC3H compared to FDXR, while
fold changes were very similar (Fig. 3A). Four genes were
selected to compare their response to radiation using
sequencing and qPCR analyses. The sequencing gene
transcript counts were normalized to HPRTI1 transcript
copies and compared to qPCR analysis data obtained in
parallel (also normalized to HPRT1 transcript copies) (Fig.
3B). The three most significantly expressed genes were
selected (APOBEC3H, FDXR and DDB2) together with
GADD45 due to its known response to radiation and the
fact that no transcript variants were detected for this gene,
simplifying the design for PCR primers. Importantly, the
results showed similar response between control and
irradiated samples by sequencing and qPCR for APO-
BEC3H, FDXR and GADD45 (Fig. 3B, Supplementary
Table S4; https://doi.org/10.1667/RR15476.1.S1). Linear
regression analysis of the correlation between qPCR and
sequencing data showed a strong correlation between both
techniques for APOBEC3H, FDXR and GADD45, with R*
of 0.9837 and Pearson’s correlation coefficient of 0.992
(Supplementary Fig. S1).

However, the radiation response of DDB2 was signifi-
cantly lower by gPCR than sequencing (Fig. 4) (13.3 vs. 7.4
fold). This discrepancy was unexpected, since the results
were comparable for the other three genes examined; we
therefore sought to determine an explanation. We identified

—

FIG. 2. Gene expression analysis of ex vivo irradiated blood by long-read nanopore RNA sequencing. Panel A:
Sequencing depth per library (number of reads per sample/library). Panel B: MA plot showing the differential
expressed genes between the control and irradiated samples. The blue lines indicate genes that are up- or
downregulated two-fold. Panel C: Volcano plot representing the FDR (—logl0 FDR) versus fold change (log
FC). The green line indicates a FDR value of 0.05. Panel D: Volcano plot representing significance (—log10 P
value) versus fold change (log FC). Panel E: Heatmap of the normalized counts to HPRT. The 46 genes
significantly regulated by radiation exposure were grouped by hierarchical clustering. Differential gene
expression was detected using the quasi-likelihood method provided by the edgeR.
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FIG. 3. Number of read counts per gene and comparison of the radiation response of APOBEC3H, FDXR and
GADDA45 by nanopore long-read sequencing analysis versus qPCR. Panel A: The abundance of reads per gene is
shown for the control and irradiated samples (counts normalized by library size). Panel B: The fold change
between the control and irradiated samples was compared between sequencing and qPCR analyses. Data are
shown as mean * standard deviation. No significant differences were observed (¢ test, P < 0.05) between
sequencing and qPCR analysis. *Significant differences between control and irradiated sample (¢ test, P < 0.05).

nine transcript variants by sequencing for DDB2. Some
were not covered using the qPCR primers we designed, and
therefore were not detected and quantified, which could be
the source of the difference. To confirm our hypothesis,
those transcript variant data were removed from the
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FIG. 4. Effect of transcript variant identification by nanopore
sequencing on radiation response. The fold change for DDB2 was
compared between nanopore sequencing and qPCR analyses,
including or excluding specific transcript variants. The variants
excluded were not detected with the qPCR primer designs.
*Statistically significant differences (7 test, P < 0.05).
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with their respective linear fits (Supplementary Fig. S2;
https://doi.org/10.1667/RR15476.1.S1), with linear R* val-
ues of 0.931 and Pearson’s correlation coefficient of 0.965
for APOBEC3H and 0.9126 and 0.955 for FDXR. A strong
positive linear relationship between dose and gene expres-
sion was observed in males for FDXR and APOBEC3H
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FIG. 5. Dose-response analyses of APOBEC3H and FDXR.
Multiplexed QRT-PCR gene expression fold changes of APOBEC3H
and FDXR (panels A and B, respectively) 24 h postirradiation in blood
samples from seven healthy donors exposed ex vivo to a range of
doses (0.25, 0.5, 1, 2, 3, 4 Gy; 0.5 Gy min™"). *Significantly different
from control (paired ¢ test, P < 0.001).

(Supplementary Fig. S3 and S4). Although the correlation
between dose and gene expression was significant for
females, their Pearson’s coefficient and R? value were lower
than for males (Supplementary Fig. S3 and S4); however, it
should be noted that only two female samples were
available for this experiment.

Gene Expression Profile of APOBEC3H and FDXR in In
Vivo Irradiated Blood Samples from Cancer Patients
During Radiotherapy

Since APOBEC3H was not a gene we identified in
previous experiments, we next sought to confirm the
validity of APOBEC3H transcriptional expression com-
pared to FDXR for which we validated responsiveness in
vivo in human blood samples. Both genes were monitored in
six different types of cancer patients who received
radiotherapy, at 2 h and 24 h after the first fraction, for a
total of 19 patients (Fig. 6). Interestingly, the results showed
an upregulation of APOBEC3H as early as 2 h after the first
radiotherapy fraction and confirmed the upregulation at the
24-h postirradiation time point with a 1.9-fold change.
FDXR was upregulated after 24 h, presenting a slightly
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FIG. 6. mRNA expression levels of APOBEC3H and FDXR
(panels A and B, respectively) in blood from radiotherapy patients.
Blood samples from 19 patients, comprising those with endometrial,
breast, lung, prostate, esophageal and colon cancer, were analyzed.
Blood was collected at three time points: before the start of the
treatment, at 0.5-2 h and 24 h after the first fraction. Individual data
points are shown for all patients, together with the mean = SD (each
patient is represented with a different symbol). Each cancer group was
color coded. Statistical analyses were performed in log-transformed
data. *Significantly different from the control (before treatment)
(paired ¢ test, P < 0.05).

higher upregulation than APOBEC3H with a 2.2-fold
change.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Analysis

To assess the pathways in which the genes identified by
these long-read sequencing experiments were involved,
KEGG pathway analysis was performed (http://www.
genome.jp/kegg/). The DEGs were assigned to 95 KEGG
pathways. The top 10 enriched pathways are shown in Fig.
7. As anticipated for this dose level in blood, the pS53
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FIG. 7. KEGG pathway analysis for DEGs between control and irradiated PBMCs. All the genes listed were

upregulated apart from CTSO (highlighted in blue).

signaling pathway was the most represented by the DEGs,
followed by cytokine-cytokine receptor interaction and
apoptosis.

DISCUSSION

To our knowledge, this is the first study in which *‘third
generation sequencing’’ nanopore technology has been
employed to provide a radiation-induced gene expression
signature useable for biological dosimetry purposes. Nano-
pore sequencing analysis of human PBMCs irradiated ex
vivo has identified over 25,000 different transcripts with 46
genes showing a radiation-dependent significant shift in
expression; in particular, two of these genes, APOBEC3H
and FDXR, were clearly the most significantly responsive
genes to ionizing radiation, with fold changes between 25 to
28 fold in average for the dose delivered (2 Gy). Identifying
FDXR was reassuring, and validated the long-read
sequencing technology, as it has been previously charac-
terized ex vivo by other methods (8, 10, 15, 16, 23) and
validated in human in vivo, demonstrating its suitability to
provide accurate dose estimation in in vivo partial- or total-
body irradiated individuals (/4). However, although
APOBEC3H has been previously mentioned as a radia-
tion-responsive gene (4/), it had not been very well
characterized. The APOBEC family of enzymes is com-
prised of single-stranded DNA cytosine deaminases which
restrict replication of DNA-based parasites (42). Although
the role of APOBEC3H in the radiation-induced DNA
damage response is unknown as far as we know, its
response to radiation is probably ATM-BRCA1-dependent
43).

In this study, perhaps surprisingly, the gene APOBEC3H
showed a very strong response to radiation in isolated
PBMC s, similar to FDXR, the most strongly upregulated
gene identified in human blood in multiple studies from our
laboratory; it was slightly lower in whole blood compared to
FDXR. While small, these differences could be attributed to
the expression level in cell subpopulations present in whole
blood compared to isolated PBMCs. APOBEC3H tran-
scriptional response to radiation in ex vivo irradiated blood
followed a sublinear dose-response relationship similar to
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FDXR. Dose estimates provided with FDXR have proven to
be very accurate at low and high doses (/4) and have been
used successfully in exercises on blind samples (16, 18, 19).
The similar dose-response curve observed for APOBEC3H
suggests that this gene could become a useful, possibly
standalone biomarker of radiation exposure for dose
estimations in humans.

We have presented the first expression profile of
APOBEC3H in radiotherapy patient blood samples obtained
before and after the first treatment fraction, to determine if
its expression can indeed be detected in vivo in partial-body
irradiated samples. Importantly, APOBEC3H was upregu-
lated after 24 h as FDXR, but also interestingly, at a much
earlier time point in the range of 0.5-2 h after the first
fraction of radiotherapy. To note, FDXR did not show a
significant upregulation at such earlier time postirradiation,
making APOBEC3H an informative biomarker even in
cases of blood sampling early after irradiation. Although
both genes showed a strong dose-response correlation,
APOBEC3H showed higher variability in its radiation
response, as observed in its coefficient of variability.

The question of sex-dependent radiation response of
APOBEC3H has been previously raised (4/), but different
results were observed with different technical approaches
(microarray and qPCR analyses). In the current study, male
and female dose-response correlation analysis for APO-
BEC3H presented significant correlations, but female linear
fit had a slightly lower R* value, indicating higher
variability of responses. The female group was represented
by two individuals; therefore, there were not enough
subjects in each sex group to demonstrate a sex-dependent
effect on APOBEC3H response to radiation. Although
further investigations are required, the strong radiation
response of APOBEC3H makes it a biomarker of exposure
in blood ex vivo and in vivo, identified by long-read
sequencing and confirmed by qPCR.

The majority of genes included in the radiation-induced
gene signature identified by nanopore technology have been
previously described as radiation-responsive genes in
multiple studies (e.g., 8, 23, 44-46). However, to the best
of our knowledge, and after screening of the literature,
CTSO, IGLV1-44 and four pseudogenes [PTP4A1-pseudo-
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gene, a novel pseudogene (ENSG00000283234),
RPL23AP42 and RPS19P] had not been previously reported
and were identified perhaps for the first time as radiation-
responsive in this study using nanopore long-read sequenc-
ing. Pseudogenes are genomic sequences resembling
protein-coding genes which result from inactivating gene
mutations during evolution. Pseudogenes lack coding
potential, present tissue-specific and constitutive expression
profiles (47) and have regulatory effects on protein-coding
gene expression (48, 49). Pseudogenes have been reported
as survival prognosis markers in some cancers (50, 5/) and
to be responsive to ionizing radiation (52, 53), although to
date, their potential as biomarkers of radiation exposure has
not been addressed. RPL23AP42 and RPS19P are ribo-
somal associated pseudogenes, which indicate that radiation
modulates translation processes in the cells, as suggested
elsewhere (52). Therefore, nanopore sequencing has
demonstrated its potential as a biodosimetry tool and for
the discovery of new biomarkers of radiation exposure.
Nanopore sequencing provides long-reads, thus eliminat-
ing the ambiguities associated with splice variant and
isoform calling. The sequencing data presented for each
DEG includes all the variants identified for each gene.
When the sequencing data were compared with the qPCR
analysis (Figs. 3 and 4), differences in radiation response
were observed for one of the genes analyzed, DDB2. After
investigation, it was determined that these differences were
due to primer design, since the primers used for gPCR were
not covering all the variants detected by sequencing,
demonstrating the power of this technology for exploring
the multiplicity of transcripts expressed. It has been
previously reported that ionizing radiation has a regulatory
influence on alternative transcription of specific radiation-
responsive genes (54, 55). Therefore, since modulation of
gene variants is expected after radiation exposure in blood
samples, nanopore sequencing analysis is a unique tool to
obtain a complete expression profile picture of radiation-
responsive genes, by identifying all responsive variants
expressed as long as its expression level is compatible with
the number of reads analyzed (i.e., frequency of expression
compatible with the number of reads, superior to 1, in 40—
75 million reads). qPCR analyses cannot allow this, since
new primers must be redesigned to include all the radiation-
responsive variants of the genes, and this can only be done
for those identified and for which the sequence is known.
KEGG analysis of the DEGs identified p53 signaling
pathway as the most enriched pathway. This is not
surprising, since P53 is the master regulator of the cellular
radiation response and many of the genes identified are p53
dependent (56). The cytokine-cytokine receptor interaction
pathway was also enriched, suggesting a radiation-induced
inflammatory response as has been previously observed ex
vivo (57) and in vivo in humans (58). Not surprisingly,
apoptosis was also highly represented by the DEGS, as the
programmed cell death, the most important cell death
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pathway after radiation exposure, is mainly regulated by
radiation-induced double-strand breaks (59).

With the risk of an acute large-scale radiological/nuclear
incident of a large population, and the limited capacity of
existing techniques, there is clearly a need for developing
and establishing new, rapid and high-throughput biodosi-
metric tools for estimation of received dose and initial triage.
Classic biodosimetry assays, such as dicentric or micronu-
cleus, can provide accurate dose estimates. However, they
are time-consuming and low-throughput methodologies (/,
60, 61), difficult to apply in an emergency situation where
large sample screenings in a short period of time are required
(within 24 h). In this study we demonstrated the usefulness
of nanopore sequencing to precisely identify radiation-
responsive transcripts, making this a technology of great
interest for biological dosimetry. We analyzed the number of
read counts and found clear differences in the number of
gene transcripts between control and irradiated samples (Fig.
3A). Under the hypothesis of the necessity to analyze an
unknown sample without a control (‘“‘real life” situation), it
would therefore be possible, using this technology, to
differentiate exposed and non-exposed individuals by
establishing a threshold for the irradiated profile, based on
the frequency of reads of a particular transcript in a defined
time window of sequencing (Fig. 8). For instance,
considering APOBEC3H counts, we calculated that, by
analyzing the first 50,000 reads, which could be achieved in
approximately <3 min, 0.96 counts will be obtained in non-
exposed blood samples while 17 counts would be obtained
in 2 Gy irradiated blood samples. These assumptions are
extrapolated from the data obtained from 50 million reads
performed in this study (Fig. 3). This difference in number of
counts could help identify exposed individuals for triage
purposes. Since nanopore sequencing can be analyzed in
real-time, establishing the counts per sequencing time of
specific biomarkers in response to radiation would offer a
rapid and high-throughput method to identify the unexposed,
and those exposed to high-dose radiation (>2 Gy) (Fig. 8).
Individuals exposed to high doses may develop acute
radiation syndrome, especially the hematological syndrome
requiring hospitalization and specific treatment (24). This
theoretical time will be tested and demonstrated in future
studies to address the effect of inter-individual variability in
response to radiation. We have participated in several
exercises in the past years (/6, 18, 19) where we provided
robust dose estimates from blood samples where a donor-
match control was not available. In these cases we compared
the level of expression in these unknown samples with an
existing calibration curve produced in our laboratory,
pooling blood RNAs from 10 donors of mixed age and
gender, and obtained satisfying results. It should also be
noted that the data generated in this study were already
obtained using several donors (9) and therefore already
partially reflect inter-individual variability. Future studies
will be undertaken to more accurately determine the count
ranges necessary for distinguishing a control sample from an
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irradiated one. In addition, although dedicated bioinformatic
tools must be developed, the pocket-size devices currently
available would permit sequencing analysis to be performed
in real-time, in the field, without the need for shipping blood
samples to specialized laboratories (Fig. 8). Also, this
platform, with the specific gene panel, could provide a
medical diagnostic tool to determine patient-specific radia-
tion sensitivity for predicting normal tissue responses to
radiation, ultimately personalizing treatments to prevent
normal tissue radiotoxicity.

Biological dosimetry applications of nanopore sequencing
are still under development in our laboratory and specific steps
in the protocol require further modification for use of this
technology as a rapid screening platform for blood-based
detection of radiation exposure. For instance, sample
preparation time required for the sequencing analysis will
require shortening since the RNA extraction and library
preparation is performed in 90 and 165 min, respectively.
Moreover, the RNA requirements used in the current study
necessitate blood volumes higher than what would ideally be
requested. It should be noted that Oxford Nanopore
Technologies has already improved this issue in their available
kits for sequencing. We have used 1 ng of poly(A)+-enriched
RNA, but the current methodology can now be performed by
analyzing only 50 ng of total RNA, thereby reducing the
sample preparation time and the blood volume required to
approximately 1-2 ml for such analysis. Additionally, instead
of sequencing the whole transcriptome, as was done in the
current study, targeted sequencing could be performed using
gene-specific primers; the library preparation time would be
the same, but it would provide far higher sequencing depth for
transcripts of interest or low expressed transcript variants and
would highly simplify the bioinformatic analysis.

In summary, although optimization is required, to our
knowledge this is the first study in which nanopore
sequencing is used in human blood, providing radiation-
induced transcriptomic signatures, new biomarkers of radia-
tion exposure, and establishing the basis for the development
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of a biodosiemtry sequencing platform. The findings from this
work will help guide future research, and suggest that the
technology can be used to develop a quick and high-
throughput platform for assessing radiation exposure.

SUPPLEMENTARY INFORMATION

Table S1. Information about age and gender from the
healthy donors involved in the dose-response and sequenc-
ing analysis experiments.

Table S2. Primer sequences used for qPCR analysis.

Table S3. Differentially-expressed genes identified by
nanopore sequencing in response to radiation in order of
significance (by P value).

Table S4. qPCR analysis performed in the sequenced
samples (Fig. 3B).

Fig. S1. Linear regression analysis of the correlation
between qPCR and sequencing analyses.

Fig. S2. Dose-response curves adjusted by linear
regression model for APOBEC3H and FDXR.

Fig. S3. Dose-response curves adjusted by linear
regression model for APOBEC3H.

Fig. S4. Dose-response curves adjusted by linear
regression model for FDXR.
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