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Abstract

:

Following cell stress such as ionising radiation (IR) exposure, multiple cellular pathways are activated. We recently demonstrated that ferredoxin reductase (FDXR) has a remarkable IR-induced transcriptional responsiveness in blood. Here, we provided a first comprehensive FDXR variant profile following DNA damage. First, specific quantitative real-time polymerase chain reaction (qPCR) primers were designed to establish dose-responses for eight curated FDXR variants, all up-regulated after IR in a dose-dependent manner. The potential role of gender on the expression of these variants was tested, and neither the variants response to IR nor the background level of expression was profoundly affected; moreover, in vitro induction of inflammation temporarily counteracted IR response early after exposure. Importantly, transcriptional up-regulation of these variants was further confirmed in vivo in blood of radiotherapy patients. Full-length nanopore sequencing was performed to identify other FDXR variants and revealed the high responsiveness of FDXR-201 and FDXR-208. Moreover, FDXR-218 and FDXR-219 showed no detectable endogenous expression, but a clear detection after IR. Overall, we characterised 14 FDXR transcript variants and identified for the first time their response to DNA damage in vivo. Future studies are required to unravel the function of these splicing variants, but they already represent a new class of radiation exposure biomarkers.
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1. Introduction


Messenger RNAs (mRNAs) are the molecules that translate genomic DNA information into proteins. However, the correlation between mRNA levels and protein abundance varies due to post-transcriptional regulatory mechanisms which play a key role in gene expression. Following transcription, alternative mRNA transcripts can be generated from a single gene, resulting in the translation of different isoforms of the same protein with distinct functions or subcellular localisation. This is an essential mechanism playing an important role in cellular differentiation and organism development [1]. mRNA splicing greatly increase cellular and organismal complexity, providing diversification of gene function. This process is tightly regulated and needs to be executed in time and space so as not to interfere with the normal cellular and organismal physiology. Alternative splicing includes constitutive splicing, intron retention, exon skipping, alternative splice site selection, mutually exclusive splicing, alternative promoter selection, and alternative polyadenylation sites [2]. These alternative transcripts can also arise from the use of alternative transcription start (TSS) and stop sites which has been reported to contribute to transcript diversity even more than alternative splicing [3]. Following DNA damage, alternative transcripts have been detected in human lymphoblastoid cell lines and primary fibroblasts [4]. More specifically, many genes showed alternate transcripts levels as a response to ionizing radiation (IR) exposure, which can also induce the use of secondary promoters to produce alternative transcripts in some genes [5,6]. This has been reported for several DNA repair genes [7].



Gene expression analyses of white blood cells have proven to be an accurate and fast method to assess IR exposure in blood samples for biodosimetry purposes [8,9,10,11,12,13,14]. From arrays and sequencing efforts [14,15,16], a broad number of genes have been identified whose response to IR can qualify as reliable biomarkers of exposure. Nevertheless, further validation is still required, as gene expression-based dose assessment often relies on pre-exposed samples as controls to take into account inter-individual variability in endogenous levels for accurate dose-estimations.



Recently, the gene FDXR has demonstrated its remarkable response to radiation in vivo, giving precise dose estimates in blood samples from total and even partially irradiated radiotherapy patients [8]. FDXR encodes for a protein involved in electron transport and implicated in the biosynthesis of iron–sulphur clusters and in heme formation [17]. Alternative transcripts have been identified for FDXR in vitro and, as IR induces alternative splicing, with some FDXR variants responding differently to IR exposure [18].



Some confounding factors have proven to affect radiation responsive genes such as simulated bacterial infection by lipopolysaccharide (LPS), curcumin, cancer condition, or gender [8,9,19,20]. FDXR response to radiation has been observed to be temporarily counteracted by LPS [8] probably due to the downregulatory effect of LPS on P53 expression [21]. P53 is one of the main transcriptional factors regulating the DNA damage response and its target genes, and their variants could potentially also be affected by LPS.



The emerging long read sequencing technologies have provided a tool for reliable variant calling. Currently, either nanopore sequencing developed by Oxford Nanopore Technologies (Oxford, UK) [22,23,24] and single-molecule real-time (SMRT) sequencing, developed by Pacific BioSciences (PacBio) [25] provide full-length transcripts, which eliminates the issues of next-generation sequencing techniques related with mapping ambiguity [26,27]. Nanopore sequencing has been used in the present study and consists of sequencing a single-stranded DNA/RNA molecule by recording characteristic current changes when the nucleobases pass through a biological pore.



By combining transcript variant-specific quantitative real-time polymerase chain reaction (qPCR) analysis together with long sequencing reads, the present study provides an exhaustive characterisation of ferredoxin reductase (FDXR) alternative transcripts in response to ionising radiation (IR) in human blood ex vivo and in vivo.




2. Results


2.1. FDXR Expression Profile in Blood Irradiated Ex Vivo


The results showed that all variants present a clear dose-dependent response with large variability in the amplitude of response between them (Figure 1, Supplementary Table S3). Variants FDXR-206 (39-fold up-regulation after a dose of 4 Gy) and FDXR-214 (22 fold up-regulation) were the most responsive variants to radiation (Figure 1A) and FDXR-203 the least responsive (seven-fold up-regulation after a dose of 4 Gy) (Figure 1A). When assessing the dose-response correlation (Supplementary Figure S3), all the variants showed good R2 values between 0.85 and 0.93 and Pearson’s correlations between 0.93 and 0.96. For all variants, the response tends to flatten out as the dose increases above 2 Gy.



At the basal level of expression, FDXR-202 showed the highest background level apart from FDXR-201, followed by FDXR-205 (Figure 1B). Interestingly, variant FDXR-217 and FDXR-203 were expressed at very low levels compared to the other variants (Figure 1B). They were almost undetectable, reaching the limit of detection even after 45 cycles of qPCR.



When comparing gender effect on the radiation-response of the variants, no differences were identified apart from variant FDXR-206 at 4 Gy (Figure 2, Supplementary Table S4, and Figure S4). Regression analysis for each variant for women and men (Supplementary Figure S5) showed that R2 values are slightly lower for women than men for most of the variants. Pearson correlation analyses showed a linear correlation between dose and gene expression for all the variants in both genders except for FDXR-203 in women (Supplementary Figure S5). The variant presenting the linear correlation with the highest R vale and lower p-vale for women and for men was, respectively, FDXR-217 (R = 0.93, p-value 0.002) and FDXR-203 (R = 0.99, p-value < 0.001) apart from FDXR-201+.



Comparisons of the radiation response of the different variants in women indicated that although variant FDXR-206 and FDXR-214 show higher fold changes, there are no significant differences with the rest of the variants except for FDXR-203 (Figure 2A). However, in men, variant FDXR-206 was significantly most responsive than the other variants for doses between 1–4 Gy (Figure 2B).



When comparing the basal level of expression of the variants between gender, there were no differences observed (Supplementary Figure S6).




2.2. Effect of Bacterial Endotoxin Exposure on the FDXR Variants Response to Radiation


To address the question of the specificity of the transcription of these transcript variants to IR or at least a clastogen, blood from five male donors was exposed to the bacterial endotoxin LPS (500 ng/mL) 1 h before irradiating the samples at 2 Gy (dose rate 0.5 Gy/min) as a pro-inflammatory stimulus to mimic bacterial infection. The transcriptional response of the variants was analysed either after 2 h or 24 h post-exposure. The results demonstrated differences in the response to LPS versus radiation after LPS treatment only in some variants (Figure 3). After LPS treatment, at the 2 h time point, the gene expression levels of variant FDXR-204, FDXR-202, and FDXR-205 were slightly downregulated. When LPS was combined with IR, variants FDXR-201, 214, 204, 202, 217, 205, and 206 showed a decrease in their response to radiation after 2 h post-exposure. However, this counteractive effect of LPS was mostly dissipated at the 24 h time point except for variant FDXR-201 and 202.



Besides, looking at the early transcriptional response, all the variants were significantly upregulated after 2 h after 2 Gy exposure apart from FDXR-203 and FDXR-217.




2.3. Expression Profile of FDXR Variants after Irradiation In Vivo


The expression profiles of the different FDXR variants were then analysed in vivo in blood samples of TBI patients before and after irradiation (Figure 4). The basal levels of expression of the different variants showed variability between patients possibly reflecting the condition of these leukaemia patients (Figure 4A). The variants presenting a highest trend of expression at basal level were FDXR-202, 205, and 204 although this is mainly driven by one patient, and the lowest was FDXR-217 and FDXR-203, as previously observed ex vivo, even though there were no significant differences between them. After IR exposure, overall, the highest fold of change in expression was 10.1-fold for FDXR-204 (see Supplementary Table S5), although the up-regulation was not found to be significant due to the large inter-individual variability in response in these patients. The most responsive variants to radiation were variant FDXR-206 for patient TBI1 and TBI4, FDXR-204 TBI3 while TBI2 hardly showed any up-regulation apart from FDXR-214, although it is weak (Figure 4B). The only variant which presented a consistent and significant upregulation was variant 214 (Figure 4B and Supplementary Table S5).



We also analysed the variant usage in radiotherapy patients where the dose received is localised to the tumour area, and the dose received in each fraction represents a much lower dose to the blood i.e., circulating white blood cells (Figure 5). Endometrial cancer patients blood samples were collected 24 h after the first radiotherapy fraction; importantly, all the variants presented a significant up-regulation as compared to their respective control sampled prior to the first radiotherapy fraction was delivered (Figure 5B). The average fold-change was consistent between variants (between 3.1-fold and 2.4-fold-change), with variant FDXR-206 presenting the highest upregulation (3.1-fold) followed by variant FDXR-204 (2.9 fold) (Figure 5B), although no significant differences were found between variants. The variant FDXR-205 response was the most consistent between the endometrial patients (Supplementary Table S6) with a coefficient of variation (CV) of 19.6. The least consistent variants were FDXR-214 and FDXR-217 with a CV of 46 for both variants (Supplementary Table S6).



At basal level, variant FDXR-202 was the second highest expressed after FDXR-201+ mRNAs, whose primers include all the other variants (Supplementary Table S2 and Figure 5A).




2.4. Sequencing Analyses


In order to obtain enough polyA+ mRNA, long read nanopore sequencing data were generated using PBMCs from three healthy donors per replicate (total of nine donors for three experiments), either sham or 2 Gy exposed. Sequencing analysis identified 12 FDXR variants (Supplementary Table S7), six of them FDXR-207, FDXR-208, FDXR-209, FDXR-213, FDXR-218, and FDXR-219 not previously characterised by qPCR. Amongst them, seven variants presented a significant response to IR, FDXR-201 as expected and FDXR-204, FDXR-206, FDXR-208, FDXR-213, FDXR-218, and FDXR-219 (Figure 6). Amongst the seven, FDXR-206, FDXR-218, and FDXR-219 were very low expressed while FDXR-218 and FDXR-219 remarkably showed an undetectable endogenous levels (no counts presented in the control sample), even after generating over 50 million reads of mRNA per sample [28] (Figure 6).





3. Discussion


In the present study, we characterised the differential isoform expression of FDXR following IR exposure in human blood ex vivo as well as in vivo with variant-specific qPCR primers and full-length transcripts obtained from nanopore long sequencing reads; we have identified differential expression isoforms and provided the first comprehensive analysis of the transcriptional complexities of FDXR variants. The identification of FDXR as a gene responsive to IR in lymphoblastoid cell lines was first described by Rieger and Chu (2004) [29]. A few years later, its transcriptional upregulation to IR was also detected in human primary fibroblast [30] and blood samples [16]. FDXR potential as a biomarker of radiation exposure has been continuously studied mainly in human blood samples exposed ex vivo [11,12,13], until recently, where FDXR expression profiles were used to calculate dose estimates in blood samples exposed in vivo from radiotherapy patients [8,31]. From high (TBI) to very low levels of exposure (CT scans), accurate dose estimation was possible, and this extended to locally irradiated patients irrespective of the radiotherapy treatment and cancer type.



Alternative splicing has a role in almost every aspect of protein function and has a central role in gene expression [32]. We, therefore, decided to investigate the splicing activity for FDXR in the context of DNA damage induced by IR exposure in vitro and its confirmation in vivo in humans. The FDXR gene has a repertoire of 20 alternative transcripts (https://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000161513;r=17:74862497-74873031) and its alternative splicing pattern is altered in response to IR [4,18]. However, first, it was still unknown which variants are affected; second, if long read sequencing would permit the identification of different variants; and last, crucially, if it could be confirmed in humans in vivo.



Our results showed that twelve FDXR variants, from the fourteen identified and measured in blood and PBMCs, responded significantly to IR. Their response showed slightly different degrees of responsiveness and time required for their transcriptional upregulation post-exposure. FDXR-201 is by far the most endogenously expressed variant and FDXR-206 was the most responsive to IR reaching a 40-fold increase in expression following exposure to the highest dose we have used 4 Gy. As the dose response is clearly flattening for the highest doses we used, it would not be anticipated that the fold of change would increase drastically in response to an exposure to higher doses.



We addressed the role of gender by comparing males and females’ donors. FDXR-206 was the most responsive to IR in men. Sex differences in gene expression have been widely reported [33], and differences in gene variants distribution between genders have also been identified in humans [34,35] and mice [36]. Even though the gender groups were relatively small (n = 5) in the present study, gender bias was examined in eight variants, but no significant differences were identified apart from FDXR-206 at the single highest dose of 4 Gy. Correlation analyses reinforced this lack of gender-dependent differences, apart from variant FDXR-203. In this case, the low level of expression measured by qPCR and sequencing might explain why its linear dose-response is affected in women specifically.



Previous research on FDXR gene expression response to IR have shown that its response is higher at 24 h than 2 h post exposure [12], although already presenting a significant upregulation at 2 h [8]. These results are comparable to the present FDXR-201+ profiles, since the same primers were used in those studies. This response pattern is similar in most of the variants identified by qPCR except for FDXR-203 and FDXR-217 which didn’t show an upregulation at 2 h post-exposure. Although these two variants are clearly responsive to radiation, their endogenous level of expression is low and FDXR-217 was not even detected by sequencing. One explanation is that the qPCR primers for FDXR-217 were covering FDXR-213 and FDXR-218 variants, hence the up-regulation detected by qPCR could be mainly due to the contribution of the detection in the FRXR-217 dose-response profile. Therefore, we conclude that low levels of expression could be affecting their detection at early time points and their dose–response relationship.



Nanopore sequencing data showed that FDXR-204, 208, 206, and 201 show the strongest response to radiation (fold changes of 28, 21, 20, and 19, respectively), hence the contribution of variant FDXR-208 in the FDXR-206 group is important in the overall FDXR-206/208/209 response. From the 12 variants identified by sequencing, eight of them were very lowly expressed, with only three of them showing a significant upregulation after exposure (FDXR-206, FDXR-218, FDXR-219). At background level, the variants presented differences in expression and interestingly, variants FDXR-218 and FDXR-219 did not present counts in the control samples, even at the very high level of sequencing of polyA+ mRNA only (none in 50 million long reads on average per sample). This lack of expression could be very useful in the field of biodosimetry to assess radiation exposure in case of a nuclear accident but also important for assessing exposure to more common sources of IR such as in medical and occupational settings. Gene-expression analyses provides fast and accurate dose estimates, with FDXR recently demonstrated to be an outstanding biomarker ex vivo as well as in vivo [8]. Nevertheless, it is detectable in non-exposed individuals preventing its use for triage purposes of exposed versus non-exposed. Future work will now need to determine if the expression of FDXR-218 and FDXR-219 is specific to IR exposure and presents clear dose-dependent relationships. Given their specific expression patterns, these two variants represent a new exciting development in the field of biomarkers of exposure.



Alternative transcripts are a source of protein diversity which can lead to loss of protein function, transcript instability, faulty localization of a protein, and different or opposite functions [32,37,38]. However, alternative gene transcripts can also lead to non-coding mRNAs or mRNA containing premature termination codons (PTC) [39,40]. From the different FDXR variants identified in this study, three of them (FDXR-206, FDXR-209, FDXR-218) have a PTC which cause the degradation of the mRNA by non-sense mediated decay pathway. This pathway prevents the generation of truncated proteins which can lead to a deleterious effect in the organism [41]. Looking at the sequencing profile, these three variants are very low expressed, even though FDXR-206 and FDXR-218 show significant response to IR.



Two of the variants identified by sequencing, FDXR-207 and FDXR-208 have retained an intron in their sequence and only FDXR-208, a non-coding transcript, shows a high background level of expression together with a strong response to IR. Non-coding transcripts from a coding gene have been proposed to have regulatory effects on their own genes by acting as competitors of the mRNAs for miRNA silencing [39,42]. Therefore, the high response of FDXR-208 in response to DNA damage could potentially be involved in this miRNA sponge function for variant FDXR-201. This role of FDXR-208 would allow higher translation of FDXR-201, hence providing higher amount of FDXR protein needed by the cell in response to IR. However, further functional studies are required to prove this hypothesis.



Aside from FDXR-208, sequencing analysis showed a strong up-regulation of variants FDXR-213 and FDXR-204 following IR exposure. These two variants codify for two proteins of drastically different size (179 and 534 amino acids, respectively), suggesting different functionality of these proteins. Although proteomic analysis reported so far showed low levels of alternative isoforms [43], suggesting a role of variants at mRNA level, the variants FDXR-213 and FDXR-204 have been identified at protein level (UniProtKB accession numbers J3QQW7 and A0A0A0MT64) [44].



Although variant FDXR-205 doesn’t seem to stand out for having a particular response to radiation, it requested specific attention as this variant has an alternative TSS. Multiple TSSs are common in human genes allowing the production of different transcripts from the same gene [45,46]. Adaptive purposes have been attributed to this phenomenon [47], by generating different proteins from the same gene with even opposite functions [48]. However, alternative transcription initiation has also been proposed as nonadaptive, suggesting that there is only one optimal TSS per gene and the other transcripts produced from different TSS are errors from transcriptional initiation [49]. IR-induced alternative transcription products generated from an alternative TSS have been previously identified for several genes involved in DNA repair such as the ribonucleotide reductase regulatory TP53 inducible subunit M2B (RRM2B) and the XPC complex subunit, DNA damage recognition and repair factor (XPC) [7]. In the case of the FDXR-205 variant, it is transcribed through an alternative TSS which creates a transcript differing in the 5′ untranslated region (Supplementary Figure S1). Although our results cannot contribute in clarifying these two hypotheses, in vivo and ex vivo experiments showed the transcript is not only expressed at background level but also showing a good dose-response correlation in the range 0.25–4 Gy. However, sequencing analysis showed a very low frequency for this variant. One hypothesis is that this difference is due to a difference in the protocol used; qPCR analysis was performed with whole blood containing a large proportion of granulocytes while PBMCs were isolated for sequencing analysis.



We previously addressed the role of several potential confounding factors on gene expression after DNA damage [9], such as anti-inflammatory/anti-oxidant agents and simulated bacterial infection, showing that it can affect the transcriptional response to IR of some genes [8,9,19]. We showed that infection simulated by administration of LPS ex vivo has a mild effect counteracting FDXR response to IR shortly after LPS stimulation [8]. We, therefore, wanted to assess the role of LPS in individual FDXR variants; similar effects were observed in variant FDXR-214, 204, 202, 217, 205 and 206, where LPS counteracted their response to IR after 3 h of LPS administration and 2 h post-radiation exposure. This effect is practically lost after 24 h, apart from variant FDXR-202. LPS is known to downregulate p53 [21], a key player in the DNA damage response [50] and the transcription factor driving FDXR transcription [51]. Therefore, the regulatory mechanism of LPS observed here probably occurs through p53 and it affects splicing and FDXR variants.



To the best of our knowledge, transcript variant response to IR exposure in radiotherapy patients has not been addressed before. To this end, we first performed in vivo analyses of FDXR variants in TBI patients; although doses were theoretically homogeneously absorbed in TBI patients, our data showed patient-dependent background levels and responses to IR in terms of expression of the variants. TBI patients were first diagnosed with ALL, which means the presence of a malignant transformation of lymphoid progenitor cells in the bone marrow and an increased proliferation [52]. Blood obtained from these patients contains high numbers of immature lymphoblasts which changes the overall blood sample expression profile [53] and potentially the response to IR compared to a non-treated blood sample. Different FDXR background expression levels have been described in TBI patients before [8]. Besides, aberrant splicing has been described in myelodysplastic syndromes and myeloid leukaemia due to mutations in splicing factors, affecting isoforms ratios [54]. This aberrant splicing mechanism could potentially explain the differences observed in the variants’ expression levels in TBI patients compared to healthy donors.



When looking at the response of the variants to the high dose whole body radiation exposure, the folds-changes observed showed large variability and only one variant, FDXR-214, was significantly different from the controls. Retrospectively, it would be interesting to check the mutation profile of the leukaemic cells for these patients. Our data raise the possibility that different patient pathophysiological stages could explain the rather unexpected differences in FDXR variants basal levels of expression and their response to IR.



Studying FDXR transcript variants in endometrial cancer patients was theoretically more challenging as the dose of radiation is only delivered locally with a total dose to the entire blood volume being very low [8,55]. Surprisingly, relatively similar expression profiles between variants were found with responses to IR, ranging between 2.4-fold and 3.1-fold changes, and presenting some degree of variability between patients. FDXR-205 showed the most consistent response between patients. Despite the rather limited number of patients it could be noted that variants FDXR-214, FDXR-217, and FDXR-203 presented higher inter-individual variability. IR-induced expression of certain gene variants or IR-induced modulation of alternative splicing have been previously associated with radioresistance [56,57] and radiosensitivity [58]. These are key factors involved in radiotherapy failure, leading to adverse effects such as toxicity or cancer recurrence. Although we do not have relevant clinical information on the patients who provided blood samples for this study, it would certainly be interesting in future studies to assess the role of certain variant response to an adverse outcome. From our data, it could be suggested that future attention should be directed to variants FDXR-214, FDXR-217, and FDXR-203 due to the strong variability in their response between patients and to determine their prognostic value for treatment outcome, normal tissue radio-sensitivity, and long-term adverse effects such as second cancer induction.



Analysis of the background level of expression in endometrial cancer patients indicated very low levels of expression of some variants such as FDXR-217 and FDXR-203, confirming the previous observations from ex vivo samples of healthy donors. However, the expression level of two variants, FDXR-202 and FDXR-205, compared to the rest of the variants is lower in endometrial cancer patients than in healthy donors. Changes in transcript usage have been observed for several genes in cancer patients and this represents a potential application as cancer biomarkers [59,60]. Further analysis of a larger cohort of patients and healthy donors would be required to identify a role of FDXR-202 and/or FDXR-205 as potential cancer biomarkers.



This study provides novel insights into FDXR alternative transcripts as a mechanism for response to DNA damage and cell stress. Ex vivo analysis of FDXR in blood and PBMCs showed responsiveness to radiation for most of the variants. Gender and inflammation seem not to exert a major confounding effect in the extent of the splicing observed. In vivo analysis showed inter-individual variability in variants frequency between radiotherapy patients and differences in endogenous levels which possibly reflects the patients’ pathophysiological state. Nanopore sequencing permits long reads which allowed to identify seven variants which could not be detected individually by qPCR. Although this is a comprehensive study of the FDXR variants in human blood at transcriptional level, future functional studies are required to understand their biological role.



It would be of great interest to study in more detail the activation of the spliceosome following IR. Some specific FDXR transcript variants are hardly (or not at all) detectable in PBMCs from control blood samples either in vitro or in vivo in patients, raising the possibility that their activation has very specific purposes with important consequences at the cellular and tissue level. The transcriptional response to cellular stress is critical for cell survival and novel insights about how FDXR alternative splicing regulation contributes to the progression of a variety of diseases would be of particular interest. Importantly, during radiotherapy cancer treatment, a percentage of patients experience severe normal tissue toxicity reactions [61,62] and identification of those patients at the beginning of the treatment, possibly via measuring radiation-induced alternative splicing, would be essential for personalized therapy with improved prognosis.




4. Material and Methods


4.1. Blood Collection and Irradiation Ex Vivo


Peripheral blood samples freshly collected from 10 healthy donors (five men and five women; age range: 35–60 years) were collected and exposed to a range of X-ray doses (500 µL of blood; 0.25, 0.5, 1, 2, 3, and 4 Gy at a dose rate 0.5 Gy/min). An HS X-ray system (AGO X-Ray Ltd., Aldermaston, UK) (output 13 mA, 250 KV peak) was used to irradiate the samples. Blood samples were kept at 37 °C in an incubator with 5% CO2 for 24 h after exposure. After 24 h, the blood was mixed with 1 mL of RNA later (Thermo Fisher Scientific, Loughborough, UK) and stored at −80 °C until being processed for RNA extraction.



For the experiment on lipopolysaccharide (LPS) effect, blood samples from five healthy donors (five men, age range: 35–60 years) were incubated with LPS at 500 ng ml−1 (stock at 1 mg/mL in 50% ethanol, Sigma-Aldrich, Irvine, UK). LPS was added to 500 µL of blood 1 h before being either mock-irradiated or exposed to a 2 Gy X-ray dose (dose rate 0.5 Gy/min). Blood samples were kept at 37 °C in an incubator with 5% CO2 for 2 h and 24 h after exposure. After the incubation time, the blood was mixed with 1 mL of RNA later and stored at –80 °C. 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 (REC 14/WM/1182).




4.2. Radiotherapy Patient Samples


Blood from total body irradiated (TBI) leukaemic patients and partial body irradiated (PBI) endometrial cancer patients were collected after different times post-exposure. TBI patients, who were diagnosed with acute lymphoblastic leukaemia (ALL), received two-consecutive fractions of radiotherapy, the first one in the morning and the second in the evening with a 12 h interval (total doses received: TBI1 3.2 Gy, TBI2 3 Gy, TBI3 4 Gy, TBI4 4 Gy). Samples from endometrial cancer patients were previously described [55]. Briefly, blood samples were collected into PAXGene tubes (BD Biosciences, Wokingham, Berkshire, UK) before radiotherapy treatment and 24 h after the first fraction (1.8 Gy) after exposure. The collection of blood samples from two TBI (one female and one male, TBI1 and TBI2) and eight PBI endometrial cancer patients was performed at the University Hospital in Hradec Králové (Czech Republic). This study was carried out in accordance with the recommendations of The Code of Ethics of the World Medical Association Declaration of Helsinki (approval no: 201401-S15P) with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Ethical Committee of University Hospital in Hradec Kralove (the Czech Republic). Blood samples from the other two TBI patients (two males, TBI 3 and 4) were obtained from Hospital Na Bulovce, Prague, the Czech Republic. The local “Ethics Committee on Trial on Human Medicine Products” approved this study under the code10 February 2017.




4.3. RNA Isolation and Reverse Transcription


Total RNA from blood samples exposed ex vivo to X-rays was extracted using a RiboPure™ Blood RNA Purification Kit (Thermo Fisher Scientific, Loughborough, UK). Total RNA from samples collected in PAXgene tubes from radiotherapy patients was extracted with the PAXgene Blood miRNA Kit (QIAGEN, PreAnalytiX GmbH, Hilden, Germany) using a robotic workstation Qiacube (QIAGEN, Skelton House, Lloyd St., N., Manchester M15 6SH, UK). The quantity of isolated RNA was determined by spectrophotometry with a ND-1000 NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA) and quality was assessed using a Tapestation 220 (Agilent Technologies, Santa Clara, CA, USA). cDNA was prepared from 350 ng of the total RNA using a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol.




4.4. Quantitative Real-Time Polymerase Chain Reaction


We generated transcriptional dose-response of different FDXR variants in human blood exposed ex vivo to a range of X-ray doses (0.25, 0.5, 1, 2, 3, 4 Gy; dose rate 0.5 Gy/min) by qPCR. Specific primers were designed to identify seven curated FDXR variants (https://www.ncbi.nlm.nih.gov/gene/2232) and an extra pair of primers to detect all the curated variants together with the main expressed variant (FDXR-201, ENST00000293195) (Supplementary Figure S1, Tables S1 and S2). Primers for variants FDXR-204, 217, and 206 cover groups of FDXR variants listed in Supplementary Table S2.



Quantitative real-time polymerase chain reaction (qPCR) was performed using a Rotor-Gene Q (QIAGEN, Hilden, Germany) with PerfeCTa SYBR® Green SuperMix (Quanta Biosciences, Inc., Gaithersburg, MD, USA). The samples were run in duplicates in 10 µL reactions with 1 µL of the cDNA synthesis reaction together with primer sets for target FDXR variants (Supplementary Tables S1 and S2, and Figure S1) at 500 nM concentration each. 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 analysed by Rotor-Gene Q Series Software. Gene target Ct (cycle threshold) values were normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT1) internal control (HPRT1 F: 5′ TCAGGCAGTATAATCCAAAGATGGT 3′, R: 5′ AGTCTGGCTTATATCCAACACTTCG 3′). Ct 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 × 10−4 to 8.2 × 10−10) gave PCR efficiencies between 90% and 103% for each gene with R2 > 0.998. Primer specificity was assessed by melting curve analysis (Supplementary Figure S2).




4.5. Blood Irradiation Ex Vivo and RNA Extraction for Sequencing Analysis


Blood from nine healthy donors was collected and exposed to 0 Gy or 2 Gy (10 mL of blood each, dose rate 0.5 Gy/min). After irradiation, the peripheral blood mononuclear cells (PBMCs) were isolated using Histopaque-1077 (Sigma Aldrich, Poole, Dorset, UK) and maintained in LGM-3 culture medium (Lonza, Slough, UK) at 2 × 106 cells ml/mL for 24 h at 37 °C in a humidified 5% CO2 atmosphere. After 24 h, the PBMCs were pooled in groups of three donors each, and the RNA was extracted using the RNeasy Midi kit (Qiagen, Manchester, UK). The quantity of isolated RNA was determined by spectrophotometry with a ND-1000 NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA) and quality was assessed using a Tapestation 220 (Agilent Technologies, CA, USA). 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 (REC 14/WM/1182).




4.6. Nanopore Sequencing Analysis


The full-length sequencing carried out by Oxford Nanopore Technologies was performed in a PromethION sequencer (Oxford Nanopore Technologies, Oxford, UK) with the libraries prepared using the PCS109 kit according to the instructions (https://community.nanoporetech.com/protocols/cdna-pcr-sequencing_sqk-pcs109/v/PCS_9085_v109_revC_04Feb2019). Before preparing the library, the RNA was poly(A)+ enriched using an Oligotex mRNA Mini Kit (Qiagen, Manchester, UK), 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 adding specific adapters to start the sequencing run in the PromethION sequencer. Details can be found in Cruz-Garcia et al. (2020) [28].




4.7. Nanopore Data Analysis


Nanopore cDNA reads were analysed using a snakemake pipeline modified to handle paired samples [63]. The pipeline (https://github.com/nanoporetech/pipeline-transcriptome-de/tree/paired_dge_dtu) maps the reads to the transcriptome using minimap2 [64] and estimates per-transcript read counts using salmon [65].




4.8. Statistical Analysis


Statistical analyses were performed using Minitab software (State College, PA, US). Data are presented as means ± standard deviation (SD) or standard error of the mean (SEM). Comparisons were analysed by an unpaired t-test (student’s t-test) or a paired t-test. A significance of p ≤ 0.05 was applied to all statistical tests performed. Statistical analyses were performed in log transformed data. Multiple comparisons were performed with one-way ANOVA followed by Tukey’s tests. Pearson’s correlation and linear regression analyses were performed to verify dose-response relationships. To measure the consistency of the gene expression response to radiation in the in vivo experiments and sequencing analysis, the coefficient of variation (CV, mean-normalized standard deviation) was calculated for all the variants.









Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/21/21/7851/s1.





Author Contributions


Conceptualization, C.B.; Writing—original draft, L.C.-G. and C.B.; Investigation, L.C.-G., G.O., and S.M.; Visualization, L.C.-G., Formal analysis, L.C.-G. and B.S.; Supervision, C.B. and D.J.T., Resources, D.J.T., A.T., I.S., M.D., and M.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study has received financial support by the Radiation Theme of the Newcastle University and PHE National Institute of Health Research Health Protection Research Unit (HPRU) on Chemical and Radiation Threats and Hazards.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, Y.; Liu, J.; Huang, B.O.; Xu, Y.M.; Li, J.; Huang, L.F.; Lin, J.; Zhang, J.; Min, Q.H.; Yang, W.M.; et al. Mechanism of alternative splicing and its regulation. Biomed. Rep. 2015, 3, 152–158. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.D.; Lee, N.H. Aberrant RNA Splicing in Cancer and Drug Resistance. Cancers 2018, 10, 458. [Google Scholar] [CrossRef] [PubMed]

	



Shabalina, S.A.; Ogurtsov, A.Y.; Spiridonov, N.A.; Koonin, E.V. Evolution at protein ends: Major contribution of alternative transcription initiation and termination to the transcriptome and proteome diversity in mammals. Nucleic Acids Res. 2014, 42, 7132–7144. [Google Scholar] [CrossRef] [PubMed]

	



Sprung, C.N.; Li, J.; Hovan, D.; McKay, M.J.; Forrester, H.B. Alternative Transcript Initiation and Splicing as a Response to DNA Damage. PLoS ONE 2011, 6, e25758. [Google Scholar] [CrossRef] [PubMed]

	



Barak, Y.; Gottlieb, E.; Juven-Gershon, T.; Oren, M. Regulation of mdm2 expression by p53: Alternative promoters produce transcripts with nonidentical translation potential. Genes Dev. 1994, 8, 1739–1749. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, M.; Demidov, O.N.; Anderson, C.W.; Appella, E.; Mazur, S.J. Induction of PPM1D following DNA-damaging treatments through a conserved p53 response element coincides with a shift in the use of transcription initiation sites. Nucleic Acids Res. 2008, 36, 7168–7180. [Google Scholar] [CrossRef] [PubMed]

	



Forrester, H.B.; Li, J.; Hovan, D.; Ivashkevich, A.N.; Sprung, C.N. DNA Repair Genes: Alternative Transcription and Gene Expression at the Exon Level in Response to the DNA Damaging Agent, Ionizing Radiation. PLoS ONE 2012, 7, e53358. [Google Scholar] [CrossRef]

	



O’Brien, G.; Cruz-Garcia, L.; Majewski, M.; Grepl, J.; Abend, M.; Port, M.; Tichý, A.; Sirak, I.; Malkova, A.; Donovan, E.; et al. FDXR is a biomarker of radiation exposure in vivo. Sci. Rep. 2018, 8, 684. [Google Scholar] [CrossRef]

	



Cruz-Garcia, L.; O’Brien, G.; Donovan, E.; Gothard, L.; Boyle, S.; Laval, A.; Testard, I.; Ponge, L.; Wozniak, G.; Miszczyk, L.; et al. Influence of Confounding Factors on Radiation Dose Estimation Using In Vivo Validated Transcriptional Biomarkers. Health Phys. 2018, 115, 90–101. [Google Scholar] [CrossRef]

	



Tichy, A.; Kabacik, S.; O’Brien, G.; Pejchal, J.; Sinkorova, Z.; Kmochova, A.; Sirak, I.; Malkova, A.; Beltran, C.G.; Gonzalez, J.R.; et al. The first in vivo multiparametric comparison of different radiation exposure biomarkers in human blood. PLoS ONE 2018, 13, e0193412. [Google Scholar] [CrossRef]

	



Manning, G.; Macaeva, E.; Majewski, M.; Kriehuber, R.; Brzóska, K.; Abend, M.; Doucha-Senf, S.; Oskamp, D.; Strunz, S.; Quintens, R.; et al. Comparable dose estimates of blinded whole blood samples are obtained independently of culture conditions and analytical approaches. Second RENEB gene expression study. Int. J. Radiat. Biol. 2017, 93, 87–98. [Google Scholar] [CrossRef]

	



Manning, G.; Kabacik, S.; Finnon, P.; Bouffler, S.; Badie, C. High and low dose responses of transcriptional biomarkers in ex vivo X-irradiated human blood. Int. J. Radiat. Biol. 2013, 89, 512–522. [Google Scholar] [CrossRef] [PubMed]

	



Kabacik, S.; Mackay, A.; Tamber, N.; Manning, G.; Finnon, P.; Paillier, F.; Ashworth, A.; Bouffler, S.; Badie, C. Gene expression following ionising radiation: Identification of biomarkers for dose estimation and prediction of individual response. Int. J. Radiat. Biol. 2011, 87, 115–129. [Google Scholar] [CrossRef]

	



Port, M.; Ostheim, P.; Majewski, M.; Voss, T.; Haupt, J.; Lamkowski, A.; Abend, M. Rapid High-Throughput Diagnostic Triage after a Mass Radiation Exposure Event Using Early Gene Expression Changes. Radiat. Res. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Ghandhi, S.A.; Smilenov, L.B.; Elliston, C.D.; Chowdhury, M.; Amundson, S.A. Radiation dose-rate effects on gene expression for human biodosimetry. BMC Med. Genom. 2015, 8, 22. [Google Scholar] [CrossRef] [PubMed]

	



Paul, S.; Amundson, S.A. Development of gene expression signatures for practical radiation biodosimetry. Int. J. Radiat. Oncol. Biol. Phys. 2008, 71, 1236–1244. [Google Scholar] [CrossRef] [PubMed]

	



Paul, A.; Drecourt, A.; Petit, F.; Deguine, D.D.; Vasnier, C.; Oufadem, M.; Masson, C.; Bonnet, C.; Masmoudi, S.; Mosnier, I.; et al. FDXR Mutations Cause Sensorial Neuropathies and Expand the Spectrum of Mitochondrial Fe-S-Synthesis Diseases. Am. J. Hum. Genet. 2017, 101, 630–637. [Google Scholar] [CrossRef]

	



Macaeva, E.; Saeys, Y.; Tabury, K.; Janssen, A.; Michaux, A.; Benotmane, M.A.; De Vos, W.H.; Baatout, S.; Quintens, R. Radiation-induced alternative transcription and splicing events and their applicability to practical biodosimetry. Sci. Rep. 2016, 6, 19251. [Google Scholar] [CrossRef]

	



Budworth, H.; Snijders, A.M.; Marchetti, F.; Mannion, B.; Bhatnagar, S.; Kwoh, E.; Tan, Y.; Wang, S.X.; Blakely, W.F.; Coleman, M.; et al. DNA repair and cell cycle biomarkers of radiation exposure and inflammation stress in human blood. PLoS ONE 2012, 7, e48619. [Google Scholar] [CrossRef]

	



Soltani, B.; Ghaemi, N.; Sadeghizadeh, M.; Najafi, F. Redox maintenance and concerted modulation of gene expression and signaling pathways by a nanoformulation of curcumin protects peripheral blood mononuclear cells against gamma radiation. Chem. Biol. Interact. 2016, 257, 81–93. [Google Scholar] [CrossRef]

	



Odkhuu, E.; Mendjargal, A.; Koide, N.; Naiki, Y.; Komatsu, T.; Yokochi, T. Lipopolysaccharide downregulates the expression of p53 through activation of MDM2 and enhances activation of nuclear factor-kappa B. Immunobiology 2015, 220, 136–141. [Google Scholar] [CrossRef] [PubMed]

	



Lu, H.; Giordano, F.; Ning, Z. Oxford Nanopore MinION Sequencing and Genome Assembly. Genom. Proteom. Bioinform. 2016, 14, 265–279. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, J.; Wu, H.-C.; Jayasinghe, L.; Patel, A.; Reid, S.; Bayley, H. Continuous base identification for single-molecule nanopore DNA sequencing. Nat. Nanotechnol. 2009, 4, 265. [Google Scholar] [CrossRef]

	



Jain, M.; Koren, S.; Miga, K.H.; Quick, J.; Rand, A.C.; Sasani, T.A.; Tyson, J.R.; Beggs, A.D.; Dilthey, A.T.; Fiddes, I.T.; et al. Nanopore sequencing and assembly of a human genome with ultra-long reads. Nat. Biotechnol. 2018, 36, 338. [Google Scholar] [CrossRef] [PubMed]

	



Rhoads, A.; Au, K.F. PacBio Sequencing and Its Applications. Genom. Proteom. Bioinform. 2015, 13, 278–289. [Google Scholar] [CrossRef] [PubMed]

	



Mantere, T.; Kersten, S.; Hoischen, A. Long-Read Sequencing Emerging in Medical Genetics. Front. Genet. 2019, 10, 426. [Google Scholar] [CrossRef]

	



Weirather, J.L.; de Cesare, M.; Wang, Y.; Piazza, P.; Sebastiano, V.; Wang, X.J.; Buck, D.; Au, K.F. Comprehensive comparison of Pacific Biosciences and Oxford Nanopore Technologies and their applications to transcriptome analysis. F1000Research 2017, 6, 100. [Google Scholar] [CrossRef]

	



Cruz-Garcia, L.; O’Brien, G.; Sipos, B.; Mayes, S.; Love, M.I.; Turner, D.J.; Badie, C. Generation of a Transcriptional Radiation Exposure Signature in Human Blood Using Long-Read Nanopore Sequencing. Radiat. Res. 2020, 193, 143–154. [Google Scholar] [CrossRef]

	



Rieger, K.E.; Chu, G. Portrait of transcriptional responses to ultraviolet and ionizing radiation in human cells. Nucleic Acids Res. 2004, 32, 4786–4803. [Google Scholar] [CrossRef]

	



Kis, E.; Szatmári, T.; Keszei, M.; Farkas, R.; Ésik, O.; Lumniczky, K.; Falus, A.; Sáfrány, G. Microarray analysis of radiation response genes in primary human fibroblasts. Int. J. Radiat. Oncol. Biol. Phys. 2006, 66, 1506–1514. [Google Scholar] [CrossRef]

	



Abend, M.; Badie, C.; Quintens, R.; Kriehuber, R.; Manning, G.; Macaeva, E.; Njima, M.; Oskamp, D.; Strunz, S.; Moertl, S.; et al. Examining Radiation-Induced In Vivo and In Vitro Gene Expression Changes of the Peripheral Blood in Different Laboratories for Biodosimetry Purposes: First RENEB Gene Expression Study. Radiat. Res. 2016, 185, 109–123. [Google Scholar] [CrossRef] [PubMed]

	



Kelemen, O.; Convertini, P.; Zhang, Z.; Wen, Y.; Shen, M.; Falaleeva, M.; Stamm, S. Function of alternative splicing. Gene 2013, 514, 1–30. [Google Scholar] [CrossRef] [PubMed]

	



Rinn, J.L.; Snyder, M. Sexual dimorphism in mammalian gene expression. Trends Genet. 2005, 21, 298–305. [Google Scholar] [CrossRef] [PubMed]

	



Trabzuni, D.; Ramasamy, A.; Imran, S.; Walker, R.; Smith, C.; Weale, M.E.; Hardy, J.; Ryten, M. Widespread sex differences in gene expression and splicing in the adult human brain. Nat. Commun. 2013, 4, 2771. [Google Scholar] [CrossRef] [PubMed]

	



Karlebach, G.; Veiga, D.F.T.; Mays, A.D.; Kesarwani, A.K.; Danis, D.; Kararigas, G.; Zhang, X.A.; George, J.; Ananda, G.; Steinhaus, R.; et al. The impact of sex on alternative splicing. BioRxiv 2018. [Google Scholar] [CrossRef]

	



Liu, A.; Zhang, H.; Qin, F.; Wang, Q.; Sun, Q.; Xie, S.; Wang, Q.; Tang, Z.; Lu, Z. Sex Associated Differential Expressions of the Alternatively Spliced Variants mRNA of OPRM1 in Brain Regions of C57BL/6 Mouse. Cell. Physiol. Biochem. 2018, 50, 1441–1459. [Google Scholar] [CrossRef] [PubMed]

	



Matlin, A.J.; Clark, F.; Smith, C.W. Understanding alternative splicing: Towards a cellular code. Nat. Rev. Mol. Cell Biol. 2005, 6, 386–398. [Google Scholar] [CrossRef]

	



McGlincy, N.J.; Smith, C.W. Alternative splicing resulting in nonsense-mediated mRNA decay: What is the meaning of nonsense? Trends Biochem. Sci. 2008, 33, 385–393. [Google Scholar] [CrossRef]

	



Dhamija, S.; Menon, M.B. Non-coding transcript variants of protein-coding genes—What are they good for? RNA Biol. 2018, 15, 1025–1031. [Google Scholar] [CrossRef]

	



Cirulli, E.T.; Heinzen, E.L.; Dietrich, F.S.; Shianna, K.V.; Singh, A.; Maia, J.M.; Goedert, J.J.; Goldstein, D.B. A whole-genome analysis of premature termination codons. Genomics 2011, 98, 337–342. [Google Scholar] [CrossRef]

	



Maquat, L.E. When cells stop making sense: Effects of nonsense codons on RNA metabolism in vertebrate cells. RNA 1995, 1, 453–465. [Google Scholar]

	



Salmena, L.; Poliseno, L.; Tay, Y.; Kats, L.; Pandolfi, P.P. A ceRNA hypothesis: The Rosetta Stone of a hidden RNA language? Cell 2011, 146, 353–358. [Google Scholar] [CrossRef]

	



Ezkurdia, I.; Rodriguez, J.M.; Carrillo-de Santa Pau, E.; Vázquez, J.; Valencia, A.; Tress, M.L. Most highly expressed protein-coding genes have a single dominant isoform. J. Proteome Res. 2015, 14, 1880–1887. [Google Scholar] [CrossRef]

	



Consortium, T.U. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2018, 47, D506–D515. [Google Scholar] [CrossRef] [PubMed]

	



Consortium, F.; Clst, R.P.; Forrest, A.R.; Kawaji, H.; Rehli, M.; Baillie, J.K.; de Hoon, M.J.; Haberle, V.; Lassmann, T. A promoter-level mammalian expression atlas. Nature 2014, 507, 462–470. [Google Scholar] [CrossRef]

	



Kimura, K.; Wakamatsu, A.; Suzuki, Y.; Ota, T.; Nishikawa, T.; Yamashita, R.; Yamamoto, J.; Sekine, M.; Tsuritani, K.; Wakaguri, H.; et al. Diversification of transcriptional modulation: Large-scale identification and characterization of putative alternative promoters of human genes. Genome Res. 2006, 16, 55–65. [Google Scholar] [CrossRef]

	



Davuluri, R.V.; Suzuki, Y.; Sugano, S.; Plass, C.; Huang, T.H. The functional consequences of alternative promoter use in mammalian genomes. Trends Genet. 2008, 24, 167–177. [Google Scholar] [CrossRef] [PubMed]

	



Arce, L.; Yokoyama, N.N.; Waterman, M.L. Diversity of LEF/TCF action in development and disease. Oncogene 2006, 25, 7492–7504. [Google Scholar] [CrossRef]

	



Xu, C.; Park, J.-K.; Zhang, J. Evidence that alternative transcriptional initiation is largely nonadaptive. PLoS Biol. 2019, 17, e3000197. [Google Scholar] [CrossRef] [PubMed]

	



Christmann, M.; Kaina, B. Transcriptional regulation of human DNA repair genes following genotoxic stress: Trigger mechanisms, inducible responses and genotoxic adaptation. Nucleic Acids Res. 2013, 41, 8403–8420. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Chen, X. The ferredoxin reductase gene is regulated by the p53 family and sensitizes cells to oxidative stress-induced apoptosis. Oncogene 2002, 21, 7195–7204. [Google Scholar] [CrossRef] [PubMed]

	



Terwilliger, T.; Abdul-Hay, M. Acute lymphoblastic leukemia: A comprehensive review and 2017 update. Blood Cancer J. 2017, 7, e577. [Google Scholar] [CrossRef]

	



Chiaretti, S.; Li, X.; Gentleman, R.; Vitale, A.; Vignetti, M.; Mandelli, F.; Ritz, J.; Foa, R. Gene expression profile of adult T-cell acute lymphocytic leukemia identifies distinct subsets of patients with different response to therapy and survival. J. Blood 2004, 103, 2771–2778. [Google Scholar] [CrossRef]

	



Wong, A.C.H.; Rasko, J.E.J.; Wong, J.J. We skip to work: Alternative splicing in normal and malignant myelopoiesis. Leukemia 2018, 32, 1081–1093. [Google Scholar] [CrossRef]

	



Manning, G.; Tichý, A.; Sirák, I.; Badie, C. Radiotherapy-Associated Long-term Modification of Expression of the Inflammatory Biomarker Genes ARG1, BCL2L1, and MYC. Front. Immunol. 2017, 8, 412. [Google Scholar] [CrossRef] [PubMed]

	



Lammering, G.; Valerie, K.; Lin, P.S.; Hewit, T.H.; Schmidt-Ullrich, R.K. Radiation-induced activation of a common variant of EGFR confers enhanced radioresistance. J. Eur. Soc. Ther. Radiol. Oncol. 2004, 72, 267–273. [Google Scholar] [CrossRef]

	



Sheng, J.; Zhao, Q.; Zhao, J.; Zhang, W.; Sun, Y.; Qin, P.; Lv, Y.; Bai, L.; Yang, Q.; Chen, L.; et al. SRSF1 modulates PTPMT1 alternative splicing to regulate lung cancer cell radioresistance. EBioMedicine 2018, 38, 113–126. [Google Scholar] [CrossRef] [PubMed]

	



Abbaszadeh, F.; Clingen, P.H.; Arlett, C.F.; Plowman, P.N.; Bourton, E.C.; Themis, M.; Makarov, E.M.; Newbold, R.F.; Green, M.H.L.; Parris, C.N. A novel splice variant of the DNA-PKcs gene is associated with clinical and cellular radiosensitivity in a patient with xeroderma pigmentosum. J. Med. Genet. 2010, 47, 176. [Google Scholar] [CrossRef]

	



West, S.; Kumar, S.; Batra, S.K.; Ali, H.; Ghersi, D. Uncovering and characterizing splice variants associated with survival in lung cancer patients. PLoS Comput. Biol. 2019, 15, e1007469. [Google Scholar] [CrossRef]

	



Vitting-Seerup, K.; Sandelin, A. The Landscape of Isoform Switches in Human Cancers. Mol. Cancer Res. 2017, 15, 1206. [Google Scholar] [CrossRef]

	



Badie, C.; Iliakis, G.; Foray, N.; Alsbeih, G.; Cedervall, B.; Chavaudra, N.; Pantelias, G.; Arlett, C.; Malaise, E.P. Induction and Rejoining of DNA Double-Strand Breaks and Interphase Chromosome Breaks after Exposure to X Rays in One Normal and Two Hypersensitive Human Fibroblast Cell Lines. Radiat. Res. 1995, 144, 26–35. [Google Scholar] [CrossRef]

	



Badie, C.; Iliakis, G.; Foray, N.; Alsbeih, G.; Pantellias, G.E.; Okayasu, R.; Cheong, N.; Russell, N.S.; Begg, A.C.; Arlett, C.F.; et al. Defective repair of DNA double-strand breaks and chromosome damage in fibroblasts from a radiosensitive leukemia patient. Cancer Res. 1995, 55, 1232–1234. [Google Scholar]

	



Love, M.I.; Soneson, C.; Patro, R. Swimming downstream: Statistical analysis of differential transcript usage following Salmon quantification. F1000Research 2018, 7, 952. [Google Scholar] [CrossRef]

	



Li, H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 2018, 34, 3094–3100. [Google Scholar] [CrossRef]

	



Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon provides fast and bias-aware quantification of transcript expression. Nat. Methods 2017, 14, 417. [Google Scholar] [CrossRef]








[image: Ijms 21 07851 g001 550] 





Figure 1. Gene expression of ferredoxin reductase (FDXR) variants in human blood from 10 healthy donors after X-ray irradiation ex vivo (A) and at endogenous level (B). Blood from five women and five men was exposed to a range of x-ray doses (0.25, 0.5, 1, 2, 3, 4 Gy; dose rate 0.5 Gy/min) and incubated for 24 h at 37 °C. The data are presented as mean values ± standard error of the mean (SEM). One-way ANOVA followed by Tukey’s test was performed for statistical analysis. Values not sharing a common letter are significantly different. 
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Figure 2. Comparison of gene expression FDXR variants in human blood irradiated ex vivo in women (A) and men (B). Blood from five women and five men was exposed to a range of X-ray doses (0.25, 0.5, 1, 2, 3, 4 Gy; dose rate 0.5 Gy/min) and incubated for 24 h at 37 °C. The data are presented as mean values ± standard error of the mean (SEM). Statistical analyses were performed in log-transformed data. One-way ANOVA followed by Tukey’s test was performed for statistical analysis. 
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Figure 3. Gene expression profile of FDXR variants in human blood irradiated and/or stimulated with LPS ex vivo. Blood from five male donors was incubated with LPS (500 ng/mL) 1 h before irradiation (2 Gy, 0.5 Gy/min). FDXR variants expression profile was analysed 2 h and 24 h post-irradiation. Data are shown as mean ± SD (n = 5). Statistical analyses were performed in log-transformed data. Significant differences (paired t-test, p ≤ 0.05) with the control were indicated with an asterisk (*) and differences with IR with a hash (#) (only for IR groups). 
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Figure 4. Gene expression profile of FDXR variants in blood samples from total body irradiated patients. The variants basal level of expression was compared between the total body irradiated (TBI) patients (A). Total body irradiated patient’s samples (n = 4) were collected 24 h after the first fraction and 12 h after the second fraction with total received doses of 3.2 (TBI1), 3 (TBI2), 4 (TBI3), and 4 Gy (TBI4) respectively. The fold change is represented in the graph and values over 1 indicate an increase with respect to control values (B). Individual data points are shown for all patients, together with the mean ± SD (each patient is represented with a different symbol). One-way ANOVA followed by Tukey’s test was performed for statistical analysis. No significant differences were found between variants. Significant differences (paired t-test, p ≤ 0.05) with the control were indicated with an asterisk (*) in panel B. 
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Figure 5. Gene expression profile of FDXR variants in blood from Endometrial cancer patients treated with radiotherapy. The variants basal level of expression was compared between the patients (n = 8) (A). FDXR variants fold of change in expression 24 h after the first fraction (1.8 Gy) are represented in panel B. The fold change is represented in the graph and values over 1 or below 1 indicate an increase or decrease with respect to control values (B). Individual data points are shown for all patients, together with the mean ±SD (each patient is represented with a different symbol). One-way ANOVA followed by Tukey’s test was performed for statistical analysis. Values not sharing a common letter are significantly different. No significant differences were found between variants in panel B. Significant differences (paired t-test, p ≤ 0.05) with the control were indicated with an asterisk (*) in panel B. 
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Figure 6. Variants identified by nanopore sequencing. Blood samples were expose to a 2 Gy dose (0.5 Gy/min) and incubated at 37 °C for 24 h. RNA was extracted and poly A+ enriched before preparing the library using a cDNA-PCR kit (PCS109). The sequencing was performed in a PromethION (Oxford Nanopore Technologies). Counts were normalized by HPRT1. Data are shown as mean ± SEM (n = 3). Statistical analyses were performed in log-transformed data. Significant differences (paired t-test, p ≤ 0.05) with the control were indicated with an asterisk (*). 






Figure 6. Variants identified by nanopore sequencing. Blood samples were expose to a 2 Gy dose (0.5 Gy/min) and incubated at 37 °C for 24 h. RNA was extracted and poly A+ enriched before preparing the library using a cDNA-PCR kit (PCS109). The sequencing was performed in a PromethION (Oxford Nanopore Technologies). Counts were normalized by HPRT1. Data are shown as mean ± SEM (n = 3). Statistical analyses were performed in log-transformed data. Significant differences (paired t-test, p ≤ 0.05) with the control were indicated with an asterisk (*).
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