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Abstract

Although human exposure to low-dose ionizing radiation can occur through a variety of sources,
including natural, medical, occupational and accidental, the true risks of low-dose ionizing
radiation are still poorly understood in humans. Here, the global transcriptional responses of
human skin after ex vivo exposure to low (0.05 Gy) and high (5 Gy) doses of X rays and of time
in culture (0 Gy) at 0, 2, 8 and 30 h postirradiation were analyzed and compared. Responses to low
and high doses differed quantitatively and qualitatively. Differentially expressed genes fell into
three groups: (1) unique genes defined as responsive to either 0.05 or 5 Gy but not both and also
responsive to time in culture, (2) specific genes defined as responsive to either 0.05 or 5 Gy but
not both and not responsive to time in culture, and (3) dose-independent responsive genes. Major
differences observed in ex vivoirradiated skin between transcriptional responses to low or high
doses were twofold. First, gene expression modulated by 0.05 Gy was transient, while in response
to 5 Gy persistence of modified gene expression was observed for a limited number of genes.
Second, neither TP53 nor TGFp target genes were modulated after exposure to an acute low dose,
suggesting that the TP53-dependent DNA damage response either was not triggered or was
triggered only briefly.

INTRODUCTION

Human exposure to low-dose ionizing radiation (0.01 to 0.1 Gy) can occur through a variety
of sources, including natural (cosmic rays, radionuclides in Earth’s crust), medical
(diagnostic imaging and radiotherapy), occupational (nuclear power plant and medical
workers), and accidental (nuclear accident, terrorist act). However, the true risks of low-dose
radiation are still poorly understood in humans. On the other hand, high-dose acute whole-
body irradiation in humans is associated with well-defined spectra of dose-related radiation
syndromes. The LDsgygq (lethal dose to 50% of the population within 60 days) for untreated
adults after acute X-or y-radiation exposure varies between 2.6 and 5.5 Gy (1). Cancer is
judged to be the main risk from low-dose radiation (2). Currently, risks for ionizing
radiation-induced cancer at low doses are extrapolated from the linear no threshold (LNT)
dose-response model, assuming a linear relationship between radiation dose and effects (3).
However, the validity of the LNT model for low-dose radiation is controversial. Opponents
argue that this model exaggerates the risks associated with low-dose radiation and
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contradicts accumulating findings that demonstrate quantitative and qualitative differences
in responses of living cells and tissues to low and high doses of radiation (4, 5). In
comparison to low-dose effects, high-dose effects are more easily quantified and
experimentally accessible; epidemiological studies to assess risks of low and very low doses
are limited by poor dosimetry, the very large sample size required, and the difficulty to tease
out radiation exposure from other confounders. Therefore, an understanding of low-dose
radiation-associated biological risks in humans will emerge only from the elucidation of the
cellular mechanisms involved in the response of humans to low-dose radiation. Scientific
and public interests converge in the effort to characterize these mechanisms. The need to
enable health risk assessment and provide adequate radioprotection for human exposure to
low-dose radiation is the driving force behind such an effort (http://lowdose.energy.gov).

Cellular stress responses induced by radiation are complex. The ability to analyze global
gene expression by using microarrays has facilitated the study of these responses (6, 7).
Information available on radiation-induced changes in gene expression profiles has been
collected primarily in single cell types grown /n vitro. Human lymphocytes irradiated /n
vivo or in vitro represent one of the most studied cell types. Access to occupational workers
exposed to radiation and the fact that blood drawing is a relatively easy and noninvasive
method to obtain human samples contribute to making human lymphocytes a material of
choice for radiation studies. Other cell types used include normal fibroblasts and
keratinocytes (8), usually isolated from human skin. The primary focus of such studies has
been the identification of a gene signature for radioprotection applications (9-12). Although
many studies have analyzed global transcriptional responses to high radiation doses (9, 12—
16), ranges of doses, including low doses, have been tested in others (8, 17-24). Consensus
findings of large scale transcriptional studies are that responses to radiation are dependent on
dose, and gene regulation occurs more rapidly at high doses than at low doses. Although a
number of gene signatures have been proposed, no consensus gene signature characteristic
of either high or low radiation doses has yet emerged (25). Such signatures, if identified,
will likely be cell type- and tissue-specific and dependent on time postexposure. Indeed,
studies have shown that transcriptional responses to radiation are cell line- and tissue-
specific and are influenced by postexposure time (25). Nevertheless, genes induced in
response to genotoxic stress primarily induced by moderate to high radiation doses have
been identified (14, 16, 26-28).

Information obtained from /n vitro studies is limited, since neither the three-dimensional
organization of tissues nor their multiple cell type structure is reproduced in monolayer
single cell type cultures. Additionally, the importance of intracellular communication in the
cellular response to radiation is overlooked /n vitro (29). The use of a mouse model for /in
vivo studies of low-dose radiation effects in humans is hampered by the lack of a good
correlation between mouse and human responses to radiation (12, 30). Thus these effects
would be best studied /n vivo in humans. However, it is also obvious why the use of human
subjects strictly for research purposes is forbidden. To overcome this hurdle, our laboratory
has pioneered the use of skin biopsies from patients undergoing radiation therapy for
prostate cancer to study /7 vivo human responses to low-dose radiation at the transcriptional
level (31, 32). Furthermore, studying the effects of radiation in human skin is highly relevant
since skin is the most abundant organ in humans and represents the interface between us and
our environment. Therefore, skin is the first human organ exposed to radiation during
occupational, therapeutic and accidental exposures. Human skin is a complex tissue
composed of two major distinct layers: epidermis and dermis. The epidermis is the keratin
compartment, delimited at the outer surface by the stratum corneum and at the opposite end
by the basal layer, which borders the dermis. Keratinocytes are epidermal cells that migrate
from the basal layer upward, differentiating along the way. The stratum corneum is
composed of dead keratinocytes or corneocytes with high keratin content and lipids.
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Melanocytes are scattered irregularly along the basal layer and the dermis. The dermis,
representing the collagen compartment, contains fibroblasts, resting at the G, phase of the
cell cycle, macrophages and smooth muscle fibers that are part of hair structures. The inner
side of the dermis ends with the hypodermis, which contains a varying number of fat cells
and carries the major blood vessels and nerves to the skin.

Although skin biopsies are a material of choice for studying /n vivohuman responses to
low-dose radiation, their nature restricts their size and numbers taken from the same patient
and thereby limits the experimental design, particularly with respect to various doses and
time—response experiments as well as assay choices and number of repetitions. To
complement the analysis of /n vivo irradiated human skin at the transcriptional level and to
enable examination of responses at the post-transcriptional level, we have begun to use
postabdominoplasty discarded human skin exposed ex vivo to radiation. This ex vivo
irradiated human skin model allows the collection of larger skin samples and confers
flexibility to the experimental design. Consequently, assays requiring larger amounts of
sample as well experiments with more doses and postirradiation times can be performed.
Thus far, responses to low-dose radiation in humans are best documented at the
transcriptional level. Therefore, to evaluate the use of ex vivo irradiated human skin for
proteomic studies of normal radiobiological responses to low-dose exposure, we began by
analyzing such responses at the transcriptional level. Here we present global gene expression
analysis data obtained after ex vivo exposure of human skin to low (0.05 Gy) and high (5
Gy) X-ray doses.

MATERIALS AND METHODS

Ex Vivo Human Skin Samples

Skin from two adult female patients (P1 and P2) undergoing abdominoplasty was collected
under IRB approval and immediately placed on ice-cold phosphate-buffered saline (PBS),
pH 7.2, containing antibiotics (Invitrogen, Carlsbad, CA). Skin from two patients was used
to reduce the bias of inherent interindividual variability, which is expected given that
humans have unique genotypes. After removal of the fat layer, the skin was cut into ~2 x 2-
cm pieces in ice-cold PBS containing antibiotics. Skin samples were placed skin side up into
wells of 6-well plates and submerged with DMEM (Invitrogen) supplemented with 10%
FBS and antibiotics and incubated at 37°C under a humidified 95% air/5% CO, atmosphere.
Under these culture conditions, ex vivo skin is viable over several weeks (33, 34).

Irradiation and Time-Course Collection of Samples

X-ray doses of 0 (sham), 0.05 and 5 Gy were delivered with an Elekta Synergy clinical
irradiator (Stockholm, Sweden) at a dose rate of 4 Gy/min at 15 MeV. Skin samples were
irradiated 1 day after collection. Control and irradiated samples were collected in
quadruplicate at 0, 2, 8 and 30 h postirradiation.

Total RNA was extracted from skin using the RNeasy purification kit (Qiagen, Valencia,
CA), with the following deviation from the manufacturer’s protocol. Prior to application to
the RNA column, skin lysates were briefly extracted with 1/5 V of chloroform for lipid
removal. Skin samples were homogenized in lysis buffer using a FastPrep® FP120A
homogenizer (Qbiogen, Carlsbad, CA). Purified RNA was quantified with a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and then monitored for
integrity on a 2100 Bioanalyzer (Agilent, Santa Clara, CA).
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Microarray Analysis

Microarray analyses were carried out at the University of California Davis Genomic Core
Facility. For each of two patients, triplicate or quadruplicates samples, all with RNA
Integrity Numbers (RIN) above 7, were analyzed for each treatment and time tested,
resulting in 40 samples analyzed for one patient and 36 samples for the other, for a total of
76 samples analyzed. Prior to hybridization on microarrays, 300 ng of total RNA per sample
was amplified and biotinylated using an Illumina® Totalprep™ RNA amplification kit
(Ambion, Austin, TX). Resulting biotinylated cRNAs were hybridized to lllumina Sentrix®
Human Ref-8 Expression BeadChips V3R2 (lllumina Inc., San Diego, CA). Each beadchip
contains eight microarrays, and each microarray is represented by 24,526 RefSeq curated
gene probes and controls (www.switchtoi.com/resources). After hybridization using
Illumina reagents supplied with the beadchips, microarrays were scanned on an Illumina
iscan and fluorescence was recorded.

Statistical Analysis

Arrays were processed with lllumina BeadStudio v3.4.0 with background subtraction but no
normalization. We omitted probes from the analysis if the BeadStudio detection Pvalue was
greater than 0.05 for all the arrays in the analysis. Of the original 24,526 probes, 16,749
passed this filter. Next, data for all the arrays were imported into the R statistical
environment (http://www.R-project.org). The expression values were transformed using the
generalized logarithm transformation and normalized using the LMGene R package from
our group (35, 36). After preprocessing, an ANOVA model was fitted to data from each
probe to screen for potentially differentially expressed genes. A “treatment” factor was
derived from each unique combination of dose and time; this factor was then included in a
two-way ANOVA model along with a fixed effect for subject. Pvalues from the ANOVA F
tests of treatment effect (testing for differences between any levels of the treatment factor)
and subject effect were adjusted for multiple testing using the false discovery rate (FDR)
method of Benjamini and Hochberg (37). The largest factor in any analysis of gene
expression is typically that associated with differences between individuals. In this case, if
we perform a three-way ANOVA for each gene and compute the mean squares for each
variable (subject, time, dose) and their interactions, and if we then standardize these mean
squares to add to 1 for each gene (so that we can compare genes with different levels of
expression), the subject effect comprises 80% of the total, followed by time (5%), dose
(3%), dose*subject (3%), time*subject (3%), time*dose (2%) and error (1%). It is important
to note that the method of analysis identified as differentially expressed genes only those
whose change in expression across subjects was large enough to be detected above the
background of interindividual variability. This is why studies that use more than one
individual (instead of a cell line, for example) are so important. Here the gene expression
data represent the average transcriptional response of two individuals.

Probes with an FDR-adjusted £ value less than 0.1 for the treatment effect were retained for
further investigation. With the reduced set of probes from the above prescreening, a second
set of ANOVA models was applied to compare dose effects of 0 and 0.05 Gy, 0 and 5 Gy,
and 5 Gy and 0.05 Gy at 2, 8 and 30 h, respectively. The times 0 and 2 h, 0 and 8 h, and 0
and 30 h were also compared at dose 0 Gy to determine the effect of time in culture on gene
expression. An unadjusted P value of 0.015 or less was considered statistically significant
for the above comparisons (as the reduced set of probes has already been prescreened,
further adjustment for false discovery is not required).

Data Analysis

Genes were considered significantly differentially expressed if 2 values were <0.015. The
software Metacore by Genego® (version 6.2) (http://www.genego.com/) was used to map
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significantly differentially expressed genes to functional pathways and networks. The
DAVID (version 6.7) functional gene classification tool was used to functionally analyze
gene lists (38).

Validation of Microarray Results by RT-gPCR

RESULTS

Reverse transcription quantitative polymerase chain reaction (RT-gPCR) was used to
validate some of the changes in gene expression detected by microarray analysis. Total RNA
was extracted from additional control and irradiated skin samples from patients P1 and P2
that had been processed at the same time as the samples used in the microarray analysis but
stored in RNAlater® (Ambion); additional skin samples for 8 h and 30 h after exposure to 5
Gy were not available for patient P2. The iscript select cDNA synthesis kit (BioRad,
Hercules, CA) was used for RT of total RNA primed with oligodT. The expression of four
genes, CDKN1A, ING2, CLDN1 and SESN1, was verified by gPCR. Gene specific primers
used, designed with the Vector NTI Advance 11 software (Invitrogen), were as follows.
CDKN1A: forward 5" TGAAGTGCTTAGTGTACTTGGAGTATTGGG3  and reverse

5 AGTCTAGGTGGAGAAACGGGAACCA3’; CLDN1: forward

5’ GTTGGTAAATCCAACAGCAAGGGAGA3’ and reverse
5'CACAGTGGCTGACTTTCCTTGTGTAGTTTA3’; EGFR: forward

5’ TGCCGGTGGCATTTAGGGGT3’ and reverse
5'GTCCGTCCTGTTTTCAGGCCAAG5’; ING2: forward

5" AGGAAAGGGAAGCTTCACCTGTTGA3  and reverse
5'CCCCTTTGGTTTATAGGTAAGTGAAACACA3’ and SESN1: forward

5" ATCCAAGTCCCATTCTTTGCATGC3  and reverse

5’ ATCCAAGTCCCATTCTTTGCATGC3'. Reference genes were B2M: forward

5’ TCACCCCCACTGAAAAAGATGAGTATG3  and reverse

5 TGCGGCATCTTCAAACCTCCA3’, and GAPDH: forward

5 TGCACCACCAACTGCTTAGCACC3’ and reverse

5’ GAGGCAGGGATGATGTTCTGGAGA3'. gPCR with an icycler (BioRad) was
performed on 25-50 ng cDNA in the presence of the SsoFast™ EvaGreen® Supermix
(BioRad) and gene-specific primers, each at a final concentration of 250 nM, in a 20 .l total
volume. For each gene, PCR reactions were performed in triplicate on a given sample. A
cycle consisting of 95°C for 10 s and 60°C for 20 s was repeated 45 times. Gene expression
ratios were calculated using the comparative C; method (39).

Genes Significantly Differentially Expressed in Response to an Acute Low or High X-Ray

Dose

Significantly differentially expressed genes in response to radiation represent the average
response of normal skin from two individuals. In general, for the comparison to be
significant and overcome interindividual variability, the average change in gene expression
has to be relatively large and consistent in direction (either up- or downregulated), but genes
for which the directions differ or in which the effect exists in one patient but not the other
are not completely excluded.

Genes with Pvalues <0.015 at 10% FDR were considered significantly differentially
expressed. Figure 1 illustrates the numbers of such genes as a function of radiation doses (0,
0.05 and 5 Gy) and postexposure time (2, 8 and 30 h). No skin-specific genes were found
among these differentially expressed genes, as determined by a search of the Applied
Biosystems human body map database with MetaCore. The number of significantly
differentially expressed genes increased with postexposure time but not with radiation dose
(Fig. 1). A majority of genes differentially expressed for time in culture were upregulated
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across all times. In contrast, at 30 h after exposure to 0.05 and 5 Gy, a majority of genes
were downregulated (Fig. 1). At 2 h postirradiation, there was little response to either dose.
At 8 h postirradiation, there was little response to 0.05 Gy, whereas there were both
upregulated and downregulated genes in response to 5 Gy (Fig. 1). At 0 Gy, gene overlap
was observed across 2 h and 8 h and across 8 h and 30 h, indicating a persistent change in
gene expression that was not related to radiation (Fig. 2A1 and A2). At low dose (0.05 Gy),
no gene overlap was observed across the postexposure times tested (Fig. 2A1 and A3),
indicating a transient change in expression of the genes identified at a given time, but
because of the small number of genes involved at 2 h and 8 h, this mainly indicates that the
response to this dose is delayed beyond 8 h. At high dose (5 Gy), some gene overlap was
observed across all postexposure times tested (Fig. 2A2 and A3), indicating a persistence of
the response for a least a few hours. Gene overlap across doses was observed only at 30 h
postexposure (Fig. 2), when the number of significantly differentially expressed genes was
highest for all doses tested (Fig. 1).

Genes Responsive to 0 Gy or Differentially Expressed Genes Unrelated to Radiation

Inclusion of unirradiated controls for each time tested in our study design enabled the
assessment of gene expression affected only by time of the skin samples in culture. As
shown in Fig. 1, gene responses to 0 Gy increased with time in culture, and most of them
were upregulated at all times. Genes involved in metabolic pathways and represented in
protein folding and mRNA processing networks were regulated after 2 h in culture.
Pathways affected after 8 h in culture included transport, transcription, DNA damage and
immune response, while reproduction, transcription, muscle contraction, cytoskeleton,
inflammation and DNA damage repair represent the networks involved. After 30 h in
culture, genes modulated in skin cells fell into eight functional groups: membrane proteins,
sodium transport, potassium transport, transcription factors, ring finger proteins, proteins
with WD (tryptophan and aspartic acid) repeats, kinases and other enzymes. These genes
were mainly distributed over transport, development, immune response, DNA damage and
cell cycle pathways. Networks involved include muscle contraction, inflammation,
reproduction, cell adhesion and translation. Genes overlapping across time in culture (0 Gy)
participate in pre-mRNA splicing and ions and protein transport and were almost all
upregulated (Table 1).

Presence in Our Data Set of Previously Identified Human Radiation-Responsive Genes

Genes significantly differentially expressed in ex vivo irradiated human skin were compared
to 24 previously reported human radiation-responsive genes, selected from many for having
undergone qRT-PCR validation (Table 2). All 24 genes were upregulated in response to
radiation after exposure times as short as 15 min and up to 24 h, and a majority of them have
been identified in peripheral blood lymphocytes (PBL) after exposure to doses ranging from
0.5t0 8 Gy (10, 12, 14, 16, 40). Among these 24 previously reported radiation-responsive
genes, only three, CDKN1A, CCNG1 and SESN1, were represented in our data set, and all
three were upregulated in our ex vivo skin model 8 and/or 30 h after exposure to 5 Gy
(Table 2). CDKN1A (cyclin-dependent kinase inhibitor) and CCNG1 (cyclin G1) are both
cell cycle regulators that are activated in response to DNA damage. CDKNZ1A is an inhibitor
of cell cycle progression at G4 (41), while cyclin G1 promotes cell cycle progression (42).
While only the expression of CDKN1A was significant 8 h after exposure to 5 Gy,
expression of both CDKN1A and CCNGL1 became significant 30 h postexposure.
Furthermore, at this same time, the expression of the CDKN1A gene was repressed in the
tissue control (Table 2). Despite the fact that a linear dose response of CDKN1A between
0.02 and 0. 5 Gy has been described in the ML-1 human myeloid cell line 1to 4 h
postirradiation (40), induction of this gene or of the remaining 24 previously reported
radiation-responsive genes, was not found in human skin up to 30 h after ex vivo exposure
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to 0.05 Gy (Table 2). Induction of SESN1, coding for sestrinl, a protein belonging to highly
conserved proteins that accumulate in cells exposed to stress (43), was observed in human
skin 8 and 30 h postirradiation with 5 Gy (Table 2). If considering gene families, two
additional genes out of the 24 previously reported radiation-responsive genes were
modulated in ex vivo irradiated human skin (Table 2). Induction of PHF13, coding for a
protein known to modulate chromatin structure, was observed in human skin 30 h after
irradiation with 0.05 and 5 Gy; exposure of normal keratinocytes to 0.01 Gy led to the
upregulation of PHF10, another PHD (plant homeodomain) finger protein required for cell
growth (Table 2). In PBL irradiated with 1 or 4 Gy, upregulation of TNFSF9, encoding a
cytokine that belongs to the tumor necrosis factor superfamily of ligands, was observed as
soon as 15 min postirradiation (16). In human skin, expression of TNFSF 14 and 15 was
upregulated in the nonirradiated control tissue at 30 h postexposure, while at that same time,
expression of TNFSF15 was downregulated in response to 0.05 and 5 Gy.

Confirmation of Differential Expression of Selected Genes by RT-qPCR

The expression of five genes, including two previously known radiation-responsive genes,
that were upregulated in ex vivoirradiated skin by microarray analysis was verified by RT-
gPCR. Upregulation of the expression of these genes, detected by microarray data analysis,
was confirmed by RT-gPCR analysis (Table 3). It should be noted that the validation did not
use another aliquot of the same RNA samples as was used for the expression arrays. The
RNA for these RT-gqPCR runs were from different pieces of skin from the same individuals,
and thus more variability would be expected between the PCR and the microarray data. All
of the ratios were in the same direction and many of similar size.

Radiation Dose-Responsive Genes

Genes responsive to one radiation dose but not the other fell into two groups: (1) specific
genes, corresponding to genes shared with neither time in culture control (0 Gy) nor another
dose; and (2) unique genes, which were shared only with the time in culture control but
displayed opposite regulation.

1. Genes responsive to 0.05 Gy—Genes with significant altered expression to 0.05 Gy
in ex vivoirradiated skin at 2 and 8 h postexposure were all specific genes (Table 4). At 30
h postexposure, 124 specific genes and 37 unique genes were identified. The functional
groups represented by these genes are summarized in Table 4. Only a few specific genes
were responsive to 0.05 Gy at 2 and 8 h postexposure (Table 4). At 2 h, all four genes were
downregulated. NTN4 codes for netrin 4; netrins are related to laminins, which function as
structural scaffolds in tissues. The RILPL2 encoded protein, in association with the Rab7
GTPase, controls late endocytic transport. The product of NLRP3, in association with
apoptosis associated speck-like protein PYCARD/ASC, functions as an upstream activator
of NF«xB signaling and regulates inflammation, immune response and apoptosis. At 8 h,
upregulation of PRDM1, also known as BLIMP1, was the only significant dose-specific
change in gene expression. PRDM1 encodes a repressor of B interferon and TP53 gene
expression. At 30 h about half of the specific genes were upregulated and half
downregulated. Major pathways identified with these genes were related to development
(EGFR and glucocorticoid receptor signaling), proteolysis, transcription (P53 signaling
pathway) and translation. Genes such as EGFR (epidermal growth factor receptor), IRS-2
(insulin receptor substrate 2), SUMOL1 (SMT3 suppressor of mif two homolog) and CBX4
(chromobox 4) contributed to these pathways and were all upregulated. Almost all unique
genes identified at 30 h postexposure were downregulated. Pathways identified included
DNA damage (mismatch repair, role of BRCA1 and BRCA2 in DNA repair), estradiol and
aldosterone metabolism. Unique genes represented in these pathways were MSH3 (mutS
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homolog 3), SULTAL (sulfotransferase family A, member 1), and AKR1D1 (3 oxo 5 beta
steroid 4 dehydrogenase), all of which were downregulated.

2. Genes responsive to 5 Gy—Table 4 shows the specific and unique genes whose
expression was significantly modulated in human skin 2 and 8 h postirradiation by 5 Gy ex
vivo. Downregulation of RPL36, a specific gene encoding a protein whose overexpression
has been shown to activate TP53 at 8 h postirradiation, is noteworthy. Among the genes with
altered expression at 30 h postirradiation, 108 were specific and 38 unique; their
classification into functional groups is shown in Table 5. Major pathways identified with
specific genes modulated at 2 h postexposure include development [slit Robo signaling and
TGFp dependent induction of EMT (epithelial mesenchymal transition)], cell adhesion and
cytoskeleton remodeling. ACTB, the gene coding for B actin, which was upregulated, is the
common denominator in all these pathways. At 8 h postirradiation, specific genes included
CDKNZ1A, which was upregulated. CDKNZ1A was a player in most of the pathways derived
from these genes: transcription, development (TGFp and Wnt signaling), cytoskeleton
remodeling, DNA damage (ATM/ATR regulation of G,/M checkpoint), and cell cycle
regulation. The most prominent pathways identified with the 30-h specific genes included
cytoskeleton remodeling, development (TGFp-dependent induction of EMT), cell cycle
regulation, cell adhesion and immune response. Modulated genes represented in these
pathways included ACTA2 (a actin), PPP3CC (protein phosphatase 3 catalytic subunit -y
isoenzyme), and SMAD4 (SMAD family member 4), which were upregulated, and SKP2 (S
phase kinase associated protein 2), NEK 8 (never in mitosis gene a related kinase 8), and
COL4AS5 (collagen type 1V), which were downregulated. Although not represented in the
pathways mentioned above, TP53INP1 (tumor protein p53 inducible nuclear protein 1), a
known stress responsive protein and pro-apoptotic regulator of TP53, was also upregulated.
The five unique genes responsive to 5 Gy at 8 h postexposure were all downregulated (Table
4) and were involved in translation, cytoskeleton and response to hypoxia networks.
Prominent pathways identified with unique genes modulated 30 h postexposure were DNA
damage (ATM/ATR regulation of Go/M and G1/S checkpoints), cell adhesion, development
and cytoskeleton remodeling. Unique genes contributing to these pathways included
upregulated CDKNZ1A and CLDN3 (claudin 3) and downregulated FANCD2 (Fanconi
anemia complementation group D2), CLDNL14 and FZD7 (frizzled homolog). The
upregulation of one gene, LBH, persisted between 2 and 30 h after exposure to 5 Gy but
interestingly was not significant at 8 h postirradiation; 10 additional genes showed
continuous modified expression between 8 and 30 h postexposure (Table 1 and Fig. 2A2).

Dose-Independent Radiation-Responsive Genes

Genes with altered expression in response to both low and high radiation doses, some with
opposite responses depending on the time in culture control, belong to this group. In total,
139 of such genes were identified across all times in our data set. About two-thirds of these
genes were downregulated, and all were similarly regulated at both radiation doses. The
dose-independent radiation-responsive genes were primarily represented in metabolism
regulation, transport, DNA damage repair (NHEJ repair), protein folding (membrane
trafficking and signal transduction), and immune response pathways, which, with the
exception of the protein folding pathway, appeared to be inhibited since the genes involved
in these pathways were downregulated. Out of these 139 genes, 85 clustered into eight
functional groups: involvement in membrane and cell junctions, regulation of transcription,
protein transport, enzymes, catabolism, RNA processing proteins, stress-related proteins,
and effectors in transmembrane signaling systems.
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Identification of Radiation-Responsive Genes Linked to Carcinogenesis

Genes that have been linked to carcinogenesis and found to be differentially expressed in
response to radiation in our data sets included CLDN1, 3 and 14, EGFR and ING2, all of
which displayed altered expression at 30 h postirradiation.

Claudins encode a family of small proteins (22 to 27 kDa) that are important in tight
junction formation and regulation in epithelial and endothelial cells. Tight junctions play a
crucial role in the maintenance of cell polarity and in paracellular transport; expression of
claudins is tissue-specific, and the exact combination of claudin proteins within a given
tissue is thought to determine the selectivity and strength of tight junction (44). Upregulation
of CLDN3 has been reported for several cancers (45), while both the increase and decrease
of CLDN1 have been associated with tumorigenesis. Overexpression of CLDN1 has been
associated with aggressiveness and increased malignant phenotype in melanoma (46).
Decreased expression of CLDN1 has been observed in breast cancer, where a tumor
suppressor function for CLDN1 has been suggested (47). Figure 3A illustrates the gene
network associated with CLDN1. Upregulation of CLDN1 was observed in response to 0.05
Gy, while CLDN3 was upregulated and CLDN14 downregulated in response to 5 Gy. Genes
for claudins 3 and 14 were also modulated in the time in culture control (0 Gy), where their
expression was the opposite of that displayed in response to 5 Gy.

EGFR is a member of the human epidermal receptor (HER) family of tyrosine kinases
expressed at the basal end of epithelial cells. Activation of EGFR in response to ligand-
dependent dimerization initiates key signaling pathways leading to cell growth and
proliferation, including the mitogen-activated protein kinase (MAPK) and phosphoinositide
3-kinase/AKT pathways. Overexpression of EGFR can cause aberrant cell proliferation and
tumorigenesis. EGFR is overexpressed in a variety of human malignancies, including those
of the lung and the breast (48). The EGFR-associated gene network is shown in Fig. 3B. In
normal cells, EGFR participates in epithelial repair (49). Irradiation of rat hepatocytes with
X-ray doses of 1 Gy or higher led to the downregulation of EGFR (50). In our experiments
with ex vivoirradiated human skin, EGFR was upregulated in response to 0.05 Gy but not 5
Gy.

ING2 is a member of the inhibitor of growth (ING) tumor-suppressor family of proteins that
integrate histone mark readout and genotoxic stress responses and regulate chromatin
homeostasis (51). ING2 is a subunit of the mSIN3A/HDAC1 chromatin modifying complex,
which in response to DNA damage relocalizes to the promoter of cell cycle regulatory genes
such as cyclin D1 and c-myc, where it associates with histone mark H3K4me3. Binding of
ING2 to H3K4me3 stabilizes the mSIN3A/HDAC1 complex at promoters, leading to
histone deacetylation and subsequently to transcriptional repression (52). How ING2
orchestrates cellular responses to genotoxic stress is not yet fully understood. Upregulation
of ING2 has been associated with colon cancer (53). The ING2 gene network is shown in
Fig. 3C. Upregulation of ING2 in response to 0.05 and 5 Gy suggests that the genotoxic
stress response governed by this gene is independent of radiation dose.

DISCUSSION

To further our understanding of the effects of low-dose radiation in humans, global
transcriptional responses of human skin after ex vivo exposure to low (0.05 Gy) and high (5
Gy) doses of radiation were analyzed and compared. So far, the human transcriptional
response to radiation has been analyzed primarily in various cell types grown /n vitro (54).
However, as initially demonstrated by studies on epithelial cells of the mammary gland, the
biological behavior of cells grown in 2D and 3D culture is not identical (55). Therefore, the
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use of ex vivoirradiated human skin as a model to study radiation-induced cellular changes
in humans brings us one step closer to the real, /n vivo, skin tissue context.

The quantitative and qualitative differences between transcriptional responses to low and
high radiation doses, reported for /n vitro grown skin cells (keratinocytes and fibroblasts)
(18, 23) were also observed in ex vivoirradiated human skin. In this model, we found the
following quantitative differences in gene expression in response to 0.05 and 5 Gy at 2, 8
and 30 h postexposure. First, the overall quantitative response was slightly higher for 5 Gy
than for 0.05 Gy. With a 10% FDR and a significance cutoff of £<0.015, the total numbers
of genes with altered expression were 363 at 5 Gy and 305 at 0.05 Gy. Second,
downregulation of gene expression was predominant at most times in response to 5 Gy and
0.05 Gy. Third, the major quantitative difference between transcriptional responses to low
and high doses was observed at 8 h postexposure; only 1 gene was induced by 0.05 Gy,
while 76 genes were modulated by 5 Gy. Initial gene repression and slow onset of the
transcriptional response to low-dose radiation have also been reported for other models/
systems after in vitro or in vivo exposure. For example, the transcriptional response of
primary human keratinocytes irradiated with 0.01 Gy was delayed in comparison to the early
gene induction observed at 3 h postirradiation with 2 Gy (18). Exposure of CD4*
lymphocytes to 0.05 Gy (0.45 Gy/min) led to gene downregulation at 3 h postexposure (19).
Out of the 78 genes modulated in lymphocytes from occupational workers exposed to very
low doses of radiation ranging from 0.696 to 39.088 mSv, 57 were found downregulated
compared to 21 upregulated (56). In human skin exposed to 0.01 Gy /n vivo, a majority of
genes were upregulated at 3 h postexposure (31). For an acute /77 vivo irradiation, it is likely
that 3 h postexposure is past an early event, since gene downregulation up to 1 h was
observed in mice after a 0.5-Gy dose of JANUS fission neutrons to the gut (57).

The importance of dose rate on the transcriptional response to radiation has also been
reported; in comparison to a low dose rate, more genes were involved in the response to
radiation delivered at a high dose rate (58). Because DNA damage decreases at low dose
rates, radiotherapy in the treatment of cancer is usually delivered at a high dose rate to
maximize DNA damage in malignant cells. Thus, to recapitulate the dose rate used in gene
expression studies on /n vivo irradiated skin biopsies (31, 32), our study was conducted with
a high dose rate (4 Gy/min). Gene expression is a dynamic process influenced by many
parameters, including tissue complexity. Indeed, the presence of multiple cell types within
tissues and cells at various growth stages adds to the complexity of the response. Therefore,
the convergence of the early transcriptional response to low-dose radiation, i.e. gene
repression, observed in human skin, keratinocytes, fibroblasts and lymphocytes after /n vivo,
ex vivoor in vitro exposure at various dose rates, is quite remarkable. In the case of our skin
model, one can ask whether only one cell type (most likely keratinocytes) dominated the
response. This question may be addressed in future studies.

Qualitative differences in the transcriptional responses induced in human skin irradiated ex
vivo with low and high doses were as follows. First, gene expression modulated by 0.05 Gy
was transient, as indicated by a total absence of gene overlap up to 30 h postexposure, while
during the same period persistence of modified gene expression was observed in response to
5 Gy. Second, these differences enabled the classification of modulated genes into three
groups: Group 1 contains specific genes defined as genes responsive exclusively to either
the low or high dose but not to both and not to time in culture. Group 2 clusters unique
genes defined as responsive to either 0.05 or 5 Gy doses but not both, but also regulated in
the opposite direction in the time in culture control, which was included in our experimental
design. Group 3 contains dose-independent radiation-responsive genes. These gene groups
are reminiscent of the groups defined by Yin et a/ when analyzing the transcriptional
responses to low and high radiation doses in the brain of mice (22).
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Group 1 or dose-specific genes were more abundant in the response to 5 Gy than to 0.05 Gy.
Early (2 h postexposure) transcriptional responses to 5 Gy targeted pathways involved in
cell adhesion, cytoskeleton remodeling and TGFp-dependent induction of EMT. At 8 h
postirradiation, upregulation of CDKN1A was a determinant in the activation of cell cycle
regulation and DNA damage control pathways as well as in sustaining the activity of
cytoskeleton remodeling and development signaling through TGF@ and Wnt pathways. The
late (30 h postexposure) specific transcriptional response to 5 Gy consisted of activated
immune response pathways and maintained activity of cell cycle regulation and cytoskeleton
remodeling pathways as well as recapitulation of cell adhesion and TGFp-dependent
induction of EMT pathways. Thus, at 30 h postexposure to 5 Gy, skin cells were still
struggling to overcome the insult. By contrast, the early specific transcriptional response to
0.05 Gy was aimed primarily at slowing down cellular processes such as late endocytotic
transport and inhibiting cellular responses to stress such as NFxB signaling, inflammation,
immune response and apoptosis. This contrasts with the transcriptional response of human
skin after an /n vivo acute exposure to 0.1 Gy, where upregulation of inflammation and
apoptotic gene groups was observed (32). On the other hand, early in the treatment, cell
death was infrequent in keratinocytes from human skin exposed /n vivo to fractionated
radiotherapy with low-dose fractions (59). At 8 h postexposure PRMD1 was the only gene
modulated by 0.05 Gy; upregulation of this gene encoding a transcriptional repressor, which
regulates cell growth via transcriptional repression of TP53 (60), suggests that skin cells
were recovering from the low-dose radiation insult. This recovery effect is further supported
by the late transcriptional response to 0.05 Gy, where modulated genes were about half
upregulated and half downregulated and were distributed over pathways aimed at cell
proliferation, transcription, translation and proteolysis. Pathways/functions overlapping
between the response of skin exposed /n vivoto 0.01 Gy and ex vivoto 0.05 Gy include
transcription and cell proliferation/survival (32).

Genes responsive to 5 Gy and previously identified as radiation-responsive genes (Table 2)
included SESN1, CCNG1 and CDKN1A, which belong to Group 1 genes, with the
exception of CDKNZ1A, which is a Group 1 and Group 2 gene. Interestingly, all three genes
are TP53 target genes.

Group 2 or unique genes were absent at early times (2 and 8 h) postexposure to 0.05 Gy but
were present at 8 h after irradiation with 5 Gy. Unique genes were most abundant at 30 h
postirradiation at both low and high doses. Functional overlap between low- and high-dose-
responsive unique genes was limited to transcription factors, which is consistent with the
fact that transcriptional changes are part of the cellular stress response (40). Unique genes
responsive to 0.05 Gy functioned in protein and ion transport and nucleotide binding
proteins, while those responsive to 5 Gy were involved in tight junctions. These genes were
strongly regulated in response to radiation exposure since their expression was opposite in
the time in culture control. The effects of time in culture on global gene expression have also
been reported in another study analyzing /n vitro transcriptional responses of primary human
lymphocytes at 7, 17 and 55 days after exposure to 3 Gy (61).

Group 3, with dose-independent radiation-responsive genes, clustered 139 genes, most of
which were downregulated. Functions represented by these genes included involvement in
membrane and cell junctions, regulation of transcription and protein transport and
catabolism.

Out of 24 previously reported radiation-responsive genes, only three, or five if considering
gene families, were found modulated by radiation in human skin (Table 2). The fact that the
response to radiation of cells grown in 3D culture is dampened by comparison to their
counterparts grown in 2D cultures (62) might account in large part for our observation.
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The distinct qualitative transcriptional responses observed in ex vivoirradiated skin exposed
to low and high radiation doses do not support the LNT model for low-dose radiation risk
extrapolation. Maintenance of genome integrity is essential for cancer prevention (63), and
therefore the ability of cells to repair damaged DNA is a determinant for cancer risks. Our
study highlights clear differences in the DNA damage response induced by high-dose and
low-dose radiation. The response of human skin after ex vivo exposure to an acute high
dose/high dose rate involved upregulation of TP53 and TGF signaling target genes,
whereas neither TP53 nor TGFf target genes were modulated in response to an acute low-
dose/high-dose rate exposure. Thus, in human skin irradiated ex vivo with 0.05 Gy, the
TP53-dependent DNA damage response was either not triggered or was triggered only
briefly, as further supported by the upregulation of PRDM1, a TP53 transcriptional repressor
(60). In response to DNA double-strand breaks (DSBs), ATM (ataxia-telangiectasia
mutated), a member of the phosphatidy! inositol 3-kinase-like protein kinases, is activated
through autophosphorylation (64). In turn, activated ATM phosphorylates TP53, leading to
activation of the TP53 signal transduction pathway. Therefore, failure to activate this
pathway in response to an acute low dose may reflect a lack of activation of ATM. Reduced
activation of ATM has been reported in normal human cells after exposure to low-dose/low-
dose rate radiation (65), and ATM was not activated in fibroblasts irradiated with very low
doses (~1 mGy) (66).

In addition, a DNA damage response pathway, novel in its association with radiation and of
unknown dependence of ATM, was induced in ex vivo irradiated human skin, as evidenced
by upregulation of ING2 in response to low and high radiation doses. ING2 mediates
transcriptional repression of cell cycle regulatory genes such as cyclins (52). Direct
modulation of cancer-linked genes other than TP53 by radiation may represent additional
cancer risks in humans, which will further depend on the genetic makeup of each individual.
EXx vivo human skin responded to low-dose radiation by upregulating EGFR, CLDN1 and
ING2, and overexpression of these genes can cause tumorigenesis (46, 48, 53).

In summary, the limited overlap observed between transcriptional responses of ex vivo
irradiated human skin to low and high radiation doses adds to the accumulating body of
evidence that questions the validity of the LNT model for low-dose radiation risk assessment
(67). In addition, the low-dose transcriptional response was transient, while expression of
some high-dose-responsive genes persisted over at least 22 h. In this skin model with
presumably normal cells where X-ray doses were delivered at a high dose rate, a low dose
(0.05 Gy) failed to activate the TP53-dependent DNA damage response, whereas it was
activated upon irradiation with a high dose (5 Gy). Upregulation of ING2, which was
triggered by both low and high doses, uncovered a novel mechanism in response to
radiation-induced DNA damage. For the first time, radiation is linked to the genotoxic stress
response induced by ING2 as part of a chromatin-modifying complex known to repress cell
cycle regulatory genes (51). Although this ING2-mediated DNA damage response is not yet
fully elucidated, it has become clear that chromatin remodeling contributes to cellular DNA
damage responses (68). The evolution of the transcriptional response over 30 h in skin
exposed ex vivoto 0.05 Gy is consistent with the conclusion from studies conducted by our
laboratory on skin exposed /7 vivoto 0.01 Gy: in response to low-dose radiation, human
skin initiates a transcriptional program to enhance survival (32). Thus the ex vivoirradiated
human skin model appears suitable for studying radiation effects on a natural tissue. The
radiation-induced DNA damage response mediated by ING2 as well as the radiation dose
threshold for activation of the TP53-dependent DNA damage response need to be
investigated further, particularly at the protein level. The use of ex vivoirradiated skin will
afford the amount of tissue needed for such studies.
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FIG. 1.

Summary of genes significantly differentially expressed in ex vivo irradiated human skin.
Genes significantly differentially expressed (P< 0.015) at indicated X-ray doses and

postirradiation times in comparison to the control (time 0 h, dose 0 Gy).
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Venn diagrams illustrating gene overlap across postirradiation times and doses tested. Panel

Al: Comparison between significantly differentially expressed (P < 0.015) genes in
response to 0 and 0.05 Gy. Panel A2: Comparison between significantly differentially

expressed (P< 0.015) genes in response to 0 and 5 Gy. Panel A3: Comparison between

significantly differentially expressed (P< 0.015) genes in response to 0.05 and 5 Gy.
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FIG. 3.

Networks of low-dose radiation responsive genes linked to carcinogenesis. Gene networks
built in MetaCore (version 6.2) are shown. Panel A: CLDN1 network. Transcription of
CLDNL1 is regulated by HNF4a. (hepatocyte nuclear factor a); SP1 (transcription factor) and
HFN1 (hepatocyte nuclear factor 1) regulate the transcription of HFN4a; FKHR (Fork Head
Box O1) physically interacts with HNF4a and decreases its activity; HNF4a is activated
through association with CBP (CREB binding protein); FKHR is acetylated by CBP and
deacetylated by Sirtuin 1 (NAD dependent deacetylase); CBP regulates the transcription of
PPARGCL1 (peroxisome proliferator-associated receptor -y coactivator 1a) and activates SP1
via acetylation; SP1 regulates the transcription of Sirtuin 1 and PPARGCL1; PPARGCL1 is
activated through p38MAPK (p38 mitogen-activated protein kinase) phosphorylation and
Sirtuin 1 deacetylation; binding of PPARGC1 activates HNF4a. Panel B: EGFR network.
EGFR is activated by autophosphorylation upon ligand binding. Interactions of activated
EGFR with cellular components lead to cell proliferation. EGFR recruits the GRB2 (growth
factor receptor bound protein 2)/Sos (son of sevenless) complex, leading to activation of the
Ras pathway; EGFR phosphorylates IRS-1 (insulin receptor substrate 1) and binding of
activated IRS-1 activates GRB2; EGFR inhibits B catenin through phosphorylation; g
catenin activates the transcription of IRS-1 and cyclin D1 and inhibits plakoglobin by direct
binding to it; IRS 1 activates the transcription of cyclin D1; EGFR phosphorylates HDAC6
(histone deacetylase 6) and reduces its activity; HDACS activity is increased by Aurora A
(serine/threonine protein kinase 6) phosphorylation, and HDACS is regulated at the
transcriptional level by p53 (cellular tumor antigen p53); nuclear EGFR/STATS5 (signal
transducer and activator of transcription 5) regulates the transcription of Aurora A, whose
expression is inhibited by p53; phosphorylation of p53 by Aurora A abrogates p53 DNA
binding and transactivation activity. Panel C: ING2 network. ING2 activates TRIP15 (COP9
signalosome complex subunit 2), PCNA (proliferating cell tumor antigen), Sin3A (paired
amphipathic helix protein A), p73 (tumor protein) HDAC1 (histone deacetylase 1), and p300
(histone acetyltransferase) through direct binding; ING2 and Sin3A activate MMP13 at the
transcriptional level; ING2 activates p53, while p53 inhibits ING2 at the transcriptional
level; binding of Sin3A activates MMP13, which in turn regulates the transcription of p73
and MMP13; HDAC1 and p300 inhibit each other; HDAC1 activates MMP13; p300 and
PCNA inhibit each other; p300 is a coactivator of p53; p53 inhibits MMP13 at the
transcriptional level; p53 and p73 activate each other at the transcriptional level.
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TABLE 1

Genes in our Data Set That Overlap Across Time and Radiation Dose

Gene symbol

Regulation

Name

Gene overlap between 2 and 8 h postexposure to 0 Gy

CSTF3
RAB30
SPRR2B
SPRR2C
USP2

1
1
-1
-1
1

Cleavage stimulation factor, 3" pre-mRNA, subunit 3
RAB30, member RAS family
Small proline rich protein 2B
Small proline rich protein 2C

Ubiquitin specific peptidase 2

Gene overlap between 2 and 30 h postexposure to 0 Gy

None

Gene overlap between 8 and 30 h postexposure to 0 Gy

AGBL4
ATP1B4
C3o0rf30
C21orf66
CACNA1H
FXR2
KCNB2
LAMA2
MDGA2
NXPH2
SF3A2
SLC4A8

1

ATP/GTP binding protein like 4

ATP ase Na*/K* transporting (3 4 polypeptide
Chromosome 3 open reading frame 30 mMRNA

GC rich sequence DNA binding factor 1

Calcium channel voltage dependent T type a 1H subunit
Fragile X mental retardation autosomal homolog 2
Potassium voltage gated channel, Shab related, member 2
Laminin a2

MAM domain containing glycosylphosphatidylinositol anchor 2
Neurexophilin 2

Splicing factor 3a, subunit 2

Solute carrier family 4, sodium carbonate co-transporter member 8

Gene overlap between 2 and 8 h postexposure to 5 Gy

None

Gene overlap between 2 and 30 h postexposure to 5 Gy

LBH

1

Limb bud and heart development

Gene overlap between 8 and 30 h postexposure to 5 Gy

BRSK1
CAMK2B
CCDC149
CDKN1A
FAM104B
NUP153*
RGS17
SESN1
UCRC
ZNF524

-1

BR serine/threonine kinase 1

Calcium/calmodulin dependent protein kinase 2

Coiled coil domain containing 149

Cyclin dependent kinase inhibitor 1A (p21)

Family with sequence similarity 104, member B
Nucleoporin 153 kDa

Regulator of G protein signaling 17

Sestrin 1

Ubiquinol cytochrome c reductase, complex 111 subunit X

Zinc finger protein 524
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TABLE 3

Validation of Microarray Results by RT-gPCR

Page 23

PCR mRNA ratio (radiation/control)

Microarray mRNA ratio

Gene Postirradiation timeand dose B2M asreferencegene GAPDH asreference gene (radiation/controal)
CDKNIA 8h,5Gy 3.2 (P1) 4.0 (P1) 1.8 (P1+P2)
30h, 5 Gy 3.2 (P1) 4.0 (P1) 2.9 (P1+P2)
CLDN1 30 h, 0.05 Gy 2.5 (P1+P2) 1.5 (P1+P2) 1.6 (P1+P2)
EGFR 30 h, 0.05 Gy 20.2 (P1+P2) 3.9 (P1+P2) 2.1 (P1+P2)
ING2 30 h, 0.05 Gy 1.2 (P1+P2) 3.1 (P1+P2) 1.8 (P1+P2)
30h,5Gy 1.6 (P1) 1(P1) 2.0 (P1+P2)
SESN1 8h,5Gy 15 (P1) 1.9 (P1) 1.9 (P1+P2)
30h, 5 Gy 4.0 (P1) 2.5 (P1) 1.9 (P1+P2)

Notes. RT-qPCR was performed on total RNA extracted from additional skin samples from each patient (P1 and P2); additional skin samples for 8
h and 30 h after exposure to 5 Gy were not available for patient P2. Expression of five selected genes and two reference genes was analyzed.

Calculated gene expression changes based on RT-gPCR analysis represent either a mean between the two patients, or an expression change in one
patient (P1). Calculated gene expression changes based on microarray analysis were calculated from the ANOVA coefficients.
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TABLE 4
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Unique and Specific Genes Modulated in Human Skin at 2 and 8 h after £x Vivo Exposure to Low or High

Radiation Doses

Gene symbol Regulation

Name

Specific genes responsive to 0.05 Gy at 2 and 8 h postirradiation

At 2 h after exposure
PSORS1C2
NTN4
RILPL2
NLRP3

At 8 h after exposure
PRDM1

-1

1

Psoriasis susceptibility 1 candidate 2
Netrin 4
Rab interacting lysosomal protein-like 2

NLR family, pyrin domain containing 3

PR domain containing 1 with ZNF domain

Unique genes responsive to 0.05 Gy at 2 and 8 h postirradiation

None

Specific genes responsive to 5 Gy at 2 and 8 h postirradiation

At 2 h after exposure
ACTB
ATN1
COX7A2
LBH
NDUFA1
ZNF581

At 8 h after exposure
AlCF
AGTRAP
BRSK1
C170RF68
C180RF56
C10RF110
C8A
CABLES1
CAMK2B
CBLC
CCDC149
CDIPT
CDKNI1A
CSAG3
CYR61
DGKQ
DNAJB1
FAM104B
FAM82A

[ = T S S S =

B actin

Atrophin 1

Cytochrome ¢ oxidase subunit V11 a polypeptide 2
Limb bud and heart development

NADH dehydrogenase 1 a complex

Zinc finger protein 581

APOBEC1 complementation factor

Angiotensin 1l receptor-associated protein

BR serine/threonine kinase 1

Chromosome 17 open reading frame 68
Chromosome 18 open reading frame 56
Chromosome 10 open reading frame 110
Complement component 8, a polypeptide

Cdk5 and Abl enzyme substrate 1
Calcium/calmodulin dependent protein kinase 2B
Cas-Br-M ecotropic retroviral transforming sequence C
Coiled coil domain containing 149

CDP diaglycerol inositol 3 phosphatidyltransferase
Cyclin dependent kinase inhibitor 1A (p21)

CSA family member 3

Cysteine rich angiogenic inducer 61

Diaglycerol kinase theta

DNA 5 homolog subfamily B, member 1

Family with sequence similarity 104, member B

Family with sequence similarity 82, member A1
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Gene symbol Regulation  Name
FLVCR2 1 Feline leukemia virus subgroup C cellular receptor family, member 2
GRM3 -1 Glutamate receptor, metabotropic 3
HPS6 1 Hermansky-Pudlak syndrome 6
ILIRAPL1 -1 Interleukin 1 receptor accessory protein-like 1
JMJD4 1 Jumonji containing domain 4
KLRB1 -1 Killer cell lectin-like receptor subfamily B, member 1
LILRB3 -1 Leukocyte immunoglobin-like receptor family B, member 3
NCRNA268 -1 Noncoding RNA 268
LOC441426 -1 Non-protein coding RNA 268
MGC10997 -1 Protein pseudogene MGC10997
MOCOS 1 Molybdenum cofactor sulfurase
MRPL27 1 Mitochondrial ribosomal protein L27
NECAP1 -1 NECAP endocytosis associated 1
NOL10 -1 Nucleolar protein 10
NR2E3 -1 Nuclear receptor subfamily 2, group E, member 3
0oDZ3 -1 0ODZ, odd Oz/ten-m homolog 3
ORAI1 -1 ORAI calcium release-activated calcium modulator 1
PACSIN3 1 Protein kinase C and casein substrate in neurons 3
PARC 1 Cullin9
PEX16 1 Peroxisomal biogenesis factor 16
PIGQ 1 Phophatidylinositol glycan anchor biosynthesis class Q
PKP3 1 Plakophilin 3
PNPO 1 Pyridoxamine 5" phosphate oxidase
POLR2C 1 RNA 11 polymerase DNA directed polypeptide C
POMGTN1 1 Protein O-linked mannose B 1,2 acetylglucosaminytransferase
PPARGC1A -1 Peroxisome proliferator-associated receptor -y coactivator 1 a
PTCD1 Pentatricopeptide repeat domain 1
RBM45 1 RNA binding motif 45
RCAN2 -1 Regulator of calcineurin 2
RGS17 -1 Regulator of G protein signaling 17
RNF165 -1 Ring finger protein 165
RPL36 -1 Ribosomal protein L36
SCAP 1 SREBF chaperone
SCN2A -1 Sodium channel, voltage gated, type Il, a subunit
SCRIB 1 Scribbled homolog
SESN1 1 Sestrin 1
SKI -1 v-ski sarcoma viral oncogene homolog
SLC1A3 1 Solute carrier family 1, member 3
SORBS1 -1 Sorbin and SH3 domain containing 1
SRA1 1 Steroid receptor RNA activator 1
STC1 -1 Stanniocalcin 1
SUPT6H 1 Suppressor of Ty 6 homolg
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Gene symbol Regulation  Name

TGIF2 1 TGFB induced factor homebox 2
TLE1 1 Transducing-like enhancer of split 1
TTF2 1 Transcription termination factor RNA polymerase I1
UCRC -1 Ubiquinol cytochrome c reductase, complex 111 subunit X
UGT2B7 -1 UDP glucuronosyltransferase 2 family, polypeptide B7
WAC -1 WW domain containing adaptor with coiled-coil
WDR74 1 WD repeat domain 74
ZBTB9 1 Zinc finger and BTB domain containing 9
ZC3H10 1 Zinc finger CCH-type containing 10
ZFYVE27 1 Zinc finger FYVE domain containing 27
ZNF524 1 Zinc finger protein 524

Unique genes responsive to 5 Gy at 2 and 8h postirradiation

At 2 h after exposure
None

At 8 h after exposure

AGBL4 -1
KCBN2 -1
NUP153 -1
SLC29A1 -1
TXNRD1 -1

ATP/GTP binding protein like 4

Potassium voltage gated channel, Shab related, member 2
Nucleoporin 153 KDa

Solute carrier family 29, member 1

Thioredoxin reductase 1
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TABLE 5
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Functional Classification of Radiation Dose-Responsive Genes in Human Skin 30 h after £x Vivo Exposure

Specific genesresponsiveto 0.05 Gy?  Spexific genesresponsiveto 5 Gyb

Phosphatases

Protein transport
Nuclear lumen proteins
Transcription regulation
DNA damage/repair

Transmembrane proteins

Regulation of cell death
Mitochondrial and ribosomal proteins
Phosphatases

Cell cycle

Catabolism

Transcription regulation

Signal transduction

Nucleotide binding proteins
Secreted proteins
Transmembrane proteins

DNA damage response effectors

Immune response activators

Unique genes responsive to 0.05 Gy¢ Unique genes responsive to 5 Gyd

Transcription factors
Nucleotide binding proteins
lon binding proteins

Transport proteins

Tight junctions

Transcription factors

Notes. Analyses based on DAVID’s functional classification. For each set of genes,

a92 out of total of 124,
b
84 out of a total of 108,

616 out of a total of 37, and

d19 out of total of 38 were taken into account.
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