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The effects of Low-Dose Radiation (LDR) on humans and other organisms are still
debated, even though LDR is ubiquitous in our environment. One prominent phenomenon
of LDR is Hyper-Radiosensitivity (HRS), which may increase cancer risk. We reported
previously that the radiation dose conferring HRS was 75 mGy with y-rays from a ¢°Co
source in human normal fibroblast cells. To examine whether LDR causes any alterations
in genomic DNA, especially in cancer-related genes, high-throughput next generation
sequencing (NGS) was adopted. Whole genome sequencing (WGS) of the genomic DNA
from non-irradiated control cells, 75 mGy irradiated cells, and 10,000 mGy irradiated cells,
identified alterations in several genes specific to LDR-irradiated cells. Amplicon sequencing
did not identify apparent alterations in any hotspots of 50 cancer-related genes.
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Introduction

The effects of Low-Dose Radiation (LDR) on human health are
still debated, despite LDR being ubiquitous in our environment,
such as via radioactive substance leakage following an accident
at a nuclear facility, as well as medical exposure for diagnosis and
radiotherapy. Recent research has suggested that the biological
effects of LDR differ from those observed by High-Dose Radiation
(HDR) [1]. Both LDR and HDR could have the potential to initiate
cancer development in organisms because most cancers are caused
by the initial alterations of oncogenes, anti-cancer genes, DNA
repair-relevant genes, cell attachment genes, and cell migration
genes, etc. We reported in a previous paper that the dose conferring
HRS was 75 mGy with y-rays from a ¢°Co source in human normal
fibroblast cells [2]. In recent years, research concerning the
effects of LDR and HDR on the genome has been increasing and
the research can be applied for the diagnosis and cure of cancers
[3-8]. WGS technologies make it possible to analyze the entire
genome shallowly and amplicon sequencing makes it possible to
read limited genes deeply. However, research utilizing the widely
used human normal fibroblast cells to detect the effect of LDR on
DNA is scarce [9]. In this study, high-throughput NGS was used to
search for alterations in the genomic DNA, especially cancer-related

genes and genetic disease-related genes, caused by LDR. Using non-
irradiated control, 75 mGy (LDR) irradiated, and 10,000 mGy (HDR)
irradiated human normal fibroblast cells, WGS was performed to
scan all identified genes. Next, cancer-panel amplicon sequencing
was performed to scan cancer-related genes whose hot spots are
known in many types of cancers.

Materials and Methods
Cell Culture and Irradiation by I'-Rays

The Normal Human Dermal Fibroblasts (NHDF) came from
an adult donor and were purchased from KURABO (Osaka, Japan).
After thawing, NHDFs were routinely cultivated in T-25 flasks (BD
Biosciences, Bedford, MA, USA) with phenol red-free Dulbecco’s
modified Eagle’s medium (D2902, Sigma-Aldrich, St. Louis, USA)
supplemented with 10% glucose for a final concentration of 4.5 g/L,
5% sodium carbonate to 3.7 g/L, fetal bovine serum (Invitrogen
Corp., CA, USA) to 10%, penicillin (Wako Pure Chemical Industries)
to 100/U, and streptomycin to 100 ug/mL (Wako Pure Chemical
Industries). The cells were cultivated at 37°C in an atmosphere of
95% room air and 5% carbon dioxide. When the cells were grown
to 80% confluence, they were detached by trypsin, counted, and
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cultivated in 3.5-cm dishes with a density of approximately 1.0-2.0
x 10* cells/dish. After 2 days from seeding, cells were irradiated
with gamma rays from a ®Co source at the Radiation Research
Center of Osaka Prefecture University, Japan.

The irradiation dose was defined by the distance of each dish
from the ®Co source, and cells were irradiated with doses of 75,
and 10,000 mGy with dose rates of 1.5 and 200 Gy/h, respectively,
at room temperature. The 0 mGy (control) group was transported
to the staff-waiting room to discriminate observations from
environmental stress.

Next Generation Sequencing

After 2 days of irradiation and cultivation, genomic DNA was
purified using Nucleospin Tissue (#740-952-50 CloneTech/
Takara, Kusatsu, Japan). Analysis by WGS was trusted to Filgen, Inc.
(Nagoya, Japan) as the Variation Detection Project WGS. Analysis
by amplicon sequencing was trusted to Takara Bio Inc. (Kusatsu,
Japan) as the lon AmpliSeq Cancer Panel. QC control of the three
DNA samples were passed for further analysis. Information of the
genes were referenced by PubMed or GeneCards.

Data Mining

Data from the three groups (control [0 mGy], LDR [75 mGy] and
HDR [1,000 mGy]) were compared using Excel included in Office
2010 (Microsoft Inc., USA). We concentrated on the alterations
specific to LDR, specific to HDR, or common to LDR and HDR but
not found in the control group. At first, for WGS, alterations among
the exons and those cause frame-shifts from the reference human
genome sequence, hg19 [10] were selected, because the alterations
of in-frame usually cause no or scarce effect. Among genomic
alterations specific to LDR and/or HDR samples, only alterations

those could show 20x read coverage or more, were adopted because
it was suggested that from 20x coverage onward, the minimum
true mutation rate would be 297%, whereas the maximum false
mutation started to reach a negligible level [9,11]. For amplicon
sequencing, analyzed 50 genes and hotpots are described in the
web site of CloneTech/Takara.

Results and Discussion

Candidates of Genome Alterations by WGS

Table 1 shows genomic alterations in the LDR and/or HDR
samples that were not present in the control sample. Six loci
in four genes were found only in the LDR sample, six loci in five
genes were found only in the HDR sample, and two loci in two
genes were found in both samples. CAG>C and G>GCCCC
alterations in the TAL1 gene, the CGG>C alteration in the
NOTCH2 gene, C>CAACTGATCTGATATATTGTATAGTTTAATA
and the C>CTT alteration in the PCDHA8 gene, the
CCCTGCAGAGCGAGGGGCTGTTAGAGGCCGCGCGGCCGGAGCTGGGC
GGGGGTGCGGGGCCAGCAGGGCGGGGGCGGCGCTCA>C  alteration
in the TYMP gene are the candidates of LDR-specific alterations.
Because these alterations are frameshift or stop-gain mutations,
production of proteins from these genes would be affected
drastically. Among them, some genes are related to cancer
development. Regulation of TAL1 gene expression was linked to
T-cell acute lymphoblastic leukemia [12,13]. Targeting to NOTCH2
signaling promotes dedifferentiation of esophageal squamous cell
carcinoma and breast cancer cells [14,15] and inhibits infiltration
of glioblastoma cells [16]. The TYMP gene is linked to rectal cancer
[17]. Regarding PCDHA8, ZNF141, PCDHA4, EI24, SEBOX, and
HLA-DRB5 genes, their relationship with radiation and cancer
development is unknown.

Table 1: Genomic alterations found in LDR and/or HDR samples compared to the reference sequences.

Candidate Read numbers HDR Read numbers
Locus Ref LDR Genotype | Ref/ Genotype Ref/ Genotype Mutation feature
genes (LDR) Genotype (HDR)
chrl: 47685595 TAL1 CAG C 19/2 frameshift deletion
chrl: 47685595 TAL1 G GCCcC 19/2 frameshift insertion
chrl: NOTCH2 CGG C 25/11 frameshift deletion
120612002
CAACTGATCT
GATATATTGT
ATAGTTTAATA
chrs: PCDHA8 C CTT 19/4 frameshift insertion
140222139
CCCTGCAGAG
CGAGGGGCTG
TTAGAGGCCG
CGCGGCCGGA
chr22: . .
50064346 TYMP GCTGGGCGGG C 21/5 frameshift deletion
GGTGCGGGGC
CAGCAGGGCG
GGGGCGGCGC
TCA
chr4: 338197 ZNF141 T TGA 23/4 frameshift insertion
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chr5: . .
140186981 PCDHA4 GC G 14/6 frameshift deletion

chr: PCDHA4 AGG A 14/6 frameshift deletion
140186981

chril: o .
125452300 EI24 A AC 0/22 frameshift insertion

chrl7: o .
26692224 SEBOX A AG 0/21 frameshift insertion

chr21: KRTAP19-6 AG A 18/13 frameshift deletion
31913981

chrl: PDE4DIP GT G 43/12 G 38/13 frameshift deletion
144915623 ameshift deletio

chré6: 32497959 HLA-DRB5 T TGC 0/20 TGC 0/18 frameshift insertion

Note: Locus: Locations of the genome that showed alterations from the reference sequences (hg19), Candidate genes: Abbreviated
gene names those showed alterations from the reference sequences (full names are described below), Ref: Bases of the hot spots of
the reference sequences, LDR Genotype: Called genotypes in the LDR sample, Read numbers Ref/Genotype (LDR): Read numbers
of the reference type/LDR Genotype, HDR Genotype: Called genotypes in the HDR sample, Read numbers Ref/Genotype (HDR):
Read numbers of the reference type/HDR Genotype, Mutation feature: mutation feature type.

TAL1: T-cell acute lymphocytic leukemia protein 1, NOTCH2: Neurogenic locus notch homolog protein 2, PCDHAS: Protocadherin
Alpha 8, TYMP : Thymidine Phosphorylase, ZNF141: Zinc Finger Protein 141, PCDHA4 : Protocadherin Alpha 4, EI24 : Autophagy
Associated Transmembrane Protein, SEBOX: Skin-embryo-brain-oocyte homeobox, KRTAP19-6: Keratin Associated Protein 19-6,
PDE4DIP: Phosphodiesterase 4D Interacting Protein, HLA-DRB5: Major Histocompatibility Complex, Class II, DR Beta 5.

Candidates of Genome Alterations by Amplicon Sequence

Because detection limits by WGS are usually in the range of
5-10% to as low as 1-2% [18], important alterations might be
missed with the coverage of less than 20x. We decided to read
specific cancer-related genes with deep coverage (more than 2,000x
reads), because shallow reads in WGS might overlook LDR-specific
alteration of genomic sequences. The “hotspot” regions analyzed
by amplicon sequencing are well known to play critical roles in
carcinogenesis (Table 2). Our results showed a same pattern of 12
hotspots of 50 genes and similar allele ratio between three samples,

even at the hotspots differing from the reference gene. Thus, the
ionizing irradiation used in this study did not cause any effects in
the 50 genes. However, similar research using human embryonic
stem cells (hESCs) that are highly ionizing irradiation-sensitive
showed alterations of the KIT gene by 1 Gy, high-dose irradiation
[18]. Because the cancer “hotspot” libraries generated in this study
typically included 207 amplicons with an average size of 163 base
pairs each, they would cover a very small portion (approximately
0.001%) of the human genome. Therefore, further research is
necessary to investigate more cancer-related genes, including those
we found in the WGS data.

Table 2: Comparison of the hot spots differed from the reference sequences.

. . Allele Ratio
Locus Genes Ref Genotype Location Coding Control LDR HDR
chr4:1807894 FGFR3 G A/A exonic c.1953G>A A=1.0 A=1.0 A=1.0
AGCCCGGATG AGCCCGGATG | AGCCCGGATG | AGCCCGGATG
GACATG GACATG GACATG GACATG
chr4:55141050 PDGFRA AGCCCAGATG exonic c.1701A>G
GACATG /AGCCCGGATG 10 10 10
GACATG - o -
. . C=0.5125, C=0.5285, C=0.5175,
chr4:55980239 KDR C C/T intronic c.798+54G>A T = 04875 T=04715 T = 04825
chr5:112175769 APC CGG CAG/CAG exonic c.4479G>A CAG=1.0 CAG=1.0 CAG=1.0
CSFIR CSFIR: utr3, | c"1841TG>GA, TG=0.6949, | TG=0.7162, | TG=0.7313
chr5:149433596 | pyoxps TG TG/GA HMGXB3: | ¢2954.2955 | GA=03051 | GA=0.2838 | GA=0.2687
downstream delCAinsTC
EGFR, EGFR-AS1: _ _ _
chr7:55249063 EGFR-AS1 G A/A exonic.nc, c.2361G>A A=1.0 A=1.0 A=1.0
chr10:43613843 RET G T/T exonic c.2307G>T T=1.0 T=1.0 T=1.0
. C=0.5008, C=0.501, C=0.4982,
chr10:43615633 RET C C/G exonic c.2712C>G G =0.4992 G=0499 G=05018
. . A =0.4965, A =0.4845, A =0.4475,
chr13:28610183 FLT3 A A/G intronic ¢.1310-3T>C G=05035 G=05155 G=05525
chr17:7579470 TP53 CGG CGC/CGC exonic c.215C>G CGC=1.0 CGC=1.0 CGC=1.0
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_ C=0.493, C=0.478, C=0.4835,
chr19:1221293 STK11 C C/T exonic c.816C>T T=0507 T=0522 T=05165
3 Smﬁigilz CHHO-4162A, G=0.4655 G=0.4915 G=050
DERL3, : = 0.4655, =0.4915, =0.507,
chr22:24176287 | cyaRcB1 G G/A DERL3: A=0.5345 A=0.5085 A=0.493
: C*¥727C>T
downstream

Note: Locus: Locations of hot spots that showed alterations from the reference sequences (hg19); Genotype: Called genotypes, Ref: Bases
of the hot spots of the reference sequences; Genes: Abbreviated gene names of the hot spots (full names are described below);
Location: Locations of the hot spots among the genes described as exonic, intronic, or downstream; Coding: Positions and base
alterations of the hot spots; Allele Ratio: Ratio of the called base or sequence for each genotype among 2,000 reads of the control, LDR
and HDR genomic DNA.

FGFR3: Fibroblast growth factor receptor 3, PDGFRA : Platelet Derived Growth Factor Receptor Alpha, KDR : kinase insertion domain
receptor, APC : adenomatous polyposis coli, CSFIR: Colony stimulating factor 1 receptor, HMGXB3: HMG domain-containing
protein 3, EGER : Epidermal Growth Factor Receptor, EGFR-AS1: EGFR antisense RNA 1, RET: Rearranged during transfection, FLT3:
FMS (FibroMyalgia Syndrome)-like tyrosine kinase 3, TP53: Transformation-related protein 53, STK11 : Serine/ threonine kinase 11,

DERL3: Derlin 3, SMARCB1: SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily B member 1.
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