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Identification of up-regulated and down-regulated cis-natural
antisense transcripts in the human B lymphoblastic
cell line IM-9 after X-ray irradiation
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Abstract. Ionizing radiation (IR) causes DNA injury and
induces multiple signal mechanisms, including the regulation
of DNA repair, the cell cycle and gene expression through
the activation of p53-related pathways. Cis-natural antisense
transcripts (cis-NATSs), which are transcribed from the DNA
strand opposite to that for mRNA of the gene, are recognized
as important regulators of gene expression in eukaryotic cells,
but the effects on cis-NAT expression by IR are unknown to
date. Therefore, we investigated the effects of X-ray irradiation
on cis-NAT expression together with mRNA expression using
a human B lymphoblast cell line (IM-9), a custom-microarray
and strand-specific RT-qPCR. Eighteen, 33 and 106 mRNAs
were demonstrated to be differentially expressed in IM-9 cells
after 1, 2 and 4 Gy irradiation, respectively, as compared to
0 Gy by microarray analysis (fold change, FC >2.0). On the
other hand, 10, 22 and 43 NATs were demonstrated to be
differentially expressed in IM-9 cells after 1, 2 and 4 Gy
irradiation, respectively, as compared to 0 Gy by microarray
analysis (FC >2.0). Among these mRNAs/NATSs, the IR dose-
dependent up-regulation of mRNAs and cis-NATs of MDM?2
and CDKNIA were confirmed by strand-specific RT-qPCR.
Additionally, the cis-NATs of MDM?2 were indicated to be
localized in the cytoplasm, while cis-NATs of CDKNIA
were located in the nucleus and cytoplasm. In conclusion, the
radiation-responsive cis-NATSs in conjunction with mRNAs
were identified for the first time in the present study. It is
possible that these cis-NATs regulate the gene expression in
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a post-transcriptional fashion. The IR dose-dependent up- and
down-regulation of these mRNAs/cis-NATs may be a marker
for ionizing radiation.

Introduction

Tonizing radiation (IR) is effectively used for the diagnosis
and treatment of various types of cancer in the medical field.
However, recently, radiation exposure accidents in radiation
therapy and at nuclear power plants have occurred. Therefore,
it is important to study the effect of IR on living organisms to
minimize the influence of accidental exposures.

IR exposure is shown to cause two distinct phenomena:
one is DNA injury and the other is non-DNA injury, such as
cell membrane disorder and lipid peroxidation. As a DNA
injury response, poly (ADP-ribose) polymerase (PARP) and
DNA-dependent protein kinase repair complex (DNA-PK) are
activated by double-strand breaks of DNA to engage in DNA
repair (1,2). In addition, ATM, which is known as the causative
gene, when affected, of Araxia telangiectasia, is activated in
response to DNA injury in order to initiate phosphorylation
of p53. p53 was found to up-regulate mRNA expression of
GADD45, MDM2, CDKNIA (p21¢*") and BAX to control the
cell cycle, DNA repair and apoptosis (3-5). As a non-DNA
injury phenomena, cell membrane disorder and lipid peroxi-
dation have been observed, which induce activation of signal
transduction pathways, such as those with protein kinase C
(PKC), c-Jun NH,-terminal kinase (JNK), ceramide and/or
mitogen-activated protein kinase (MAPK) (3). Recent studies
have revealed that IR generates reactive oxygen species (ROS)
and reactive nitrogen species (RNS) in cells, which leads to
DNA injury at random sites as well as the non-DNA injury
phenomena (3,6).

Cis-natural antisense transcripts (cis-NATs), which are
transcribed from the DNA strand opposite to the sense strand,
have been discovered by full-length cDNA sequencing analysis
in the human and mouse (7,8). In a recent study, cis-NATs were
demonstrated to be involved in the control of gene expression
in a eukaryote (9). For example, it has been shown that the cis-
NAT:s of the BACEI gene are involved in the stability of the
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Table I. Primer sequences for strand-specific RT-qPCR.

CHIBA et al: RADIATION-RESPONSIVE NATURAL ANTISENSE TRANSCRIPTS

Primer name Sequence Size (mer) PCR products (bp)
MDM?2-forward 5'-AGACAACCAATTCAAATGATTGTGC-3' 25 60
MDM?2-reverse 5'-CTCTTATAGACAGGTCAACTAGG-3' 23

CDKN]1A-forward 5'-TTGATTAGCAGCGGAACAAGG-3' 21 60
CDKNIA-reverse 5'-TCCATAGCCTCTACTGCCA-3' 19

ACTB-forward 5'-CCAACCGCGAGAAGATGA-3' 18 97
ACTB-reverse 5'-CCAGAGGCGTACAGGGATAG-3' 20

EGFP-forward 5'-CAGCAGAACACCCCCATC-3' 18 120
EGFP-reverse 5'-GAACTCCAGCAGGACCATGT-3' 20

BACEI mRNA by forming RNA duplex with BACE] mRNA
(10), and that the cis-NATSs of the BCMA gene are involved
in the control of gene expression through translational inhibi-
tion of BCMA mRNA (11). Furthermore, it has been shown
that the cis-NATs of the CDKN2B gene are involved in the
control of epigenetic gene expression of the CDKN2B gene
through heterochromatin formation in leukemia cells (12).
In addition, differential cis-NAT expression patterns were
observed between cancerous tissues and their corresponding
non-cancerous tissues obtained from colorectal and breast
cancers (13,14). However, the effects on cis-NAT expression
by IR are unknown to date.

In the present study, the cis-NATS, up- and down-regulated
by X-ray irradiation, were investigated using the human
B lymphoblastic cell line IM-9 having a high sensitivity to
IR, and using a custom-microarray containing human sense/
antisense probes for approximately 21,000 genes.

Materials and methods

Cell line and cell culture. The human B lymphoblastic cell line
IM-9 (JCRB0024) was purchased from the Health Science
Research Resources Bank (Osaka, Japan). The IM-9 cells
were cultured in RPMI-1640 medium, supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/
ml streptomycin, at 37°C in an atmosphere of 5% CO,. The
IM-9 cells were seeded onto 6-well plates at a concentration of
2x10° cells/well for X-ray irradiation experiments.

X-ray irradiation. The IM-9 cells plated on the wells were
cultured as described above for 24 h prior to X-ray irradiation.
Irradiation (150 kVp, 20 mA, 0.5-mm aluminium and 0.3-mm
copper filters) was performed using an X-ray generator
(MBR-1520R-3; Hitachi Medical Corporation, Tokyo, Japan) at
a distance of 45 cm between the focus and the target. The dose
rate was 80 cGy/min. The dose was monitored with a thimble
ionization chamber that was placed next to the sample during
the irradiation. The irradiated cells were further cultured for
24 h under the same conditions, and then collected by centrifu-
gation. The cells thus collected were frozen in liquid nitrogen
and stocked at -80°C until being used for RNA extraction.

RNA extraction. For microarray analysis, total RNAs were
extracted from the cells using ISOGEN II (Nippon Gene,

Tokyo, Japan) according to the manufacturer's instructions.
The qualities and concentrations of the RNAs extracted
were examined using the NanoDrop Spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) according to the
manufacturer's instructions. In addition, the integrities of the
RNAs were examined using Agilent Bioanalyzer (Agilent
Technologies, CA, USA), according to the manufacturer's
instructions. The isolation of nuclear RNA and cytoplasmic
RNA separately from the cells was performed using PARIS kit
(Ambion, Austin, TX, USA) according to the manufacturer's
instructions.

Microarray analysis. Cyanine 3 (Cy3)-labeled cDNA was
synthesized from 10 ug total RNA of irradiated or non-irra-
diated samples using a LabelStar Array kit (Qiagen, Valencia,
CA, USA), Cy3-dUTP (GE Healthcare, Buckinghamshire,
UK) and random nonamer primer. The sense and antisense
sequences of 60 nt custom-designed were arranged in an
Agilent 44K x 4 system [20882 ORFs: Agilent eArray Design
ID = 19052 produced by Tsukuba GeneTech Laboratory
(Ibaraki, Japan)] (13). Agilent 44K x 4 human sense/anti-
sense custom-microarray slides were hybridized with the
Cy3-labeled cDNA (2 ug) in a hybridization solution prepared
with a GE Hybridization kit (Agilent Technologies). The
Cy3 fluorescence signal images on the slides were obtained
by a DNA microarray scanner (Agilent Technologies) and
processed using the Feature Extraction version 8.1 software
based on the instructions from Agilent Technologies.

The expression data thus obtained were processed using
GeneSpring GX ver. 10 software (Agilent Technologies)
in order to carry out a normalization to the 75 percentile
of all values on the respective microarrays, followed by
normalization of the median expression levels of all samples.
The expression profiles of the mRNAs and cis-NATs were
compared, based on the fold-change of the values (>100) of the
respective genes. The up- and down-regulated transcripts of
>2-fold at 1,2 and 4 Gy IR against 0 Gy were selected.

Strand-specific RT-gPCR.Total RNAs fromirradiated and non-
irradiated IM-9 cells were used for strand-specific RT-qPCR
of mRNAs and cis-NATs. An aliquot of each RNA sample
was mixed with an amount of RNA fragment (218 nucleotides)
synthesized from the pEGFP-CI1 vector (Invitrogen, CA, USA)
to attain a final amount of 5x107° pmol/10 g total RNA. These
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RNAs were subjected to synthesis of the first-strand cDNA
only from mRNA or cis-NATs using reverse or forward
primer (Table I), and AMV Reverse Transcriptase (Promega,
Madison, WI, USA) together with ACTB reverse primer as
the internal control and EGFP forward primer as the external
control, according to the procedure recommended by Promega
(15). The mixtures were then incubated at 50°C for 60 min.
The resulting cDNAs were incubated at 99°C for 5 min and at
37°C for 60 min with RNase A to digest RNA. The first-strand
cDNAs were first subjected to ordinary PCR using the primer
sets described in Table I in order to confirm whether the frag-
ments amplified in the PCR were the ones derived from the
target transcripts based on fragment size in 4% agarose gel
electrophoresis.

The first-strand cDNAs derived from mRNAs or cis-NATSs
were used as a template for quantitative PCR (qQPCR) using
Power SYBR Green PCR Master Mix (Applied Biosystems,
CA, USA) and primer pair sets described in Table I. The
qPCRs were performed using an Applied Biosystems StepOne
Plus Real-Time PCR system (Applied Biosystems) under the
conditions of 10 min at 95°C followed by 40 cycles each of
95°C for 15 sec and 60°C for 60 sec, following the procedure
recommended by the manufacturer. In order to compare
the PCR results, the values for mRNAs and cis-NATs were
normalized based on the values of the control.

Strand-specific RT-qPCR data thus obtained were statisti-
cally examined using one-way analysis of variance (one-way
ANOVA). Within each data set, post hoc multiple comparisons
were run with Tukey's Honestly Significant Difference test to
determine the statistical significance for differences between
each pair of means. Differences were considered significant at
a value of p<0.05.

Strand-specific RT-PCR for the intracellular localization of
transcripts. To know the intracellular localization of mRNAs
and cis-NATs, RT-PCR was performed using strand-specific
cDNAs synthesized from total RNA (250 ng), cytoplasmic
RNA (200 ng) and nuclear RNA (50 ng). These cDNAs were
subjected to PCR in a 45 ul reaction mixture containing 1x
buffer, 1.5 mM MgCl,, 0.1 mM of each dNTP, 0.025 U/ul of
Biotaq HS DNA polymerase (Nippon Genetics, Tokyo, Japan),
0.5 uM of the primer pairs (Table I) and the cDNA template.
The PCRs were performed using the Veriti 96-Well Thermal
Cycler (Applied Biosystems) under the conditions of 7 min at
95°C, followed by 35 cycles each of 95°C for 30 sec, 60°C for
30 sec and 72°C for 30 sec and a final elongation step at 72°C
for 5 min. The PCR products were examined by electropho-
resis using a 4% agarose gel.

Results

Gene expression profiling of mRNAs and NATs in IM-9 cells
irradiated with X-ray. A large number of studies have been
performed to assess the difference in the expression of genes to
obtain a clue for understanding DNA repair mechanisms and
signal transduction mechanisms by IR. However, most of these
studies are studies with mRNAs and microRNAs (16-18). The
effects on NAT expression by IR are unknown to date. In the
present study, in order to identify radiation-responsive mRNAs
and NATs in IM-9 cells, we investigated mRNA and NAT
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expression profiles by microarray analysis using total RNA
from the IM-9 cell line irradiated with X-ray doses ranging
from 0 to 4 Gy. Total RNA extraction and microarray analysis
were performed as described in Materials and methods.

Eighteen, 33 and 106 mRNAs were found to be expressed
differentially in IM-9 cells after 1, 2 and 4 Gy irradiation,
respectively, with a magnitude of >2-fold change as compared
to 0 Gy. On the other hand, 10, 22 and 43 NATs were found
to be expressed differentially in IM-9 cells after 1, 2 and 4 Gy
irradiation, respectively, with a magnitude of >2-fold change
as compared to 0 Gy.

Of the 18 mRNAs expressed after 1 Gy irradiation, 12 were
up-regulated and 6 were down-regulated. Of the 33 mRNAs
expressed after 2 Gy irradiation, 26 were up-regulated and 7
were down-regulated. Of the 106 mRNAs expressed after 4 Gy
irradiation, 97 were up-regulated and 9 were down-regulated
(data not shown). Some of the mRNAs described above have
already been reported to be up-/down-regulated by IR (16,19),
indicating that the results of the microarray analysis in the
present study were essentially consistent with those reported
in earlier studies.

Concerning the NATs, 3 of the 10 NATs expressed after
1 Gy irradiation were up-regulated and 7 were down-regu-
lated. Of the 22 NATSs expressed after 2 Gy irradiation, 7 were
up-regulated and 15 were down-regulated. Of the 43 NATs
expressed after 4 Gy irradiation, 32 were up-regulated and
11 were down-regulated (Tables II and IIT). We identified the
up-regulated and down-regulated NATs caused by radiation
exposure for the first time.

When it was examined whether common genes were
present in the mRNAs and NATs described above, 6 genes,
MDM?2, CDKNIA, LSPI, PSAP, TM7SF3 and MS4A1, exhib-
ited up-regulated mRNAs and cis-NATs with irradiation.

Strand-specific RT-qPCR analysis of MDM?2 and CDKNIA
mRNAs/cis-NATs after X-ray irradiation. In order to confirm
the expression levels detected by microarray analysis, strand-
specific RT-qPCR of mRNAs and cis-NATs was carried
out as described in Materials and methods. The two genes,
MDM?2 and CDKNIA, which are shown to be involved in
p53-ubiquitination and cell cycle arrest, were selected for the
strand-specific RT-qPCR analysis. Since cis-NATs were found
to have various initiation sites and termination sites along the
genes (15,20), we designed primer pairs inside the microarray
probe region for strand-specific RT-qPCR (Table I).

As shown in Fig. 1, when strand-specific RT-qPCR was
performed using cDNAs from mRNAs, the expression levels
of MDM?2 and CDKNIA mRNAs were significantly up-regu-
lated with X-ray dose. The up-regulation was consistent with
the results of the microarray (data not shown).

Likewise, when strand-specific RT-qPCR was performed
using cDNAs from cis-NATs, the expression levels of MDM?2
and CDKNIA cis-NATs were significantly up-regulated
with X-ray dose (Fig. 1). The up-regulation was consistent
with the results of the microarray (Table II). In addition,
the microarray results and strand-specific RT-qPCR results
were reported to show a good agreement in the analysis of
colorectal cancer using the microarray as in the present study
(13). Although, the comparisons of the present microarray
system and the strand-specific RT-qPCR performed to date
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Table II. List of up-regulated NATs by IR in IM-9 cells.

Radiation NAT profiles
dose

Accession no. Gene name Fold
change

1 Gy NMO002392.2 Mdmz2, transformed 3T3 cell double minute 2, p53 binding protein (mouse) (MDM?2) 2.25

NMO002907.2 RecQ protein-like (DNA helicase Q1-like) (RECQL), transcript variant 1 2.10
NM194295.1 Chromosome 15 open reading frame 51 (C150rf51) 2.09
2 Gy NM002392.2 Mdm?2, transformed 3T3 cell double minute 2, p5S3 binding protein (mouse) (MDM?2) 2.94
NM145689.1 Amyloid B (A4) precursor protein-binding, family B, member 1 (Fe65) (APBB1) 2.52
NMO000389.2 Cyclin-dependent kinase inhibitor 1A (p21, Cipl) (CDKNI1A), transcript variant 1 2.38
NM203454.1 Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 4 (APOBEC4) 2.33
NM152866.2 Membrane-spanning 4-domains, subfamily A, member 1 (MS4A1), transcript variant 1 2.04
NM194295.1 Chromosome 15 open reading frame 51 (C150rf51) 2.02

NMO002778.1 Prosaposin (variant Gaucher disease and variant metachromatic leukodystrophy) (PSAP) 2.02
4 Gy NM002392.2 Mdm?2, transformed 3T3 cell double minute 2, p5S3 binding protein (mouse) (MDM?2) 437

XM940498.2 PREDICTED: KIAA1430 (KIAA1430) 394
NMO000389.2 Cyclin-dependent kinase inhibitor 1A (p21, Cipl) (CDKN1A), transcript variant 1 3.71
NM203454.1 Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 4 (APOBEC4) 3.06
NMO002778.1 Prosaposin (variant Gaucher disease and variant metachromatic leukodystrophy) (PSAP) 2.92
NMO001031734.1 Similar to RIKEN ¢cDNA B230118G17 gene (MGC19604), transcript variant 1 2.84
NM194295.1 Chromosome 15 open reading frame 51 (C150rf51) 2.72
NMO001039.2 Sodium channel, nonvoltage-gated 1,y (SCNNI1G) 2.70
NMO015920.3 Ribosomal protein S27-like (RPS27L) 2.67
NMO078467.1 Cyclin-dependent kinase inhibitor 1A (p21, Cipl) (CDKNI1A), transcript variant 2 2.65
NM152866.2 Membrane-spanning 4-domains, subfamily A, member 1 (MS4A1), transcript variant 1 2.62
NMO002528 .4 Nth endonuclease Ill-like 1 (E. coli) (NTHLT) 2.60
NM145689.1 Amyloid B (A4) precursor protein-binding, family B, member 1 (Fe65) (APBB1) 2.52
NMO001259.5 Cyclin-dependent kinase 6 (CDKO6) 2.52
NR003106.1 Prader-Willi syndrome chromosome region 1 (PWCR1) on chromosome 15 249
NMO015464.1 Sclerostin domain containing 1 (SOSTDC1) 2.44
NM178518.2 Transmembrane protein 102 (TMEM102) 2.39
XR018656.1 PREDICTED: similar to olfactory receptor 10R2 (LOC649307) 2.26
NMO001023564.1 Cathepsin L-like protein (HCTSL-s) 222
NMO16551.1 Transmembrane 7 superfamily member 3 (TM7SF3) 222
NMO001610.1 Acid phosphatase 2, lysosomal (ACP2) 221
NMO001013255.1 Lymphocyte-specific protein 1 (LSP1), transcript variant 4 2.18
XMO001132454.1 PREDICTED: solute carrier organic anion transporter family, member 3A1 (SLCO3A1) 2.18
XMO001129570.1 PREDICTED: RPE-spondin (RPESP) 2.18
NMO052880.3 HGFL gene (MGC17330) 2.16
NMO000825.2 Gonadotropin-releasing hormone 1 (luteinizing-releasing hormone) (GNRH1) 2.14
NMO0011754 Rho GDP dissociation inhibitor (GDI) § (ARHGDIB) 2.10
NMO017617.2 Notch homolog 1, translocation-associated (Drosophila) NOTCHI) 2.08
NMO002218.3 Inter-a (globulin) inhibitor H4 (plasma Kallikrein-sensitive glycoprotein) (ITIH4) 2.08
NMO001004059.1 Olfactory receptor, family 4, subfamily S, member 2 (OR4S2) 207
NMO014172.2 Phosphohistidine phosphatase 1 (PHPT1) 2.06
NR002765.1 DDEFI intronic transcript 1 (DDEF1IT1) on chromosome 8 2.03

were still limited, it is strongly indicated that the results of  Analysis of the intracellular localization of MDM?2 and
the microarray represented the real expression profiles in  CDKNIA cis-NATs. In order to obtain additional features of
IM-9 cells. cis-NATSs to understand their function, we selected MDM?2 and
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Table III. List of down-regulated NATs by IR in IM-9 cells.

Radiation NAT profiles

dose

Accession no. Gene name Fold
change

1 Gy XMO001130893.1 PREDICTED: hypothetical protein LOC729643 (LOC729643) 6.76
XM001129283.1 PREDICTED: hypothetical protein LOC729087 (LOC729087) 2.84
NM153020.1 RNA binding motif protein 24 (RBM24) 2.54
NMO17917.2 Chromosome 14 open reading frame 10 (C140rf10) 2.37
NM182605.1 Hypothetical protein FLJ40448 (FLJ40448) 2.13
NMO001005218.1  Olfactory receptor, family 5, subfamily B, member 21 (OR5B21) 2.05
NMO005247 .2 Fibroblast growth factor 3 (FGF3) 2.02

2 Gy XMO001130893.1 PREDICTED: hypothetical protein LOC729643 (LOC729643) 548
NM153020.1 RNA binding motif protein 24 (RBM?24) 2.89
XMO001129283.1 PREDICTED: hypothetical protein LOC729087 (LOC729087) 2.88
NMO005247.2 Fibroblast growth factor 3 (FGF3) 2.58
NMO15015.1 Jumonji domain containing 2B (JMJD2B) 2.50
NM182605.1 Hypothetical protein FLJ40448 (FLJ40448) 2.39
NM003532.2 Histone 1, H3e (HIST1H3E) 2.38
NMO025109 4 Myosin head domain containing 1 (MYOHD1), transcript variant 1 2.26
NMO001005218.1 Olfactory receptor, family 5, subfamily B, member 21 (OR5B21) 2.25
NMO003120.1 Spleen focus forming virus (SFFV) proviral integration oncogene spil (SPI1) 2.19
NM206965.1 Formiminotransferase cyclodeaminase (FTCD), transcript variant A 2.15
NMO001039661.1 Toll-interleukin 1 receptor (TIR) domain containing adaptor protein (TIRAP), 2.11

transcript variant 3
NMO001004490.1 Olfactory receptor, family 2, subfamily AG, member 2 (OR2AG2) 207
NMO000819.3 Phosphoribosylglycinamide formyltransferase, phosphoribosylglycinamide synthetase,  2.05
phosphoribosylaminoimidazole synthetase (GART), transcript variant 1

NMO024819.3 Dephospho-CoA kinase domain containing (DCAKD) 203

4 Gy XMO001130893.1 PREDICTED: hypothetical protein LOC729643 (LOC729643) 4.70
XMO001129283.1 PREDICTED: hypothetical protein LOC729087 (LOC729087) 2.83
NM182605.1 Hypothetical protein FLJ40448 (FLJ40448) 225
NMO003545.3 Histone 1, H4e (HIST1H4E) 224
NM175055.2 Histone 3, H2bb (HIST3H2BB) 2.20
NMO003543.3 Histone 1, H4h (HIST1H4H) 2.19
NM080596.1 Histone 1, H2ah (HIST1H2AH) 2.15
NMO002467.3 v-myc myelocytomatosis viral oncogene homolog (avian) (MYC) 2.12
NMO003513.2 Histone 1, H2ab (HIST1H2AB) 2.12
NM175065.2 Histone 2, H2ab (HIST2H2AB) 2.02
NMO017917.2 Chromosome 14 open reading frame 10 (C140rf10) 2.02

CDKNIA cis-NATSs as an example, and examined the intracel-
lular localization of these cis-NATs in IM-9 cells.

Total RNA, cytoplasmic RNA and nuclear RNA fractions
were prepared from IM-9 cells. As shown in Fig. 2A, 18 and 28 S
ribosomal RNAs were detected in the cytoplasmic fraction, but not
in the nuclear fraction, indicating that preparation of RNA from
the cytoplasm and nucleus functioned well. The RNA fractions
thus obtained were examined to ascertain whether they contain
the cis-NATs. As shown in Fig. 2B, PCR using cDNAs from
mRNAs demonstrated that the MDM2 and CDKNIA mRNAs
were detected in the cytoplasmic fraction. Concerning cis-NATS,
the MDM?2 cis-NATs were detected in the cytoplasmic fraction,

and the CDKNIA cis-NATs was detected in both the nuclear
and cytoplasmic fraction. These results suggest that cis-NATs of
MDM?2 and CDKNIA have a different function in IM-9 cells.

Discussion

Tonizing radiation is frequently used for the diagnosis and
treatment of various types of cancer in the medical field, but
accidental exposure may result. In the present study, we exam-
ined the effect of ionizing radiation on cells through the analysis
of expression profiles of mRNAs/cis-NATs in IM-9 cells irra-
diated by X-ray, using a custom microarray. Eighteen, 33 and
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Figure 1. Relative expression of MDM?2 and CDKNIA mRNAs/cis-NATs after X-ray irradiation in IM-9 cells. Total RNAs were isolated from irradiated and
non-irradiated IM-9 cells as described in Materials and methods. The mRNA and cis-NAT expression levels were determined using strand-specific RT-qPCR
analysis. The values for mRNAs and cis-NATs were normalized based on values of the ACTB mRNA. “Statistical significance, compared to 0 Gy (p<0.05).

MDM2 cis-NATs

CDKN1A mRNA

CDKN1A cis-NATs

MDM2 mRNA

Figure 2. Intracellular localization of MDM2 and CDKNIA mRNAs/cis-NATs in IM-9 cells. (A) Isolation of the cytoplasmic and nuclear fraction of RNA.
Total RNA, cytoplasmic RNA and nuclear RNA were isolated using PARIS kit. (B) Strand-specific RT-PCR for intracellular localization of mRNAs and
cis-NATs. Strand-specific cDNAs derived from mRNAs or cis-NATs were synthesized using reverse or forward primer (Table I), and PCRs were performed
as described in Materials and methods. The amplified fragments were electrophoresed on 4% agarose gel.

106 mRNAs were demonstrated to be differentially expressed
in the IM-9 cells after 1, 2 and 4 Gy irradiation, respectively,
as compared to 0 Gy by microarray analysis (FC >2.0). On the
other hand, 10, 22 and 43 cis-NATs were demonstrated to be
differentially expressed in the IM-9 cells after 1, 2 and 4 Gy
irradiation, respectively, as compared to 0 Gy by microarray
analysis (FC >2.0). MDM?2 and CDKNIA, which are involved
in the regulation of the cell cycle through p53, were selected as
probes for verification of the results of the microarray analysis
using strand-specific RT-qPCR. The PCR provided supportive
evidence for the results of the microarray. In addition, the

mRNA expression levels elevated by X-ray exposure in the
present study were found to include those such as MDM?2 and
CDKNIA as reported earlier (16,19). Collectively, these find-
ings strongly indicate that the expression profiles obtained in
the present study represent the expression of transcripts in the
cells.

Morris et al demonstrated that the cis-NAT of CDKNIA
induces trimethylation of Lys27 of Histone 3 (H3K27me3) to
reduce the expression levels of CDKNIA mRNA (21). This
function of CDKNIA cis-NAT is considered to be restricted
to the nucleus. However, since the cis-NAT of CDKNIA was
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found not only in the nucleus, but also in the cytoplasm, the
cis-NAT should have additional functions in the cytoplasm. As
for the cis-NAT of MDM?2, the cis-NAT was found only in the
cytoplasm, indicating that its function is different from that of
the CDKNIA cis-NAT.

In conclusion, the radiation-responsive cis-NATSs in
conjunction with mRNAs were identified for the first time in
the present study. It is possible that these cis-NATSs regulate the
gene expression in a post-transcriptional fashion. Currently, the
function of cis-NAT in ionizing radiation has been unknown.
However, the expression profiles of mRNAs/cis-NATs may be
used as markers for the amount of ionizing radiation which
cells receive. In order to clarify the function of cis-NATSs in
X-ray exposure, the products of the respective genes should
first be examined in terms of their amounts in future studies.
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