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Abstract
There are evidences to show that response to ionizing radiations have genetic influence. To investigate this further, reciprocal
F1 hybrids were genereted by crossbreeding the radiation-susceptible BALB/c mouse strain with resistant C57BL/6 in a sexspecific manner (BALB/c♂×C57BL/6♀ = B6BcF1 ; C57BL/6♂× BALB/c♀ =BcB6F1 ). These hybrids were compared with
each other and to the parental strains with respect to transcriptional responses to low-dose ionizing radiation exposure (LDIR).
The two F1 hybrids showed drastic differences in their gene expression profiles to ionizing radiation exposure particularly in
case of the genes involved in DNA damage response and repair process. Also, the inheritance pattern of the gene expression
was found to be complex and could not be explained solely on the basis of parental expression pattern. It was concluded that
there is a differential transmission of susceptible trait alleles from the parents to F1 progeny which is dependent on the sex of
the parent mouse strain used to set up the crosses and other environmental factors.
[Mukherjee S., Sainis K. B. and Deobagkar D. D. 2014 F1 hybrids of BALB/c and C57BL/6 mouse strains respond differently to low-dose
ionizing radiation exposure. J. Genet. 93, 667–682]

Introduction
Human exposure to low-dose ionizing radiations (LDIRs
<10 cGy) is a growing public health concern because of
its increased usage in medical diagnostics, therapies, security screening and nuclear power generation. Although, ionizing radiation (IR) is considered as a potent carcinogenic
agent, capable of inducing tumours and cause cancers,
its cellular responses are greatly dependent on its dosage.
There are increasing evidences which indicate that cellular and tissue responses at low doses are quite different
from that of high doses (Ding et al. 2005; Committee to
Assess Health Risks from Exposure to Low Levels of Ionizing Radiation; National Research Council 2006; Tubiana
et al. 2006; Albrecht et al. 2012). In fact, fractionated
LDIR-mediated adaptive response provides protection
against radiation-induced cell damage, genomic damage and
tumourogenesis. Studies have revealed that all individuals
are not equally susceptible to the deleterious effects of IR
but there is a genetic involvement in the differential susceptibility to IR (Sankaranarayanan and Chakraborty 1995;
Sankaranarayanan and Wassom 2005).
∗ For correspondence. E-mail: deepti@bioinfo.net.in,

deepti.deobagkar@gmail.com.

Mouse models facilitate analysis of the biological and
genetic features that influence the risk of developing cancer
as a result of IR exposure. The risk estimates for radiationinduced breast cancer, lung cancer and leukaemia do not
vary significantly between humans and mice, supporting the
mouse to be a good model system (Storer et al. 1988).
The genetic variation between inbred mouse strains can be
explored to understand the basis of susceptibility or resistance of an organism to the adverse effects of IR. One of the
methods to investigate this phenomenon is to study the F1
progeny of inbred strains of mouse having different radiation
sensitivity.
In this study, an attempt was made to understand the
genetic factors involved in the difference in the radiosensitivity of two different inbred mouse strains such as
BALB/c and C57BL/6, by studying the responses in their
reciprocal F1 hybrids. These two strains of mice differ
in their genetic susceptibility to radiation-induced mammary gland cancer. BALB/c is a radio-sensitive strain and
highly susceptible to radiation induced mammary cancers.
On the other hand, C57BL/6 is a radio-resistant strain
(Storer et al. 1988). Studies have shown that BALB/c mice
carry two polymorphisms in Prkdc (DNA-dependent protein
kinase catalytic subunit) gene resulting in reduced protein
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expression, catalytic activity and defective nonhomologousend-joining (NHEJ) of double strand breaks making it more
susceptible to radiation-induced DNA damage (Yu et al.
2001). Also, BALB/c and C57BL/6 vary in RNA processing
and stress-response functions (including other DNA repair
genes) that may contribute to their genetic differences in
radiation sensitivity (Snijders et al. 2012).
Earlier studies on the F1 progeny of BALB/c and C57BL/6
mouse strains have revealed that the F1 hybrids have intermediate radiosensitivity compared to the parent strains. The
radiosensitivity as measured by LD50/6 (lethal dose to 50%
of population within six days) or LD50/30 (lethal dose to
50% of population within 30 days) of the F1 hybrid B6CF1
(C57BL/6 × BALB/c) was close to that of C57BL/6 but
distinctly different from BALB/c (Hanson et al. 1987). The
LD50/6 for BALB/c mice was 8.8 Gy compared to 16.4 Gy
for the B6CF1. This difference in radiation response was
explained by the rapid recovery of bone marrow cells in
B6CF1 following irradiation compared to BALB/c.
Strickland and Swartz (1987) reported that the F1 hybrids
of C57BL/6 with SENCAR mice were more resistant to carcinogenic effects of radiation compared to the F1 hybrids of
BALB/c with SENCAR mice. They performed the experiments with reciprocal crosses of the two strains with SENCAR mice but could not identify significant differences
between the two reciprocal hybrids.
Our earlier report shows significant differences in gene
expression profiles of liver tissues between C57BL/6 and
BALB/c in response to LDIR using microarray experiments (Mukherjee et al. 2010). In this report, using similar
microarray-based experimental approach we have studied the
gene expression profile of reciprocal F1 hybrids of BALB/c
and C57BL/6 strains of mice i.e. B6BcF1 and BcB6F1 under
similar irradiation condition. As liver is a prime target for
radiotherapy as well as activation of various defense and
adaptive responses to radiation exposure it was used as a
choice of tissue for the present study (Fachin et al. 2007).
The objective of this work was to understand the involvement
of parental genetic differences in response towards environmentally relevant LDIR in F1 progenies. This study will thus
provide an insight into the genetic basis of the radiation
response and its effects like radiation-mediated DNA damage
and cancer.

Materials and methods
Mice

Reciprocal F1 hybrids of C57BL/6 and BALB/c inbred
strains of mice were used in this study. To generate F1
progeny, specific crosses were made between the two mouse
strains. In the first cross, BALB/c was taken as female and
C57BL/6 as male to obtain BcB6F1 progeny. The second
cross was decided between C57BL/6 female and BALB/c
male to obtain B6BcF1 progeny.
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The F1 progenies were allowed to grow for four weeks
before radiation exposure. Low-dose radiation-mediated
responses have been reported to be most prominent at this
age in these mouse strains. Hence, four weeks old animals
were used for these experiments (as observed earlier by
Shankar et al. (1999), Pandey et al. (2005) and Mukherjee
et al. (2010)). The study was carried out with female F1
offsprings.
All the animals were bred and maintained in the animal
house facility of Bhabha Atomic Research Centre (BARC),
Mumbai, India. The guidelines issued by the Institutional
Animal Ethics Committee of Bhabha Atomic Research Centre (BARC), Government of India, regarding the maintenance and dissection of small animals were strictly followed.
Irradiation schedule

The protocol developed by James and Makindon (1988)
was used for irradiation experiments (consequently used by
Shankar et al. (1999), Pandey et al. (2005) and Mukherjee
et al. (2010)). In brief, the mice were kept in perspex covered
boxes and were exposed to whole body γ-radiation from a
60
Co source. The dose was given in fractions of 4 cGy per
day (0.28 cGy per min) for five days/week (Monday–Friday).
The total dose administered was 20 cGy per mouse. The mice
were dissected 72 h after the last irradiation and livers were
removed for RNA isolation and expression studies. Shamirradiated controls were treated in the same manner without
radiation exposure.
A total of six F1 animals per cross were used in a set of
irradiation experiments. Same number of sham-irradiated F1
animals of respective cross were used as controls. These animals were dissected and the RNA isolated from the liver tissue was used for further microarray experiments. The entire
procedure was repeated thrice for gene expression analysis (figure 1). The sample size of the animals for these
experiments was calculated using online biostatistics software (http://www.epibiostat.ucsf.edu/biostat/sampsize.html;
http://www.unc.edu/~rls/s151-2010/class23.pdf).
Microarray sample preparation, probe labelling and hybridization

Total RNA was isolated from the irradiated and shamirradiated mouse liver tissue (150 mg) using TRIzol reagent
(Invitrogen, Carlsbad, USA) according to the manufacturer’s
instructions. Thirty-five microgram of total cellular RNA
from control and irradiated animals were used separately
as templates for generating Cy3 (cyanine 3)-labelled and
Cy5-labelled cDNA probes using first strand labelled cDNA
synthesis kit (Amersham Biosciences, New Jersey, USA).
The labelled cDNA was purified using GFX labelled cDNA
purification kit (Amersham Biosciences). After purification,
the fluorescence of the labelled cDNA was calculated using
spectrophotometric method. Equivalent amount of control
and the experimental cDNA labelled with different fluorophores were mixed together and lyophilized completely
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Figure 1. Schematic representation of reciprocal crosses between BALB/c and C57BL/6 strains of mice to generate F1 hybrids.

(double channel microarray experiment). The lyophilized
samples were resuspended in hybridization buffer (GeneTAC, Genomic Solution, Perkin Elmer, USA) and hybridized
on the mouse 7.4k cDNA microarray slide (University Health
Network, Toronto, Canada). Hybridization was carried out in
a HybStation (Genomic Solutions, Ann Arbor, USA) at 42◦ C
for 16 h. After hybridization, the slides were washed in washing solutions of 2× SSC (saline-sodium citrate) and 0.2%
SDS (sodium dodecyl sulphate), 0.1× SSC and 0.2% SDS
and 0.1× SSC, then dried under centrifugation at room temperature. The dried slide was scanned using Scan Array scanner (Perkin Elmer, Waltham, USA). The resulting images
were analysed using Scan Array Express software. Three
microarray slides per mouse strain (per F1 strain) were used
to check the repeatability of results.

Data filtering and normalization

The mean intensities of each spot at the two wavelengths
(550 nm for Cy3 and 650 nm for Cy5) were used for data
analysis. The data was filtered using criteria of signal to
noise ratio (>3) and background subtraction (negative values
resulting from subtraction of the background were removed).
Within slide, normalization was carried out using LOWESS
(locally weighted scatter plot smoothening) method and
between slide normalization was done using Quantile normalization (using R-package; http://CRAN.R-project.org).
The ratio of two-fold increase (2.0) or decrease (−2.0) in
normalized (background subtracted) mean value was used

as the cut-off value for the differential expression between
control and irradiated samples. The differential expression
was validated using unpaired t-test. All the differentially
expressed genes significant at P < 0.05 in three replicated
experiments were used for further study.

Gene-ontology and pathway prediction

To analyse the gene ontologies of various differentially
expressed genes, two freely available on-line softwares were
used, GATHER (Gene Annotation Tool to Help Explain
Relationships, http://gather.genome.duke.edu/) and PANTHER (Protein Analysis Through Evolutionary Relationships, http://www.pantherdb.org) (Mi et al. 2006). Pathway
prediction was done using GenMAPP 2.1 (gene map annotator and pathway profiler 2.0, http://www.genmapp.org) software. We used database for annotation, visualization and
integrated discovery (DAVID) for detailed gene ontology
analysis (Huang et al. 2009). DAVID is a web-based tool that
provides integrated solutions for the annotation and analysis
of genome-scale datasets derived from high-throughput
technologies like microarray. Using this tool, gene lists of
differentially expressed genes of both the F1 mouse strains
in response to LDIR were classified into different functionally enriched annotation groups on the basis of their
enrichment score (EASE score) calculated using Fisher’s
exact test. For the test, all the genes in mouse genome
present in DAVID database were used as a background. Any
functional annotation group overrepresented in the gene set
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compared to the whole genome will have a higher enrichment
score and hence will be enriched in the given dataset.
The differentially expressed genes of both the strains
were divided into different annotation groups using the
enrichment score of the tool. Pathway analysis was carried out using KEGG (Kyoto Encyclopedia of genes and
genomes) tool (http://www.genome.jp/kegg/).
Real-time qPCR

Quantitative real-time PCR (qRT-PCR) of selected genes
were carried out to validate data from the cDNA microrray. Total cellular RNA from liver tissues of control and
irradiated animals was isolated using Trizol reagent (Invitrogen, Life Technologies, Carlsbad, USA) and purified
using RNeasy kit (Qiagen, Hilden, Germany). RNA was
reverse transcribed using Superscript II Reverse Transcriptase and an oligo-dT primer (Invitrogen, Life Technologies, Carlsbad, USA). PCR was performed using
Mx3000P real time PCR system (Stratagene, La Jolla,
USA) with Brilliant SYBR Green QPCR Master Mix
(Stratagene). Heat activation was carried out at 95◦ C for
10 min, followed by 30 PCR cycles of denaturation at
95◦ C for 30 s, primer annealing at 55◦ C for 1 min, and primer
extension at 72◦ C for 1 min. The primers used were: for
Brca1, Fwd-5 -TTTTGAGCTTGACACGGGAAT-3/ Rev5 -GATGATCGACGCCTCCTCATT-3; Xpc, Fwd-5-TCC
AGGGGACCCCACAAAT-3/Rev-5 -GCTTTTTGGGTGT
TTCTTTGCC-3; Mid1, Fwd-5-CTCCGCAGGTCTGTGT
AACTC-3/Rev-5-AAACGGCTGACTGTTGGTCTT-3 ;
Madd, Fwd-5 -CCCCCACCAATGCAGAAGT-3/Rev-5 GGTGTGGACTGAAGGTCATTAG-3; β-actin, Fwd-5 CATGAAGTGTGACGTGGACATCC-3/Rev-5-GCTGAT
CCACATCTGCTGGAAGG-3 . β-actin gene expression
was used to normalize the results (threshold cycle (CT ) values). Fold change was calculated using the formula 2−CT
for triplicate experiments.
Genomewide DNA methylation analysis of genes in BALB/c
and C57BL/6 mice liver using 5-methyl cytosine (5mC)
antibody-based microarray approach

A microarray-based methylation detection method (Deobagkar
and Kelkar 2009; Mukherjee et al. 2011) was used for
detecting and analysing the specific methylation present in
the internal regions of the genes along with the promoter
methylation.
Genomic DNA, 2 μg was sonicated to an average size of
1.5–3 kb in TE buffer (10 mM Tris, 1 mM EDTA). The
sonicated DNA was then denatured at 94◦ C for 2 min.
The denatured DNA was mixed with 4× hybridization
buffer (Amersham Biosciences) and water to make a total
volume of 300 μL. This hybridization mixture was then
allowed to hybridize on the microarray slide at 42◦ C for
14 h in a hybridization unit (Quantifoil, Großlöbichau,
Germany). Mouse 7.4k cDNA microarrays purchased from
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Toronto, Canada, were used for the experiments. The
excess unhybridized DNA was washed from the slide using
high stringency and medium-stringency wash buffers from
GeneTAC biosolutions (Perkin Elmer, Waltham, MA, USA).
After washing, the slide was incubated with primary
antibody solution consisting of anti-5-methyl cytosine (anti5 mC) monoclonal antibodies in TNT buffer (1 mM Tris
(pH 7.5), 100 mM NaCl, 0.01% Tween 20) at a dilution
of 1:1000. The incubation was carried out for 1 h at 25◦ C.
Excess primary antibodies were washed with TNT buffer for
20 min with five changes of 5 min each. After washing the
excess unbound primary antibodies, the slide was incubated
with secondary antibody solution consisting of goat antimouse secondary antibody labelled with Cy3 in TNT buffer
at a dilution of 1: 500. The incubation was carried out for
1 h at 25◦ C. The excess antibody was washed with TNT
buffer. The slide was finally washed with water and dried
by centrifugation at 1500 rpm for 2 min. The dried slide
was scanned at 543 nm wavelength using PerkinElmer scan
array express scanner at a resolution of 5 μm. The microarray experiment was repeated thrice using DNA samples from
three different animals individually on three separate slides.
Data analysis and normalization

The mean fluorescent intensity value of each spot subtracted
from the background fluorescent intensity value of each
spot on the array was used as a signal to carry out data
analysis. The signal intensities were LOWESS normalized
and a signal-to-noise ratio of 2 was used as the quality
criterion. To identify the ‘true positive spots’ which contained cytosine methylation, fluorescent signals of 3× SSC
and Arabidopsis thaliana spots, present on the array were
used as ‘controls’. As a check, a t-test (unpaired, P<0.05)
between the intensities of these spots with the blank spots
present on the array revealed no significant difference
between the intensities, suggesting that the binding efficiency
of the antibodies to control DNA is equal to the binding
efficiency with the glass slide. Hence, the florescence values from these spots were considered to be representatives
of nonspecific binding of the genomic DNA and antibodies to the slides. Any gene spot which showed a fluorescent signal higher than the cut-off was considered as ‘true
positive’.
The value obtained by diving fluorescent intensity of the
true spot by the fluorescent intensity of the highest control
spot was used as a measure for the level or degree of methylation. This gave a quantifiable positive value in the form of
a fold change as a measure of methylation. These fold intensity values were compared between the replicates and similar
fold intensities were identified using the t-test. A cut-off of
2-fold or more compared to controls was used as a quantitative measure of the methylation of a gene. The Mev software
(http://www.tm4.org) was used to generate heat maps of the
methylated genes.
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Table 1. Gene ontology classification of differentially expressed genes in response to radiation in A - BcB6F1 and B - B6BcF1 strains of
mice. Top five gene ontology categories in terms of the lowest P values for each set of genes are represented in the tables.

Term

Upregulated gene
No. of genes (%)

(A) BcB6F1
Response to DNA
damage and repair
Regulation of small GTPase
mediated signal transduction
Transcription and its regulation
Nucleotide excision repair
Immune system process

P value

Term

Downregulated gene
No. of genes (%)

P value

12 (2.7)

0.003

Nucleic acid metabolism

95 (22.3)

0.00002

11 (2.5)

0.003

Embryonic development

20 (4.7)

0.0008

67 (15.2)
4 (0.9)
26 (5.9)

0.008
0.01
0.04

Gene expression
RNA processing
I-kappaB kinase/
NF-kappaB cascade

81 (19)
15 (3.5)
5 (1.2)

0.001
0.01
0.03

Cell cycle
DNA replication

23 (5.2)
8 (1.8)

0.04
0.05

(B) B6BcF1
Protein modification process
Blood vessel development
Intracellular signalling
Notch signalling pathway
Regulation of transcription

64 (12.7)
16 (3.2)
40 (8)
5 (1)
16 (3.2)

0.000004
0.0001
0.007
0.02
0.03

DNA repair
Response to DNA damage
Transcription and its regulation

27 (6.2)
14 (3.2)
62 (14.1)

0.001
0.002
0.003

Figure 2. Venn diagram showing differentially expressed genes in response to LDIR exposure in the two F1 hybrids BcB6F1 and B6BcF1 .
The light grey (601) circle represents the unique differentially expressed genes in BcB6F1 , whereas dark grey (672) circle represents the
unique differentially expressed genes in B6BcF1 . Central darker region (242) represents the common genes between the hybrids. The set
A (50) represents genes which were observed to be upregulated in BcB6F1 but downregulated in B6BcF1 in response to LDIR. The set B
(67) represents the genes which were observed to be upregulated in B6BcF1 but downregulated in BcB6F1 in response to LDIR. Forty-six
genes were upregulated and 65 genes were downregulated in both the F1 hybrids.
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Results
Transcriptional responses to LDIR exposure in F1 hybrids
of C57BL/6 and BALB/c

After data filtering and normalization (Materials and
methods), a total of 843 genes in BcB6F1 and 914 genes in
B6BcF1 were observed to be significantly affected by radiation exposure. Out of the 843 differentially expressed genes
in BcB6F1 , 425 genes were upregulated and 418 genes were

downregulated in response to LDIR. In case of B6BcF1 , 488
genes were observed to be upregulated and 426 genes were
downregulated by radiation exposure.
The differentially expressed genes were classified into
functional groups according to gene ontology categories. The
analysis revealed that the most relevant biological process
categories in the gene set upregulated in response to radiation in BcB6F1 were those related to response to DNA damage and repair (P value 0.003), small GTPase mediated signal
transduction (P value 0.0032), transcription regulation

Figure 3. Gene ontology analysis of the genes (50 set A, figure 2) upregulated in BcB6F1 but downregulated in B6BcF1 in response
to LDIR. The genes were classified into different biological processes using PANTHER software. The classification of nucleic acid
metabolism which involves maximum number of genes is shown in a separate pie chart.
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Table 2. Genes involved in transcription and DNA repair process which were upregulated in BcB6F1 but downregulated in B6BcF1 (part
of set A) (A) DNA repair genes and (B) genes involved in transcription.
Gene

Description

Molecular function

Chr.

Xeroderma pigmentosum,
complementation group C
N-methylpurine-DNA
glycosylase
Breast cancer 1

Damaged DNA-binding protein,
nucleotide excision repair
DNA glycosylase; damaged
DNA-binding protein; glycosidase
Zinc-finger transcription factor

6

RNA helicase

5

mRNA splicing factor

4

1810007M14Rik

DEAH (Asp-Glu-Ala-His)
box polypeptide 37
FUS interacting protein
(serine–arginine rich) 1
THO complex 2
Regulatory factor X, 2 (influences
HLA class II expression); Rfx2
BTAF1 RNA polymerase II, B-TFIID
transcription factor-associated,
(Mot1 homologue, S. cerevisiae)
RIKEN cDNA 1810007M14 gene

Hoxc10

Homeo box C10

(A) DNA repair
Xpc
Mid1
Brca1

11
11

(B) Transcription
Dhx37
Fusip1
Thoc2
Rfx2
Btaf1

(P value 0.008) and cell cycle (P value 0.049). Whereas, the
gene set in B6BcF1 which was upregulated in response to
IR was enriched by protein modification (P value 0.000004),
blood vessel development (P value 0.0001), intracellular signalling (P value 0.007) and notch signalling (P value 0.02)
functional categories. The major genes downregulated in
response to IR were observed in nucleic acid metabolism
(P value 0.00002) and development (P value 0.0008) classes
in BcB6F1 , whereas in case of B6BcF1 these belonged to cell
death (P value 0.001) and response to DNA damage (P value
0.002) biological process classes.

Transcription cofactor
Other transcription factor

X
17

DNA helicase

19

Other transcription factor;
nucleic acid binding
Homeo box transcription factor;
other DNA-binding protein

16
15

The most significant gene ontology categories in terms of
biological processes and molecular functions for the differentially expressed genes in the two F1 hybrids are summarized
in table 1.
Analysis of gene sets involved in DNA damage and repair
process, an important radiation induced response, revealed
that there were 25 DNA damage response genes upregulated
in BcB6F1 in response to radiation. Out of which 11 genes
were involved in DNA repair processes which included
Brca1 (breast cancer type 1), Xrcc4 (X-ray repair complementing defective repair in Chinese hamster cells 4), Fancc

Figure 4. Validation of microarray data using quantitative real-time PCR. Genes showing differential expressions between the two F1 hybrids were selectively taken for realtime PCR analysis. The expressions of these genes were found to be contrastingly different between the two F1 hybrids in the microarray analysis which correlated with
the RT PCR analysis. Error bars indicate mean +/− standard deviation (SD) for three
replicates (n =3). Expression of β-actin gene was used as internal control.
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673

Sanjay Mukherjee et al.
(Fanconi anemia, complementation group C), Fanca (Fanconi anaemia, complementation group A), Exo1 (exonuclease 1) and Rad52 along with other genes. This indicate that
there might be some DNA damage in response to radiation which is being sensed by liver cells of BcB6F1 . Surprisingly, stress response genes, especially those involved in
DNA repair were downregulated in B6BcF1 (table 1). It was
observed that 21 genes in B6BcF1 belonging to DNA damage response function showed significant expression changes
in response to radiation exposure. Interestingly, the expressions of these genes were found to be contrastingly different between the two F1 hybrids. In case of B6BcF1 , genes

like Brca1, Sod2 (superoxide dismutase 2), Lig3 (Ligase
3), Xrcc4 and Rad3a2 were found to be downregulated in
response to LDIR. The observed downregulation of DNA
repair genes in B6BcF1 could result in improper DNA repair
function after radiation exposure.
In case of B6BcF1 , genes involved in cell surface receptormediated signalling and intracellular signalling specifically, MAP-kinase and notch signalling pathways were
found to be upregulated in response to radiation (table 1).
These results clearly indicate that the gene expression profiles in response to radiation is different in the two F1
hybrids.

Figure 5. Gene ontology analysis of the genes (67 set B, figure 2) upregulated in B6BcF1 but downregulated in BcB6F1 in response to
LDIR. The genes were classified into different biological processes using PANTHER software. The classification of signal transduction
process which involves maximum number of genes is shown in a separate pie chart.
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Selectin, lymphocyte

Sell

RIKEN cDNA 5430435G22 gene

Signal transducing adaptor
molecule (SH3 domain and
ITAM motif) 1
MAP-kinase activating
death domain
Phosphodiesterase 10A

5430435G22Rik

Stam
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Filamin, beta
Patched homolog 1

Sema domain, seven thrombospondin
repeats (type 1 and type 1-like), transmembrane domain (TM) and short
cytoplasmic domain, (semaphorin) 5A

Flnb
Ptch1

Sema5a

Transcription regulation
Rufy2
Bat2d

Lrrc2
H2-T22

RUN and FYVE domain-containing 2
BAT2 domain containing 1

Leucine-rich repeat containing 2
Histocompatibility 2, T-region locus 22

Dedicator of cytokinesis 11

Dock11

Immune response

Mastermind like 1 (Drosophila)
Calcium/calmodulin-dependent
protein kinase II gamma

Maml1
Camk2g

Pde10a

Madd

RAB43, member RAS
oncogene family

Rab43

Signal transduction

Par-3 (partitioning defective
3) homolog (C. elegans)

Description

Pard3

Cell adhesion

Gene

Other zinc-finger transcription factor
Transcription factor; nuclease

Other miscellaneous function protein
Major histocompatibility
complex antigen

Other signalling molecule;
membrane-bound signalling
molecule

Non-motor actin binding protein
Molecular function unclassified

Guanyl-nucleotide exchange factor

Transcription factor
Non-receptor serine/
threonine protein kinase

Guanyl-nucleotide
exchange factor
Phosphodiesterase

Other transporter;
kinase activator

Small GTPase

Small GTPase

Other cell adhesion
molecule

Tight junction

Molecular function

Table 3. Genes upregulated in B6BcF1 but downregulated in BcB6F1 in response to LDIR (part of set B).

mRNA transcription
Nucleoside, nucleotide and nucleic
acid metabolism; other metabolisms

Other immune and defense; miscellaneous
MHCI-mediated immunity

Intracellular signalling cascade;
receptor-mediated endocytosis;
general vesicle transport
Intracellular signalling cascade;
receptor-mediated endocytosis;
general vesicle transport
JAK-STAT cascade; other
intracellular protein traffic;
lysosome transport
JNK cascade; synaptic transmission;
induction of apoptosis; neurogenesis
Metabolism of cyclic nucleotides;
signal transduction
Neurogenesis; notch signalling pathway
Protein phosphorylation; calciummediated signalling; muscle contraction;
developmental process; Wnt signalling
Other intracellular signalling cascade;
phagocytosis; cell motility
MAPK signalling pathway; focal adhesion
Hedgehog signalling pathway; basal
cell carcinoma
Cell surface receptor-mediated
signal transduction; intracellular signalling
cascade; cell communication; other immune
and defense; other developmental process;
neurogenesis; other oncogenesis

Cell adhesion; protein targeting
and localization; cell proliferation
and differentiation; cell structure
Cell adhesion-mediated signalling;
cell adhesion

Biological function

10
1

9
17

15

14
13

X

11
14

17

2

2

1

6

1

8

Chr.
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4
5
2
DNA degradation; apoptotic processes
mRNA transcription regulation
mRNA transcription regulation;
inhibition of apoptosis; cell cycle
control; cell proliferation
and differentiation
DNA fragmentation factor, beta subunit
Zinc-finger protein 512
Myeloblastosis oncogene-like 2
Cad
Zfp512
Mybl2

Other DNA-binding protein;
methyltransferase
Nuslease
Zinc-finger transcription factor
Other transcription factors;
nucleic acid binding
Euchromatic histone methyltransferase 1
Ehmt1

Transcription regulation

Description
Gene

Table 3 (contd)

Molecular function

Biological function

Chromatin packaging and remodelling

2

Chr.
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Comparative analysis of specific gene ontology categories in
BcB6F1 and B6BcF1 mice strains

Gene ontology analysis revealed overall differences in the
expression profiles of the two F1 hybrids in response to
IR. To specifically identify genes which were differentially
expressed in the two F1 hybrids and thus the prime contributors of the different expression profiles, comparative analysis
between the two expression profiles was carried out.
Comparative analysis resulted in the identification of a
set of 242 commonly affected genes in the two F1 hybrids
(figure 2). Out of these common genes, 111 genes showed
similar expression patterns between the two F1 hybrids.
However, 117 genes (48%) of the total common genes,
showed contrasting difference in their expression patterns
between the two F1 progenies (figure 2). Of these 117 genes,
50 genes were upregulated in BcB6F1 but were downregulated in B6BcF1 (set A) whereas, 67 genes were upregulated
in B6BcF1 but downregulated in BcB6F1 (set B) (figure 1).
These sets of genes were important from the genetic analysis perspective though belonging to the same parents there
were certain set of genes in the two F1 hybrids which were
responding adversely to radiation exposure. These genes
could explain the differences in the expression profiles and
the radiation susceptibilities of the two F1 hybrids and their
parental strains.
Further analysis revealed that the set of genes upregulated in BcB6F1 but downregulated in B6BcF1 (set A) mainly
included nucleic acid metabolism genes, maximum number
of which were involved in DNA repair and transcription
(figure 3). Three DNA repair genes Brca1, Thbs1 (Thrombospondin 1) and Xpc (Xeroderma pigmentosum, complementation group C) were found to be upregulated in BcB6F1
but downregulated in B6BcF1 (table 2A). A significant number of genes involved in transcription regulation like those
for helicases and splicing factors were also found to be
differentially expressed between the F1 strains in response
to LDIR (table 2B). The expressions of Brca1, Xpc, Mid1
(N-methylpurine-DNA glycosylase) genes were further
validated using real-time PCR which showed similar
expression profiles as observed in microarray experiments
(figure 4). Thus, differential expressions of DNA repair
genes may be a sign that DNA damage in response to
radiation is differently sensed in the two F1 hybrids.
The IR modulated gene set which were upregulated in
B6BcF1 but downregulated in BcB6F1 (set B) were overrepresented by genes involved in signalling processes (figure 5).
Majority of these were involved in intracellular signalling,
especially Stam (signal transducing adaptor molecule (SH3
domain and ITAM motif) 1) which is involved in
JAK-STAT (the janus kinase-signal transducer and activator
of transcription) pathway and Madd (MAP-kinase activating
death domain) which is involved in JNK (c-jun N-terminal
kinase)-cascade (table 3).
Analysis also revealed two cell adhesion molecules
(Pard3 (partitioning defective 3), Sell (selectin)), two
Journal of Genetics, Vol. 93, No. 3, December 2014

Radiation responses in F1 hybrids of inbred mice
immune response genes-(H2-T22 (histocompatibility 2, T
region locus 22), Lrrc2 (leucine rich repeat containing 2)),
and six genes involved in transcription regulation (Rufy2
(RUN and FYVE domain containing 2), Bat2d (BAT2
domain containing 1), Ehmt1 (euchromatic histone methyltransferase 1), Cad (DNA fragmentation factor), Zfp512
(zinc finger protein 512), Mybl2 (myeloblastosis oncogenelike 2)) differentially expressed between the two F1 s in
response to radiation (table 3). Interestingly, genes for H2T22 which is a major histocompatibility complex antigen and
Cad and Myb12 which are involved in apoptotic processes
were upregulated in B6BcF1 but downregulated in BcB6F1
in response to radiation exposure (table 3).
Inheritance of radiation susceptibility: comparative analysis
of parental (BALB/c and C57BL/6) mouse strains with their
F1 hybrids

To explain the expression of some of the radiation responsive genes in the F1 hybrids on the basis of expression
profiles of parental strains (reported earlier by Mukherjee
et al. 2010), comparative analysis of the gene expression
profiles between the parents and progenies were carried
out.
For comparative analysis, the genes showing significant
expression changes in response to radiation exposure in the
two F1 hybrids were analysed against the genes significantly
affected in the parent strains (figure 6). Analysis resulted

in the identification of 25 radiation responsive genes that
were common between the parental strains and the two F1
hybrids (table 4). The expression profiles analysis of these
genes revealed that Brca1 which showed differential expression between the two F1 hybrids also expressed differently
in their parental strains. The expression of Brca1 in BcB6F1
was similar to C57BL/6 whereas, in the case of B6BcF1 it
was similar to BALB/c, indicating a father-specific response
in the F1 hybrids. Also, expression of Itch gene in B6BcF1 , an
important component of ubiquitin-mediated proteolysis, was
similar to BALB/c (father strain) used to set up the crosses
(table 4). Whereas, expression of Mid1, a DNA glycosylase
involved in DNA damage response was found to be similar
to C57BL/6 (father strain) in BcB6F1 . The radiation resistance in C57BL/6 was proposed due to its better capability
of removing damaged proteins from cells (Mukherjee et al.
2010), the expression patterns of these DNA repair genes
indicate a possible transfer of radio-sensitivity in terms of its
weaker ability to activate DNA damage and repair response
in B6BcF1 from BALB/c as father strain. However, Wisp1
(WNT1inducible signalling pathway protein 1) gene in both
the F1 hybrids was similar to BALB/c expression profile
(table 4). Wisp1 protein plays a significant role in Wnt signalling pathway which has also been reported to be hyperexpressing in tumourogenic cells (Xie et al. 2001). Expression profile of another DNA repair gene Ddx23 (DEAD box
polypeptide 23) in the two F1 hybrids was found to be similar
to C57BL/6. Interestingly, expression profile of Fancc gene

Figure 6. Four-way Venn diagram representing common LDIR modulated genes
between BALB/c, C57BL/7, and their two F1 hybrids. @ (6) represents genes common
between all the four mouse strains (shown in table 4). # (8) and * (7) represent genes
common between the parent strains and one of the F1 progenies (shown in table 4).
Journal of Genetics, Vol. 93, No. 3, December 2014
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Molecular function
unclassified
Molecular function
unclassified

Fanconi anemia, complementation group C; Fancc
RIKEN cDNA
E430028B21 gene;
E430028B21Rik
Enabled homolog
(Drosophila); Enah
DEAD (Asp–Glu–Ala–
Asp) box polypeptide
23; Ddx23
Amyloid beta (A4)
precursor protein binding,
family A, member 1; Apba1
Itchy; Itch
RAN binding protein 6;
Ranbp6
Ras association (RalGDS/AF-6)
and pleckstrin homology
domains 1; Raph1
MAP kinase-activated
protein kinase 5; Mapkapk5
Zinc finger, AN1-type
domain 6; Zfand6
Nuclear factor of activated
T-cells 5; Nfat5
8.7

−2.0

Endocytosis; other intracellular
protein traffic
Extracellular matrix proteinmediated signalling; angiogenesis
Intracellular protein traffic;
neurogenesis

mRNA transcription regulation;
other signal transduction; stress
response; cytokine/chemokinemediated immunity; mesoderm
development
mRNA transcription regulation

Protein phosphorylation; MAPKKK
cascade; stress response
Signal transduction

Non-receptor serine/threonine
protein kinase
Other signalling molecule; other
miscellaneous function protein
Other transcription factor

19

5

12

15

3.2

7.2

2.7

13.5

2.0

4.8
−4.5
−3.3

−3.6
−3.6

ND

−98.0
7.7

ND

ND

ND

4.2

2.6

−2.7
7
8

3.5

1.9

ND

−32.0
3.3

1
5

ND
ND

3.1
32.0

−2.2
−4.2
2
19

2.4

2.7

2.1

−2.5

−2.5

3.7

6.9

2.1

19

15

Proteolysis
RNA localization; nuclear
transport; transport
Signal transduction

Membrane traffic protein

−6.9

−2.8

Nucleoside, nucleotide and
nucleic acid metabolism

Ubiquitin-protein ligase
Other transporter; other
G-protein modulator
Transmembrane receptor
regulatory/adap-tor protein

Reticulon 3; Rtn3

−2.6

−2.5

14
1

Intracellular protein traffic

Fibrinogen-like protein 2; Fgl2

−2.5

−3.1

13

15

−2.3

ND

ND

ND

−3.0

−2.7

3.8

8.5

29.0

−2.5
−3.6

−1.9

3.0

2.2

2.4

3.6

21.0

Fold change as an indicator of expression profile
BALB/c C57BL/6 BcB6F1
B6BcF1
3.2

Chr.

Cell motility

Cell surface receptor mediated
signal transduction; ligandmediated signaling; other
oncogenesis; cell structure
DNA repair; protein complex
assembly; cell cycle control
Biological process unclassified

Biological process

Membrane traffic
regulatory protein

CREB transcription factor;
nucleic acid binding
Guanyl-nucleotide exchange factor;
membrane traffic regulatory protein
Signalling molecule; extracellular matrix

Activating transcription
factor 1; Atf1
Ras and Rab interactor 3; Rin3

Growth factor

WNT1 inducible signalling
pathway protein 1; Wisp1

Non-motor actin
binding protein
RNA helicase

Molecular function

Gene

Table 4. Comparative analysis of the expression patterns of genes between C57BL/6, BALB/c and their F1 hybrids.
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The criterion of level of increase or decrease in expression of a particular gene in response to radiation compared to controls (fold change) was used to assess the similarity or differences
in the expression profiles of parents with F1 progeny. Similar irradiation schedule and microarray platform were used to perform the experiment with parental strains such as, C57BL/6
and BALB/c and F1 progenies such as, B6BcF1 and BcB6F1 . ND, not detected as differentially expressing gene in the respective microarray experiment.

−6.1

Large G-protein

Guanine nucleotide binding
protein (G-protein), gamma
2 subunit; Gng2
Vezatin, adherens junctions
transmembrane protein; Vezt
Breast cancer 1; Brca1
N-methylpurine-DNA
glycosylase; Mid1
DEAH (Asp–Glu–Ala–His)
box polypeptide 37; Dhx37
BTAF1 RNA polymerase II,
BTFII transcription factor-associated,
(Mot1 homolog, S. cerevisiae); Btaf1

DNA helicase

Nonreceptor tyrosine protein kinase
IL2-inducible T-cell kinase; Itk

ND

2.2
19
Regulation of transcription

3.0

−2.2
ND
−2.5
5
mRNA splicing transcription

4.5

−2.8
−23
2.1
5.8
−1.5
ND
11
11
DNA repair; cell cycle
DNA repair

Zinc-finger transcription factor
DNA glycosylase; damaged DNAbinding protein; glycosidase
RNA helicase

2.7
3.2

ND
3.2
−2.7
10
Biological process unclassified
Molecular function unclassified

−2.8

ND
6.3
−3.5
14

−2.6

ND
4.5
5.7
3.0
11

Protein phosphorylation; intracellular
signalling cascade; T-cell mediated
immunity; stress response; apoptosis
G-protein mediated signalling

Biological process
Molecular function
Gene

Table 4 (contd)

Fold change as an indicator of expression profile
Chr. BALB/c C57BL/6 BcB6F1
B6BcF1
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was totally opposite in the two hybrids as compared to the
parental expression profile.
Analysis of genes involved in signal transduction processes revealed that expression of genes Ranbp6 (RAN binding protein 6), Raph1 (Ras association (RalGDS/AF-6) and
pleckstrin homology domains 1) in B6BcF1 were similar to
BALB/c. However, expression of Atf1 (activating transcription factor 1), an important transcription factor known to
be involved in radiation responses, was similar to C57BL/6.
The expression of Nfat5 (nuclear factor of activated T-cells
5), Enah (enabled homolog), and Apba1 (amyloid beta precursor protein binding family A member1) genes in B6BcF1
could not be explained by any of the parental strain expression pattern to radiation. On the other hand, the expressions
of Gng2 (guanine nucleotide-binding protein gamma 2 subunit) and Vezt (vezatin) in BcB6F1 were similar to its mother
strain BALB/c but expressions of Fl2 (fibrinogen like protein 2) and Rtn3 (reticulon) were similar to its father strain
C57BL/6. Genes Mapkapk5 (MAP kinase-activated protein
kinase 5), Rin3 (Ras and Rab interactor 3) and Itk (IL2
inducible T cell kinase) did not show any strain specific
expressions and were uniformly upregulated in response to
radiation in both parent as well as F1 hybrids (table 4). Thus,
comparative analysis revealed that the expressions of some
of the genes in F1 hybrids could be explained by parental
gene expression profiles (table 4). However, expressions of
other genes in F1 hybrids were unique and totally different from the parental gene expression patterns to radiation
exposure (table 4).
Involvement of epigenetics in radiation responses to LDIR

To analyse the role of epigenetic mechanism like imprinting in these radiation responses, it was necessary to check
the methylation status of the genes observed as differentially expressed in the F1 hybrids in their parental (BALB/c
and C57BL6) strains (figure 7). A monoclonal antibody
was used against 5-methyl-cytosine of DNA for the analysis of methylation on a microarray platform (Materials and methods). We found 10 differentially expressed
genes in the F1 hybrids in response to radiation to be
methylated specifically in BALB/c but not in C57BL/6.
These genes, namely Apba1, Btaf1, Enah, Fancc, Gng2,
Itch, Mapkapk5, Mid1, Raph1 and Zfand6 are mainly
involved in DNA repair and transcription as described
earlier.

Discussion
In the present study, we produced the first filial (F1 ) generation from two commonly used inbred strains which are
known to differ strongly in their responses to ionizing radiation specifically with respect to tumour susceptibility, immunity and gene expression responses. One of the important observations of the present study was that eventhough
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the mouse belonged to the same parental strain, the two
F1 hybrids showed differential expressions of DNA damage
response and repair genes in response to IR.
DNA repair ability is very important from the radiation
response perspective (Sudprasert et al. 2006). The ability
of an organism to repair DNA damage greatly influences
its radiation responses (Wang et al. 2006; Jeggo 2010).
DNA damage has been reported at low doses of IR exposure but does not result in mutation because of the repairing
ability of the organism (Jeggo 2009). However, differential
repair ability can decide the degree of damage in the cells
due to radiation exposure and thus its susceptibility (Jeggo
2010). The differential expressions of DNA repair genes
clearly indicate that the two F1 hybrids have different abilities to sense and respond to radiation exposure even at low
doses. Three DNA repair genes Xpc, Mid1 and Brca1 were
found to have contrastingly different expressions between
the two F1 hybrids (Wu et al. 2010). Differential expressions of these genes can greatly influence DNA repair ability of the two F1 strains and thus their radiation responses.
The upregulation of genes like Brca1, Xpc, Lig1, Exo1, etc.,
observed in BcB6F1 , but not in B6BcF1 , indcate a differential
DNA damage response between the two F1 hybrids. Also,

a significant number of genes involved in intracellular
signalling were found to be differentially expressed between
the two F1 strains. This suggests that the radiation exposure causes the activation of totally different signalling cascades in the two F1 hybrids which might lead to totally
different radiation responses and consequently cancer susceptibility. Thus, the two hybrids although belonging to
same parents might behave differently to radiation exposure of low doses depending on the sex of the parent of
origin.
Another aspect of this work was to understand how
parental genetic differences are involved in the differential
gene expression response observed in the F1 hybrids. The
comparison of gene expression responses between F1 hybrids
and parental strain revealed a very complex pattern of inheritance of radiation responses. On one hand, the expression
of some of the genes like Brca1, Itch, and Mid1 could be
explained or were similar to one of the parental strain which
indicated the influence of the parental sex on the radiation
responses of the F1 hybrids but, on the other hand, the expression of many genes could not be explained by any of the
parental gene expression profile. In the analysis, we observed
five DNA repair genes which were identified as differentially

Figure 7. Comparative analysis of the expression patterns of the genes differentially expressed in F1 hybrids and their parental strains
(C57BL/6 and BALB/c) in response to LDIR. (A) Hierarchical clustering of differentially expressed genes in F1 hybrids and their parental
strains. Average clustering using Pearson coefficient (P < 0.05) was performed using MeV software (http://www.tm4.org). Green, downregulation; red, upregulation. (B) Methylation analysis of genes in BALB/c and C57BL/6 mice. Methylation levels of the genes observed
to be differentially expressed in F1 hybrids in the present study are shown. Yellow represents methylation levels more than 2-folds from the
controls (hypermethylation); blue indicates lack of methylation.
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expressing due to LDIR exposure in parents as well as in F1
hybrids. These included Brca1, Mid1, Itch, Ddx23 and Fancc
genes which are involved in DNA repair process. Brca1, a
known tumour suppressor gene, an important biomarker for
breast cancer in mice and humans (Deng et al. 2003; Yun
et al. 2009), was found to be upregulated in BcB6F1 but
downregulated in B6BcF1 . This is an important observation since BRCA1 is a large protein, consisting of multiple functional domains and hence could interact with different partners in different tissues, mediating different or even
apparently opposite functions. Brca1 functions as a tumour
suppressor gene which is involved in three major DNA repair
pathways: homologous recombination repair (HRR), nonhomologous end-joining (NHEJ) and nucleotide excision repair
(NER). Absence or less amount of BRCA1 results in defective DNA damage repair, abnormal centrosome duplication,
cell-cycle arrest, growth retardation, increased apoptosis and
genetic instability making females more susceptible to breast
cancers. BRCA1 is also reported to interact with p53 and its
associated proteins like p21 (Deng et al. 2003; Yun et al.
2009). BALB/c is known to be susceptible to radiationinduced breast cancer, but C57BL/6 is not. This was evident
by the expression pattern of Brca1 gene in the two strains
as observed in the study. The differential expression patterns of the DNA repair genes could explain the differential susceptibility of the parent strains, which is transferred
to F1 progeny in a sex-specific manner. However, parental
influence was not so evident in the expressions of other
repair genes like Fancc which plays a significant role in cell
cycle, and translational control post-DNA whose expression
was totally opposite in F1 hybrids compared to the parental
expression patterns, and RNA helicase Ddx23 which showed
expression patterns similar to C57BL/6 in both the F1
hybrids.
Analysis of the DNA methylation status of the genes
observed as differentially expressed in F1 hybrids in the
study resulted in the identification of 10 such genes which
were specifically methylated in BALB/c but not in C57BL/6
(figure 7). This indicates the involvement of epigenetic
mechanism in these responses however, details of which
needs further investigation.
Thus, a clear-cut genetic contribution could not be determined for any of the parental responses in the F1 progenies.
The heterogeneity in the F1 expression patterns suggests that
several loci are involved in the effects observed and that
the phenomenon is controlled by addition and/or interaction
of recessive susceptibility and/or dominant resistance alleles
and epigenetic regulation. Nonetheless, there is a differential
transmission of susceptibility trait in the F1 progenies which
was found to be dependent on the sex of the parent strain used
to set up the cross. The difference in the expression profiles
of F1 hybrids can be explained by the parent of origin specific allele difference for gene expression which is governed
by epigenetic factors like imprinting or through involvement
of some unknown environmental factors, validation of which
needs further research.
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