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Abstract  

Background and Purpose:  To identify genes which influence the fibrotic response to 

thoracic cavity radiotherapy, we combined a genome wide single nucleotide polymorphism 

(SNP) association evaluation of inbred strain response with prior linkage and gene expression 

data.  

Material and Methods: Mice were exposed to 18 Gy whole thorax irradiation and 

survival, bronchoalveolar cell differential, and histological alveolitis and fibrosis phenotypes 

were determined. Association analyses were completed with 1.8 million SNPs in single markers 

and haplotypes. 

Results:  Nine strains developed significant fibrosis and 11 strains succumbed to 

alveolitis only or alveolitis with minimal fibrosis. Post irradiation survival time (p<0.001) and 

bronchoalveolar lavage neutrophil percent (p=0.055) were correlated with extent of alveolitis and 

were not significantly correlated with fibrosis.   Genome wide SNP analysis identified 10 loci as 

significantly associated with radiation-induced fibrotic lung disease (p<8.41 x10
-6

; by 

permutation test), with the most significant SNP within a conserved non-coding region 

downstream of cell adhesion molecule 1 (Cadm1). Haplotype and SNP analyses performed 

within previously-identified loci revealed additional genes containing SNPs associated with 

fibrosis including Slamf6 and Cdkn1a.  

Conclusions: Combining genomic approaches identified variation within specific genes 

which function in the tissue response to injury as associated with fibrosis following thoracic 

irradiation in mice. 
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Introduction:  The common cancer treatment modality of radiotherapy, when delivered to the 

thoracic cavity can produce serious inflammatory (alveolitis or pneumonitis) or fibrotic side 

effects in the lung [1-4]. Patients who are likely to develop fibrosis, an incurable normal tissue 

response to radiation, at present can not be identified before therapy [1].  Efforts to isolate 

specific genetic variants which are associated with clinical radiation response have focussed on 

candidate gene studies of small sample sized populations and have not produced consistent 

results [5]. In addition, the approach of using clinical data alone to identify causal genetic 

variations influencing susceptibility to radiation-induced lung disease can be confounded by the 

effects of multiple genes and their interactions on the phenotype, variability in the clinical 

description of the phenotype and by the cancer and other therapies.  

To circumvent these limitations, inbred mouse strains which vary in their propensity to 

develop alveolitis and fibrosis after radiation exposure [6] can be evaluated to isolate candidate 

genetic variation contributing to the lung response phenotype. Indeed, the clinical outcomes of 

thoracic radiotherapy, with respect to adverse effects, of fibrosis and alveolitis, and the times at 

which they occur, are each represented in the radiation response of an inbred mouse strain. We 

[7-10] and others [6, 11, 12] have reported murine strain differences in response to radiation 

wherein following high dose whole thorax irradiation, C3H/HeJ (C3H) mice develop a diffuse 

lethal alveolitis, characterized by an inflammatory infiltrate of alveoli, and C57BL/6J (B6) mice 

respond to lung irradiation with fibrosis. The phenotypic difference between B6 and C3H mice 

has been used in replicate studies [7, 13] to map loci of radiation-induced pulmonary fibrosis, 

named Radpf1 on chromosome 17 and Radpf2 on chromosome 1.  Additional loci on 

chromosome 6 [ref 13] and chromosomes 7, 9 [ref 7] were detected in either one of the studies 

only, while the strain difference in alveolitis has been mapped to loci distinct from those of 
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fibrosis [7].  

The similarity to the clinical phenotype presented by the mouse models enables use of 

mouse genomic resources to investigate the genetic basis of radiation-induced lung disease.  

Among these is the mouse single nucleotide polymorphism or SNP map [14, 15] which has been 

used to complete genome-wide association studies (GWAS) in inbred mice for traits such as 

acetaminophen toxicity [16], acute lung disease [17] and lung cancer [18-20]. Mapping of 

disease traits in mice through association data alone however can produce spurious results due to 

the relatedness of inbred strains created by their unique breeding history [21] and this approach 

may have reduced statistical power to detect associations given the limited number of inbred 

strains. To compensate, specific analyses incorporating inbred strain relatedness have been 

developed [21] and association data are often combined with quantitative trait loci determined 

through mapping or through the evaluation of specific congenic or consomic mice for the 

purpose of identifying causal genetic variation associated with the trait [22]. Association analysis 

limited to QTL regions has also been used to identify candidate quantitative trait genes [23, 24]. 

The second mouse genetics tool of chromosome substitution, or consomic mice, which are mice 

bred to contain one specific donor chromosome in a recipient inbred strain background [25], 

enables the assessment of a genomic interval contribution to a trait without the production of 

congenic mice.   

In this study, we combine genomics approaches to identify specific genetic variants 

associated with predisposition to radiation-induced pulmonary fibrosis.  Initially, to determine 

whether loci of lung response mapped in B6xC3H F2 [13] and backcross [7] mice might predict 

for response in another strain we made use of the difference in radiation response between B6 

(fibrosis) and A/J (alveolitis) mice [8] and we evaluated the radiation response of available 
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B6:A/J consomic mice.  We next defined the radiation response of a panel of inbred strains and 

these data, combined with that from a high density SNP dataset were used to identify genes with 

allelic variants shared among alveolitis (only) responding mice which were distinct from those 

shared by fibrosis responding mice. Lastly we integrated data from a gene expression profiling 

experiment [9] and from an assessment of species sequence conservation to refine the list of 

associated genes.  

 

Materials and Methods 

(see Supplementary Data for more detailed Materials and methods) 

Mice: Mice of inbred and consomic B6.A strains were purchased from the Jackson Laboratory 

(Bar Harbor, ME, USA) and housed in the animal facility of the Meakins-Christie Laboratories. 

All mice were handled according to guidelines and regulations of the Canadian Council on 

Animal Care. 

  

Radiation treatment: Lung damage was elicited by whole thorax radiation exposure (18 Gray; 

dose rate 0.7 Gray/minute) using a Gamma cell Cesium-137 unit as previously described [7-10]. 

The irradiated mice were sacrificed when moribund, or at 26 weeks after treatment.  The control 

mice were not treated and were euthanized at the 15-26 week time points.  

 

Histology: At necropsy, bronchoalveolar lavage (BAL) was performed by cannulating the 

trachea and retrieving cells from one 1-mL injection of phosphate buffered saline. The lungs 

were then removed and the left lobe of each mouse perfused with 10% neutral buffered formalin 

and submitted for histological processing.  Lung sections were stained with Masson's Trichrome 
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and the area of fibrosis in the left lung lobe was determined from a user drawn region 

surrounding the fibrosis (Image Pro Plus Software) compared to the area of the entire lobe to 

yield the percent of pulmonary fibrosis for individual mice [7,8]. To assess alveolitis, 

hematoxylin and eosin stained left lung sections were evaluated through semi-quantitative 

histology [7, 8]. Mast cell numbers were determined by counting the positive cells present in 10 

fields of a lung histological section stained with Toluidine blue, at a 400x magnification [10]. All 

scoring was completed by a user blinded to mouse strain and treatment.  

 

Bronchoalveolar Lavage Fluid (BAL) Analysis: Inflammatory cell counts were performed (400x 

magnification) on cytocentrifuged cells (214.2g for three minutes), after staining with a 

hematoxylin-eosin kit and are reported as the percentage of 500 counted cells. To assess 

correlations among disease phenotypes pairwise Pearson’s correlation coefficients and 

corresponding p-values were calculated using the rcor.test function in R (http://cran.r-

project.org/). 

 

Genome-wide association studies (GWAS): GWAS were completed using 236 mice from 27 

inbred strains and the following phenotypes: percent fibrotic lung tissue, survival post 

irradiation, percent of lymphocytes & neutrophils in BAL and lung tissue mast cell count. The 

phenotype data include the response of one SWR/J mouse, which was included as the measured 

phenotype agrees with that previously reported for this strain [6]. 

Genotype data consisted of the CGD1 (http://cgd.jax.org/index.php) imputed dataset 

downloaded from the Mouse Phenome Database (Jackson Laboratory, Bar Harbor, ME). This 

dataset was filtered for SNPs imputed with confidence scores >0.9 as in [18], and SNPs with 

http://cgd.jax.org/index.php)
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fewer than 20 strains typed/imputed or with a minor allele frequency <3/27 were removed as has 

been used by others [18,19]. The 1,885,108 remaining SNPs span the mouse genome at an 

average of 1 per 1.8 kB and were assessed for association through single marker analysis and 

haplotype analysis. 

In single marker analysis genotype-phenotype associations were evaluated for each 

individual SNP using efficient mixed model association [EMMA, ref 21], as used by others [18, 

26]. The significance threshold was determined through permutation testing as in [19,26].  

 

QTL-wide association studies (QWAS): To specifically assess the SNP variation within the 

previously identified linkage intervals [7, 13] for association with radiation-induced lung disease 

we performed QWAS. For this SNPs located in linkage regions on chromosomes 1,6,7,9 & 17 

[refs 7,13] and the percent fibrosis phenotype data of the GWAS were re-analysed with the 

single marker method. We added the condition that the A/J and C3H alleles be different from the 

B6 allele for the regions on chromosomes 1 & 17; and that the C3H allele be different from the 

B6 allele for the regions on chromosomes 6, 7 & 9. The significance level for association was 

determined through permutation testing with the QTL region SNPs and the 5
th

 percentile of the 

resultant distribution was taken as the QTL-wide significance threshold. 

 Linkage interval genotypes were also tested for association with the fibrosis phenotype 

using haplotype blocks derived from the SNP data through a build-and-step-back approach. Our 

algorithm iteratively joins consecutive SNPs into haplotype blocks by clustering strains based on 

their genotypes. In this analysis each haplotype block was represented by a string of “labels” for 

each strain indicating the haplotype belonging to each strain. The association of the phenotype 

(percent fibrosis) with the haplotype “labels” was assessed using an analysis of variance 
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(ANOVA).  The significance threshold was determined through a weighted bootstrap procedure 

which takes into account strain relatedness while correcting for multiple testing. However this 

method was too stringent (<10
-32

) and yielded no significant results. We therefore present the ten 

most significant haplotypes in each QTL as in [27], for which the lowest nominal p-values 

ranged from 10
-12

 for chr 7 to 10
-19

 for chr 9.  

 

SNP-SNP interaction between Radpf1 and Radpf2: To determine whether an interaction of 

genotypes within the linkage intervals Radpf1 on chromosome 17 and Radpf2 on chromosome 1 

contributes to the fibrosis phenotype, as suggested in [13], we tested the association between the 

phenotype and all possible pairwise sets of SNPs as predictors through a linear model including a 

SNP-SNP interaction term. The significance of the interaction term was determined using an F 

test by comparing a full model including the interaction term with the partial model that excludes 

the interaction variable. Approximately 8 million tests were performed and the results were 

corrected for multiple testing using the Benjamini-Hochberg FDR approach.  

 

Candidate Gene Identification: Genes with SNP variation meeting the GWAS/QWAS 

significance criteria were defined using BioMart feature of Ensembl, filtered for pulmonary 

expression, and the predicted SNP effect on the encoded protein or on gene expression was 

evaluated.   

 

Results 

B6.A consomic strain response to thoracic irradiation: To determine whether loci linked to the 

radiation-induced pulmonary fibrosis response in B6 mice relative to C3H mice also predict for 
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the radiation response of the B6 relative to A/J strain studies of B6.A consomic mice were 

completed.  As shown in Figure 1A, consomic B6 mice with A/J alleles for chromosomes 1 or 17 

developed minimal fibrosis, which was not significantly different from that of the A/J strain 

(p>0.11) following radiation treatment, while mice consomic for chromosomes 4, 14, or X, 

selected to be distinct from the Radpf loci, were not spared fibrosis, thus the previously mapped 

Radpf loci are also relevant to the B6:A/J strain comparison for this phenotype.  Further 

phenotyping showed the mice of the B6.17A consomic strain to be resistant to the development 

of radiation-induced alveolitis, compared to the parental strains (Figure 1B,C).   

 

Inbred strain response to thoracic irradiation: To enable the use of a mouse SNP map for 

evaluating genetic susceptibility to radiation-induced fibrosis, the radiation response to 18 Gy 

whole thorax irradiation of a panel of 27 inbred strains was determined. The majority of mice 

suffered from alveolitis in response to thoracic irradiation, evident through increased average 

histological scores compared to those of untreated mice, as shown in Figure 2. Only male mice 

of the BTBRt+ tf/J strain did not exhibit respiratory distress and thus were euthanized at the 

experimental endpoint of 26 weeks.  Nine mouse strains also developed fibrosis wherein fibrotic 

scars covered greater than 4.5% of the lung (Figure 2). 

 The inflammatory response to irradiation was assessed by quantifying mast cell counts in 

lung tissue and bronchoalveolar cell differentials in mice euthanized in distress or at the end of 

the experiment.  Neither measure was significantly correlated with the development of fibrosis in 

the inbred strain panel (Figure 3 and Supplementary Figure 1).   
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GWAS analysis of inbred strain radiation response: To determine whether specific 

polymorphisms are significantly associated with the lung response phenotypes single marker 

association analyses were completed with a genome wide SNP map.  Regions on ten 

chromosomes were identified as associated with the development of the radiation-induced 

fibrosis lung response in the 27 inbred strains, p<0.05, as shown in Figure 4A.  Significant 

associations were also detected for time to onset of respiratory distress (survival), mast cell count 

and lavage lymphocyte percent & neutrophil percent (Supplementary Figure 2). 

 

QWAS analysis of inbred strain radiation response: To investigate variation within previously 

identified linkage intervals as associated with fibrosis susceptibility we performed an association 

analysis limited to five QTL intervals [7,13]. Using the single marker method the most 

significant associations were found for SNPs in the chromosome 9 locus (Figure 4B), followed 

by those on chromosomes 6 and 7.  

Within the chromosome 1 (Radpf2) & 17 (Radpf1) linkage intervals no SNPs reached the 

QTL-wide threshold for significance.  Given the previously suggested genetic interaction 

between variation within Radpf1 & Radpf2 on fibrosis susceptibility [13], we tested for a 

significant interaction of SNP genotypes at these loci and the phenotype of fibrosis.  Assessing 

the interaction term between all pairs of SNPs in the two loci produced 10 significant SNP-SNP 

interactions (Supplementary Table 1). 

To enable an evaluation of strain haplotypes within the linkage intervals as associated 

with fibrosis we developed an algorithm which iteratively “steps-back” to produce large, 

overlapping blocks of shared haplotypes among strains with a minimal error rate. The 

significantly fewer haplotype blocks in each QTL, compared to the numbers of SNPs, resulted in 
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a 5-10 fold reduction in the number of association tests performed for each QTL.  An analysis of 

variance was used to reveal linkage interval haplotype blocks most significantly associated with 

radiation-induced pulmonary fibrosis.  Since none of the blocks passed the stringent weighted 

bootstrap significance threshold, the 10 unique most significant p-values in each QTL were 

retained for candidate gene analysis. The most significant unique p-values correspond to an 

average of 21 blocks per QTL, and these overlap with a total of 8 genes, including 3 common to 

the single SNP QWAS set. 

 

Candidate genes for susceptibility to radiation-induced pulmonary fibrosis: A summary of the 

candidate genes revealed by each analysis, filtered for expression in lung tissue, together with 

information of the nature of the polymorphisms and of the differential expression status of the 

genes, is given in Table 1. Based on the genome wide analyses ten candidate genes for radiation-

induced pulmonary fibrosis were revealed while from the QTL level eight additional genes were 

identified as having variation which could influence the trait. Supplementary Figure 3 shows the 

effect of genotype on the pulmonary fibrosis phenotype for four of these significant associations 

presented in Table 1.   

In addition, the Radpf1-Radpf2 interaction evaluation revealed potential epistasis between 

two genes on chromosome 1 and six genes on chromosome 17 as affecting fibrosis and these are 

included as candidates in Table 1. As an example of the detected interaction, inbred strains with 

an allele “A” at SNP rs31529220, within Slamf6 on chromosome 1, developed an average of 4% 

fibrosis in their lungs post irradiation, but, when the responses of these strains are segregated by 

genotypes at SNP rs31528128, near Btnl1 on chromosome 17, average fibrosis scores of 

approximately 2% and 7%, depending on Btnl1 SNP genotype, are revealed, as illustrated in 
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Supplementary Figure 4. 

Discussion 

Radiation-induced pulmonary side effects remain a significant clinical concern [2-4], thus 

research to reveal assays predictive of response to radiotherapy remains at the forefront of 

molecular radiation oncology [28-30]. Recent evidence indicates that interpatient variation in the 

development of side effects after cancer radiotherapy can not be explained, to a clinically 

relevant effect, by polymorphisms in individual candidate genes [31], therefore alternative 

approaches to investigating the genetic basis of radiotherapy side effects are needed [32].  One 

approach involves evaluating the whole genome, which allows the discovery of a priori unknown 

variants as associated with the trait, in the controlled environment of a model system.  

In this study we made use of a mouse model which presents a phenotype similar (in time 

of onset and histologically) to the clinical radiotherapy late effect of pulmonary fibrosis and 

report the first genome-wide evaluation of radiation-induced side effects; a prevalent clinical 

problem [2-4]. Through association and linkage-based studies novel genetic variants which 

influence susceptibility to radiation-induced lung disease, including in genes which function in 

immune pathways, were revealed. 

Using chromosome substitution (consomic) mice we have shown the Radpf loci, 

previously mapped in a B6 x C3H mouse cross [7, 13], to be relevant to the B6 strain response to 

radiation, relative to A/J, as A/J alleles on chromosomes 1 or 17 protected against fibrosis 

development.  In addition, for chromosome 17, the presence of A/J alleles reduced the extent of 

radiation-induced alveolitis in consomic mice compared to B6 mice.  This result is similar to that 

reported for the radiation response of congenic B6.AKR-H2
k
 mice [13] where the presence of 

AKR alleles in a genomic region of chromosome 17 enabled the post treatment survival of the 
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congenic B6 mice to the end of the experiment with minimal lung disease. These studies indicate 

that B6 alleles on chromosome 17 are necessary for the development of fibrosis, in B6 mice, and 

also contribute to the alveolitis response as the consomic B6.17A and congenic B6.AKR-H2
k
 

mice did not develop the alveolitis presented by the inbred B6 mice.   

From the 27 strains of mice we observed a clear phenotype separation in propensity to 

develop fibrosis following thoracic radiotherapy which supports the use of inbred mice as a tool 

to dissect this complex clinical trait. Our results showed the lung disease phenotype of B6, C3H, 

A/J, BALB/c, KK/HIJ, AKR/J, SWR and CBA mice to agree with responses presented in prior 

reports on these mice [6, 10, 11, 33], while to our knowledge, the response of the 20 remaining 

strains to pulmonary irradiation has not been previously reported. In addition to the fibrosis 

phenotype, strain dependent inflammatory responses to thoracic irradiation have also been 

documented [12, 34] including mast cell numbers and bronchoalveolar lavage cell differential 

[7]. The survey of radiation response in inbred mice indicates that the inflammatory phenotypes 

evaluated, bronchoalveolar lavage cell profile and mast cell counts, did not, however, correlate 

with the development of fibrosis, suggesting the inflammatory contributions to the trait, if any, 

are not the same in every inbred strain.  Finally, consistent with prior datasets [7, 8] is the 

observation that time to respiratory distress was not predictive of the phenotype of fibrosis in the 

inbred strain panel.  

Using the phenotype data of the inbred strain panel we performed GWA studies and 

identified novel genetic variants associated with susceptibility to radiation-induced pulmonary 

fibrosis. Our results are derived from the phenotypes of 27 inbred strains, a number which is 

reasonable for such studies [18, 20, 35] but includes limitations.  For example, as with all 

association studies, a larger sample size would increase the statistical power to detect 



14 

 

polymorphisms with small effects. Secondly, our source for sequence polymorphism was the 

CGD1 dataset which contains both experimentally-derived SNPs and imputed SNPs and is, to 

our knowledge, the most dense genotype dataset available, pending the delivery of complete 

genomic sequence, which has been reported for a subset of our evaluated inbred strains [36]. 

Finally, the phenotypes and genotypes were analysed with EMMA, an algorithm which 

addresses strain relatedness, but does not permit genotypes to be evaluated in haplotypes.   

We extended the linkage region association analysis, or QWAS, to include an assessment 

of haplotypes for association with the trait, given the limited genetic information of single 

marker analysis which can not reveal linked, interacting SNPs within disease loci. To facilitate 

this analysis haplotypes of a specified minimal error rate were generated. Tests for associations 

of fibrosis with extended haplotypes, however, produced no results exceeding the stringent 

threshold for significance, as we were unable to adequately account for strain relatedness in this 

analysis.  Nevertheless by focusing on most significant associations, we identified the haplotype 

of several QTL genes which were found, through the single marker analysis, to be significantly 

associated with fibrosis and identified additional candidates for the trait.   

Our investigation identified 26 genes as potential candidates for the lung response 

phenotype.   The majority of the genes have been demonstrated to be differentially expressed in 

lung tissue following whole thorax irradiation [9], but, as is the case with most GWAS, many of 

significant SNPs found by our analysis reside in introns which makes the mechanism of their 

genetic contribution to disease difficult to interpret [37]. For example, on chr 9, highly 

significant SNPs and haplotypes were found in a conserved noncoding sequence of an intergenic 

region, between Cadm1 and Rexo2 closest to a cluster of Fam55 genes and predicted 

genes/pseudogenes. Whether such variation could act in gene regulation, which is possible for 
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long-range cis-acting SNPs of gene targets [19, 38], and if so which of the nearby genes it acts 

upon however are uncertain. Cadm1 is cell adhesion molecule 1 and as our previous study [9] 

demonstrated cell adhesion molecule signalling to be the pathway most altered in the lungs of 

mice following thoracic irradiation, variation in cell adhesion mediated by Cadm1 could alter the 

lung response to radiation injury. Indeed, Hallahan et al. [39] showed intercellular adhesion 

molecule-1 deficient mice to develop less pulmonary fibrosis following thoracic irradiation than 

that measured in wild type controls. Secondly, Rexo2 is an RNA exonuclease and recently 

another similar enzyme, Xrn2 has been associated with murine lung cancer [19] through its 

involvement in epithelial cell proliferation. Impaired restoration of the alveolar epithelium 

following the initial stimulus is a potential trigger for pulmonary fibrosis [40, 41], therefore 

variation in a gene implicated in alveolar cell proliferation could contribute to radiation-induced 

lung damage. 

Additional candidate genes revealed here by genomic investigation are also 

physiologically plausible for affecting the phenotype.  For example, pulmonary fibrosis can 

occur as a result of increased extracellular matrix deposition and genes involved in this process 

such as Abl2 and Ddr1 [42,43] were identified to have variation significantly associated with the 

trait. Supporting this, Ddr1 -/- mice have been shown to develop a reduced amount of pulmonary 

fibrosis in response to a related challenge, that of bleomycin-induced lung injury [44], and in 

separate work [45], to be protected from renal fibrosis.  An inflammatory contribution to the 

tissue response of fibrosis has also been suggested [46] and polymorphisms within particular 

candidate genes which function to alter the inflammatory response (Slamf6, Btnl1) could thus 

affect susceptibility to radiation-induced lung disease [41, 47, 48].  Further, increased levels of 

the cytokine transforming growth factor beta (Tgf-β) in lung tissue have been implicated in the 
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development of fibrosis in animal models [49], including in response to irradiation [50] and 

specific candidate genes identified in our analysis (Cdkn1a or p21, Pin1) have been 

demonstrated to influence fibrosis development by altering Tgf-β levels [51, 52].  Finally, among 

the identified candidate genes Shprh is known to function in DNA repair [53], therefore variation 

in cellular radiation sensitivity such as reported by others [27, 54], in addition to strain specific 

tissue responses to radiation injury, may contribute to the development of the fibrosis phenotype. 

The radiotherapy-associated side effect of pulmonary fibrosis is a genetically complex 

trait, whose development is most likely dictated by several genes which each contribute a small 

effect to the disease phenotype. Our investigation of the genetic basis of this trait therefore 

encompassed genome-wide and QTL-specific association analyses, both at the single marker and 

haplotype level, to increase the power of identifying true candidates for this trait. These data, 

combined with strain dependent and post thoracic irradiation gene expression profiling, have 

revealed variants in genes including cell adhesion molecules and those which function in 

adaptive immune responses to be associated with radiation-induced pulmonary fibrosis in mice. 
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Table 1. Candidate genes revealed by association analyses 

                                                 
1
 Single Marker Genome Wide Association Analysis 

2
 Single Marker QTL Wide Association Analysis 

3
 Haplotype Analysis QTL Wide 

4
 a = differentially expressed in A/J Treated vs A/J Control; b = differentially expressed in C57BL6/J Treated vs C57BL6/J 

Control; c = differentially expressed in C3H/HeJ Treated vs C3H/HeJ Control. Treated is defined as irradiated with a single dose 

of 18Gy to the thorax (ref 6). 
5
 ab = differentially expressed in A/J vs C57BL6/J; bc = differentially expressed in C57BL6/J vs C3H/HeJ; ca = differentially 

expressed in C3H/HeJ vs A/J 
6
 CNS=Conserved Noncoding Sequence, Cn=Coding nonsynonymous SNP, i=intron 
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Figure Legends 

Figure 1.  Radiation-induced lung phenotype of consomic B6.A mice.  Mice of each strain 

were exposed to 18 Gy whole thorax irradiation and euthanized when moribund or at 26 weeks 

post treatment.  (a) percent fibrotic lung tissue in Trichrome stained histological sections (b) 

alveolitis score derived from semi quantitative evaluation of histological sections and (c) time 

post treatment to develop respiratory distress. Phenotypes are presented as the mean ± std error 

of groups of 7-15 mice. The average phenotypes of untreated control mice were an alveolitis 

score of 1.8 and 0% fibrosis. *indicates a significant difference in phenotype between the 

parental strains, p<0.05; + indicates a significant difference in phenotype compared to the A/J 

strain, p<0.05; #indicates a significant difference in phenotype compared to the B6 strain, 

p<0.05. 

 

Figure 2. Murine strain difference in lung response to radiation. Mice of each strain were 

exposed to 18 Gy whole thorax irradiation and euthanized when moribund, or at 26 weeks post 

treatment which was the end of experiment (EOE). (a) images of Masson’s trichrome-stained 

lung sections from strains indicating different fibrosis responses to whole thorax irradiation;  

magnification = 200X. (b) percent fibrotic lung tissue in Trichrome stained histological sections 

(c) alveolitis score derived from semi quantitative evaluation of histological sections and (d) time 

post treatment to develop respiratory distress. Phenotypes are presented as the mean ± std error 

of groups of 9-20 mice. The average phenotypes of untreated control mice were an alveolitis 

score of 1.6 and 0% fibrosis.  

 

Figure 3.  Murine strain difference in inflammatory lung response to radiation. Mice of 

each strain were exposed to 18 Gy whole thorax irradiation and euthanized when moribund. (a) 
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mast cell count from Toluidine blue stained lung sections post radiation treatment. Mast cell 

counts in control mice were 0.07±0.05 cells/mm
2
 and (b) cell types in bronchoalveolar lavage 

(BAL). Phenotypes are presented as the mean ± SEM of groups of 9-20 mice. 

 

Figure 4. GWA and QWA of radiation-induced pulmonary fibrosis in mice.  The fibrosis 

phenotype data of Figure 2 were analysed with (a) genome-wide and (b) chromosome 9 QTL 

SNP genotypes and p values for association computed using EMMA. The dashed grey line 

indicates the 0.05 significance threshold which for the genome-wide dataset corresponds to a 

point-wise p-value of 2.68x10
-6

.  
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SUPPLEMENTARY DATA 

Materials and Methods 

Mice: Mice of inbred (AKR/J, CBA/J, NOD/ShiLtJ, C3H/HeJ, LG/J, A/J, BTBR T+ tf/J, 

BALB/cJ, PL/J, CE/J, SM/J, LP/J, SJL/J, DBA/2J, I/LnJ, NON/ShiLtJ, BUB/BnJ, SWR/J, 

C57BL/6J, NZW/LacJ, MA/MyJ, 129S1/SvImJ, FVB/NJ, KK/HlJ, NZB/BlNJ, C57BLKS/J, 

C58/J) and consomic B6.A strains (C57BL/6J-Chr 1A/J/NaJ, C57BL/6J-Chr 4A/J/NaJ, C57BL/6J-

Chr 14A/J/NaJ, C57BL/6J-Chr 17A/J/NaJ, C57BL/6J-Chr XA/J/NaJ) were purchased from the 

Jackson Laboratory (Bar Harbor, USA) and housed in the animal facility of the Meakins-Christie 

Laboratories. All mice were handled according to guidelines and regulations of the Canadian 

Council on Animal Care. 

  

Radiation treatment: Mice were treated at 8 weeks of age. Lung damage was elicited by whole 

thorax radiation exposure (18 Gy; dose rate 0.7 Gy/minute) using a Gamma cell Cesium-137 unit 

as previously described [1-5]. The irradiated mice were sacrificed when moribund, or at 26 

weeks after treatment.  The mice were weighed weekly from eight weeks after radiation and 

mice losing > 20% body weight, and exhibiting distress through ruffled fur, accelerated 

breathing and hunched posture, were sacrificed as described previously [1]. The control mice 

(five of each of B6, C3H, FVB/NJ, & A/J strains, four NOD/ShiLtJ, seven BTBR T+ tf/J, four 

C57BL/6J-Chr 1A/J/NaJ and three C57BL/6J-Chr 4A/J/NaJ mice) were not treated and were 

euthanized at the 15-26 week time points.  

 

Histology: At necropsy, bronchoalveolar lavage (BAL) was performed by cannulating the 

trachea and retrieving cells from three 1-mL injections of phosphate buffered saline. The lungs 



were then removed and the single left lobe of each mouse was perfused with 10% neutral 

buffered formalin and submitted for histological processing.  Lung sections were stained with 

Masson's Trichrome and the area of fibrosis in the left lung lobe was determined from a user 

drawn region surrounding the fibrosis (Image Pro Plus Software) compared to the area of the 

entire lobe to yield the percent of pulmonary fibrosis for individual mice [1,3]. To assess 

alveolitis, hematoxylin and eosin (H&E) stained left lung sections were evaluated through semi-

quantitative histology [1,3]. Mast cell numbers were determined by counting the positive cells 

present in 10 fields of a lung histological section stained with Toluidine blue, at a 400x 

magnification. All scoring was completed by a user blinded to mouse strain and treatment.  

 

Bronchoalveolar Lavage Fluid (BAL) Analysis: The BAL fluid was centrifuged (302g for 10 

minutes @ 4C) and the supernatant was removed and stored at -85C. The cellular pellet was 

re-suspended in 0.25mL PBS. Inflammatory cell counts were performed (400x magnification) on 

cytocentrifuged cells (214.2g for three minutes), after staining with a hematoxylin-eosin kit 

(Hema-3 Stain Set by Protocol) and are reported as the percentage of 500 counted cells. To 

assess correlations among disease phenotypes pairwise Pearson’s correlation coefficients and 

corresponding p-values were calculated using the rcor.test function in R (http://cran.r-

project.org/). 

 

Genome-wide association studies (GWAS): GWAS were completed using 236 mice from 27 

inbred strains and the following phenotypes: percent fibrotic lung tissue, survival post 

irradiation, percent of lymphocytes & neutrophils in BAL and lung tissue mast cell count. The 



phenotype data include the response of one SWR/J mouse, which was included as the measured 

phenotype agrees with that previously reported for this strain [6]. 

Genotype data consisted of the CGD1 (http://cgd.jax.org/index.php) imputed dataset 

downloaded from the Mouse Phenome Database (Jackson Laboratory, Bar Harbor, ME). This 

dataset was filtered for SNPs imputed with confidence scores >0.9 as in [7], and SNPs with 

fewer than 20 strains typed/imputed or with a minor allele frequency <3/27 were removed as has 

been used by others [7,8]. The 1,885,108 remaining SNPs span the mouse genome at an average 

of 1 per 1.8 kB and were assessed for association through single marker analysis and haplotype 

analysis. 

In single marker analysis genotype-phenotype associations were evaluated for each 

individual SNP using efficient mixed model association (EMMA, ref [9]), a method which takes 

into account the relatedness between the inbred strains as used by others [7,10,11]. For each SNP 

a two-sided p-value was obtained by testing the null hypothesis of no association between 

genotype and phenotype, using the R implementation of the EMMA package 

(http://mouse.cs.ucla.edu/emma). A locus was considered to be significantly associated with the 

phenotype if its SNP score (-log10(pvalue)) was above the genome-wide threshold and it 

contained at least two SNPs within 50 kB of each other [12]. The significance thresholds were 

determined through permutation testing as in [8,11]. In detail, for each of 1000 permutations, 

phenotype values were randomly shuffled, genotype-phenotype associations tested and the 

minimal nominal p-value retained. The resulting 1000 minimal p-values were sorted in 

ascending order and the 5% quantile of the distribution was taken as the genome-wide 

significance threshold (global p-value of 0.05) as used by Lu et al. [8].  

 



QTL-wide association studies (QWAS): To specifically assess the SNP variation within the 

previously identified linkage intervals [1,13] for association with radiation-induced lung disease 

we performed QWAS. For this SNPs located in linkage regions on chromosomes 1,6,7,9 & 17 

and the percent fibrosis phenotype data of the GWAS were re-analysed with the single marker 

method. We added the condition that the A/J and C3H alleles be different from the B6 allele for 

the regions on chromosomes 1 & 17; and that the C3H allele be different from the B6 allele for 

the regions on chromosomes 6, 7 & 9. The significance level for association was determined 

through permutation testing with the QTL region SNPs and the 5th percentile of the resultant 

distribution was taken as the QTL-wide significance threshold. 

 Linkage interval genotypes were also tested for association with the fibrosis phenotype 

using haplotype blocks derived from the SNP data through a build-and-step-back approach, 

based on the method developed by Cahan et al. [14]. Our algorithm iteratively joins consecutive 

SNPs into haplotype blocks by clustering strains based on their genotypes. A consensus 

haplotype (a vector composed of the most frequent genotypes at each string position) was 

derived for each cluster of strains and we allowed an overall error rate of 10% of the block length 

between the genotypes of each individual strain and the consensus haplotype (e.g in a haplotype 

block of 100 SNPs shared among 4 strains, we allowed a total of 10 SNPs to be different among 

the 4 individual strain genotypes and the consensus haplotype). At each step in the algorithm the 

haplotype was “built” by adding the consecutive SNP, if the above condition was met.  When 

this condition was not met our algorithm “stepped back” and re-analyzed the shorter block 

obtained by iteratively subtracting the first SNP in the current block until a valid haplotype was 

obtained. Thus the method generated larger, overlapping haplotypes, and not adjacent blocks, as 

in Cahan et al. To ensure a maximum number of polymorphisms were evaluated in this approach 



we used the complete SNP dataset without applying the minor allele frequency and genotyping 

rate filters and thus only SNPs with a minor allele frequency of zero in the 27 strains were 

removed. The “step-back” approach greatly increased the computational time, therefore the 

analysis was restricted to the QTL level. 

In this analysis each haplotype block was represented by a string of “labels” for each 

strain indicating the haplotype belonging to each strain. The association of the phenotype 

(percent fibrosis) with the haplotype “labels” was assessed using an analysis of variance 

(ANOVA).  The weighted bootstrap significance threshold was too stringent (<10-32) and yielded 

no significant results. We therefore present the ten most significant haplotypes in each QTL as in 

(12), for which the lowest nominal p-values ranged from 10-12 for chr 7 to 10-19 for chr 9.  

 

SNP-SNP interaction between Radpf1 and Radpf2: To determine whether an interaction of 

genotypes within the linkage intervals Radpf1 on chromosome 17 and Radpf2 on chromosome 1 

contributes to the fibrosis phenotype, as suggested in [13], we tested the association between the 

phenotype and all possible pairwise sets of SNPs as predictors through a linear model including a 

SNP-SNP interaction term. The significance of the interaction term was determined using an F 

test by comparing a full model including the interaction term with the partial model that excludes 

the interaction variable. Approximately 8 million tests were performed and the results were 

corrected for multiple testing using the Benjamini-Hochberg FDR approach.  

Candidate Gene Identification: Genes with SNP variation meeting the GWAS/QWAS 

significance criteria were initially defined using BioMart feature of Ensembl which incorporated 

NCBI build 37 (http://www.ensembl.org).  

These genes were next filtered to reveal those that are expressed in lung, which was 



defined as genes having a “Present” call as obtained using the MAS5.0 algorithm, in a prior 

microarray study of radiation induced lung disease [4]. The lung expression of the “Present” 

genes was confirmed using data from two additional microarray experiments (GEO database - 

GDS1492 (ref [15]) and GDS1649 (ref [16]). Similarly, genes not expressed in the lung were 

deemed to be absent in the two other microarray studies. The only exception was Kcnip4 which 

shows lung expression in the majority of assays in the GEO database, including GDS1492, and 

was therefore retained in the list of candidates. Of the genes filtered for pulmonary expression, 

further evaluation revealed those harbouring SNPs which create a non synonymous mutation, or 

interrupt a splice site as in [7,17,18]. 

SNPs of significant association were retained in the candidate list if determined to map to 

conserved non coding regions (CNS) of the genome.  In this analysis, for each SNP region an 

alignment was performed between the mouse sequence and all vertebrate genomes available in 

the database Genome Browser (http:// genome.ucsc.edu) using the MULTIZ method [19]. The 

most conserved elements were identified and scored by PhastCons [20] and were considered as 

potential regulatory sequences if they were not located in gene exons, their length >100 bp and 

the PhastCons LOD score was higher than 70, as defined by others [21,22]. 

The QWAS-derived candidate genes with significantly associated SNPs in potential 

regulatory regions (intronic, 5’ or 3’ UTR, CNS) were further filtered for those with strain 

dependent pulmonary differential expression (in the untreated condition or post thoracic 

radiation), using our gene expression profiles [4] as in [7,10].  
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Supplementary Table 1. Significantly interacting SNP pairs in Radpf1 and Radpf2 
 
 
 
 

 

 

 

 

 

 

A linear model was fitted to the phenotypic data with Radpf1 and Radpf2 SNPs as covariates. 

The significance of the interaction term between each pair of SNPs was determined by 

comparing the model with interaction versus a simple additive model. The first 10 significant 

interacting SNP pairs are shown together with the false discovery rates and the gene containing 

or located near the SNP. 
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rs50253706 rs31168022 2.67E-09 0.01 Ddr1 Tpr intron 9 
rs51899510 rs31168022 2.60E-09 0.01 Ddr1 Tpr intron 9 
rs33801987 rs31168022 1.01E-08 0.025 Btbd9 intron 4 Tpr intron 9 
rs46654461 rs31272943 1.75E-07 0.134 Myo1f Abl2 3'UTR 
rs49838267 rs31272943 1.96E-07 0.134 Myo1f intron 1 Abl2 3'UTR 
rs33444918 rs31529220 1.72E-07 0.134 Btnl1 Slamf6 intron 1 
rs33444918 rs31528128 2.66E-07 0.134 Btnl1 Slamf6 intron 1 
rs47182407 rs31168022 2.35E-07 0.134 Mrps18b intron 1 Tpr intron 9 
rs51682784 rs31168022 2.03E-07 0.134 Ddr1 intron 7 Tpr intron 9 
rs29518121 rs46915727 2.17E-07 0.134 Notch4 intron 17 intergenic 



 

Supplementary Figure 1. Correlations between radiation-induced lung response 

phenotypes in the panel of inbred strains.   

Mice were exposed to 18 Gy whole thorax irradiation and euthanized when moribund or at 26 

weeks post treatment. Phenotypes as presented in Figure 2. Correlations of alveolitis score and 

(a) fibrosis score, (b) bronchoalveolar lavage neutrophil percent (c) survival time post radiation 

treatment; and of (d) the fibrosis score to bronchoalveolar lavage neutrophil percent.  

0

5

10

15

20

25

0 2 4 6

F
ib

ro
si

s 
(%

)

Alveolitis score

0

10

20

30

40

50

60

70

0 2 4 6

%
 o

f 
B

A
L

 P
M

N
 c

e
lls

Alveolitis score

40

60

80

100

120

140

160

180

200

0 2 4 6

S
u

rv
iv

a
l 

ti
m

e
(d

ay
s 

p
o

st
 i

rr
ad

ia
ti

o
n

)

Alveolitis score

A

B

C

% of BAL PMN cells 

D



 

Supplementary Figure 2. GWA of radiation-induced lung phenotypes in mice.  

The survival phenotype data of Figure 1 and the inflammatory response data of Supplementary 

Figure 2 were analysed with genome-wide SNP genotypes and p values for association computed 

using EMMA. (a) Lavage PMN percent, (b) Survival time post radiation, (c) lavage lymphocyte 

percent, (d) mast cell counts. The horizontal lines indicate the 0.05 genome-wide significance 

thresholds. 
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Supplemental Figure 3. Genotype-phenotype associations of radiation-induced pulmonary 

fibrosis in mice.   Each boxplot shows the median, lower and upper quartiles and extreme values 

of the fibrosis levels of the inbred strains, as presented in Figure 2, according to their genotype at 

a particular SNP of significant association. The polymorphism as well as the gene it is located in 

is indicated in the title of each plot.  

 

  



 

 

 

 

 

Supplemental Figure 4. Epistatic interaction between SNPs in Radpf1 and Radpf2 influences 

radiation-induced pulmonary fibrosis in mice.  Linear models were adjusted for the phenotype of 

radiation-induced pulmonary fibrosis in 27 inbred strains using the two SNPs as covariates. The 

significance of the interaction term was obtained by comparing the complete model (with 

interaction) versus the simple additive model (no interaction). The x axis shows the genotypes 

for A) rs31529220 B) rs31528128 on chromosome 1. The genotypes for the interacting SNP, 

rs33444918 on chromosome 17, are shown in the legend. Phenotype values on the y axis are 

presented as mean ± stdev for each genotype group. 


