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Abstract 

Respiratory toxicity caused by the common urban air pollutant ozone (O3) varies considerably 

within the human population and across inbred mouse strains, suggestive of gene-environment 

interactions (GxE). Though previous studies genetic mapping studies using classical inbred 

strains have identified several and quantitative trait locus (QTL) and candidate genes underlying 

responses to O3 exposure, precise mechanisms of susceptibility remain incompletely described. 

We sought to expand our understanding of the genetic architecture of O3 responsiveness using 

the Collaborative Cross (CC) recombinant inbred mouse panel, which contains more genetic 

diversity than previous inbred strain panels. We evaluated hallmark O3-induced respiratory 

phenotypes in 56 CC strains after exposure to filtered air or 2 ppm O3, and performed focused 

genetic analysis of variation in lung injury as measured by the total bronchoalveolar lavage 

protein concentration. Because animals were exposed in sex- and batch-matched pairs, we 

defined a protein response phenotype as the difference in lavage protein between the O3- and 

FA-exposed animal within a pair. The protein response phenotype was heritable, and QTL 

mapping revealed two novel loci on Chromosomes 10 (peak: 26.2 Mb; 80% CI: 24.6-43.6 Mb) 

and 15 (peak: 47.1 Mb; 80% CI: 40.2-54.9 Mb), the latter surpassing the 95% significance 

threshold. At the Chr. 15 locus, C57BL/6J and CAST/EiJ founder haplotypes were associated 

with higher protein responses compared to all other CC founder strain haplotypes. Using 

additional statistical analysis and high-density SNP data, we delimited the Chr. 15 QTL to a ~2 

Mb region containing 21 genes (10 protein coding). Using a weight of evidence approach that 

incorporated candidate variant analysis, functional annotations, and publicly available lung gene 

expression data, we nominated three candidate genes (Oxr1, Rspo2, and Angpt1). In summary, 
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we have shown that O3-induced lung injury is modulated by genetic variation and demonstrated 

the value of the CC for uncovering and dissecting gene-environment interactions. 
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Introduction 

Ozone (O3) is a potent oxidant gas and ground-level air pollutant. Acute O3 exposure 

causes temporary decrements in lung function (1, 2), respiratory inflammation (3, 4), and tissue 

injury (5, 6), as well as aggravating symptoms of common chronic lung diseases including 

asthma and chronic obstructive pulmonary disease (7–9). Short-term O3 exposure is also 

associated with an increased risk of respiratory tract infections and hospitalization (10). 

Importantly, these adverse outcomes have been linked with the pathogenesis of respiratory 

diseases (11). Thus, because of its involvement in disease incidence and exacerbations (12), 

identifying the molecular circuitry by which O3 exposure causes pulmonary inflammation and 

injury is a critical public health concern. 

 Controlled exposure and candidate gene studies in humans have provided strong evidence 

that responses to O3 vary widely and reproducibly across individuals, in a fashion partially 

attributable to genetic variation (13–19). Studies using panels of genetically diverse rodent 

strains have corroborated these findings, provided evidence of heritability, and identified 

multiple loci that control hallmark respiratory responses such as airway neutrophilia and injury 

(20, 21). These foundational studies proposed important candidate genes including Tlr4, Nos2, 

and Tnf, whose roles in O3 respiratory toxicity have since been thoroughly studied (22–27). Here, 

we sought to further characterize the genetic architecture of respiratory responses to acute O3 

exposure, thereby illuminating novel gene-by-environment interactions (GxE) for future 

experimental validation and investigation. 

 For the current study, we used the Collaborative Cross (CC) genetic reference population, 

a multi-parental inbred strain panel derived by funnel inbreeding of five classical (A/J, 

C57BL/6J, 129S1SvImJ, NOD/ShiLtJ, NZO/H1LtJ) and three wild-derived mouse strains 
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(CAST/EiJ, PWK/PhJ, WSB/EiJ) (28, 29). Nearly all previously published studies investigating 

genetic contributions to O3 responses focused on responses in classical laboratory strains, failing 

to capture the full breadth of genetic diversity available within the Mus musculus species. The 

CC captures over 90% of circulating genetic variants (> 40 million SNPs and several million 

indels and small structural variants), owing in large part to the inclusion of wild-derived strains 

from three different Mus musculus subspecies (M. m. domesticus, castaneus and musculus) (30). 

Moreover, the breeding strategy used to generate CC lines created novel allelic combinations, 

thus enhancing the range of phenotypic variation observed compared to that across the founder 

strains alone (31, 32). This population has already been used to identify genomic regions 

associated with various respiratory disease phenotypes including allergic inflammation in the 

airways (33–35) and susceptibility to virus-induced respiratory disease endpoints (36, 37). 

Hence, this resource is well-suited for toxicogenomic discovery and identification of genes and 

variants contributing to O3-induced responses in the lung. 

 We measured inflammatory and injury responses in mice from 56 CC strains after a 3-

hour exposure to filtered air (FA) or 2 ppm O3. The analyses here are primarily focused on total 

protein concentration in the bronchoalveolar lavage fluid, a non-specific marker of lung injury, 

for which we identified two novel genomic loci (one significant and one suggestive) associated 

with variation in responsiveness. Using a weight of evidence approach along with available 

genome sequence data, we prioritized candidate genes within the significant locus, located on 

Chromosome 15. 
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Materials and Methods 

Animals. 

Female and male mice from 56 Collaborative Cross strains were obtained from the UNC 

Systems Genetics Core Facility between August and November 2018. Mice were delivered as 

litter- and sex-matched pairs or trios (matches) upon weaning and aged on investigator’s racks 

until the time of exposure. Animals were housed in groups of three or more under normal 12-

hour light/dark cycles, in polycarbonate cages with ad libitum food (Envigo 2929) and water on 

Teklad 7070C bedding (Envigo). All studies were conducted in compliance with a protocol 

reviewed by the University of North Carolina Institutional Animal Care and Use Committee in 

animal facilities approved and accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International. 

 

Ozone exposure. 

All mice were 9-12 weeks of age at the time of filtered air or 2 ppm ozone exposure. 

Mice were randomly assigned to experimental groups within a pair or trio (referred to as a 

match), and all matches within a strain were randomized over the course of the study to address 

batch effects. A full calendar detailing the batches is included in Supplemental Figure S1.  Mice 

were exposed to O3 in individual wire-mesh chambers without access to food or water, as 

described previously (38, 39). Exposures were performed at roughly the same time (from 9 am-

12 pm), with highly stable concentrations of O3 delivered across all batches (Supplemental 

Figure S2). 
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Phenotyping. 

Lung phenotyping. Mice were returned to their normal housing upon cessation of exposure for 21 

hours, at which point mice were anesthetized via an i.p. injection of urethane (2 g/kg) and 

euthanized by exsanguination via the inferior vena cava/descending abdominal aorta. Two 

bronchoalveolar lavage (BAL) fractions were collected as described previously (39). Supernatant 

from the first BAL fraction was stored at -80°C for biochemical analysis. Pellets from both BAL 

fractions were pooled, and a portion was used for performing total and differential cell counts. 

 

Total protein measurement. Total BAL protein was quantified using the Quant-iT Protein Assay 

kit (Thermo Scientific), using manufacturer’s instructions. Assays were performed in black 384-

well plates using 1 μL of BAL fluid and 75 μL of assay reagent. Samples were randomly 

assigned to 1 of 5 plates and each sample was plated in triplicate. Fluorescence was measured 

using the Cytation 5 multi-mode plate reader (BioTek), and values were calculated from the 

mean of the triplicate compared to the standard curve. 

 

Statistical genetics analysis. 

Definition of ozone-induced lung injury phenotype using BAL protein data. Here, we define a 

protein response phenotype, indicative of lung injury, as the difference in total protein 

concentration between an O3-exposed mouse (or mice) and its FA-exposed match. For trios, the 

mean value from the two O3-exposed mice was used. Data from unpaired mice were excluded. 

 

Heritability calculations. Broad-sense heritability (H2) was estimated using a Bayesian linear 

mixed model approach implemented in R/INLA (40), as described previously with 
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Heterogeneous Stock rats (41). Importantly, because a strain-identity kinship matrix is used for 

the inbred CC strains to estimate genetic relatedness, additive and dominant genetic effects are 

confounded; thus, broad-sense rather than narrow-sense heritability is calculated, in contrast to 

the approach used in Keele et al. (41). 

 

CC strain genotypes and haplotype mosaics. Inferred CC founder haplotype contributions were 

previously reconstructed by the UNC Systems Genetics Core using a Hidden Markov Model on 

weighted consensus genotype calls from the most recent common ancestors for a given CC 

strain. These founder genotype probability files are publicly available 

(http://csbio.unc.edu/CCstatus/index.py?run=FounderProbs). The genome cache was constructed 

with a reduced number of total loci, as described previously (42). Briefly, to minimize 

computational burden and reduce the testing penalty when performing quantitative trait locus 

(QTL) mapping, adjacent genomic regions with similar founder mosaics were identified and 

merged through averaging. The genome cache used for mapping was constructed with NCBI 

Build 37 positions, then converted to Build 38 positions using the UCSC Genome Browser 

liftOver function. 

 

QTL mapping. Association between the protein response phenotype and the inferred CC founder 

haplotypes was performed at each point in the genome using a variant of the Haley-Knott 

regression termed regression on probabilities (ROP), as implemented in R/miqtl (42). First, a null 

model was built, 

𝑦𝑖 = 𝜇 + batch𝑏[𝑖] + sex𝑠[𝑖] + 𝜀𝜄 (Eq. 1) 
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where yi represents the phenotype value for an individual pair or trio, i, 𝜇 represents the 

population mean, variables for batch date (with 17 levels, b = 1…17) and sex of a given match 

are included as covariates. Then, a full model was built, 

𝑦𝑖 = 𝜇 + batch𝑏[𝑖] + sex𝑠[𝑖] + QTL𝑖 + 𝜀𝜄 (Eq. 2) 

where QTL denotes the additive QTL effect of founder haplotypes at a given locus. The 

likelihoods of the two models were compared using a likelihood ratio test. QTL were deemed 

significant if they surpassed the genome-wide significance threshold, which was determined by 

permutation (n=1000). 

 

QTL effect size and QTL location estimation. The variance attributed to a QTL was calculated by 

linear regression. Effect size was computed as 

(SS𝑃𝑒𝑎𝑘_𝑀𝑎𝑟𝑘𝑒𝑟)/(SS𝑃𝑒𝑎𝑘_𝑀𝑎𝑟𝑘𝑒𝑟  +  SS𝐵𝑎𝑡𝑐ℎ  +  SS𝑆𝑒𝑥)  ∗  100 (Eq. 3) 

where SS is the sum of squares, or variation, attributed to founder haplotype at the peak marker 

(SS𝑃𝑒𝑎𝑘_𝑀𝑎𝑟𝑘𝑒𝑟), batch (SS𝐵𝑎𝑡𝑐ℎ), or sex (SS𝑆𝑒𝑥). Confidence intervals for the QTL locations 

were defined using positional bootstrapping with R/miqtl. For each QTL, 1000 bootstraps were 

performed, and the 80% confidence interval was reported. 

 

Haplotype effects estimation and allelic series inference. To estimate the effect of haplotype 

substitution at the detected QTL on protein response, we used Diploffect (43), a Bayesian linear 

mixed model that estimates confidence intervals for additive haplotype effects while 

incorporating uncertainty in haplotype contributions present in the genome cache used for 

mapping. To infer the allelic series at QTL, or number of functional alleles into which the 
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founder haplotypes group, we used a Bayesian model selection method, Tree-based Inference of 

Multiallelism via Bayesian Regression (TIMBR) (44). 

 

Candidate variant (merge) analysis. A multiallelic merge analysis was used to identify candidate 

variants within the 80% confidence interval of the significant QTL peak (45–47). This procedure 

tests whether a significant QTL signal, identified by the 8-haplotype association model, can be 

explained more parsimoniously by the pattern of known alleles at a given variant. 

 

Weight of evidence criteria for candidate gene identification. To evaluate candidate genes within 

the QTL region, we used a weight of evidence approach with the following criteria: 

1. Existence of variants (within or near a gene, identified by merge analysis) whose strain 

distribution pattern is similar to or the same as the haplotype effects from the eight-allele 

model used for mapping.  

2. Presence of variants (ascertained from #1) that alter the coding portion of the transcript, 

with an emphasis on those that also alter or disrupt the amino acid sequence. 

3. Evidence that the candidate gene is expressed in any compartment or cell type within the 

lung. For this criterion, we queried (1) our previously published bulk RNA-seq data (39) 

generated from conducting airways tissue and airway macrophages isolated from female 

C57BL/6J mice exposed to FA and 2 ppm O3, and (2) a variety of publicly available 

single-cell and bulk RNA-seq datasets using the EMBL-EBI Single Cell and Bulk 

Expression Atlases and LungMAP. 

4. Relevant biological function, as judged by their entry in the Mouse Genome Informatics 

database and reference in previous publications. 
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Variant consequence prediction. SIFT (48) consequences were lifted from the Ensembl database, 

while PolyPhen-2 (49), PROVEAN (50) and SNAP2 (51) scores were calculated using default 

settings on their respective webtools. 

 

Data and code availability. 

Raw phenotypic data, metadata, and individual-level protein concentration data are 

available in Supplemental Table S1. All code used for described analyses is available in a single 

R file (‘tovar_2021.R’) in the Supplemental Material, except that used for merge analysis, which 

is available on GitHub (‘yanweicai/MergeAnalysisCC’). Relevant kinship matrices used for 

heritability calculations are provided in the Supplemental Material. 

 

Results 

Acute ozone (O3) exposure induces variable lung inflammation and injury across 56 

Collaborative Cross (CC) strains 

We utilized a design in which mice within a given Collaborative Cross (CC) strain were 

exposed to filtered air (FA) or ozone (O3) in sex- and litter-matched pairs or trios, hereafter 

referred to as matches (Figure 1). We observed an induction of neutrophilia that was highly 

variable across strains after O3 exposure (Figure 2). Using data from O3-exposed animals only 

(because most strains have no neutrophils after FA exposure), we estimated the broad-sense 

heritability (H2) to be 0.47 (95% CI: 0.36-0.60) and 0.52 (95% CI: 0.23-0.78) for percentage and 

total number of neutrophils in BAL, respectively. As a quantitative measure of lung injury, we 

measured total protein concentration in bronchoalveolar lavage (BAL) fluid (Figure 3A). This is 

a non-specific marker of serum contents (primarily serum albumin (4, 52)) that leak into the 
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airspace upon damage to the alveolar epithelium and increased permeability of the underlying 

capillary beds. Evidence of modest strain effects were observed in FA-treated animals, while 

treatment effects were clear in O3-exposed animals. H2 was estimated at 0.26 (95% CI: 0.16-

0.40) and 0.53 (95% CI: 0.41-0.64) for FA- and O3-exposed animals, respectively. We defined 

the total protein response as the difference in total protein concentration between the O3-exposed 

animal(s) and the FA-exposed animal for a given match within a strain. The range of total 

protein response values were nearly normally distributed, indicative of a polygenic, complex trait 

(Figure 3B), and H2 for this response trait was estimated at 0.39 (95% CI: 0.26-0.54). 

 

Total protein response is associated with genetic variation on Chromosomes 15 and 10 

To identify genomic regions associated with variation in O3-induced neutrophilia and 

total protein response, we performed quantitative trait locus (QTL) mapping using a haplotype- 

based regression procedure accounting for the effects of sex and batch. While we did not detect 

significant loci associated with neutrophilia, two QTL were associated with total protein 

response: one locus each on Chromosomes (Chr.) 15 (Oipq1, ozone-induced protein response 

QTL 1) and 10 (Oipq2), the first of which surpassed the genome-wide significance threshold of α 

= 0.05 (Figure 4A). These loci explained roughly 27 and 13% of variation in the phenotype, 

respectively. 

Oipq1 mapped to a region on Chr. 15 extending ~15 Mb (80% CI: 40.17-54.88 Mb) 

which contained 31 protein-coding genes (Figure 4B). To identify candidate genes underlying 

this QTL, we initially inspected the founder haplotype effects pattern to identify whether there 

were functionally distinct alleles that could be used to partition and prioritize candidates. 

Founder haplotype probabilities at the peak marker within Oipq1 
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(JAX00061625_to_UNC25526264: 47.12 Mb) showed an overrepresentation of CC strain pairs 

with C57BL/6J or CAST/EiJ associated with high total protein response, while strain pairs with 

A/J or WSB/EiJ were associated with low total protein response (Figure 4C). Haplotype 

substitution effects were modeled using Diploffect (43), indicating a strong positive effect of the 

C57BL/6J and CAST/EiJ haplotypes on total protein response (Figure 4D). It should be noted 

that estimated allele effects for CAST/EiJ are less certain than for C57BL/6J due to lower 

representation of and less confident genotype calls for this founder haplotype at the peak locus 

(Figure 4C). Interestingly, when visualizing the subspecies origin of the CC founder haplotypes 

within the QTL interval using the Mouse Phylogeny Viewer (53, 54), we discovered a ~2 Mb 

region of Mus musculus domesticus intersubspecific introgression into the genome of CAST/EiJ 

(which is of castaneus origin) from ~43-45 Mb (Supplemental Figure S3). We then used the 

statistical approach TIMBR (44) to infer the allelic series, i.e., the number of functional alleles 

into which the founder haplotypes group. The results indicated a high likelihood of two 

functional alleles at this QTL, with greatest weight for a haplotype grouping of C57BL/6J and 

CAST/EiJ (Supplemental Figure S4, Supplemental Tables S1 & S2). We note that, as we 

observed with Diploffect, there was a similar level of uncertainty for CAST/EiJ haplotype effects 

(Supplemental Figure S4). Hence, while there is some evidence to suggest that C57BL/6J and 

CAST/EiJ founder haplotypes share one or more variants within the region that are functionally 

distinct from other CC founder haplotypes and are causally related to the protein response to O3 

exposure, this haplotype grouping should be interpreted with caution. Thus, in subsequent 

analyses, we focused on variants with strain distribution patterns for which C57BL/6J was 

unique, or C57BL/6J and CAST/EiJ shared a common variant. 
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Oipq2 spanned a ~19 Mb region (80% CI: 24.58-43.61 Mb) encompassing 90 protein-

coding genes on Chr. 10 (Supplemental Figure S5A). We examined the founder haplotype 

probabilities at the peak marker (UNC17621935: 26.204 Mb), which were sorted into a less 

defined pattern than at Oipq1. Strain matches with WSB/EiJ haplotype at this marker were 

associated with high total protein response, but all other haplotypes were spread evenly across 

the phenotypic spectrum (Supplemental Figure S5B). Intriguingly, within much of this region 

(including at the peak marker) in the CC strains surveyed, there is essentially no or low-

confidence representation of the PWK/PhJ haplotype, and low representation of the other two 

wild-derived strains (30). Previous work has established that PWK/PhJ has reduced genome-

wide contributions in living CC strains (30), and selection against the PWK/PhJ haplotype may 

have occurred at this locus to maintain reproductive compatibility in the course of inbreeding 

(55). Because Oipq1 surpassed the genome-wide significance threshold and had more clearly 

defined haplotype effects, we prioritized this locus for further analysis. 

 

Multiallelic merge analysis identifies multiple candidate variants within Chr. 15 QTL region 

To further rank candidate genes and variants within the QTL region, we performed a 

merge analysis with modifications to accommodate multi-allelic variants, as described 

previously (45–47). In brief, this approach moves from association at the haplotype level to 

association at the level of individual variants (both single nucleotides and small 

insertions/deletions) with variation in the phenotype of interest. By using sequence information 

from the Inbred Strain Variant Database (56) for each of the CC founders and CC strains that 

were used for QTL mapping, variants can be identified that are distributed amongst the CC 

strains in concordance with the haplotype effects pattern. Founder strain haplotypes are 
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“merged” into 2-7 groups in accordance with how the variants are distributed (i.e., the strain 

distribution profile). Variants in the merged model that explain trait variation equally well or 

better than the full haplotype model (but with fewer parameters) can be considered candidate 

quantitative trait variants (QTVs). In the Oipq1 region, 995 variants were identified using this 

method, with a -log10(p-value) > 4 (roughly the cut-off used for QTL mapping; Figure 5A). 

Variants identified using merge analysis represented a variety of strain distribution patterns 

(SDPs), with two SDPs more common than the others: C57BL/6J alone or C57BL/6J and 

CAST/EiJ discordant from all other strains (Figure 5B). These variants were predicted to have 

several consequences on gene/protein function, though most were present within introns or other 

non-coding regions of the QTL (Figure 5C). Overall, this subset of variants was located within or 

near 21 genes (13 protein-coding, 8 predicted), most of which were concentrated within the 

region between ~40.9-44.6 Mb containing 16 genes (10 protein-coding) (Figure 5D, 

Supplemental Table S4). 

We used a weight of evidence approach to further prioritize candidate genes within the 

interval, using the following criteria: (1) presence of variants that are concordant with the 

haplotype effects pattern, with an emphasis on C57BL/6J and/or CAST/EiJ discordant from all 

other founder strains; (2) presence of coding variants that lead to amino acid alterations; (3) 

evidence that a gene is expressed the lungs (from our previously unpublished and published data 

(39), or publicly available datasets); and (4) biological relevance, as judged by a gene’s known 

function and prior description in the literature (Table 1). Two genes within the interval met all 

criteria: Angpt1 (angiopoietin-1) and Oxr1 (oxidation resistance 1). A third candidate (Rspo2, R- 

spondin 2) met three of the criteria used, and extensive prior annotation in the literature provided 

additional biological plausibility. 
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Using information from Ensembl, UniProt, and multiple variant consequence prediction 

tools, we inspected the three missense variants within Oxr1 (rs50179186, rs31574788) and 

Angpt1 (rs32511504) to determine whether any had putative consequences on protein structure 

and/or function (Table 2 & Supplemental Table S4). All three variants had SDPs where 

C57BL/6J was distinct from the other founder strains. Both variants within Oxr1 were present 

within a predicted disordered region, while the variant within Angpt1 was in a linker region, 

between coiled-coiled and fibrinogen domains. This analysis was largely inconclusive for two of 

the three variants (rs50179186 in Oxr1 and rs32511504 in Angpt1), as the results across tools 

were conflicting which has been observed in many previous investigations (51, 57). The second 

variant in Oxr1 (rs31574788) appeared to have no predicted effect on protein function across all 

four tools. 

 

Discussion 

Here, we present discovery of two loci associated with ozone (O3)-induced lung injury, 

Oipq1 and Oipq2, located on Chr. 15 and 10, respectively. Notably, the region encompassed by 

Oipq1 has been previously implicated in two studies aiming to identify genetic variants 

associated with lung injury. One study utilized a C57BL/6J:129X1/SvJ F2 population to map 

QTL driving fatality due to hyperoxic (58). In that study, the C57BL/6J allele at the QTL was 

associated with higher lung injury, consistent with the results of our study. Similarly, an 

overlapping QTL for pulmonary hemorrhage was identified in a study utilizing a 

CC003/Unc:CC053/Unc F2 intercross to identify genetic determinants of pulmonary responses 

to SARS-CoV. Though this QTL was not the focus of their study (59), the authors did observe a 

positive association between the CAST/EiJ allele and pulmonary hemorrhage and the inverse 
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relationship with the PWK/PhJ allele, matching the haplotype effects observed in our study. 

Therefore, there is strong evidence that this locus mediates responses to multiple stimuli that 

induce lung injury. 

Within Oipq1, we nominated three candidate genes: Rspo2 (R-spondin 2), Angpt1 

(angiopoietin-1), and Oxr1 (oxidation resistance 1). Information about missense variants within 

Angpt1 and Oxr1 is lacking, because the results from variant prediction tools were conflicting 

and/or largely suggested that the missense variants had neutral effects on protein function. While 

we used a suite of approaches that each incorporate unique features for prediction including 

sequence homology, physico-chemical properties, and predicted secondary structure, even state-

of-the-art methods fail to fully recapitulate functional characterization through experimental 

strategies (i.e., deep mutational scanning), which remain the gold standard (60). Thus, direct 

experimental classification is needed to determine whether these variants have effects on protein 

function. It is also possible, perhaps even likely, that variants in this region affect the expression 

of these candidate genes (i.e., are eQTL), and that variation in gene expression underlies the 

Oipq1 QTL. Future studies addressing this hypothesis are also needed. 

One candidate gene at Oipq1, Rspo2, is a member of the R-spondin (RSPO) protein 

family, a class of secreted ligands known to regulate Wnt signaling, tissue regeneration and 

organization in various regions of the body (61). In particular, RSPO2 is required for lung, limb, 

and craniofacial development (62), and Rspo2-deficient mice are born with various skeletal 

defects (63, 64), and die immediately upon birth due to respiratory failure (65, 66). Recessive 

mutations in RSPO2 cause tetra-amelia syndrome-2, a human syndrome characterized by partial 

or complete absence of limbs along with incomplete lung development (67). Jackson, et al. 

recently examined the consequences of Rspo2 conditional deletion in adult mice. They reported 
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that Rspo2 loss caused lung neutrophilia via a disrupted lung endothelial barrier (68). While 

there are no variants within this gene, we noted multiple noncoding variants within the in/near 

the gene, and its function is in alignment with features of the pathology caused by O3 exposure. 

Its expression is largely restricted to the lung mesenchyme; therefore, we were unable to directly 

interrogate whether it is altered by O3 exposure using our previously published data or other 

datasets. Additionally, its expression is quite low in all life stages beyond embryonic 

development, thus detecting whether Rspo2 expression is changed in the context of other lung 

insults using publicly available data has proven challenging. Nevertheless, the phenotypes 

observed after its conditional deletion in adulthood are compelling, and warrant further 

investigation in the context of O3-induced lung injury. 

 The second candidate gene Angpt1 encodes angiopoietin-1 (ANGPT1), which is a 

secreted ligand that binds to and activates the Tie2 receptor tyrosine kinase (encoded by Tek) to 

promote endothelial barrier function and vascular growth (69). It has also been suggested that 

ANGPT1 activity can improve and reinforce leaky or otherwise poorly functioning vessels (70, 

71). ANGPT1 is largely produced by vascular support cells and platelets, and its activity can be 

antagonized by ANGPT2 (72). Disrupted balance of ANGPT2/ANGPT1 in serum is associated 

with poor outcomes in a variety of disease states, including acute respiratory distress syndrome, 

bronchopulmonary dysplasia, and sepsis (73–75). Genetic association studies have identified 

variants in ANGPT2 associated with susceptibility to acute lung injury (76). Together, these 

studies suggest that ANGPT2 is often a pathogenic regulator of acute lung injury and barrier 

dysfunction, and balance to this system can be restored by supplementation with ANGPT1. Thus, 

one hypothesis arising from our study is that in strains with haplotypes associated with more 

severe protein response (i.e., C57BL/6J and potentially CAST/EiJ), there may be variants in or 
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near Angpt1 that alter its activity and/or function, thereby disrupting its ability to negatively 

regulate ANGPT2/TEK signaling. In vitro and in vivo functional validation studies in models of 

O3 exposure or other types of acute lung injury will be necessary to evaluate this hypothesis. 

 Our final candidate gene, Oxr1 (oxidation resistance 1), has less evidence tying its 

functions to acute lung injury and epithelial barrier integrity, though these remain to be 

examined. This protein, while aptly named for a role in response to oxidant gases, has largely 

been implicated in maintaining genome integrity and cell survival in the face of stressors that 

cause either oxidative stress-dependent or -independent DNA damage (e.g., reactive oxygen 

species, radiation, alkylating agents) (77). This gene was first discovered in an E. coli screen for 

human genes involved in repairing or preventing oxidative DNA damage (78), and later 

discovered to function largely in the mitochondria (79). Oxr1 has since been studied largely in 

the context of neurological diseases including amyotrophic lateral sclerosis (ALS) (80–82) and 

other neurodegenerative conditions, as well as a recent study describing recessive loss-of-

function variants in OXR1 associated with cerebellar atrophy, seizures, developmental delays, 

among other clinical features (83). Only a few studies have mentioned this gene in the context of 

lung disease, including one examining vanadium pentoxide (V2O5)-induced occupational 

bronchitis where OXR1 expression was induced in human lung fibroblasts after exposure to V2O5 

(84). It is worth mentioning that mice express multiple isoforms of Oxr1 whose tissue specificity 

was recently characterized (85): many tissues expressed the shortest version (Oxr1D) and 

Oxr1B1-4, while the longest (Oxr1A) was restricted to the brain. The cited study went on to 

characterize the functions of the OXR1A isoform, demonstrating that its TLDc domain (present 

in all OXR1 isoforms) facilitates interactions with a variety of proteins including the PRMT5 

methyltransferase, thus representing one pathway by which this gene alters cellular function in 
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response to stress. However, further studies will be required to understand its roles in oxidative 

stress responses in the lungs and assess its relationship to the protein response phenotype 

measured here. 

 We did not detect any loci associated with variation in airway neutrophilia, another 

hallmark O3-induced phenotype, despite the fact that others have previously identified QTL for 

this trait (20). However, we note that this phenotype was highly heritable (H2: ~0.47 for 

percentage and ~0.52 for total number). Thus, one potential explanation for the lack of QTL is 

that the genetic architecture of airway neutrophilia may be more complex than lung injury and 

involve contributions from many loci with individually small effects. One option to address this 

would be to incorporate information about phenotypes that lie along the causal chain from O3 

exposure to airway neutrophilia (e.g., cytokines), as we expect these intermediate phenotypes to 

have higher heritabilities and simpler genetic architectures. Alternatively, to achieve greater 

statistical power for QTL mapping, one could make use of the Diversity Outbred mouse 

population since a larger number of genetically distinct mice can be examined in that population 

(86). However, we note here that the protein response QTL we identified here was detected using 

a “delta” framework (in which the phenotype was the difference between O3- vs FA-exposed 

mice), which required inbred strains so that baseline (filtered air) effects could be accounted for. 

 In conclusion, we have identified a significant QTL on mouse Chr. 15 associated with 

O3-induced lung injury. Through additional genetic and bioinformatic analyses, we delimited the 

QTL region and identified three high priority candidate genes worthy of additional investigation.  

Our study also demonstrates the utility of the Collaborative Cross genetic reference population 

for identifying interactions between genetic variants and environmental exposures. 
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Tables 

Table 1. Weight of evidence analysis in Oipq1 candidate genes. 

Gene 

Symbol 

Gene 

Name 

# of 

Variants 

SDP of 1+ Variants 

Consistent with 

Haplotype Effectsa 

Expressed 

in Lungs 

Relevant 

Biological 

Function 

Variants Alter 

Amino Acid 

Sequence 

Abra 
Actin-binding Rho activating 

protein 
27 + + - - 

Angpt1 Angiopoietin 1 308 + + + + 

Eif3e 
Eukaryotic translation 

initiation factor 3, subunit E 
8 + + - - 

Emc2 
ER membrane protein complex 

subunit 2 
38 + + - - 

Ext1 Exostosin glycosyltransferase 1 1 - + + - 

Gm10373 Predicted gene 10373 52 + - - - 

Gm17473 Predicted gene 17473 24 + - - - 

Gm22037 Predicted gene 22037 2 + - - - 

Gm24751 Predicted gene 24751 5 + - - - 

Gm26684 Predicted gene 26684 8 + - - - 

Gm9658 Predicted gene 9658 3 + - - - 

Gm9920 Predicted gene 9920 2 + - - - 

Oxr1 Oxidation resistance 1 503 + + + + 

Pkhd1l1 
Polycystic kidney and hepatic 

disease 1-like 1 
1 - + - - 

Rspo2 R-spondin 2 7 + + + - 

Samd12 
Sterile alpha motif domain 

containing 12 
1 - + - - 

Taf2 
TATA-box binding protein 

associated factor 2 
1 - + - - 

Tmem74 Transmembrane protein 74 2 + - - - 

Trhr 
Thyrotropin releasing hormone 

receptor 
2 + - - - 

Zfpm2 Zinc finger protein, multitype 2 1 + + + - 
a C57BL6/J haplotype vs. all other strain haplotypes or C57BL/6J & CAST/EiJ haplotype vs. all other strain haplotypes; SDP: strain 

distribution pattern 
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Table 2. Table of missense variants in candidate genes within the Oipq1 region. Scores for SIFT, PolyPhen-2, PROVEAN, and 

SNAP2 are present in parentheses next to their predicted consequences. 

Gene 
Build 38 

position 
SDP rsID 

AA 

length 
AA shift 

SIFT 

Conseq. 

PolyPhen-2 

Conseq. 

PROVEAN 

Conseq. 

SNAP2 

Conseq 

Oxr1a 41819897 01000000 rs50179186 866 Ser308Ala 

Deleterious 

(0.04) 

Benign 

(0.045/0.034) 

Neutral  

(-1.542) 

Neutral 

(-24) 

Oxr1a 41820278 01000000 rs31574788 866 Thr435Pro 
Tolerated 

(0.49) 

Benign 

(0.004/0.016) 

Neutral  

(-1.05) 

Neutral 

(-17) 

Angpt1 42496251 01000000 rs32511504 498 Ile262Val 

Tolerated 

(1) 

Benign (0) Neutral  

(-0.137) 

Effect 

(25) 

a Canonical isoform reported (UniProt identifier: Q4KMM3-1). Information about alternative isoforms available in Supplemental Table S4; SDP: strain 

distribution pattern; AA: amino acid 
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Figures 

 

Figure 1. Study design. We exposed adult female and male mice from 56 Collaborative Cross 

(CC) strains in litter- and sex-matched pairs/trios to filtered air (FA) or 2 ppm ozone (O3) for 3 

hours. Animals were necropsied 21 hours after exposure, and various parameters were measured 

including the type and quantity of inflammatory cells and the total protein concentration (lung 

injury marker) in the bronchoalveolar lavage (BAL) fluid. Matches were randomized over 17 

batches.
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Figure 2. Variation in O3-induced neutrophilia across 56 Collaborative Cross (CC) strains. 

(A) Percent and (B) total number of neutrophils in bronchoalveolar lavage fluid were measured 

in mice after filtered-air (FA, open circles) or 2 ppm O3 exposure (filled squares). Data are 

represented as strain means and standard error. (n = 4/FA group and 6/O3 group, on average) 

 

 

 

 

 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 20, 2021. ; https://doi.org/10.1101/2021.05.20.445039doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445039


 

Figure 3. Total protein concentration varies by CC strain and after O3 exposure, and 

protein response is a complex trait. (A) Total protein concentration is modestly influenced by 

CC strain in control, filtered air (FA)-exposed animals (open circles) and highly variable after O3 

exposure (closed squares), with indications of strain-by-treatment interactions. (n = 4/FA group 

and 6/O3 group per strain, on average) (B) To examine strain-by-treatment interactions, we 

defined a protein response phenotype as the difference in total protein concentration between O3-

exposed mice and FA-exposed mice within a matched pair or trio. The distribution of this 

phenotype is roughly normally distributed, which suggests that it is a complex trait influenced by 

multiple genetic loci. (n = 2 pairs and 2 trios per strain, on average) 
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Figure 4. Quantitative trait locus (QTL) mapping uncovers a locus on Chromosome 15 

significantly associated with O3-induced protein response. (A) QTL scan highlighting regions 

where variation in total protein concentration difference (i.e., protein response) is associated with 

haplotype. The red dashed line indicates the 95% significance threshold (red), and one locus on 

Chromosome (Chr.) 15 surpasses this threshold (marker: JAX00061625_to_UNC25526264, 

47.12 Mb). A second locus, on Chromosome 10, surpasses the 90% significance threshold (blue). 

(B) An 80% confidence interval for the locus on Chr. 15 spans ~15 Mb (40.17-54.88 Mb), 

indicated by the gray shading. (C) Haplotype dosage intensities at the Chr. 15 peak marker for 

strain pairs, ordered by increasing protein response along the x-axis. Darker ticks indicate higher 

probabilities of a given haplotype at the peak marker. Strain matches with A/J or WSB/EiJ 

haplotypes are associated with low protein response, while those with C57BL/6J or CAST/EiJ 

are associated with high protein response. (D) Haplotype effects and confidence intervals at the 

peak marker within the Chr. 15 QTL. A: A/J, B: C57BL/6J, C: 129S1SvImJ, D: NOD/ShiLtJ, E: 

NZO/ H1LtJ, F: CAST/EiJ, G: PWK/PhJ, H: WSB/EiJ. 
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Figure 5. Candidate variant (merge) analysis pinpoints variants and narrows the list of 

genes of interest in the Chr. 15 QTL. (A) Merge analysis identified 995 variants whose strain 

distribution pattern (SDP) explains the variation in protein response with a more parsimonious fit 

than the 8-haplotype model used for QTL mapping (indicated by the red line). (B) Listed in the 

left margin of the lower tracks are the recoded allelic series for each SDP. For example, the 

allelic series of a biallelic variant is comprised by 0s and 1s. Thus, the first track is a biallelic 

variant where all seven founder strains share the same allele (0) and C57BL/6J has the 

alternative allele (1). (C) Corresponding consequences for each of the variants present in (A) 

and(B), where color-coding is consistent across both panels. Note that variants may have more 

than one consequence, and thus may appear across multiple tracks. (D) The 16 genes present 

within the genomic interval with the highest density of variants (~41-45 Mb). Of these genes, 10 

are protein-coding. 
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