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Outline 
• Role and relevance – inbred homozygous strains 

vs. Diversity Outbred & CC RIL mice  
• Proof of concept:  Benzene, an environmental 

genotoxicant and leukemogen 
• Benzene metabolites –- chromosomal damage 

associated with the development of leukemia 
• Benchmark Concentration Models – point of 

departure  
• Mapping resistance and/or susceptibility QTLs 
• Future directions 
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Brief Background - Toxicogenetics 

• Integration of genetics with toxicology 
• Inter-individual variation in genetics and 

environmental exposure (uncontrolled 
variables) 

• Hazard identification and characterization – 
false negative and false positive error rates?  

• Corroborate genetic epidemiology and/or 
provide an effective tool for safety assessment 



Benzene 28 Day Inhalation Exposure: 
Proof of Concept 

• Diversity outbred (J:DO) male mice: 7 & 8th randomly outbred 
generations; selected from 175 breeding pairs 

• Randomly assigned to exposure groups by weight 
• Dose levels:  0, 1, 10, 100 ppm benzene, 28 days, 6 hr/day 
• 75 male mice per exposure group, 300 mice/study 
• 2 independent cohorts to assess reproducibility (600 mice total) 
• Endpoints for hematotoxicity and genetic damage  

– % reticulocytes and micronucleated reticulocytes in peripheral blood and 
bone marrow  

– Mouse Universal Genotyping Array (9K SNPs) 
– Linkage mapping analysis (DO QTLRel) 

French et al. EHP (2015) 123:237-245.  (Advance online – 6 November 2014) 



 
Benzene metabolism and toxicity 

 M.T. Smith et al.  Chemico-Biological Interactions 192 (2011) 155–159 
 

•Human & rodent hematotoxicant and carcinogen 
•Metabolized in liver and bone marrow 
•Human & rodent ADME (toxicokinetics) are comparable 



The results…. 



Benchmark Concentration Models 
DO vs. B6C3F1 (Farris et al. 1996) 



Quartile BMC BMCL10 

All quartiles 0.367 0.200 

Q1 0.550 0.205 

Q2+Q3 0.315 0.117 

Q2+Q3+Q4 0.275 0.130 

Q4 0.257 <0.001 
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Quartile 1 (Resistant) 

Quartile 4 (Susceptible) 

0.205/0.001 ppm is ≈200X 

BMCL10 = 0.205 ppm 

BMCL10 ≤ 0.001 ppm 



Benchmark Concentration Model (BMC) 
EPA Risk Assessment 1988 (Updated & revised 2003) 

 
BMCL* = 8.2 mg/m3 (2.6 ppm); UF = 300; MF =  1 

 

RfC** = 3 x 10-2 mg/m3 (9.4 ppb) 

 
*Decreased lymphocyte count in 44 individuals (Rothman et al., Am. J. Ind. Med. 
29:236,1996).  No metric provide (i.e. 1SD or 10% above the control mean). 
 
*No adverse effect level peripheral blood HSC counts determined in occupational 
exposures to benzene (Lan et al. Science 306:1774, 2004 & McHale et al. 33:240, 2012)  
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Manolio et al. Nature 462:747 (2009) and McCarthy et al. Hum Mol Gen 17:R156 (2008) 



DO mouse population linkage mapping 

• Genetically heterogeneous reference population  
• Derived from a set of 8 inbred founder strains (from 

the Collaborative Cross) 
• 45 million segregating SNPs, indels, & CNV 
• Balanced founder allele (1/8) frequencies averaging 

12% 
• Combination of high genetic diversity, low MAF, and 

fine recombination block structure make the DO mice 
ideal for genetic mapping  

 
Svenson KL et al. High-resolution genetic mapping using the Mouse Diversity outbred 
population. Genetics 2012;190:437-47. 



Bone Marrow MN-RET/1000RET 



Peripheral Blood MN-RET/1000RET 





Expression QTL in DO mice (Liver) 



Homozygous inbred strains mRNA liver expression levels 



Allele specific expression is the rule 



Human copy number & 5mCpG variation  
• SULT1A1 phenol sulfotransferase 
CNV range 1-6 copies*  
Caucasian: 5% -single copy;  69% - 2 copies; 26% 
-3 or more copies (362 individuals) 
African-Americans: 0% - single copy; 38% - 2 
copies; 62% - 3 or more copies (99 individuals) 
Hebbring et al. Human Molecular Genetics 16, 463, 2007 
Gaedigk et al. Pharmacogenomics 13, 91, 2012 







Summary & Conclusions 
• DO mice show significant population variance 
• Significant linkage mapping power 
• Reproducibility of outcome (2 cohorts) 
• MN-RET reliable quantitative biomarker 
• Identification of individual DO mouse 

resistance and susceptibility genotypes 
• Potential to inform genetic epidemiology 

studies and provide statistical evidence for 
identifying genes with significant effect size & 
hypothesis based research 



Possible directions 

• Repeat BMC modeling with additional 
exposures at 0.1 ppm and 50 ppm to better 
define shape of the dose response curve 

• Perform 2 year inhalation exposure at 0.1, 1, 
and 10 ppm to define cancer BMCL and tumor 
phenotypes 

• Stratify BMCL by quartile or decile to estimate 
the most susceptible subpopulation at risk 
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Next steps and future research….. 
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