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INTRODUCTION 
The Diversity Outbred (DO) heterogeneous mouse stock is derived from 
eight inbred founder strains that together capture ~90% of the known 
genetic variation in the mouse (40+M SNPs, 6+M indels). The DO has been 
maintained for multiple generations by randomized outcrossing. As a result 
each chromosome is a genetically unique, balanced mosaic of eight 
founder haplotypes, and each animal contains hundreds of recombination 
events. DO mice are heterozygous with respect to founder origin at 7/8 of 
loci and there are 36 possible genotypes (8 homozygous + 28 hets). Half of 
all 100bp RNA-seq reads have at least one SNP segregating in the DO 
population. 

 

ABSTRACT 
Genetic variation can influence protein expression through 
transcriptional and post-transcriptional mechanisms, and these 
effects may be conserved across tissues or specific to one. To 
characterize the shared and tissue-specific effects of natural genetic 
diversity on the proteome, we combined RNA-seq and multiplexed, 
quantitative mass spectrometry with a genetically diverse mouse 
population, the Diversity Outbred (DO) heterogeneous stock. We 
measured genome-wide transcript and protein abundance in livers 
and kidneys from 192 DO mice, and mapped quantitative trait loci 
that influenced transcript (eQTL) and protein (pQTL) expression. We 
identified nearly 3,000 pQTL in each of the liver and kidney, divided 
equally between local and distant variants. Local pQTL generally had 
larger effects on protein abundance, these effects were conferred 
primarily through transcriptional mechanisms, and half showed 
conserved protein responses in both tissues. In contrast, distant 
pQTL influenced protein abundance nearly exclusively through post-
transcriptional mechanisms and most were specific to the liver or 
kidney. We applied mediation analysis and identified a second 
protein or transcript as the causal mediator for half of the significant 
distant pQTL. Furthermore, we identified groups of proteins within 
known pathways that shared coincident subthreshold distant pQTL 
for which we could identify a single causal protein intermediate from 
the same pathway, demonstrating the power of integrating ontology 
and mediation analyses to tease out subtle but real genetic effects 
from mapping populations with modest sample sizes. Overall, our 
analysis revealed extensive tissue-specific networks of direct protein-
to-protein interactions that act to achieve stoichiometric balance of 
functionally related enzymes and subunits of multimeric complexes.  

PROTEIN QTL (pQTL) ARE ABUNDANT 
We observe similar numbers of significant pQTL in the liver and kidney 
(~3000 in each), equally divided between pQTL mapping close to the 
protein they control (local pQTL, diagonal lines below) and those that 
map far from the controlled protein (distant pQTL, off diagonal below). 

DISTANT PQTL ARE TISSUE-SPECIFIC 
AND POST-TRANSCRIPTIONAL 
Unlike most local pQTL, nearly all distant pQTL are conferred primarily by 
post-transcriptional mechanisms – ie, they lack a coincident distant eQTL. 
Further, we observe almost no overlap between liver and kidney among 
distant pQTL (below), suggesting these effects have tissue-specific origins. 
Caveat – We have low power to detect distant pQTL relative to local pQTL.  

CONCLUSIONS 

STOICHIOMETRIC BUFFERING OF 
PROTEIN ABUNDANCE 
Stable binding of proteins with interacting partners or in complex appears to 
play a significant role in setting the steady state abundance of constituent 
proteins. For example, all eight members of the chaperonin containing 
TCP1 (CCT) complex share a distant pQTL on Chr 5. Mediation analysis 
identifies one constituent protein, CCT6A, as the causal intermediate 
underlying this pQTL effect. We found that the NOD founder strain has a 
promoter mutation that decreases Cct6a transcript abundance, and this 
effect is conferred to the protein. CCT6A essentially acts as the limiting 
reagent in formation of the stable CCT complex. Transcriptional and 
translational variation of other member proteins is buffered by this lower 
limit established for CCT6A. 
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EXPERIMENTAL DESIGN 
Liver and kidney data were integrated from two studies. For liver samples, 
192 DO male and female mice were fed a standard rodent chow or high fat 
diet and sacrificed at 26 weeks. For kidney samples, 192 DO male and 
female mice were aged to 6 months, 12 months, or 18 months prior to 
sacrifice. Liver and kidney samples were processed for 100bp SE RNA-seq 
and multiplex tandem mass tag (TMT) proteomics (above). RNA-seq data for 
each animal were aligned to an individualized diploid transcriptome, and 
gene and allele level expression were quantified using EMASE (github.com/
churchill-lab/emase). Regions of the genome that affected transcript (eQTL) 
or protein (pQTL) abundance were mapped using the r/DOQTL R package. 
Finally, we developed r/Intermediate software (github.com/simecek/
intermediate) and used it to identify transcript and protein mediators of 
distant pQTL.  

 

LOCAL PQTL ARE TRANSCRIPTIONAL AND 
MORE CONSERVED BETWEEN TISSUES 

Most local pQTL are conferred 
via transcription, as evidenced 
by the >80% of local pQTL that 
have a coincident local eQTL 
(right). For these genes, protein 
abundance is highly correlated 
to transcript abundance, and the 
predicted allele expression at 
the pQTL matches the 
measured abundance in founder 
strain liver samples. 

Over half of local pQTL are 
shared in the liver and kidney 
(left). Most of these shared 
QTL exhibit the same allele 
effect pattern, suggesting that 
the same variant is 
responsible for the effect in 
both tissues. 

While most shared local 
pQTL exhibit similar allele 
effcts, there are notable 
exceptions. In some cases, 
we observe that a variant 
causes high expression in one 
tissue but low in the other 
(right). Alternatively, multiple 
variants with tissue-specific 
effects are responsible. 

PREDICTION OF CAUSAL MEDIATORS 
UNDERLYING DISTANT pQTL 

We expected that a transcript and/or 
protein would be responsible for 
conferring the effect of a distant pQTL 
on the target protein’s abundance. To 
identify these causal mediators of 
distant pQTL, we conditioned the 
distant peak SNP effect on the 
expression of each of the transcripts 
and proteins in the SNP region. In most 
cases, this did not affect the 
significance of the QTL, but in cases 
where a transcript or protein’s 
expression was responsible for the 
distant QTL effect, the distant QTL 
would be abolished after accounting for 
the mediator’s abundance. Often, we 
found that the predicted mediator was a 
known protein binding partner of the 
target or found in the same functional 
pathway. Overall, we identified 
mediators for half of all distant pQTL. 

“PULLING THE WEEDS” TO IDENTIFY 
MEDIATORS OF SUBTHRESHOLD pQTL 
Mediation analysis can be applied to subthreshold distant pQTL peaks. We 
find that many proteins in the same complex or pathway will share a 
subthreshold distant pQTL in the liver or kidney, and mediation analysis 
often identifies one candidate that functions in the same pathway. This 
suggests that while the power to detect a QTL is determined by its effect 
size and the mapping population size, mediation analysis can provide 
additional evidence to confirm the biological plausibility of these genetic 
“weeds” and identify the causal mediators underlying them.  
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•  Many variants affect protein expression 
•  Transcriptional mechanisms underlie 

most local pQTL. 
•  Most local pQTL exert similar effects in 

the liver and kidney.  
•  Post-transcriptional mechanisms drive 

distant pQTL effects.  
•  Most distant pQTL are specific to the liver or kidney. 
•  Mediation analysis identifies transcripts and proteins that confer 

the distant pQTL effect to the target protein.  
•  Mediator and target proteins are often known to be binding 

partners or act in the same molecular pathway. 
•  Protein stoichiometry is a common mechanism by which 

transcriptional variation is buffered at the protein level.  
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