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Why Mice?
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What are Laboratory Mice?






[ SO T !'-'(.fﬂii. -

GURE 5. Miss Abbie E.C. Lathrop at Granby. Redrawn

he Springfield Sunday Republican, October 5,

Abbie Lathrop -

Pet vendor who
supplied animals that
founded many inbred
strains

The market price varied according to the age of
the mice, their color and other points, ranging
from $10 to $20 per hundred. (Morse, 1978)
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Genomic responses in mouse models poorly mimic
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human inflammatory diseases
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The use of mice as animal models has long been considered es-
sential in modern biomedical research, but the role of mouse
models in research was challenged by a recent report that genomic
responses in mouse models poorly mimic human inflammatory
diseases. Here we reevaluated the same gene expression datasets
used in the previous study by focusing on genes whose expression
levels were significantly changed in both humans and mice.
Contrary to the previous findings, the gene expression levels in

the mouse models showed extraordinarily significant correlations
wiith thnca af tha hiiman randitinne (Snaarman’e rank rarralatinn

to the stimulus would generally decrease the sensitivity to detect
the responses shared by the disorders and their models. For this
reason, we excluded such genes from our analysis. Second, we
compared each of the conditions in a single mouse study inde-
pendently with the human reference conditions. Mouse studies,
such as GSE7404 and GSE19668, included multiple conditions or
gene sets. For example, GSE19668 contains multiple datasets,
including those for two different mouse strains and multiple time-
course data points after infection. Because humans and mice are
exnected to be auite different. the ontimal conditions/parameters
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Our monogamous(e) relationship with C57BL/6..

You're going to study other mice, aren’t you?



The Collaborative Cross



Founder Strains of the CC
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Existing mouse models of lethal Ebola virus infection do not reproduce hallmark
symptoms of Ebola hemorrhagic fever, neither delayed blood coagulation and
disseminated intravascular coagulation, nor death from shock, thus restricting
pathogenesis studies to non-human primates. Here we show that mice from the
Collaborative Cross exhibit distinct disease phenotypes following mouse-adapted

Ebola virus infection. Phenotypes range from complete resistance to lethal disease

to severe hemorrhagic fever characterized by prolonged coagulation times and
100% mortality. Inflammatory signaling was associated with vascular permeability
and endothelial activation, and resistance to lethal infection arose by induction of
lymphocyte differentiation and cellular adhesion, likely mediated by the
susceptibility allele Tek. These data indicate that genetic background determines
susceptibility to Ebola hemorrhagic fever.



Diversity Outbred Mice



The Diversity Outbred (DO) heterogeneous stock.
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DO are genetically and phenotypically diverse

male DO mice

female DO mice
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Randomized Outcrossing & Balanced Selection
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Transmission Ratio Distortion
in the DO
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Founder allele frequencies across the genome
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The WSB allele on Chr 2 was increasing with
each generation

Generation
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Fixing the DO in two generations!

Table 1: Expected frequencies of the various mating types in the DO population at the G12 intervention.

0.36
0.48
0.16

1

Table 3: Second generation intervention

B
Female
ww Wa aa
0.36 0.48 0.16
ww 0.36 0.1296 | 0.1728 | 0.0576
Male Wa 0.48 0.1728 | 0.2304 | 0.0768
aa 0.16 0.0576 | 0.0768 | 0.0256
0.36 0.48 0.16
Table 2: First generation intervention
Female
WW Wa Aa
(-36) (.48) (-16)
ww WA
(.36) W wa* Wa
WA
Wa W Wa Wa
Male (.48) Wa* aa aa
aa Wa
(.16) Wa aa aa

Male

(.35)
aa
(.65)

Female
Wa aa
(.35) (.65]
LLTALY
Wa Wa
23 43
Wa
aa aa




WGB allele proportion
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A Multi-Megabase Copy Number Gain Causes
Maternal Transmission Ratio Distortion on
Mouse Chromosome 2

John P. Didion'*?, Andrew P. Morgan'*?, Amelia M.-F. Clayshulte»®?, Rachel

C. Mcmullan'2®, Liran Yadgary', Petko M. Petkov®, Timothy A. Bell'>*, Daniel M. Gatti*,
James J. Crowley', Kunjie Hua#*%, David L. Aylor®, Ling Bai”, Mark Calaway "3, Elissa
J. Chesler?, John E. French® Thomas R. Geiger”, Terry J. Gooch'%®, Theodore Garland
Jr.%, Alison H.Harrill'®, Kent Hunter”, Leonard McMillan'!, Matt Holt'!, Darla R. Miller'2?,
Deborah A, 0'Brien®®, Kenneth Paigen®, Wengi Pan®®, Lucy B. Rowe®, Ginger D. Shaw"23,
Petr Simecek®, Patrick F. Sullivan', Karen L. Svenson®, George M. Weinstock'?, David

W. Threadgill™®, Daniel Pomp "5, Gary A. Churchill®, Fernando Pardo-Manuel de
Villena'%3#




=

Mormakzed Read Dapth

Figure 2. A large copy number gain is present in strains with maternal TRD.
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Genetic Mapping in the DO
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High-density Array Genotyping
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Building an individualized diploid genome.
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Reconstructed DO Genome
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8 Haplotype States

A/l
A

36 Diplotype States

112|3(4(5|6|7|8|9(10(11|12|13]|14|15(16(17|18|19|20|21|22(23|24|25|26|27(28(29|30|31|32|33(34(35(36

A



Allelic Dosage

For each mouse at each SNP, we have 36 diplotype probabilities.

AA|AB|AC|AD|AE|AF|AG|AH|BB|BC|BD|BE|BF [BG|BH|CC|CD|CE|CF|CG|CH|DD|DE|DF|DG(DH|EE|EF |EG|EH|FF [FG|FH|GG|GH|HH
o(0|o0(0|0(0|0O|0Of1|0(0O|0O(O|O|O|O(O|O|O|O|O|O|0O(O|0Of0O|0O(O|0O|O|0O|0|0O|0O|0O]0
ojo|jo(o|ofofojojo0|0|0|0|0O|O|21|O(O(O(O|O0|0O|0O|O|O|0O|0O|O|O(O(O|0O|0O|0O|0O|0O]0O
0/0|0(0|0({0(0|0|0|0|0|0O|OQ]os5050(0(0(0|0|0|0O|O|O|O|O|O|O(O|O|0|0|0O|0O]|O]|0O
These collapse to 8 founder allele dosages.
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Additive Genetics Effects iIn an F2

N = O =N WA

RS
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AA AB BB

Y=p+20
Y=p+p
Y=u
Y=p+pg

where g is “dosage” of the B allele



Additive Genetic Effects in DO
yi:ﬁssi+2ﬁjgg+%

y, =phenotype of animal 1

B, =sex effect

s. = sex of animal 1

B« =founder effect

g; = dosage of haplotype j in animal 1

y = adjustment for population structure.
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How Many DO?
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Missing Heritability

Petr Simecek




Linear mixed models for structured mapping populations

Y=XF+Zu+ ¢,

where u ~ N(0,0ZK),e ~ N(0,0Z1),

K is a kinship matrix and [ is an identity matrix.

—

2
Og

Heritability estimated as = =
04 T 0Og




Name

BW.10
BW.11
BW.12
BW.13
BW.14
BW.15
BW.16
BW.17
BW.18
BW.19
BW.20
BW.21

#missing

Body Weight Heritability

sigma_g”2 sigma_e”2 Heritability beta(NZO)

7.850698
9.634533
10.383394
9.8972628
11.552609
13.261251
15.636686
17.046866
19.932604
21.6743
22.919733
24.824493

10.302831
11.4269019

12.171026
13.3368905
14.4687721
15.5131729
16.5555212
18.0390107
20.0998211
21.5578365
23.9057386
25.1181201

43%
46%
46%
43%
44%
46%
49%
49%
50%
50%
49%
50%

31.667545
32.879816
33.407795
34.688206
32.649167
36.096457
35.745239
40.055002
39.700635
41.600712
36.261463
40.131266

SE(NZO)

8.34738
9.019688
9.337154
9.435187
10.01988
10.58802
11.23048
11.73381
12.57485
13.05236
13.56802
14.02999

Prediction

15

~

Heritability
40 - 50%

% NZO predicts
Body Weight

~

Full Model

T T
30 40

Body weight in 12 weeks (g)
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/c\(\% Resources from Svenson 850 DO Project

Genome Dynamics

650 Diversity Outbred animals have been phenotyped for clinically relevant traits. QTL analysis is underway.

Animal Information Diet
Genotype | Sex Generation | Litter | Born Coat Other Coat |Chow or
(4-9) No. Date Color |Color Feature HF
Urinalysis Electrocardiogram
- ) Tc
Urinary Urinary Change Q mean SR mean R PNN50
ACR1 ACR2 | - .
Glu 1 Glu2 in ACR FIRU RIRAT (RO | FIR) QIR || Qe (RIS ST d;?gﬁr amplitude | amplitude | (=6ms) rMSSD
Plasma chemistries at two ages: (1) 8 weeks; (2) 19 weeks
CHOL1 | HDLD1 | TG1 Glul | NEFA1 Cal Phosl | GLDH1 | BUN1 Change in Insulin Leptin
A7w) (A7w)
CHOL2 | HDLD2 TG2 Glu2 NEFA2 Ca2 Phos2 | GLDH2 | BUN2 | Chol | TG |NEFA| Glu
Hematological parameters at two ages: (1) 10 weeks; (2) 22 weeks
MCHC
WBC1 | RBC1 | mHGB1 |HCT1| MCV1 [MCH1| 1 |CHCM1|RDW1 | HDW1 | PLT1 |MPV1|NEUT1|LYM1 |MONO1|EOS1| LUC1 [BASO1|Reticl|cHGB1
MCHC
WBC2 | RBC2 | MHGB2 |HCT2| MCV2 |[MCH2| 2 |CHCM2|RDW2 | HDW2 | PLT2 |MPV2 |NEUT2| LYM2 |MONO2|EOS2| LUC2 [BASO2|Retic2|cHGB2
Body Composition at two ages: (1) 12 weeks; (2) 21 weeks
. . . _[Change
Lenlgthwe'lght %fat LTM1 | BMD1 | BMC1 Argal Ar;—al RST1 | TTM1 Le’;gthwe'zght %z'zat LTM2 | BMD2 | BMC2 |B Area2 ArZaZ RST2| TTM2 Cw:i%it'” |r';;f>
Weekly Body Weights; Growth Curve
BXV BW 5 | BW6 | BW 7 BW 8 BW 9 BW 10 |BW 11|BW 12(BW 13(BW 14(BW 15(BW 16|BW 17|BW 18|BW 19|BW 20|BW 21|BW 22(BW 23(BW 24 (BW 25|BW 26
Organ Weights Liver Harvest Other Tissue Harvest Pellets: Microbiome
. . Muscle Gen 8 Ltr2| Gen 9 Ltr 1
Heart | Spleen | Kidney L | Kidney R RNAseq M(()artnaitc):gl_ :)::Oetseslir:’\ Kécli\lr::i/R (gastrocnemius) (n=100) (n=100)
P g a RNAseq 18w 18w, 26w

Karen Svenson and Lisa Somes
15 August 2012
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N = 146* traits

*Other calculated traits can be derived




Circadian and Sleep Phenotyping

Alan Pack

Karen Svenson



Variations in Circadian Rhythm In
Diversity Outbred Mice

JAXDO800#22C5BlackLeft LD24.01 DD23.07 0.94
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Io]

V

IoNn In

Variat

Time-to-Fall-Asleep in New Cage

JAXDOS800 Mice# 1~97

240 ~

T
o
N
—

(uiw) asue|IBIA

ANMITOON~0 O

Number Of The Mice




Urinary Spotting and
Bladder Function

Mark Zeidel, Warren Hill
Cheryl Ackert-Bicknell



129S51/SvimJ

CAST/EiJ

Quantitative Assay of Urinary Spotting
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Bladder Function in DO Founders

i -

129s1/Sviml |

o
| A | <
’ﬂ-- Weight {avg} = 22.5¢
T T g g e e Y B e T R B e L L e e e

: -'_ | .i. - A/J

- CAST/EI
Weight {avg) = 20.45 8

I T I T i T P TR T o g S T S Y i PO e Y e e e = (M MU )

|- C57BL/6) | A,
Welght {avg) =29.75g | 150 Wit (vl =17 6%

PWK/PhJ

i

(R T R TR T T VT (TR T TR T T R i MR

e R e O T P P YT s M g™ MM P PP S AT TIPR)




Lifespan Interventions

Karen Svenson

Lisa Somes



Lifespan of DO mice is genetically regulated
and responsive to interventions
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Cancer

Hepatocellular Adenoma 3% of all mice examined Incidence increases with
(5.15% of all males and age.
1% of females) Do not metastasize.
Can grow in excess of
10% of mouse’s body
weight in size.

Hepatocellular 2% of all males Likely incidence
Carcinoma examined. increases with age.
Not seen in females. Can metastasize to the
lungs.
Fatty Metamorphosis 0.5% of female mice (not

seen in males).




Infectious Disease
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Toxicology



Diversity Outbred Mice Identify Population-Based Exposure

Thresholds and Genetic Factors that Influence Benzene-Induced

John E. French,' Daniel M. Gatti,” Daniel L. Morgan.l Grace E. Kissling.3 Keith R. Shoa::kley.3

Genotoxicity

Gabriel A. Knudsen.* Kim Shepa.rcl.5 Herman C. Price.’ Deborah King.l Kristine L. Witt," Lars

C. Pedersen.’ Steven C. Munger.2 Karen L. Svenson.” and Gary A. Churchill?

Environmental Health Perspectives 2014

B Peripheral Blood, Post-Exposure
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Genetically diverse DO mice
provide a reproducible response
to benzene exposure variation
that reflects the range of
responses that can be expected
in human populations.



QTL mapping in DO mice defines candidate gene
region for susceptibility to benzene exposure.

Bone Marrow, MN-RET/1000
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Expression of Sult3al
and Gm4794 in liver is
specific to CAST mice.

A Sult3al Liver Expression, Males Sult3al Spleen Expression, Males
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Sult3al and Gm4794 are
duplicated in the CAST genome.

Genetic Polymorphisms in CYP1A1, CYP2Dé, UGT 1A6,
W UGT1A7, and SULT1A1 Genes and Correlation with
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DO Resources
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The Diversity Outbred (DO)

The Diversity Qutbred (DO) is a heterogeneous stock derived from the same eight founder strains as the Collaborative Cross (CC) inbred strains: A/J, C57BL/6J, 12951/SvimJ, NOD/ShiLtJ, NZO/HiLtJ, CAST/EiJ, PWK/PhJ, and
WSBIEilJ. V
—
In 2009, animals representing 144 independent lineages from the CC breeding colony at The Oak Ridge National Laboratory (Chesler et al. 2008)
were used to seed the DO population, which was then maintained as a randomized breeding colony with a population size of 175 pairs. Dive Outbed Mice
One female and one male from each first litter are randomly assigned to a new breeding pair to make the next generation. This mating scheme
Inbred doubles the effective population size and minimizes the effects of drift and selection on allele frequencies in the DO (Rockman and Kruglyak 2008;
unpublished simulations). Each DO mouse is a unigue individual with a high level of allelic heterozygosity, and the DO population provides an .
effectively unlimited source of novel allelic combinations. Click here to order m'Fe from
JAX® Mice & Services
The CC strains are being inbred to produce stable clones. The DO mice, on the other hand, are being maintained as an outbred stock. Advantages
II a Bloant of outbreeding include, normal levels of heterozygosity, similar to the human genetic condition, and substantially increased mapping resolution. A ) . )
e(;r:r;:a" drawback of the DO is that each animal is genetically unique and thus not reproducible. Combinations of genetic loci that are discovered in the DO The Diversity Outbred (J:DO) stock is
(o) mice can be replicated in CC strains or in their reproducible F1 progsny. In this regard, the CC and DO populations are complementary. Together maintained and supplied by The
Il these new resources will revolutionize our understanding, treatment and ultimately, prevention of pervasive human diseases. Jackson Laboratory.
- JAX® Mice & Services
Papers and Datasets Strain and Crdering Information
Diversity Churchill GA, Gatti DM, Munger SC, Svenson KL
Qutbred The Diversity Outbred Mouse Population

Genetics. 2012 Feb;190(2):437-47. PMCID: PMC3276626 [ Full Text ] [ datasets ]

Presentations

Genetic analysis of RNA editing in the Diversity Outbred mice (PDF 0.3 MB)
Tongjun Gu, Robert E. Braun, Gary A. Churchill

Mammalian Genome 2012 Oct;23(9-10):713-8. [ datasets |

Svenson KL, Gatti DM, Valdar W, Welsh CE, Cheng R, Chesler EJ, Paimer AA, McMillan L, Churchill GA.
High-Resolution Genetic Mapping Using the Mouse Diversity Outbred Population

Gordon Research Conference on RNA Editing, Galveston, TX, Jan 6-11, 2013. Poster

RNA-seq Alig to Individuali ics (PDF 6.5 MB)
Steve Munger

40th Maine Biological and Medical Sciences Symposium, Bar Harbor, ME, April 12-13, 2013. Talk

Mapping Toxicity Traits Using the Diversity Outbred Mice (PDF 5.1 MB)
Daniel Gatti

Genetically Diverse Mouse Models Workshop, ILSI Health and Envir

Institute, i 1, DC, November 28, 2012. Talk

Developing the Laboratory Mouse as a Tool for Systems Genetics (Video on meeting website)

Gary Churchill
Animal Models and Their Value in Predicting Drug Efficacy and Toxicity
New York Academy of Sciences, New York, NY, September 15-18, 2011. Talk

News Articles

Diversity Outbred and Collaborative Cross Mice to Offer Maximum Allelic Variation

Summer 2009. In its quest to provide even more powerful genetically distinct mouse resources, JAX is developing a population of Diversity Qutbred (DO) mice, designed to maximize allelic variation throughout the genome. Each DO
mouse will be genetically unique, and groups of them will approximate the genetic diversity found in human populations.

Home | Site Map | Disclaimer | Churchill wiki



Aim 3A. Interactive data visualization

Gene 1 Point & Whisker Plot

Factor

P

b s BB

e
" inoE%?% a®a
8 a $ 2o a
25 %} sﬁg 8 i g
%2:;% . .?};
10| i%
&

Gene 1: Asgr1 (ENSMUSGO00000020884)

Gene 2 Point & Whisker Plot

Factor
Both v

&
igg
0.8 %%E%o o e
06 o© a "%: *ft °
0.4 g %
U SRR IEsEifiEIREE
$PGifsdsgsdsisds

Gene 2: Vwi (ENSMUSG00000001930)

Scatter Plot Gene 1 vs. Gene 2

3

247 a
°
®
2.2
‘.
P
1.8 o
1.6 R
A ° a "t
1.4 a o A
L ]
& ® A &
1.2 a A ®
A ® a
Aa®, A g an
14 ® ’ef &
a B %,
. Ao, *
0.8 ° f A
% o & e
* o®Foge ﬁ‘
0.6 b. L]
.20 <
o® % o o
0.4
0.2
o Asgri
s ® & % ® §

Comparing Asgri vs. Vwi



eQTL Matrix Plot Gene Search

Type in a Gene Symbol or Ensembl ID to locate the corresponding data

X in the grid.
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