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Mouse Genetics 101

Mus Musculus




Why do immunologists use mice
as model organism?

« Complex vertebrate with similarity to
human

« Excellent genetic tool (e.g. many naturally
occurring mutants in pure genetic
background)

« Ease of genetic manipulation (e.qg.
CRISPR/Cas9 genome editing, RNAI, etc)



Interesting natural mutations

Scid Prkdc MGI:1857113
Xid Btk MGI:1857138
Lpr FAS MGI:1856334
Gld FAS-L MGI:1856384

MOth eaten PtD n 6 protein tyrosine phosphatase, non-receptor type 6
MGI: 1856074

Belge L! St lysosomal trafficking regulator M GI : 1 8 5 5969

Aly M a D 3 k 1 4 mitogen-activated protein kinase kinase kinase 14
MGI:1858522




Resources

* More than 1000 inbred strains

* Hundreds of mutant strains, genetic tools

- Can add a gene- transgenics

» Can delete a gene- knockouts

» Create new mutants with ENU mutagenesis
- Mouse phenome database

* Annotated genome sequence

The mouse genome. Guénet JL.
http://www.informatics.jax.org/ Genome Res. 2005 Dec;15(12):1729-40.



Genome

— Number of chromosomes
— Diploid DNA content

— Recombination units

— Approx. number of genes
Reproductive Biology

— Gestation time

— Age at weaning

— Age at sexual maturity

— Life span in lab

— Average litter size

— Litters per female

19 autosome pairs + XY
~ 6 pg (2.6 x 10° bp)
1600 cM

30,000

20 days

3 weeks

/ weeks
1.5-2.5 years
6-9

4-8



Mouse sequence reveals great similarity
with the human genome

Extremely high conservation: 560,000 “anchors”

Human
Chri4

Mouse
Chr14

. { Mb
59.9 60.5

Mouse-Human Comparison
both genomes 2.5-3 billion bp
> 99% of genes have homologs
> 95% of genome “syntenic”

Mark J. Daly www.wi.mit.edu/programs/student/img/daly_wsls_0204.pp



Recent mouse history

Fancy mouse breeding - Asia, Europe
(last few centuries)

\

Retired schoolteacher Abbie Lathrop
collects and breeds these mice
Granby, MA — 1900

\

Castle, Little and
others form most
commonly used
inbred strains
from Lathrop stock

(1908 on) ‘

Mark J. Daly www wi.mit.edu/programs/student/img/daly_wsls_0204.pp W.E. Castle C.C. Little




Mouse Genealogies
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Mark J. Daly Ancestral

www.wi.mit.edu/programs/student/img/ M“‘:’Z‘éisgst”us
daly wsls 0204.ppt; Nature Vol 420:574 2002 P

[see also:
Nature Genetics 2007 Sep;39(9):1100-7.
Nature Genetics 2005 Nov;37(11):117

0]

\ ‘ 1 million years

castaneus molossinus musculus

subspecies subspecies subspecies
group e JIOUD group
West Asia Japan East Europe

Southeast Asia Russia
South China North China

\ \ 2000 years
European ) /
Fancy Mouse East Asian

Fancy Mouse

\ Laboratory/' I 100 years

mouse

b

Strain Locus 1 Locus 2 Locus 3

129/SvimJ TT GG TT GG GG TT GG CC TT DEL CC TT CC TT

AlJ
o | AKRA
= | BALB/cByJ
3-,,', C3H/HedJ TT GG TT GG GG TT GG CC TT DEL CC TT CC TT CC AA TT TT GG AA
2 | C57BL/6J CC TT DEL CC TT CC TT
- | DBA/2J TT GG TT GG GG TT GG CC TT DEL CC TT CC TT

FVB/NJ

SJL/J
£ | domesticus GG TT AA TT AA GG
% | musculus TT GG TT GG GG TT GG CC TT DEL CC TT CC TT CC AA TT TT GG AA
8 | castaneus AA AA CC AA GG CC GG CC CC DEL CcC TT CC TT GG TT AA AA AA GG
§: molossinus TT GG TT GG GG TT GG CC TT DEL CcC TT CC TT CC AA TT TT GG AA



SEQUENCE-BASED VARIATION MAP OF
8.27 MILLION SNPS IN
INBRED MOUSE STRAINS

Nature 30 August 2007 Vol 448:1050

15 mouse strains re-sequenced
http://mouse.perlegen.com/mouse/index.html
Detailed haplotype map of each strain

SNP = single nucleotide polymorphism

Used to characterize allelic variation among
mouse strains

Facilitates allelic variants => phenotypic variation




Mating Schemes

Incross
(inbreds)

Intercross
(F2)

Backcross
(congenics)

Outcross
(new Strains, F1 hybrids)

Type of Mating Offspring
+/+ +/- -/-
+/+ X +/+ 100%
+/- X +/- 25% | 50% | 25%
+/- X +/+ 50% | 50%
+/+ X -/- 100%



Genetic Intercrossing

* Fundamental basis of all genetic mapping
performed in rodents

F1 Intercross

I




F2 Intercross




Backcross

e Offspring have 1 set of chromosomes from
backcross parent and then have mixed genetics
for the other chromosome.

|



Use of crosses

Can assess 1f trait 1s dominant vs recessive.
Can assess 1f trait 1s single vs multiple genes.

Can assess if the penetrance of a phenotype 1s
affected by the genetic background.

Genetic mapping



Congenic Strains

Inbred mice which differ with respect to only one
chromosomal region.

Can transfer specific chromosomal region for one
strain onto the genetic background of another
strain.

Start with F1

Successive backcross to one parental strain (strain
to which you are transferring the chromosomal
region) until only the region of interest remains.

Inbreeding >20 generations.



Making a Congenic Strain

Donor Recipient

@ -

Independent £ N
Assortment P

Residual __,
Heterozygosity

2399 ..
=392

% Homozygosity
0] 50 100

AN

\

99.8%
(approx 20cM)




Uses of congenic mice

« Compare same gene on different backgrounds
* Xid
« Compare mice with same background with

different alleles of the same gene
« H-2 haplotypes
* Ly5.1vs Ly5.2 (LyS = CDA45)



Speed congenics

*Wakeland E, Morel L, Achey K, Yui M, Longmate J.Immunol Today. 1997 Oct;18(10):472-7.
-JAX Communications #6 Nov 2001, www.jax.org/jaxmice/services/speedcongenic

Donor  Host

D19Mit8 141 136
+20cM \ +10 cM +6.7cM I +25cM . D19Mit86 113 109
GeneX D19Mits8 143 150
D19Mit89 120 130
NS N10 N15 N20 D19Mit6 153 136
Figure 1b. Average length of surrounding linked DNA with Figure 2. Chr 19 DMit marker product sizes for donor:
increasing generations of backcrossing. 129P3/] and host: C57BL/6]
First generation:
6000 DNA microsatellite markers (data "9 A
: . 12 = / \
is accessible through the Mouse Genome Database at g .4 /_\
www.informatics.jax.org). Microsatellite markers are dinucleotide % g / \
. . . s / \
repeats present in noncoding regions of the genome. é 6= \.
Inbred strains often differ from each other in the number of Z 4= ( =i
dinucleotide repeats that are amplified by many of the z _///I/;I N
0 d

microsatellite marker primers. These marker differences are
called simple sequence length polymorphisms (SSLPs).

Current:

use markers from an established and validated database of
2,199 single nucleotide polymorphism (SNP) markers

62-62 65-67 68-70 71-73 74-76 77-79 80-82 83-85 86-88

Percentage of C57BL/6] Genome
By selecting optimal, heterozygous breeders at each

backcross generation, it is possible to reach 99% recipient
strain genomic identities after five generations (N5) (~12-
16 months).



Genetic Engineering Technologies

* Transgenesis

- Adding new genetic material

* Homologous Recombination

- Targeting a specific gene using ES cells

* Random Mutagenesis

- Altering genetic material via chemicals or

irradiation
The

g Jackson
® Laboratory




Generation of transgenic mice

Pronuclear microinjection
— Random insertion

— Integration of multiple copies |
Tissue specific expression b
Controlled, inducible expression

— E.g. ER/tamoxifen, Tet-On/Off

Usage

— Study of gene function

— Modeling diseases (introduction of diseas-
associated allele)




Transgene (cDNA of
gene of interest)

‘—>
- |

Promoter Intron PolyA
(to direct (to improve (stabilize mRNA)

tissue-specific transcript
expression) expression)

Construct can be up to 50 kb; larger constructs possible for BAC transgene

Useful for:
« Studying gene expression profiles

« Over-expression
* Dominant negative
« Complementation



Steps in the construction of transgenic mice

Flush fertilized egg

oviduct EO0.5

@ pro-nuclear stage

pro-nuclear

fusion
recover test for expression

and phenotype

test for germline

@ @Atransmission

implant into

founder
pseudopregnant females




Basic Transgenic Mouse Considerations

Important Aspects:
- Stable integration occurs in 10-40% of mice

- Most integration at the 1-cell stage, so all cells
receive the transgene

* In 20-30% of cases, integration may occur at later
stages, resulting in mosaicism



More Important Aspects to remember for transgenic mice:

- Number of copies per cell can be in the hundreds, so
different strains/lines will have different levels of
expression - choose a variety of lines

- Many transgenes show appropriate expression
patterns, relatively independent of the site of integration

* Local chromatin structure and regulatory elements
can influence transgene expression

« Transgenes can disrupt endogenous genes at the site
of integration



Limitations to transgenics

Position effects

Multiple founder lines must be compared
Expression levels may not correlate with
copy number

Rearrangements can complicate analyses

Regulatory sequences for your gene of interest may
not be located on the transgene

- Solution: Targeting the Rosa26 locus

 Allows ubiquitous and constitutive expression of
]’Eranstgene without disrupting endogenous gene
unction



Uses of transgenic mice

 Gain of function

— Monoclonal Ig or TCR repertoire

— Test cis-acting sequences for tissue-specificity
— recombination substrates for V(D)J, switch

— Test the ability of cloned genes to complement
— Make cell lineage markers using reporters



Uses of transgenics, |l

* Loss of function

— Insertional mutagenesis (gene trap)

« Consortium formed that uses lacZ gene trap (KOMP,
EUCOMM, etc.)

— Transgene marks the disrupted gene for cloning
— Antisense or RNAI to ablate gene expression

— Dominant-negative

— Cell lineage ablation (e.g. TK gene + gancyclovir)



BAC transgenes

 Bacterial artificial chromosomes
* Up to 2 MB insertions

* Allows study of transgenes with endogenous
elements that control their expression

 Position effect is less of an issue

* Tend to be copy# independent

E.g. “humanized” mice (Ig loci)

See Sparwasser and Eberl review
Immunology. 2007 Jul;121(3):308-13



Knock-out mice - gene targeting via homologous recombi

~ Targeted mutations Blastocyst Injection
— null mutation (“knockout™) '
— specific alterations in gene

* Process
— in vitro gene targeting in ES cell
lines
— Blastocyst injection
— Production of mice carrying
mutation (chimeras)
— Generation of strains

e Uses

— Disease Models

— Drug Discovery

— Conditional Mutagenesis
' M

= Jackson
Laboratoty




Classical Knockout Construction

Important Aspects:

 Length of homology on either side of the disrupted
locus is important, ~5-10 kb required

« Source of the targeted gene sequence is also important
129/Sv vs. C56BL/6N

« The local chromatin structure may influence
targeting

 Clones are screened by Southern hybridization and
PCR

- It is important to remove the selection markers (e.g.
Neomycin resistance gene)



Overview of procedures for the production of knock-out mice via targeting
Marker

Targeted gene

\/

’ ’

\ ,/  EScslis transfected

5 . through electroporation
s

. ,

L]

L]

ES cells in which homologous

recombination has occurred ars sslected
on the basis of resistance to G418
(duse to insertion of neo gene) and
sensitivity to gancyclovir
ES cells dissociated and ty to gancyc
injected into blastocyst

¥

PCR and Southern-blot analysis
to confirm integration at correct position

Surgically transfer embryo
into pseudo-pregnant mouse



Positive Negative Selection

« An additional marker gene cassette is placed at one end of the
construct, outside the homology region

« HSVik is the most commonly used, conferring sensitivity to
gancyclovir

« Two possible integration outcomes:

- RANDOM INTEGRATION - retention of positive selection
cassette and tk, resulting in lethality in the presence of
gancyclovir

« HOMOLOGOUS INTEGRATION - positive selection cassette
will integrate into the target locus, while the tk is lost because
of lack of homology



Gene Replacement \Vector

endogenous

H

w to make a knockout m

copy of ‘ |
your favorite —I exon 1 J—'I exon 2 |

gene

recombination

stop codon
Oconsrs —{ exon2 | [ERGGH— GG oor

transfect ES cells

X

N

——3 resulting cells:

Gﬂawwmce

cessom

only this part is integrated in
homologous recombination

killed by G418

cell where nothing
happened

- ste

— Tk PR
Herpes thymidine
kinase negative
selaction cassette

1 J
random integrants
will also include this
negative marker

killed by gancyclovir

cell with random
integrants

survives selection

call with

recombination



Positive selection of ES cell clones

Drug Resistance Marker Genes for Positive
Selection:

* The most commonly used markers are neomycin
phosphotransferase (neo) and hygromycin B
phosphoglycerate (hyQ)

- Confers resistance to the neomycin analog, G418,
or hygromycin, respectively

- Use of Reporter gene cassettes: GFP, LacZ and,
BGeo



Morula (8-16 cell) Blastocyst (32-64 cell)

ICM




Embryonic stem cells

* ES cells are derived from blastocysts

* Retain toti-potency
— can contribute to all tissues, including germ line

« Can differentiate in vitro into hematopoietic
cells
— Useful if mutation is embryonic lethal



Strateqgies to overcome embryonic lethality

* In vitro differentiation of ES cells into
different hematopoietic cells
 Generation of fetal liver cells from e13

embryos

— Transfer to sub-lethally irradiated host to
regenerate the hematopoietic system

« RAG2-/- complementation
— Immune system develops from KO mouse



RAG2-/- complementation

Rag2 is required for V(D)J recombination
Rag2-/- mice: complete block inBand T
Transfer ES cell to rag2-/- blastocyst
Fast, analyze chimeras

To assess degree of chimerism
— Use C57BI/6 rag2-/-: Ly9.2, H-2P
— ES from 129 are Ly9.1, H-2k

— Use FACS to determine the fraction of ES-
derived cells



RAG—- blastocyst

RAG- Donor wild-type or
ES cells mutant=— ES cells

Blastocyst implanted into
pseudo-pregnant mouse

No mature Somatic chimaera

T or B cells in which the lymphocytes
derive from the injected
wild-type/mutant ES cells




Basic Principles off Gene

KNOCKOULS

(a) Targeted
mutation
| -
M m | .
/ Newborn chimeric male
Normal 7 (carrying cells from two
chromosome mouse strains)
EScells 7 Black female
from brown &
mouse__  ff Blastocyst- ala; MIM plus AJA; Mim Surrogate
» Vv stage embryo Altered embryo mother
57 - o a ;
J ] n , 3 a9 g
¢ y t o
' J < ) , ) : ———— -
v & 3 s & Embryo

From: Modern Genetic Analysis. Giriffiths et al,
W.H. Freeman Publishers

Brown mouse



Coat Color Chimeras:

Agouti mouse




Breeding chimeric mice to recover knockout

ala:MIM
plus
AlA;M/m

ala:MIM - Ala; M/m Al-: M/-




Using recombinases for designer KOs

Tissue-specific KO’ s
Other strategies for conditional KO’ s

Regulate timing in development
— Can overcome embryonic lethality

Can be used to manipulate transgenes also
— Tissue-specific expression



DNA Recombinases

* No Co-tfactors required
— 34 base pair recognition Sequence
— directionality
e Cre
— Bacteriophage P1
— Recognizes LoxP site
* Flp
— S. cerevisiae
— Recognizes Frt site

foxP
>
ATAACTTCGTATAATGTATGCTATACGAAGTTAT

FRT
>

e m— . s s e A e emm e A A o e e e —— i — — A M & A A ——







Tissue-specific deletion using Ick-cre transgene

Gene of interest
deleted in T cells only




S N Distal Lck r"- hGH

icre
loxP After Cre Recombination
— v
UPS = <Yy
- -
~620bp YEP
CD3 7 M R
dLck-icre
Control 3778 3779 4430 3785 _
' | [ ' ~ periphery
0.3 15| @ | 73 @ 8o | @@ »
YEP 1 | : R P
:1'{ | { " :,‘I'_y:l-. ' '{fi!! {\\‘vll
cba ' - - - CD4t
T cells

J Immunol. 2005 Jun 1;174(11):6725-31.



Tissue Specific
Recombination

B-actin

Bl

Nestm X

Y

. Fgf8 Expression




VAGARIES OF CONDITIONAL GENE TARGETING
SCHMIDT-SUPPRIAN & RAJEWSKY NI 8:665 2007

+FIELDITY OF CRE EXPRESSION

+EFFICIENCY OF CRE-MEDIATED DELETION

+CRE TOXICITY
+ NEED CRE TG CONTROL

v

CREATION AND USE OF A CRE RECOMBINASE TRANSGENIC DATABASE.

NAGY A, MAR L, WATTS G.

METHODS MoOL BIOL. 2009;530:365-78. REVIEW.



Overview of genome editing by TALEN and CRISPR-Cas9

4 i3
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One-step generation of mice with genome modifications

TALEN o, ’
E-'-‘rp +ngNA +I-donor DNA

NHEJ or HR
(?) = @ s@
. mje'gngn ( tEnrannl; er

Zygote Blastocyst Mutant



Random Mutagenesis: create a library of mutant alleles

ENU mutagenesis centres
www.mouse-genome.bcm.tmc.edu
www.mgu.har.mrc.ac.uk/mutabase
www.jax.org/nmf
www.gsf.del/ieg/groups/enu-mouse.htmi

http://jcsmr.anu.edu.au/qroup pages/mgc/MedGenCen.html
http://cmhd.mshri.on.ca

http://www.thnmouse.org

See also
Peters LL etal Nature Genetics 8; 58-69. 2007.
Acevedo-Arozena etal Ann. Rev Genomics Hum Genetics 2008 9:49-69



Means of inducing mutations in mice

Agent Dose Target  Mutation rate Type of mutation
X-rays 4-6 Gys spermatogoneal cells 50 x10% Large lesion, others

oocytes 19 x10°
Chlorambucil 10 mg/kg postmeiotic cells 127 x10° Large lesion, others
Procarbazine 600 mg/kg spermatogoneal cells 5x10% Large lesion, others
ENU 3X100 mg/kg spermatogoneal cells 150 x10-° Base subst., fine lesions
none 0.5-1 x10% varies

ENU can transfer its ethyl group to oxygen or nitrogen radicals in DNA, resulting in
Miss-pairing and base-pair substitution if not repaired.

The highest mutation rates occur in pre-meiotic spermatogonial stem cells, with single
locus mutation frequencies equivalent to obtaining a mutation in a single gene of choice
in one out of every 175-655 gametes screened.

At this mutation rate, there are multiple mutations per gamete.



Multiple hits per gamete can reveal gene interactions

A Ph 1
Gene e (Gone 1 { o Phenotype

Knockout ™ ——— 'a Phenotype 2

%_:}-o Phenotype 1
5 Do Phenotype 2
¥~ Phenotype 3
J.-D Phenotype 4
:.«3 Phenotype 5

:.,—Q Phenotype ?

Genome-wide
Mutagenesis

Nelms & Goodnow CC Immunity 15:409-418 2001



Male mice are injected
with the mutagen ENU

X
i o

G1 male mice -
mated to wild-type &g
females A )

X d

Option two:
backcross G2 =
females to N
G1 father

G3

G3 screening for recessive mutations

L1l AnnaviadAa A wAamnaan A At a1l NNCO



GENERALIZED MATING SCHEME FOR ENU-INDUCED MUTANTS
ENU

Mutagenized male (G0) [:i3{) Wild-type female

STmics | LOLOLOLOLD  LoLo -

1 23 4... (2) Unrelated G1
PEDIGREE FOUNDERS

(1) O Wild-ty pe female

czmice | GO O4PHEQUY)
Gimice | (LeROLOLS 1oke (OLOHOLORS GoLe

. l

G3 mice screened for specific phenotypes

(] wild-type
(4l Heterozygous mutation

B Homozygous mutation

Nelms & Goodnow CC Immunity 15:409-418 2001



OVER-VIEW OF STRATEGY FOR SCREENING AND GENE MAPPING

A
Inbred mutant strain |
;-
e .0 9 e
00 00 90 ®
® 000 & &0
Outcross to g ﬁ 000 0 0 00
@a mapping gtram » VAL e—— :gesz :0.3
| o000 00 00
D__O Tissue/Cellular Molecular Effects
Effects RNA expression profiles
Proteomic profiles

Odom |

l / Candidate Genes
GAA CTT AAG
GAA CTT TAG
Mutation Identification

Chromosomal
Mapping

Nelms & Goodnow CC Immunity 15:409-418 2001



The forward genetic dissection of afferent innate immunity.
Beutler B, Moresco EM.

Curr Top Microbiol Immunol. 2008;321:3-26. Review.

ENU mutagenesis in mice.
Georgel P, Du X, Hoebe K, Beutler B.

Methods Mol Biol. 2008;415:1-16.

Defective LPS signaling in C3H/Hed and C57BL/10ScCr mice: mutations
in TIr4 gene.

Poltorak A, He X, Smirnova |, Liu MY, Van Huffel C, Du X, Birdwell D,
Alejos E, Silva M, Galanos C, Freudenberg M, Ricciardi-Castagnoli P,
Layton B, Beutler B.

Science. 1998 Dec 11,282(5396):2085-8.



