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Methods for introducing genes into

mouse embryos
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DNA injection into fertilized eggs (over-expression,
multiple copies of transgene)

e To study gene control

e To change the physiology of mice

e To study oncogene function
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Gene transfer using embryonic stem (ES) cells (gene
knock-out, null mutation)

e To study gene function in vivo

e To change the phenotype of mice

o To examine the gene redundancy (gene knock-in)
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Pronuclei

Fertilized mouse egg prior
to fusion of male and
female pronuclei

Transfer injected eggs
into foster mother

About 10 to 30% of offspring contain
injected foreign DNA. Foreign DNA
is present in equal amounts in all

tissues

—

Mice expressing foreign
DNA are bred to continue
DNA in germ line
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A FIGURE 8-36 General procedure for producing transgenic
mice. [See R. L. Brinster et al., 1981, Cell 27:223.]
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GRTRES ST o (Alzhelmers disease)

zﬁ"]ﬁ BB 7 i

Xk ks 0 5% =0 (Amyloid Precursor-Protein, APP) £k F]#& 7 %+ 1~
(Nature 373:523-527, 1995; ) 2t A0 AT B

LETTERS TO NATURE

B-peptide Familial AD mutation

Alzheimer-type neuropathology | “.n5q 5

in transgenic mice promoter
overexpressing V717F
B-amyloid precursor protein

SV40-poly(A)
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Animal model for cerebellar atrophy
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Gene transfer using
embryonic stem (ES)
cells (gene knock-out,
null mutation)

Morula:
16 cells
(3 days)

Morula:
8 cells
(21/2 days)

Section of
blastocyst

Inner cell mass
Blastocoel

Irradiated feeder cells Trophectoderm

Embryonic stem cells

Inject ES cells into
blastocoel cavity of
early embryo

Surgically transfer embryo into
pseudopregnant mouse

Homozygous

white progeny Chimeric progeny

Mate chimeric mice
X to homozygous
white mice

Black progeny develop from germ-line
cells derived from ES cells and are
heterozygous for disrupted gene X
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ES cells microinjected into blastocyst




Germ-line y . 7 g%
transmission | ' |
analysis :

Male chimeric mouse, breed with
wild type (C57bl/6]) female mouse

Mate chimeric mice
% to homozygous
white mice

Aa X Aa: JL
Y% AA (wild type)
%2 Aa (heterozygote)

Black progeny develop from germ-line
cells derived from ES cells and are
heterozygous for disrupted gene X
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The Wnt-1 (int-1) Proto-Oncogéne Is Required for I‘f
Development of a Large Region of the Mouse Brain
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‘Summary

The Wnt-1 (int-1) proto-oncol
putative signaling molecule, i
in the developing central ne
testes. To examine the role of
independent embryonic stem
tion of a neo® gene by homolt ~ myelencephalon
activated a Wnt-1 allele. G ‘
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Nature KO mutants:
In the Belgian Blue
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Belgian Blue Mutation
at the myostatin gene

Myostatin mutations in Belgian Blue (Lefr) and Picdmontese (Righr) cattle compared with wild-type Holstein cattle. The nucleo)

tely preceding (A936) and following (C948) the Bel, Blue 11-nucleotide deletion are marked. Nucleotide and no acid sequg

iven below and numbered relative to wild type. The Belgian Blue 11-nucleotide deletion (A937-947) is boxed, and the Piedmontese G1(
ansition is marked, Bold letters ind ole, and aming acid o . :



Positive and Negative Selection of ES cells

b} Positive and negative selection of recombinant ES cells

(a) Formation of ES cells carrying a knockout mutation o @ ® O NeniatarBina dlls
neo’ tkHSV
Gene X \ tecombinants —@ O
replacement — | [j [ TR Wlth random @ O @ (O— Recombinants with
vector insertion () gene-targeted insertion
Dlsrupted gene X ® O
Homologous Nonhomologous
recombination recombination Treat with neomycin
+ ES cells (positive selection) (5418
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Gene X Other genes

Treat with ganciclovir

Gene-targeted Random
insartien frssttion (negative selection) GANC
I T BT NI - © 5
Mutation in gene X No mutation in gene X D) @) i)
Cells are resistant to Cells are resistant to @
neomycin and neomycin but sensitive O

ganciclovir to ganciclovir ES cells with targeted disruption in gene X




Selection of Targeted ES Clones ES cells derived from

pigmented strain
of mice

1 recipient blastocyst
from albino strain of
mice

clump of ES cells

holding =" in micropipette
suction {

ES cells injected
into cavity of
blastocyst

injected cells become
incorporated in inner
cell mass of host
blastocyst

blastocyst
develops in
foster mother
into a healthy
chimeric mouse




A Replacement Vector

HSV-tk
v m—— Vector

Chromosome

Homologous Recombination

B Insertion Vector

Neo
+

Chromosome

Figure & Diagram of a replacement and insertion vector. The thick line represents the
vector homology to the target locus; the thin line represents bacterial plasmid. The
stippled rectangle represents an exon. The positive selection marker is shown as a box
that contains a +. (A) The replacement vector. The positive selection marker interrupts the
target homology. This is required for a replacement vector. The negative selection marker
is shown as a rectangle that contains a —. The replacement vector is linearized outside the
target homology prior to transfection. (B) An insertion vector. A positive selectable marker
may be cloned into the homologous sequences or the vector backbone. A double strand
break is generated in the target homology prior to transfection.




b Random Integration

neo' HSV-tk
L1 1
N1 17
v
‘ HSV-tk lost
neo'
N T X VA 11
x~neo’ HSV-tk-(G418'GANC') x*neo’ HSV-tk*(G418 GANC®)
Targeted ES cell Active
G418 and GNAC  Fig.4 The PNS procedure used to enrich for ES cells containing  Thymidine kinase
resistant . atargeted disruption of gene X. a, A gene X-replacement vector,

that contains an insertion of the neo’ gene in an exon of gene X
and a linked HSV-tk gene, is shown pairing with a chromosomal GNAC-—GNAC-p
copy of gene X. Homologous recombination between the targeting

vector and genomic X DNA results in the disruption of one copy DNA olymerase
of gene X and the loss of HSV-ik sequences. Such cells will be -
X", neo" and HSV-tk~ and will be resistant to both G418 and |nhibition of
GANC. b, Because non-homologous insertion of exogenous DNA DNA polymerase
into the genome occurs through the ends of the linearized DNA®"'| activity
the HSV-tk gene remains linked to the neo’ gene. Such cells will

be X~, neo” and HSV-1k™ and therefore resistant 10 G418 but oj| can
sensitive to GANC. Open boxes denote introns or flanking DNA

sequences, closed boxes denote exons and cross-hatch boxes
denote the neo' or HSV-1k genes.

’t proliferate

Cell death
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Positive selectable neo cassette

PGK
promoter

pPA

PI‘O m Oter Trap (YFG highly expressed in ES cells)

%(Replace the 1st Exon)

PolyA Trap
PGK
PGK (Insertion in the intron)
— SA promoter SD

Stop



A Promoter Trap Positive Selection

promoteriess positive

resistant to positive selection
Neo expressed

-> ES cells are happy!

B Polyadenylation Trap Positive Selection

polyA-less positive (\jth promoter)

selection marker

gene replacement

Neo expressed ’
- EScells are

happy tool!

resistant to positive selection

promoteriess positive
selection marker

sensistive to positive selection

No promoter >No Neo
-> ES cells sensitive to G418
- Cell Death

polyA-less positive
tion marker

No polyA-> partial tragscript degraded
—>No Profein S feesstinaion
-> Sensitive to G418

- Cell Death g . ;I:o-po-ly

sensistive to positive selection




Useful Targeting Vectors

"“Facilitates gene targeting and lineage marking in mammalian stem cells
» G418-resistance cartridge is engineered for high-level expression of the Tn5
- neomycin-resistance coding sequence in single-copy integrants of eukaryotic cells

APPLICATIONS

® pMC1neo vector used when cloned fragment provides poly(A) adenylation signal
~ for neomycin gene

'» pMC1neo Poly A vector used when polyadenylation signal is not present
'CLONING SITES Unique Sal I and Xho I sites for cloning sequences of interest

'SELECTION E. coli: ampicillin resistant, kanamycin sensitive; Eukaryotic cells:
' G418 resistance

| Homologous Recombination

| The G418-resistance cartridge is introduced by homologous recombination between
 the cloned sequence of interest and its genomic copy following transfection of cells.
Cells that have undergone homologous recombination are G418 resistant. In a model
system, 1/1000 cells that were G418-resistant had also undergone a gene targeting
event.'

REFERENCE
1. Thomas, K.R. and Capecchi, M.R. (1987) Cell 51: 503-512.

pMC1neo and pMC1neo Poly A Vector Kit

CONTENTS

25 nug pMClneo vector
25 pg pMCineo Poly A vector #213201
Host strain: AG1

pMC1neo and pMC1neo Poly A Vectors

promoter

pMC1ineo Poly A

vector
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PGT Vector Polylinkers: Only unique sites are indicated.
Note: Xba | sites can only be considered unique when
using a dam* strain.

B PGK promoter B PGK polyadenylation site

Description: New England Biolabs has developed a
series of backbone plasmids that make the design and
construction of gene targeting vectors easier and
faster. These plasmids, derived from LITMUS vectors
(1), combine a large number of unique restriction sites
in two multiple cloning sites (MCS) with the neomycin
resistance cassette for positive selection. The Neo gene
is driven by the phosphoglycerate kinase (PGK) gene
promoter. Not | and/or Sa/ | sites are included to
facilitate plasmid linearization prior to transfection into
ES cells. In addition, as all plasmids have an M13
origin of replication, single-stranded DNA can be
easily prepared for site-directed mutagenesis and DNA
sequencing (2). Using these vectors it is possible to
introduce a point mutation wnthln a coding sequence,

= o SR o= i NECC o MR _Shogs SFlR ST = o GOl SRy Ty Gl Y DA {Dagaepin 1 e

BamHI Kpnl

Figure 1. Structure of pPNT

The shaded arrows represent the PGK-1 promoter, the hatched boxes
represent the PGK-1 poly(A) addition sequences, the open boxes are
the neo and HSV-tk genes as labeled, and the line represents the
plasmid backbone. Unique restriction sites are indicated. The precise

nature of each of the fragments is described in Experimental Proce-
dures.

Reference:
1. Tybulewicz et al. (1991) Cell 65: 1153-1163.



1: Gene targeting vectors for mammalian cells

Table 2. Transfection efficiency of neo expression
cassettes in ES cells (6).

G418 Rcolonies Relative
107 cells efficiency

= pPMC1neopA 13 @

RV4.0 1632 125
MC1neobpA 464 36
TKneobpA 124 10
Pol2sneobpA 324 25
Pol2neobpA 788 51
=) PGKneobpA 940

PGK promoter is better than HSV-tk promoter!!




Fig. 9. Generation of
mouse germ line chime-

. ras from embryo-dcrived
stem (ES) cells contain-
ing a targcted gene dis-
ruption.

Aa x Aa:

Ya AA (wild type)

Y2 Aa (heterozygote)
Y4 aa (homozygote)

Transfection with
a targeting vector
[
(microinjection or
electroporation)

[>YOY YYD

ES cell culture with
rare targeted cell

Y NYOfOY

Embryo-derived
stem (ES) cells

Screening/or enrichment for
targeted cell

S 00’0 0000000

Pure population of -
targeted ES cells

\® p @

Injection of ES cells
into blastocyst

Chimeric mouse
§

@

T —-

Implantation into
foster mother

Breed with
+/+ animals

L OX

Germ-line transmission of _‘
ES cell genome containing ) __‘

targeted modification




Conditional Gene Targeting (KO)

Figure 8. Comparison of conventional and conditional gene targeting strategies at
different ontogenetic stages (blastocyst; embryo; adult). Filled, black regions
indicate tissues/organs expressing the modification of a target gene whereas white
regions symbolize its wildtype function. (a) Wildtype mouse. (b) Conventional
mutant expressing a mutation in all tissues throughout life. (c) Constitutive, cell
type-specific gene targeting. In this example a promoter region is used for Cre
expression which becomes active in a certain cell type and region of the brain (black
Conventional gene targeting oval) during embryonic development. (d) .Inducible, cell type-specific gene

targeting. The activity of Cre recombinase is switched on in certain cell types upon
D

administration of an inducer; in the example shown Cre should be inducible in a
Cell type-specific gene targeting

certain cell type and region of the brain.
Neuron specific

recombinase

Neuron Specific Target Mouse

Tissue-specific =loxP or FRT
Cre or Flp Effector Mouse

AN

recombinase

gene

nff on

Inducer
’ Cells expressing recombinase
—> p. A delete target gene.
4 4
71T

7T




a) Structure of a loxP site

inverted repeat spacer

5 -ATAACTTCGTATA-GCATACAT-TATACGAAGTTAT -3-
3 -T{I‘TGAAGCATAT—CGTATGTA-ATATGCTTCMTA—S ‘

ﬁ

~ . Neuronal specific
™ P promoter Cre
S
- —
b) Cre-mediated ¢) Cre-mediated translocation Stag e-d epen dent

deletion/ integration

e e

Deletion

+

O

d) Cre-mediated inversion

promoter Cre

—_ ) - -

ﬁ

cre

— - Tet-on/off
+
S ——

Figure @ LoxP site structure and products of intra- and intermolecular Cre-
mediated recombination between two loxP sites. (a) A 34 bp loxP site consisting of
two 13 bp inverted repeats and an asymmetric 8 bp spacer region. The spacer
region defines the orientation of the loxP site represented as a filled triangle. (b)
Cre-mediated recombination between two directly repeated loxP sites on a linear
DNA molecule leads to the excision and circularization of the loxP flanked DNA
segment. One loxP site remains on each of the reaction products. In the reverse
reaction a loxP containing circle is integrated into a linear DNA molecule. (c) Cre-
mediated intermolecular recombination of two linear DNA molecules, each
containing one loxP site. The regions flanking the loxP sites are reciprocally
exchanged between the reaction partners as a result of recombination. (d) Cre-
mediated inversion of a DNA segment flanked by two loxP sites in opposite
orientation.



Cre- loxP system
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A A "'°d“°°‘f: actvator pegulatory element tetracycline-controlled transactivator

HCMVIE1 tTA
B. Plasmid produées Cre tetracycline conﬁol C. pBS185-produces Cre Miu 1
[ Xho 1 el I
tet-op Cre under recombinase HCMVIE1 j* Cre recombinase
Inducible expression __.—===" Constitutive expression
D. - /"/ i
il A
HCMVIE1 top pB-gal
loxP loxP
E. Cre recombinase removes
— stop cassette
HCMVIE1 i B-gal
loxP

FIGURE 1. Schematic of vectors and experiment. tTA expressed from the HCMVIE1-tTA expression vector (A) activates
the tet-op Cre (B). The Cre recombinase excises the stop sequence between the loxP sites in the HCMVIE1-Stop-B-gal (D).
An expression vector able to transcribe B-gal is generated (E). Similarly, Cre expressed from pBS185 (C) can generate an

active HCMVIE1-B-gal (E). .




Table 6. Generation of recombinase mice

Advantages Disadvantages
Knock-in
® Proper control of recombinase ® More laborious to generate mice.
expression.
® Minimizes mosaicism in recombinase ® Could necessitate maintaining mice as
expression. heterozygotes.
® Does not require prior isolation of defined ® Many genes are expressed in numerous
promoter/enhancer sequences. tissues.
Transgenics
® Straightforward to generate mice by ® Often mosaic expression of recombinase.

zygote injection.
® Frequently can maintain as homozygotes ® Requires prior isolation of promoter/
enhancer sequences.
® Requires screening many lines to obtain
correct expression pattern and level.




Knock in approach
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Myogenin KO: Muscle deficiency and neonatal death
(Nature 364:501-506, 1993)

Myf-5 and Myf-6 double KO: alterations in skeletal muscle
development (EMBO J. 14: 1176-1186, 1995)

Myogenin knock-in in myf-5 KO mice; Functional
reduundancy of the muscle-specific transcriptionfacters Myf5
and myogenin (Nature 379: 823-825, 1996)
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Gene Replacement Followed by Recombinase-Mediated Repair

promoter '

replacement vector

promoter pA
target locus
(wild type)
Gene replacement
STEP 1 (positive and negative selection)
romoter pA
- e e e disrupted locus
I (null)
STEP 2 Recombinase-mediated repair In vivo

Disrupted target gene

romoter B repaired locus

(wlild type)

rom ull allel

null target allele that can be repaired to wt by site-specific

Cre-mediated tissue-specific repair i and boxes are as indicated in Figure 4; grey stippled ovals
RT repeats. A floxed or firted STOP cassette is inserted between
wild-type allele ation start sequence of the target locus so as to completely

'ssion. Care must also be taken to ensure that the residual /oxP
5 neutral with respect to target gene function.




Knock In reporter-gene (#-geo) with

@?

:I Targeting vector

Target locus

IRES

B M_ Knock-in allele




"% R %2 (Random mutagenesis)
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Nature Genetics

Point mutations arise
in DNA of spermatogonia

+'/+
Fertility recovers after
12-16 weeks

Mutagenised male is
bred with multiple
wild-type females

Progeny are screened
for dominant mutations
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Table 1 + Screening protocols

Screening for
visible defects

Category

size
SEMSE Organs

skin and hair

behawiour

skeleton

taillfextremities

colounspatting

varioLs

Birth

largefsmall
eye sizefcolour
lovws set ears
anagmia

skin colourftexture

curly whisk ers

activity

micrognathia
agnathia

shart head
scolicsis

hare lip
shartbent tail
polyisyndactyly

fused toes
limbs

bentishort limbs
puffy limbs'tail
blebsibraising
cedema

hydrocephaly
chylous ascites
spina hifida

Pre-weaning

largefsmall

stripes
skin colour
blotchy coat

activity
tremaorsfits
circling

head weaving
ataxialgait

belly spot
head blaze
coat colour

hydrocaphaly

Weaning

largefsmall

eye sizeicolour
earsize/position
coat colourftexture
looseltight skin
greasyirough coat
curly coatfehiskers
thinfbalding coat
dark footpads
activity
tremorsFits

circling

head weaving
ataziaigait
micrognathia
shortfwidefthin head

scoliosis

short/bent tail
polysyndactyly
fused toes

bentishot limbs
puffy limbsitail
belly spot

head blaze

coat colour

hydrocephaly

5weeks
SHIRPA,

sami-quantitative
battery of tests*
deficits recorded in:
lovasar motor

neuron’muscle function
spinocerebellar function

sensory function

neurapsychiatric function

autonomic function

Bwiee ks
Behavioural testing

LI

activity recorded for

A5 min. in cages equippad
with b=am splitting devices

Acoustic startle resporss
and PPl of the

acoustic startle response

40 min test in soundproofed
startle chambers
incorporating both startle
and PPl sessions

8-12 weeks

Clinical chemistry

sodium

potassium

chloride

creatinine

urea

total calcium
inorganic phosphat
glucoss
bicarbonate
alkaline phosphata:
alanine
aminotransferase
mparate
aminotransferase
tatal protein
albumin

total choleste nol
HOL cholesteral
triglycerides
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