Transfer of Cloned Genes Transgenic Mice
into Mouse Embryos The first step in producing transgenic mice is injection of for-
eign cloned DNA into a fertilized egg. In this technically de-

Development of techniques to introduce cloned foreign
manding process, fertilized mouse eggs are held under suc-

genes (called transgenes) into mouse embryos has permit-

ted immunologists to study the effects of Immune-system _tion at the end of a pipet and the transgene is microinjected

genes in vivo. If the introduced gene integrates stably into 0 ON€ O_f the pronuclei with a fine needle. The trarnge“‘f

the germ-line cells, it will be transmitted to the offspring. Integrates into the chromosomal DNA of the pronucleus and
1s passed on to the daughter cells of eggs that survive the

Txx*o techniques for producing transgenic mice are described .

in this section; one of these has been used to produce knock- iU The eggs then are implanted in the oviduct of

out mice, which cannot express a particular gene product L females., AnC. transgenic pups are bom
‘ after 19 or 20 days of gestation (Figure 23-17). In general the

(Table 23-7).

l TABLE 23-7 COMPARISON OF TRANSGENIC AND KNOCKOUT MICE

Trarisgénic mice Knockout mice
Embryonic stem (ES) cells
Mutated gene =
Transfer of ES cells to blastocyst
and implantation into foster mothet

Characteristic

Zygote
Natural gene or cONA

Microinjection into zygote and
implantation into foster mother

Cells receiving DNA
DNA constructs used

Means of delivery

Outcome Gain of a gene Loss of gene function
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Inject Cloneq DNA
1Mo one of the Pronucle;

lm.plant njected €ges into
oviduct of pse

udo-pregnant
female 8

Pﬁflldﬂ-pr{:gnﬂn[
female

7

Offspring

About 10-30% of offspring
contain transgenc

Test for presence
of transgenc

Breed transgenics

' ucin
| ClimE 1 1.1- General procedure tor prod 1arﬁ

fansgenic mice. Fertilized eggs are ¢ ) 15
female mouse. Cloned DNA “-eierred‘
Microinjected into one of the [?H’G”Udi;
*88s are then implanted into the ovidu
loster mothers (obtained by mating fagies
le male). The transgene will be if'“fi'[‘ﬁ"r.[mrJ ffspring an
Mosomal DNA m'-abmut_!(}'“?fu—-wfffi‘ ot 198 I? :1[iqsue-5|}
® expressed in all of their somatic C a 11 IC expres-
D.r”“mler is linked to a transgenc, then

Sic - : :
0 of the transgene will result.

to as the transgent
of a fertilized egg. The
ct of pseudﬂpregnanl
4| females with a ster
ted into the _cl_wg—
d will
| ecific
ells. |
tissue-spect!
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T IS 585

y of this Procedure js

. . . ]' .
ECNIC mice oW, with only one or two trans-

Produced fo
_ B e 5,
r?w Y 100 fertilized cge collected
) Hjl‘ll]"llll'lﬂ“]j{ll‘nlh ]LIW? been able 1)
Al the cells in g trame o B¢ 0 a living animal. AJ.
gene, differe : hﬂ transgenic anima| contain the trans
: CC! IN the exprescic P vi
4 . . CSS10 |
terent tissues has shed lig} | — S Bl
s I ENton mechanisme of tissue specific
o sston. By constructing 4 fransgene with p _: |
ar promoter archer _ | e
5 }1 ter, researchers can control the expression of
81Ven trans : | _ v
ety dgmm ﬁ:r ¢xample, the metallothionein promoter
. IVated by zinc, Transgenic mice carr _
linked to a metal

study the e

Xpression of
thougly

e YINg a transgene
by othionein promoter €Xpress the tranagfzn&
Y 11.ZInC 1s added to their water supply. Other promoters

are function; In certain ti
“re tunctional only in certain tissues; the insulin promoter

;?r;I‘E;ﬁ:*&:izn;::;:anscrilpti::m :::nl.y in pancreati.c tei!a.
£ g a transgene linked to the insulin
promoter, therefmre; will express the transgene in the pan-
creas but not in other tissues. |

Because a transgene is integrated into the chromosomal
DNA within the one-celled mouse embryo, it will be inte-
grated into both somatic cells and germ-line cells. The re-
~ sulting transgenic mice thus can transmit the transgene to
their offspring as a Mendelian trait. In this way, it has been
possible to produce lines of transgenic mice in which every
member of a line contains the same transgene. A variety of
such transgenic lines are currently available and are widely
used in immunologic research. Included among these are
lines carrying transgenes that encode immunoglobulin,
T-cell receptor, class I qprﬁ/class [I MHC molecules, various
foreign antigens, and a number of cytokines. Several lines
carrying oncogenes as transgenes also have been produced.

Gene-Targeted Knockout Mice

One of the limitations with transgenic mice is that the trans-
gene is integrated randomly within the genome. This means
that some transgenes insert in regions of DNA that are not
transcriptionally active, and hence the gene is not expressed.
To circumvent this limitation, researchers have developed a
technique in which a desired gene is targeted to specific sites
within the germ line of a mouse. The primary use of this tech-
nique has been to replace a normal gene with a mutant aih:l::
or a disrupted form of the gene, thus knocking out the gene's
function. Transgenic mice that carry such a disrupted gene,
called knockout mice, have been extremely helptul to immu-
nologists trying to understand how the removal of a pquiuu—l
lar gene product affects the immune H‘)’HIL‘IH.. A \.'..un:w.ul
knockout mice are being used in immunologic n::amruh_‘ n-
cluding mice that lack particular cytokines or I\ill l{__, molecules.
Production of gene-targeted knockout mice mvolves the

following steps:
and culturing of embryonic stem (ES) cells

s Jsolation q (E
mass of a mouse blastocyst

from the mner cell

« [ntroduction of a mutant or disrupted gene 1nto the
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cultured 1S cells and selection of homologous
recombinant cells in which the pene of interest hay been
knocked out (i,¢,, repliced by & nonfunctional form ol
the penc)

* Injection of homologous recombinant ES cells into g
recipient mouse blastocyst and surgical implantation of
the blastocyst into a pscudo-pregnant mouse

= Matimy ol chimeric offspring heterozygous for the
LI]HI'IIIHL‘L'I penc to [H'mhlr.:t' humn?.yﬂmlﬁ lknockout mice

The ES cells used in this procedure are obtained by cultur-
ing the inner cell mass of a mouse blastocyst on a feeder layer
ol fibroblasts or in the presence of leukemia inhil)itm'y fac-
lor. Under these conditions, the stem cells grow but remain
pluripotent and capable of later differentiating in a varicty
of dircctions, generating distinet cellular lincages (e.g., germ
cells, myocardium, blood vessels, myoblasts, nerve cells), One
of the advantages of ES cells is the case with which they can
be genetically manipulated. Cloned DNA containing a de-
sired gene can be introduced into ES cells in culture by var-

(a) Formation of recombinant BES cells

the 1SV

N

neolt

@ Blastocyst

% %0
S,

Targen pene Introduce
inscerion construct into cultured L
LS cells ]

\ Blastocyst ES cells

v

Homologous
rccombination

J— IR

N /

Nonhomologous
rccombination

o -

#
L -
LY -

ES cell

TSR ona SN

Goene-targeted Random
inscruon insertion
,“.‘f.lu‘ ”'tl.”H fk”vh

T T To S T T TETI

lous transfection lechniques, ‘I'he
serted by recombination INto the ¢
small number of 158 cellq

The insertion constructs Introduced jnig e
three genes: the larget gene of intereg ,“ S celly
Hlt:m'lfi. :~;u¢:i|1 as nea", whicly confery n.;-n.m,:;:?r"‘f“ bl
the thymidine kinase gene : : "
which confers Ht:llﬁil?:;:; r::.”;_;l“rmw”
E!L'{Ili(.ll.' analog (Figure 23-18a). “The const *
;lIHF.;L'I'L‘LI with the larget-gene Huc|1|um:'uldri:l:ll,
neo” gene and with the (MY pene at one u. -
sequence of the target gene, Mos| constructs will ;
random by nonhomologous recombination Ir-:;l'! T A
gene-targeted insertion through I'u_un-‘.:lnguul. “-.f
tion. As illustrated in Figure 23-18b, 4 IW¢]~;.tL-rm- -
scheme is used to obtain those ES cells that Ilﬂ.‘-'f.' l:u:;lmm"
homologous recombination, whereby the disrupted oy
places the target gene, e

The ES cells obtained by this procedure are he
for the knockout mutation in the target gene. Th

ancyclovir . . .
—Iovin, LY10loxic i f

lh:m hY
ymbin,.

terozygous
ese cells ype

(b) Selection of ES cell carrying knockout gene

/ Recomblnants
with

Nonrccombinant cells \

Recombinants (2) (=
with random N =) (S) (S) @@ gene-targeted
insertion =) = =) ©) Inscrtion
® & _ =
(2) ) &)
(S)
= =)
Treat with neomycin
(nonrecombinant ES cells die)
2]
= ?@@
e “®E @©
@ @ ®
‘Treat with gancyclovir
(nonhomologous ES
recombinant cells dic)
=) = @@@
)
(S) )

Homologous ES recombinants with targeted
Lliﬁnlplluﬁ in gene X survive

lFI(I URE 23-18 Formation and selection of mouse re-
combinant IS cells in which a particular target gene is dis-
rupted. (a) In the engincered insertion construct, the target gene
is disrupted with the neo® gene, and.the thymidine kinase tk''™V
gene is located outside the target gene. The construct is trans-
(ected into cultured ES cells. If homologous recombination oc-
curs, only the target gene and the neo® pene will be inserted
inlo the chromosomal DNA of the ES cells. If nonhomologous
rocombination occurs, all three genes will be inserted. Re-

# i) .
combination occurs In only about 1% ol the cells, with non-

homologous recombination much more frequent than hnn1j:J|-
ogous recombination. (b) Selection with the neomycin-like
drug G418 will kill any nonrecombinant ES cells hecause they
lack the neo* gene. Selection. with gancyclovir will kill !ht‘
nonhomologous recombinants carrying the tk"™" gene, which
confers sensitivity to pancyclovir. Only the homologous LS re-
combinants will survive this selection scheme. |Adapted ffﬂm
H Lodish et al, 1995, Molecular Cell Biology, 3rd ed., Scien-
lific American Books.|
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nded in cell culture and then injected into 1

blastocyst, which subsequently is implanted into 1
Jo-pregnant female. The transgenic offspring that de-
eu Jre chimeric, composed of cells derived from the ge-
 © ically altered ES cells and cells derived from normal cells
1 ne he host blastocyst. When the germ-line cells are derived
af:n the genetically altered ES cells, the genetic alteration
:;1 be passed on to the offspring. If the recombinant ES
;.115 are homozygous for black coat color (or other visible

.. gglﬂp

L

. arker) and they are injected intg a blastocyst homozygous
o white coat color, then the ch1ﬁmeric progeny that carry
] the heterozygous knnckout mutation in their germ line can
- be easily identified (Figure 23-19). When these are mated
- ith each other, some qf the offspring will be homozygous
- (or the knockout mutation.

-

Inject ES cells into blastocoel
cavity of early embryo. ES cells

. are heterozygous for knockout
mutation in gene X and

homozygous for black coat

color; embryo is homozygous
& for white coat color

1
-

“rdper 23 experimental Systems 58/

The “Knock-In" Technology

[n addition to deleting a gene of choice, it also is possible

to replace the endogenous gene with a mutated form of
that gene. As in the strategy for knocking out a gene, DNA
constructs that carry mutations in a particular gene can
be exchanged for the endogenous gene. It also is pmﬁ.s&ble

to replace all of an endogenous gene with a DNA sequence

of choice. In a recent report, for example, the CD4 genc
was replaced with B-galactosidase. In these experiment
the CD4 promoter was left_intact to- drive the expression
of B-galactosidase, which catalyzes the color change of FET* ;
lﬂin—_r-Epﬂrter chemicals to blue, Using the blue ccinlor as an
indicam;, the ex_l:;.erimenters anld vi_sualize cells in the de-
veloping thymus that normally transcribe CD4. Because

Surgically transfer
embryo into
pscudopregnant mouse

Chimeric progeny have
black-and-white coats.

= < White areas are derived
%’J from recipient

blastocoel cells, black
l areas from ES cells

Mate chimeri¢ mice
to homozygous
white mice

Black progeny develop from germ-line
cells dedived from ES celis and are
3 heterozyvgous for disrupted gene X

FIGURE 23-19 General procedure for producing ho-
' mozygous knockout mice. ES cells homozygous Tor a marker
39“9 (e.g., black coat color) and heterozygous for a drsrupted
'f-jﬁ'Bﬂl gene (see Figure 23-18) are injected inlo an early embryo
~_ 0zygous for an alternate marker (e.g., white coat color). The
:-g'i"’*@ric transgenic offspring, which have black- and-white

\'I

coats, then-are mated with_homozvgous white mice. The all-
black progeny from this nmating have ES-dérived cells in their
germ line, which are heterozygous for the disrupted target gene.
Mating of these mice with each other produces animals ho-
mozygous for the disrupted target gene, that is, knockout mice.
|[Adapted from MR Capecchi, 1989, Trends Genet. 5:70.)
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the CDA promoter drove the expression of (4-gal
L]

Actosidase,
anly those cells destined (o express DA turne

| d'blue in the
presence of the reporter chemicals, Data from these ey.

periments were useful in tracing CDA/CDE line

| ' Ape com-
tment in |h*W'|npmH I cells,

ia)
lox]’ friax ]’

o

DNA polymerase noo™
(arget gene)

Crenieriate
cbransgenic mice
from ES cells

loxl
— = Tissucspcecific
promaoter

Target gene l

’ Double
l Lransgenic
.-‘
Target gene deleted in Targel gene expressed
specific tissue
(h) b
T B
- @ ? .'\

Ve
7

i Cre gene

Promoter Toxic gene l Tissue-specific

promoter
; /'-‘JH- -
- 0

: D)
e f ransgenic §

Toxic gene expressed
In specific tissue

riophage P1, Cre recognizes a s
known as loxp and, upon

bination, T herefore, DNA

loxP are recognized by Cre and the ¢
results in the deletion of the intervening DA ;

In ntlTr:r words, animals that “biquhou;]y 2 S€quenc,,
combinase will delete a1 loxP-fl FRESs Cre re.

. . anked sequen
mnovation of this technique is that ex;‘:“h’::fTh: 5

rccnrr:binase gene can be controlled by the use of 5,
specific promoter. This allows tissue-specific expr oy
the recombinase protein and thus tissuc-s;:ecig,;c;smn- E
of DNA flanked by loxP. For Exaniplé, 0 Setion

f D * ‘ ne could exp,
Cre in B cells using the immunoglobulin prommerp ﬁds
y an

this would result in the targeted deles:
DNA sequences only in B cglls. p i
This technology is particularly useful when the targeted
deletion of a particular gene is lethal. This is trye in E‘la::
Fircumstances. For example the DNA polymerase g genz
Is required for embryonic development. In eXperiments
designed to test the Cre/lox system, scientists flanked the
mouse DNA polymerase B gene with loxP and mated these .

l FIGURE 23-20 Gene targeting with Cre/loxP (3) Con-
ditional deletion by Cre recombinase. The targeted DNA
polymerase B gene is modified by flanking the gene with loxP
sites (for simplicity, only one allele is shown). Mice are gen-
erated from ES cells by standard procedures. Mating of the
loxP-modified-mice with a Cre transgenic will generate dou-
ble transgenic mice in which the loxP-flanked DNA poly-
merase 3 gene will be deleted in the tissue where Cre is ex-
pressed. In this example, Cre is expressed in thymus tissue
(striped) so that deletion of the loxP-flanked gene occurs only
in the thymus (white) of the double transgenic. Other tissues
and organs still express the loxP-flanked gene (orange)
(b) Activation of gene expression using Cre/lox. A lox/
flanked translational STOP cassette is inserted between the
promoter and the potentially toxic gene, and mice are gen-
erated from ES cells using standard procedures. These mice
are mated to a transgenic line carrying the Cre gene driven
by a tissue-specific promoter, In this &xnmg!’ﬂy QI'E' 15 ex-
pressed in the thymus, so that mating results in expression
of-the toxic gene (blue) solely in the thymus. Using i‘{”‘"“‘}
egy, it is possible to determine the effaets:..-@ﬁﬁ.ﬁm;%ﬁ!ﬂ'] g
the potentially toxic gene in a tlssuwpestﬂc fashion.
[Adapted from B Sauer, 1998, Methods 14:381.]

R
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(h mice carrying a Cre transgene
a T-cell promoter (Figure 23-20a)
( ( o .

ing are offspring that express the

under the CON-

. The results of
Cre recombingge

11]‘1 ) . g - . ~... . ~ - x

" fically in I cells. Using such mice. the scientisys W

; . » » » ‘1"' 3 \ o Cr‘
o (0 cxamine the effects of deleting the eNzyme DN:\
J oy '

" ymerase P specihically in T cells. The ctlects of the dele
[ this gene could not be examined iy 4 conve

: () |

ol s gene couw ¢ Ntional

e targ Ling experiment, because deletion of DNA poly
( = 10 . . . | ' *
s 5 throughout the animal would be leth

i the Cre/lox system, it

e e L L =
-

‘ al. However,
u . . ' NOW S possible to examine the
Jflects of the deletion of this Bene 1n a specific tissue of

he immune system.

'I'l-w ( Z‘rc/!u.\' s_v:ﬂcm also can be used to turn on gene ex-
resston - particular tissue. Just as the lack of a partilcu-
irgene may be lethal during cmbryonic development, the
apression of a gene can be toxic. To examine tissue-specific
: v.\prcssion of such a gene, 1t s possible to insert a transla-

' Imn‘tll stop sequence tlanked by loxP into an intron at the
1‘a‘3111.1|1ing ot the gene (Figure 23-20b). Using a tissue-
Pedtic promoter driving Cre expression, the stop sequence
v be deleted in the tissue of choice and the expression of
e Potentially toxic gene examined in this tissue. These
“difications o gene-targeting technology have been very
etul p determining the effects of particular genes -

“dtissues of the immune system.
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