TNF-R2 induced NF-kB-dependent reporter gene ac-
tivation in 293 cells that were not transfected with TNF-
R2 (H. Hsu and D. V. Goeddel, unpublished results).
This observation is consistent with results obtained from
electrophoretic mobility-shift assays (Fig. 1).

21. M. Rothe and D. V. Goeddel, unpublished results.

22. M. Lewis et al., Proc. Natl. Acad. Sci. U.S.A. 88,
2830 (1991).
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fected with a total of 10 g of plasmid DNA in DEAE-
dextran (250 pg/ml) for 90 min. Reporter gene activ-
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24. Similarly, TNF-R1 overexpression in the absence of
exogenous TNF induces apoptosis and NF-kB acti-
vation in both Hela cells and 293 cells [M. P. Boldin
etal., J. Biol. Chem. 270, 387 (1995); H. Hsu and D.
V. Goeddel, unpublished results].

Inducible Gene Targeting in Mice
Ralf Kihn,* Frieder Schwenk, Michel Aguet,T Klaus Rajewsky

A method of gene targeting that allows the inducible inactivation of a target gene in mice
is presented. The method uses an interferon-responsive promoter to control the expres-
sion of Cre recombinase. Here, Cre was used to delete a segment of the DNA polymerase
B gene flanked by loxP recombinase recognition sites. Deletion was complete in liver and
nearly complete in lymphocytes within a few days, whereas partial deletion was obtained
in other tissues. This method can be used for the inducible inactivation of any other gene

in vivo.

Studies of gene function in mice often
involve the analysis of embryonic stem (ES)
cell-derived gene-targeted mice. Such mice
carry a predesigned mutation in their germ
line and are devoid of a particular gene
product throughout ontogeny (I). A strat-
egy for conditional, cell type—specific gene
targeting was recently developed (2) that
uses the CrefloxP recombination system of
bacteriophage P1 (3). In this procedure, a
target gene is flanked (“floxed”) with re-
combinase recognition (loxP) sites intro-
duced by homologous recombination in ES
cells; the amount of expression of the floxed
allele should be the same as that in the wild

type unless it is inactivated by Cre-mediat-

ed deletion of the loxP-flanked gene seg-
ment. Gene inactivation can be restricted
in vivo to a particular cell type by crossing
a mouse strain harboring the floxed allele to
a transgenic strain expressing Cre recombi-
nase constitutively under the control of a
cell type-specific promoter (2).

These approaches have a major draw-
back. The function of the gene product
must be deduced from the phenotype of
animals that are, either in all cells or in
certain cell types from an early time point
on, constantly deficient throughout ontog-
eny for the product of the disrupted gene. A
mutant organism may compensate for the
loss of a gene product so that no obvious
deviation from the wild type is seen, or the
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organism may react to the mutation to give
a complex, secondary phenotype. More-
over, if the complete loss of a gene product
results in embryonic lethality (4), gene
function at later stages of development can-
not be analyzed. To overcome these limita-
tions, we have developed a method to in-
duce gene inactivation in mice at a given
time during ontogeny. This method uses the
inducible promoter of the mouse MxI gene
(5) to control the expression of a Cre re-
combinase transgene. MxI, part of the de-
fense to viral infections, is silent in healthy
mice. The MxI promoter can be transiently
activated to high amounts of transcription
in many tissues upon application of inter-

Fig. 1. Detection of Cre- A
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feron a (IFN-a) or IFN-B or of synthetic
double-stranded RNA [polyinosinic-poly-
cytidylic acid (pl-pC), an IFN inducer (6,
7)]. Hence, mice harboring a floxed target
gene and a Mx-cre transgene acquire an
inactivating mutation of the target gene
upon treatment of the mice with IFN or
pl-pC.

To assess the efficiency of induced Cre-
mediated deletion of a target gene, we gen-
erated mice transgenic for a Mx-cre expres-
sion vector (8) and crossed them to a strain
harboring an allele of the DNA polymerase
B gene that contains two directly repeated
loxP sites. This allele, polpfo (2), is inacti-
vated upon excision of a loxP-flanked 1.5-
kb segment containing the promoter region
and first exon of the pol gene. Cre-medi-
ated deletion of the floxed gene segment in
a given tissue can be quantified by Southern
blot analysis of genomic DNA, which en-
ables comparison of the intensities of the
band from the polffi° allele and the frag-
ment derived from the deleted (polf?) al-
lele (Fig. 1).

Two of 42 Cre transgenic strains gener-
ated (Mx-cre3la and 31b) (8) exhibited
low background recombination, but exten-
sive deletion could be induced by treatment
of adult mice with IFN or pl-pC. Groups of
five mice (strain Mx-cre31a) received ei-
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containing the promoter 4] R ot

region (ellipses), the first s D uududlu- 4 ++|<Flox
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gene (numbered rectan-

gles), and an adjacent genomic probe used for hybridization (bar) are shown. In the 123

(2). Upon Bam Hl digestion the wild-type, po/g™*, and po/* alleles yield fragments

polpfe* allele a 1.5-kb gene segment has been flanked by two loxP sites (triangles) E] - «Flox
of 10, 4.5, and 3 kb, respectively (2). (B through D) Southern blot analysis of DNA e

-A

from liver (B) and spleen (D) of groups of polB™®%/+ Mx-cre transgenic mice and from

liver (C) of polB™*/polp”®* Mx-cre transgenic mice (strain Mx-cre31a) that received three intraperitoneal
(IP) injections of pl-pC (250 w.g) at 2-day intervals or were left untreated. Genomic DNA was prepared 2
days after the last injection. The positions of the fragments derived from the po/B wild-type (WT), polp’©*
(Flox), and po/B* (A) alleles are indicated. Each lane represents one mouse. In (C) the wild-type bands are
absent but a weak background band appears at the same position. (E) Southern blot analysis of DNA
from liver of mice (strain Mx-cre31a) that received three IP injections of human IFN-a./e, (10° units; lane
3) (72) or pl-pC (250 pg; lane 2) in comparison to a nontreated mouse (lane 1). Female littermates
heterozygous for the Mx-cre transgene were used at an age of 8 weeks.
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ther three injections of pl-pC at 2-day in-
tervals or were left untreated. Genomic
DNA was prepared from various organs of
these mice 2 days after the last injection.
Deletion of the floxed pol gene segment
was complete (100% deletion) in the liver
of treated mice heterozygous or homozygous
for the polpfo allele, whereas the back-
ground recombination was in the range of
1% in nontreated mice (1 * 2%, mean *
SD; Figs. 1, Band C, and 2). In other organs
the extent of induced deletion was variable,
ranging from 94% in spleen (9) to 8% in
brain (Figs. 1D and 2) (10), whereas no
deletion was found in testis (11). This het-
erogeneity may reflect differing proportions
of IFN-responsive cells or IFN availability
in various tissues.

Similar amounts of deletion were ob-
tained when recombinant human IFN-o,/a,
(12) was used for induction instead of pl-pC
(Fig. 1E). The efficiency of Cre-mediated
deletion was similar in organs from heterozy-
gous and homozygous pol™° mice (Fig. 2) as
well as hemizygous polBT*/pol@® mice (11).
Background recombination in nontreated
mice was undetectable in some tissues but
was as much as 10% in spleen (Fig. 2),
possibly because of the endogenous produc-
tion of IFN in these mice, which were main-
tained in a conventional facility. In Mx-cre
mice kept under specific pathogen-free
(SPF) conditions, endogenous IFN produc-
tion will be lower and hence this background
recombination may be reduced.

In addition to their antiviral activity,
[FN-a/B and pl-pC exert transient antipro-
liferative and immunomodulatory effects in
vitro and in vivo (7). When the liver and
kidney of mice treated three times with pl-
pC were examined histologically 2 days after
the last injection, no gross abnormalities
compared to nontreated controls were found
(13). In spleen, the populations of B and T
lymphocytes appeared normal by flow cyto-
metric analysis (14) whereas the number of
thymocytes, known to be reduced by stress
(15), was diminished by 50% in pl-pC—treat-
ed mice and by 25% in IFN-treated mice.
Although the treatment of mice with IFN-
o/ or pl-pC has side effects, we believe that
these effects are limited to the brief exposure
of the mice to the inducing agent and do not
impair the utility of the IFN-induced gene
targeting system. However, to minimize po-
tential side effects, we suggest the use of
[FN-o/B as the inducer of choice because
pl-pC can stimulate the production of cyto-
kines other than IFN, such as tumor necrosis
factor o (TNF-a) (16).

A single pl-pC injection was sufficient
to induce the deletion of 97% of the polBflox
allele within 2 days in the liver of Mx-cre
transgenic mice (Fig. 3). A second injection
after 2 days did not increase the amount of
deletion, probably because the first stimu-
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Fig. 2. Deletion of the polpo* allele in various
organs of po/B¥/+ Mx-cre transgenic mice (flox/
+) and polB®/polpfe* Mx-cre transgenic mice
(flox/flox). Groups of 5 mice (8-week-old females,
strain Mx-cre31a) were treated with pl-pC as de-
scribed in Fig. 1 (solid bars) or were left untreated
(striped bars) and genomic DNA was prepared
from the indicated organs 2 days after the last
injection. Cre-mediated deletion of the po/"o* al-
lele was detected by Southern blot analysis and
quantified with a Bio-Imaging analyzer (Fuji Bas
1000). Percentages of deletion (mean + SD) were
calculated by subtraction of the background ra-
dioactivity measured between the bands from the
polg™™ and polp” alleles from the activity mea-
sured in these bands; areas of the same size were

Deletion of floxed allele (%)

flox/flox

flox/+

used for all measurements. The remaining activity was added and set as 100%, and the proportion of the
polp* allele was calculated. This method gave values of 46 to 54% for the ratio of po/Bo* to po/B* alleles
in the genome of po/B**/polg* mice in independent experiments (77).

lation elicits a state of IFN hyporesponsive-
ness that lasts longer than 48 hours (7).
After a third dose of pl-pC, deletion was
complete in liver and was increased in
spleen and heart (Fig. 3). Thus, Cre-medi-
ated deletion can occur rapidly and very
efficiently in differentiated cells in vivo and
is almost complete in liver after a single
injection of pl-pC. These results demon-
strate that gene inactivation can be induced
with high efficiency in mice within a few
days and that Cre-mediated deletion is
achievable in organs composed mainly of
resting cells. We have also shown that both
alleles of a loxP-modified gene can be de-
leted in vivo with the same high efficiency
as a single loxP-flanked allele in heterozy-
gous.mice; this result establishes the feasi-
bility of the conditional gene targeting
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Fig. 3. Cre-mediated deletion of the po/Bf°* allele
in relation to the number of pl-pC injections.
Groups of two polpo%/+ Mx-cre transgenic mice
(8 weeks old, strain Mx-cre31b) received one,
two, or three IP injections of pl-pC (250 wg) at
2-day intervals and genomic DNA was prepared
from liver (®), spleen (M), and heart (@) 2 days after
the last injection (at day 2, 4, or 6). Deletion of the
pol’o* allele (mean + SD) was measured as de-
scribed in Fig. 2; for most data points the deviation
was too small to be visualized. Values obtained
from nontreated mice (day 0) are shown for com-
parison. Deletion in spleen of Mx-cre 31b mice is
not as efficient as in Mx-cre31a mice (Fig. 2).
SCIENCE »

VOL. 269 8 SEPTEMBER 1995

strategy because both alleles of a target gene
must be inactivated to investigate gene
function in a mutant.

The ubiquitously expressed DNA poly-
merase (3 fills small single-stranded DNA
gaps and is considered to be part of the
mammalian DNA repair machinery (17).
Polymerase B—deficient mice derived from
gene-targeted ES cells are not viable (2).
Thus, the IFN-inducible gene targeting sys-
tem will be a valuable tool to investigate
the possible roles of polymerase B in vivo,
such as DNA repair in liver and, potential-
ly, somatic hypermutation in B lympho-
cytes. The system should prove especially
useful in studies of gene function in liver
and the immune system because extensive
deletion can be obtained in these tissues.
The partial deletion obtained in other tis-
sues of Mx-cre mice may be sufficient for
gene inactivation experiments that result in
the gain of a new, easily detectable pheno-
type and do not depend on the inactivation
of a gene in all cells of a tissue. At present,
Cre-mediated gene deletion in Mx-cre mice
cannot be restricted to certain tissues. How-
ever, gene inactivation could be confined
to a certain cell type if Mx-cre mice were
crossed to IFN-a/B receptor—deficient mice
(18) reconstituted with a murine or human
IFN-a/B receptor gene controlled by a cell
type—specific promoter.
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The Chromodomain Protein Swi6: A Key
Component at Fission Yeast Centromeres

Karl Ekwall,* Jean-Paul Javerzat,* Axel Lorentz,
Henning Schmidt, Gwen Cranston, Robin Allshire:

Centromeres attach chromosomes to the spindle during mitosis, thereby ensuring the
equal distribution of chromosomes into daughter cells. Transcriptionally silent hetero-
chromatin of unknown function is associated with centromeres in many organisms. In the
fission yeast Schizosaccharomyces pombe, the silent mating-type loci, centromeres, and
telomeres are assembled into silent heterochromatin-like domains. The Swi6 chromo-
domain protein affects this silencing, and now it is shown that Swi6p localizes with these
three chromosomal regions. In cells lacking Swi6p, centromeres lag on the spindle during
anaphase and chromosomes are lost at high rates. Thus, Swi6p is located at fission yeast
centromeres and is required for their proper function.

Cytologically observable heterochromatin
in Drosophila and mammals is, in general,
incompatible with gene expression (I, 2).
The function of these transcriptionally silent
regions remains enigmatic (I, 2). Higher
eukaryotic centromeres, with their associat-
ed kinetochore complex, are formed in the
vicinity of centromeric heterochromatin, but
whether heterochromatin itself contributes
to centromere function is unknown. One
possibility is that transcriptional repression
at centromeres, and therefore heterochroma-
tin, is a manifestation of normal centromere-
kinetochore assembly. If this is true, then
certain gene products should localize with
centromeres and play a role in both the
formation of silent heterochromatin and
centromere function.

In the fruit fly Drosophila melanogaster and
in mammals, proteins containing chromodo-
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mains, a motif first described as a region of
similarity between HP-1 and Polycomb (3),
are associated with heterochromatin or im-
pose repression in a temporal manner on
important developmental genes (4-10). Mu-
tations in the Drosophila gene Su(var)205,
which encodes the chromodomain protein
HP-1, were originally identified as suppres-
sors of variegating position effects, which
suggested a role for HP-1 in the formation of
heterochromatin (I1). In the fission yeast
Schizosaccharomyces pombe, the silent mat-
ing-type loci, centromeres, and telomeres
share several properties with heterochromat-
ic domains (12-14). The swi6* gene of fis-
sion yeast encodes a chromodomain protein
and is required to maintain transcriptional
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repression at the silent mating-type loci and
centromeres (15, 16). Mutations in the swi6
gene result in a highly increased rate of
chromosome loss (16). The chromodomain
of Swibp is 46% identical to that of Drosoph-
ila HP-1 across this 50—amino acid domain
(15). We now present evidence that the
Swi6 protein is an important functional
component at fission yeast centromeres.

A purified fusion protein was used to
raise a polyclonal serum and to affinity-
purify Swibp-specific antibodies (anti-
Swibp). Protein immunoblotting with anti-
Swi6p detected a single band migrating at
~50 kD in extracts from wild-type strains
(Fig. 1A) (17). This band was absent in
extracts from strains in which the swi6™
gene is deleted (swi6::hisl), and only a faint
signal was seen in extracts from strains with
the missense swi6-115 allele (W269R).

Immunofluorescence analysis with affin-
ity-purified anti-Swi6p produced a distinct
pattern of staining in fixed cells (17). Sev-
eral discrete spots were seen in interphase
haploid and diploid cells (red, Fig. 1, B and
C). Most haploid and diploid cells con-
tained three and five spots of anti-Swibp
fluorescence, respectively (Fig. 1E). No
staining with anti-Swi6p was detected in
strains harboring a complete deletion of the
swi6 gene (Fig. 1D).

Mutations at swi6 cause a high rate of
chromosome loss during mitosis (Table 1)
and affect silencing within the centromere
(16). It therefore seemed plausible that
some of the anti-Swibp spots might repre-

Table 1. Frequency of chromosome lagging and loss in wild-type and swi6 mutants at 18°C.

Back- Cells in late Late anaphase Rate of minichro-
q anaphase cells with lagging mosome loss (Ch16)
groun (%)* centromeres (%)* per divisiont
Wild type 3.5 <1.0 (0/98) <0.08 (0/1241)
swib::his™ 3.7 48.8 (39/80) 4.6 (17/370)
swi6-115 2.7 24.5 (15/61) 1.3 (11/849)
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*Late anaphase cells were defined as cells with a spindle length greater than 5 um. Cells were classified as having
lagging centromeres if a single centromere FISH signal was detected at least 1.5 um away from an anaphase spindle
pole (as in Fig. 4B). For all strains, the frequency of lagging centromeres and minichromosome loss were measured in

cells from the same culture. Similar results were obtained in different cultures.

was determined as described (76).
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