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Transgenic and knockout mice have proven invaluable tools for analyzing physiologically relevant
functions of numerous genes. In some cases, however, pleiotropic effects that result from a variable
requirement for a particular gene in different tissues, cell types, or stages of embryonic development
may complicate the analysis due to a complex phenotype or embryonic lethality. The loxP/Cre-mediated
recombination system, which allows tissue-specific gene targeting in the mouse, can be used to over-
come these problems. A limitation of current methods is that a mouse carrying a loxP-tagged gene must
be crossed with a transgenic mouse expressing the Cre recombinase in an appropriate tissue to obtain
the desired gene rearrangement. We have used recombinant adenovirus carrying the Cre recombinase
to induce virtually quantitative somatic cell gene disruption in the liver. The targeted gene was the
multifunctional low-density lipoprotein receptor-related protein (LRP), a cell surface receptor for
o,-macroglobulin and other ligands. Transient expression of Cre following adenoviral infection produced
the predicted gene rearrangement, functionally inactivating LRP in the liver. Rearrangement occurred
within 6 days after-infection and remained stable for at least 28 days. The results demonstrate the suit-
ability of adenoviral Cre gene transfer to induce long-term, quantitative, and temporally controlled gene
disruption in the mouse.
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The 38-kD Cre protein mediates the site-specific insertion and
excision of bacteriophage P1 into the host genome'. This simple
binary recombination system has since been adapted for activating
or inactivating various genes in mammalian cells* and in transgenic
animals™*. LoxP sites consist of a palindromic 34-bp sequence with
an 8-bp core sequence that determines the directionality of the
site. Two unidirectional loxP sites located on the same linear DNA
molecule (e.g., a chromosome) are recognized by the Cre recombi-
nase, which then efficiently excises and circularizes the intervening
DNA sequence. It is thus possible to introduce precise, predeter-
mined deletions of any desired size into the mammalian genome,
e.g., a transgenic mouse, by first inserting loxP sites by homolo-
gous recombination into the targeted gene locus and then express-
ing Cre recombinase in all cells or only in specific tissues of the
animal™®, This technology is particularly useful to study the func-
tion of developmentally essential genes® in various tissues and at
various times of development by inserting loxP sites into “silent”
locations within the target gene (i.e., insertions sites that do not
interfere with normal transcription, splicing, and protein trans-
lation) and subsequently expressing the Cre recombinase in a tem-
porally and spatially controlled fashion. '

We have generated a mouse strain in which loxP sites have been
inserted into the gene encoding the low-density lipoprotein (LDL)
receptor-related protein (LRP). Mice in which this multifunctional
receptor® has been knocked out die early during gestation for
reasons that are largely unclear’. In contrast, animals in which
both LRP alleles have been modified by the insertion of loxP sites
(LRP™*x) are viable and phenotypically normal. By injecting a
recombinant adenovirus carrying the Cre-recombinase gene under
the cytomegalovirus promoter* intravenously into homozygous
LRP*™* mice we were able to achieve essentially complete recom-
bination and functional inactivation of the LRP gene in the liver.
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Adenovirus-mediated overexpression of an exogenous gene typ-
ically lasts for only a short period of time due to attack by the
immune system'". In contrast, the Cre-induced genomic rearrange-
ment and functional inactivation of the LRP gene occurred rapidly
and remained stable for at least 4 weeks. These results demonstrate
the usefulness of adenovirus-mediated transfer of Cre recombinase
to study the function of essential genes in the liver by inactivating
the “floxed” target gene in a temporally and completely controlled
manner without the need for crossbreeding the loxP gene-altered
mice with a transgenic mouse line expressing the Cre recombinase.

Results

Generation of LRP*“"> mice. Mice carrying an LRP allele into
which loxP sites had been integrated were generated by gene tar-
geting in embryonic stem cells. The structure of the recombinant
(“floxed”) allele is shown in Figure 1A. Cre-mediated recombina-
tion is expected to result in deletion of part of the promoter
including the transcription start site, exon I encoding the signal
peptide, and exon II, thus rendering the allele nonfunctional, Wild-
type, homozygous (flox/flox), and heterozygous animals were
identified by Southern blot analysis of EcoRI digested genomic
DNA using the indicated hybridization probe (Fig. 1B). We and
others have previously shown that, following intravenous injec-
tion, recombinant adenovirus can infect almost 100% of the
hepatic parenchymal cells'*”. We intravenously injected a purified
recombinant adenovirus carrying the Cre recombinase (AdCrel)
into the livers of homozygous LRP™%> mice to determine the
extent to which it was capable of converting the floxed LRP allele
to the desired knockout allele. Southern blot analysis of liver
genomic DNA, 6 days after virus injection into homozygous
LRPt= mice, revealed virtually complete conversion of the floxed
allele to the knockout allele (Fig. 2A). As expected, no detectable
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recombination was seen in tail DNA isolated from the same ani-
mal. A similar result was obtained when the filter was hybridized
with a pol2neo probe® (Fig. 2B). In the tail DNA, this probe
detected the 9.7-kb floxed allele and also a 3.7-kb band indicative
of the endogenous murine RNA polymerase 2 (pol2) promoter. In
contrast, the floxed allele was almost completely absent in the liver
DNA. Instead, the neo probe hybridized to a band of approxi-
mately 1.7 kb, which most likely represents the excised loxP-
flanked neo cassette. The presence of this expected episomal
circular DNA fragment could also be demonstrated by a poly-
merase chain reaction (PCR) assay that specifically detected only
the circularized neo-containing fragment (not shown). Preliminary
observations suggest that the episome was lost from the Cre virus-
infected livers at a rate of approximately 50% per month.

Adenovirus-mediated LRP gene inactivation in vivo. We next
determined whether AdCrel-mediated recombination of the floxed
LRP allele resulted in the functional inactivation of the gene and
the expected loss of protein expression. Wild-type and homozygous
LRP®x mice were intravenously injected with AdCrel or with a
control virus carrying the Escherichia coli B-galactosidase gene
(Fig. 2C). Liver and brain were removed from each animal 6 days
later and membrane extracts were subjected to immunoblot analysis
with antibodies directed against LRP or the LDL receptor (LDLR, a
control protein). LRP expression levels in liver and brain were
equivalent in wild-type mice injected with either virus and in
LRP™ animals injected with AACMV-Bgal. This result demon-
strates that (1) Cre expression does not affect the wild-type LRP
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allele, and (2) LRP expression is unaffected by the integration of
the loxP sites and the neo cassette. In contrast, LRP expression was
virtually eliminated in the livers of AdCrel-injected LRP™"* ani-
mals, but not in the brain, which is not a target for intravenously
injected adenovirus”. Expression of the LDLR in either tissue was
unaffected by the genotype of the animal or the virus used.

Loss of LRP protein in the liver correlated with the loss of LRP
receptor activity (Fig. 3) as shown by measuring the clearance rates
of *I-labeled o,-macroglobulin in uninjected and virus-injected
mice. a,-macroglobulin is a specific ligand for the multifunctional
LRP (refs. 19, 20). LRP*¥%* animals that had been injected with
Cre virus were significantly impaired in their ability to clear
1»]-labeled a,-macroglobulin from their plasma. In contrast, the
ligand was efficiently cleared from the circulation of uninjected
animals and wild-type and LRP®“®* mice that had been injected
with control virus.

Long-term effectiveness of Cre-mediated gene disruption. To
determine whether this somatic gene disruption was transient or
permanent we injected wild-type or LRP**** anjmals with AdCrel
of AACMV-BGal (Fig. 4). Partial hepatectomies were performed
on the same animals 6 and 28 days after virus injection, respec-
tively, and liver tissues were processed for immunoblotting with
anti-LRP and anti-LDLR antibodies as well as for Southern blot
analysis. Again, LRP expression was virtually abolished 6 days after
injection of AdCrel into LRP™¥%* mice and remained almost
undetectable 28 days after virus administration. LDLR expression
was not affected by virus injection regardless of the genotype of
the animal or time point examined. Southern blot analysis of liver
genomic DNA revealed that the floxed LRP allele had been largely
converted to the knockout allele in the Cre-virus—injected LRP%"
anjmals. A variable level of nonrecombined, floxed LRP allele was
detectable in some animals 6 days (between 7% and 28%) and,
slightly more pronounced, 28 days (between 26% and 34%) after
virus injection (Figs. 2 and 4). In contrast, LRP was almost com-
pletely absent after 6 days (between 0% and 4% of control) and 4
weeks (between 4% and 10% of control). The presence of nonre-
combined DNA was likely due to the inflammatory response char-
acteristic of adenoviral infection and the subsequent lymphocytic
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Figure 1. Introduction of loxP sites into the LRP gene. (A) Gene struc-
ture. A PGK-neo cassette flanked by loxP sites was introduced into a
Hindlli site approximately 240 bp upstream of the transcription initia-
tion site. A third loxP site was introduced into a Kpnl site downstream
of exon Il. Digestion of the “floxed” LRP allele with EcoRl produces a
9.7-kb fragment (detected with the 5’ probe) and a 4-kb fragment
(detected with the 3’ probe). The wild-type allele (not shown) is
detected by either probe as a 12.5-kb EcoRl fragment. Following Cre-
mediated recombination the recombined allele is detected by the 5’
probe as a 8.4-kb EcoRl fragment. EcoRl sites, E(1-3), are indicated.
(B) Southern blot analysis of mice wild-type (lane 1), homozygous
(lane 2), or heterozygous (lane 3) for the floxed LRP allele.
Approximately 10 pg of genomic DNA were digested with EcoRI and
analyzed using the 3’ probe. Wt allele, 12.5 kb band; floxed allele,
4 kb band.
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Figure 2. Southern and Western blot analysis of mouse tissues. (A) Ten
micrograms of tail (lane 1) or liver (lane 2) DNA from a mouse homozy-
gous for the floxed LRP allele were subjected to digestion with EcoRI
and Southern blot analysis with the 5’ probe 6 days after AdCret
injection. The positions of the floxed allele (9.7 kb} and the recom-
bined allele {8.4 kb) are indicated. (Lane 3) Equal amounts of tail and
liver DNA were mixed to illustrate the different migration of the floxed
and recombined gene fragments. (B) Ten micrograms of tail (lane 1) or
liver (lane 2) DNA from a mouse homozygous for the floxed LRP allele
were subjected to digestion with EcoRl and Southern blot analysis
with a neo probe 6 days after AdCrel injection. The 9.7 kb band
indicative of the floxed allele (lane 1) is absent in the liver (lane 2).
Instead, the probe hybridizes to a 1.7 kb fragment that most likely
represents the episomal excised neo cassetie. The endogenous
murine RNA polymerase |l gene (pol2) is detected by pol2 promoter
sequences present in the neo probe. (C) Immunoblot analysis of liver
and brain membrane proteins. Mice wild-type (wt/wt; lanes 1-4) or
homozygous for the floxed LRP allele {flox/flox; lanes 5-8) were either
injected with AACMV-BGal (lanes 1, 2, 5, and 6) or AdCre1 (lanes 3, 4,
7, and 8). Six days later, liver and brain were removed from the animals
and membrane proteins were subjected to immunoblot analysis using
polyclonal antibodies directed against the LDL receptor or LRP.
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Figure 1. Introduction of loxP sites into the LRP gene. (A) Gene struc-
ture. A PGK-neo cassette flanked by loxP sites was introduced into a
Hindlll site approximately 240 bp upstream of the transcription initia-
tion site. A third loxP site was introduced into a Kpnl site downstream
of exon Il. Digestion of the “floxed” LRP allele with EcoRl produces a
9.7-kb fragment (detected with the 5’ probe) and a 4-kb fragment
{detected with the 3’ probe). The wild-type allele (not shown) is
detected by either probe as a 12.5-kb EcoRI fragment. Following Cre-
mediated recombination the recombined allele is detected by the 5’
probe as a 8.4-kb EcoRl fragment. EcoRl sites, E(1-3), are indicated.
(B) Southern blot analysis of mice wild-type (lane 1), homozygous
(lane 2), or heterozygous (lane 3) for the floxed LRP allele.
Approximately 10 ug of genomic DNA were digested with EcoR! and
analyzed using the 3’ probe. Wt allele, 12.5 kb band; floxed allele,
4 kb band.
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Figure 2. Southern and Western blot analysis of mouse tissues. (A) Ten
micrograms of tail (lane 1) or liver (lane 2) DNA from a mouse homozy-
gous for the floxed LRP allele were subjected to digestion with EcoRI
and Southern blot analysis with the 5’ probe 6 days after AdCre1
injection. The positions of the floxed allele (9.7 kb) and the recom-
bined allele (8.4 kb) are indicated. (Lane 3) Equal amounts of tail and
liver DNA were mixed to illustrate the different migration of the floxed
and recombined gene fragments. (B) Ten micrograms of tail (lane 1) or
liver {lane 2) DNA from a mouse homozygous for the floxed LRP allele
were subjected to digestion with EcoRl and Southern blot analysis
with a neo probe 6 days after AdCre1 injection. The 9.7 kb band
indicative of the floxed allele (lane 1) is absent in the liver (lane 2).
Instead, the probe hybridizes to a 1.7 kb fragment that most likely
represents the episomal excised neo cassette. The endogenous
murine RNA polymerase il gene (pol2) is detected by pol2 promoter
sequences present in the neo probe. (C) Immunoblot analysis of liver
and brain membrane proteins. Mice wild-type (wt/wt; lanes 1-4) or
homozygous for the floxed LRP allele {flox/flox; lanes 5-8) were either
injected with AdCMV-BGal (lanes 1, 2, 5, and 6) or AdCre1 (lanes 3, 4,
7, and 8). Six days later, liver and brain were removed from the animals
and membrane proteins were subjected to immunoblot analysis using
polycional antibodies directed against the LDL receptor or LRP.
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collected by retro-orbital puncture and the amount of trichloroacetic acid-pre-
cipitable radioactivity in plasma was measured®. Values are expressed as the per-
cent of radioactivity present in plasma at 1 min after injection of the label.
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