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Mouse strains expressing the site-
specific recombinase Cre (or Flp)

facilitate conditional ablation of gene
function when one or several exons of the
gene of interest are flanked by loxP (or
FRT) sites1. Cre expression achieved by
classic transgenesis or targeting to an
appropriate locus might be tissue specific,
temporally restricted or inducible2,3. In
such experimental outlines, it is necessary
to monitor Cre activity at desired time
points as well as to verify that Cre was not
active previously during development.
Other investigators have generated trans-
genic4,5 or knock-in6 lines in which lacZ
expression is conditional on the removal
of an intervening segment. However, such
lines are most useful if lacZ can be
expressed in all cell types and hence is dri-
ven off a constitutively active promoter in
the mouse.

We have previously described a gene-
trap strain, ROSA βgeo 26, in which
expression of the βgeo reporter appears to
be constitutive during embryonic develop-
ment7,8. I report here successful targeting
at the ROSA26 locus and the derivation of
a reporter line for monitoring Cre expres-

sion. To target the locus, a 5-kb genomic
fragment was subcloned in a plasmid vec-
tor along with a diphtheria toxin (DTA)
expression cassette for negative selection to
produce the vector pROSA26-1. A splice
acceptor sequence (SA) identical to the one
used in the original gene-trap allele, a neo
expression cassette flanked by loxP sites, a
lacZ gene and a polyadenylation (bpA)
sequence were inserted at a unique XbaI
site approximately 300-bp 5´ of the origi-
nal gene-trap integration site (Fig. 1a). A
triple polyadenylation sequence9 was
added to the 3´ end of the neo expression
cassette to prevent transcriptional read-
through. This ROSA26 reporter (R26R)
construct was linearized with KpnI and
electroporated into AK7 embryonic stem
(ES) cells. Following G418 selection, 8 of
23 G418r colonies were found to have cor-
rectly undergone homologous recombina-
tion by PCR and were further verified by
Southern-blot analysis (Fig. 1b). Three
clones were used to derive germline chi-
maeras. Heterozygous mice did not display
an overt phenotype, and were bred to
obtain viable and fertile homozygous
mutant progeny.

The recombination efficiency will
depend on the level of Cre expression and
thus vary between different mouse
strains. Heterozygous R26R mice were
bred with R26Cre mice, a general deletor
mouse line made by targeting Cre to the
ROSA26 locus, and embryos were col-
lected at various stages between embry-
onic day (E) 8 and E16 and stained with
X-Gal for lacZ activity. Embryos het-
erozygous for both R26Cre and R26R
alleles displayed ubiquitous blue staining,
whereas wild-type or heterozygous R26R
embryos did not show any staining
(Fig. 2). These results indicate that the
reporter line functions as planned and
that following recombination at preim-
plantation, at which time the ROSA26
promoter is activated7, lacZ can be
expressed in all cells of the embryo.
Crossing R26R mice with other Cre-
expressing strains resulted in different or
more restricted lacZ expression patterns
(data not shown). The R26R mouse
strain should be of wide use for monitor-
ing Cre expression, as well as for
analysing cell lineages during develop-
ment, and is available from the Induced
Mutant Resource of the Jackson Labora-
tory (stock numbers 3309 and 3310).
Another reporter mouse line has been
generated at the BT5 gene-trap locus
using a similar approach (S.K. Michael
and E.J. Robertson, pers. comm.).

Generalized lacZ expression with
the ROSA26 Cre reporter strain

Fig. 1 ROSA 26 targeting. a, Top, restriction map of the locus. PCR primers from
ROSA26 flanking (5´−CCTAAAGAAGAGGCTGTGCTTTGG−3´) and splice acceptor (5´−
CATCAAGGAAACCCTGGACTACTG−3´) sequences were used to amplify an approxi-
mately 1.2-kb diagnostic fragment (grey arrowheads). The probe used for
Southern-blot analysis is shown as a shaded box. LoxP sites are indicated by black
arrowheads. Only EcoRV sites are indicated for pROSA26-R. b, Left, Southern-blot
analysis of targeted clone (1−8) and wild-type (WT) DNA digested with EcoRV; 1C and
2C are populations of ES clones 1 and 2 transiently transfected with PGKCrebpA (a
gift of M. Komada) showing the expected shorter targeted fragment due to deletion
of the neo segment. Right, only the shorter EcoRV fragment is seen in offspring also
expressing Cre (lanes 6,7) in contrast with the reporter allele alone (lane 2). ROSA26-R
embryos could be genotyped by PCR (approximately 500-bp wild-type and (approxi-
mately 250-bp mutant fragments) using three oligonucleotides: 5´−AAAGTCGCTCT-
GAGTTGTTAT−3´, 5´−GCGAAGAGTTTGTCCTCAACC−3´ and 5´−GGAGCGGGAGAAATG
GATATG−3´.

Fig. 2 LacZ expression following Cre recombination. a, Whole-mount X-Gal
staining of E9 R26R heterozygous (left) and R26R/R26Cre (right) compound
heterozygous embryos. b, Sagittal section of an E9 R26R/R26Cre compound
heterozygous embryo. c, Higher magnification (×200) sagittal section showing
lacZ expression in all cells in the somites and the underlying mesenchyme; scale
bar, 50 µm. d, Cross-section through a somite (×1,000); scale bar 10 µm.
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The ε4 allele of the gene encoding
apolipoprotein E (APOE) is the only

well-replicated genetic risk factor for non-
autosomal dominant forms of Alzheimer
disease1 (AD). However, the APOE geno-
type is estimated to account for less than
one-half of the genetic variance2. Follow-
ing reports that the DCP1*D allele of a
common insertion (I)/deletion (D) poly-
morphism in the gene encoding
angiotensin converting enzyme3 (dipep-
tidyl carboxypeptidase 1; DCP1) is associ-
ated with increased longevity4, we

hypothesized that DCP1*D might protect
against the development of AD and that,
similarly, the DCP1*I allele may confer
increased risk. We tested this hypothesis in
a case-control sample from Cardiff and
independent replication samples from
London and Belfast (Table 1).

Our analysis of the Cardiff data showed
a significant association between AD and
DCP1 genotypes (χ2=8.98, d.f.=2,
P=0.011) and alleles (χ2=5.34, d.f.=1,
P=0.02). The variance in genotypic distri-
bution appeared attributable to an excess

of DCP1*I/*I and DCP1*I/*D genotypes in
AD cases (P=0.006; odds ratio (OR)=2.43,
95% CI=1.35−4.39, after Bonferroni cor-
rection for multiple testing in the present
study; P=0.046 after correction for 8 genes
studied previously in this sample). We sub-
sequently tested this finding in the London
and Belfast samples and found similar sig-
nificant associations (London, P=0.0008,
OR=2.71, 95% CI=1.5−4.9; Belfast,
P=0.017, OR=1.82, 95% CI=1.11−2.98).

We combined the samples in a stratified
analysis5, and found that AD cases had a
highly significant excess of DCP1*I/*I and
DCP1*I/*D genotypes (n=542) compared
with controls (n=386; χ2=24.22, d.f.=1,
P=0.000001). This yielded an OR of 2.22
(95% CI=1.62−3.1) with no evidence of
heterogeneity between samples (P=0.6).

We then used logistic regression to test
for the presence of the DCP1 association
after accounting for the effects of APOE
(Table 2). After we stratified the total data
set for APOE, the case-control differences
remained highly significant and confirmed
that a dominant model provides a best fit
for the data (DCP1*I/*I and DCP1*I/*D
versus DCP1*D/*D, χ2=16.10, d.f.=1,
P=0.00006). We observed no evidence of
an interaction between alleles of DCP1 and
APOE (P=0.89). In addition, there was no
evidence of association with age of onset,
gender or family history (data not shown).

These findings suggest that genetic vari-
ation at the DCP1 locus predisposes to AD
in a manner that is independent of APOE
variation. They might also help explain the
unexpected association of DCP1*D/*D
with longevity4. However, we must con-
sider the possibility that the low frequency
of the DCP1*D/*D genotype in AD may
have been due to the exclusion of cases
with cardiovascular disease, for which
some evidence exists of an association with
the DCP1*D/*D genotype6. This appears
unlikely for a number of reasons. First, the
impact of the DCP1*D/*D genotype on
cardiovascular disease is controversial, rel-
atively small and restricted to specific geo-
graphical areas and to patient subgroups
with highly heterogeneous clinical mani-

Variation in DCP1, encoding ACE,
is associated with susceptibility
to Alzheimer disease

Table 1 • DCP1 genotype and allele distributions

Genotypes Alleles

II ID DD I D ORII,ID/DD
(95% CI)

Cardiff casesa 41 121 36 203 193
(n=198) (0.21) (0.61) (0.18) (0.51) (0.49) 2.43
Cardiff controls 12 38 27 62 92 (1.4−4.4)
(n=77) (0.16) (0.49) (0.35) (0.40) (0.60)
London casesb 23 88 24 134 136
(n=135) (0.17) (0.65) (0.18) (0.50) (0.50) 2.71
London controls 22 48 41 92 130 (1.5−4.9)
(n=111) (0.20) (0.43) (0.37) (0.41) (0.59)
Belfast cases 63 114 32 240 178
(n=209) (0.30) (0.55) (0.15) (0.57) (0.43) 1.82
Belfast controls 55 94 49 204 192 (1.1−3)
(n=198) (0.28) (0.47) (0.25) (0.51) (0.49)
Total casesc 127 323 92 577 507
(n=542) (0.23) (0.60) (0.17) (0.53) (0.47) 2.22
Total controls 89 180 117 358 414 (1.6−3.1)
(n=386) (0.23) (0.47) (0.30) (0.46) (0.54)

I, DCP1*I; D, DCP1*D; II, DCP1*I/*I; DD, DCP1*D/*D; ID, DCP1*I/*D; n, total number of individuals geno-
typed; CI, confidence interval. The ascertainment, diagnosis and collection of case and control groups for
the three centres are detailed elsewhere9−11. Mean age of onset for the cases from Cardiff, London and
Belfast were 70.25 y (s.d.±9.35), 82.3 y (s.d.±6.7) and 76.60 y (s.d.±6.26), respectively. Mean age of collection
for the control samples were 73.46 y (s.d.±6.2), 80.8 y (s.d.±4.5) and 77.09 y (s.d.±6.42), respectively. Cases
and controls in Cardiff and London were of UK origin, whereas patients and controls for the Belfast sam-
ple consisted of individuals with parents and grandparents born in Northern Ireland. All controls had a
minimum mini-mental state examination score12 of 25. APOE genotypes were produced as described13.
DCP1 genotypes were produced using established methods14 followed by a quality control amplification
step necessary in detecting under-amplified DCP1*I alleles15. a,b,cSignificant deviation from Hardy-Wein-
berg equilibrium (HWE; Pa=0.002; Pb=0.0004; Pc=0.000005), as would be expected with a genotypic associ-
ation with disease. Genotypes for control groups were all within HWE (Cardiff, P=0.78; London, P=0.26;
Belfast, P=0.5; total controls, P=0.47). Odds ratios for each centre and for the total samples were calculated
on the risk conferred by the presence of one or more copies of the DCP1*I allele. Standard χ2 test was used
to test for genotypic and allelic association and logistic regression to test for DCP1 and APOE interactions.
Combined analysis of data from the two centres used Woolf’s method5.

Although the ROSA26 promoter has been
shown to have activity on its own and
might lead to broad gene expression in
transgenic mice8, the high rate of homol-
ogous recombination and generalized
lacZ expression observed here suggest
that targeting of genes to the ROSA 26
locus may be a desirable method to
achieve ubiquitous expression during
development or in the adult.

Acknowledgements
I thank C. Auger, P. Capp and K. Weismann for
technical assistance. This work was supported by
NIH grant RO1 HD 24875.

Philippe Soriano
Program in Developmental Biology, Division of
Basic Sciences, Fred Hutchinson Cancer
Research Center, 1100 Fairview Avenue North,
Seattle, Washington 98109, USA. e-mail:
psoriano@fhcrc.org

1. Rajewsky, K. et al. J. Clin. Invest. 98, 600–603 (1996).
2. Feil, R. et al. Proc. Natl Acad. Sci. USA 93,

10887–10890 (1996).
3. Kellendonk, C. et al. Nucleic Acids Res. 24,

1404–1411 (1996).
4. Akagi, K. et al. Nucleic Acids Res. 25, 1766–1773

(1997).
5. Tsien, J.Z. et al. Cell 87, 1317–1326 (1996).
6. O’Gorman, S., Dagenais, N.A., Qian, M. & Marchuk,

Y. Proc. Natl Acad. Sci. USA 94, 14602–14607 (1997).
7. Friedrich, G.A. & Soriano, P. Genes Dev. 5,

1513–1523 (1991).
8. Zambrowicz, B.P. et al. Proc. Natl Acad. Sci. USA 94,

3789–3794 (1997).
9. Maxwell, I.H., Harrison, G.S., Wood, W.M. &

Maxwell, F. BioTechniques 7, 276–280 (1989). 

© 1999 Nature America Inc. • http://genetics.nature.com
©

 1
99

9 
N

at
u

re
 A

m
er

ic
a 

In
c.

 • 
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m


