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ABSTRACT

In mice transgenesis through oocyte injection or DNA
recombination in embryonal stem (ES) cells allows
mutations to be introduced into the germline. However,
the earliest phenotype of the introduced mutation can
eclipse later effects. We show in mice that site-specific
genomic recombination can be induced in a selected
cell type, B lymphocytes, at a chosen time. This
precision of somatic mutagenesis was accomplished
by limiting expression of a Cre recombinase—estrogen
receptor fusion protein to B lymphocytes by use of
tissue-specific elements in the promoter of the trans-
gene employed. The expressed fusion protein
remained inactive until derepressed by systemic
administration of an exogenous ligand for the estrogen
receptor, 4-OH-tamoxifen. Upon derepression the Cre
recombinase enzyme deleted specific DNA segments,
flanked by loxP sites, in B lymphocytes only. The
efficiency of recombination in cells expressing the
fusion protein could be varied from low levels to >80%,
depending on the dose of ligand administered. Our
work presents a paradigm applicable to other uses of
site-specific recombination in somatic mutagenesis
where both temporal and spatial regulation are desired.

INTRODUCTION

expression of an SSR protein and introduction of at least two
recombination target sites at chosen positions in the genome. The
type of recombination event mediated by the SSR depends on the
disposition of the recombination target sites, with deletions,
inversions, translocations and integrations being posdiple (

Previously we showed that the ligand-dependent characteristics of
steroid hormone receptors can be imposed on FLP recombinase
by expressing FLP recombinase—steroid receptor fusion proteins
(4). These fusion recombinases are inactive in the absence of a
cognate steroid hormone, but respond rapidly to hormone
administration. Ligand dependency can be similarly imposed on
Cre recombinase5€¢7). Thus SSR-steroid receptor fusion
proteins present an experimentally convenient way to determine
the time of recombination by ligand administration.

Somatic mutagenesis in mice using SSRs requires, for precision,
a near complete absence of background recombination, both in
cell types other than the target tissue and before the chosen time
of induction. To accomplish the first of these two objectives we
restricted expression of Cre recombinase to a given cell type by
use of a tissue-specific promoter, since previous work in mice has
shown effective spatial regulation of recombination based on this
strategy §-11). To accomplish the second, Cre was expressed as
a fusion protein with a mutant estrogen receptor ligand binding
domain (EBD) that is insensitive to the endogenous hormone
B-estradiol but still responsive to the synthetic estrogen antagonist
4-OH-tamoxifen. Thus two levels of regulation, spatial and
temporal, were combined in a single transgene (fig.

Regulated somatic mutagenesis is essential for the analysis of
gene function during development and in the mature organism. MATERIALS AND METHODS

mice transgenesis through oocyte injection or DNA recombinati

NA constructs

in embryonal stem (ES) cells allows mutations to be introduced into
the germline. However, the earliest phenotype of the introducd generate the CreED4 coding sequence the stop codon of the
mutation can eclipse later effects. Somatic mutagenesis is essertie¢ reading frame was replaced by the linker peptide VRGS and

for studies of gene function during subsequent development.

then fused to amino acid 304 of the human estrogen receptor. The

Recent work on somatic mutagenesis has focused on the usggkCreED4 vector was derived from the plasmid pgk-neo-bpA
site-specific recombinatiorl{3). Two site-specific recombinases through replacement of theeo gene by the Cre—EBD coding
(SSRs), Cre recombinase from Egcherichia colphage P1 and  sequence. To construct thg/lBsy4o Cre-EBD(G521R) expression
FLP recombinase from thquZircle of Saccharomyces cerevisiae vector the 2.0 kbSma-Xhd fragment from p44CreEBD-4,
have been shown to possess the properties required for genomiich contains Cre fused to the EBD(G521R) coding region
manipulations in a wide range of living systems, including micg/P.-O.Angrand, unpublished results), was ligated into the poly-
plants and flies. Genomic manipulations with SSRs requirknker of pg,hGH (F.Schwenk, unpublished results).
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. Transgenic mice
1. Restrict SSR/LBD fusion protein expression . L
to selected cell type Transgenic mice were produced by pronuclear injection of the

purified DNA fragment into fertilized (C57BI/6 CBA) F, eggs

using standard techniques. Founder mice were screened for
Cre—EBD(G521R) expression using the anti-Cre mAB 7.28 (

Of 14 transgenic mice generated, two showed detectable expression
of Cre-EBD(G521R) in B cells.

Ligand administration

Aliquots of 50 mg 4-OH-tamoxifen (Sigma H-6278) were

dispersed in 1.5 ml sunflower seed oil with a sonicator. Aliquots
cre | EBD (G521R) |~ were shock frozen and stored at <80 After thawing the

Bu/ Psvag samples were heated for 5 min at 6Gind injected i.p. through

a 26 gauge needle. On gross inspection of the organs of mice

treated with 4-OH-tamoxifen (five injections of 8 mg) no

abnormalities compared with non-treated controls were found. In

2. Activate recombinase activity with ligand bone marrow, spleen and thymus of 4-OH-tamoxifen-treated
mice the populations of immature and mature B and T cells
+Ligand appeared normal by flow cytometric analysis.

° g

e ; RESULTS 3z

o

@ / ) Ligand-dependant recombination in a fibroblast cell line %
Cre  EBD — / The Cre enzyme was expressed as a fusion protein with a mugéint

inactive active human estrogen receptor ligand binding domain, EBD(G521R). Th

equivalent Gly+Arg mutation in the mouse estrogen receptoE
(G525R) renders this EBD resistant to activation by the natu@l
. o o . . . ._estrogen receptor agonfsestradiol, while allowing activation by ¢
recombinaton n mice.l] Expreesion of  ste-specifc recombinase. nuear 1€ _ Synthetic —antagonist ~ 4-Ok-tamoxifen13(4). Cre- &
receptor ligand binding domain (SSR-LBD) fusion protein is directed to a chosedEBD(G521R) fusion proteins were first tested in a stable cell assay
cell type by the properties of thisregulatory elements of the transgene. Inthis t0 evaluate regulatory properties and further characterize the
case the immunoglobulin heavy chain enhancgy (& combined with the  response of the G521R mutation to other estrogens. A fibroblast gell
SV40 early minimal promoter to direct transgene expression exclusively to B"ne containing a single copy ofa neomycin resistance gene flanked

lymphocytes. Z) The expressed protein is a fusion of Cre recombinase and th . . : )
estrogen hinding domain (EBD) of the human estrogen receptor mutated at ami the loxP target sites for Cre recombinase (floxed) wa#

acid 521 (G521R). The Cre—EBD(G521R) protein is inactive because the EBOransfected with Cre—EBD(G521R) constructs (E#9). and stable P
interacts with the ubiquitous Hsp90 complex. The fusion protein is released fronglones isolated. Constitutive expression of Cre—EBD(G521R)
the inactive state upon ligand binding by the LBD, allowing recombination nat result in detectable recombination when the cells were grown @r
between two loxP sites present in the genome. Hsp, heat shock protein. up to 4 days in medium alone (F&B and C). As expected from S
the known properties of the G525R mutation, addition of higa
concentrations @-estradiol resulted in only a very weak inductionﬁ
of recombination, whereas 4-OH-tamoxifen induced near compléte
recombination (Fig2B). Cre—EBD(G521R) was insensitive to theS
second major endogenous mammalian estrogen, estriol, whilst
Transgenic cells responding efficiently to another synthetic antagonist, raloxifen
(Fig. 2B). The synthetic antagonist nafoxidine (F2) and the
The SV40-transformed murine embryonic fibroblast linesynthetic agonists diethylstilbesterol and hexesterol also did not
MEF5/5 (M.Aguet, unpublished results) was transfected with theduce recombination, whereas ICI 182,780 did (data not shown).
vector pl2neo (H.Gu, unpublished results), which contains aBoth raloxifen (Fig.2C) and 4-OH-tamoxifen (data not shown)
HSVtk promoter-drivemeogene flanked by two loxP sites and, induced recombination with reasonable and equivalent kinetics.
on one side, DNA from the yeal&u2 gene. A single copy Titration experiments with 4-OH-tamoxifen (Fp), raloxifen or
integrant, identified by Southern blotting, was further transfectelCl 182,780 (data not shown) showed that Cre—EBD(G521R)
with a hygromycin resistance vector together with the Credisplays[1100 times less apparent affinity for these ligands than
EBD(521R) expression vector pgkCreEDA4. In all of the fouexpected from the affinities of the natural estrogen receptor for these
stable transfectants analyzed (containing 3-10 copies lands. Nevertheless, the Cre—EBD(G521R) protein used here
pgkCreED4) Cre activity was induced upon administration oshows the necessary properties of low background recombination,
anti-hormone, although to different extents. Clone 4-4 was mostsensitivity to endogenous mammalian estrogens and efficient
efficient and was used for further analysis. Cre activity wagducibility by several synthetic antagonists.
measured by Southern blotting Xibd-digested genomic DNA Previous work has indicated that ligand regulation of steroid
using the adjacet¢u2probe. Cre-mediated deletion reduces theeceptor fusion proteins differs according to the length of linker
band detected by theu2 probe by 1.2 kb. peptide between the protein to be regulated and the ligand binding
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Figure 2. Characteristics of ligand-dependent recombination mediated by

Cre—EBD(G521R) in a fibroblast cell lined)(The transgene used to express

Cre—-EBD(G521R) constitutively and the floxed neomycin casseftggtably Figure 3. Characteristics of the Cre-EBD transgene and its expression.
integrated as a single copy in a fibroblast cell line are depicted. The (A) Scheme of the transgene. The Cre—-EBD(G521R) gene is expressed under
Cre—EBD(G521R) fusion is composed of amino acids 303-595 of the humancontrol of the immunoglobulin heavy chain enhancg) éad the SV40 early
estrogen receptor with a-&R mutation at position 521. Cre-mediated deletion  minimal promoter (17). A 2.1 kb fragment of the human growth hormone gene
of the loxP-flankecheo gene was detected by Southern blot analyskbeff (hGH) provides splicing and polyadenylation signals (18)F({@w cytometric
(X)-digested genomic DNA using the indicated probe. Upon Cre-mediated analysis of Cre-EBD(G521R) expression in peripheral blood lymphocytes.
deletion the band detected by the probe is reduced by 1B)Kbo(thern blot Lymphocytes from wild-type (wt) and CreED-30 mice were isolated and
analysis of Cre—-EBD(G521R)-mediated gene deletion upon treatment with stained intracellularly with the anti-Cre monoclonal antibody 7.23 (12) and for
various ligands. Transfectant 4-4 was cultured for 4 days in medium alone orlgM on the cell surface. Quantitated Cre expression in IgM-positive B cells and
in medium containing estradiol (0{M), raloxifen (0.5 puM), nafoxidin IgM-negative non-B cells from wild-type (dashed lines) and Cre-ED-30 mice
(0.12pM), 4-OH-tamoxifen (0.1pM) or estriol (100puM). Cre-mediated (solid lines) is shown belowC]j Strategy to distinguish the DNA polymerase
deletion reached 90% upon induction with 4-OH-tamoxifen and raloxifen, as B wild-type (upper line), loxP-flanked (middle line) and deleted (lower line)
measured with a Fuji BAS 1000 Bio-Imaging Analyzer. (C) Time course of alleles. The promoter region (ellipses), the first two exons opalfgene
ligand-induced recombination in transfectant 4-4. Cells were cultured for the (black rectangles) and an adjacent probe used for hybridization (bar) are shown.
indicated number of days in medium alone or in medium containinghd.1 In thepolpfiox allele a 1.5 kb gene segment has been flanked by two loxP sites
estradiol or raloxifen.[§) Titration of 4-OH-tamoxifen-induced recombination  (triangles). The wild-type, loxP-flanked and delgtelf alleles are represented
measured by quantification of Southern blots after 2 days induction. by BanH|I (B) fragments of 10, 4.5 and 3 kb respectively.
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domain of the steroid recept&t15,16). Therefore, we testedtwo  a B
Cre-EBD(G521R) fusion proteins. In addition to the one mgw. T2 5 & 80—
employed here (composed of amino acids 303-595 of the humg ; . T
estrogen receptor), a fusion protein that additionally includec Py T yeape—— 601 71
estrogen receptor amino acids 252—-303 between Cre and the EE | §
was tested. This longer fusion protein showed significant - D e ey - o 2 50
recombination in the absence of added ligand in both the stabl | 3
fibroblast cell system and transgenic mice (data not shown). —-ese . ] I

0 7 44 82 64 o F—i‘
Generation of Cre-EBD(G521R) transgenic mice % deletion o
Mice transgenic for the FPsy40 Cre-EBD(G521R) construct mg 4-HT per injection
illustrated in Figure3A were established. Expression of the Cre D
transgene was limited to B lymphocytes by placing it under =~ sin. 0 1 2 3 4 s
control of the immunoglobulin heavy chain enhancegy (iEked
to a minimal SV40 promoterl{). Of 14 lines two expressed "-.” & - wild-type
Cre—EBD(G521R) only in B lymphocytes (strains CreED-24 and : ; :
CreED-30) and showed similar properties of expression anc ‘.-“. e R
ligand regulation. FACS analysis of Cre—_EBD(G521R) expressior '
in CreED-24 and CreED-30 peripheral blood lymphocytes o — - - B &8 — coictod
showed that 7% 5% of IgM* cells expressed Cre (FigB and [t
data not shown). Thus thg/Psy40Cre-EBD(G521R) transgene i e N reinsdl
delivered mosaic expression to the B lymphocytes of the
CreED-24 and CreED-30 strains. E

#inj. 0 A

Ligand-inducible, B cell-specific gene deletion in mice E52} % H % % sE:01] ?é‘ 5 g % -

L= 2 -

The CreED-30 mouse line was crossed with a mouse line carryin
a floxed allele of the DNA polymeragegene polpfiox; 9). This
allele was chosen because its heterozygotic deletion in B cel
shows no deleterious effects on cell survival, thereby permitting
analyses of recombination uncomplicated by cellular selection
This was important, since we wanted to detect background
recombination that might occur in the absence of ligand
induction. No recombination was detected in B |ymphocyte§:igure 4. Southern analyses of ligand-inducible, B cell-specific gene deletion in
. . . . mice. @) Southern blot analysis of genomic DNA from B and T cells of mice
before ligand induction by Southern analys_ls (M&—C). given daily i.p. injections of various doses of 4-OH-tamoxifen as indicated for
However, a low amont of ba'Ckground recombination (|e$S thal days. Genomic DNA was prepared from splenic B and T cells 1 day after the
(1% total theoretical deletion of the floxed allele) in B last injection. Deletion of theolpfiox allele was detected by Southern blot
lymphocytes before ligand induction could be detected by PCRnalysis using polp-specific probe. The positions of the fragments derived from
the wild-type, loxP-flanked (floxed) and deletel( alleles and the percentages
(data not shown). ¢ doletion of the floxed allel ifed wih & Bi . |
. d-inducible activation of Cre was tested 'DIBﬂOX of deletion of the floxed allele, as quantified with a Bio-Imaging Analyzer, are
Ligand-in : > p ! indicated. SincéR5% of B cells do not express Cre—-EBD(G521R) (Fig. 3B),
heterozygotes (FigiA—D) and homozygotes (Fi4D). Ligand  64% recombination represents 85% recombination in Cre—EBD(G521R)-
was administered by daily i.p. injections of 0—-8 mg ligandexpressing cellsB) Reproducibility of Cre-mediated deletion of the loxP-flanked
e . . . . . f] H H
solubilized in oil. A variety of experiments showed that maximal ra’i\é’; Fz:/’g;“‘z:sﬁ %F;‘Zfegx\),v?‘t'r'we'g "‘10;35:3;13?“??5- %Eggfegf t:,\rll?egtrig:sean g
H 1 0, N1 - ’ ’ .
r_ecombmatlon pIatequed ES %o and tha_t dosa}ge_s _Of >_4 mg/ injec guantifications were as in (C). Percent deletion (re<@D) of the floxegol
tion were not saturating. Five consecutive daily injections of 1, 2, 4jlele is presented in the histogra) Kinetics of 4-OH-tamoxifen-inducible
or 8 mg produced 17, 44, 62 or 64% recombination @A) gene deletion. CreED-30 mice were injected with 5 mg 4-OH-tamoxifen daily
Analysis of different mice showed that percent inducedfor 1-5 days and analyzed 1 day after the last injectip.Apalysis of

recombination with different administration protocols was Cre-mediated deletion in homo- and heterozygougfipoimice. Littermates
were injected with 4 mg 4-OH-tamoxifen daily for 4 days and were analyzed

accura.tely relmduciblg (Fig4B). A single injeCtion of apparently 1 day later. ) Southern blot analysis of genomic DNA from various organs of an
saturating concentrations of 4-OH-tamoxifen (5 mg) induced 16%ntreated (left) or 4-OH-tamoxifen-treated mouse (dalily i.p. injections of 5 mg

recombination of the floxed allele (FigC). Further injections  4-OH-tamoxifen for 4 days; right).

induced more recombination up to a maximuni&®$% within

5 days (Fig4C). Induction kinetics elicited by 4-OH-tamoxifen

or raloxifen were very similar (data not shown). No recombinatiohomozygotes showed percent induced recombination to the same
was detected in any tissue other than B lymphocytes in miextent as the single allele in heterozygotes @y. A similar
treated with 4-OH-tamoxifen (FigE and data not shown). As degree of 4-OH-tamoxifen-inducible recombination was obtained in
Cre was not expressed in all IgMells (Fig.3B), the 65% B cells from mice harboring either a floxed allele of the
maximum of observed recombination reflects >80% recombinatio@-terminal src kinase genesf or two heterozygotic floxed

in Cre-expressing cells. This was confirmed by experiments aleles pol3 and cskF.Schwenk, C.Schmedt and A.Tarakovsky,
mice carrying two floxed alleles. Both alleles polpf©x  unpublished results). We observe therefore that recombination

{
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= = delated
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can be induced inB0% of Cre-expressing B lymphocytes to thethose involving gene knock-outs of non-cell autonomous factors.
same extent at one or two floxed loci. This suggests that ndowever, gain-of-function experiments or knock-outs with cell
recombination is inducible in the remaining 20% of Cre-positivautonomous factors do not require 100% recombination in the
B lymphocytes as determined by FACS analysis (BB), targettissue. Inthe latter case the presence of a mixed population
possibly due to insufficient levels of Cre expression. of wild-type and recombined cells may offer the advantage of
allowing wild-type/mutant comparisons in the same animal. An
internal comparison can be varied by use of different ligand
administration regimes to generate populations displaying different

; PR tios of wild-type and recombined cells. Nevertheless, it would
Contemporary analysis of gene function in mammals rest p ; ’
predominantly on the technology of genomic manipulations 0rﬁ‘early be desirable to express the SSR-LBD in 100% of the cell

mice. DNA delivery to mouse oocytes or embryonal stem cellyP€ Deing investigated. In common with some other cases of
permits stable alteration of the mouse genome, howevdfanSgenesis generated by oocyte injectitn), (the transgene
strategies of somatic mutagenesis are required so that g ployeéjl here appbears to dexbplreas [Ean?(o_sglctfatshlqﬁlﬂ‘ﬂ%
function can be studied in a chosen cell type at a chosen timg)'S Probiem may be avoidable Dy knock-in- strategies, where

Previous work to develop somatic mutagenesis in mice employ: SSR_dL.BDth'S glre_ct%d to”an ?r_]dto%enous locus known to be
site-specific recombination, either by restricting expression cﬁxgress(ej 'ﬂ. he deswe }:e 4-r(§a rtlce _rparﬁ?ﬂ@)r( " .
Cre activity to a chosen cell typg{1) or in a variety of tissues econd, high doses or 4-Ur-lamoxiien, or other estrogen

upon induction,18,19). Ideally, somatic mutagenesis should beantagonists, were required for induction. This is because the G521R

exclusively confined to a chosen place and time. We show hefgtation reduceg-estradiol binding by >10 000-fold, but also
a strategy that delivers this precision in B lymphocytes b duces binding by the synthetic antagonists [(H$0-fold

combining tissue-specific and ligand-dependent regulatio M"\rl]iCh‘)'S' J.Ir\{I.J.Rientjes, and A.Fesitart, u_rlllpuflf)lishid rahj).
These two regulatory modes were readily combined in a singid'"thermore, these estrogen antagonists will affect the endogenous

transgene. Consequently, precise somatic mutagenesis incgirogen receptor. Although we did not observe any obvious
lymphocytes was accomplished by use of a single effector mou% ect on adults or any change in lymphocyte populations at even
line. The simplicity of the strategy recommends its use in othd ed highest dostes adm|n|ste;ed hﬁlre,_ af?]E?‘GOft‘l'Stl.aCFt'O” ?n. the
applications. Other applications will require, as was the case hét8 l(_)gepous es rhogen_ :jecep or \le 5'9”5_'03{.‘ y fimi der ain
for B lymphocytes, enhancer/promoter combinations that deliv@PPlications, such as induction of recombinatiomtero (22).

the desired tissue-restricted expression pattern at reasonal %ner ligand/steroid receptor pairs, ideally ones that are completely
expression levels. Currently there is an ongoing, collective effofft efplendentfoLfBgcnwnefst_m mice, are needed to extend the
to establish a range of transgenic mouse lines that express é?§ uiness o reguiation.

recombinase in different tissues (http:/Aww.mshri.on.ca/develop/ 1he €ffective combination of spatial and temporal regulatory
modes presented here has implications for regulatory design in

her contexts. Since LBD regulation appears to function in all

ryotes 43-25), the combinatorial principle of this work is
roadly applicable, particularly to plants. Similarly, a combinatorial
proach in medicinal gene therapy could also be used to enhance
ntrol of expression of the exogenous gene(s).

DISCUSSION

nagy/Cre.htm ). One outcome of this effort will be identification
of useful enhancer/promoter combinations for Cre expression i
restricted patterns in mice. We suggest that these Cre transge
are good candidates for the simple addition of(thé&kb DNA

fragment that encodes a steroid receptor LBD so that tempof’aﬁ
regulation can be added. It is also worth considering that additiG?
of a second level of regulation may overcome the occasional
problem of Cre recombinase transgene expression very earlyACKNOWLEDGEMENTS
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