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Strategies for conditional induction of transgene ex-
pression in mice are likely to be valuable for testing
the role of candidate genes in disease pathogenesis.
We have developed a system for lineage-specific, li-
gand-dependent, induction of sustained transgene ex-
pression in fibroblastic cells in mice using a chimeric
gene encoding the Cre-ER(T) fusion protein, under
the control of a fibroblast-specific regulatory se-
quence from the proa2(IDcollagen gene. Cre-ER(T) op-
erates as a tamoxifen-dependent DNA recombinase to
excise fragments flanked by specific LoxP consensus
sequences. To test efficiency and ligand dependency
of this strategy, Cre-ER(T)-expressing mice were
backcrossed with heterozygous ROSA26-LacZ re-
porter mice, in which a floxed-STOP cassette has been
introduced upstream of a bacterial 3-galactosidase
(LacZ) reporter gene at a ubiquitously expressed lo-
cus. Constitutive or tamoxifen-induced LacZ expres-
sion was examined in embryonic, neonatal, and adult
compound-transgenic mice. When pregnant ROSA26-
LacZ females received a single dose of tamoxifen,
high-level expression of LacZ in the skin was demon-
strable from 24 hours after injection in double-trans-
genic embryos harboring both the Cre-ER(T) trans-
gene and the target ROSA26-LacZ allele. High-level
expression of LacZ was also induced postnatally by
tamoxifen specifically in dermal and visceral fibro-
blasts. By allowing efficient embryonic or postnatal
modification of alleles that have been targeted to in-
corporate LoxP sites, or to switch on transgenes

cloned downstream of the floxed-STOP cassette, this
system will allow fibroblast-specific genetic perturba-
tions to be induced at predetermined embryonic or
postnatal time points. This should greatly assist in in
vivo functional studies of candidate genes in fibrotic
diseases such as systemic sclerosis. (Am J Pathol
2002, 160:1609—-1617)

Connective tissue fibrosis is a major medical problem
leading to substantial morbidity and mortality. A final
pathway in the development of fibrosis seems to be the
establishment of a population of fibrogenic fibroblasts in
lesional tissues.” The autoimmune rheumatic disease
systemic sclerosis is a good model for acquired fibrosis,
as well as being an important medical condition in its own
right with substantial mortality. Recent reports have high-
lighted several genes that may underlie fibroblast dys-
function in systemic sclerosis through genetic linkage or
association studies, and by differential display method-
ologies including cDNA-based transcriptional profiling
and polymerase chain reaction (PCR)-based subtractive
hybridization methods. Candidate genes include pro-
tease nexin-1,23 connective tissue growth factor,* trans-
forming growth factor-B2, transforming growth factor-B3,
and TIMP1.% A major challenge arising from such studies
is confirmation that overexpression of these genes leads
to fibrosis. Animal models, and especially the genetic
modification of mice, provide the most physiological sys-
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tem in which to test the role of altered expression of
genes in vivo. This has fuelled development of a number
of different strategies to induce cell-specific genetic per-
turbation in a spatiotemporally regulated manner.®

Tissue-specific promoters allow transgene expression
to be restricted, but for some cell lineages, such as
fibroblasts, this is difficult owing to the lack of naturally
occurring lineage-specific marker genes. To overcome
this, cis-acting regulatory elements subcloned from
genes such as type | collagen that are expressed at an
early stage in differentiating mesenchymal cells, have
been used to produce promoter-reporter constructs that
function as lineage-specific transgenes in these cell
types.” One of the most powerful of these regulatory
elements so far characterized is a far-upstream transcrip-
tional enhancer from the proa2(l)collagen gene that di-
rects expression in fibroblasts but not in other type |
collagen-producing cells.® In conjunction with a minimal
promoter this enhancer directs expression in fibroblasts
at levels similar to those of the endogenous type | colla-
gen gene and selective overexpression of these reporter
genes in fibroblasts in transgenically modified type 1 tight
skin mice.®

Methods for conditional activation of transgene ex-
pression add further refinement to lineage-specific trans-
genesis by allowing activation of gene predetermined
time points. Although a number of ligand-dependent
transgenes have been reported, such as those incorpo-
rating tetracycline/doxycycline'®~'2 or ecdysone-depen-
dent' constructs, these have not been widely used in
transgenic mice. Tetracycline-dependent repressor do-
mains have also been used to specifically inactivate
transgenes postnatally.'® There are several limitations to
these systems, for example the effect of long-term ligand
administration needs to be considered, and many of
these systems are not entirely inactive in the absence of
ligand."® To circumvent this, tetracycline-dependent pro-
moters and silencers have been combined to reduce
background expression levels of transgenes.’® An alter-
native system utilizes a gene-switch strategy in which a
ligand-dependent transactivating protein is encoded and
will activate a target transgene regulated by a responsive
promoter. ™’

Naturally occurring sequence-specific DNA-modifying
enzymes such as the P1 bacteriophage enzyme Cre-
recombinase'® have been widely used for in vitro DNA
modification and are increasingly being applied in vivo.
This enzyme directs genetic recombination at specific
sites termed “LoxP sequences” (palindromic sequences
with a variable length spacer sequence, which must be
identical for recombination to occur). Cre-recombinase
excises a DNA sequence flanked by LoxP sequences in
the same orientation. Tissue-specific promoters can be
used to target Cre to certain tissues at particular times in
development and ligand-dependent forms of Cre have
been developed that allow regulated recombination at
LoxP sites. In general, these have been synthesized as
chimeric proteins in which the catalytic subunit of Cre is
fused to a steroid receptor domain.' These steroid re-
ceptor domains can be mutated so that they have affinity
for artificial steroids but not endogenous ligand.?°

In the present study, we have expressed a tamoxifen-
dependent form of Cre-recombinase specifically in fibro-
blasts using a potent lineage-specific enhancer, and
have used this to selectively activate a reporter gene in
fibroblasts at predetermined embryonic or postnatal time
points.

Materials and Methods
Cre-ER Construct

A fibroblast-specific transcriptional enhancer was used
to drive the expression of a cDNA encoding a fusion
protein incorporating the catalytic domain of Cre-recom-
binase and a mutated ligand-binding domain of the es-
trogen receptor having affinity for tamoxifen or 4-hy-
droxytamoxifen, but not for estradiol. Fibroblast
specificity was determined by a 6-kb transcriptional en-
hancer subcloned from the far-upstream region of the
mouse proa2(l)collagen gene that has previously been
shown to direct high-level transgene expression in fibro-
blastic cells during embryonic development from E9.5.8

To construct this expression vector for Cre-ER(T) a
2-kb fragment encoding the fusion protein was excised
by EcoRI and subcloned into the EcoRlI site of pBS. The
6.4-kb fragment incorporating 6 kb of the upstream 5’'-
flanking region of the Col7a2 gene (—19.5-kb to —13.5-kb
upstream of the transcription start site was linked to an
endogenous minimal promoter (—350 bp to +54 bp) was
subcloned from the vector pCD3?" into plasmid pRM
lacking LacZ between Notl and Sall. Construction of the
plasmid pRM has been previously described in detail 8 It
was modified from the vector pLacF?? by addition of short
linkers containing unique restriction sites and incorpo-
rates the intron and polyadenylation signal of the mouse
protamine-1 gene. The donor plasmid pRM incorporates
a bacterial B-galactosidase reporter gene, and this was
excised during subcloning steps to introduce the Cre-
ER(T) cDNA. An additional Notl site was introduced into
the Nru1 site of this vector. The IRES-hpAP construct from
the dicistronic expression vector pWH82324 was excised
using Nru1/Sall and cloned into the Smal site of the 2-kb
Cre-ER fragment in pBS. An additional Sall site was in-
troduced into the Notl of the intermediate IRES construct.
Finally, the Sall fragment including Cre-ER(T)-IRES-hpAP
was cloned into the Sall site of the intermediate construct.
The transgene construct is shown in Figure 1.

Generation of Transgenic Mice

Transgenic mice were generated by standard methods.
In brief, the transgene construct was linearized the back-
bone bacterial sequence removed using Notl. The frag-
ment was gel-purified and electro-eluted before purifica-
tion using ultracentrifugation (60 minutes at 4°C). After
dilution to 2 ng/ml final concentration in microinjection
buffer,?® DNA was microinjected into fertilized B6D2 F2
oocytes. These were transferred into CD1 foster mothers
and examined at 15.5 days after conception or continued
to term for examination of postnatal time points. Selected
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Figure 1. Fibroblast-specific expression of ligand-dependent Cre-recombi-
nase. A: Transgene construct for fibroblast-directed expression of CreER(T).
The coding sequence for tamoxifen-dependent Cre-recombinase is regulated
by a fibroblast-specific expression cassette comprising a 6-kb fragment from
the far-upstream region (—19.5-kb to —13.5-kb upstream of the transcription
start site) and a minimal promoter of the Colla2 gene. A viral IRES sequence
linked to the human placental alkaline-phosphatase reporter gene (hpAP)
downstream of the CreER(T) directs co-expression of this marker enzyme,
from a dicistronic mRNA to identify transgene expression. Major restriction
sites used for subcloning are annotated. The backbone sequence for the
parent plasmid is derived from plasmid pUC18 as described in the text. B:
Expression of hpAP in transgenic skin biopsy. Skin biopsy specimens taken
from transgenic (right) mice or wild-type littermate controls demonstrating
high-level dermal expression of placental alkaline phosphatase in transgenic
skin. C: Excision of floxed STOP cassette induced by tamoxifen. Schematic
showing excision of the trimeric transcription/translation blocking STOP
cassette by Cre-ER(T) in the presence of tamoxifen, by homologous recom-
bination of LoxP consensus sequences in the same orientation.

mice were bred with wild-type animals to establish trans-
genic lines that were maintained at heterozygosity.

To identify transgenic mice genomic DNA was ex-
tracted from tails of 10-day-old mice and genotyping
performed by PCR for sequences within the Cre cDNA,
using specific primers (5’-ATCCGAAAAGAAAACGT-
TGA-3' and 5'-ATCCAGGTTACGGATATAGT-3’) to yield
a 700-bp product. Amplification was undertaken by 35
cycles of 60 seconds annealing at 58°C, Mg*™* 2.6
mmol/L, and 60 seconds extension at 72°C.

Assessment of Transgene Expression

Co-expression of the hpAP reporter gene via a viral IRES
sequence facilitated screening of mice for transgene ex-
pression. This human placental isoform of alkaline phos-
phatase is relatively resistant to inactivation by heat and
so can be readily identified in transgenic tissues after
heat inactivation of endogenous murine forms of this
enzyme.?* Embryos at 15.5 days after conception or skin
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biopsy specimens were processed for hpAP activity. In
brief, skin or tail biopsies were washed with phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde
overnight at 4°C. After rinsing in PBS, samples were
heated to 75°C for 30 minutes to inactivate endogenous
alkaline-phosphatase activity. After further washing with
PBS, samples were washed for 10 minutes with alkaline-
phosphatase buffer containing 0.1 mol/L Tris-HCL (pH
9.5), 0.1 mol/L NaCl, and 10 mmol/L MgCl,. Finally, em-
bryos were stained with BM Purple AP substrate (Boehr-
inger Mannheim, Indianapolis, IN) at room temperature.
Samples were washed with PBS plus 0.1% Tween 20 and
2 mmol/L of MgCl,, and stored at 4°C in PBS.

ROSA26-LacZ Reporter Strain for Testing Cre
Activity in Vivo

To test the activity and ligand-dependency of the Cre-
ER(T) transgene product transgenic males harboring the
Cre-ER(T) transgene were back-crossed with heterozy-
gous female ROSA26-STOP-LacZ reporter mice.?%2” This
line has the LacZ reporter gene introduced using a gene-
trap protocol to insert a promoterless reporter gene
(ROSA, reverse orientation splice acceptor) randomly
into the mouse genome into a ubiquitously expressed
locus. Using homologous recombination a STOP cas-
sette flanked by LoxP sequences has been introduced
upstream of the LacZ gene.?® In the presence of func-
tional Cre-recombinase this STOP cassette is excised
and the LacZ gene is expressed. Mice harboring the
conditional allele were genotyped by PCR of genomic
DNA extracted from tail biopsies taken from neonatal
pups or from placentas from founder embryos, using
primers specific for the B-galactosidase reporter gene.®

X-gal Staining for B-Galactosidase

Activity of LacZ in whole-mount embryos or in tissue
samples was performed as described previously.”
Briefly, whole mouse embryos or dissected tissue
fragments were fixed for 60 minutes (0.1 mol/L sodium
phosphate, pH 7.3, 5 mmol/L EGTA, pH 8.0, 2 mmol/L
magnesium chloride, 0.2% glutaraldehyde, 0.3% formal-
dehyde), rinsed for 90 minutes and stained with 5-bromo-
4-chloro-3-indoyl B-p-galactopyranoside (X-gal) staining
solution (1 mg/ml) at room temperature. Tissue was pro-
cessed through increasing concentrations of ethanol and
stored in 80% ethanol at —20°C. For histological exami-
nation tissues were dehydrated, paraffin wax-embedded,
and 7-um sections were cut and counterstained with
eosin.

Activation of Cre-Recombinase

The activity of the ligand-dependent Cre-ER(T) fusion
protein was tested in vivo by back-crossing transgenic
mice onto the ROSA26-STOP-LacZ reporter mouse.?®
This reporter line was maintained at heterozygosity, be-
cause of potentially deleterious effects of homozygosity
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Table 1. Summary of Transgenic Mice Harboring Cre-ER(T)

Transgene
Skin expression
Founder  Sex PCR hpAP Transgenic line
1 m Positive Weak No
2 f Positive None No
3 m Positive Strong Died at 4 weeks
4 m Positive Strong Died at 4 weeks
5 f Equivocal  None No
6 f Positive None No
7 m Positive Strong Yes
8 f Positive Medium Yes

for the targeted allele. For these experiments female het-
erozygote reporter mice were mated with male Cre-ER
mice. Initially, activation was tested in embryos by inject-
ing a pregnant female mouse at 13.5 days after concep-
tion with 1 mg of tamoxifen dissolved in corn oil. Mice
were sacrificed at 15.5 days after conception and em-
bryos were processed for whole-mount X-gal staining as
described above. Control mice of the same genotype but
not treated with tamoxifen were used for comparison to
confirm ligand dependency of the Cre fusion protein.

Later experiments examined postnatal activation of the
conditional Cre-recombinase. Two time points of admin-
istration of tamoxifen ligand were compared. First, mice
were injected intraperitoneally for 5 consecutive days
with 1 mg of tamoxifen starting at P8 or P9. At 48 hours
after the final injection they were sacrificed and tissue
samples processed for X-gal staining as described
above. Second, to examine the effect of genetic recom-
bination in adult mice tamoxifen administration was re-
peated at 5 weeks of age, followed by examination of
tissue samples for LacZ expression at 6 weeks.

Histology

After processing for X-gal staining as described above,
whole-mount embryos or tissue samples from neonatal or
adult mice were processed for histological examination.
Samples were dehydrated, paraffin wax-embedded, and
7-um sections were cut and counterstained with eosin as
described previously.®

Results

Transgenic Mice Generated

Initial PCR genotyping identified eight pups harboring the
transgene (Table 1). Staining of tail or skin biopsy spec-
imens from these founders or their progeny confirmed
strong expression of heat-stable alkaline phosphatase in
five transgenic founders or lines. Two of these mice be-
came sick at 14 days and died at age 4 weeks. Other
transgenic mice had no overt phenotype. The same ap-
pearance in two independent transgenic founders sug-
gests that this is not a chance occurrence related to
transgene integration site, although its basis and signifi-
cance remains unclear. Of the two other founder mice
expressing hpAP both remained healthy and transgenic

lines were established for back-crossing with the RO-
SA26-STOP-LacZ reporter line.

Conditional Genetic Recombination

When the heterozygous Cre-ER(T) founder male mice
were crossed with the reporter ROSA26-STOP-LacZ
strain and tamoxifen administered, 25% of the progeny
have the potential for LacZ expression in fibroblasts. As
expected X-gal staining of whole-mount embryos showed
high-level LacZ expression in the skin (Figure 2). Histo-
logical examination confirmed that expression was es-
sentially restricted to fibroblastic cells of the fascia and
dermis (Figure 3). Some expression was also present in
mesenchymal cells at sites of membranous ossification
and in some osteoblastic cells. PCR genotyping con-
firmed the presence of the floxed reporter allele in half of
the offspring from heterozygous females. Similarly, half of
the progeny of matings harbored the Cre-ER(T) trans-
gene. A quarter of the offspring were compound-trans-
genic mice harboring both the conditional allele of LacZ
and the ligand-dependent recombinase. These mice
have the potential to express the LacZ reporter gene after
exposure to tamoxifen. In control matings in which no
tamoxifen was administered there was no LacZ staining
with X-gal. This confirms the efficiency of the STOP cas-
sette and also the ligand-dependency of the Cre-ER(T).

These results confirm that genetic recombination oc-
curred in vivo in a ligand-dependent manner in fibroblas-
tic cells of these compound-transgenic mice. Ligand de-
pendency postnatally was explored by injecting neonatal
mice with tamoxifen. Tissues were processed for X-gal
staining. Again, there was no LacZ expression in either
ROSA26-lacZ mice or in compound-transgenic animals in
the absence of treatment with tamoxifen. However in
animals injected for a period of 5 consecutive days with
tamoxifen there was high-level expression of LacZ in fi-
broblastic cells of all tissues examined. This was appar-
ent macroscopically and staining was observed in all
organs examined in which fibrous connective tissue was
present. There was no expression in control tissues from
double-transgenic mice that had not been treated with
tamoxifen or in mice harboring either transgene in isola-
tion even after treatment with tamoxifen. These data from
whole-mount samples were extended and confirmed by
histological examination. Thus there was demonstrable
expression of bacterial B-galactosidase in connective tis-
sue cells of the spleen, lung, skin, fascia, and perimysial
tissues (Figure 4). Expression was also observed in blood
vessel walls and around smooth muscle cells of the gut
wall. There was also expression in some sites of perios-
teum. These expression patterns recapitulate those pre-
viously observed in an allelic series of transgenic mice
harboring a LacZ reporter gene driven by the 6-kb Col1a2
enhancer (—19.5 to —13.5 kb).?" Levels of expression of
LacZ were more intense following the multiple dosing
regimen used postnatally than after a single injection of
tamoxifen in pregnant female reporter mice, but the cell
types expressing LacZ in treated compound-transgenic
embryos analyzed by whole-mount staining was essen-
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Figure 2. Tamoxifen-induced expression of LacZ in whole-mount transgenic embryos. Heterozygote reporter mice (ROSA26-LacZ) were mated with the
Cre-ER(T) male mice and treated with a single intraperitoneal injection of tamoxifen (1 mg) or corn oil vehicle at 13.5 days after conception. Embryos were stained
using X-gal 48 hours later. Only compound-transgenic mice of mothers receiving tamoxifen show dermal LacZ expression.

tially the same. No expression was observed in littermate
compound-transgenic mice treated with corn oil vehicle
alone (Figure 5).

To confirm sustained transgene expression mice were
treated with tamoxifen perinatally and analyzed at 6
weeks, 28 days after the last injection of tamoxifen. Con-
sistent with previous examination of reporter mouse lines
at 6 weeks positive cells were scattered through the
dermis and other fibrous structures. In a third set of
experiments, ligand-dependent genetic recombination at
later postnatal time points after repeated ligand adminis-
tration was examined in compound-transgenic mice re-
ceiving tamoxifen at 2 and 5 weeks of age. These animals
showed very similar expression patterns at 6 weeks to
those observed in mice injected neonatally (Figure 6),
suggesting that postnatal induction of transgene expres-
sion at later time points is feasible.

Discussion

Conventional transgenic methodologies have proven ex-
tremely valuable in elucidating mechanisms regulating
gene expression in vivo in the intact animal.?® However,
whereas reporter transgenes such as B-galactosidase,”
firefly,® human placental alkaline phosphatase,?* or en-
hanced green fluorescent protein®® are not generally as-
sociated with any impairment of viability, attempts to
express other biologically active transgenes are often
confounded by the deleterious effects of the gene prod-
uct. If the promoter selected to direct expression is not
widely expressed or is only significantly active postnatally
then there are likely to be few problems. In contrast,

promoters that drive high-level embryonic expression are
likely to have effects on embryonic viability.

The expression vector used in these experiments pro-
vides a versatile mechanism for targeting high-level
transgene expression to fibroblasts and not other cell
types. Previous analysis of the Col7a2 gene suggests a
modular arrangement of regulatory elements directing
lineage-specific expression, and a key role for a far-
upstream enhancer element. Thus a —350-bp fragment is
expressed at low levels in a range of collagen-producing
tissues, but much lower levels than the endogenous col-
lagen gene. A longer 2-kb fragment shows a similar
distribution of gene expression but somewhat higher lev-
els in bone, skin, and tendon fibroblasts.®' These short
promoter fragments demonstrate considerable variation
in the level of expression between independently derived
transgenic lines consistent with important influence of
site-of-integration of the transgene. Fibroblast-specific
hypersensitive sites were identified in the far-upstream
region of the Col7a2 mouse gene and fragments around
these hypersensitive sites appear to be powerful tran-
scriptional enhancers for minimal promoters driving re-
porter transgenes. Strong sequence conservation be-
tween the mouse Col7a2 and human COL1A2 genes has
been identified and the presence of a similar potent
enhancer capable of driving reporter genes at high levels
in fibroblasts in transgenic mice embryos has been de-
lineated within the human COL7A2 gene.®? These exper-
iments suggest that far-upstream sequences of both
genes are targets for DNA-binding proteins, which are
active or expressed only in fibroblasts, and that trans-
genes under the control of these elements serve as dif-
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Figure 3. Expression of LacZ in dermis and fascia of double-transgenic
embryos. Histological examination of E15.5 double-transgenic embryos after
maternal treatment with tamoxifen at E14.5. Whole-mount staining with X-gal
confirms expression of ZLacZ in fibroblastic cells of the dermis (A), fascia of
lower back (B), and mesenchymal cells (arrow) at sites of membranous
ossification within the skull (C).

ferentiation markers for the fibroblast lineage. We have
previously shown that reporter transgenes regulated by
this the far-upstream enhancer are selectively activated
in fibrotic states,® including expression at sites of cuta-
neous scarring,?' and such reporter gene studies are a
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Figure 4. Postnatal induction of transgene expression in fibroblastic cells of
neonatal mice. After postnatal administration of tamoxifen to neonatal com-
pound-transgenic mice there was high-level expression of the LacZ reporter
gene in fibroblastic structures of the dermis (A), lung (B), pericardial con-
nective tissue (C), blood vessel wall (D), and splenic capsule (E). Expression
was also present in mesangial cells of the glomerulus (F). No staining was
detected in parenchymal cells of the thymus (G) or brain (H). Control tissues
are shown in Figure 5.

valuable tool for tracking high-level collagen gene ex-
pressing fibroblasts in these pathologies.

Incorporating an additional marker gene that can be
readily detected in whole-mount embryos or postnatal
biopsy specimens, driven by the same promoter as the
CreER(T) transgene but translated via an IRES sequence
from a dicistronic transgene product, simplifies evalua-
tion of tissue-specific transgenic mice, and provides an
important control in the present study. Thus, we were
easily able to screen genotypically positive founder mice
for the level and location of transgene expression and to
compare expression of the constitutively active hpAP
gene product with activity of the ligand-dependent Cre-
ER(T) protein determined in back-cross experiments. The
heat-stable properties of the human placental alkaline-
phosphatase isoform allow it to be distinguished from
endogenous activity of other murine isoforms of this en-
zyme by following specific staining protocols. Our find-
ings confirm that both open-reading frames of dicistronic
transgenes expressed under the control of this fibroblast-
specific enhancer are expressed at high levels in fibro-
blasts during embryonic development and postnatally.

Our choice of a Cre-ER(T)-based method to allow in-
ducible gene expression in transgenic mice was based
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Figure 5. Conditional LacZ transgene is not expressed in compound-trans-
genic mice in the absence of tamoxifen. To confirm ligand dependency for
expression of LacZ in compound-transgenic mice, ROSA26-LacZ/CreER(T)
progeny were injected with corn oil on 5 consecutive days and tissues stained
by X-gal 48 hours after the fifth injection. In contrast to mice receiving
tamoxifen (Figure 4) no expression was observed. Representative sections
from dermis (A), lung (B), heart (C), and blood vessel wall (D) are shown.

on the apparent robustness of the system in vivo.®®3* In
particular there does not appear to be read through the
STOP cassette and the ligand-dependent Cre-recombi-
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nase is not active in the absence of exogenous tamox-
ifen. Absent staining in adult compound-transgenic mice,
including pregnant females with high levels of endoge-
nous estrogen, confirms that endogenous estrogens do
not activate it. However, tamoxifen is detrimental at high
dose in pregnancy and our own data (not shown) and
published reports suggest that 1 mg is the maximum
dose consistent with a viable pregnancy.®® This has led
to the development of other ligand-dependent Cre-re-
combinase enzymes that may be superior for embryonic
analysis.?® For postnatal experiments a tamoxifen-de-
pendent construct is well suited. Indeed, experiments
studying connective tissue metabolism or inflammation
are more likely to be confounded by dexamethasone than
tamoxifen administration. In addition, the ability to induce
sustained gene expression after short-term ligand admin-
istration makes the present approach particularly versa-
tile. In addition, once genetic recombination has oc-
curred this will be passed on to daughter cells at mitosis
so that those cells expressing the transgene can multiply.
This is likely to be especially relevant in longer-term stud-
ies of the effect of relatively subtle fibroblast-specific
genetic perturbations. Alternative techniques that have
been used include the development of ligand-dependent
transactivators, the so-called “gene switch.”'” Disadvan-
tages of this system are its dependence on continued
ligand presence and the nonphysiological regulation of
expression that makes it unsuitable for many develop-
mental studies.

A potential limitation of this system is that expression of
the Cre-fusion protein at high level may not be inconse-
quential. Two of our high-expressing founders had
stunted growth. This could have been a nonspecific ef-
fect because of disruption of genomic DNA at the time of
pronuclear injection or it could be a direct effect of ex-
pression of the Cre-ER(T) fusion protein. Although Cre
has been expressed in many transgenic mice without
apparent consequence, this depends on the level, tim-
ing, and site of expression. In addition, it may be that
high-level expression of the ligand-binding domain of the
fusion molecule is detrimental. For example, the receptor
binds heat shock protein (Hsp)90 in the absence of li-
gand and depletion of Hsp90 has been shown to be
detrimental.3®

Another potential application of this mouse line is for
the generation of conditional knockout mice. A number of
mouse lines have already been established using gene
targeting so that a floxed allele is generated. If such a
mouse line is back-crossed with the Cre-ER line then
there would be no effect on gene expression until the
compound-transgenic progeny are exposed to the Cre-
activating ligand tamoxifen. Cells expressing this trans-
gene will however, in the presence of tamoxifen, have
active Cre-recombinase and the floxed DNA sequence
will be excised. This will allow the system to be used
effectively for loss-of function experiments involving fibro-
blast-specific gene targeting as well as the gain of func-
tion strategies using transgenes expressed from a cDNA
as outlined above.

Overall, these data suggest that the combination of a
powerful lineage-specific promoter with a ligand-depen-
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Tamoxifen

Figure 6. Sustained fibroblast-specific expression of
LacZ in adult compound-transgenic mice. Sustained
transgene expression of LacZ was observed after
perinatal injection of compound-transgenic mice
with tamoxifen. Mice received an additional injec-
tion of ligand at 5 weeks of age and tissues were
analyzed at age 6 weeks. Expression is compared
with that in the absence of tamoxifen administration
in a littermate control. Expression is seen only in
tamoxifen-treated mice in the skin (A and B), blood
vessel wall (C and D), intestinal wall (E and F), lung
(G and H), and in fibroblastic cells at sites of mem-
branous ossification in the skull (Iand J). A few cells
in the control panel (J) show positive staining that is
an artifact attributed to endogenous galactosidase
activity.

dent Cre-recombinase enzyme will be valuable to exper-
iments analyzing fibroblasts in vivo and also in explanted
fibroblasts from these mice. Fibrosis is a major medical
problem responsible for many forms of organ failure and
representing a common pathological al pathway in many
diseases such as liver, kidney, or lung failure. Localized
vascular fibrosis may underlie important conditions such
as atherosclerosis or pulmonary hypertension. The sys-
tem that we describe in this article is likely to prove a
powerful technique for studying some of the most intrac-
table and currently least treatable of human diseases.
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