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Summary: Transplantation studies and cell lineage anal-
yses require the ability to explicitly distinguish morpho-
logically identical cells that have an identifiable marker
indicating their origin in vivo. Several reporter mouse
strains have been generated for such studies, but pan-
cellular detection of the marker in all tissues has not
been achieved. In this report, we describe the generation
of transgenic mice that express enhanced green fluores-
cent protein (EGFP) under control of a 187 kb bacterial arti-
ficial chromosome (BAC) containing the murine ROSA26
locus, and show several advantages over existing EGFP
reporter lines. It is demonstrated that EGFP is ubiqui-
tously and reproducibly expressed from the murine BAC
transgene in all organs and tissues analyzed, including
the hematolymphoid compartment. Using this new re-
porter strain in hematopoietic cell transplantation stud-
ies, it is demonstrated that leukocytes in recipients
maintain uniform transgene expression and are easily
distinguished by flow cytometric analysis of live cells.
The results suggest that the ROSA26 BAC is an efficient
strategy for expressing complex transgene cassettes in
vivo. genesis 45:83–89, 2007. Published 2007 Wiley-Liss, Inc.y
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INTRODUCTION

The introduction of a genetic marker into transgenic
mice represents a powerful approach for analysis of cell
lineage and for studying transplantation, cellular differ-
entiation, and organogenesis. Mouse lines that express a
marker gene in a restricted number of tissues or cells
within a given tissue, or that do not maintain transgene
expression regardless of the eventual fate of a given cell,
can lead to biased results. Hence, mouse strains that
express a marker gene in all tissues and cells throughout
development are highly desirable. Several short pro-
moters potentially capable of driving widespread tissue

expression of marker genes include SV40 (Furth et al.,
1991; Takeda and Toyoda, 1991), CMV (Furth et al.,
1991), chicken b-actin (Sands et al., 1993), as well as a
combination of CMV and b-actin (Okabe et al., 1997).
Although most of these reporter lines show transgene
expression in many tissues, the transgene is often not
universally and reproducibly expressed within tissues
and between animals. This phenomenon of variegated
reporter expression may be attributed to position effects
of transgene integration into the genome, since small for-
eign DNA fragments are susceptible to surrounding regu-
latory elements (Houdebine, 2002).

Production of transgenic mice using bacterial artificial
chromosomes (BACs) has become an attractive ap-
proach for studying gene expression in vivo. The size of
BACs (>100 kb) ensures a high likelihood that a trans-
gene will contain all positive and negative regulatory ele-
ments that normally control expression of that gene. In
addition, transgenes containing large regions of 50 and 30
flanking sequence help to minimize contributions from
surrounding genomic elements at the integration site
that might alter expression (Houdebine, 2002). The ease
and efficiency of introducing desired sequences and
deletions into precise sites within BACs by homologous
recombination in Escherichia coli makes it possible to
generate new reporter lines of mice relatively quickly
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compared with gene targeting in ES cells (Cotta-De-
Almeida et al., 2003; Yu et al., 2000).

The ROSA26 locus, originally identified by gene trap-
ping experiments, directs generalized expression in
mice (Friedrich and Soriano, 1991; Zambrowicz et al.,
1997). Several reporter genes have been introduced into
this locus by targeting in ES cells. However, low levels of
expression have limited their utility (Mao et al., 2001;
Srinivas et al., 2001). Here, we introduced cDNA
sequences encoding enhanced green fluorescent protein
(EGFP) into a murine BAC clone containing the ROSA26
locus to generate an indicator mouse line that expresses
EGFP at readily detectable levels in all tissues. We
directly visualized uniform EGFP fluorescence in all tis-
sues examined, including the hematolymphoid compart-
ment, in both embryos and adult mice. These results
demonstrate that the BAC ROSA26-EGFP transgenic line
is an effective and efficient mouse model for transplanta-
tion and cell fate studies.

RESULTS

Generation of ROSA26-EGFP BAC Transgenic Mice

To determine whether a BAC transgene containing the
ROSA26 locus could recapitulate the generalized expres-
sion observed with the endogenous gene, we introduced
an EGFP cDNA into a 187-kb BAC containing 153 kb of
50 flanking sequence and 15 kb of 30 flanking sequence
(Fig. 1a) of the ROSA26 gene by homologous recombina-
tion in E. coli (Cotta-De-Almeida et al., 2003; Datsenko
and Wanner, 2000; Yu et al., 2000). The EGFP cDNA was
inserted into the first exon of transcript 1. Two inde-
pendent transgenic lines were established, each contain-
ing a single copy of the transgene. The pattern of EGFP
expression in each of the two lines appeared to be iden-
tical in each tissue examined. ROSA26-EGFP transgenic
mice were born at the expected Mendelian frequency
and displayed no overt phenotype, with normal develop-
ment and fertility.

The ROSA26 BAC Directs Generalized Expression
of EGFP in Mice

Examination of transgenic mice at embryonic day 13.5
(e13.5) showed widespread native EGFP fluorescence in
all organs visualized in whole mount preparations (Fig.
1b). Pancellular expression of endogenous EGFP was
directly observed in embryonic tissue at higher magnifi-
cations of 1003 (not shown). Immunohistochemical
staining for EGFP confirmed generalized expression of
EGFP throughout the embryo at this stage of develop-
ment (Fig. 1c). These observations suggest that the BAC
ROSA26-EGFP transgene appeared to recapitulate the
pattern of b-galactosidase expression profile noted in
embryos of the original ROSA b-geo26 reporter mouse
line (Friedrich and Soriano, 1991; Zambrowicz et al.,
1997).

Examination of multiple organs in adult mice for EGFP
fluorescence from both pedigrees revealed readily de-

tectable and homogeneous expression in spleen, lung,
brain, small intestine, colon, pancreas, testis, kidney,
skeletal muscle, liver, heart, and stomach (Figs. 2 and 3).
In most tissues, direct EGFP fluorescence colocalized
with immunofluorescent staining with an EGFP antibody
(not shown). We compared EGFP expression in ROSA26-
EGFP mice with that in CAG-EGFP mice, a line fre-
quently used as an EGFP-expressing donor line for trans-
plantation studies, which expresses EGFP under control
of the chicken b-actin promoter and cytomegalovirus
enhancer (Fukuhara et al., 2005; Hagiwara et al., 2006;
Kakui et al., 2005; Okabe et al., 1997). CAG-EGFP mice
displayed highly variegated expression of EGFP in the
antrum, colon, heart, liver, spleen, and other tissues
(Fig. 3). In many tissues from CAG-EGFP mice, some
areas produced intense EGFP fluorescence, sometimes
stronger than the ROSA26-EGFP mice, while adjacent
sections of the same tissue showed minimal or undetect-
able EGFP expression (Fig. 3). Whereas the ROSA26-
EGFP mice showed uniform EGFP fluorescence through-
out the alimentary tract, some gastric glands and crypt-
villus units of CAG-EGFP mice showed minimal expres-
sion but were adjacent to others with intense fluores-
cence. The fluorescence pattern observed in the GI tract
of the CAG-EGFP mouse suggests that the variegated
expression may arise from clonal differences occurring
in pluripotent cells in the gastric glands and crypt-villus
units. The failure to detect uniform EGFP expression in
different tissues did not result from tissue damage in the
sections as tissue integrity appeared normal based on
recognizable structures, DAPI staining of nonexpressing
areas, and normal architecture on brightfield examina-

FIG. 1. Production of ROSA26-EGFP transgenic mice. (a) The
ROSA26-EGFP transgene was generated by introducing EGFP into
a BAC containing �153 kb of 50 flanking sequence and 13 kb of 30
flanking sequence by homologous recombination in E. coli. (b)
Widespread EGFP fluorescence in an e13.5 ROSA26-EGFP hetero-
zygote (left) compared with a wild type control embryo. (c) EGFP
expression detected by immunoperoxidase staining in sagittal sec-
tions of e13.5 ROSA26-EGFP transgenic (left) and wild-type (right)
embryos. Magnification ¼ 31.25. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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tion under Hoffman optics, confirming that the observed
EGFP fluorescence in CAG-EGFP mice arose due to varie-
gated expression.

Stable and Uniform EGFP Expression from Long
Term Repopulating Hematopoietic Stem Cells
from ROSA26-EGFP Donors

Transplantation experiments frequently rely upon the
ability to identify donor cells expressing a recognizable
marker in the recipient mouse to distinguish them from
the recipient’s cells. The generalized expression of EGFP
we observed in the ROSA26-EGFP mouse prompted us
to compare its suitability with CAG-EGFP mice as a do-
nor strain for bone marrow transplanted into lethally
irradiated mice. Recipient mice were analyzed for EGFP
expression at 1, 2, and 4 months posttransplantation to
monitor production of myeloid and lymphoid cells from
both short- and long-term repopulating stem cells.

At 4 weeks posttransplantation, greater than 90% of
B220þ splenocytes, CD4þ and CD8þ thymocytes, and
CD11bþ bone marrow myeloid cells examined from
ROSA26-EGFP recipients showed bright and uniform
EGFP expression as compared with recipients of non-
transgenic bone marrow controls. In contrast, recipi-

ents of CAG-EGFP bone marrow showed variable EGFP
expression at 4 weeks, with �90% of B220þ spleno-
cytes but only 50% of CD4þ and CD8þ thymocytes and
65% of CD11bþ bone marrow cells positive for EGFP
(data not shown). To assess EGFP expression from
long-term repopulating hematopoietic stem cells, we
examined hematolymphoid cells from recipients of
ROSA26-EGFP and CAG-EGFP donor marrow at 4
months posttransplantation by flow cytometry (Fig. 4).
Most CD11bþ myeloid cells (95%) in the bone marrow
of ROSA26-EGFP recipients showed relatively uniform
EGFP expression, with mean fluorescence intensity
greater than 100 fold that of nontransplanted mice. In
contrast, only a fraction (38%) of bone marrow CD11bþ

cells in recipients of CAG-EGFP marrow expressed
EGFP at mean levels only 10 fold higher than nontrans-
planted mice, with a broad distribution of fluorescence
intensity over a several thousand-fold range. Likewise,
in peripheral blood, most CD11bþ myeloid cells (mono-
cytes and neutrophils) in recipients of ROSA26-EGFP
marrow exhibited bright EGFP fluorescence, whereas
the majority of circulating CD11bþ leukocytes in mice
transplanted with CAG-EGFP marrow did not express
EGFP, with the remainder expressing EGFP over a broad
fluorescence range.

FIG. 2. Generalized pancellular
expression of EGFP in adult tissues
of ROSA26-EGFP (REGFP) trans-
genic mice. Sections from various
organs were examined for native
EGFP fluorescence from 6-week-
old ROSA26-EGFP and compared
with wild-type (WT) littermate con-
trols. Scale bar ¼ 100 lm. [Color
figure can be viewed in the online
issue, which is available at www.
interscience.wiley.com.]
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Lymphocytes repopulating irradiated mice trans-
planted from ROSA26-EGFP donors showed much greater
uniformity and percentage of cells expressing detectable
EGFP than their counterparts from recipients of marrow
from CAG-EGFP mice. In particular, 87% of CD4þ and
CD8þ thymocytes strongly expressed EGFP in the
ROSA26-EGFP recipients, whereas only a minor fraction
(<25%) of CD4þ or CD8þ thymocytes were positive for
EGFP expression in CAG-EGFP recipients (Fig. 4). Al-
though we did not perform simultaneous staining for
both CD4 and CD8, it is likely that both single- and dou-
ble-positive thymocytes expressed EGFP in ROSA26-
EGFP recipients. A high percentage of splenic and circu-
lating B cells (B220þ) in recipients of either strain
expressed EGFP, although the recipients of ROSA26-EGFP
donor marrow showed a somewhat higher percentage
with increased uniformity compared with animals receiv-
ing CAG-EGFP bone marrow.

DISCUSSION

Transgenic mice that uniformly express readily detecta-
ble markers in all cells of all tissues are an essential tool
for marking cells for transplantation studies, whole ani-
mal chimera experiments, and cell lineage analyses. Sev-
eral lines of mice created for this purpose partially fulfill
the criteria of pancellular expression in some but not all
tissues, making it potentially difficult to identify the
origin of all cells in transplant recipients. We have gener-

ated ROSA26EGFP transgenic mouse lines expressing
EGFP under control of a 187-kb BAC containing the mu-
rine ROSA26 locus that have several advantages over
existing models. In our experience, using homologous
recombination in Escherichia coli is an efficient and
rapid approach for generating transgenic mice, as it ena-
bles generation of BAC transgenes ready for pronuclear
microinjection in 3 weeks. The identified murine BAC
appears to contain sequences sufficient to recapitulate
the generalized expression directed by the endogenous
ROSA26 locus as originally reported (Friedrich and Sor-
iano, 1991; Zambrowicz et al., 1997).

The ROSA26-EGFP transgene is efficiently and uni-
formly expressed in the differentiated progeny of trans-
planted HSCs, making their identification unambigu-
ous, and this expression is much more faithful than
that conferred by HSCs from CAG-EGFP donors. It is
difficult or impossible to establish the origin of leuko-
cytes in recipients of CAG-EGFP hematopoietic stem
cells, owing to the much lower percentage of cells
expressing EGFP above the background level. Only a
fraction of the major lymphoid lineages were EGFP
positive in the recipients of CAG-EGFP bone marrow,
which is consistent with the variegated EGFP expres-
sion in splenic tissue of CAG-EGFP mice. The presence
of high percentages of CD11bþ EGFP expressing cells
4 months after engraftment in ROSA26-EGFP recipients
suggests that EGFP is expressed in long-term hemato-
poietic stem cells that give rise to a relatively uniform

FIG. 3. Comparison of EGFP expression in tissues from ROSA26-EGFP and the CAG-EGFP mice. ROSA26-EGFP mice show generalized
pancellular EGFP expression in sections of various organs at 6 weeks of age, top row. Variegated EGFP fluorescence is seen in CAG-EGFP
mouse, middle row. Cells that do not express EGFP are demonstrated with DAPI staining (bottom row) of the same sections shown in the
middle row. Scale bar ¼ 100 lm.
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population of descendant lineages (Lagasse and Weiss-
man, 1994; Morrison and Weissman, 1994; Wright
et al., 2001).

In contrast to recipients of CAG-EGFP mice, most
(95%) myeloid cells in recipients of ROSA26-EGFP
mice showed at least 10- to 100-fold more EGFP fluo-
rescence than control donor cells. Analysis of donor
ROSA26-EGFP lymphocytes also showed a small frac-
tion of EGFP� cells (Supplemental Fig. 1). For each of
the lineages examined, the fraction of EGFPþ cells was
slightly higher in donor mice than the BMT recipients.
Likewise, a much higher percentage of CAG-EGFP lym-
phocytes were EGFP� compared with the ROSA26-
EGFP mice (38% vs. 14%, not shown). Thus the small
fraction of lymphoid and myeloid cells in ROSA26-
EGFP recipients showing a lower level EGFP expres-
sion may result from a combination of factors includ-
ing low level variegated expression of EGFP, rare cells
that survived irradiation, rare nondonor cells from the
recipient that bind to lineage specific antibodies used
for FACS, or a moderate engraftment defect related
to histoincompatibility. Although the ROSA26-EGFP
donors were not fully backcrossed to the recipient
background, any hybrid resistance would favor engraft-
ment and stable expression by the CAG-EGFP donor
cells, which are congenic with their recipient. There-
fore, the ROSA26-EGFP mice are superior donors for

any experiments that track hematopoietic cell fate in
transplant recipients.

The inability to achieve the desired pattern of expres-
sion for a given transgene is a common occurrence. In
some cases, relatively short transgenes failed to include
distant yet essential transcription regulatory sequences
required for cell-type specific expression, leading to
either misexpression in inappropriate cells or loss of
expected expression in other cells. A second problem
encountered with short transgenes is their susceptibility
to the effects of chromosomal integration, where en-
hancers or silencers in neighboring genes modify expres-
sion (Ogbourne and Antalis, 1998). Integration site
effects often lead to marked differences in expression
patterns between independent pedigrees because of
insufficient sequence to insulate the transgene from
effects of nearby genes. Position effect variegation, with
variable rather than uniform expression in similar cells
within a single tissue, represents another effect of inte-
gration site on expression patterns. The commonly used
CAG-EGFP mouse, which expressed EGFP in a short
transgene, exhibits extensive variegation. Another trans-
gene containing only 0.8 kb of the ROSA26 locus (Kisse-
berth et al., 1999) directed widespread EGFP expression
that was uniform in a number of tissues. However, some
tissues, including liver and intestine, showed consider-
able position effect variegation in these mice.

FIG. 4. EGFP expression in
hematolymphoid cells from mice
transplanted with ROSA26-EGFP
or CAG-EGFP bone marrow, ana-
lyzed 4 months posttransplanta-
tion. EGFP expression in leuko-
cytes from the indicated tissues
was assessed in bone marrow
and peripheral blood (top panels)
and thymus and spleen (bottom
panels) of recipients of bone mar-
row from ROSA26-EGFP trans-
genic donors (green lines), CAG-
EGFP transgenic donors (blue
lines), and nontransgenic synge-
neic donors (red lines). [Color fig-
ure can be viewed in the online
issue, which is available at www.
interscience.wiley.com.]
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Insertion of a reporter into the ROSA26 locus by ho-
mologous recombination in ES cells to generate a ‘‘knock
in’’ mouse is one approach that ensures widespread
expression because of the presence of the native chro-
mosomal sequences extending millions of bp flanking
the locus. Several groups have knocked-in genes express-
ing fluorescent proteins, such as EGFP, EYFP, and ECFP,
into the ROSA26 locus to improve the general utility of
this reporter line (Mao et al., 2001; Srinivas et al., 2001).
Anecdotal reports suggest that knocking EGFP into en-
dogenous loci frequently results in insufficient EGFP
expression for direct visualization in tissue sections
(Gong et al., 2003). A single copy of the ROSA26-EGFP
BAC transgene universally expresses EGFP at levels
allowing visualization of endogenous EGFP fluorescence
in organ whole mounts as well as in thin tissue sections
and live cells. The ROSA26-EGFP transgenic mice
described here show an approximately100-fold increase
in EGFP fluorescence in lymphocytes compared with
nontransgenic mice with minimal overlap in intensity
between the two. FACS analysis of EGFP expression in
lymphocytes from a mouse with EGFP knocked-in to the
ROSA26 locus showed a less than one log increase in
fluorescence with substantial overlap between trans-
genic and nontransgenic lines (Mao et al., 2001). These
results suggest that EGFP expression in lymphocytes of
the ROSA26-EGFP BAC mice is considerably higher and
easier to distinguish from background than lymphocytes
from the previously described ‘‘knock in’’ mice (Mao
et al., 2001). The high level of EGFP fluorescence seen
with both pedigrees, compared with the knock-in, sug-
gests that distant inhibitory elements in the ROSA26
locus that reduce transcription of endogenous ROSA26
gene were not included in the transgene. The loss of
these regulatory elements appears to enhance the
expression of EGFP while enough sequence is still pres-
ent in the BAC to accurately reproduce the generalized
expression of the endogenous gene (Friedrich and
Soriano, 1991).

In addition to the use of the ROSA26 locus as a re-
porter line for transplantation and cell lineage analysis,
mice with conditional ROSA26 alleles represent a power-
ful approach to activate expression of any gene in spe-
cific cell types at different stages of development. A
gene inserted into the ROSA26 BAC with upstream
floxed transcription termination sequences can be ex-
pressed as desired with the appropriate Cre deleter
strain. Rapid production of transgenes in the ROSA26
BAC by recombineering as described here is potentially
a new, highly efficient approach for generating lines of
mice expressing a variety of proteins in any tissue
desired.

METHODS

BAC Transgene Construction and Purification

A murine BAC clone RP23-401D9 containing the
ROSA26 locus was obtained from ResGen Invitrogen.

The red-shifted variant EGFP cDNA (BD Biosciences
Clonetech No. 6029-1) containing simian virus 40 poly-
adenylation signals 30 to the coding sequence was intro-
duced into a BAC containing the ROSA26 locus by ho-
mologous recombination in E. coli as previously
described (Schonhoff et al., 2004). A linear fragment
containing the amplified EGFP cassette was introduced
at nucleotide position 521 (see GenBank accession no.
U83173) of exon 1 of transcript 1 of the ROSA26 gene
(Zambrowicz et al., 1997) (PCR primers: sense ¼
GGGACTCTGGCGGGAGGGCGGCTTGGTGCGTTTGCGG-
GGATGGTGAGCAAGGGCGAGGAGCTGT; antisense ¼
ACGGCTCCACCACGCTCGGAGGGCCTGCCGCGGCCGC-
CCATCCTCCTTAGTTCCTATTCCGA, the italicized se-
quence is homologous to the sequence flanking the
ROSA26 translation start site). As was originally described,
tens to hundreds of BAC containing colonies grew after
antibiotic selection (Datsenko and Wanner, 2000). Most of
the selected colonies contained the desired insertion and
flanking BAC sequences when examined by Field Inver-
sion Gel Electrophoresis and DNA sequencing. Modified
BAC DNA was purified for pronuclear injection using the
NucleobondAX (BD Bioscience) alkaline lysis-based pro-
cedure and resuspended in injection buffer (10 mM Tris-
HCL pH 7.5, 0.1 mM EDTA, 30 lM spermine, 70 lM sper-
midine, 100 mM NaCl).

Production of Transgenic Mice

Purified circular ROSA26-EGFP BAC DNA (1 ng/ll) was
microinjected into pronuclei of fertilized oocytes of
B6XB6D2F1 mice. Founder mice were genotyped by DNA
amplification using primers specific for the EGFP cassette
(PCR primers: sense ¼ 50 CCCTGAAGTTCATCTGCA, anti-
sense ¼ 50 AGAGCGTTCACCGACAAA). Two independent
transgenic lines were identified and pedigrees were main-
tained on a CD1 background. Transgene copy number
was determined by quantitative PCR using primer pairs
specific to EGFP (PCR primers: sense ¼ 50 CCCTGAAGTT-
CATCTGCA, antisense¼ 50 CCCCAGGATGTTGCCGTCC).

Histology and Immunohistochemistry

Adult tissues and embryos were fixed with 4% parafor-
maldehyde for 6 h on ice, washed with phosphate-buf-
fered saline, and equilibrated with 30% sucrose phos-
phate-buffered saline at 48C. Frozen sagittal sections
(12 lm) were imaged directly for EGFP fluorescence or
immunostained with Rabbit anti-EGFP (Abcam) 1:10,000.

Bone Marrow Transplantation

Bone marrow was harvested from donor transgenic ani-
mals according to standard methods. CD1 recipient
mice (6–8 weeks old, n ¼ 10) were lethally irradiated
(1,000 cGy) and intravenously injected via the tail vein
with 2 3 106 whole bone marrow cells isolated from
ROSA26-EGFP transgenic donor mice, backcrossed two
generations from D2B6 to CD1. C57Bl/6 recipients (6–8
weeks old, n ¼ 10) were lethally irradiated (1,150 cGy)
and transplanted with 2 3 106 CAG-EGFP transgenic
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bone marrow cells isolated from congenic C57Bl/6
donors. Engraftment of bone marrow in recipient mice
was determined by analysis of EGFP expression in
leukocytes from peripheral blood, bone marrow, spleen,
and thymus at 1, 2, and 4 months posttransplantation.
Engrafted recipients appeared healthy at the time of
analysis and showed no evidence of infection or graft-
versus-host disease. Single cell suspensions were gener-
ated from each tissue, stained with R-Phycoerythrin-con-
jugated antibodies for CD4, CD8, Cd11b, and B220, and
analyzed by flow cytometry for EGFP and PE on a Dako
Cyan flow cytometry analyzer, using Cytomation Summit
software.
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