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Abstract Inducible Cre-ERT recombinase technol-
ogy is widely used for gene targeting studies. The second
generation of inducible Cre—ERT recombinase, hemizy-
gous B6.129S-Tg(UBC-cre/ERT2)1Ejb/]  (hereafter
abbreviated as Cre—ERT2), a fusion of a mutated estrogen
receptor and Cre recombinase, was engineered to be more
efficient and specific than the original Cre—-ERT. The
putative mechanism of selective Cre-mediated recombi-
nation is Cre sequestration in the cytoplasm in the basal
state with translocation to the nucleus only in the presence
of tamoxifen. We utilized both a reporter mouse (B6.129
(Cg)_Gt(ROSA)2650rtm4(ACTB—thomato,-EGFP)LMO/J) and
endothelin converting enzyme-1 floxed transgenic mouse
line to evaluate Cre-ERT2 activity. We observed
spontaneous Cre activity in both settings. Unintended
Cre activity is a confounding factor that has a potentially
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large impact on data interpretation. Thus, it is important
to consider background Cre activity in experimental
design.
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Introduction

The development of conditional knockout alleles has
enabled the study of gene function in a variety of settings
that were previously beyond the scope of simple gene-
targeting strategies. Tissue-specific Cre drivers permit
the assessment of anatomically restricted gene ablation
and examination of embryonically lethal mutations in in
post-natal animals. Furthermore, drug regulated Cre
strains (Feil et al. 1997; Gossen and Bujard 1992;
Johansen et al. 2002; Pluta et al. 2005) can also be used
to circumvent developmental phenotypes by delaying
gene ablation until a desired time point.

Inducible Cre-ERT recombinase is one of several
systems that has allowed researchers to manipulate gene
expression in a time dependent manner. The second
generation of inducible Cre-ERT recombinase was
developed to be more sensitive and specific than the
original Cre-ERT (Indra et al. 1999; Jaisser 2000).
Hemizygous B6.129S-Tg(UBC-cre/ERT2)1E]jb/J (here-
after abbreviated as Cre—ERT2), a second generation
inducible Cre-ERT recombinase, mouse line was

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11248-017-0018-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11248-017-0018-1&amp;domain=pdf

412

Transgenic Res (2017) 26:411-417

generated through lentiviral transgenesis (Lois et al.
2002; Ruzankina et al. 2007). The construct has the
common feature of a Cre recombinase-mutated estrogen
receptor (Cre-ERT2) protein fusion that is expressed
under the control of the Ubiquitin C (UBC) promoter
(Ruzankina et al. 2007). Previous in vitro experiments
showed that the Cre—ERT2 was limited to the cytoplasm
in the absence of tamoxifen (Feil et al. 1997). Past reports
have also claimed that Cre—ERT2 is activated exclusively
by tamoxifen or 4-hydroxytamoxifen (Feil et al. 1997,
Indra et al. 1999; Ruzankina et al. 2007). In the presence
of tamoxifen, Cre—-ERT?2 translocates to the nucleus and
mediates recombination (Feil et al. 1997; Indra et al.
1999), but in its absence Cre-ERT?2 is limited to the
cytoplasm. Background Cre activity can preclude the
accurate interpretation of gene function. Therefore, it is
important to assess Cre-recombinase activity in the
absence of tamoxifen.

Reporter mice are often used to evaluate the spatial
and temporal extent of Cre-mediated recombination.
In a double fluorescent Cre recombinase reporter
mouse B6.129(Cg)-GH(ROSA)26S oy ACTB-1dTomato.-
EGEP)Luojy (hereafter abbreviated as mI/mG), cells
express membrane targeted tdTomato (m7) prior to
Cre excision and membrane targeted enhanced green
fluorescent protein (EGFP) (mG) following Cre exci-
sion (Muzumdar et al. 2007). The mT/mG cassette is
expressed under the control of the CMV f-actin
enhanced promoter (pCA). The double fluorescent
marker system allows visualization of both recom-
bined and non-recombined cells.

We used the mT/mG mouse line to evaluate Cre—
ERT2 activity in vivo. In addition, we also utilized
Ece "% mjce to confirm Cre activity in another
targeted gene system. Ecel encodes for endothelin
converting enzyme-1, a key enzyme in the proteolytic
processing of big endothelins (big ETs) to mature,
active endothelins (ETs). Here, we report that Cre—
ERT2 exhibits spontaneous activity in vivo, and that
its extent varies among individual animals and among
tissues within the same animal.

Materials and methods
Targeted mouse line production

The generation of mT/mG and Cre—ERT2 mice has
been described (Lois et al. 2002; Muzumdar et al.
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2007; Ruzankina et al. 2007). Both m7/mG and Cre—
ERT2 mice were purchased from Jackson Laboratory.
mT/mG and Cre—ERT2 mice were intercrossed to
generate mT/mG and Cre—-ERT2 mT/mG mice
(Fig. 1a). By 8 & 1 weeks, the mice were either left
untreated, or treated with vehicle (98% corn oil, 2%
ethanol) or tamoxifen (MP Biomedicals) at a concen-
tration of 0.5 uM/g of body weight dissolved in 98%
corn oil and 2% ethanol once daily for 5 days via
intraperitoneal (IP) injection. Both m7/mG and Cre—
ERT2 mT/mG were maintained to an age of
10 = 1 weeks.

The conditional Ecel knockout mouse construct
was purchased from the knockout mouse project
(KOMP). The construct was made on a C57BL/6 N
background. Four generation backcrossing with
C57BL/6 J were performed to generate Ecel KOMP
mice with C57BL/6 J background. The Ecel KOMP
mice were then initially bred to transgenic mice
harboring FLP recombinase (B6.Cg-Tg (ACTFL-
Pe)9205Dym/J, purchased from Jackson laboratory)
and subsequently bred to EIIA Cre recombinase
(B6.FVB-Tg(Ella-cre)C5379Lmgd/J, purchased from
Jackson laboratory) mice to generate the Ecel" and
Ecel® alleles, respectively. Ecel™ mice were
intercrossed to generate Ecel”™* mice. Ecel™”
mice were then intercrossed with Cre—ERT2 mice to
generate Cre—ERT2 Ecel™” mice. Ecel* and
Cre—ERT2 Ecel™” mice were intercrossed to gener-
ate Ecel™* Ecel?* Cre—ERT2 Ecel™* and
Cre—ERT?2 Ecel™"* mice (Fig. 1b). All experimental
animals were left untreated or injected with either
vehicle or tamoxifen at 8 + 1 weeks of age.

Mice were housed 2—5 mice/500 cm? cage witha 12 h
light—dark cycle, given acidified water, and fed laboratory
rodent chow 5001 (PMI Nutrition International, Rich-
mond, IN, USA) ad libitum according to the guidelines
set forth by “The Guide for the Care and Use of
Laboratory Animals”. All animal procedures were
approved by the William S. Middleton VA Hospital
Institutional Animal Care and Use Committee (IACUC).

Genotyping

DNA was isolated from tail snips and tissue samples
using the IBI genomic DNA mini kit (Peosta, IA USA)
following manufacturer’s protocol. For the PCR
reaction, we used Failsafe PCR system (Epicentre
Technologies, Madison WI) with PreMix J for the
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(a) Generation of inducible Cre-ERT2mT/mG Mice (D) Generation of inducible Ece? KO Mice
mT/mG ———— Cre-ERT2 Ece1 *A T Cre-ERT2 Ece1**
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Tamoxifen (T)=0.5 uM/g of body weight

Fig. 1 Generation of Cre—~ERT2 mT/mG mice and inducible
Ecel Knockout (KO) mice. a A schematic showing the
generation of Cre—ERT2 mT/mG mice. Mice harboring mT/
mG gene were treated with tamoxifen. Mice harboring Cre—
ERT2 mT/mG gene were left untreated or treated with tamoxifen
or vehicle at 8 = 1 weeks of age. b A schematic showing the

(mT/mG transgene) and Premix H for Ecel™* allele
genotyping.

The mT/mG transgene and Cre—ERT2 allele were
identified by PCR from tail DNA preparations. Ecel
KOMP, Ece"™ and Ecel” alleles were genotyped by
PCR using tail and tissue DNA preparations. The list
of primers and PCR setting is summarized in Table 1.

The transgene containing the Cre allele was
identified by quantitative Real-time PCR reactions,
performed in a StepOne RT-PCR instrument (Life
Technologies, Carlsbad, CA, USA) using TagMan
assay (Life Technologies, Carlsbad, CA, USA) fol-
lowing manufacturer’s recommended protocol. The
TagMan copy number assay is Mr00635245_cn (Life
Technologies, Carlsbad, CA, USA).

generation of inducible Ece/ KO mice. T Mice harboring
Ecel™°% allele were intercrossed with Cre—ERT2 Ecel*’
mice to generate the experimental animals. These mice were
then treated with either tamoxifen or vehicle at 8 + 1 weeks of
age

Tissue preparation and histology

Mice were euthanized using isoflurane followed by
cervical dislocation. For cryosection preparation,
kidney, liver, heart and lung were perfused with
4% cold paraformaldehyde in 0.1 M phosphate
buffered saline (PBS), fixed for 6-24 h at 4 °C,
cryoprotected in 30% sucrose overnight at 4 °C and
embedded in OCT, following a previously
described method (Muzumdar et al. 2007). Samples
were stored at —80 °C until use. Ten micron
sections were obtained using a Leica CM1800
cryostat, washed three times with PBS, counter-
stained with DAPI, washed an additional three
times and mounted.

Table 1 Primers and PCR
conditions

Target Primers

Annealing temperature

Gt(Rosa)26Sor
(mT/mG)

5" CCA TAT ATG GAG TTC CGC GT 3’
5" TAA CCT GGT GTG TGG GCG TTG T 3’

61 °C/45 s
For 35 cycles

5’ CGG GCC ATT TAC CGT AAG TTA T 3’

Ecel Exon 6

5 TTA GTC AGG GTT ACT ATT GCT G 3’
5" TAG AGA AGG ATT AGT CAG TAC AG 3

60/30 s-0.5 °Clcycle
For 10 cycles

Then 50 °C/30 s
For 40 cycles
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Data and image analysis

Two-dimensional and z-stack confocal images were
obtained with a Nikon C1 confocal microscope and
EZ-C1 software (v.3.91) in 1.0 pum slices with a 400 x
objective. Images were processed with Image J (F1JT).

Results
UBC Cre—ERT2 activity in m7/mG mice

Reporter mice that only carried the mT/mG allele
(n = 6) did not emit mG fluorescence in the green
channel in any of the tissues examined (Fig. 2),
indicating that mG labeling was Cre dependent as
previously shown (Muzumdar et al. 2007). In the
tamoxifen treated Cre—ERT2 mT/mG mice (n = 6),
we observed approximately ~50-90% of mG positive
cells in all tissues examined (Fig. 2). Both vehicle
(n = 4) and untreated Cre—ERT2 mT/mG (n = 4)
mice also unexpectedly showed >50 and 10-80% mG
positive cells, respectively, in the kidney and liver

Fig. 2 mT/mG labeling of
mT/mG and Cre—ERT2 mT/
mG mice. Fixed tissue
sections of m7/mG mice

(n = 6) did not show mG
labeling for all tissues
examined. Fixed tissue
sections of Cre—ERT2 mT/
mG mice showed mosaic
pattern of mT and mG
labeling in the kidney, liver,
heart and lung tissue
sections. Tamoxifen treated
Cre—ERT2 mT/mG mice

(n = 6) showed >50% Cre
efficiency as represented by
the percent of mG labeling
in all tissues examined. mG
labeling was observed in
tissue sections of Cre—ERT2
mT/mG untreated (n = 4)
and vehicle (n = 4) treated
groups, indicating
spontaneous Cre activity in
the absence of tamoxifen

KIDNEY

mT/mG

Cre-ERT2mT/mG
UNTREATED

Cre-ERT2mT/mG
VEHICLE

Cre-ERT2mT/mG
TAMOXIFEN
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(Figs. 2, 3). In the kidney, mG positive cells were
observed primarily in the mesangium and tubules. In
the liver, mG labeling was observed in the hepato-
cytes. In heart and lung, there were ~5-30% of mG
positive cells observed in untreated groups for both
tissues (Figs. 2, 3). Moreover, mG labeling was
mainly observed in the cardiomyocytes and in the
alveoli and bronchi of the lung. There was also a small
degree of overlap in the localization of mT and mG
fluorescence, suggesting co-localization of recom-
bined and non-recombined cells. The degree of Cre
efficiency in the double transgenic progeny of m7/mG
and Cre—ERT2 mice varied among animals. Sponta-
neous Cre activity was detected in all tissues examined
in untreated Cre—ERT2 mT/mG mice (Figs. 2, 3). mG
positive cells were detected in the untreated and
vehicle treated Cre—ERT2 mT/mG mice indicating that
Cre-mediated recombination occurred in the absence
of tamoxifen. Furthermore, mG expression in the
untreated group excludes unrecognized estrogenic
activity of the corn oil/ethanol vehicle as the basis
for Cre-mediated recombination in the absence of
tamoxifen.

LIVER
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Fig. 3 Cre activity in

untreated 10 £ 1 weeks old
Cre—ERT2 mT/mG mice.

These are representative

images of tissue sections |
from two different animal
samples (I, II) to show the
range of the spontaneous
Cre activity. Spontaneous
Cre activity was observed in
kidney, liver, heart, and lung
tissue sections.
Additionally, the Cre
activity appears to be animal
dependent

KIDNEY

Cre—ERT? activity in Ece ™"~ mice

To verify our findings on the Cre activity of Cre—ERT2
mice, we used an Ece 1'o*/1o¥ targeted mouse line. We
monitored for the presence of the various Ecel” alleles
under various conditions. We compared tail DNA
samples of untreated Cre—ERT2 Ecel™* (n = 3)
mice with Ecel ™% (n = 3) and Cre—ERT2 Ece]/*
(n = 3) at 3 weeks of age. Using 5 pl PCR reaction
samples, we did not detect the Ecel” allele band
(~300 bp) in Cre—ERT2 Ecel™* and Ecelt*
DNA (Fig. 4a). However, when 20 pl PCR reaction
samples were electrophoresed, the Ecel” allele band
was detected in some of Cre—ERT2 Ecel** DNA
samples (Fig. 4b). We also observed a diminishing
Ecel allele band (~ 1100 bp) and a more prominent
Ecel” allele band in the 17-week old vehicle treated
Cre-ERT2 Ecel?”* mice (n = 2) in both the liver
and kidney using 5 pl PCR reaction volumes (Fig. 4c).
Collectively, these results indicated spontaneous Cre
activity in the absence of tamoxifen and suggest
continued Cre activity over time.

Discussion

Using the mT/mG reporter mice, our data show that the
UBC Cre—ERT2 mouse line has substantial tamoxifen-
independent Cre activity. The Cre-recombinase activ-
ity also varies among individuals, tissues and cell
types. There are several possible explanations for
these findings. Some organs may have higher expres-
sion of the reporter gene, higher expression of Cre-
recombinase or a combination of the two. The Cre may

LIVER HEART LUNG

have higher efficiency in specific cell types because
the levels of circulating tamoxifen or endogenous
estrogen are higher in certain tissues. There are also
differences in cell turnover rates and blood flow in
different organ systems that need to be considered.
Regardless of the factors that may contribute to the
variability of the Cre activity, our study demonstrates
that Cre—ERT?2 is active in the absence of tamoxifen. It
also further confirms previous finding on tamoxifen
independent UBC-driven Cre-ERT2 activity in vivo
(Seime et al. 2015). Sanger sequencing of the UBC-
driven Cre—ERT2 gene did not show any mutations
that could potentially render the Cre-ERT2 perpetu-
ally active (data not shown). Many of the Cre-ERT2
lines have been reported to have spontaneous Cre
recombination regardless of its specific promoter
(Leone et al. 2003; Mishra et al. 2015; Papoutsi
etal. 2015; Seime et al. 2015), which demonstrate that
it is an inherent property of the fusion protein. The
ubiquitin C promoter is widely and highly expressed,
which enabled us to detect ligand independent Cre-
recombinase activity in many tissues at surprisingly
high levels. Our findings differ from those reported
previously in showing more generalized and more
extensive Cre-recombinase activity. Thus, investiga-
tors should consider the impact of spontaneous Cre
activity on their studies.

To address the potential difference in Cre-recom-
bination efficiency between the reporter construct and
a specific floxed gene, we performed genomic DNA
genotyping for the Ecel allele using our Ecel floxed
mouse constructs. In the untreated Cre—ERT2 Ecel™
Jox mice, the Ecel” allele was observed at 3 weeks of
age, before tamoxifen treatment. Collectively, these
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3 Weeks Old Tail DNA-5 pl

3 Weeks Old Tail DNA- 20 pl

(a) (b)
Cre-ERT2 Cre-ERT2 Cre-ERT2 Cre-ERT2
st Ece1+/flox Ece1*/flox Ece1A/rox st Ece1+/flox Ece1*flox Ece1A/rox
Ece1flox Ece1flox
¥ § Py poy e 4 1 : p— I
= Ecet* ~ Ecet*
|~ p— - « Ece1? s — — «EC@"A
(c) 17 Weeks Old Tissues DNA -5 ul
Cre-ERT2
Ece1A/rox -V Ece1A/flox
Kidney Liver Kidney Liver

e e e — — - —

Fig. 4 Cre activity analysis in Ecel floxed mice. St standard,
Ecel'™ = ~ 1100 bp, Ecelt = ~1000 bp, Ecel! = ~300 -
bp, a using a 5 pl PCR reaction volume, genomic DNA from
3 weeks old tail preparations showed an undetectable Ecel”
band in the untreated Cre—ERT2 Ecel** (n = 3) and Ecel™
Jox (g = 3) samples, while a weaker Ece’ band and a more
intense Ecel” band were observed in the untreated Cre—ERT2

findings demonstrate the need for caution of unin-
tended recombination activity in many inducible Cre
strains. Although the use of tamoxifen increases the
Cre efficiency, the results stress the importance on the
use of appropriate controls and the inclusion of both
sexes when studying conditional knockout alleles.
Spontaneous Cre activity can be a confounding
factor in analyzing gene function and must be
considered during experimental design. Without the
use of appropriate controls, meaningful results can be
overlooked. In many cases, the use of only a vehicle
treated control group may not be sufficient to charac-
terize the phenotypic outcomes of homozygous gene
deletion. Due to the unintended intrinsic Cre activity,
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Ecel™* samples (n = 3). b Using a 20 pl PCR reaction
volume, genomic DNA from untreated 3 weeks old tail
preparation showed Ecel 4 band detected in Cre—ERT2 Ecel™’
fox ‘mice (n = 3), while none was observed in the Ecel ™~
samples (n = 3). ¢ Genomic DNA from 17 weeks old mice
kidney and liver showed a less intense Ece’* band and a more
intense Ecel band for vehicle treated Cre—ERT2 Ecel*"*

vehicle treated controls may have a comparable degree
of gene deletion to tamoxifen treated animals, mask-
ing significant genotype-dependent effects. As a
result, some changes in phenotypes may be under-
stated. Littermates that do not harbor the Cre transgene
are valuable controls that should be included in
tamoxifen inducible gene ablation studies.

These experiments have both strengths and limita-
tions. The strengths include the use of both reporter
mice and inducible Ecel knockout mice to evaluate
Cre activity in two targeted gene systems. We also
examined the Cre-recombinase activity in multiple
tissues allowing for comparison of the Cre efficiency
in different organ systems. We excluded vehicle as a
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possible inducer of Cre activity. A study limitation is
that we did not perform quantitative genotyping for
Ecel? alleles; thus, we were unable to confirm the
effect of sexual dimorphism on the Cre—-ERT?2 activ-
ity. Further experiments are required to quantitatively
identify possible sexual dimorphism of spontaneous
Cre-recombinase activity. Additionally, we only
examined Cre activity over a small range of times.
Therefore, we were unable to address the accumula-
tion of recombined cells beyond young adulthood.
Recent findings show that cross contamination of
exogenous tamoxifen can occur in animals that are
housed together through exposure to the general
environment and/or coprophagous behavior (Brake
et al. 2004). In our study, there were untreated and
tamoxifen treated mice that were housed in the same
cage. Thus, we were unable to exclude the possibility
of tamoxifen cross contamination may contribute to
the Cre activity observed in the untreated animals.
However, the detection of the Ecel? allele in 3 weeks
old mice, prior to drug treatment, demonstrates that
coprophagia is not a sufficient explanation for spon-
taneous Cre recombinase activity.

Despite the shortcomings of some Cre constructs,
the Cre-recombinase system has been proven to be a
very useful tool in biological studies. The Cre-ERT2
system has been used to deduce many gene functions
over the years. Although new approaches may be
required to refine this powerful tool, fully understand-
ing the extent of Cre activity will help researchers
better characterize the outcomes of their studies.
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