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Abstract

The Cre-LoxP system provides a widely used method for studying gene requirements in the
mouse as the main mammalian genetic model organism. To define the molecular and cellular
mechanisms that underlie cardiovascular development, function and disease, various mouse strains
have been engineered that allow Cre-LoxP-mediated gene targeting within specific cell types of
the cardiovascular system. Despite the usefulness of this system, evidence is accumulating that
Cre activity can have toxic effects in cells, independently of its ability to recombine pairs of
engineered LoxP sites in target genes. Here, we have gathered published evidence for Cre toxicity
in cells and tissues relevant to cardiovascular biology and provide an overview of mechanisms
proposed to underlie Cre toxicity. Based on this knowledge, we propose that each study utilising
the Cre-LoxP system to investigate gene function in the cardiovascular system should incorporate
appropriate controls to account for Cre toxicity.

Introduction

Conditional mutagenesis with the Cre—LoxP system has revolutionised mouse genetics’2.
For this method, the bacteriophage recombinase Cre is expressed from a transgene or

after knock-in into an endogenous genomic locus in the mouse to recombine genomic
regions that are engineered to be ‘flanked by LoxP’ recognition sites, also known as
‘floxing’12. Whereas floxing a critical exon allows gene silencing (Fig. 1A), floxing a

stop codon upstream of a reporter allows genetic lineage tracing of Cre-activated cells

and their progeny when the reporter cassette is placed into a constitutively active locus

or into transgene with a strong promoter (Fig. 1B)3-10. For recombination efficiency, a
suitable endogenous promoter must be selected to drive Cre expression. For example, nearly
ubiquitous Cre expression can be achieved with the chicken beta actin promoter (also known
as CAG), such as in the Tg(CAG-cre)13Miya transgenell. However, ubiquitously deleting
genes with essential developmental functions might cause embryonic lethality or cause
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complex phenotypes for genes that are expressed in multiple cell types2. Accordingly, gene
ablation is often spatially restricted with the use of cell type-specific promotors to drive

Cre expression. For example, using the Cdh5 promoter restricts Cre expression to vascular
endothelial cells?3,

Temporal control of gene deletion can be achieved by fusing Cre to the oestrogen receptor
(ER) ligand binding domain!4. The ER domain retains the fusion protein in the cytoplasm
until ligand binding induces nuclear translocation as a prerequisite to targeting floxed
genes (Fig. 1C). A range of CreER fusion constructs are used for inducible gene deletion.
CreERT is a human ER variant with a single mutation that confers selectivity to the
tamoxifen metabolite 4-hydroxytamoxifen (4-OHT) over endogenous 17p-oestradiol, and
CreERT-expressing mice provided proof that inducible gene deletion was achievable with
high specificity in vivol>16. Subsequently, the CreERT! and CreERT2 constructs with
further mutations were engineered to increase sensitivityl’. Alternative CreER fusions
include CreER™, which utilises a murine ER domain with an analogous mutation to
human CreERT, and MerCreMer, in which Cre is bound to two mutant murine ER ligand
binding domains!418.19 When CreER expression is driven by cell type-specific promoters,
both spatial and temporal control can be achieved?%-21, Accordingly, the Cre—LoxP system
is widely used to define the molecular and cellular mechanisms that underpin organ
development, adult physiology or disease. However, a growing number of studies have
reported that Cre expression or CreER activity causes toxicity in multiple organ systems,
including in the cardiovascular system?2-31(Fig. 2). Presently, cardiovascular researchers
rarely consider this knowledge when seeking to improve their experimental design.

Here, we provide an overview of published Cre and CreER toxicity studies relevant to the
cardiovascular system, describe known molecular and cellular mechanisms that underlie
toxicity, and discuss the potential differences between Cre and CreER. Based on the
knowledge gathered, we argue that future Cre—LoxP-based studies should incorporate
appropriate controls to discover, and account for, cellular and organism-wide phenotypes
caused by Cre/CreER toxicity. Considering this recommendation will ensure that the
mouse continues to provide a reliable genetic model organism for mechanistic studies of
cardiovascular development, function and disease.

Cre toxicity in the cardiovascular system

Many studies have used Cre—LoxP technology to identify cell lineages giving rise to the
heart or blood vessels or to ablate genes in these cell lineages. Although most cardiovascular
studies have not reported toxicity, others identified toxic effects in several cell types that
comprise the cardiovascular system or that interact with it.

Cre toxicity in cardiomyocytes

Myh6 encodes one of two myosin heavy chain proteins for cardiac contraction32,

and the Myhé6 promoter has been used to express Cre or CreER in cardiomyocytes.
Tg(Myh6-cre)2182Mds drives constitutive Cre expression (MGI: 2386742)3 and Tg(Myhe6-
cre/Esr1*)1Jmk drives inducible Mer-Cre-Mer expression (MGI:3050453)33, Expressing

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 September 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rashbrook et al.

Page 3

either Cre or activated CreER in cardiomyocytes causes cardiac dysfunction, with some sex
and age specific differences34-38,

One study found that Myh6-Cre male mice have a reduced heart rate and irregular ejection
fraction, which increased at 3 months of age compared with Cre-negative controls, and that
Myh6-Cre female mice had similar defects at 6 months but not 3 months of age34. The

heart tissue of both sexes reactivates foetal genes indicative of cardiac damage, such as
Anpand Bnp?*. Another study reported increased cardiac fibrosis and cardiomyocyte size in
Myh6-Cre mice compared with Cre-negative controls as well as decreased body weight and
survival®®. These findings demonstrate cardiomyocyte vulnerability to Cre, with unidentified
sex-dependent modifiers.

Like Myh6-Cre males, Myh6-MerCreMer males treated with tamoxifen at 3 months of

age have a decreased ejection fraction and left atrial dilation compared with untreated
controls38. Given that cardiac fibrosis in Myh6-MerCreMermice 1, 6 or 7 weeks after
treatment occurred with high, but not low tamoxifen doses37-38, CreER toxicity appears to
be dose-dependent. Although cardiac defects were apparent 10 days after CreER activation
with high tamoxifen doses, they began to recover by 28 days after induction36. This finding
suggests that transient Cre activity allows for partial functional recovery from cardiotoxicity,
although the specific mechanism underlying recovery remains unknown. Notably, recovery
did not occur in tamoxifen-treated Myh6-MerCreMer males also carrying floxed Pi3ka
alleles, which suggests that PI3Ka protects from CreER toxicity3.

Cre toxicity in vascular endothelial cells

Several Cre transgenes targeting vascular endothelial cells incorporate the 7ek (Tie2), Cdh5
or Pdgft promoters. The 7ie2 promoter is used in Tg(Tek-cre)1Ywa (MGI:2450311)3°

and Tg(Tek-cre)5326Sato (MG:2445474)40, which are both active in many vascular beds
and are known as Tie2-Cre. Commonly used Cre transgenes utilising the endothelial-
ubiquitous Cdh5 promoter include Tg(Cdh5-cre/ERT2)1Rha (MGI:3848982) and Tg(Cdh5-
cre/ERT2)Ykub (MGI:5705396)4142, The Pdgfb promoter has been incorporated into
Tg(Pdgfb-icre/ERT2)1Frut (MGI:3793852) to drive CreER expression in many vascular
beds, especially in the brain and retina3. A subset of these promotors has been examined for
endothelial toxicity#44°

Tamoxifen-treated mice expressing CreERT2 under the control of the Cah5 (MGI:5705396)
or Pagfb (MGI:3793852) promoters have impaired retinal angiogenesis on postnatal

day (P7) when compared with tamoxifen-treated, CreERT2-negative littermates (Fig.
3A)#546_ specifically, vascular outgrowth across the retina and vascular branching

density are reduced (Fig. 3B,C)*>46. By contrast, retinal angiogenesis is not affected

in vehicle-injected mice expressing CreERT? or vehicle-treated CreERT2-negative control
mice®®, suggesting that CreER T2 toxicity depends on 4-OHT-induced nuclear localisation.
Analogous to observations with cardiomyocyte toxicity, the severity of CreER-induced
retinal angiogenesis defects correlates with tamoxifen dose®®. Of note, retinal angiogenesis
defects occurred without a general developmental or growth delay, indicated by similar
retinal radius and whole body weight in CreERT2-expressing and CreERT2-negative P7
littermates at the highest tamoxifen dose examined?°.
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Tamoxifen-induced CreER toxicity with two different transgenes, using different promoters
and integrated randomly into the genome, implies that CreER toxicity in endothelial cells

is not a specific feature of any individual transgenes, but caused by CreER activation.
Accordingly, investigating whether other commonly used CreER transgenes cause toxicity in
retinal angiogenesis is pertinent, because the mouse perinatal retina is the most widely used
model to study the molecular and cellular mechanisms of angiogenesis#748:49,

Toxicity phenotypes might have been accounted for in some studies by including appropriate
controls, even when this was not specifically stated®:51, whereas other studies might not
have considered that described phenotypes were confounded by CreER toxicity. Of note,
toxicity is not a specific feature of tamoxifen, because 4-OHT also induces toxicity#°. Thus,
we recommend that published studies reporting retinal angiogenesis defects after CreER-
mediated recombination of floxed endothelial genes are retrospectively evaluated to consider
whether observed defects may be partially or wholly attributable to CreER toxicity. We
further recommend that future studies should include appropriate CreER toxicity controls
(see below). Particularly, it would we helpful to establish whether specific combinations

of transgene type and dosing schedules affect radial expansion or branching of retinal
vasculature, independently of the floxed gene.

In contrast to tamoxifen-activated Cah5-CreERT2 (MGI:5705396) and Pdgfb-CreER™?
(MGI:3793852), the constitutive 77e2-Cre (MGI:2450311) does not cause obvious retinal
angiogenesis defects (Fig. 3)#°. This finding is surprising, because 7ie2-Creis active from
early embryogenesis onwards and throughout postnatal development3®. The lack of postnatal
angiogenesis defects in 77e2-Cre mice may indicate that the native Cre is less toxic for
endothelial cells than 4-OHT-bound CreER, but the molecular mechanisms underlying
differential toxicity remain to be determined and compared. Alternatively, constitutive

Cre expression might be toxic to endothelial cells, as observed for cardiomyocytes, but
Cre-induced endothelial toxicity is less readily observed. For example, Cre-induced vascular
defects might be transient, if the endothelial cell population could adapt to the Cre insult
over time.

Even if Cre and activated CreER were equally toxic when expressed at similar levels

and under similar circumstances, toxicity differences might arise with different transgene
expression levels, which themselves could be due to differences in promoter activity or
transgene copy number. For example, 7ie2-Cre (MGI:2450311) was present in 2-20 copies
in the initial study3?, but a commonly used sub-strain, distributed through JAX Laboratories,
only carries 3-4 transgene copies (https://www.jax.org/strain/008863). Although it remains
unknown to what extent copy number variation impacts Cre/CreER toxicity in the
cardiovascular system, it has been described for the neural and immune systems (see below).

In summary, work to date suggests that more detailed toxicity analysis is warranted for
CreER mouse lines used in angiogenesis research, including lines not yet tested for toxicity.
Future work should examine whether CreER toxicity-induced retinal angiogenesis defects
resolve over time and whether endothelial CreER toxicity impairs angiogenesis in other
tissues.
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Cre toxicity in blood cells

The vasculature transports blood cells and provides a platform for immune surveillance;
in turn, the immune system modulates cardiovascular physiology and disease, for
example, in angiogenesis®?, arteriogenesis®? and inflammation®#, including during
atherosclerosis®®. Therefore, cardiovascular researchers should consider that Cre/CreER
toxicity has been observed in the haematopoietic and immune systems. For example,
activating the ubiquitously expressed Rosa26-CreERT2 transgene during embryogenesis
reduces erythrocyte numbers and decreases embryo size>®. Moreover, Rosa26-CreERT2
activation in adulthood causes thymic atrophy and decreases bone marrow cellularity,
with an increased proportion of bone marrow cells showing chromosomal aberrations®>.
Rosa26-CreERT2 activation also decreases CD8™ T-cell number and clonal expansion®®.
Additionally, activating Tg(Cd4-cre/ERT2)11Gnri (MGI:5464279) in T-cells expressing
the CD4 glycoprotein reduces the number of activated T-cells®6:57, If hematopoietic cells
are particularly sensitive to CreER toxicity, then using transgenes active in these cells
might cause compounding phenotypes in cardiovascular studies via altered oxygenation or
cardiovascular inflammation.

Cre toxicity in cell types that regulate cardiovascular function

Hyperglycaemia owing to impaired insulin secretion causes endothelial inflammation,
hyperpermeability and cell death>8-61. /ns2encodes the insulin 2 protein, which is pivotal
for glucose homeostasis®2. Tg(Ins2-cre)25Mgn (MGI:2176227) mice expressing Cre in
pancreatic p-cells from the /ns2 promoter have decreased blood insulin levels following
glucose injection, even in the absence of floxed target genes®3. Whereas young Tg(Ins2-
cre)25Mgn mice have decreased p-cell mass, p-cell mass increases with age compared
with wild type controls, probably owing to compensatory hyperproliferation®4. Whether
reduced insulin levels due to Cre toxicity causes cardiovascular phenotypes remains to be
determined.

Mechanisms of Cre and CreER toxicity

The molecular and cellular mechanisms of Cre/CreER toxicity have been studied in
diverse cell types, although not always /17 vivo, and, with few exceptions, not explicitly
in cardiovascular cell types. Therefore, we review the literature of Cre/CreER toxicity
mechanisms from studies of other cell types and their host organs to argue that such
mechanisms should also be examined when Cre or CreER are used to investigate
cardiovascular development and function. Where available, we will explicitly refer to
knowledge for cardiovascular cell types.

DNA damage and chromosomal abnormalities

DNA damage following Cre expression or CreER activation is commonly reported in
Cre toxicity studies. For instance, mouse embryonic fibroblasts (MEFs) expressing Cre
or 4-OHT-activated CreERT2 have more chromosomal abnormalities than controls®°:66,
Further, 4-OHT-treated MEFs or mouse keratinocytes expressing activated CreERT2 have
more cells with polyploid nuclei when compared to untreated controls or cells expressing
endonuclease-deficient CreERT2 3165 Expression of gamma-H2AX, a DNA damage

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 September 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rashbrook et al.

Page 6

marker, is upregulated when CreERT2 is activated in keratinocytes3!. /n vivo, the gastric
epithelium of tamoxifen-treated CAG-CreER™ mice has increased expression of the

DNA damage markers Ddit3and Gadd45a compared with Cre-negative controls2?. In the
cardiovascular system, the Myh6-Cre myocardium has increased levels of the DNA damage
markers PARP and BAX compared with Cre-negative myocardium34. Analogous studies
are outstanding for other cardiovascular cell types and cardiovascular-relevant Cre/CreER
lines to determine whether DNA damage is a common response to Cre expression or CreER
activation.

DNA damage in the studies described above is not explained by cleavage of endogenous
LoxP consensus sites, because they are absent from the mouse and human genomes.
However, several studies identified ‘pseudo-LoxP sites’, defined as genomic sequences with
LoxP homology that may be recognised by Cre3467:68 /5 sjlico mapping of the mouse and
human genomes identified 123 sites with homology to the LoxP consensus sequence with 4
or fewer mismatches®’. Among these pseudo-LoxP sites, one site had an i vitro cleavage
efficiency similar to wildtype LoxPS”.

The presence of genomic pseudo-LoxP sites raises the possibility that Cre can cleave
pseudo-LoxPsites to attempt recombination, but the absence of a neighbouring LoxPssite
then prevents recombination, thus leaving a DNA break requiring repair. Consistent with this
idea, previous work linked non-homologous end joining to Cre toxicity, with cellular defects
dependent on Cre endonuclease activity8°. Consistent with Cre-induced DNA damage at
pseudo-LoxP sites, the Mdr1b gene that harbours one pseudo-LoxP site was expressed at
lower levels in mice with activated Villin-CreERT2 (MGI:3053826) compared with control
mice28:67_ Another study extended the number of potential pseudo-LoxP sites in the mouse
genome to 619; 227 of these are located within known genes, including 55 genes expressed
in the myocardium34. 27 of these 55 genes were further analysed, and 26% were found to be
differentially expressed in hearts expressing Cre34.

DNA damage induces three different signalling pathways to reduce the proliferation of
damaged cells, all of which have been linked to p53 activation (Fig. 4)%°. In the first
pathway, double-stranded DNA breaks activate the kinase ATM, which stabilises p53 and
induces p53-dependent DNA repairb9. The second pathway causes cell cycle arrest in the
G1/G2 phases of mitosis, mediated partly through p53 and gamma-H2AX®°. The third
pathway involves p53-dependent apoptosis®®. Consistent with a p53-mediated DNA damage
response, gastric epithelial cells from tamoxifen-induced CAG-CreER™ mice2? and Sertoli
cells expressing Amh-Cre have increased nuclear levels of the p53-binding protein 53BP1
compared with control cells’. Furthermore, limb-skeletal shortening in Fabp4-Cre mice

is attenuated by p53 ablation’. This p53-mediated exacerbation of Cre toxicity might be
explained by increased apoptosis after failed DNA repair (Fig. 4).

In the cardiovascular system, increased p53 expression is observed in cardiomyocytes

from Myh6-Cre mice compared with Cre-negative controls, although it remains unknown
whether p53 promotes or ameliorates Cre toxicity in cardiomyocytes’2:/3, Therefore, it
would be important to investigate whether p53 is also activated in response to DNA damage
in endothelial cells expressing Cre or activated CreER. Whereas acute p53 upregulation
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might cause apoptosis, chronic p53 upregulation with constitutive Cre expression (for
example, 7ie2-Cre) might mitigate toxicity through activating DNA repair mechanisms
(Fig. 4), thereby enabling a stronger adaptive response when compared with acute CreER
recombinase activation (for example, Cah5-CreERT?2).

Taken together, we propose investigating whether Cre/CreER-induced DNA damage in
cardiovascular cell types induces DNA repair mechanisms that can mitigate toxicity, either
via successful DNA repair or cell cycle arrest and/or apoptosis to remove irreparably
damaged cells (Fig. 4).

Impaired cell proliferation and apoptosis

Consistent with the consequences of DNA damage, impaired cell growth has been reported
in cells expressing Cre or activated CreER. For example, MEF cultures expressing a Cre—
GFP fusion protein grow slower than control cultures®®. Similarly, cultures of immortalised
CV-1 and COS cells infected with a lentivirus that incorporates Cre into genomic DNA
grow slower than control cells lacking Cre’4. CreERT activity also impairs the expansion of
MEFs and NIH-3T3, COS-7, HeLa and U20S cells®®. Defective growth of MEF cultures
expressing CreERT is 4-OHT dose-dependent, and endonuclease-null CreERT does not
cause a growth defect6, thereby demonstrating that toxicity is caused by the 4-OHT-induced
CreER recombinase activity. Therefore, /n vitro studies support the hypothesis that DNA
damage underpins Cre/CreER toxicity.

In principle, defective growth might be due to impaired proliferation, increased apoptosis,

or a combination of both. Consistent with p53-induced cell cycle arrest or apoptosis
downstream of DNA damage, CreERT-expressing MEFs are over-represented in the sub-

G1 phase and under-represented at the GO/G1 and S phase checkpoints after 4-OHT
treatment compared with untreated controls®®. Moreover, mouse keratinocytes with activated
CreERT2 have decreased nuclear localisation of cyclin B1, indicating reduced cell cycle
propagation3l. Decreased cell viability has instead been reported for Cre-expressing HeLa
cells’. /n vivo, increased apoptosis has been described in gastric epithelial cells after
CAG-CreER™ activation??, in Sertoli cells expressing Am#-Cre’® and in lung epithelial
cells expressing Sftp-Cre?6. Moreover, embryos expressing Rosa26-CreERT2 have increased
cell death compared with CreER-negative controls after maternal tamoxifen treatment, and
cell death incidence positively correlates with tamoxifen dose’®. In the cardiovascular
system, TUNEL staining to detect apoptosis is significantly increased in cardiomyocytes

of Myh6-Cre and tamoxifen-treated Myh6-merCremer mice compared with Cre/CreER-
negative controls34:38, Together, these observations suggest that apoptosis contributes to Cre/
CreER-induced toxicity /n vitroand in vivo, including in the cardiovascular system.

Altered inflammatory and metabolic signalling

Expression of Cre or activated CreER has been associated with dysregulated cell signalling
(Table 1). For example, global phosphorylation levels are decreased in MEFs expressing Cre
or activated CreERT2, which was attributed to impaired protein kinase A (PKA\) signalling’’.
Given that PKA activation regulates inflammation and metabolism?8, it is interesting that
Cre and activated CreER affect gene expression in relevant signalling pathways27:34.70,
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For example, CreERT activation in MEFs, mouse bone-marrow derived macrophages or
human epithelial cells upregulates signalling from the inflammatory cytokine IFN-17°.
Moreover, Sertoli cells expressing Am#Cre increase expression of the cytokines IL1 and
IL6 compared with Cre-negative littermates241. In the cardiovascular system, Myh6-Cre
mice increase expression of 1L6 and IL1@ compared with Cre negative controls34,

Sertoli cells in AmfCre mice increase the expression of peroxisomal lipid metabolism
genes and antioxidant enzymes, accompanied by a perturbed balance of sirtuins’?, which
modulate levels of histone acetylation and are targets of PKA signalling®. Specifically,
Sertoli cells expressing Amf-Cre downregulate SIRT1 transcripts but upregulate transcripts
for SIRT4, SIRT 5 and SIRT6. Given that sirtuins regulate genes involved in several
metabolic pathways, oxidative stress responses and cellular stress-induced inflammation81,
it could be examined whether unbalanced sirtuin signalling contributes to Cre/CreERT
toxicity in the cardiovascular system. Such future work is pertinent, because the sirtuin
balance regulates DNA repair, whereby SIRT6 activates pathways for high fidelity

DNA repair, but SIRT1 promotes DNA repair pathways that have less fidelity and

also derepresses p53 transcriptional activity82. Moreover, deregulated sirtuin expression
might affect cardiovascular function, because SIRT1 regulates gene expression for
physiological angiogenesis and activates endothelial nitric oxide synthase for normal
vascular function83.84,

Together, these findings suggest that further work is required to understand how Cre/
CreER-induced DNA damage is linked to impaired PKA signalling, metabolic effects,
inflammation and vascular regulation, and whether perturbing such homeostatic regulatory
pathways impacts the interpretation of cardiovascular studies using Cre-LoxP models.

Genetic dysfunction due to transgene insertion

Cre or CreER expression can be driven from a cassette knocked into an endogenous locus,
although such a knock-in approach may disrupt host gene function®. Accordingly, Cre and
CreER is often expressed from a transgene. However, transgenes integrate randomly into
the genome and thereby might disrupt coding or regulatory sequences8. For example, the
Tg(Wntl-cre)11Rth transgene (MGI:2386570) has been shown to integrate into the histone
gene HZafv, causing dopaminergic neuron loss®>87. At present, transgene insertion sites
are largely unmapped for Cre and CreER transgenes that are commonly used to study the
cardiovascular system, with the notable exception of Myh6-MerCreMer, which disrupts the
Acflocus. Therefore this transgene is known as AcfTg(Myh6-cre/Esr1*)1Jmk88, Given
that the ACF protein is normally undetectable in the heart88, it is unlikely that cardiac
defects in Myh6-MerCreMer mice are due to Acfdisruption. The finding that cardiac
toxicity in Myh6-MerCreMer mice is tamoxifen dose-dependent37:38 also argues against
the theory of transgene insertion as the underlying cause of toxicity. Moreover, toxicity is
seen with the independently generated Myh6-Cre transgene, which would have integrated
randomly into a different genomic locus. Furthermore, adenoviral Cre expression in primary
rat cardiomyocyte induces apoptosis independently of transgene insertion or a floxed target
gene38. Transgene effects are also an unlikely explanation for endothelial CreERT? toxicity,
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because Cah5-CreERT2 and Pdgft-CreERT2 mice have independent transgene integrations,
but both have CreER toxicity-induced angiogenesis defects that are tamoxifen-dependent.

A transgene might also carry genes other than Cre into the mouse genome. For example,
Tg(Ins2-cre)25Mgn and >300 other transgenes contain a human growth hormone minigene
to improve transgene expression. In 2015, a study showed that this minigene was shown
to reduce the expression of the endogenous growth hormone-releasing hormone through
negative feedback®9. However, it is not known whether minigenes located within Cre

or CreER transgenes affect cardiovascular gene function. Together, prevailing evidence
suggests that Cre/CreER toxicity occurs independently of transgene insertion, but we cannot
exclude that transgene insertion effects exacerbate toxicity.

Compounding variables for Cre/CreER toxicity

Cre and CreER expression levels

Several studies have investigated whether Cre/CreER toxicity correlates with expression
levels®7:86, For instance, CAG-CreER ™ activation causes epithelial atrophy in the stomach,
but no obvious toxicity in other organs with lower CAG-CreER ™ expression levels?®.

In addition, the liver also lacked toxicity despite expressing high CAG-CreER ™ levels?®,
possibly because this organ has a high regenerative capacity. Aside from tissue and organ
differences, the promoter strength and transgene copy number are expected to affect Cre/
CreER expression levels.

The copy number effect is illustrated by a comparison of nestin promoter-based transgenes
used to drive Cre or CreER expression. Thus, homozygous Tg(Nes-cre)1Wme/J mice (MGI:
2161775) and tamoxifen-treated Tg(Nes-cre/ERT2)4Kag (MGI1:3817325) mice both have
microencephaly and hydrocephalus [PMID: 16971543]25. Given that these transgenes were
generated by random integration, their similar phenotype is unlikely caused by disruption

of a shared genomic integration site. Instead, heterozygous Tg(Nes-cre)1Wme/J mice

and tamoxifen-treated mice carrying a weakly-expressed Nes-CreER T2 transgene do not
have microencephaly and hydrocephalus?®, thereby pointing to increased transgene copy
number and therefore higher Cre/CreER expression levels as the determinant of toxicity.

In agreement, mice with multiple copies of the T-cell targeting CD4- CreERT? transgene
Tg(Cd4-cre/ERT2)11Gnri have fewer T-cells than Cd4tMLCre/ERT2)ThbU | nock-in mice with a
single CD4-CreERT2 copy®’.

Similar observations have been made in the cardiovascular system. Myh6-Cre
(MGI:2386742), which has a copy number of 6, causes very high Cre expression levels

in the heart.%0 In fact, cardiac Cre levels were found to be almost 8-fold higher in Myh6-Cre
mice than in mice expressing a single copy iSuRe-Cre transgene that utilises the strong

and ubiquitous CAG promoter (MGI1:6361135)%. Should histological cardiac analysis and
function electrocardiograms confirm that iSuRe-Cre technology lacks toxicity for the heart,
it may become the method of choice for functional studies of cardiac genes via Cre-LoxP
technology. Considering potential copy number effects in endothelial cells, CreER levels

in Tg(Cdh5-cre/ERT2)1Rha mice are markedly higher than Cre levels in Tg(Tek-cre)1Ywa
mice®0, although copy number variation has been reported for the latter transgene (see
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above). Whereas Tg(Cdh5-cre/ERT2)1Rha is present in 5 copies®, the independently
generated Tg(Cdh5-cre/ERT2)1Yka, which also uses the Cah5 promoter, was estimated to
contain 10 copies (Y. Kubota, personal communication). It is unknown whether this copy
number difference impacts retinal endothelial toxicity.

Tamoxifen/4-OHT dosage

Previous studies have shown that tamoxifen administration can be toxic for mice®-%, and
even vehicle administration can have deleterious effects®’. Accordingly, it is now standard
practice to administer tamoxifen or 4-OHT to both CreER-positive and CreER-negative mice
carrying floxed target genes (e.g., references 4%:98.99) However, administering tamoxifen/4-
OHT to CreER-negative mice does not control for CreER-activation toxicity, which instead
requires an additional control, namely tamoxifen/4-OHT-treated mice expressing CreER but
lacking floxed target genes. This type of control allows to correct for phenotypes caused

by both toxicity from tamoxifen/4-OHT and CreER activation. Accordingly, our 2020 study
reported that tamoxifen- or 4-OHT-treated mice expressing CreER have impaired retinal
angiogenesis when compared with similarly treated mice lacking CreER*®.

It should be considered that tamoxifen is more often administered than 4-OHT, mainly

due to tamoxifen’s lower cost, but that tamoxifen is metabolised over a longer time frame.
Therefore, using tamoxifen typically requires higher doses to achieve the same level of
recombination as with 4-OHT, and tamoxifen also affords less precise control over the
period in which recombination occurs29100, |nterestingly, several studies found that the
severity of CreER toxicity phenotypes correlates with the tamoxifen or 4-OHT dose;

for example, CreERT-expressing MEF cultures exhibit a 4-OHT dose-dependent growth
defect®®. In the cardiovascular system, increasing the tamoxifen dose from 50 pg to 150 pg
exacerbated the vascular defects caused by CreERT? activation*® (Fig. 3). Moreover, a single
tamoxifen dose of 40 mg/kg body weight caused less toxicity in Myh6-MerCreMer mice
than 20 mg/kg body weight given daily for 5 days, although both regimes induced similar
recombination levels3’. Therefore, it should be examined how different dosing schedules for
4-OHT or tamoxifen compare with respect to CreER toxicity.

Although the mechanistic link between dose and toxicity has not been formally tested,

it is conceivable that higher 4-OHT levels in a cell facilitate more CreER translocation

to the cell nucleus. In turn, increased nuclear CreER might increase the probability of
off-target cleavage within pseudo LoxP sites to induce DNA damage, possibly to an

extent that cannot be sufficiently mitigated by DNA repair. In analogy, multiple tamoxifen/4-
OHT injections would be expected to prolong nuclear CreER presence, thereby again
increasing the probability of off-target cleavage within pseudo LoxP sites. Accordingly,
increasing tamoxifen/4-OHT dosage to optimise gene deletion efficiency for cardiovascular
phenotyping needs to be balanced against increased off-target effects caused by excessive
CreER activation, whereby tamoxifen/4-OHT levels per dose as well as the frequency and
interval of doses all need to be considered.
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Cre versus CreER

Several Cre and CreER transgenes have been attributed with causing toxicity in different
organ systems, and some evidence suggests that constitutive Cre is less toxic than activated
CreER. For example, constitutive Tg(Vil1l-cre)21000Gum was reported to be less toxic than
tamoxifen-activated Tg(Vil1-cre/ERT2)23Syr for intestinal epithelial cells28. A constitutive
endothelial Cre transgene, Tg(Tek-cre)1Ywa had no obvious effect on retinal angiogenesis,
whereas two different tamoxifen-activated CreER transgenes, Tg(Cdh5-cre/ERT2)#Ykub
and Tg(Pdgfb-icre/ERT2)1Frut, both impaired retinal angiogenesis independently of
tamoxifen toxicity or floxed target genes®® (see above).

To date, no specific mechanism has been identified that might explain increased CreER
toxicity compared with Cre toxicity. Nevertheless, it is conceivable that chronic Cre
recombinase activity, due to expression of the constitutively active Cre transgene, induces
an adaptive response to low level DNA damage, similar to the adaptation of cancer cells to
radiation-induced DNA damagel92. Vice versa, 4-OHT binding to CreER and the ensuing
nuclear translocation of activated CreER induces an acute burst in Cre recombination
activity that causes extensive and sudden DNA damage, thereby exacerbating proliferation
defects or apoptosis incidence. Alternatively, or additionally, damaged cells might simply
be replaced over time by unaffected cells to repair Cre-induced tissue damage, whereby the
shorter time frame between CreER activation and tissue analysis might be insufficient to
observe cell replacement. Alternatively, the fusion of Cre to the ER domain may increase
toxicity by enhancing off-target effects, or nuclear 4-OHT localisation might exacerbate
adverse effects of CreER endonuclease activity. Given that most studies include tamoxifen
administration to control mice, the latter two possibilities are typically controlled for.

Understanding potential differences between Cre versus CreER toxicity is pertinent, because
CreER is used increasingly for postnatal studies to circumvent deleterious effects caused by
gene deletion at embryonic stages, or when a given promoter is active in multiple cell types
during embryogenesis but becomes more specific postnatally. For example, the W¢1-Cre
expression signature differs between embryonic and adult stages'%2, and A/6-Cre is active

in the common embryonic progenitor for hepatocytes and cholangiocytes but in adults is
active in hepatocytes only193, The improved spatiotemporal specificity of genetic deletion
with CreER models therefore must be balanced against potentially increased toxicity when
choosing CreER over Cre, with further work being required to investigate such possibilities.

Methods of reducing Cre and CreER toxicity

For experiments in which Cre or CreER toxicity is found to affect experimental readouts,
experimental modifications should be considered to reduce toxicity, such as modulating the
tamoxifen or 4-OHT dose or its administration frequency or choosing a different Cre/CreER
model. Alternatively, it is possible to include appropriate controls for Cre toxicity to correct
experimental data accordingly. These options are discussed in detail below.
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4-OHT versus tamoxifen

As detailed above, both 4-OHT and tamoxifen can cause CreER toxicity /n vivo, but it
remains unclear whether their toxicity differs. Typically, 4-OHT is administered in lower
concentrations than tamoxifen, because tamoxifen requires metabolising to yield 4-OHT as
the active compound?®. Accordingly, 4-OHT has an earlier serum peak than tamoxifen104
but is metabolised over a shorter timeframe20-100. Together, these different properties affect
the time window of recombination, but may also impact CreER toxicity. Further work is
needed to address these possibilities.

Choosing a lower tamoxifen/4-OHT dose

Reducing the tamoxifen or 4-OHT dose is a relatively simple starting point to reduce
toxicity in CreERT2 models. Notably, concentration and dosing schedules vary widely
between different studies (Table 2). For example, Tg(Cdh5-cre/ERT2)1Rha has been
activated in adult mice with tamoxifen doses as low as 20 mg/kg and as high as 250
mg/kgl95:196_ Given that the extent of toxicity is proportional to the tamoxifen dose given
for both endothelial cells and cardiomyocytes3643, it is a good idea to keep the tamoxifen
of 4-OHT dose as low as possible whilst still activating CreER. However, a low dose
might become rate-limiting for effective recombination, and this, in turn, would impact
experimental results®. Therefore, it is advisable to perform a dose-response pilot study
that controls for toxicity whilst including a recombination reporter to identify the minimal
effective dose to activate CreER effectively. A recombination reporter may also help
compare tissues from different animals for similar Cre/CreER activity. Yet, the minimally
effective dose for activating recombination reporters would probably need to be exceeded to
recombine two floxed alleles to homozygosity.

The induction timeline might also affect the extent of toxicity. For example, activating
CreER in endothelial cells on different postnatal days might differentially affect retinal
angiogenesis. Accordingly, studies should report the dose/dosing regimen and whether
tamoxifen or 4-OHT has been used. After an optimal dose and dosing frequency has been
established, and the choice of tamoxifen versus 4-OHT has been considered, subsequent
experiments should ensure that recombination of floxed target genes of interest is efficient
with the chosen regimen.

Adapting the dosing schedule to key experimental parameters

Tamoxifen metabolism varies by age and strain of mice and the dosing regimen20:100, For
example, tamoxifen and its metabolites are cleared more slowly in aged mice compared
with young adult mice2%. Moreover, tamoxifen-induced recombination efficiency varies by
the gene or cell types targeted107. For example, activating R0sa26-CreERT2 enables highly
effective recombination in multiple tissues, such as the skin, liver, stomach and small
intestine, but not in the brain, where CreER protein levels are lowerl07. Sex is usually
reported and controlled for in adult studies, but rarely in neonatal studies such as for retinal
angiogenesis, although it would be good practice. When we investigated CreER toxicity for
retinal angiogenesis, there was no difference between the sexes*®. We suggest that future
studies should always consider variables such as age, sex, strain and target tissue when
choosing an appropriate tamoxifen or 4-OHT dose for CreER-based studies.
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Choosing a different Cre transgene

As discussed above, some studies suggest that Cre may cause less toxicity than CreER.
However, selecting a Cre rather than CreER transgene may not always help, because

mice expressing constitutive Tg(Myh6-cre)2182Mds/J have similar cardiac phenotypes to
mice expressing activated A1cfTg(Myh6-cre/Esr1*)1Jmk/J34-38.73 Notably, any toxicity
differences between Cre and CreER would be compounded by copy number variation

or promoter strength of transgenes, because both factors determine overall Cre/CreER
expression levels (see above). In agreement with this this idea, CreER activated with the
same tamoxifen dose and frequency via the Cah5 promoter in Tg(Cdh5-cre/ERT2)#Ykub
impaired retinal angiogenesis more than via the Pdgfb promoter in Tg(Pdgfb-icre/
ERT2)1Frut*>, and this observation correlates with higher Pdgfb than Cah5 expression
levels in endothelial cells. Using a knock-in strategy to reduce Cre or CreER copy number
to one per haploid genome might therefore help to limit toxicity8°. To circumvent disrupting
endogenous gene expression after a knockin, the viral 2A peptide or an internal ribosome
entry site (IRES) can be used to drive Cre /CreER expressionl%8, In summary, selecting a
specific transgene influences overall Cre or CreER expression levels, whereby higher Cre or
CreER levels are expected to cause more toxicity but induce more gene deletion, causing a
methodological conflict that needs to be considered carefully on a case-by-case basis.

Choosing appropriate controls

In addition to controlling for tamoxifen or vehicle toxicity, as is commonly done, it is
possible to control for Cre/CreER toxicity-induced phenotypes by including Cre- or CreER-
positive mice lacking a floxed allele. Before our 2020 Cah5-CreRT2 toxicity study?°, a
literature search found that only 10 in 222 studies with Ca/h5-CreR T2 reported using a
CreER-positive unfloxed control, whereas other studies either did not use this control or
used it without explicitly reporting this.

One strategy to obtain Cre/CreER toxicity controls involves breeding two heterozygously
floxed mice to each other, whereby one parent also carries the desired Cre transgene. Such
a breeding pair yields Cre/CreER-positive offspring carrying no floxed alleles (control) and
Cre/CreER-positive offspring carrying two floxed alleles (homozygous mutant), each at a
Mendelian frequency of 1:8. Additionally, this breeding strategy produces large numbers
of littermate mice with less desirable genotypes, that is, mice with heterozygous floxed
alleles or no Cre/CreER. For the latter reason, most studies to date have instead bred
homozygously floxed mice to each other whilst including Cre/CreER in one parent, which
yields homozygous mutants at a frequency of 1:2 but lacks a Cre/CreER toxicity control.

To balance obtaining Cre/CreER toxicity controls with generating the desired genotypes at

a high frequency, it may be practical to establish two parallel breeding strategies: Firstly,
pairing a Cre/CreER-positive and Cre/CreER-negative mouse, both lacking floxed target
genes, to identify suitable experimental conditions that eliminate or at least minimise
toxicity-dependent phenotypes*®. Secondly, applying the knowledge gained to exclude or
account for toxicity effects when using the offspring of Cre/CreER-positive and Cre/CreER-
negative mice with homozygous floxed genes, as is currently standard practice, to investigate
the phenotypic consequences of gene deletion®.
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Notably, different control strategies should be considered for mice of different ages.
Littermate controls are often used for pre-weaning mice and without prior knowledge of
genotype, and results from several litters are typically pooled for analysis. By contrast,
genotyped adult mice can be pooled from different litters for an experiment. These
considerations would impact the strategy chosen to control for Cre/CreER toxicity.

Cre mosaic studies

In mosaic studies, two analogous cell populations either express or do not express Cre/
CreER199, For example, CreER nuclear localisation can be induced at low concentrations
to induce recombination in only a subset of cells that also express fluorescent reporters for
identifying cells that have undergone CreER-mediated recombination!0, If performed in
the absence of floxed endogenous genes, comparing reporter-positive with reporter-negative
cells would show whether Cre or CreER toxicity impacts the cell phenotype and could be
used as an experimental approach to identify protocols that reduce toxicity.

Emerging technologies

To circumvent Cre/CreER toxicity, virally delivered, self-deleting Cre methods have been
created, but have not yet been applied to cardiovascular studies and might only be suitable in
specific circumstances. Therefore, it has been proposed that a self-deleting Cre, which itself
is flanked by LoxP sites, might limit toxicity by restricting its own activity temporally”.
This approach yielded a recombination frequency similar to CreER activation but lacked a
toxicity phenotype /n vitro™ and agrees with the finding that reduced duration of CreER
activity has less toxicity (see below). However, viral techniques have pitfalls /n vivo pitfalls.
For example, the self-deleting lentiviral Cre was effectively delivered to cells in the liver and
brain, however, some Cre expression occurred also in uninjected liver lobes’®. Furthermore,
viral transduction may cause toxicity, independently of Cre activity; for example, adenoviral
methods to introduce Cre caused carcinomas in micellL, Finally, not all tissues are equally
accessible to viral Cre delivery; for example, this approach might be poorly suitable for
studies of early cardiovascular development /n utero.

The latest evidence suggests that single copy number transgenes such as iSuRe-Cre allow
for efficient reporter expression and gene deletion but could also limit Cre toxicity®°. Further
work is therefore warranted to examine whether iSuRe-Cre lacks toxicity in all cell types.
Alternatively, Dre-Rox or Crispr/Cas9112:113 might circumvent Cre toxicity, although could
have other types of off-target effects. Together, the above considerations increase interest in
emerging recombination technologies as promising approaches to limit Cre/CreER toxicity
in the cardiovascular system.

Conclusion

Although reports of Cre/CreER toxicity remain scattered in the literature, it is becoming
increasingly evident that both constitutive Cre and inducible CreER can negatively affect
the health of mammalian cells. Moreover, the breadth of cell types already reported as
affected suggests that Cre/CreER toxicity exists in most, if not all mammalian cell types.
However, the impact of Cre/CreER toxicity on the interpretation of cardiovascular studies
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is only beginning to be appreciated, with a handful of reports demonstrating that Cre
toxicity can impair angiogenesis, deplete blood cell numbers, cause heart failure and
promote glucose intolerance. As the Cre-LoxP system continues to provide a key tool

for cardiovascular research, we propose that increasing the use of adequate controls will
identify and account for Cre or CreER toxicity and allow investigators to identify optimal
experimental parameters that enable efficient gene deletion with minimal toxicity. Given that
few cardiovascular studies to date have included controls that protect against the inadvertent
reporting of Cre/CreER toxicity-induced phenotypes, we wish to highlight the importance
of investigating, understanding, eliminating and controlling for Cre/CreER toxicity in each
experimental model. Ultimately, a more widespread approach of this rationale will ensure
that cardiovascular studies will report only true phenotypes caused by the Cre/CreER-
induced deletion of specific genes of interest.
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Figure 1. Cre-L oxP mediated recombination of target genes.
Following translocation to the nucleus, Cre recombines loxP sites that have been engineered

into the mouse genome, thereby excising the intervening sequences. a, The Cre-LoxP
system can be used to delete a critical exon in a floxed gene. b, The Cre—LoxP system
can delete a floxed stop codon to activate the expression of a reporter gene, which

allows monitoring of Cre activity and genetic lineage tracing. c, The CreER fusion protein
is retained in the cytoplasm until 4- hydroxytamoxifen (OHT) binding induces nuclear
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translocation, termed CreER activation, for example to remove a stop codon in front of a
reporter.
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Figure 2. Organs affected by Cretoxicity.
Schematic representation of mouse organs known to be affected by Cre toxicity, including

affected cell types and toxicity inducing Cre and CreER models. For exact transgene
nomenclature, see main text. RPE, retinal pigment epithelium.
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Figure 3. Endothelial CreERT?2 activation impairs retinal angiogenesis.
Flat mounted perinatal day (P)7 retinas were stained with the vascular endothelial marker

isolectin (I1B4) and fluorescent streptavidin. aand b Cah5CreERT2—-expressing and
wildtype littermates were injected at P2 and P4 with 25 uL peanut oil containing 0, 50,

100, or 150 ug tamoxifen. a, Micrographs and b, quantification of vascular extension and
branch density. Dotted boxes indicate areas shown at higher magnification. Red and yellow
lines indicate vascular extension and retinal radius. The green box indicates a representative
area analysed for vascular branch density. Scale bars: 500 um.

(c) and (d), Pdgft-iCreERT2-expressing and wildtype littermates were injected at P2 and
P4 with 25 L peanut oil containing 100 pg tamoxifen. Tie2—Cre litters were not injected.
¢, Micrographs and d, quantification of vascular extension and branch density. Data are
presented as mean+SD fold change relative to littermate controls; each data point represents
the average of several retinal leaflets. Cah5-CreERT2 experiments: controls n=5 (0 pg),
n=5 (50 ug), n=10 (100 pg), n=7 (150 ug); CreERT2 n=5 (0 ug), n=4 (50 ug), n=13 (100
1g), n=9 (150 pg); Pdgfb-iCreERT2 experiments: controls n=5, CreERT2 n=7; Tie2—Cre
experiments: controls n=5, 77e2-Cre n=3. Two-way ANOVA with Holm-Sidak multiple
comparison test, non-significant (ns), P>0.05; *P<0.05; **P<0.01, ***P<0.001. Figure and
corresponding legend adapted with permission from the publisher06,
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Figure 4. Cre/CreER-induced toxicity carries hallmarks of known cellular responsesto DNA
damage.

Although DNA damage normally induces repair mechanisms to maintain cell viability,
ineffective repair in response to Cre/CreER toxicity can trigger three different damage
responses, namely cell inflammatory cytokine release, cycle arrest or apoptosis (indicated
by arrows). These cellular responses have been observed in studies using retroviral CreER
and the indicated Cre or CreER transgenes (responses may not be mutually exclusive).

Itis likely that Cre/CreER toxicity-induced cytokine release causes sterile inflammation,
typically mediated by monocytes, macrophages and neutrophils (indicated with dashed
arrows). Cre/CreER toxicity-induced cell cycle arrest and apoptosis might also cause sterile
inflammation.
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Table 1
Signalling pathways implicated in Cretoxicity

v

gl Pathway/Process Components Cremodel Refs
3 cAMP/PKA Phosphorylated CREB, PKla Cre (in vitro) 77
-8 DNA damage PARP, BAX, yH2AX Myh6-Cre 34
g Inflammation iNOS, TGFal, TNFa, IL1a, IL1a, IL6, Amh-Cre 70
@) Myh6-Cre 34
EI Lipid metabolism ABCD3 Amh-Cre 70
§ NRF2 NRF2, HO1 Amh-Cre 70
7 P53/apoptosis P53, cleaved caspase 3, PARP, BAX Fabp4—Cre 71
?_—> Myh6-Cre 34
g Per oxisome biogenesis PEXS5, PEX14 Amh-Cre 70
=

=z PI3Ka PI3Ka Myh6-Cre 36
% PPARa peroxisome metabolism  MFP1, thiolase B Amh-Cre 70
% Pro-fibrotic Collal, CTGF Myh6-Cre 34
é. ROS metabolism Catalase, SOD2, HO1 Amh-Cre 70
—

7]

ABCD3, ATP-binding cassette sub-family D member 3; BAX, BCL2-associated X protein; CREB, CAMP response element-binding protein;
Collal, collagen alpha-I(I) chain; CTGF, connective tissue growth factor; HO1, heme oxygenase 1; iNOS, inducible NO synthase; MFP1,
MAR-binding filament-like protein 1; NFR2, nuclear factor erythroid 2-related factor 2; PI3Ka., phosphatidylinositol 3-kinase regulatory subunit
a; PKla, protein kinase inhibitor a.; PARP, poly[ADP-ribose] polymerase; parkin; PEX, peroxisome biogenesis factor; PPARa, peroxisome
proliferator-activated receptor a; ROS, reactive oxygen specie; SOD2, superoxide dismutase; TGFB1, transforming growth factor B1; TNFa,
tumour necrosis factor TNF; yH2AX, Ser-139 phosphorylated form of the histone variant H2AX.
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Table 2
Tamoxifen dosage and toxicity in cardiovascular and hematopoietic studies.
Dosing schedule Cremodel Toxic effect Ref
50, 100 or 150 ug tamoxifen in peanut oil Intraperitoneal injection on P2 and P4 Cah5-CreERT2 Retinal angiogenesis defects 45
50, 100 or 150 pg tamoxifen in peanut oil Intraperitoneal injection on P2 and P4 Pagfo—CreER™ Retinal angiogenesis defects 45
20 mg/kg/day tamoxifen in soybean oil Intraperitoneal injection on 5 days in Decreased cardiac ejection
adults Myh6-merCremer ¢ tion £
40 mg/kg/day tamoxifen in soybean oil Intraperitoneal injection on 1 day in Myh6-merCremer  None observed 37
adults
40 mg/kg/day tamoxifen in corn oil Oral gavage for 4 days in adults Myh6-merCremer  None observed 36
Decreased cardiac ejection
60 mg/kg/day tamoxifen in corn oil Oral gavage on 4 days in adults Myh6-merCremer  fraction Left ventricular 36
dilation
60 mg/kg/day tamoxifen in sunflower oil Intraperitoneal injection 3 doses in Myh6-merCremer Ifjrgg{ﬁ)f?ﬁ ccrz;dsi:lg ger:g};%n 28
alils fibrosis Fractional shortening
Efi(;né;/kg/day tamoxifen in corn oil Intraperitoneal injection of pregnant dam on CAG—CreER™ Decreased embryonic viability 14
150 mg/kg/day tamoxifen in 90% sunflower oil and 10% ethanol Oral gavage of T A B
pregnant dams on E13.5 and E14.5 Rosa26-CreER Severe anaemia in embryos 55
150 mg/kg/day tamoxifen in 90% sunflower oil and 10% ethanol Oral gavage on PRosaZ6-CreERT? Thymic atrophy Increased 55

5 days in adults

thymic apoptosis

E, embryonic day; P, postnatal day.
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