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Introduction

Cre recombinase of the bacteriophage P1 is a member of the 
phage λ integrase family of site-specific recombinases. It effi-
ciently catalyzes the recombination of two 34-base pair (bp)-long 
target sites called loxP (locus of crossover in phage P1), which 
consist of two 13-bp inverted repeats separated by a directional 
8-bp core sequence.1-4 The ability to excise genomic regions 
flanked with loxP sites (called “floxed allele”) allows for con-
trolled ablation of genes in vivo by using transgenic mouse lines 
with tissue-specific Cre expression. Examples include the keratin 
5 and keratin 14 promoter-driven Cre transgenes (KRT5- and 
KRT14-Cre), which ablate floxed alleles in keratin 5/14-express-
ing cells such as epidermal keratinocytes.5 Cre expression can 
also be controlled in a temporal manner by using ligands such 
as tamoxifen, which activates a Cre recombinase fused with a 
mutated ligand-binding domain of the human estrogen recep-
tor (Cre-ERT2).6-9 Together, these tools enable the inducible 
and conditional manipulation of genes, thereby circumventing 
lethal or severe developmental defects resulting from their sys-
temic ablation.10-13 Thus, Cre-mediated site-specific recombina-
tion became an invaluable tool to manipulate the mammalian 
genome in a controlled manner.11,14-16

A caveat of Cre is its toxicity, which develops in a dose-
dependent manner even in the absence of loxP target sites and 

was shown to result in growth arrest, chromosomal abnormali-
ties, and apoptosis.17-22 By an unknown mechanism, Cre was 
shown to accelerate cancer progression.23 Since a lysine-173 to 
arginine substituion (R173K) in Cre abrogated both its nucle-
ase activity and cytotoxicity, DNA damage and/or unfaithful 
recombination of genomic DNA are thought to cause Cre tox-
icity.18-21 Although wild-type mammalian genomes lack perfect 
loxP sequences, so-called pseudo-loxP sites have been identified, 
which occur, for instance, in the mouse genome 1.2× per mega-
base.24 These imperfect sites serve as substrates for Cre resulting 
in DNA recombinations, nicks and double-stranded DNA breaks 
(DSBs).24-26 Consequently, Cre-expressing cells were shown to 
accumulate diverse chromosomal abnormalities ranging from 
chromatid breaks, dicentric chromosomes, sister chromatid 
exchange, to ring-shaped chromosomes.18,27 How these abnor-
malities occur is unclear. Since balanced chromosome exchanges 
are rare, Cre-mediated unfaithful recombination of cryptic loxP 
sites can be excluded as major cause for the abnormalities. A 
much more plausible cause is DNA damage, which can result 
both in growth arrest and cell death.28 Surprisingly, however, 
this has not been experimentally addressed so far. Furthermore, 
Cre toxicity was noted after extended periods of Cre activity, but 
not immediately after Cre activation. Therefore, it can only be 
speculated which of the observed defects are directly or indirectly 
caused by Cre activity.
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The spatiotemporal manipulations of gene expression by the Cre recombinase (Cre) of bacteriophage P1 has become 
an essential asset to understanding mammalian genetics. Accumulating evidence suggests that Cre activity can, in addi-
tion to excising targeted loxP sites, induce cytotoxic effects, including abnormal cell cycle progression, genomic instabil-
ity, and apoptosis, which can accelerate cancer progression. It is speculated that these defects are caused by Cre-induced 
DNA damage at off-target sites. Here we report the formation of tetraploid keratinocytes in the epidermis of keratin 
5 and/or keratin 14 promoter-driven Cre (KRT5- and KRT14-Cre) expressing mouse skin. Biochemical analyses and flow 
cytometry demonstrated that Cre expression also induces DNA damage, genomic instability, and tetraploidy in HCT116 
cells, and live-cell imaging revealed an extension of the G2 cell cycle phase followed by defective or skipping of mitosis as 
cause for the tetraploidy. Since tetraploidy eventually leads to aneuploidy, a hallmark of cancer, our findings highlight the 
importance of distinguishing non-specific cytopathic effects from specific Cre/loxP-driven genetic manipulations when 
using Cre-mediated gene deletions.
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For cancer studies conducted in Cre transgenic mice it is of 
upmost importance to know whether Cre can indeed induce DNA 
damage, which, in turn, can cause tetraploidy,29,30 aneuploidy,31-33 
and eventually cancer.34,35 We made the serendipitous observa-
tion that wild-type mice carrying the KRT5- and/or KRT14-Cre 
transgene showed increased binucleation (tetraploidy) and apop-
tosis in epidermal keratinocytes. In cultured cells, we observed 
that induced Cre expression evokes a persistent DNA damage 
response, which leads to tetraploidy by bypassing mitosis or cyto-
kinesis failure. Our findings show that persistent DNA damage is 
responsible for the Cre-induced genomic instability and emphasize 
the importance of including Cre-expressing control mice in cancer 
studies to avoid misinterpretations and incorrect conclusions.

Results

Cre expression induces tetraploidy in vivo
Wild-type mice carrying a KRT5- or KRT14-Cre transgene 

have no apparent phenotype and are frequently used to delete 
genes in epidermis and hair follicles.5,36-38 When we immu-
nostained epidermal whole mounts from 3-d-old pups for the 
expression of the α6 integrin subunit, which outlines basal kera-
tinocytes, we observed that the epidermis of Cre-expressing mice 
contained binucleated cells (Fig.  1A). While binucleated basal 
keratinocytes were extremely rare in wild-type epidermis (3.3 ± 

1.7 cells per mm2), their numbers were increased 10.6-fold in 
KRT5-Cre (35.5 ± 5.2 cells per mm2), 18.7-fold in KRT14-Cre 
(56.7 ± 8.6 cells per mm2), and 30.7-fold in KRT5/KRT14-Cre 
epidermis (102.1 ± 4.4 cells per mm2) (Fig. 1B). The increasing 
abundance of tetraploid cells in KRT5-Cre and KRT14-Cre epi-
dermis correlated with increasing Cre expression levels, indicat-
ing a Cre dosage effect (Fig. 1C).

Since tetraploid cells have an increased propensity to undergo 
apoptosis,34 we also quantified the number of apoptotic kerati-
nocytes in the epidermis of 3-d-old pups by immunostaining for 
cleaved caspase 3. The experiments revealed that wild-type epi-
dermis contained 0.05 ± 0.01 cleaved caspase 3-positive cells per 
mm. In Cre-expressing epidermis, the number of apoptotic cells 
increased with the Cre gene dosage: KRT5-Cre epidermis con-
tained 4.4-fold, KRT14-Cre epidermis 5.3-fold, and KRT5/14-
Cre double transgenic epidermis 10.3-fold more apoptotic cells 
per mm than control epidermis (Fig. 1D).

To test whether the binucleated cell population is also visible 
in freshly isolated keratinocyte populations from 3-d-old KRT5-
Cre pups, we examined their DNA content by flow cytometry. 
The cell cycle distribution of keratinocytes was not changed 
between KRT5-Cre mice and wild-type cell populations (Fig. 1E 
and F). These findings indicate that flow cytometry is not suit-
able to detect very low abundant ploidy defects in KRT5-Cre 
keratinocytes.

Figure 1. Cre induces tetraploidy in vivo. (A) Integrin α6 immunostainings (green, DAPI counterstaining in purple) of epidermal whole mounts of wild-
type mice without Cre (WT) or carrying the KRT5- or KRT14-Cre transgene, imaged onto the basal surface of the epidermis. Arrowheads indicate binucle-
ated cells. Infundibula are indicated by asterisks (*). Bar: 50 μm. (B) Binucleated cells in epidermal whole mounts of the indicated genotype from 3-d-old 
pups (2–5 animals per genotype); columns indicate mean + s.e.m. (C) Immunoblot for Cre and Gapdh in skin lysates of wild-type mice without Cre (WT) 
or with the indicated Cre transgene. (D) Quantification of absolute numbers of apoptotic keratinocytes per mm epidermis of skin cryosections from 3-d-
old pups (3 animals per genotype), columns indicate mean + s.e.m. (E) Representative flow cytometry analysis of propidium iodide (PI)-stained primary 
keratinocytes isolated from 3-d-old pups. Percentage of cells with different ploidy levels, C denotes haploid DNA complement. (F) Quantification of the 
percentage of cells in different phases of cell cycle. Columns indicate mean+s.e.m. of 3 independent experiments.
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Cre expression increases DNA content in cells
Since the abundance of ploidy defects in Cre express-

ing keratinocytes is low, we decided to further analyze the 
mechanism(s) underlying Cre-induced tetraploidy in vitro 
using HCT116 cells overexpressing Cre recombinase. HCT116 
cells are chromosomally stable, have a normal karyotype and 
spindle checkpoint, and, with the exception of nucleotide mis-
match repair, all other DNA damage response mechanisms 
operate normally.39-42 We infected HCT116 cells with a retrovi-
ral construct expressing 4-hydroxytamoxifen (OHT)-inducible 
wild-type Cre recombinase (Cre-ERT2) or endonuclease-defi-
cient Cre recombinase (CreR173K-ERT2).18 Both constructs 
were expressed at comparable levels (Fig.  2A). In the absence 
of OHT induction proliferation rates, nuclear sizes and cell 
cycle profiles of infected cells were comparable to parental cells 
(data not shown). In these cells, wild-type as well as mutant 
Cre proteins were retained in the cytoplasm, while treatment 
with OHT triggered a rapid nuclear translocation of wild-type 
and mutant Cre proteins (Fig.  2B). Strikingly, within 24 h 
after induction of Cre-ERT2, the cells enlarged and increased 
the size of their nuclei by 1.9-fold, suggesting that also their 
DNA content increased (Fig.  2B and C). Importantly, OHT-
induced expression of CreR173K-ERT2 had no effect indi-
cating that Cre induces cell changes via its catalytic activity  
(Fig. 2B and C).

Next we analyzed the cellular 
DNA content by flow cytometry 
before and after OHT treatment 
for 24 h. Before OHT treatment, 
63 ± 0.5% cells were in G

0
/G

1
 phase 

with 2C DNA content (C = chro-
mosome complement), 20 ± 0.9% 
were in S phase with 2C to 4C 
DNA content, and 12 ± 0.8% were 
in G

2
/M phase with 4C DNA con-

tent. Only 3 ± 0.2% had >4C DNA 
content. OHT induction of the 
endonuclease-deficient CreR173K-
ERT2 did not change the distribu-
tion of DNA content (Fig. 2D). In 
contrast, OHT treatment of cells 
containing Cre-ERT2 increased the 
percentage of cells with 4C to 49 ± 
0.6% or >4C to 10 ± 0.4% DNA 
content and concomitantly decrease 
cell numbers with 2C or 2C-4C 
DNA content (Fig.  2D). These 
results indicate that the nuclear 
activity of endonuclease-proficient 
Cre has 2 immediate consequences: 
first, Cre increases the percentage of 
cells with 4C DNA content indica-
tive for a G

2
/M arrest; second, Cre 

increases the percentage of cells 
with > 4C DNA content indicative 
for polyploidy.

Cre induces DNA damage leading to G
2
/M phase defects

Since a persistent DNA damage can increase the percentage 
of cells with 4C and higher DNA content,28,29 we determined the 
expression levels of the DNA damage marker phosphoSer139-
histone H2Ax (γH2Ax) and the DNA damage response markers 
phosphoSer15-p53 and total p53. Cells expressing CreR173K-
ERT2 exhibited low basal levels of γH2Ax, and total p53 and 
lacked detectable levels of phosphoSer15-p53 during 24 h of 
OHT treatment (Fig.  3A). In contrast, cells expressing Cre-
ERT2 upregulated γH2Ax, phospho-Ser15-p53 and total p53 
levels within 3 h after OHT treatment, which further rose at 
later time points (Fig. 3A). These findings prove that Cre activity 
induces DNA damage and a DNA damage response.

To test if Cre expression arrests the cell cycle at specific 
phases, we plated the cells at low density to achieve synchronous 
entry into S phase and treated them with OHT. OHT treated 
cells expressing Cre-ERT2 entered S phase at similar rates as 
cells expressing CreR173K-ERT2 (Fig.  3B). However, unlike 
CreR173K-ERT2-expressing cells, the Cre-ERT2-expressing 
cells accumulated in G

2
/M phase, which resulted in a reduction 

of cells in the G
1
 phase at later time points (Fig. 3B). Normal 

S-phase entry and progression of Cre-ERT2-expressing cells were 
confirmed with the 5-bromo-2’-deoxyuridine (BrdU) incorpora-
tion assay, which showed a similar increase of BrdU-positive cells 
in Cre-ERT2 and CreR173K-ERT populations at all time-points 

Figure 2. Cre activity induces increased DNA content in HCT116 cells. (A) Immunoblot for Cre and Gapdh in 
HCT116 cell lysate either left uninfected or infected with Cre-ERT2 or CreR173K-ERT2 containing retrovirus. 
(B) Immunofluorescence staining for Cre (green) and nuclei (blue) in CreR173K-ERT2 or Cre-ERT2 express-
ing HCT116 cells non-induced or induced with 500 nM OHT for 24 h. Bar: 50 μm. (C) Quantification of the 
nuclear areas in a box-and-whisker plot (between 80 and 100 cells were evaluated for each condition in 3 
independent experiments). (D) Flow cytometry analysis of PI-stained cells. Cells and treatment are as in (B). 
Percentage of cells with different ploidy levels, (C) denotes haploid DNA complement.
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analyzed (Fig.  3C). Taken together, these results indicate that 
Cre-endonuclease activity interferes with mitotic progression, 
while entry into and progression through the S phase are normal.

Cre expression inhibits mitosis and causes cytokinesis fail-
ure and tetraploidy

To explore the mechanism leading to Cre-induced increase 
in DNA content or ploidy, we analyzed asynchronously growing 
cells expressing Cre by phase contrast time-lapse imaging. After 
treating cells for 24 h with OHT, 94 ± 2% of CreR173K-ERT2-
expressing cells divided at least once, with each division giving 
rise to 2 daughter cells, each cell with a single nucleus (Fig. 4A 
and B; Video S1). In the same period, only 31 ± 3% of Cre-ERT2 
underwent an apparently normal cell division. Another 11 ± 3% 
of the Cre-ERT expressing cells entered mitosis and progressed 
through anaphase (as seen by nuclear envelope breakdown and 
reformation), but became bi- or multinucleated after cytokinesis 
failure (Fig. 4A and B, arrowheads; Video S2). The majority (58 
± 6%) of Cre-ERT2 expressing cells failed to enter mitosis, evi-
denced by a lack of nuclear envelope breakdown (Fig. 4A and B, 
see arrows; Video S2).

These findings were confirmed with Cre-ERT2 or CreR173K-
ERT2 expressing HCT116 cells stably transduced with the chro-
mosome marker histone H2B fused to green fluorescent protein 
(H2B-GFP). Almost all (98 ± 2%) OHT-treated CreR173K-
ERT2/H2B-GFP-expressing cells divided normally and dis-
played normal nuclear size as judged from GFP fluorescence, 
with 38 ± 3% of the cells dividing once and 60 ± 5% dividing 
twice (Fig. 4C and D; Video S3). In contrast, only 39 ± 1% of 
OHT-treated Cre-ERT2/H2B–GFP expressing cells completed 
mitosis. The remaining 61 ± 1% cells increased their size without 

entering mitosis (Fig.  4C and D, arrows; Video S4). The cell 
size increase indicates that the cells were not terminally arrested 
in G

2
, but rather skipped mitosis and re-entered the cell cycle as 

tetraploid G
1
 cells.

To exclude fusion of 2 diploid cells as cause for tetraploidy,43,44 
we carefully re-examined all movies but did not observe cell–
cell fusion events. Taken together, our findings indicate that Cre 
activity interferes predominantly with entry into mitosis and to a 
lesser extent completion of mitosis.

Cre-induced DNA damage results in G
2
/M arrest and 

bypass of mitosis
To examine whether Cre-induced failure to enter mitosis is 

due to G
2
/M arrest and/or bypass of mitosis, we followed the 

expression of doxycycline-inducible GFP-tagged cyclin B1 (cyclin 
B1-GFP) in CreR173K-ERT2 and Cre-ERT2 cells, respectively. 
Addition of doxycycline induces cyclin B1-GFP upregulation in S 
phase, translocation into the nucleus at prophase and degradation 
at the onset of anaphase.45-47 This was observed in 93 ± 1% OHT/
doxycycline-treated, CreR173K-ERT2-expressing HCT116 cells 
(Fig. 5A and B, see numbers; Video S5). Furthermore, the mean 
duration of mitosis (time from nuclear import of cyclin B1-GFP 
at prophase until its destruction at the onset of anaphase) in 
these cells was 44 ± 6.6 min (n = 40 cells). In contrast, normal 
cyclin B1-GFP kinetics was observed in only 41 ± 6% of OHT/
doxycycline-treated, Cre-ERT2-expressing cells. 50 ± 6% of 
OHT/doxycycline-treated, Cre-ERT2-expressing cells retained 
cyclin B1-GFP in the cytoplasm for at least 10–12 h (Fig. 5A, 
see arrows; Video S6), followed by degradation of cyclin B1-GFP 
without nuclear accumulation in 9 ± 1% of the cells, indicat-
ing bypass of mitosis/endomitosis (Fig.  5A, see arrowheads; 

Figure 3. Cre-induced DNA damage results in G2/M arrest. (A) Immunoblot for indicated proteins of CreR173K-ERT2 or Cre-ERT2 expressing HCT116 
cells untreated or treated with 500 nM OHT for indicated time points. (B) Flow cytometry analysis of PI-stained cells. Cells and treatment were as in (A). 
Percentage of cells in different phases of cell cycle at indicated time points. Data are displayed as mean ± s.d. of 3 independent experiments. (C) Flow 
cytometry analysis of BrdU and PI-stained cells. Cells and treatment were as in (A). Quantification of the percentage of BrdU-positive cells at indicated 
time points. Data are displayed as mean ± s.d. of 3 independent experiments.
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Video S6). These findings confirm that Cre-induced DNA dam-
age can lead to G

2
/M arrest that is resolved by a bypass of mitosis, 

finally resulting in tetraploidy.

Discussion

The caveats associated with Cre transgene expression are well-
documented, including proliferation defects, cytotoxicity, chro-
mosomal abnormalities, and accelerated cancer progression. We 
report that Cre transgene expression in the epidermis of normal 
mice induces tetraploidy and apoptosis. To our knowledge this 
is the first report showing that Cre can cause tetraploidy in the 
absence of floxed alleles in vivo. Complementing in vitro studies 
revealed that tetraploidy development is due to a bypass of mito-
sis or a failure to complete mitosis. These findings 
highlight potential problems that may arise when 
the Cre/loxP system is used to study DNA damage, 
DNA repair, and cancer development.

Mechanisms of Cre-induced genomic 
instability

Previous in vitro analyses of Cre-induced cyto-
toxicity were designed as end-point studies after 
an extended period of Cre activity.18,21 Although 
these studies showed that Cre can cause poly-
ploidy, further analysis exclusively focused on 
chromosomal aberrations and aneuploidy without 
addressing how Cre activity caused polyploidy. 
Furthermore, the mechanism(s) of Cre-induced 
chromosomal defects was also not entirely clear. 
Our live cell analysis allowed for the first time to 
directly observe the effect of Cre activity on cell 
cycle progression.

Activation of Cre for 24 h induced a swift and 
persistent DNA damage response in HCT116 cells 
without leading to cell cycle arrest or apoptosis, 
which are usually triggered by p53 upon extensive 
DNA damage.48 This finding is in line with previ-
ous observations showing that low and persistent 
DNA damage is unable to efficiently induce cell 
cycle arrest,49,50 but instead induced polyploidy by 
endomitosis29 or cytokinesis defects.30 Interestingly, 
the limited DNA damage caused by Cre was also 
associated with high rates of tetraploidy/polyploidy 
due to either endomitosis or cytokinesis failure. 
Defective resolutions of mitosis followed by poly-
ploidy is a well-known starting point to aneuploidy 
and extensive chromosomal rearrangements, which 
can cause a plethora of secondary effects, including 
cell death.51

How can our in vitro results explain the in vivo 
cytotoxicity of Cre? Both KRT5- and KRT14-
Cre mice are phenotypically normal,5,37 and flow 
cytometry analysis of primary keratinocytes failed 
to detect cells with abnormal ploidy. However, 
careful analysis revealed a very small number of 
binucleated (tetraploid/polyploid) or apoptotic 

keratinocytes in wild-type epidermis lacking a Cre transgene. 
The number of tetraploid and apoptotic cells increased concomi-
tantly with the Cre activity.

Interestingly, previous in vivo studies reported that Cre-
mediated cytotoxicity is associated with cell death19,27 that 
increases in a Cre dose-dependent manner.52 This “side effect” of 
Cre-mediated cytotoxicity has even been exploited to target and 
ablate specific cell populations such as mast cells and basophilic 
neutrophils in vivo.53,54 How Cre toxicity achieves cell death at 
the molecular level is not known. It has been proposed that p53 
activity is responsible for Cre-induced cell death.53 However, we 
found that deletion of p53 in epidermis of Trp53-floxed KRT5-Cre 
mice did not abolish epidermal apoptosis (unpublished results). 
Since Cre-induced DNA damage was insufficient to induce cell 

Figure 4. Cre activity results in mitotic defects. (A) Phase contrast images of CreR173K-
ERT2 (Video S1) or Cre-ERT2 (Video S2) expressing HCT116 cells treated with OHT for 
indicated times. Images were taken every 10 min for 24 h. Selected stills are shown. 
Arrowhead indicates a multinucleated cell after defective mitosis. Arrow indicates a cell 
failed to enter mitosis. Bar: 100 μm. (B) Relative quantification of mitotic defects of cells 
shown in (A). Data are displayed as mean+s.d. of 3 independent experiments. (C) GFP-
images of CreR173K-ERT2 (Video S3) or Cre-ERT2 (Video S4) expressing HCT116-H2B-
GFP cells treated with OHT for the indicated time points. Images were taken every 10 min 
for 24 h. Selected stills are shown. Arrow indicates a nucleus of a cell that failed to enter 
mitosis. Bar: 100 μm. (D) Relative quantification of mitoses per cell. Cells were treated and 
imaged as in (C). Error bars indicate s.e.m. of 3 independent experiments.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 467

death while being permissive for the development of abnormal 
ploidy, we favor the possibility that the observed cytotoxicity 
in vivo is secondary to polyploidy: Dividing polyploid cells are 
prone for increased apoptosis, and even viable aneuploid daugh-
ter cells resulting from such polyploid mitoses obtain unpredict-
able chromosome complements that either lead to cell death or 
transformation and cancer.51,55,56 Unfortunately, the chromosme 
complement was not examined in previous studies on Cre cyto-
toxicity, leaving the question unanswered, whether genomic 
instability triggered Cre-induced cell death in these cells.

Cre-induced tetraploidy and carcinogenesis
Our data link Cre activity with increased tetraploidy even in 

absence of noticeable phenotypes. Since tetraploidy is an unstable 
intermediate to aneuploidy and efficiently promotes tumorigen-
esis in vivo,35,40,51,57,58 Cre might have an oncogenic off-target 
function in vivo even in absence of floxed alleles. The absence 
of oncogenic effects in our mice may simply be due to the rapid 
movement of tetraploid cells to the upper epidermal layers, where 
they cornify and eventually slough. In line with this hypothesis, 
we observed binucleated cells in the post-mitotic suprabasal lay-
ers of the epidermis indicating that terminal differentiation and 
shedding may indeed suppress transformation and growth of cells 
with an abnormal genome (unpublished observation). However, 
if the oncogenic cells are growth promoted before they are lost, 
they may induce tumors. Such a situation could have caused 
an increased malignant progression in mice homozygous for a 
KRT5-Cre transgene and exposed to the 2-stage carcinogenesis 
protocol.23 Although the ploidy was not analyzed in this study, 
our finding of increased tetraploidy in Cre-positive epidermis 
provides a mechanistic explanation for the observed oncogenic 
function of Cre in these mice.

Dealing with Cre-dependent cytotoxicity
Our as well as published results from other laboratories 

emphasize the problems with the Cre/loxP system in cancer 
or gene manipulation studies addressing DNA damage repair, 
cell cycle regulation, apoptosis, and/or mitosis. The possibility 
of combinatorial effects of targeted gene modification and ille-
gitimate Cre activity requires appropriate controls to accurately 

interpret results of gene-targeting studies. Appropriate controls 
are wild-type or heterozygous floxed mice carrying the Cre trans-
gene. When such controls are not included, it will be impossible 
to discriminate the Cre effects from the impact of the targeted 
mutation. This can severely compromise the validity of the 
experimental results.

Numerous reports have shown that Cre expression can 
cause toxicity in absence of a “floxed allele”, regardless 
whether its expression is ubiquitous, tissue-specific and/or 
ligand-inducible.17,20,22,23,27,52-54,59,60 Therefore, minimizing the 
exposure of cells to Cre recombinase is clearly a sensible strategy. 
Several measures have been developed to minimize Cre cytotox-
icity; in vitro studies utilize self-deleting Cre vectors that flank 
Cre with loxP sites to combine gene ablation with Cre elimina-
tion,19,21,61 and in vivo studies employ ligand-activated Cre trans-
genic lines, in which the ligand is applied for a limited time to 
avoid extended Cre expression, and at low dose to avoid ligand-
induced side effects.27,59,62 Although this requires an increased 
experimental burden, Cre cytotoxicity can be minimized or even 
overcome.

Materials and Methods

Ethics statement
Mice were kept and bred according to German animal wel-

fare laws at the animal facilities of the Max Planck Institute of 
Biochemistry.

Antibodies and reagents
The antibodies used were: Gapdh, Cre, γH2Ax (Merck 

Millipore), phospho-p53 (Ser15), total p53 and cleaved caspase 
3 (Cell Signaling Technology/NEB), integrin α6 and fluorescein 
isothiocyanate (FITC) conjugated anti-BrdU antibody (Becton 
Dickinson). All reagents were of cell culture grade (Sigma or Life 
Technologies).

Cell lines and culture
The cell lines HCT116 (ATCC No. CCL-247), HCT116-

H2B-GFP and doxycycline inducible HCT116-cyclin B1-GFP 
were kindly provided by Zuzana Storchova (Max Planck Institute 

Figure 5. Cre induces G2/M arrest and a bypass of mitosis in HCT116 cells. (A) Time-lapse imaging of CreR173K-ERT2 (Video S5) or Cre-ERT2 (Video S6) 
expressing HCT116-cyclin B1-GFP cells treated with OHT and doxycycline. GFP images were taken every 10 min for 24 h. Selected stills are shown. 
Numbers indicate cells with normal kinetics of cyclin B1-GFP and arrow indicates a cell positive for cytosolic cyclin B1-GFP for more than 12 h. Arrowhead 
indicates a cell with cytosolic cyclin B1-GFP degradation and absent localization in the nucleus. Bar: 50 μm. (B) Relative quantification of OHT- and 
doxycycline-treated cells showing degradation of cyclin B1-GFP with or without prior nuclear localization. Error bars indicate s.e.m. of 3 independent 
experiments. Cells and treatment were as in (A).
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of Biochemistry) and maintained at 37 °C with 5% CO
2
 atmo-

sphere in Dulbecco modified Eagle medium containing 10% 
fetal bovine serum, 100 U penicillin and 100 μg/ml streptomy-
cin. For induction of cyclin B1-GFP, cells were cultured in the 
presence of 1 μg/ml doxycycline.

Retroviral constructs
To generate the CreR173K-ERT2 expression construct 

the Cre-ERT2 cDNA was mutated with the Quickchange kit 
(Agilent Technologies). Successful mutagenesis was confirmed 
by sequencing. Wild-type and mutant CreR173K-ERT2 cDNAs 
were cloned into pCLMFG-MCS63 to generate virus-containing 
supernatants for infecting the cell lines.

Live-cell imaging
Freshly cultured cell were seeded sparsely on a 6 channel 

μ-slide (Ibidi) 24 h before the experiment. The slide was placed 
onto a sample stage with an incubator chamber (EMBLEM) 
maintained at 37 °C, 40% humidity, in an atmosphere with 5% 
CO

2
. Imaging was performed using a Zeiss Axio Observer Z1 

microscope equipped with a Plan Neofluar 10× or 20× air objec-
tive. Metamorph 7.1 software (Molecular Devices) was used to 
control the microscope. Movies were evaluated using the ImageJ 
1.42I software (Schneider, Rasband et al. 2012).

Flow cytometry
For measurement of DNA content, cells were cultured in the 

presence or absence of 500 nM OHT for indicated time points, 
collected, fixed, stained with propidium iodide. For BrdU incor-
poration assays, cells were cultured in presence of 100 μM 
BrdU for indicated time points and fixed immediately in 70% 
ethanol. Nuclei were isolated from fixed cells and stained with 
FITC-conjugated anti-BrdU antibody. Cells and nuclei ana-
lyzed by flow cytometry on a FACSCalibur instrument (Becton 
Dickinson) as described.64 Cell cycle profiles and BrdU indices 
were analyzed using FlowJo (Tree Star).

Generation of epidermal whole mounts
Three-day-old pups were sacrificed and skinned. Muscle and 

fatty layer were scraped off, followed by careful mechanical sepa-
ration of dermis and epidermis. Epidermis was fixed for 10 min 
in 4% PFA/PBS and kept in PBS with 0.05% NaN

3
 at 4 °C until 

use.
Immunofluorescence and imaging
Skin cryosections were prepared and embedded as described.65 

Cells grown on glass coverslips were fixed in 3.7% PFA/PBS, 
permeabilized with 0.1% Triton X-100/PBS and blocked in 5% 
BSA/PBS. Primary antibodies were diluted in blocking solution 
and applied overnight at 4 °C. After washing with PBS, appropri-
ate secondary antibodies were diluted in blocking solution and 
applied for 1 h at room temperature. After washing and DAPI 
staining, slides were mounted in Elvanol. Pictures were taken 

with a TCS SP5 AOBS Confocal Laser Scanning Microscope 
(Leica).

For determination of binucleation, epidermal whole mount 
preparations were immunostained for integrin α6 and coun-
terstained with DAPI. Stacks of pictures were taken as above 
to account for waves and wrinkles in the epidermis. Suprabasal 
cells (negative for integrin α6) were excluded from analysis, as 
were outer root sheath keratinocytes of infundibula due to their 
altered spatial orientation compared with interfollicular kerati-
nocytes. Cells were scored as bi-/multinucleated basal cells when 
there was no intervening integrin-signal between their nuclei; 
furthermore, nuclei within a cell were aligned and deformed 
each other. If in doubt, binucleation was either confirmed by 
examination of adjacent z-layers, or the cells were not scored as 
binucleated. Apoptosis was measured by staining skin cryosec-
tions from 3-d-old pups for cleaved caspase 3 (clCasp3), integrin 
α6 and DAPI. Ten or more sections of at least 1 cm length per 
animal were used.

Western blotting
Lysates from cells were separated on a polyacrylamide gel and 

transferred onto a PVDF membrane (Millipore). Membrane 
blocking and antibody dilution were performed with Tris-
buffered saline (TBS), pH 7.6, supplemented with 5% (w/v) 
skim milk powder, and 0.1% Tween 20 (Serva). Subsequently, 
membranes were incubated for 1 h at room temperature or over-
night at 4 °C with antibodies. Appropriate HRP-coupled second-
ary antibodies (BioRad) were applied for 1 h at room temperature 
followed by enhanced chemiluminescence (ECL) detection 
(Merck Millipore).

Statistics
All data are given as a mean value with standard error of the 

mean (s.e.m.) or standard deviation (s.d.) as indicated. Statistical 
significance was tested with a 2-tailed Student t test.
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