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Abstract 

Methods for modifying gene function at high spatiotemporal resolution in mice have revolutionized biomedical research, with Cre-loxP being 
the most widely used technology. Ho w e v er, the Cre-lo xP technology has se v eral dra wbacks, including w eak activity, leakiness, to xicity, and lo w 

reliability of existing Cre-reporters. This is mainly because different genes flanked by loxP sites (floxed) vary widely in their sensitivity to Cre- 
mediated recombination. Here, we report the generation, validation, and utility of iSuRe-HadCre, a new dual Cre-reporter and deleter mouse line 
that a v oids these dra wbacks. iSuR e-HadCre achie v es this through a no v el inducible dual-recombinase genetic cascade that ensures that cells 
expressing a fluorescent reporter had only transient Cre activity, that is nonetheless sufficient to effectively delete floxed genes. iSuRe-HadCre 
w ork ed reliably in all cell types and for the 13 flo x ed genes tested. T his ne w tool will enable the precise, efficient, and trustw orth y analy sis of 
gene function in entire mouse tissues or in single cells. 
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Introduction

Understanding how genes function requires methods to de-
plete or enhance their expression, thus allowing assessment
of the ensuing phenotypic consequences. The current gold-
standard method uses the Cre-Lox technology, which enables
precise loss- or gain-of-gene-function ( 1 ). However, this tech-
nology often produces variable results and requires careful
validation of the intended conditional genetic deletions ( 2 ,3 ).
This is largely because different floxed genes vary in their
sensitivity to Cre-mediated recombination ( 4 ,5 ). Validation of
gene deletion involves either whole-organ or cell-type-specific
FACS isolations in bulk, qRT-PCR, or western blot analyses
with specific probes. However, these approaches lack single
cell resolution and the tissues extracted for genetic deletion
validation cannot be the same as those used for phenotype or
imaging analysis, frequently resulting in ‘genetically blind’ re-
sults. The alternative in situ validation of protein or mRNA
loss after deletion of a floxed gene is often difficult due to lack
of good probes or antibodies giving a good signal-noise ratio
at single cell resolution, in every cell expressing the gene. 

As an alternative, many scientists infer the intended dele-
tion of a floxed gene by using standard Cre-reporters to label
cells that recombined the reporter allele. However, recombina-
tion of generic Cre-reporters does not correlate with recom-
bination of other floxed genes ( 6–8 ), particularly when using
tamoxifen-inducible Cre lines, in which recombination activ-
ity is weaker and often incomplete, targeting only a fraction
of the tissue cells. 

We previously generated the iSure-Cre allele, that signifi-
cantly facilitated conditional genetics because it linked the ex-
pression of a single and easy to detect fluorescent reporter, to
the permanent expression of Cre, which unlike CreERT2, effi-
ciently recombines and deletes floxed genes ( 7 ). This guaran-
tees that, irrespective of the level of CreERT2 expression and
the intensity of tamoxifen induction, all reporter-expressing
cells will have permanent expression of Cre, drastically re-
ducing the occurrence of false positives. False positives occur
when cells expressing a given Cre-reporter, do not have recom-
bination of the intended floxed gene, and are a major cause of
variability and inaccuracy in biomedical research using mouse
genetics. Despite its advantages, the first-generation iSuRe-Cre
technology also has its caveats, such as relatively low sensitiv-
ity to CreERT2 activity, leakiness, and the possibility of toxi-
city in cells permanently expressing Cre ( 7 ). 

Here, we present the characterization of several new mouse
lines that were designed to overcome these limitations. Only
one of these showed a significant improvement compared
with the original iSuRe-Cre line. This new line, which we call
iSuRe-HadCre , is several fold brighter, more sensitive to in-
duction by CreERT2 / tamoxifen, has no leakiness, and ensures
that Cre is only transiently expressed, thus preventing Cre-
related toxicity. iSuRe-HadCre is based on a new tight and
inducible recombination cascade that first converts inducible
CreERT2 activity into constitutive Cre expression, followed
by an inbuilt FlpO-recombinase-dependent step that switches
off Cre and FlpO expression and simultaneously activates ex-
pression of a fluorescent reporter. We have confirmed this new
mouse line works reliably with all CreERT2 lines and the
13 floxed genes tested. Given its characteristics, the iSuRe-
HadCre allele will be an essential tool for laboratories per-
forming conditional gene function analyses, and particularly
those interested in performing single cell genetic studies or
epistasis analysis. 
Materials and methods

Animal experimentation

Mice containing the following genetic alleles were used: 
Tg(Myh11-CreER T2) 1Soff ( 9 ); Tg(Cdh5-CreER T2) 1Rha ( 10 ); 
Tg(UBC-cre / ER T2) 1Ejb ( 11 ); Tg(Prox1-CreER T2) aTmak ( 12 ); 
Tg(iSuRe-Cre) ( 7 ); Tg(Tie2-Cre) ( 13 ); Tg(Sox2-cre) ( 14 ); 
Gt(ROSA)26Sor tm1(EYFP)Cos (here called Rosa26-Lox-Stop- 
Lox-EYFP) ( 15 ); Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo 

(here called Rosa26-Lox-MbTomato-Lox-MbEGFP) 
( 16 ); Gt(ROSA)26Sor tm14(CAG-tdTomato)Hze (here 
called Rosa26-Lox-Stop-Lox-TdTomato Ai14) ( 17 ); 
Gt(Rosa)26Sor tm1(iChr2-Control-Mosaic)Ben (here called Rosa26- 
LSL-iChr2) ( 31 ); Gt(Rosa)26-LSL-Pi3KCA 

H1047R ( 18 ); 
Pik3ca tm1.1Waph ( 19 ); Notch1 

flox ( 20 ); Notch2 

flox ( 21 ); 
Rbpj flox ( 22 ); Foxo1 / 3 / 4 

flox ( 23 ); Vegfr2 

flox ( 24 ,25 ); Flt1 

flox 

( 26 ); Dll4 

flox ( 27 ); Jag1 

flox ( 28 ); Myc flox ( 29 ); Mycn 

flox ( 30 ).
The iSuRe-CrePEST 

v1 , Rosa26-iSuRe-CrePEST 

v2 , and iSuRe- 
HadCre alleles were produced for this study by CRISPR / Cas9 

induced homologous-dependent DNA repair in the iSuRe-Cre 
or ROSA26 locus with the constructs indicated in the main 

figures. Notch3 

flox mice were generated using guide RNAs 
(gctgtgttttagtatgtagt and ttgagcgttagaaagattgg) and 147bp 

donor oligos containing loxP sites. To activate recombination 

in animals containing CreERT2 alleles, 4-OH-tamoxifen 

(H6278) or tamoxifen (Sigma, P5648) was administered 

by intravenous injection to pregnant females, pups, or non- 
pregnant adults at the indicated stages and doses. Genotyping 
primers are listed in Supplementary Table S1 . 

All mouse husbandry and experimentation was conducted 

using protocols approved by local animal ethics committees 
and authorities (Comunidad Autónoma de Madrid CAM- 
PROEX 167 / 17, 130 / 19 and 164.8 / 20). The CNIC mouse 
colony (Mus musculus) is maintained in racks with individual 
ventilation cages according to current Spanish and European 

legislation (RD 53 / 2013 and EU Directive 63 / 2010, respec- 
tively). Mice have a dust- and pathogen-free bedding, suffi- 
cient nesting, and environmental enrichment material for the 
development of species-specific behavior. All mice have ac- 
cess to food and water ‘ad libitum’ in environmental condi- 
tions of 45–65% relative humidity, temperatures of 21–24 

◦C,
and a 12 h / 12 h light / dark cycle. In addition, animal welfare 
is preserved through an animal health surveillance program 

that follows FELASA recommendations for specific pathogen- 
free facilities. We used Mus musculus with the C57BL6,
C57BL6x129SV or C57BL6xDBA2 genetic backgrounds. 

DNA constructs, engineering and genome targeting

The basic elements of the different DNA constructs depicted 

in the figures were obtained from Addgene or by Gene Syn- 
thesis and assembled by standard DNA cloning methods.
Most sequences were obtained from DNA constructs previ- 
ously generated in our lab ( 7 , 31 , 32 ). To obtain the gene tar-
geting vector to produce the iSuRe-HadCre allele, we mod- 
ified an existing plasmid from Addgene (#22799). New se- 
quences were obtained by direct Miniprep DNA or PCR-based 

cloning with restriction enzymes. The unique restriction sites 
and the sequential modular cloning strategy were designed 

and selected using DNAstar SeqBuilder (Lasergene) in con- 
cert with our previous experience with commercially avail- 
able restriction enzymes and PCR kits. The basic elements 
of the DNA constructs are depicted in several figures with 

the following abbreviations: ROSA26 (DNA sequences of the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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ouse ROSA26 locus located in chromosome 6), CAG prom
strong CMV enhancer + B-actin promoter), INS (Insulator),
RT (short DNA sequences recognized by the recombinase
lp or codon-optimized FlpO), Lox (short DNA sequences
ecognized by the recombinase Cre, LoxP, or LoxN variants,
hich are mutually incompatible), Int-Cre (Cre-containing in-

ron), ERT2 (estrogen receptor domain that when fused to
re is inducible / activable by tamoxifen), 2A (2A peptide se-
uence of the Thosea asigna virus (TaV) used for equimo-
ar expression / translation of upstream and downstream pro-
eins), Int-FlpO-Stop (intron containing FlpO followed by a
top codon), PEST (the Odc1 protein domain, which signals
roteins for degradation), H2B (histone 2B, used in fusions
o provide for chromatin localization), V5 (unique epitope
or immunodetection), WPRE (woodchuck hepatitis virus el-
ment that enhances RNA stability and transport, enhanc-
ng transgene expression), pA (polyA transcription stop sig-
al), N-PhiM (gene encoding a non-fluorescent protein that
s often used as a reporter / marker of promoter expression in
he absence of recombination), MbTomato (gene encoding a
embrane-tagged tdTomato fluorescent protein that emits in

he red spectrum when excited by a yellow laser), and PGK-
eo (selection marker previously used in embryonic stem cell

ene targeting approaches). 
iSuRe-CrePEST 

V1 donor DNA was injected together with
uide RNA (sequence AATCCA GA GGTTGATTA GCG) into
ouse eggs collected from an intercross between male iSuRe-
re and female DBA / Bl6 mice. The iSuRe-CrePEST 

V2 and
SuRe-HadCre donor DNAs were injected into mouse eggs to-
ether with the guide RNA GC AAC ACGATCCCGCC ACC A.
ll donor-DNA-plus-guide-RNA injections included standard
RISPR Alt RNA and Cas9 protein (IdTDNA). Several

ounders were obtained from these injections. After breeding
o the C57Bl6 background, the progeny were PCR screened
nd then crossed with CreERT2 or other mouse lines to con-
rm proper gene targeting and the expression or function of
istinct construct elements. 

mmunostaining

or immunostaining of mouse retinas, eyes were dissected
rom mouse pups and fixed by incubation with agitation for
0 min in 4% PFA in PBS (diluted from a stock of 16% PFA;
MS 15710). After two washes in PBS, retinas were microdis-
ected from the eyes and refixed in 4% PFA for 45 min with
gitation. 

For rabbit anti-Myc immunostaining, eyes were fixed only
 h on ice in PFA4% and retinas microdissected. 
Dissected retinas were blocked and permeabilized by incu-

ation for 1 h in PBST (0.3% Triton X-100, 3% fetal bovine
erum (FBS) and 3% donkey serum in PBS). Samples were then
ashed twice in PBST and incubated with primary antibodies

see Supplementary Table S3 ) diluted in PBST overnight at 4 

◦C
ith agitation. Retinas were then washed 5 × 20 min in PBST
iluted 1:2. Samples were then incubated in this same solution
or 2 h at room temperature with Alexa-conjugated secondary
ntibodies. After 3 × 15 min washes in PBS containing 0.15%
riton X-100, retinas were washed 2 × 15 min in PBS and
ounted in Fluoromount-G (SouthernBiotech). For combin-

ng rabbit anti-ERG-647 with rabbit anti-Myc immunostain-
ng, retinas were incubated with 5% rabbit serum for 30 min
t r / t after the Alexa 594 AffiniPure Fab Fragment Donkey
nti-Rabbit secondary antibody, and then incubated with rab-
bit anti-ERG-Alexa-647 diluted in 0.15% Triton, 1.5% BSA,
1.5% Rabbit serum overnight at 4ºC, followed by washes and
mounting as described above. 

For immunostaining of organs cryosections, tissues were
fixed for 2 h in 4% PFA in PBS at 4 

◦C. After three washes
in PBS for 10 min each, organs were stored overnight in
30% sucrose (Sigma) in PBS. Organs were then embedded in
OCT (Sakura) and frozen at − 80 

◦C. Cryosections (15 μm)
were cut on a cryostat (Leica), washed three times for 10 min
each in PBS, and blocked and permeabilized in PBS contain-
ing 10% donkey serum (Millipore), 10% fetal bovine serum
(FBS) and 1% Triton X-100. Primary antibodies were diluted
in blocking / permeabilization buffer and incubated overnight
at 4 

◦C. This step was followed by three 10-min washes in
PBS and incubation for 2 h with conjugated secondary an-
tibodies and 4,6-diamidino-2-phenylindole (DAPI) in PBS at
room temperature. After three washes in PBS, sections were
mounted with Fluoromount-G (SouthernBiotech). All anti-
bodies used are listed in Supplementary Table S3 . 

For adult aortas paraffin sections immunostaining with an-
tibodies detecting RBPJ, aortas were fixed in 4% PFA in PBS
at 4 

◦C, overnight. After three washes in PBS for 10 min each,
aortas were stored overnight in 70% ethanol and then pro-
cessed and embedded in paraffin. Paraffin sections (5 μm) were
cut on a microtome (Leica), In brief, sections were dewaxed
and rehydrated, followed by antigen retrieval: for anti-RBPJ
immunostaining, antigen retrieval was carried out in sub-
boiling sodium citrate buffer (10 mM, pH 6.0) for 20 min, and
slides were then allowed to cool down to room temperature
for 30 min. Sections were then washed twice with PBS and
then incubated for 10 min in BloxAll (Vector laboratories SP-
6000) to quench endogenous peroxidase activity. Next, slides
were washed twice for 5 min each in wash buffer (0.3M NaCl,
0.05M Tris–HCl pH7.5, 0.1% Tween), followed by blocking
for 1 h in PBS containing 10% FBS, 0.3% Triton and 10%
donkey serum. Sections were then incubated with primary an-
tibody in antibody incubation buffer (5% donkey serum, 1%
FBS in wash buffer) overnight at 4 

◦C. After three washes,
slides were incubated at room temperature for 1h with biotin-
conjugated secondary antibodies anti-rabbit-HRP secondary
antibody, and, after washing, sections were incubated another
hour with ABC reagent (Vector Laboratories, PK-6100). Sec-
tions were then washed and the signal was amplified using the
TSA fluorescein kit (NEL701A001KT). Sections were counter-
stained with DAPI and mounted with Fluoromount-G (South-
ernBiotech). 

Image acquisition and analysis

Whole mount tissue samples and sections were imaged at high
resolution with a Leica SP8 (+ Navigator) or a Stellaris confo-
cal microscope, using 10 ×–63 × objectives for confocal scan-
ning. We acquired individual fields or tiles of large areas. All
images shown are representative of results obtained for each
group and experiment. For each comparison, all animals were
dissected and processed under exactly the same conditions.
For comparisons of phenotypes or signal intensities, images
were obtained using the same laser excitation and confocal
scanner detection settings. Fiji / ImageJ was used to thresh-
old, select, and quantify objects in confocal micrographs. For
quantifications, we used manual and automatic ImageJ pub-
lic plugins and customized Fiji macros. In general, endothelial
cell nuclei (ERG+) were segmented via the Threshold / Find

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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maxima functions. For each segmented nucleus (each ROI),
we determined reporter (MbTomato or YFP) and marker (p21
or Ki67 or Myc or Rbpj) positivity and defined new ROIs
with different assigned objects. Positivity was assigned when
the overall ROI pixel intensity was above a defined threshold.
Counts for individual cellular reporter–marker combinations
were automatically obtained and then confirmed by visual in-
spection of each segmented ROI. Data were copied and further
analyzed in R, Excel or Graphpad. 

Isolation of lung fibroblasts from adult mice

To establish primary cell cultures of lung fibroblasts we fol-
lowed a published protocol ( 33 ), with some modifications.
Briefly, lungs were dissected from mice under sterile con-
ditions and placed in sterile PBS. In a cell culture hood,
lungs were removed from PBS and then chopped into small
fragments with scissors and placed in 10 ml of digestion
buffer containing DPBS (Thermofisher 14040141) with Lib-
erase TL (0.14 Wunsch units / ml; Merck 5401020001) and
1 × antibiotic / antimycotic (Thermofisher 15240096). Tissue
in digestion buffer was incubated in a water bath at 37ºC for
30min, with mixing every 2–3 min. After this period, the solu-
tion was pipetted up and down to break clumps and after 10
ml of culture medium containing DMEM / F12 (Thermofisher
11320033), 15% FBS and 2 × antibiotic / antimycotic solution
was added. This cell suspension was centrifuged at 500g for
5 min. The cell pellet was washed two times with culture
medium to remove liberase completely. At the end cells were
resuspended in 12mL of culture medium and seeded in a p100
dish and incubated at 37ºC, 5% CO 2 , 3% O 2 . Medium was
changed after 3–5 days, when fibroblasts had crawled out of
tissue fragments. Fibroblasts were then expanded and main-
tained in full medium at 37ºC, 5% CO2, 3% O 2 for expan-
sion and only transferred to normoxic conditions to carry out
experiments. 

To induce recombination, cells were trypsinized, resus-
pended and plated in culture medium containing 0.2 micro-
molar of 4-OH tamoxifen, for 4 h, and washed after in culture
medium. Cells were then trypsinized at different timepoints af-
ter induction (24, 48, 72, 96 and 120 h), stained with DAPI
and analysed or sorted in a FACS machine. A minimum of
20000 cells per experimental group were sorted into 300 μl
of a solution containing DPBS and 10% FBS. At the end, cells
were centrifuged at 500g, for 5min at 4ºC, and supernatants
removed. Cell pellets were stored at –80ºC until all samples
were ready to be further processed. Genomic DNA was ex-
tracted from cells pellets by incubating each pellet in 40 μl of
DirectPCR Lysis Reagent (Viagen 301-C) supplemented with
proteinase K (0.33 mg / ml) and incubated at 55ºC overnight.
Proteinase K was inactivated by incubating samples at 85ºC
for 45 min. 1 μl of each sample was directly used for quanti-
tative real time PCR using Taqman universal master mix and
an Applied Biosystems QuantStudio5 machine. 

Derivation of mouse embryonic stem cells

To derive genetically modified mouse ES cells, we inter-
crossed mice containing the desired alleles ( iSure-HadCre ,
with or without UBC-CreERT2 and Cdh5-CreERT2 ), and
the CNIC pluripotent cells unit expanded in vitro their blas-
tocysts according to established protocols ( 34 ). Briefly, blas-
tocysts were transferred individually to a 24 well plate con-
taining feeder layers of freshly inactivated MEFs and in ES-2i
medium (DMEM / Glutamax, GIBCO 31966–021; NEAA, ß- 
mercaptoethanol, LIF, 20% Serum Replacement, 3 μM CHIR 

and 1 μM PD). Blastocysts were cultured without distur- 
bance for 3 days. From day 4 the medium was changed ev- 
ery other day, and when each ICM had grown sufficiently,
was disaggregated by gently trypsinization and individually 
passaged to a new 24-well plate. Following several passages 
independent cell lines were genotyped, expanded and frozen.
Some of the ES cell clones containing the desired alleles were 
treated with 4-OHT (concentration ranging from 0.01 to 1 

μM) before or after differentiating them to endothelial cells 
for 6 days on a OP9 feeder monolayer in basal alpha MEM 

Media. 

Flow cytometry and fluorescence-activated cell
sorting

With the exception of the FACS data presented in Figure 1 D 

(see below), mouse organs were minced and digested to a 
single-cell suspension by incubation at 37 

◦C for 30 min with 

2.5 mg / ml type I collagenase (Thermofisher), 2.5 mg / ml dis- 
pase II (Thermofisher) and 50 ng / ml DNAseI (Roche). Cells 
were resuspended in 5–10 volumes of FACS buffer (PBS lack- 
ing Ca 2+ or Mg 2+ and containing 10% dialyzed FBS (Ter- 
mofisher)) and filtered through a 70 μm filter to remove non- 
dissociated tissue. Erythroid cells were removed by incubating 
cell suspensions in blood lysis buffer (0.15 M NH 4 Cl, 0.01 M 

KHCO 3 and 0.01 M EDTA in distilled water) for 10 min on 

ice. Cells were washed in FACS buffer, spun at 400g and re- 
suspended in the required volume of buffer for direct FACS 
analysis (300 μl) or immunostaining (100–200 μl). 

For the analysis of endothelial cells (CD31+, CD45–),
cells were incubated at 4 

◦C for 30 min with APC-conjugated 

rat anti-mouse CD31 (1:200, BD Pharmingen, 551262) 
and rat anti-mouse CD45-APC-Cy7 (1:200, BD Pharmingen 

557659). DAPI (1:1000) was added prior to cell analysis. For 
the analysis or isolation of cells from dissociated tissues, vi- 
able cells were selected by the absence of DAPI fluorescence.
All viable cells were interrogated by examining FSC and SSC 

to select by size and complexity and by comparing FSC-H 

and FSC-W repeated with SSC-H and SSC-W in order to dis- 
cern single cells. An additional channel lacking any endoge- 
nous or fluorescent label was acquired to detect and exclude 
autofluorescence. Cells were selected according to their ab- 
sence of DAPI and the intensity of APC, APC-Cy7, endoge- 
nous EYFP and endogenous MbTomato signals. Flow cytom- 
etry analysis and FACS were performed with BD Fortessa or 
BD Aria Cell Sorter. Experimental data were analyzed using 
Flow JO 10.5.0 or BD FACS DIVA v8.0.1 software. 

For the analysis presented in Figure 1 D, skin, lung, and 

brain samples were dissociated as follows: 
For ear skin, sacrificed adult mice were perfused with PBS 

for 5 min to wash out erythrocytes from tissues. Ear skin 

was isolated, minced with dissection scissors, and digested in 

PBS containing 0.2 mg / ml DNase I (Roche), 0.2% FBS (Gib- 
co™), and 5mg / ml collagenase II (Sigma) for 10 min at 37 

◦C 

with shaking at 950 rpm. Digestion was stopped by adding 
10 μl 0.5M EDTA, and samples were filtered through a 50 

μm CellTrics filter (Sysmex). The filter was washed twice with 

FACS buffer (PBS, 0.5% FBS, 2 mM EDTA), after which cells 
were pelleted and resuspended in FACS buffer. Dead cells were 
labeled with sytox blue dead cell stain (Life Technologies), and 

GFP 

+ cells were passed on a BD LSRFortessa TM Cell Analyzer 



Nucleic Acids Research , 2024, Vol. 52, No. 13, e56 PAGE 5 OF 21 

(  

w
 

v  

c  

w  

t  

5  

p  

a  

5  

1  

m  

f  

m  

1  

t  

t  

t  

t  

t  

D  

G  

R  

 

w  

c  

i  

B  

w  

w  

e  

t  

b  

f  

t  

b  

f  

t  

l
c  

A

D

C  

t  

c  

A
 

o  

(  

p  

2  

#  

t  

w  

c  

w  

S  

p  

c  

d

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BD Biosciences). Raw data were analyzed with FlowJo soft-
are version 10.5.0 (TreeStar). 
For the isolation of lung tissue, adult mice were perfused

ia the right ventricle with PBS for 5 min to wash out erythro-
ytes from the lungs. The thorax was opened, and the lungs
ere inflated via the trachea with a 1 ml solution of PBS con-

aining 10 mg / ml dispase II (Sigma) and left to incubate for
–10 min. The lungs were then removed, placed in a clean
etri dish, and injected with 1.0 mg / ml collagenase II (Sigma)
nd 0.2 mg / ml DNase I (Roche) in PBS and incubated for
 min. Lungs were transferred to tubes containing 1.5 ml of
 mg / ml collagenase II and 0.2 mg / ml DNase I in PBS and
inced into small pieces using scissors. Tissue samples were

urther incubated at 37 

◦C with shaking at 750 rpm for 10
in. Samples were then sheared by repeated pipetting with a
000 μl pipette and incubated for an additional 5 min. Diges-
ion was quenched by addition of EDTA to a final concentra-
ion of 2 mM. The resulting cell suspensions were then filtered
hrough 50 μm CellTrics filters (Sysmex). Filters were washed
wice with FACS buffer (PBS, 0.5% FBS, 2 mM EDTA), af-
er which cells were pelleted and resuspended in FACS buffer.
ead cells were labeled with sytox blue dead cell stain, and
FP 

+ cells were passed on a BD LSRFortessa™ Cell Analyzer.
aw data were analyzed with FlowJo software version 10.5.0.
For the dissociation of adult brain tissue, sacrificed mice

ere perfused with PBS for 5 min to wash out erythro-
ytes. Brains were digested to a single cell suspension us-
ng the Neural Tissue Dissociation Kit (P) (Miltenyi Biotec).
riefly, the brain was removed from the skull and minced
ith scissors until no large pieces remained. Minced tissue
as transferred to a tube containing 5 ml of papain-based

nzyme mix and incubated for 17 min at 37 

◦C with slow ro-
ation. Enzyme mix 2 was added, and the tissue was sheared
y repeated pipetting with a 1000 μl pipette and incubated
or an additional 12 min. The tissue was then sheared fur-
her by passing through a 20 G syringe needle and incu-
ated for another 10 min. The resulting cell suspension was
urther diluted by addition of 10 ml cold PBS and passed
hrough a nylon 70 μm cell mesh (Corning). Cells were pel-
eted and resuspended in 500 μl FACS buffer, and GFP 

+ 

ells were immediately passed on a BD LSRFortessa™ Cell
nalyzer. 

NA profiling of FACS-sorted cells

ells were suspended in PBS with no Ca 2 + or Mg 2 + and con-
aining 10% dialyzed FBS (Termofisher) and were sorted ac-
ording to YFP, MbTomato, anti-CD31-APC or anti-CD45-
PC-Cy7 fluorescent signals. 
For DNA isolation, between 5 and 40 thousand cells were

btained per sample. Cells were sorted at a slow flow rate
high purity scale) and with a 100 μm nozzle. Cells were
elleted by spinning at 500g for 5 min and resuspended in
5 μl DirectPCR (Cell) Lysis Reagent for PCR (VIAGEN Cat
301-C) containing a final concentration of 0.4 mg / ml pro-
einase K. After incubation at 55 

◦C overnight, the proteinase
as inactivated at 85 

◦C for 45 min. Semi-quantitative and
ompetitive PCR ( Supplementary Figure S6 ) was performed
ith 1 μl of DNA per sample using the primers listed in

upplementary Table S1 . Groups of 2–4 primers were used
er PCR reaction. Some of the PCRs served as DNA input
ontrols (for semi-quantitative PCR), and others targeted the
ifferent floxed gene sequences. 
To quantify the amount of the different iSuRe-HadCre
allele DNA elements before and after recombination
( Supplementary Figure S4 A), we used the online software
from Integrated DNA technologies (IdT) to design the probe
and primer pairs (listed in Supplementary Table S2 ). Quanti-
tative real-time PCR was performed with 1 μl of DNA using
Taqman universal master mix (Applied Biosystems 4304437)
and an Applied Biosystems QuantStudio5 machine. 

Single cell RNAseq analysis

RNA-seq data can be viewed at the Gene Expression Omnibus
(GEO) under accession number GSE245726. Instructions
and code to reproduce all scRNA-seq results can be found
at https:// doi.org/ 10.5281/ zenodo.11220492 . For scRNA-seq
data processing the following pipeline was followed. For
alignment and quantification of gene expression the reference
transcriptome was built using mouse genome GRCm38 and
ensembl gene build version 98 (sep2019.archive.ensembl.org).
The Cre, sv40pA, Tomato or WPRE transgenes sequences ex-
pressed in the samples were added to the reference. Gene meta-
data were obtained from the corresponding Ensembl BioMart
archive. Reads from hashtags and transcripts were processed,
aligned, and quantified using the CellRanger v7.1.0 pipeline.
Single cell analysis was based on the Seurat R 

50 package. Low
quality cells were filtered out using the following criteria: to-
tal counts > 2000 and below 75 000, genes detected > 500 and
below, Mitochondrial transcripts content < 5%, Haemoglobin
transcripts < 5%, Hashtag counts > 4 applying a 0.99 posi-
tive quantile threshold with the function HTODemux, where
doublets were filtered out. Cells were de-multiplexed us-
ing the sample hashtag antibody signals (Biolegend). Counts
were log-normalized and cells expressing normalized counts
of Cdh5 ≤0.9 and WPRE ≤0.5 were removed to select
Tomato + expressing ECs for the analysis and remove other
contaminant cell types. 

Statistical analysis

All bar graphs show mean ± s.d. Experiments were repeated
with independent animals. Comparisons between two groups
of samples with a Gaussian distribution were by unpaired
two-tailed Student t -test. Comparisons among more than two
groups were made by one or two-way analysis of variance
(ANOVA) followed by multiple comparison tests as indicated
in Source Data File 1 . All calculations were done in Excel, and
final datapoints were analyzed and represented with Graph-
Pad Prism. No randomization or blinding was used, and ani-
mals or tissues were selected for analysis based on their geno-
type, the detected Cre-dependent recombination frequency,
and the quality of multiplex immunostaining. Sample sizes
were chosen according to the observed statistical variation
and published protocols. 

Results

Caveats with the first-generation iSuRe-Cre allele

The first generation iSuRe-Cre allele is a transgene located in
chromosome 17. Once combined with a CreERT2 expressing
allele, recombination can be induced with the ligand tamox-
ifen, which leads to the permanent equimolar expression of
the reporter MbTomato and Cre (Figure 1 A). This allele en-
sures high Cre activity and deletion of floxed genes in cells ex-
pressing the reporter, increasing the efficiency of conditional

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://doi.org/10.5281/zenodo.11220492
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 1. Ca v eats of the iSuR e-Cre allele. ( A ) Simplified schematic of the published iSuR e-Cre allele. After combining it with an y other CreER T2 allele, is 
possible to induce its recombination with tamoxifen and analyse cells with permanent expression of the reporter MbTomato and Cre. ( B ) FACS analysis 
of iSuRe-Cre self-leakiness in organs from adult (8 weeks old) and postnatal mice (postnatal day 7). Note that major leakiness occurs only in adult mice. 
( C ) FACS analysis of iSuRe-Cre self-leakiness (MbTomato + cells) versus non-self-leakiness with the Rosa26-Lox -Stop-Lox -EYFP allele (YFP + cells). In 
general, non-self-leakiness is higher than self-leakiness. ( D ) FACS analysis of iSuRe-Cre self-leakiness (MbTomato + cells in red bar) versus 
non-self-leakiness with the R osa26-L o x-MbTomato-L o x-MbEGFP allele (GFP + cells in animals with or without iSuRe-Cre). ( E ) Confocal micrographs of 
adult mouse tissues, showing inadvertent recombination in a smooth muscle cell (SMC) and EC. ( F-H) Images of vascular lesions on snout ( F ), brain 
( G ) and ear skin ( H ) of uninduced adult iSuRe-Cre Rosa26-Lox -Stop-Lox -Pik3ca H1047R mice. ( I ) Stereomicroscopy images of leg muscle and heart tissue 
showing endogenous MbTomato expression due to self-leakiness in iSuRe-Cre mice, higher in animals with 2 copies (ki / ki) of the allele. ( J ) FACS 
analysis of the sensitivity of the indicated alleles to CreERT2-dependent recombination. ( K ) FACS analysis of the frequency of false positives (MbTomato 
or iSuRe+,YFP –), true positives (iSuRe + ,YFP + ), and false negatives (YFP + , iSuRe –) in liver ECs after the administration of different tamoxifen doses to 
mice carrying the indicated alleles. ( L ) FACS analysis of the frequency of false and true positives among iSuRe-Cre / Tomato + cells in postnatal day 7 liver 
ECs. ( M ) Expected and obtained survival ratios of animals containing the germline recombined iSuRe-Cre allele (originally on the G4 or C57Bl6x129 
background) across generations of breeding with the C57Bl6 strain. ( N ) Confocal micrographs used to compare the frequency of cells positive for 
MbTomato-2A-Cre+ (from the iSuRe-Cre allele) and for GFP+ (from the Rosa26-Lox -mT-Lox -mG allele) in retinas of animals in the C57Bl6 background. 
The drop in the frequency of MbTomato-2A-Cre + cells from P6 to P28 indicates Cre toxicity in ECs during the development of retinal vessels. ( O ) 
R epresentativ e conf ocal micrograph sho wing that when animals containing the three indicated alleles are in the C57Bl6 back ground, 
MbTomato / iSure-Cre + cells are outcompeted by EYFP + cells during retinal vascular development. ( P ) Expected and obtained survival ratios for mice 
containing the iSuRe-Cre and Tie2-Cre alleles in the mixed C57Bl6 x CD1 genetic background. These mice have similar frequencies of MbTomato + blood 
and ECs (iSuRe-Cre + or R26-LSL-TdTomato + ), suggesting no toxicity in this case. Confocal micrographs to the right show representative variable 
recombination and expression in two retinas of the same animal, with no major differences in angiogenesis (ECs are isolectinB4 + ). Data are presented 
as mean values ± s.d. For statistics, see Source Data File 1 . Scale bars in E, 50 μm; in N 200 μm; and in H, O and P, 500 μm. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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iSuRe-CrePEST allele. We also noticed that whereas cells
enetics in these cells. However, and as reported previously,
nd detailed further below, there are a number of caveats with
he first generation iSuRe-Cre technology. 

The first is the inadvertent recombination of the allele in a
arge fraction of adult myocytes in heart and muscle, a phe-
omenon we call self-leakiness (Figure 1 B). This self-leakiness
rises in the absence of any exogenous Cre or CreERT2
ctivity and is likely caused by skipping of the transcrip-
ion stop signals and residual expression of the downstream

bTomato-2A-Cre cassette. This residual expression is likely
o occur in cells in which the upstream CAG promoter is
trongly transcribed (CMV enhancer element + beta-actin pro-
oter). Myocytes highly express this promoter because of

heir continuously high production of actin, and this appears
o facilitate iSuRe-Cre self-recombination in these cells as an-
mals age ( 7 ). More recently, we observed the phenomenon
f non-self-leakiness in other cell types. In this case, the very
ow level of leaky MbTomato-2A-Cre expression is insuffi-
ient to self-recombine the iSuRe-Cre allele, but is enough
o recombine other floxed alleles that are more sensitive to
re / CreERT2 activity, particularly in adult mice (Figure 1 C–
). In addition, when this non-self-leakiness confers a com-
etitive proliferative advantage to the sporadically recom-
ined cells, for instance when using iSuRe-Cre in conjunction
ith the Rosa26-LSL-Pik3ca H1047R allele, it leads to the de-

elopment of inadvertent Pik3ca H1047R -driven vascular mal-
ormations (Figure 1 F-H and Supplementary Figure S1 A). As
xpected, self-leakiness and non-self-leakiness are both in-
reased in animals harboring 2 copies of the iSuRe-Cre allele
Figure 1 I). 

The second caveat is the relatively low sensitivity of the
SuRe-Cre allele to Cre / CreERT2 activity compared with
ther Rosa26 -based reporter lines (Figure 1 J), which increases
he frequency of cells having recombination of other floxed al-
eles but missing recombination of the iSuRe-Cre allele, named
ere as false negatives (Figure 1 K and Supplementary Figure 
1 A). This relatively low sensitivity to recombination may
e because of the DNA structure or genomic location of the
SuRe-Cre allele. 

A third potential caveat with the first generation iSuRe-Cre
ine is the permanent expression of Cre in reporter-expressing
ells. Although this feature is what ensures full genetic dele-
ions and significantly decreases the frequency of false posi-
ives (Figure 1 K, L), it also has the potential to generate cell
oxicity. Particularly in vitro , Cre is toxic when expressed at
igh levels or for long periods, presumably due to recombi-
ation of native DNA sequences resembling LoxP sites ( 35–
8 ). We detected no overt Cre toxicity in cells of iSuRe-Cre
ice when it was initially generated on the 129Sv / C57Bl6
ackground ( 7 ). However, after two generations of breeding
o the reference C57Bl6 mouse strain, we began to notice a
ecrease in the percentage of germline recombined iSuRe-Cre
utants among newborns (Figure 1 M). We also obtained evi-
ence that when the allele was induced in C57Bl6 retinal ECs
etween postnatal days 1 (P1) and P3, a large fraction of the
SuRe-Cre + cells seen at P6 could not be detected at P28, a
henomenon not seen with other standard Cre-reporters (Fig-
re 1 N). Most of the MbTomato-2A-Cre + cells were outcom-
eted during vascular development and did not contribute to
he capillary network, instead contributing only to more ma-
ure vessels (Figure 1 O). This could reflect a decrease in cell
tness or toxicity resulting from the continuously high Cre
xpression. FACS analysis revealed that iSuRe-Cre expression
was 4–8 times higher in postnatal angiogenic retinal and brain
ECs than in other ECs ( Supplementary Figure S1 B), which
may aggravate this issue specifically in these cells. However,
in most of our experiments with mice on other mixed genetic
backgrounds (129SvxC57Bl6 or CD1) or at adult stages, we
did not detect Cre-toxicity, even when iSuRe-Cre was com-
bined with additional Cre expressing alleles and a very high
percentage of cells expressed the iSuRe-Cre allele (Figure 1 P
and Supplementary Figure S1 C). 

Since the expression of transgenes, including the synthetic
CAG promoter used in the iSuRe-Cre allele, varies accord-
ing to the cell type, organ, stage of tissue development
( Supplementary Figure S1 B), and the mouse genetic back-
ground ( 39 ), with this allele it is not possible to ensure the
absence of Cre toxicity in all cell types, developmental stages
or mouse strains. 

Design and characterization of iSuR e-CrePES T
alleles

We set out to improve the iSuRe-Cre technology by gener-
ating more refined genetic constructs and mouse lines. Our
first attempt involved the design of a construct that would
be non-leaky in all cell types and that would allow us to in-
duce the expression of a modified Cre with weaker activity
(CrePEST). CrePEST is a fusion of Cre with the PEST do-
main of ornithine decarboxylase ( Odc1 ) to destabilize Cre,
a strategy that has been used in Drosophila to bypass Cre
toxicity ( 40 ,41 ). We first targeted the iSuRe-CrePEST con-
struct to the same iSuRe-Cre mouse allele on chromosome 17
using CRISPR / Cas9-mediated homologous-dependent repair
(Figure 2 A). 

To overcome leakiness, we fused Cre to ERT2, so that any
skipping of the upstream transcriptional stop signal would
result in the expression of CreERT2, and not Cre (compare
Figure 2 A iSuRe-Cre to Figure 2 B iSuRe-CrePEST 

v1 ). In this
way, any residual expression of CreERT2 would be trapped in
the cytoplasm, which would prevent inadvertent recombina-
tion of other floxed alleles (leakiness). This strategy proved to
be effective, with animals containing the iSuRe-CrePEST 

v1 al-
lele showing minimal leakiness in cardiomyocytes and skeletal
myocytes (Figure 2 C and Supplementary Figure S2 A). 

Recombination of the iSuRe-CrePEST 

v1 allele by CreERT2
results in a cascade of recombination events (Figure 2 B). Sur-
prisingly, a significant fraction of MbTomato + cells did not
recombine other floxed reporter alleles (and were hence false
positives) even 6 days after the induction of recombination
and expression of the iSuRe-CrePEST 

v1 allele (Figure 2 D
and Supplementary Figure S2 B). This low recombination ef-
ficiency could be due either to weak expression or activity
of FlpO in the first step of the cascade (after the first Cre-
ERT2 dependent LoxP recombination) or to weak CrePEST
activity after FlpO recombination. Analysis of the expres-
sion of H2B-V5, a marker of cells that have undergone FlpO
recombination (see Figure 2 B genetic cascade), showed that
only a small fraction of MbTomato + cells expressed H2B-
V5 (Figure 2 E, F). This demonstrates that the intermediate
cascade step of FlpO-dependent recombination, necessary for
full construct activation, does not occur in a significant frac-
tion of MbTomato+ cells, even 4 days after induction with
4-OH tamoxifen (4-OHT), possibly due to relatively weak
expression and activity of FlpO driven by the recombined

v1 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 2. Characterization of the iSuR e-CrePES T v1 allele. ( A ) Crispr-Cas9 genetic targeting of the preexisting iSuRe-Cre allele, present in Chromosome 17, 
with the indicated donor DNA to generate the new iSuRe-CrePEST v1 allele shown below. ( B ) Genetic cascade and expression outcomes after induction 
of the iSuR e-CrePES T v1 allele with CreERT2 + tamoxifen. After the first recombination event induced by the activation of CreERT2 with tamoxifen, cells 
will express MbTomato, CreERT2 and FlpO. In a second step, MbTomato + cells with high FlpO activity will undergo genetic fusion of the PEST domain 
to Cre and co-express equimolar amounts of MbTomato, CrePEST, and H2B-V5. CrePEST activity is higher than CreERT2 but, due to its higher 
degradation, presumably lo w er than Cre activity. Other abbreviations and construct elements are detailed in the DNA engineering section in Methods. 
( C ) FACS analysis of MbTomato + cells in iSuRe-Cre and iSuRe-CrePEST v1 animals reveals significantly less self-leakiness in the latter. ( D ) FACS analysis 
and charts showing the frequency of false positives (MbTomato + , YFP –) and true positives (MbTomato + , YFP + ) among MbTomato + cells from se v eral 
adult organs of animals containing the Cdh5-CreERT2, iSuRe-CrePEST v1 and Rosa26-LSL-YFP alleles (yellow bars) or the Cdh5-CreERT2, iSuRe-Cre , and 
Rosa26-LSL-YFP alleles (magenta bars). Recombination efficiency (true positives frequency) is lower in mice containing the iSuRe-CrePEST v1 allele. ( E ) 
P6 retina confocal micrographs showing the efficiency of the recombination cascade (MbTomato activation followed by H2B-V5) of the iSuRe-CrePEST v1 

allele (induced with Cdh5-CreERT2 and tamoxifen at P1). Red arrows indicate cells with only MbTomato expression (false positives); yellow arrows, cells 
with MbTomato and EYFP expression (partial recombination of the iSuRe-CrePEST v1 allele); and white arrows, cells with expression of MbTomato, EYFP, 
and H2B-V5 (true positives). ( F ) Chart showing the low efficiency (% of V5+ cells) of the second, FlpO-mediated, iSuRe-CrePEST v1 recombination event 
in MbTomato+ cells (these were initially induced by CreERT2 at P1). ( G ) Quantification of MbTomato reporter signal intensity (from confocal images) in 
cells that ha v e undergone only the first recombination e v ent (H2B-V5 –) or all recombination e v ents (H2B-V5 + ). Each dot is one cell intensity. ( H ) 
Frequency of cells expressing the different reporters combinations (EYFP, MbTomato, and H2B-V5) among all recombined cells in P6 retinas of mice 
containing the alleles iSuR e-CrePES T v1 , R osa26-LSL-YFP and Cdh5-CreER T2. Note the v ery lo w frequency of MbTomato + , H2B-V5 + cells, but that most 
of these are YFP + (true positives). ( I ) Frequency of false positives (YFP –) and true positives (YFP + ) among MbTomato – cells (green bar) or MbTomato + , 
H2B-V5 – cells (red bars) or MbTomato + , H2B-V5 + cells (orange bars), re v ealing that only H2B-V5 + cells accurately indicate cells with high Cre activity, 
thanks to the permanent CrePEST expression. Data are presented as mean values ± s.d. For statistics, see Source Data File 1 . Scale bar, 200 μm. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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ith a strong MbTomato+ signal co-expressed H2B-V5, cells
eakly expressing MbTomato were H2B-V5 negative (Figure
 E, G). Importantly, the frequency of Rosa26-Lox-Stop-Lox-
YFP allele recombination was much higher in the few H2B-
5 

+ cells than in H2B-V5 

– cells (Figure 2 E, H, I), suggest-
ng that CrePEST expression is sufficient to fully recombine
ther floxed alleles. Overall, these results show that the iSuRe-
rePEST 

v1 allele is unreliable because it generates many false
ositives. The sensitivity to CreERT2 recombination of the

SuRe-CrePEST 

v1 allele is also significantly lower than that
f other Rosa 26 -based reporter alleles (Figure 2 E, H). 
We previously observed that Rosa26 reporter alleles, par-

icularly the Rosa26-Lox-Stop-Lox-TdTomato (Ai14) allele
 17 ), are more sensitive to CreERT2 / tamoxifen-induced re-
ombination than the iSuRe-Cre allele (Figure 1 J). Since the
enetic distance between LoxP sites is similar in the iSuRe-
re allele (1.1kb) and the Rosa26-Lox-Stop-Lox-TdTomato

Ai14) allele (0.9kb), we hypothesized that the higher sensi-
ivity of the latter to CreERT2 recombination was due either
o its different genomic location or to the DNA sequences in-
luded in its floxed transcription stop cassette (LoxP-3xpA-
oxP). Therefore, we assembled a Rosa26 -targeting construct
ontaining exactly the same C A G-LoxP-3xpA-LoxP cas-
ette followed by a conditional Cre-LoxN-ERT2-stopCodon-
oxN-PEST-2A-MbTomato cassette (Figure 3 A). This strat-
gy relies on the incompatibility between LoxN sites and
oxP sites, such that the native Cre sequence will still be re-
ained after the two initiating Cre / CreERT2-dependent dele-
ion events (between the 2 LoxP sites and the 2 LoxN sites).
nalysis of the relative recombination frequency between this
ew Rosa26-iSuRe-CrePEST 

v2 allele and the internal refer-
nce Rosa26-LSL-YFP allele revealed that it is around 8 times
ore sensitive to CreERT2 activity at 4 mg / kg tamoxifen than

he previous iSuRe-Cre allele (Figure 3 B), despite the presence
f two independent LoxP and LoxN flanked cassettes. This
igher sensitivity significantly reduces the occurrence of false
egatives. We also confirmed the Rosa26-iSuRe-CrePEST 

v2 

llele is not leaky (Figure 3 C). 
We next determined its reliability as a reporter of other

oxed genes deletion. Just 24 h after tamoxifen induction,
0% of MbTomato-2A-CrePEST+ cells already recombined
he Rosa26-Lox-Stop-Lox-EYFP allele, reaching 99% at 96h
fter induction (Figure 3 D). 

We next examined the potential for toxicity arising from
ermanent CrePEST expression driven by the strong Rosa26-
 A G promoter (Figure 3 A), particularly in highly proliferative
r migratory cells that we previously found to be sensitive to
he high Cre levels driven by the iSuRe-Cre allele (Figure 1 M-
). Unfortunately, expression of MbTomato-2A-CrePEST in

etinal ECs for 4 days significantly decreased the frequency
f these cells relative to EYFP 

+ cells (Figure 3 E), indicat-
ng cumulative toxicity linked to high CrePEST expression.
onsistent with this finding, induction of the Rosa26-iSuRe-
rePEST 

v2 allele at high frequency significantly compromised
etinal angiogenesis (Figure 3 F). This outcome was associated
ith decreased proliferation (Ki67) and increased expression
f the cell-cycle inhibitor and senescence marker p21 (Fig-
re 3 G, H). We also crossed these mice with C57Bl6 Sox2-
re and Tie2-Cre mice. Permanent expression of the induced
osa26-iSuRe-CrePEST 

v2 allele in all cells of the mouse em-
ryo resulted in 100% embryonic lethality, being the Rosa26-

SuRe-CrePEST 

v2 allele more toxic than the iSuRe-Cre al-
ele (compare Figure 3 I and J with Figure 1 M and 1 P). This
significantly higher toxicity of the Rosa26-iSuRe-CrePEST 

v2

allele is likely due to its much stronger promoter activity
( Supplementary Figure S3 ). 

Taken together, these results show that the Rosa26-iSuRe-
CrePEST 

v2 allele is more sensitive to CreERT2 and is
not leaky, however, the permanent and high expression of
CrePEST is also toxic to mammalian cells and detrimental to
tissue development. 

Design and validation of the iSuRe-HadCre allele

Given the results obtained, we surmised that we had to de-
velop a new construct enabling high and transient Cre ex-
pression. To achieve this, we assembled the iSuRe-HadCre
construct and targeted it to the ROSA26 locus (Figure 4 A).
In mice with this allele, tamoxifen-induced CreERT2 expres-
sion triggers a sequential genetic cascade in which Cre and
FlpO are first transiently expressed at equimolar levels, given
the viral 2A peptide used ( 42 ), followed by an inbuilt FlpO-
dependent switch-off mechanism that simultaneously self-
deletes both the Cre and FlpO genes and activates expression
of the reporter MbTomato (Figure 4 A). We selected the FlpO
recombinase and FRT sites due to their incompatibility with
the Cre / CreERT2 system and their significantly lower recom-
bination frequency in mammalian cells at 37 

◦C ( 43 ). With this
approach, we reasoned that Cre would have sufficient time to
execute its action on other floxed genes before FlpO accumu-
lated to the level needed to recombine and excise the large
(2.8 kb) FRT-flanked cassette (Figure 4 Aii and Aiii) from the
Rosa26-iSuRe-HadCre allele. 

To test the effectiveness of the iSuRe-HadCre design, we
first performed a temporal FACS and histology analysis of
the sequential genetic cascade, examining tissues collected
at 24–120 h post-induction. The combination of the 4-
OHT-CreERT2 activation and high Cre expression resulted
in immediate recombination and expression of the Rosa26-
Lox-Stop-Lox-EYFP allele, being the protein fluorescence
detectable in most cells at 24–48 h postinduction (Figure
4 B–D). In contrast, due to the lag in the induction of the
weaker FlpO recombinase activity ( 43 ), and the subsequently
slower FlpO-dependent genetic recombination, most cells ex-
pressed the iSuRe-HadCre MbTomato reporter only at 48–
72 h post induction. This could be confirmed experimentally,
since Cre and FlpO recombine the iSuRe-HadCre allele im-
mediately in the first 24–48 h ( Supplementary Figure S4 A),
while the Tomato reporter shows only at 48–72 h (Figure 4 B–
D). We predicted that this lag in the FlpO expression and
recombination-dependent switch off activity on the iSuRe-
HadCre allele, would be sufficient to express enough Cre
and ensure efficient Cre-mediated deletion of other floxed
genes during this time period. Indeed, > 95% of MbTomato 

+

cells were also YFP 

+ at all stages and tissues analysed (Fig-
ure 4 C, D), demonstrating the effectiveness of recombination
in cells with transient Cre expression driven by the iSuRe-
HadCre allele. Further analysis of this is presented in the next
section. 

We next compared the sensitivities to CreERT2 of the
iSuRe-HadCre and iSuRe-Cre lines. To have an internal con-
trol, we used animals also having the Rosa26-Lox-Stop-
Lox-EYFP allele and obtained the relative recombination
data (MbTomato:YFP recombination log ratio). This analy-
sis showed that sensitivity to CreERT2 and the relative re-
combination of reporter alleles vary within the same cell type

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 3. Characterization of the R osa26-iSuR e-CrePES T v2 allele. ( A ) Schematic of the R osa26-iSuR e-CrePES Tv2 allele. Tamoxifen–induced CreERT2 
activity leads to deletion of the stop cassette containing three Sv40 polyA sequence repeats, triggering co-expression of CrePEST and the reporter 
MbTomato. ( B ) Confocal microscopy analysis of the sensitivity to CreERT2-induced recombination of the Rosa26-iSuRe-CrePEST v2 and iSuRe-Cre alleles 
(MbTomato + ) relative to the internal control Rosa26-LSL-EYFP allele (each dot represents one retina sample). ( C ) FACS analysis of the self-leakiness 
frequency (MbTomato + cells) in adult organs of iSuRe-Cre versus Rosa26-iSuRe-CrePEST v2 animals (each dot represents a measure in one animal). ( D ) 
Quantification of confocal micrographs reflecting the relative frequency of MbTomato+ cells ( Rosa26-iSuRe-CrePEST v2 ) and YFP + cells 
( Rosa26-LSL-EYFP ) 24 and 96 h after tamoxifen induction at P4. Most MbTomato + cells are already YFP + (true positives, yellow arrows) at 24 h 
postinduction. Very few are MbTomato + and YFP – (false positives, red arrow) at 24 h, and almost none later. ( E ) MbTomato-2A-CrePEST + cells become 6 
times less frequent 4 da y s after induction, indicating toxicity of CrePEST expression. ( F–H ) Retina confocal micrographs and corresponding charts 
showing a significant decrease in angiogenesis and cell proliferation in animals containing the induced Rosa26-iSuRe-CrePEST v2 allele. Each dot in the 
charts represents one large retina field (in total 15403 cells were quantified in G and 8795 in H). ( I, J ) Animals containing the Sox2-Cre (recombines all 
cells) or Tie2-Cre (recombines only ECs and blood) allele in combination with the R osa26-iSuR e-CrePES T v2 allele are not born. Data are presented as 
mean values ± s.d. For statistics, see Source Data File 1 . Scale bars, 70 μm in D and 120 μm in E–H. 

 

 

 

 

 

 

 

 

(ECs) and across developmental stages and organs, being the
Rosa26-iSuRe-HadCre allele superior to the iSuRe-Cre allele
(Figure 4 E and Supplementary Figure S4 B), and in some cases
also superior to that of the Rosa26-Lox-Stop-Lox-EYFP al-
lele (MbTomato:YFP recombination log ratio > 0 in Figure
4 E), particularly when two tamoxifen doses were used. The
Rosa26-iSuRe-HadCre allele has two floxed cassettes (flanked
by the wildtype LoxP sites and the mutant LoxN sites). Af-
ter recombination of the LoxP-flanked cassette, high CreERT2 

expression is induced (Figure 4 A, i), and this significantly en- 
hances the recombination of the more difficult to recombine 
LoxN cassette ( Supplementary Figure S4 A) after a second ta- 
moxifen dose (Figure 4 E and F). Besides being more sensi- 
tive to Cdh5-CreERT2 allele induction, the Rosa26-iSuRe- 
HadCre allele was also more sensitive to Myh11-CreERT2 in- 
duction in smooth muscle cells (SMCs, Figure 4 G). By using 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data


Nucleic Acids Research , 2024, Vol. 52, No. 13, e56 PAGE 11 OF 21 

Figure 4. Design and validation of the Rosa26-iSuRe-HadCre mouse allele. ( A ) Construct and sequential genetic cascade after induction of the 
R osa26-iSuR e-HadCre allele. After induction of CreERT2 with tamoxifen, the first recombination event results in deletion of either the LoxP or the LoxN 

cassette, or of both L o x-flank ed genetic cassettes. Since the L o xP-flank ed DNA cassette is easier to recombine than the L o xN-flank ed cassette, in the 
presence of relatively low levels of CreERT2 induction, LoxP recombination will predominate after a single 4-OHT injection (as illustrated in the figure), 
and this will trigger very strong expression of CreERT2 after. This strong CreERT2 expression will facilitate / enhance LoxN cassette recombination, 
especially if a second injection of tamoxifen (4-OHT) is delivered after 24 h. After recombination of both L o xP and L o xN-flank ed cassettes (after a single 
or multiple injections of tamoxifen), there will be strong, equimolar co-expression of Cre and the weaker FlpO recombinase. FlpO will recombine FRT 
sites, self-deleting the construct and activating expression of the reporter MbTomato in cells that had, but no longer have, high levels of Cre expression. 
( B ) FACS analysis of the temporal dynamics of the genetic cascade upon 4-OHT induction. Littermate pups with the indicated alleles were injected with 
a single 4-OHT dose at P4, and lung cells were collected at P5, P6 or P7. ( C ) FACS analysis of the kinetics of recombination upon induction of the 
R osa26-iSuR e-HadCre allele in fibroblasts derived from the indicated mice. ( D ) Confocal analysis of the temporal dynamics of the genetic cascade upon 
induction of the R osa26-iSuR e-HadCre allele in retinal vessels after 15 mg / kg dose of 4-OHT. Note that the dose of 4-OHT used is low and will not 
recombine all the reporters in all cells. ( E ) R elativ e inducibility of the iSure-Cre and R osa26-iSuR e-HadCre alleles in relation to the reference 
Rosa26-LSL-EYFP allele at different de v elopment al st ages and in different organs. ( F ) FACS analysis of the correlation bet ween the number of t amoxifen 
doses and the frequency of recombination. Two doses induce higher recombination rates of the Rosa26-iSuRe-HadCre allele in relation to the 
Rosa26-LSL-EYFP allele. ( G ) Comparative analysis on the recombination rate in adult aorta SMCs (Myh11-CreERT2 + ). ( H ) Comparative analysis of 
recombination rates at very high doses of tamoxifen in adult animals, some with 2 copies (2 ×) of the iSuRe-HadCre allele. Each dot in the charts 
represents the mean value obtained in one animal. Data are presented as mean values ± s.d. For statistics, see Source Data File 1 . Scale bars, 200 μm. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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three high-dose (60 mg / kg each) tamoxifen injections, we also
confirmed that the intermediate FlpO-dependent recombina-
tion is not evaded in quiescent adult tissues, which are usually
more difficult to recombine (Figure 4 H and Supplementary 
Figure S4 C). 

In addition, we found the expression and signal intensity
of the reporter expressed by the Rosa26-iSuRe-HadCre al-
lele to be significantly higher which enhances its detection by
direct fluorescence imaging, FACS or scRNAseq (Figure 5 A
and Supplementary Figure S5 A, S5 B). Moreover, the Rosa26-
iSuRe-HadCre was not leaky in any cell type or organ ana-
lyzed (Figure 5 B, C and Supplementary Figure S5 C). 

iSuRe-HadCre significantly increases the efficiency
of Cre-genetics in all cell types

A key feature of the iSuRe-Cre technology is the very high
percentage of true positives (cells expressing a fluorescent re-
porter that also have recombination of other floxed alleles),
which results from the permanent co-expression of Cre and
the reporter. In contrast, reporter-expressing cells in iSuRe-
HadCre mice express Cre only transiently. To check for the
efficiency of recombination in cells expressing the iSuRe-
HadCre allele reporter, we intercrossed several reporters and
the iSuRe-Cre allele with the Cdh5-CreERT2 allele and anal-
ysed embryos, postnatal and adult mice. Remarkably, the fre-
quency of Rosa26-Lox-Stop-Lox-EYFP reporter allele recom-
bination was very high in MbTomato+ cells of the iSuRe-
HadCre line, much higher than in cells expressing other clas-
sical reporters and similar to cells permanently expressing Cre
driven by iSuRe-Cre (Figure 5 D–F). We also intercrossed the
iSuRe-HadCre allele with the TgUBC-CreERT2 allele ( 11 ),
that is ubiquitously expressed and recombines most cell types
in different organs. A single injection of 4-OHT showed that
the iSuRe-HadCre allele also enables very efficient recombi-
nation of the Rosa26-Lox-Stop-Lox-EYFP reporter within
MbTomato+ cells, for all cell types and organs analysed (Fig-
ure 5 G and Supplementary Figure S5 D). The average rate of
true positives among all the organs analysed was 95%, similar
to the first generation iSuRe-Cre ( 7 ), and significantly higher
than the 20–30% obtained with standard Cre-reporters (Fig-
ure 5 D–F and H, Ai14 / YFP bars). 

iSuRe-HadCre enables complete gene deletion in
single cells or whole tissues

To confirm the utility and broad applicability of the iSuRe-
HadCre allele for reliable single cell or whole tissue loss-of-
function genetics, we analysed deletion efficiency for a to-
tal of 13 different floxed genes, with a genetic distance be-
tween LoxP sites ranging from 1.5 to 4.8 kb ( Supplementary 
Figure S6 A). Recombination efficiency correlates negatively
with the genetic distance between LoxP sites, but is also
strongly influenced by the gene locus and its DNA sequence
( 6–8 ), being highly variable. In contrast to reporter alleles, a
full gene deletion requires the deletion of two floxed alleles.
We initially used the standard Rosa26-Lox-Stop-Lox-EYFP
reporter allele, containing 2.2kb between LoxP sites, as an in-
ternal comparative reference. The Rosa26-iSuRe-HadCre and
Rosa26-Lox-Stop-Lox-EYFP alleles were independently com-
bined with the Notch1 

floxed (3.5 kb between LoxP sites for
each allele) and Cdh5-CreERT2 alleles, a single high 4-OHT
dose was injected at P1, and retinas were collected at P6.
Notch1 is an essential gene for the formation of arteries dur- 
ing vascular development ( 32 ), and decreased Dll4-Notch sig- 
naling induces higher retinal vessel density ( 44 ). Nevertheless,
wildtype and Notch1 

floxed mutants carrying the Rosa26-Lox- 
Stop-Lox-EYFP allele had similar percentages of YFP + arte- 
rial cells, artery length, or vessel density (Figure 6 A–C), which 

could suggest a lack of NOTCH1 function in these processes,
or a lack of Notch1 deletion in YFP + cells. Importantly, in an- 
imals carrying the Rosa26-iSuRe-HadCre allele, only ∼1.5% 

of arterial cells expressed the MbTomato reporter, despite a 
very high frequency of MbTomato 

+ cells in neighbouring cap- 
illaries and veins (Figure 6 D–F). These data indicate that the 
efficiency of Notch1 

floxed deletion is very high only in ani- 
mals and cells expressing the Rosa26-iSuRe-HadCre allele.
This allowed us for the first time to uncover the full extent of 
the retinal Notch1 loss-of-function phenotype. The observed 

increase in vascular density after deleting Notch1 (Figure 
6 E) is significantly more pronounced than published before 
( 45 ,46 ), suggesting incomplete Notch1 deletion in all previous 
studies. 

We also quantified the recombination efficiency in single 
cells of retinas exposed to a low dose of tamoxifen. Of the 
many ECs expressing the iSuRe-HadCre allele, all recombined 

the Rosa26-Lox-Stop-Lox-EYFP allele and none formed ar- 
teries, whereas many cells with recombination of only the 
Rosa26-Lox-Stop-Lox-EYFP reporter allele formed arteries,
which were thus all false positives since they did not delete 
Notch1 (Figure 6 G). Single-cell RNAseq analysis of cells iso- 
lated by FACS confirmed the very efficient deletion of Notch1 ,
and loss of its mRNA, in ECs collected 3 days after 4-OHT in- 
jection (Figure 6 H). Overall, this data demonstrates that gene 
deletion with iSuRe-HadCre occurs quickly and is highly effi- 
cient, similar to iSuRe-Cre . 

Next, we performed a similar analysis in mice carrying 
Rbpj floxed alleles. Rbpj is another gene essential for arterial de- 
velopment, and the very low percentage of MbTomato 

+ cells 
found in arteries confirmed that this gene was also very ef- 
ficiently deleted in the large majority of cells recombining 
the iSuRe-HadCre allele (Figure 6 I). Semi-quantitative PCR 

analysis in bulk FACS-sorted cells from postnatal and adult 
animals revealed that the iSuRe-HadCre allele enabled also 

highly efficient simultaneous deletion of Notc h1, Notc h2, and 

Notch3 (6 floxed alleles) or of Rbpj and Myc in cells of dif- 
ferent organs ( Supplementary Figure S6 B–H). Note that a 
small percentage of single cell events isolated by FACS will 
have contaminant wildtype cell RNA and DNA, as shown 

before ( 47 ), and these retain the non-recombined floxed 

genes. 
One of the most important genes for angiogenesis is 

Kdr / Vegfr2, that encodes for the most important VEGF re- 
ceptor (VEGFR2). We have previously observed that is very 
difficult to delete this gene with the Cdh5-CreERT2 allele dur- 
ing angiogenesis, presumably due to the floxed allele structure,
but also due to the loss of the Vegfr2 mutant ECs during angio- 
genesis, that are outcompeted by non-mutant cells over time 
( 7 ,45 ). The iSuRe-HadCre allele allowed us to delete Vegfr2 

very effectively during retina angiogenesis, and in this way as- 
sess the real impact of fully deleting Vegfr2 on vascular de- 
velopment (Figure 7 A, B). Even when the induced recombina- 
tion was very low, single iSuRe-HadCre / MbTomato + cells 
had deletion of VEGFR2, since they were excluded from 

the angiogenic front (Figure 7 C, D). Immunostaining 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 5. R osa26-iSuR e-HadCre is bright, non-leaky and generates a high rate of true positiv es. ( A ) Comparativ e FACS analy sis of reporter (MbTomato) 
intensity in recombined cells at different stages and in different organs. ( B ) Comparative FACS analysis of self-leakiness in iSure-Cre and iSuRe-HadCre 
mice organs. ( C ) R epresentativ e FACS plots showing no leakiness in iSuRe-HadCre mice organs. ( D ) Comparative FACs analysis of the rate of true 
positives (YFP + ) and false positives (YFP –) at embryonic stages in different mouse lines when combined with the compatible reference Rosa26-LSL-YFP 
allele. ( E ) Comparative confocal analysis of the rate of true and false positives in postnatal retinas from different mouse lines when combined with the 
compatible reference Rosa26-LSL-YFP allele. ( F ) Comparative FACS analysis of the rate of true and false positives in adult liver and lung cells; 
recombination in these quiescent cells is generally more difficult to achie v e than in embryonic or postnatal cells. ( G , H ) Analysis by FACS of the 
frequencies of YFP+ (blue laser) and MbTomato+ (y ello w laser) CD31 −CD45 − cells (all organ cells e x cept CD45+ blood and CD31+ ECs) extracted from 

the indicated mice six da y s after receiving a single injection of 4-OHT. Note the difference in the frequency of false positives between the iSuRe-HadCre 
and the Rosa26-LSL-tdTomato line. Data are presented as mean values ± s.d. For statistics, see Source Data File 1 . Scale bars, 200 μm. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 6. R osa26-iSuR e-HadCre increases the efficiency and reliability of conditional genetics. ( A–C ) R epresentativ e conf ocal micrographs of P6 retinal 
vessels from control mice ( A ) and Notch1 loss-of-function (LOF) mice ( B ) with high recombination rates of the R26-LSL-EYFP allele; vessels were stained 
with anti-ERG (labels EC nuclei, for object segmentation), isolectinB4 (labels EC surface), and anti-GFP (detects YFP). Quantification of the contribution 
of EYFP + ECs (ERG 

+ , isolectinB4 + ) to arteries (indicated with a red A), arterial length, and vascular density reveals no significant differences, indicating 
poor Notch1 deletion ( C ). ( D–F ) R epresentativ e conf ocal micrographs of P6 retinal v essels from control mice ( D ) and Notch1 LOF mice ( E ) with high 
recombination rates of the iSuRe-HadCre allele. Quantification of the contribution of MbTomato + ECs to arteries, arterial length, and vascular density 
shows a very significant difference, confirming complete deletion of the Notch1 gene in MbTomato + cells in animals containing the iSuRe-HadCre 
allele. ( G ) Comparative analysis of the contribution of R26-LSL-EYFP (YFP+) and iSuRe-HadCre (MbTomato + ) ECs to retinal arteries (indicated with a red 
A), versus all capillaries, confirming that only cells expressing the recombined iSuRe-HadCre allele have full deletion of Notch1 and cannot form arteries. 
( H ) scRNAseq analysis of ECs collected from livers and hearts by FACS indicate strong Notch1 deletion in cells expressing the iSuRe-Cre or 
iSuRe-HadCre alleles. ( I ) Representative confocal micrograph showing retinal vessels (IsolectinB4 + , ERG 

+ ) and quantification of the contribution of 
MbTomato + ECs to the entire vascular network versus arteries, confirming very efficient deletion of Rbpj in the large majority of MbTomato + cells. Data 
are presented as mean values ± s.d. For statistics, see Source Data File 1 . Scale bars, 200 μm. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 7. iSuRe-HadCre enables effective deletion of Vegfr2 in the entire target tissue or in single cells. ( A , B ) R epresentativ e conf ocal micrographs of P6 
retina vessels of control and Vegfr2 floxed mice stained with anti-ERG (EC nuclei), IsolectinB4 (EC surface) and anti-GFP (detects YFP). Only animals 
containing the iSuRe-HadCre allele have complete and consistent deletion of the Vegfr2 gene, resulting in a profound decrease in the number of blood 
vessels (including arteries (A) and veins (V)) and ERG + ECs. ( C , D ) Single cell mosaic analysis in retinas with low induction of the iSuRe-HadCre allele, 
showing that gene deletion is very effective in single cells and that single Vegfr2 mutant cells cannot migrate to the angiogenic front (area above the 
dashed line) and do not form tip cells. ( E ) Immunostaining for VEGFR2 in iSuRe-HadCre mosaic retinas (note that VEGFR2 is expressed by ECs and 
many non-ECs in retinas) showing that MbTomato + cells (some indicated by white arrowheads) have deletion of Vegfr2 , whereas many MbTomato 
negative cells (green arrowheads) do not have deletion of Vegfr2 . ( F ) Confocal micrographs of liver cryosections showing the deletion of Vegfr2 / Kdr in 
adult mice (8 weeks) liver ECs (Cdh5 + and ERG + nuclei). VEGFR2 immunostaining confirms the high deletion efficiency in MbTomato + cells of Vegfr2 
flo x ed mutants. Loss of VEGFR2 leads to the loss of liver sinusoids. Mosaic induction reveals that most Vegfr2 mutant ECs survive in the larger portal 
veins and central veins vessels but not in sinusoidal capillaries. ( G ) Confocal micrographs of skin vessels of the indicated mice induced at P1 and P2 and 
collected at P21. Immunostaining with anti-VEGFR2 labels both lymphatic and blood endothelial cells. When recombination is mosaically induced by 
P ro x1-CreER T2 , only iSuRe-HadCre+ / MbTomato + lymphatic ECs of Vegfr2 flo x ed mutants loose VEGFR2 expression (see also 
Supplementary Figure S7 ). Scale Bars 200 μm in A, C, F; 50 μm in E and G. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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analysis confirmed the loss of VEGFR2 expression in iSuRe-
HadCre / MbTomato+ ECs, but not in adjacent reporter neg-
ative cells (Figure 7 E). Efficiency of deletion was also very
high in iSuRe-HadCre / MbTomato+ adult liver ECs (Figure
7 F). These are known to be very sensitive to the loss of
VEGF / VEGFR2 signalling ( 48 ,49 ). When the iSuRe-HadCre
allele was induced in mosaic fashion, most Vegfr2 mutant
(MbTomato+) ECs were depleted in the adult liver capillaries,
and survived only in larger portal and central vessels (Figure
7 F lower panel). In mosaic animals, the Cdh5-CreERT2+ ECs
that did not undergo iSuRe-HadCre recombination, failed to
delete Vegfr2 , and formed most adult liver capillaries. Dele-
tion of Vegfr2 in lymphatic ECs with Prox1-CreERT2 was
also very effective in iSuRe-HadCre / Tomato + cells, at both
high and low (mosaic) recombination rates (Figure 7 G and
Supplementary Figure S7 ). 

To further demonstrate the efficiency of the iSuRe-HadCre
allele, we determined the rate of genetic deletion and per-
formed phenotypic analysis of postnatal and adult mice car-
rying multiple other floxed genes. Immunostaining and con-
focal analysis revealed a very effective deletion of all these
genes in iSuRe-HadCre expressing cells, but not in cells lack-
ing the expression of this allele (Figure 8 ). Simultaneously
deletion of three Foxo genes, shown before to partially com-
pensate for each other ( 23 ), is very efficient with iSuRe-
HadCre after a single injection of 4-OHT (Figure 8 A, left).
The analysis of genetic mosaics showed that many of the
Cdh5-CreERT2+ ECs failed to delete these 3 Foxo genes. On
the other hand, iSuRe-HadCre / MbTomato+ ECs effectively
deleted Foxos and did not form tip cells when surrounded by
wildtype cells (Figure 8 A, right). Jagged1 and Dll4 were also
effectively deleted in animals containing the iSuRe-HadCre al-
lele after a single dose of 4-OHT (Figure 8 B, C), unlike the
three doses of tamoxifen (P1, P2, P3) used before to delete
these genes ( 50 ). Dll4 loss induced vascular hyperplasia, asso-
ciated to cell-cycle arrest (Ki67-), increased filopodia (Figure
8 D), and the upregulation of the tip cell marker Esm1, whereas
Jagged1 loss strongly inhibited angiogenesis, as shown previ-
ously ( 44 ,50 ). Flt1 / Vegfr1 was also only effectively deleted
in iSuRe-HadCre / MbTomato+ cells (Figure 8 E, F). We found
that for some genes, like Myc and Mycn , their protein is de-
tectable in only around 29% of wildtype ECs during angio-
genesis, being impossible to determine where are the mutant
cells without the use of iSuRe-HadCre (Figure 8 G). Simulta-
neous deletion of these two genes, that correspond to dele-
tion of 4 alleles containing 4.6kb and 4.8kb of DNA between
LoxP sites ( Supplementary Figure S6 A), was very effective
only in iSuRe-HadCre / MbTomato + cells (Figure 8 G). This
data shows how the iSuRe-HadCre allele can be very relevant
for multiple gene deletions in whole tissues or single cells, a
method essential for epistasis analysis in mice. 

We also tested the efficiency of iSuRe-HadCre with the
Myh11-CreERT2 line that is expressed in SMCs. iSuRe-
HadCre + cells effectively deleted Rbpj in SMCs (Figure 8 H).

Overall, these data confirm that when cells recombine and
express the iSuRe-HadCre allele, even after a single and low
tamoxifen pulse, they express enough Cre to efficiently re-
combine other floxed genes. In contrast, conditional genetics
without using this allele is blind, even when using standard
reporter alleles, because cells often do not recombine the in-
tended floxed genes, thus generating many false positives that
prevent the accurate determination of a gene function in single

cells or entire tissues. 
Transient Cre expression driven by iSuRe-HadCre is
non-toxic

We assessed toxicity induced by expression of the Rosa26- 
iSuRe-HadCre, Rosa26-iSuRe-CrePEST 

v2 and iSuRe-Cre al- 
leles in mice carrying these alleles on the C57Bl6 background.
Only animals containing the Rosa26-iSuRe-HadCre allele 
survived upon recombination with both the Tie2-Cre allele 
(blood cells and ECs) and the Sox2-Cre allele (all embryo 

cells). These expressed the allele in all target cells (Figure 9 A,
B), confirming the lack of toxicity in cells with iSuRe-HadCre 
recombination and expression. 

Given its higher sensitivity and recombination efficiency,
the Rosa26-iSuRe-HadCre allele can also be used to signif- 
icantly reduce the cellular toxicity associated with the con- 
secutive tamoxifen injections usually required for conditional 
genetics analysis. In line with previous studies describing cell 
toxicity and impaired angiogenesis when high doses of tamox- 
ifen are delivered to activate CreERT2 ( 51 ,52 ), we found that 
4-OHT induces p21+ arrested / senescent ECs when animals
express CreERT2 and display high rates of recombination of
the Rosa26-Lox-Stop-Lox-EYFP reporter (Figure 9 C, D). To
more precisely determine the potential short-term cell toxic- 
ity arising just after iSuRe-HadCre allele activation, we com- 
pared the frequency of p21 expression in cells recombining the
Rosa26-Lox-Stop-Lox-EYFP or Rosa26-iSuRe-HadCre alle- 
les 24 and 48 h after tamoxifen injection. During this period,
cells recombining the iSuRe-HadCre allele will have strong
but transient Cre expression, whereas cells exclusively recom- 
bining the Rosa26-Lox-Stop-Lox-EYFP allele will only have
tamoxifen-induced CreERT2. The additional transient Cre ex- 
pression driven by the Rosa26-iSuRe-HadCre allele had no
significant impact on p21 expression at 24 or 48 h (Figure
9 E, F), despite the very efficient deletion of floxed alleles af- 
ter a single injection of tamoxifen (Figures 6 –8 ). This data
suggest that the toxicity induced by tamoxifen in cells ex- 
pressing CreERT2 is independent of canonical or produc- 
tive Cre recombination. This is in line with previous reports
showing that tamoxifen administration to animals express- 
ing CreERT2 is more toxic than Cre expression itself ( 38 ,51 ).
Given that the Rosa26-iSuRe-HadCre allele increases the effi- 
ciency of gene deletion without increasing cellular toxicity, it
can be used to efficiently delete genes even at lower doses of
tamoxifen, and in this way prevent toxicity associated to the
use of high doses of tamoxifen to induce CreERT2-dependent
floxed gene deletions.

Discussion

Conditional Cre genetics has been used for decades and 

remain the gold standard for the analysis of gene func- 
tion ( 1 , 3 , 39 ). Recent CRISPR / Cas9-based gene targeting ap- 
proaches do not match it for genetic deletion efficiency and 

precision, especially in inducible genetic studies. However, de- 
spite the clear advantages of the Cre / Lox system, its temporal 
control and efficiency varies greatly with different Cre trans- 
genes and floxed alleles ( 2 , 5 , 6 , 53 ), and this significantly de-
creases its reliability, particularly when applied to mosaic or 
single-cell genetics analyses that require lower or incomplete 
CreERT2 activity. 

iSuRe-Cre was the first CreERT2-inducible, dual reporter- 
Cre-expressing mouse allele that overcame the problem of 
false positives in conditional Cre genetics ( 7 ). However, this 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae472#supplementary-data
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Figure 8. iSuRe-HadCre enables the deletion of multiple floxed genes in the entire target tissue or in single cells. ( A ) Retina confocal micrographs 
sho wing effectiv e deletion of Fo x o genes in MbTomato+ ECs (FO X O1 imunost aining and phenot ypes characteristic of full Fo x os depletion, such as 
defective EC sprouting and dense vasculature). ( B ) Confocal micrographs showing that one single injection of 4-OHT at P1 efficiently recombines 
iSuRe-HadCre in all retina ECs and deletes Dll4 , leading to the strong upregulation of the tip cell marker gene Esm1 in most cells, and cell-cycle exit. 
ERG + ECs become Ki67- at the angiogenic front. ( C ) One single injection of 4-OHT at P1 efficiently recombines iSuRe-HadCre in all retina ECs and 
deletes the gene Jagged1 , leading to the strong inhibition of angiogenesis. ( D ) The membrane-tagged Tomato protein from iSuRe-HadCre allows 
visualization of filopodia by confocal microscopy. Deletion of the indicated genes change the number of filopodia per vessel length. ( E , F ) Effective 
deletion of Flt1 / Vegfr1 is indicated by the loss of FLT1 protein in MbTomato+ ECs from the indicated mice. Note that Flt1 antibody signal is noisy. 
Specific signal is perinuclear / cytoplasmic. ( G ) Retina confocal micrographs of animals with mosaic induction of the iSuRe-HadCre allele showing that 
Myc and Mycn (both detected with Anti-Myc) are only effectively deleted in cells expressing the iSuRe-HadCre allele (MbTomato + cells, white and 
orange arrows). ( H ) Confocal micrographs of mouse aortas showing the effective deletion of Rbpj in MbTomato + of SMCs (Myh11+). White arrows 
indicate some nuclei / cells with MbTomato expression and lacking RBPJ, and green arrows without MbTomato expression and retaining RBPJ 
expression. Histogram showing the % of cells expressing RBPJ. Data are presented as mean values ± s.d. For statistics, see Source Data File 1 . Scale 
Bars 200 μm, except D, 50 μm and H, 25 μm. 
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Figure 9. Expression of the iSuRe-HadCre allele does not elicit cellular toxicity. ( A ) Comparative analysis of survival rates of C57Bl6 animals containing 
the Sox2-Cre (recombines all cells), or Tie2-Cre (recombines only ECs and blood) alleles when combined with the different iSuRe-Cre lines. Only the 
iSuRe-HadCre is devoid of toxicity. ( B ) Histogram plot showing intensity of MbTomato signals in all liver cells of adult Sox2-Cre iSuRe-HadCre mice, 
confirming that the expression of the recombined allele is ubiquituous, permanent and non-toxic. ( C , D ) Confocal analysis of retinas from pups induced 
at P1, P2 and P3 (or only P1) and collected at P6. Cellular toxicity can be scored by the expression of the replicative stress or cell senescence marker 
p21 in ERG + ECs. The expression of this marker is much higher in retinas from animals containing the Cdh5-CreERT2 allele, and among these in retinas 
having a higher rate of recombination of the Rosa26-LSL-YFP allele (injected with 3 times more tamoxifen). ( E , F ) Short-term (24h and 48h after 4-OHT) 
analysis of the toxicity marker p21 in angiogenic front (AF) ECs expressing the Rosa26-LSL-YFP (YFP+) or the iSuRe-HadCre (MbTomato+ / YFP+) allele 
re v eal no additional cellular toxicity by the transient expression of Cre in the first 24–48 h after 4-OHT. Boxed areas showed at higher magnification 
below. Data are presented as mean values ± s.d. For statistics, see Source Data File 1 . Scale bars, 200 μm. 
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rst-generation transgene also had several caveats, including
eakiness, relatively low sensitivity to Cre / CreERT2 activity,
nd the risk of toxicity in cells with high and permanent
re expression ( 7 ). We found now that this toxicity varies
cross cell types, developmental stages, and mouse genetic
ackgrounds, as reviewed recently ( 38 ). All of these variables
re difficult to control and predict when using different mouse
odels containing the iSuRe-Cre allele, and can impact the fi-
al phenotype of the analyzed cells. 
To overcome these caveats, we set out to develop and char-

cterize several new mouse lines, at each step encountering
roblems with the improved designs. The iSuRe-CrePEST 

v1 

ine overcame the leakiness of iSuRe-Cre , particularly in my-
cytes, but suffered from the same low sensitivity to CreERT2
ecombination and did not provide certainty that reporter-
xpressing cells had also recombined other floxed alleles. The
osa26-iSuRe-CrePEST 

v2 allele was non-leaky and signifi-
antly more sensitive to CreERT2 because of its location in
he Rosa26 locus, but the CAG-promoter expression from
his locus was too high, and the very high and permanent co-
xpression of the reporter and CrePEST still induced signifi-
ant toxicity in most tested cell types. 

These unexpected results prompted us to design a sim-
lar Rosa26-targeting construct that would maintain non-
eakiness and the high sensitivity to CreERT2 induction, but
hat at the same time would only support the induction of
ransient, but sufficient, expression of Cre. The solution we de-
ised was to engineer a construct enabling the co-expression
f Cre at equimolar levels with the much weaker recombi-
ase FlpO(43), which would, after a delay, switch off the sys-
em and turn on the expression of a fluorescent reporter. In
his way, the reporter would label cells that definitely had, but
o longer have, high Cre (and FlpO) expression, as indicated
y the name, iSuRe-HadCre . This new design and strategy
roved to be effective and overcame all the problems we en-
ountered with the previous models. In contrast with its pre-
ecessors, the iSuRe-HadCre allele is located in the ubiqui-
ously expressed Rosa26 locus, shows no leakiness, is highly
ensitive to CreERT2 activity, supports higher reporter expres-
ion, has no Cre-related toxicity, and still ensures a very high
ate of floxed gene deletion (true positives). Overall, we tested
he efficiency of iSure-HadCre with UBC-CreERT2, Cdh5-
reER T2, Prox1-CreER T2 and Myh11-CreERT that recom-
ine most cell types, and with 13 different floxed genes. Dele-
ion of all these genes was very effective with iSuRe-HadCre ,
ven when multiple genes containing very large floxed cas-
ettes (up to 4.8 kb) had to be deleted simultaneously. This is
ssential to perform reliable conditional functional genetics,
articularly genetic epistasis analysis. 
Is known that different floxed genes have very different sen-

itivities to Cre / CreERT2 activity, and their recombination
ate may also vary with the cellular stage or differentiation
tate. Even the same gene may be differentially recombined de-
ending on the cell type and the chromatin conformation of its
ocus. Genes not expressed in a given cell type and present in
eterochromatin regions, may be also more difficult to delete
y Cre, but they are in principle also less relevant to condi-
ionally delete. In this work, we analysed multiple genes dele-
ion rates across several cellular stages (embryonic, neonatal
nd adult) and in different cell types, and have not found sig-
ificant differences in the efficiency of iSuRe-HadCre . Future
ork may address if higher or permanent Cre expression is
ecessary to fully delete some other floxed genes, at the cost
of potentially causing cellular toxicity, as observed with the
first generation iSuRe-Cre . 

New tools that enhance the reliability of conditional ge-
netics are gaining importance as technology moves towards
single-cell mosaic genetics, which, when applied in situ , re-
quires low tamoxifen doses or mosaic CreERT2 induction in
relatively few cells. We have shown that the iSuRe-HadCre
allele guarantees a very high rate of true positives in single in-
duced cells. This allele allowed us to confirm how single cells
losing Notch1, Rbpj, Kdr and Foxo1 / 3 / 4 change their mobi-
lization or differentiation behaviour across a growing vascular
bed. Standard reporters and tools did not enable the induction
and identification of cells with deletion of these genes, prevent-
ing determination of their important role in these processes. 

Single-cell technologies are now standard for profiling con-
trol and mutant cells ex situ . Given that current single-cell se-
quencing technologies only detect the mRNA of some genes
in single cells, and that most floxed genes conserve their non-
floxed DNA and mRNA sequences after deletion, this often
generates profiles of pseudomutant cells whose true genetic
status cannot be determined. Of the 13 floxed genes anal-
ysed, 7 conserve their 3´mRNA after Cre-deletion and there-
fore their deletion cannot be determined by scRNAseq. Some
antibodies we used also failed to detect the partial protein
deletion by immunostaining given that they detect the protein
upstream or downstream of the deletion. We have provided
multiple evidence here that many of the CreERT2 expressing
cells do not have deletion of the intended floxed genes after ta-
moxifen, indicating that the iSuRe-HadCre allele is necessary
for the reliable isolation of bona fide mutant cells for reliable
single-cell functional omics. 

In addition to providing a new mouse model, we also de-
rived embryonic stem cells from iSuRe-HadCre mice with
or without the UBC-CreERT2 and Cdh5-CreERT2 alleles
( Supplementary Figure S8 ). These can be easily modified by
CRISPR / Cas9 to include other floxed alleles ( 54 ), and in this
way perform reliable single cell conditional genetics in all dif-
ferentiated cell lineages in vitro . The novel iSuRe-HadCre re-
combinase genetic cascade ensuring high transient Cre activ-
ity without toxicity can also be engineered in other cell lines
or animal models. Given its ease of use, high efficiency, and
lack of toxicity, we believe the iSuRe-HadCre allele will be es-
sential for laboratories conducting conditional gene-function
analysis with the Cre / lox system. 

Data availability

RNA-seq data can be viewed at the Gene Expression Om-
nibus (GEO) under accession number GSE245726. Instruc-
tions and code to reproduce all scRNA-seq results can be
found at https:// doi.org/ 10.5281/ zenodo.11220492 . All other
data supporting the findings in this study are included in the
main article and associated files. 

Supplementary data

Supplementary Data are available at NAR Online. 
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