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Tounderstand gene function, itis necessary tocompare cells carrying the
mutated target gene with normal cells. In most biomedical studies, the cells
being compared are in different mutant and control animals and, therefore,
donotexperience the same epigenetic changes and tissue microenvironment.
The experimental induction of genetic mosaicsis essential to determine agene
cell-autonomous function and to model the etiology of diseases caused by
somatic mutations. Current technologies used to induce genetic mosaicsin
micelack either accuracy, throughput or barcoding diversity. Here we present
the iFIpMosaics toolkit comprising a large set of new genetic tools and mouse
lines that enable recombinase-dependent ratiometricinduction and single-cell
clonal tracking of multiple fluorescently labeled wild-type and Cre-mutant
cells within the same time window and tissue microenvironment. The labeled
cells can be profiled by multispectral imaging or by fluorescence-activated
flow cytometry and single-cell RNA sequencing. iFlpMosaics facilitate the
inductionand analysis of genetic mosaics in any quiescent or progenitor cell,
and for any given single or combination of floxed genes, thus enablingamore
accurate understanding of how induced genetic mutations affect the biology
of single cells during tissue development, homeostasis and disease.

Theinduction of agene deletion or mutation can substantially alter
acell’s phenotype, and over time, it can also affect the surrounding
tissue’s phenotype. Scientists often analyze mutant cells or tissues
that have carried genetic mutations for several days, months or
even years and compare their phenotype with that of independent
control cells or tissues from distinct nonmutant animals. During
the process from gene mutation to phenotypic manifestation and
analysis, the biology of the targeted and surrounding tissue often

undergoes significant changes. Since the wild-type cells surround-
ing mutant cells are themselves a source of biochemical factors,
any alteration to their development or function by the mutant cells
will trigger changes in a key tissue feedback mechanism, and any
such changes will impact the phenotype of the mutant cellsin a
noncell-autonomous manner, thatis, not directly dependent of the
initially induced genetic mutation itself' >, Over time, this pheno-
menon often generates secondary mutant tissue phenotypes that can
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confound interpretation of the primary impact of a gene mutation
onacell’s phenotype.

Genetic mosaics are a powerful research tool because they allow
the study of cell-autonomous gene function when mutant and wild-type
cells originate from the same progenitor cells. In this scenario, the only
difference between the cells being compared is theinduced mutation,
in an otherwise identical organism, genetic background and tissue
microenvironment. Mouse models that allow the timed induction of
somatic genetic mosaics are essential to accurately understand agene
function and model biological or disease processes caused by sporadic
somatic mutations.

In Drosophila, interchromosomal mitotic recombination associ-
ated with distinct tissue markers has been widely used to induce and
track genetic mosaics. A similar approach, called mosaic analysis with
double markers (MADM), has been developed in mice to allow the labe-
ling of control and mutant cells with different fluorescent markers*°.
Thismethod allows a full correlationbetween the expression of agiven
fluorescent marker and the genetic status (wildtype, heterozygous or
knockout (KO)) of the locus carrying the mutation. However, MADM
reliesonrareinterchromosomal Cre-dependent recombination events
and cannot be efficiently induced with tamoxifen-inducible Cre-
ERT2 lines, which are weaker and only transiently active. Moreover,
this technology requires chromosomal genetic linkage between the
engineered MADM elements and another gene mutation, requiring
the use of a different mouse line for each of the 20 pairs of mouse
chromosomes, limiting its applicability. MADM is also difficult to
use in epistasis analyses that require simultaneous loss-of-function
of multiple genes present in distinct chromosomes and cannot be
induced in quiescent cells.

Giventhe limitations of MADM, the most widely used method for
generating conditional somatic genetic mosaics in the mouse remains
the muchsimpler CreERT2 recombinase-dependent mosaicinduction
of afloxed-gene (flanked by loxP sites) deletion. With this method, the
location, timing and frequency of the recombination events can be
regulated by restricting CreERT2 expression to a specific tissue and by
varying the timing and dose of treatment with the CreERT2 activating
ligand tamoxifen. This simpler method requires the use of independ-
ent fluorescent reporters of Cre recombination to detect cells with
CreERT2 activity. However, several studies have shown that Cre-activity
reporter alleles only accurately report recombination of themselves
and cannot be used to reliably report the mosaic recombination of
other floxed genes’’. Thus, though much easier to implement than
MADM, CreERT2-dependent genetic mosaic approaches generate a
high frequency of false positives and false negatives and should not
be used for mosaic functional genetics.

To overcome the limitations of current methods for the genera-
tion of genetic mosaics in mice, we have developed iFIpMosaics, a
compendium of new genetic tools and mouse lines that enable Flp
recombinase-dependent-induction of multispectral and ratiometric
genetic mosaics of both wild-type and mutant cells in any tissue. iFlp-
Mosaics provide a high degree of fluorescent barcoding and clonal
resolution of both mutant and wild-type cells and tighter control of
the frequency of genetic mosaicism over time. This technology is
compatible with all existing floxed alleles and can be induced in any
quiescent or proliferating cell. The combination of iFlpMosaics with
an additional iDre/FIp"¢°"*" a]lele enables its additional induction
by any DreERT2 line and the generation of twin-spot clones derived
from asingle-progenitor cell. The ratiometric mutant and wild-type
cell profiling and comparative analysis can be done by in situ multi-
spectralimaging or ex situ by fluorescence-activated flow cytometry
(FACS) or single-cell RNA sequencing (scRNA-seq). iFlpMosaics will
enable the accurate and high-throughput quantitative analysis how
an individual or combinatorial set of genetic mutations affects the
biology of single cells during tissue development, regeneration
or disease.

Results

Design and validation of iFlpMosaic mice

Several studies have shown that the induction of genetic mosaics in
mice using CreERT2 is prone to the induction of false positives and
false negatives at high frequency”®. We confirmed that the efficiency
of Cre-dependent recombination of different reporters and floxed
alleles varies widely (Extended Data Fig. 1a,b) and that the frequency
of cells having the desired recombination of two independent floxed
alleles (true positives) is very low, particularly at the relatively low
doses of tamoxifen needed to induce genetic mosaics with CreERT2
(Extended DataFig. 1c,d). These data show that most functional genetic
studies using CreERT2-dependent mosaic genetics will be unable to
uncover the real effect of a deleted floxed gene on single-cell biology
with high accuracy and statistical power. In addition, unlike MADM,
CreERT2-dependent genetics only induce the labeling of pseudomu-
tant cells, not the wild-type cells in the same tissue microenvironment,
which substantially limits the comparative analysis.

To overcome the caveats of existing technologies used to induce
genetic mosaicsin mice, we developed atoolbox consisting of several
mouse lines that allow the FIpO/FIpO-ERT2-recombinase-dependent
induction of ratiometric fluorescent mosaics of bona fide mutant
(gene KO) and wild-type cells (Fig. 1a,b and Extended Data Fig. 2a,b).
We call these new mouse alleles iFlpMosaics (R26-iF[p"Tomato-cre/MYrp
and Tg-iF[pMTomatoH2B-GFP-Cre/MYFP H25-Cherry FlpO) They enable mosaic multi-
spectrallabeling and fate mapping of different mutant cells expressing
the fluorescent membrane-tagged tomato protein (MTomato) and Cre,
aswell as of wild-type cells expressing membrane-tagged YFP (MYFP),
inany tissue expressing FIpO or FIpO-ERT2. The two iFIpMosaic lines
differ either in the genomic location, ROSA26 (R26) versus random
transgene (Tg) or in the expression of additional chromatin-bound
fluorescent proteins (H2B-tag) for increased cell resolution and nuclei
segmentation.

Transfection of iFlpMosaic embryonic stem (ES) cells with FIpO-
expressing plasmids or induction of these mosaics in mice carrying
FlpO/FIpO-ERT2alleles induced the expected recombination between
the pair of FRTF3 or FRT5T2 sites but not among the different sites,
whichenables the induction of ratiometric mosaics of MTomato* and
MYFP* cells, with very few cells being double positive due to recom-
bination during the G2/M phase of the cycle (Fig. 1a and Extended
Data Fig. 2c-g). The observed higher frequency of MTomato* cells is
consistent with the shorter genetic distance between the FRTF3 sites
thanbetweenthe FRT5T2ssites (Fig.1a,b and Extended DataFig.2a,b,e).

InES cells and mice, the initially induced cell ratios did not change
after prolonged culture or during the entire embryo development
in vivo (Fig. 1c and Extended Data Fig. 2h), showing that expression
of MTomato-2A-Cre (or MYFP) is not deleterious to cells. Notably, we
found on average ten times lower expression of the MTomato-2A-Cre
cassetteiniFlpMosaic mice thaninthe previously generated iSuRe-Cre
mice (Fig.1d), which substantially reduces the chance of Cre toxicity®.

In previous reports, inducible Cre-expressing alleles located
in the Rosa26 locus were found to be leaky and to induce germline
recombination, eveninthe absence of FIpO/CreERT2 activity®'°. None
of the analyzed iFlpMosaic mice had leaky expression of the fluores-
cent proteins contained in their constructs in the absence of an extra
allele expressing FIpO (Extended Data Fig. 2i). When combined with
other sensitive Cre reporters, the Tg-iFlp"Tomato-H25-Grp-Cre/MYFP-H25-Cherry-FlpO
mouse line had very low nonself Cre leakiness, lower than standard
CreERT2 lines (Extended Data Fig. 2j,k). The R26-iFIp"T™ma-cre/MY? |ine
had no leakiness (Extended Data Fig. 2i).

IniFlpMosaic mice, MTomato-2A-Cre’ cells efficiently recombined
other Cre-reporter alleles and all the six floxed genes tested (Fig. 1e-k).
These data show that unlike the commonly used CreERT2-dependent
mosaic genetics (Extended DataFig.1), iFlpMosaics enable the induc-
tion and labeling of bona fide mutant and wild-type cells, ensuring high
geneticreliability in the analysis of mosaic and single-cell phenotypes.
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Fig.1|iFlpMosaics allow efficient and ratiometric labeling of mutant and
wild-typecells. a, FIp/FIpO-ERT2-induced recombination of the iFlpMosaic
allele leads to one of two possible outcomes: cells expressing MTomato and Cre
(mutant) or cells expressing MYFP (wildtype) (Extended Data Fig. 2). A confocal
micrograph shows some labeled retina astrocytes (AC), endothelial cells (EC,
ERG" nuclei) and blood cells (BC). b, The Tg-iFlp*TomatoH25-GFP-Cre/MYFP-H2-Cherry-FlpO
allele and confocal micrographs showing the full spectral separation of the
four fluorescent labels expressed in mutant and wild-type retina cells (ECs and
few ACs). ¢, The proportion of MTomato”and MYFP* cells detected by FACS.
n.s., notsignificant. d, Acomparison of MTomato intensity and Cre expression.
e, Recombination of the Cre-reporter Rosa265"in MTomato* cells (white
arrowheads) after induction of the R26-iF[p"™mar/M? g]lele by Apln-FIpO.
There are few false positives (red arrows, MTomato*). f, qRT-PCR assessing gene
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g, Induction of R26-iF[p"™mao-M?in mice carrying a floxed allele for Rbpj, an
essential gene for arterial development, results in only 3.5% MTomato-2A-Cre*
cellsinarteries (A), versus 96% in veins (V) and capillaries. h, Immunostaining

for VEGFR2 and quantification of gene deletionin P7 heart sections ECs (ApIn®).

i, Immunostaining for RBPJ and quantification of gene deletion in adultlung
epithelium (induced with FIpO-ERT2). j, Immunostaining for MYC and MYCN and
quantification of genetic deletion in P7 retina ECs (ApIn®). k, Immunostaining for
DLL4 and quantification of gene deletion in adult lung epithelium (induced with
FIpO-ERT2). The red arrows indicate the cells with MTomato-2A-Cre expression,
thegreenarrowsindicate the cells with MYFP expression and the gray arrows
indicate the nonfluorescent/wild-type cells. The data are presented as mean
values + standard deviation. Scale bars, 50 pmforb, e, g, handjand 10 umforiand k.

Generation of ubiquitous and tissue-specific FIpO-ERT2 mice

Multispectral genetic mosaics are a particularly valuable research tool if
they canbeinduced ataspecific timepoint and in asubstantial number
of cells, something that is not possible with the MADM system* *". To
obtaintemporal control over Flp activity orinduction, previous studies
generated mouse lines that enabled the expression of Flpe-ERT2 or the

mammalian codon-optimized FIpO-ERT2!°"2, These studies showed
that FIpO-ERT2 activity is substantially lower than CreERT2, and very
few cellsin each organ were shown to recombine'. In agreement with
this, we found that the published R26““""%**™2 [ine recombined the
R26-iFIp"™mato-Cre/MYFP glele in only ~0.2% of embryonic cells and was
also weak in postnatal and adult organs (Fig. 2a).

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-024-02534-w

To enhance FIpO-ERT2 expression, we, therefore, sought to
develop new constructs containing optimized DNA expression
elements™* (Fig.2b). We generated and screened five transgenic ubiq-
uitous FIpO-ERT2 mouse lines with variable copy number (Fig. 2c).
Compared with the published R26C™P9 R |ine, the best of these
new Tg(Ins-CAG-FIpO-ERT2) lines (founder no. 2) induced several-fold
higher recombination of theiFlpMosaic allele in embryos and different
organs and cell types (Fig. 2d-g and Extended Data Fig. 3a-c). With
this higher recombination frequency, we frequently observed mutant
(MTomato*) and wild-type (MYFP*) cells close to each other, enabling
direct comparison of cells experiencing the same tissue microenviron-
ment (Fig. 2f,g and Extended Data Fig. 3d). We also confirmed that the
ubiquitous and strong FIpO-ERT2 expression is not leaky in any organ
(Extended DataFig. 3e). Besides generating ubiquitous FIpO-ERT2lines
of general relevance, we also developed amethod to easily target and
modify preexisting and prevalidated CreERT2-expressing transgenic
alleles to achieve tissue-specific expression of FIpO-ERT2 (Fig. 2h).
Using this method, we generated the Cdh5-FlpO-ERT2 mouse line, that
induced the specificrecombination of iFlpMosaics in endothelial cells
(Fig.2h-j).

Ratiometric functional genetics with iFlpMosaic mice

Unlike classical Cre reporters, iFlpMosaics were designed to be ratio-
metric. This allows quantification by histology or FACS of the relative
frequency (ratio) of mutant (MTomato-2A-Cre*) and wild-type (MYFP")
cell populationsinduced inthe same tissue and experiencing the same
microenvironment throughout the pulse-chase period. We envisioned
that this property would allow high-throughput and accurate analysis
of the cell-autonomous function of genes in virtually all cell types
and over long periods. Such an analysis is not possible with classical
Cre/CreERT2 mosaic genetics because of the high frequency of false
positives and negatives (Extended Data Fig. 1c,d) and the lack of simul-
taneous labeling of wild-type cells, which provide animportantinternal
control for comparative mosaic analysis in the same tissue.

To demonstrate the utility of iFlpMosaic mice to reveal the
effect ofinduced mutations in multiple cell lineages, we intercrossed
them with mice containing either the ACTB:FIpE allele” (recombines
early embryo progenitor cells), the Apln-FIpO allele' (recombines
endothelial and derived hematopoietic cells) or the new inducible
Tg(Ins-CAG-FIpO-ERT2) allele.

When the R26-iFIp"Tomato-cre/M¥i? gllele was combined with the
ACTB:FIpE or Apln-FlpO alleles and the Rbpj, Myc and Foxo floxed alleles,
mosaic mutant animals survived until adult stages, unlike embryos
carrying mutations of these genes in all cells or in endothelial cells
(ECs)"'®. Wefirst conducted a high-throughput FACS analysis to score
the relative ratios of mutant cells (MTomato-Cre*) and wild-type cells
(MYFP*) inmajor organs of postnatal day (P)7 animals. The assumption
wasthatifthetargeted geneisimportant foragivencell type ororgan,
itsdeletionwould change the proliferation or differentiation rate of the
mutant cellsinrelation to wild-type cells, and this would be noticed in
the final MTomato/MYFP* log ratio.

MYC loss has previously been linked to ageneral cell competitive
disadvantage'® and alack of proliferation by ECs*°. However, we found
that mosaic Myc deletion had a relatively minor effect on EC clonal
expansion throughout embryonic development (Fig. 3a). Instead,
the highest sensitivity to the mosaic loss of MYC was observed in the
hematopoietic lineage (Fig. 3b and Extended Data Fig. 3f,g). Unlike
liver and lung, heart CD31"CD45 cells were not significantly affected
by Myc deletion (Fig. 3c), probably due to compensation by the homo-
logous Mycn gene in cardiomyocytes as previously reported?.

We also confirmed the ability of the system to support mosaic
epistasis analysis of mutant cells having multiple deleted genes, in
this case, three Foxo genes (six floxed alleles), presentin distinct chro-
mosomes. Foxo genes partially compensate each other’s function in
several celltypes, and together, they are considered important negative

regulators of cell proliferation and metabolism downstream of AKT
signaling, preventing uncontrolled cell growth?>**?*, Surprisingly, our
analysis showed that mosaic deletion of three Foxo genes (Foxo1/3/4%°)
had relatively minor consequences for cell expansion in the liver and
lungbutespecially affected heart cells (Fig. 3d). This suggests cell-type
and organ-specific functions for Foxo genes. The data also show that
postnatal retinal ECs are especially responsive to the loss of Foxo1/3/4.
These cells were much more proliferative, formed dense clusters and
outcompeted wild-type cells over time (Fig. 3e,f).

Finally, when iFlpMosaics were combined with the Rbpj-floxed
allele, we could find that single Rbpj*° ECs proliferate normally but
mobilize preferentially to the leading edge of the vessels, being absent
inarteries (Extended Data Fig. 4).

Overall, these results show the utility of the iFlpMosaics technol-
ogy for the accurate modeling and high-throughput analysis via FACS
or direct tissue imaging of the impact of single or multiple somatic
gene mutations on cellular expansion and mobilization.

Single-cell functional mosaic genetics with iFlpMosaics
BothMADM and iFlpMosaics label mutant and wild-type cells with two
different fluorescent proteins; however, for single-cell clonal analysis at
highresolution, higher cellular barcoding is needed. To obtain higher
clonal resolution of both mutant and wild-type cells, we developed the
iFlp"?5-Cherry/GFF/Cerulean gl e]e, which enables the chromatin/nuclei labe-
ling of afraction of the membrane-labeled mutant and wild-type cells
(Extended Data Fig. 5a-d), which is ideal for the analysis of the clonal
dynamics of single-cells. For even higher multispectral barcoding, itis
possible to combine iFlpMosaics with the iCre"™/Tomato/MIP1 gele® and,
in this way, obtain up to 12 different fluorescent barcodes for mutant
cells and 7 for wild-type cells (Extended Data Fig. Se,f).

Inthe liver, a high percentage of neonatal hepatocytes are in the
S phase (EAU*) or in cycle (Ki67%) at P1and P7, and most stop dividing
before P20 (Fig.4a). However, the hepatocyte single-cell clonal expan-
sion dynamics are still unknown. iFlpMosaic x iFlp"25 cherry/CrF/Cerulean
mice were induced at P1, and livers were collected at P20 for multi-
spectralimaging and single-cell clonal analysis. Multispectral confocal
scanning and spatial mapping of clones revealed that hepatocyte
proliferation (clones with two cells or more) was dispersed throughout
the postnatal liver (Fig. 4b and Extended Data Fig. 6a,b). The aver-
age clone size obtained was similar at both low and high iFlpMosaic
recombination frequencies (Fig. 4c), confirming that there is enough
multispectral clonal and quantitative resolution even at high induc-
tionrates.

Analysis of iFlpMosaics revealed that 17.2% of neonatal hepato-
cytes did not expand clonally, with most hepatocytes (69%) dividing
only onceor twicein 20 days. Only 2.4% of single hepatocytes yielded
clones with eight or more cells. The average clone size for wild-type
cells was 2.9, in agreement with the observed 2.9-fold liver weight
increase from P1 to 20 (Fig. 4c,d). A comparison of clonal expansion
between wild-type (MYFP*) and mutant Myc*® (MTomato-2A-Cre*)
hepatocytes revealed that MYC is necessary for optimal postnatal
hepatocyte clonal expansion. Mean Myc*® hepatocyte clone size was
2.25,and these clones generated only 125% more hepatocytes (125 new
hepatocytes for every100) over 20 days, whereas wild-type-cell clone
sizewas 2.87,and these clones generated 187% more hepatocytes over
the same period (Fig. 4e,f).

Theanalysis of postnatal pancreatic cells revealed similar Ki67*and
EdU* frequencies to those of liver cells (see Fig. 4a and Extended Data
Fig. 6¢ foracomparison). However, iFlpMosaics analysis revealed that
wild-type pancreatic cells expand substantially more than wild-type
hepatocytes until P20 (Fig. 4g), with amean clone size of 3.60 instead
of 2.87 (compare wild-type values of Fig. 4h,i with Fig. 4e,f). As in the
liver, Myc*® cells in the pancreas also expanded substantially less than
wild-type cells (Fig. 4h,i) and were 3.7-fold less frequent than neighbor-
ing wild-type cells at the end of the analysis (Fig. 4j).
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Fig.2| Generation of ubiquitous and tissue-specific FIpO-ERT2 mouse lines.
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(Extended DataFig. 6). ¢, The clone size distributions of hepatocytes at both

low and high recombination rates. d, The whole-liver weight at P1and P20.

e, A quantification of MYFP* (Myc"") and MTomato* (Myc*©) clone size frequency.
f, A chart depicting the normalized expansion of Myc"” and Myc*° hepatocytes.
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i, A chart depicting the normalized expansion of Myc"” and Myc*° pancreatic
cells.j, log, ratio of MTomato" cells to MYFP" cells in control and Myc-floxed
pancreas, showing a 3.7-fold decrease of MTomato* (Myc ) cells over 20 days.
k, Representative confocal micrographs of adult livers from control and
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background.1, The clone size, showing that WT hepatocytes rarely divide or
expand over a2 week period. m, The clone frequency, showing the lack of impact
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Evidence from recent studies suggested the existence of a
highly proliferative hepatocyte population in adult liver, based on
anew Dre-inducible Ki67-Cre (ProTracer) allele** or CreERT2-based
single-cell lineage tracing of aunicolor reporter?. Ki67 immunostain-
ing showed that only 1.87% of adult liver hepatocytes are in cycle at
any given moment (Extended Data Fig. 6d). Ki67 can be expressed
in metabolically activated (primed and in cycle) or DNA-replicating
(Sphase) orin polyploid cells, but many Ki67* cells will not undergo
productive cell division or will die after beingin cycle. The iF]pMosaics
system can measure both productive cell expansionand cell survival.
Using the iFIpMosaic mice with the highest number of multispectral
combinations and, therefore, the highest single-cell clonal resolu-
tion, we observed very limited proliferation or clonal expansion
of single mononucleated or binucleated hepatocytes during the
2 weeks after induction. The mean size of adult hepatocyte clones
was 1.10 cells after 2 weeks (Fig. 4k,I), notably lower than the 1.38
cells after only 1 week of pulsing reported for a simpler unicolor
reporter®. During the 2 weeks after induction, only 9.5% of single
mononucleated or binucleated diploid hepatocytes underwent
productive division or cytokinesis from binucleated cells to form
atwo-cell clone (Fig. 4m,n). Proliferation frequency was also low in
polyploid hepatocytes (4.9%).

Despite the absence of substantial hepatocyte proliferation
in homeostasis, when we induced iFlp ratiometric mosaics in adult
Mycd™ livers, we still observed a very significant loss of mutant Myc*°
cells (4.2-fold decrease) only 2 weeks after induction (Fig. 40). Since
thereislimited clonal expansion of wild-type cellsin adult liver (mean
clonesize1.10, meaning that only 10 new hepatocytes were generated
for every100initial hepatocytes over 2 weeks; Fig. 41), these datasug-
gest that MYC loss induces a significant decrease in adult hepatocyte
survival. Interestingly, wild-type hepatocytes expanded more when
surrounded by Myc® hepatocytes than when surrounded by wild-type
hepatocytes (seeFig.4m,n,p,qand Extended DataFig. 6e for acompari-
son), probably to compensate for the loss of Myc* hepatocytes. These
datasuggest the existence of MYC-dependent cell competitionamong
adult hepatocytes, in which cells loosing MYC are less metabolically
fit and are gradually excluded, as previously shown to occur during
early embryonic development”.

iDre/Flp°&ir enables the induction of twin-spot clones
The results above show that there is substantial intercellular clonal
variability when different progenitor cells, occupying different tis-
sue locations, areinduced. The iFlpMosaics technology shown above
can only be induced in distinct progenitor cells, and therefore, it
requires averaging of the clonal expansion data from many different
independently labeled progenitor cells. By contrast, The MADM
approach allows the generation of labeled wild-type and mutant cells
from the same progenitor cell (twin-spot clones) and, in this way, gives
avery precise estimate of how a gene mutation impacts the mobiliza-
tion and proliferation phenotypes of a single-cell derived progeny.
However, as mentioned above, MADM is a cumbersome method and
cannot be effectively induced at a specific timepoint with CreERT2.
To overcome the limitations of current approaches to under-
standing the role of genes in single-progenitor cell biology, we
designed the iDre/FIp™¢"*" allele (Fig. 5a). This allele can be induced
by both DreERT2 or FIpO-ERT2. Therefore, we also generated a new
Tg(Ins-CAG-DreERT2) allele by using clustered regularly interspaced
short palindromic repeats (CRISPR) and CRISPR-associated pro-
tein 9 (Cas9) assisted targeting into the preexisting and screened
Tg(Ins-CAG-FlpO-ERT2) allele (Fig. 5b), which allowed us to induce
much higher frequencies of recombination (Fig. 5¢). The iDre/Flp™genicr
allele also enabled us to increase the sensitivity and recombination
efficiency of all FIpO-ERT2 lines. With the Cdh5-FIpO-ERT2 line, we
increased EC-recombination efficiency 14-fold, recombining 51% of all
ECs (Fig. 5d). Recombination efficiency after combining iDre/Flp"rositor

with the Tg(Ins-CAG-FIpO-ERT2) allele was increased 25-fold (Extended
DataFig.7a).

We reasoned that the combination of iFlpMosaics with the
iDre/FIp™ & allele would allow tamoxifen induction of a genetic
cascade culminatingin the generation of genetic mosaics of mutantand
wild-type cells derived from the same progenitor cells. After tamoxifen
induction of FIpO-ERT2 or DreERT2, the iDre/FIp"¢"*" allele is first
recombined, and this triggers the permanent expression of FIpO,
H2B-V5 and the cell-surface marker hCD2 (Fig. 5e). FIpO then effectively
recombines the R26-iFIpV™matore/MYP glele in H2B-V5'/hCD2" cells
24-48 h after the 4-hydroxytamoxifen (4-OHT) induction, generating
both gene KO (MTomato®) and wild-type (MYFP+) cells derived from
the same progenitor cells (Fig. 5f).

In the pancreas of newborns containing the iDre/FIp™ " allele,
anti-V5 immunostaining enabled the detection of the nuclei of the
progenitor celland its progeny (Fig. 5g). Even when very sparse labeling
was used, V5‘'MTomato" and V5*'MYFP* cells were frequently found
located close to each other (25% of all clones), confirming that they
arose from the same single-progenitor cell, whereas H2B-V5™ cells of the
same animals did not show any clones containing both MTomato* and
MYFP" cells close to each other (Fig. 5g). In angiogenic retina vessels,
endothelial cells migrate extensively as they proliferate, making it more
difficult to track single-cell-derived clones. However, in animals with-
out the iDre/Flp"&=ir allele, MYFP* wild-type cells were rarely inter-
mixed with mutant MTomato* cells (Extended DataFig. 7b). Inanimals
or cells with the iDre/FIp" ¢ allele, V5*‘MTomato* and V5'MYFP* cells
were frequently located close to each other, suggesting that they arose
from the same progenitor cells (Extended Data Fig. 7c,d). Time-lapse
imaging of mouse ES cells confirmed that single hCD2" cells divide and
form twin-spot clones (Extended Data Fig. 7e).

We also generated a new Ki67-2A-DreERT2 line to recombine
iDre/FIpMosaic alleles specifically in dividing Ki67* progenitor cells.
This allowed us to induce twin-spot clones in any proliferating cell of
different organs (Fig. 5Sh and Extended Data Fig. 7f).

scRNA-seq of ratiometric iFlpMosaics

We have shown that iFlpMosaics allow the reliable inductionandisola-
tion by FACS of bona fide mutant cells and wild-type cells from the same
tissue (Fig. 1), unlike CreERT2-dependent mosaic genetics (Extended
DataFig.1). Therefore, we combined iFlpMosaics with single-cell RNA
sequencing (scRNA-seq) to achieve high-throughput scoring of gene
functioninthe proliferation and differentiation of all early embryo cell
types. For this analysis, we first selected to induce the mosaic deletion of
Rbpj,whichencodesatranscription factor essential for Notch signaling,
one of the mostimportant pathways for cell proliferation and differenti-
ation duringembryonic development?. We pulsed embryos with 4-OHT
atembryonic day (E)9.5 and collected MTomato* and MYFP" cells by
FACS at E13.5 (Fig. 6a). Based on their transcriptome and known marker
genes, weidentified 16 major cell types (Fig. 6b). InMTomato-2A-Cre*
cells, deletion of Rbpj exons 6 and 7 generates a less stable but still
detectable 3’ messenger RNAZ, together with adecrease in the expres-
sion of the main canonical downstream target Hesl (Fig. 6¢), whose
expression can also be regulated by other pathways.

Global iFlpMosaic-driven Rbpj deletion at E9.5 compromised the
differentiation and expansion of peripheral neurons, ECs, cardiomyo-
cytes, erythrocytes, hepatocytes and myocytes, whereas the frequency
of epithelialand mesenchymal cellsincreased (Fig. 6d,e). RBPJ loss also
changed the transcriptional programs of these cells. As an example,
mosaic Rbpj deletion in ECs led to the cell-autonomous decrease in
expression of the arterial marker genes Gja5 and Gja4 and upregu-
lation of the tip-cell genes Esm1, Kcne3, Apln and Cdknla (Fig.6f-i).
This correlates with the essential cell-autonomous role of RBPJ in
the specification of arterial ECs and the inhibition of tip ECs'***.RBP)
loss also changed the relative frequency or genetic programs of many
other embryo cell types (Extended Data Fig. 8).
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over time, within hCD2" cells. g, A confocal analysis of the P6 pancreas, 3 days
afteravery low dose of 4-OHT induction, showing twin-spot clones. Only H2B-V5*
(iDre/Flp™™eenitor) cells give rise to twin-spot clones having both Tomato* and
YFP* cells (orange bar). h, Induction with a single dose of 4-OHT (40 mg kg™)
5days before collecting the tissues shows that the new Ki67-2A-DreERT2 allele
(Extended Data Fig. 7f) drives recombination in Ki67* progenitor cells of
theindicated organs, generating twin-spot clones. Background immuno,
background or noise signal from immunostaining with anti-GFP/YFP; Exp.,
expected frequencies of recombination. The data are presented as mean

values + standard deviation. Scale bars, 24 pmingandh, and 500 pmincandd.

Inaddition to Rbpj, we also used iFIpMosaics to induce the mosaic
and simultaneous deletion of the three main Notch receptorsinembryo
single cells (Fig. 6j,k), something not achievable with CreERT2 or MADM
genetics. In contrast to deletion of Rbpj from E9.5 to E13.5, deletion
of the three Notch receptors (six floxed alleles) from E7.5 to E13.5 led
to a very substantial loss of all neuronal cell types (Fig. 6j), confirm-
ing the essential role for Notch in the maintenance of an early pool
of neuronal progenitor cells and the prevention of their premature
differentiation and exhaustion?. Notch receptor deletion also led to
anincrease in the frequency of epithelial cells, lymphatic and blood
ECs and some mesenchymal cells (Fig. 61). In addition, it deregulated
many cell types differentiationand transcriptional programs (Extended
DataFigs.9and10).

These scRNA-seq data provide animportant resource for further
exploring therole of RBPJ and NOTCH signaling in the early expansion
and differentiation of embryonic lineages. This analysis also exempli-
fies how the combination of ratiometric iFlpMosaics with scRNA-seq
analysisis avery powerful tool for the high-throughput determination
of cell-autonomous gene functionsin all cell types during development
ordisease.

Discussion

Geneticmosaicsare essential tools for determining the cell-autonomous
function of a gene and avoid the confounding effects frequently
associated with classical whole-animal or tissue-specific conditional
genetics"’. With inducible mosaic genetics, the mutant and wild-type
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Fig. 6| Combining scRNA-seq with ratiometric iFlpMosaics to reveal cell-
autonomous gene function. a, A schematic of the induction and analysis stages
(four embryos were used). b, Uniform manifold approximation and projections
(UMAPs) showing Rbpj*° (MTomato*) and Rbpj** (MYFP") cells and dot plots

with the top markers used to identify the major cell types. CNS, central nervous
system; PNS, peripheral nervous system. ¢, A dot plot showing the expression for
Rbpjwhole mRNA (mostly the 3’ undeleted mRNA) and the deleted floxed exons
6-7.Bottom: the expression of the canonical NOTCH/RBP]J signaling target Hes1
(regulated also by other pathways) and MKi67. d, Histobars with the proportions
of the different clustersidentified in c. e, Comparative UMAP showing that
mosaic deletion of Rbpj changes the relative proportion of different cell types.

f, Analysis within the endothelial cell cluster, including general embryo, brainand
liver ECs, with some cells undergoing endothelial-to-mesenchymal transition.
g,h, Rbp/*° mutant cells present a deregulation of arterial (Gja4 and GjaS)

(g) and tip cell (Esm1, Kcne3 and Apln) marker genes (h). i, Gene set enrichment
analysis (GSEA) comparing Rbpj"* with Rbpj*° cells (see Extended Data Fig. 8
for the analysis of all other cell clusters). NES, normalized enrichment score.

Jj, UMAPs showing the differential distribution of the Notch1/2/3*° (MTomato®)
and Notch1/2/3"* (MYFP*) cells (collected from four embryos) and the different
clusters they form. k, A dot plot showing the frequency and amplitude of
expression for the three Notch receptors whole mRNA (mostly the 3’ undeleted
mRNA in the case of Notch2 and Notch3) and their deleted floxed exons. Bottom:
the expression of the Notch receptors (whole mRNA) and their canonical
signaling targets Hes1/Heyl/Hey2 (regulated also by other pathways) and the
G2/M phase marker MKi67.1, The histobars and UMAP showing that mosaic
deletion of Notch1/2/3 (MTomato’ cells) changes the relative proportion of
different cell types, particularly neural cells (Extended Data Figs. 9 and 10).

cellsshare the same microenvironment and developmental or physio-
logical history, with the only difference between thembeing the deleted
gene. This provides amuch more accurate way to study and understand
cell-autonomous gene function during tissue development, homeo-
stasis or disease.

CreERT2-dependent genetic mosaics are easy to induce but are
unreliable’™’. They also lack the coinduction of wild-type cells labeling
required for direct phenotypic comparisonin the same tissue. MADM
enables the colabeling of both mutant and wild-type cells and is geneti-
cally veryreliable butis a technically cumbersome method*®. In addi-
tion, MADM interchromosomal recombination events are difficult to
induce with CreERT2, resulting in very few labeled cells per animal.

The set of new genetic tools we describe here substantially
improves onbothof these technologies. Unlike CreERT2 genetics, iFlp-
Mosaics provide clearly distinguishable and reliable fluorescent labels
for both true mutant cells (MTomato®) and wild-type cells (MYFP?),
which enable the accurate measurement and comparison of the pro-
liferation, differentiation, migration and survival of these populations
over time within the same animal. Unlike MADM, iFlpMosaics provide
a high degree of inducibility at any specific timepoint and in any cell
type, including quiescent cells presentin adult mice, which willbe very
important for modeling the etiology of diseases caused by sporadic
somatic mutations, or the consequences of CRISPR-based gene edit-
ing, which are by their nature also mosaic. In addition, iFlpMosaics
are compatible with all existing floxed mouse alleles, enabling mosaic
deletion of one or multiple floxed genes in cis (we showed Myc/Mycn
or Notch1/2/3 or Foxo1/3/4), which is essential to perform functional
geneticepistasis with single-cell resolution. With iFlpMosaics, instead
of only1cell barcode (asin standard CreERT2 or MADM), up to 12 dif*-
ferent multispectral barcodes are possible for mutant cells and up to
seven for wild-type cells. This substantially higher spectral barcode
diversity and dual labeling (membrane and nuclei) further increases
single-cell and clonal quantitative resolution during a pulse-chase
genetic experiment.

iFlpMosaics allowed us to substantially extend and refine previ-
ous findings on the roles of several genes (Myc, Foxo1/3/4, Rbpj or
Notch1/2/3) inthe development and differentiation of most embryonic
lineages, the single-cell clonal expansion of postnatal tissues or the
competitive survival of cells during the normal homeostasis and turno-
ver of adult tissues. The ability toinduce ratiometric genetic mosaics in
multiple celltypes simultaneously and at both low and high frequencies
increases the ease and throughput of analyzing gene cell-autonomous
functions. With iFlpMosaics, determining a gene cell-autonomous
function no longer requires the crossing of mice carrying the floxed
gene with multipleindependent CreERT2 lines (one for each cell type)
or with multiple MADM alleles (one for each chromosome carrying
the mutantallele)®.

Single-cell biology during tissue developmentis highly heteroge-
neous, and itis, therefore, important to be able to reliably induce and
analyze genetic mosaics of mutant and wild-type cells derived from

the same single-progenitor celland with a negligible level of false posi-
tives and false negatives. The established MADM technology is ideal
for this* °but either lacks temporal inducibility with Cre or efficiency
with CreERT2.iFIpMosaics are inducible by FIpOERT2, whichisamuch
weaker recombinase than the established CreERT2. For this reason, few
tissue-specific FIpOERT2 lines exist, and this may be a disadvantage of
iFlpMosaics when cell-type specificity is required. However, with the
new iDre/FIp™s"" 3]lele, we were able to substantially increase the
inducibility and specificity of iFlpMosaics. This allele is much more
sensitive toboth DreERT2 or FIpO-ERT2 activity, which enables the use
of weaker and cell/tissue-specific FIDOERT2 or DreERT2 lines, such as
the generated Cdh5-FIpOERT2 and Ki67-2A-DreERT2 lines. In addition,
the iDre/FIp"&™" allele results in a genetic cascade that includes a
delay in the expression of FIpO. This delay enables the generation of
different mutant and wild-type cells within the progeny of a single
starting progenitor cell, something previously achievable only with
MADM. With the generated Ki67-2A-DreERT2 allele, iFlpMosaics and
twin-spot clones can be induced, specifically in the progeny of any
proliferating cell.

Given the limitations of current technologies, iFlpMosaics will
greatly facilitate theinduction and high-throughput functional analysis
of genetic mosaics. It will be crucial for understanding how individual
or combined genetic mutations affect the biology of single cells during
tissue development, regeneration or disease.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41592-024-02534-w.

References

1. Hansen, A. H. et al. Tissue-wide effects override cell-intrinsic
gene function in radial neuron migration. Oxford Open Neurosci.
https://doi.org/10.1093/oons/kvac009 (2022).

2. Hansen, A. H. & Hippenmeyer, S. Non-cell-autonomous
mechanisms in radial projection neuron migration in the
developing cerebral cortex. Front. Cell Dev. Biol. 8, 574382
(2020).

3. Vazquez-Liebanas, E. et al. Mosaic deletion of claudin-5 reveals
rapid non-cell-autonomous consequences of blood-brain barrier
leakage. Cell Rep. 43, 113911 (2024).

4. Contreras, X. et al. A genome-wide library of MADM mice for
single-cell genetic mosaic analysis. Cell Rep. 35, 109274 (2021).

5. Zong, H. Generation and applications of MADM-based mouse
genetic mosaic system. Methods Mol. Biol. 1194, 187-201 (2014).

6. Zong, H., Espinosa, J. S., Su, H. H., Muzumdar, M. D. & Luo, L.
Mosaic analysis with double markers in mice. Cell 121, 479-492
(2005).

Nature Methods


http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-024-02534-w
https://doi.org/10.1093/oons/kvac009

Article

https://doi.org/10.1038/s41592-024-02534-w

10.

n

12.

13.

4.

15.

16.

17.

18.

19.

20.

21.

Liu, J. et al. Non-parallel recombination limits cre-loxP-based
reporters as precise indicators of conditional genetic
manipulation. Genesis 51, 436-442 (2013).

Fernandez-Chacon, M. et al. iSuRe-Cre is a genetic tool to

reliably induce and report Cre-dependent genetic modifications.
Nat. Commun. 10, 2262 (2019).

Schmidt-Supprian, M. & Rajewsky, K. Vagaries of conditional gene
targeting. Nat. Immunol. 8, 665-668 (2007).

Lao, Z., Raju, G. P, Bai, C. B. & Joyner, A. L. MASTR: a technique

for mosaic mutant analysis with spatial and temporal control of
recombination using conditional floxed alleles in mice. Cell Rep.
2, 386-396 (2012).

Cheung, G. et al. Multipotent progenitors instruct ontogeny of the
superior colliculus. Neuron 112, 230-246 e211 (2024).

Hunter, N. L., Awatramani, R. B., Farley, F. W. & Dymecki, S. M.
Ligand-activated Flpe for temporally regulated gene
modifications. Genesis 41, 99-109 (2005).

Pontes-Quero, S. et al. Dual ifgMosaic: a versatile method for
multispectral and combinatorial mosaic gene-function analysis.
Cell170, 800-814 €818 (2017).

Cai, D., Cohen, K. B., Luo, T., Lichtman, J. W. & Sanes, J. R. Improved
tools for the Brainbow toolbox. Nat. Methods 10, 540-547 (2013).
Rodriguez, C. I. et al. High-efficiency deleter mice show that FLPe
is an alternative to Cre-loxP. Nat. Genet. 25, 139-140 (2000).

Luo, W. et al. Arterialization requires the timely suppression of cell
growth. Nature 589, 437-441(2021).

Dharaneeswaran, H. et al. FOXO1-mediated activation of Akt plays a
critical role in vascular homeostasis. Circ. Res. 115, 238-251(2014).
He, C. et al. c-myc in the hematopoietic lineage is crucial for its
angiogenic function in the mouse embryo. Development 135,
2467-2477 (2008).

Claveria, C., Giovinazzo, G., Sierra, R. & Torres, M. Myc-driven
endogenous cell competition in the early mammalian embryo.
Nature 500, 39-44 (2013).

Wilhelm, K. et al. FOXO1 couples metabolic activity and growth
state in the vascular endothelium. Nature 529, 216-220 (2016).
Munoz-Martin, N., Sierra, R., Schimmang, T., Villa Del Campo, C. &
Torres, M. Myc is dispensable for cardiomyocyte development but
rescues Mycn-deficient hearts through functional replacement
and cell competition. Development 146, dev170753 (2019).

22. Eijkelenboom, A. & Burgering, B. M. FOXOs: signalling integrators
for homeostasis maintenance. Nat. Rev. Mol. Cell Biol. 14, 83-97
(2013).

23. Paik, J. H. et al. FoxOs are lineage-restricted redundant tumor
suppressors and regulate endothelial cell homeostasis. Cell 128,
309-323 (2007).

24. He, L. et al. Proliferation tracing reveals regional hepatocyte
generation in liver homeostasis and repair. Science 371,
eabc4346 (2021).

25. Wei, Y. et al. Liver homeostasis is maintained by midlobular zone 2
hepatocytes. Science 371, eabb1625 (2021).

26. Siebel, C. & Lendahl, U. Notch signaling in development, tissue
homeostasis, and disease. Physiol. Rev. 97, 1235-1294 (2017).

27. Fernandez-Chacdn, M. et al. Incongruence between
transcriptional and vascular pathophysiological cell states.

Nat. Cardiovasc. Res. 2, 530-549 (2023).

28. Pontes-Quero, S. et al. High mitogenic stimulation arrests

angiogenesis. Nat. Commun. 10, 2016 (2019).

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images

or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit

line to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Nature Methods


http://www.nature.com/naturemethods
http://creativecommons.org/licenses/by-nc-nd/4.0/

Article

https://doi.org/10.1038/s41592-024-02534-w

Methods

Mice

All mouse husbandry and experimentation were conducted using
protocols approved by local animal ethics committees and authori-
ties (Comunidad Auténoma de Madrid and Universidad Auténoma de
Madrid CAM-PROEX177/14, CAM-PROEX167/17, CAM-PROEX 164.8/20
and PROEX 293.1/22). The mouse colonies were maintained in racked
individual ventilation cages according to current national legislation.
The mice had dust and pathogen-free bedding and sufficient nest-
ing and environmental enrichment material for the development
of species-specific behavior. All mice had ad libitum access to food
and water in environmental conditions of 45-65% relative humidity,
temperatures of 21-24 °C and a 12-12 h light-dark cycle. To preserve
animal welfare, mouse health was monitored with an animal health
surveillance program that followed the Federation of European Labo-
ratory Animal Science Associations (FELASA) recommendations for
specific pathogen-free facilities.

We generated and used Mus musculus lines on the C57BL6 or
C57BL6 x 129SV or B6CBAF1 0or C57BL6 x DBA genetic backgrounds. All
mice were backcrossed to C57Bl6 for several generations. To generate
miceforanalysis, weintercrossed mice aged between7and 30 weeks. We
analysjzed mice of both sexes. We do not anticipate any influence on our
dataofmousesex. Thefollowingmouselineswereusedandintercrossed:
Tg(CdhS-CreERT2)%, Tg(iSuRe-Cre)®, Notch?**°, Notch2™', Notch3"*,
Rbp/™%, Myc™*, Mycn>, DU4™"*°, KdF"**', Foxo1/3/4"**, Rosa26-
EYFP*8, Rosa26-iChr2-Mosaic®, Tg-iMb2-Mosaic or iCreM/MTomato/MTFPI3
Gt(Rosa)Zétm3(CAG-F1pO-ERT2)AIi1(), Gt(Rosa)2650rtm14(CAG-LSL-thomato)Hzest’
R26-iFIpTomato2ACre/MYIP2AF PO ACTB:FIpE allele® and Apin-FIpO*°. The
following mouse lines were produced in this study: R26-iF[p"TmatoCre/Myer.
Tig-iF[pTomato-H26-GFP-Cre/MYFP-H2E-Cherry-FIpO | T(INS-CAG-FIpO-ERT2), Tg(INS-
CAG-DreERT2), Tg(CdhS-FIpO-ERT2), Tg-iFlp"?5 Chern/GF/Cerulean T ipre/
FlpPreenior and MKi67-2A-DreERT2.

The Tg_l-FlpMTumato'HZBrGFPrCre/MYFP—HZBrCherryVFIpO’ Tg(’NS'CAG'FIPO'ERTZ),
Tg-iFlp"25 cherry/GFF/Cerulean qnd Tg-iDre/FIp™ """ mouse alleles were
generated by standard DNA injection into mouse eggs and screen-
ing of several transgenic founders, as indicated in the main text or
figures. The chromosomal position of these transgenic alleles was
mapped by targeted locus amplification and sequencing (Cergentis).
The Tg_iF[pMTamato-HZB-GFP-Cre/MYFP-HZB-Cherry-FIpO allele is in chromossome
3:44,078,483, the Tg-iFlp'?5 cherry/CiP/Cerulean glele is in chromossome
16:66,008,291 and the Tg-iDre/FIp" & allele is in chromosome
13:90,390,612. The Cergentis report also indicated that there
are no genes in the integration sites for all these three alleles. The
R26-iFIpMTomato24CreMFP24FIp0 g]lele was generated by CRISPR-assisted
gene targeting of the Rosa26 locus in G4 ES cells, using the guide
GACTGGAGTTGCAGATCACGA_GGG (IDT DNA) and a donor DNA,
as previously described'. The targeted ES cells were used for mice
production. After eggs from these mice were injected with guide
RNAs recognizing the sequence CCTGTGCAAGACCCCCCCCA_AGG
and GGCGGATCTGATAAGCTCGA_GGG and a donor DNA coding
for YFP-WPRE-pA to delete the 2A-FIpO cassette and obtain the
R26-iFIpMTomatocre/MYP gllele, The Tg(CdhS-FIpO-ERT2) line was gen-
erated by CRISPR-Cas9-assisted gene targeting of the existing
Tg(CdhS-CreERT2) line” in mouse eggs, using the guide AAGCTTATC-
GATACCGTCGA_CGG and adonor DNA containing the Cdh5-FIpO-ERT2
sequence. Tg(INS-CAG-DreERT2) mice were generated by CRISPR-Cas9
using guide RNAs (GATGTCGAACTGGCTCATGG_TGG and AACAGGCG-
GATCTGCGTACG_CGG) targeting the existing FIpO sequence contained
in the prescreened Tg(INS-CAG-FlpO-ERT2) transgene and a donor
DNA containing the CAG-DreERT2 sequence. The Mki67-2A-DreERT2
line was generated by CRISPR-Cas9 using guide RNA ACTGGAGGT-
GAAAACCACAC_TGG targeting a sequence after the stop codon of
the Mki67 gene and a donor DNA fragment containing the sequence
MKi67-2A-DreERT2-WPRE-sv40pA-MKi67 (Extended Data Fig. 7f). The
injection mixtures consisted of 0.305 mM of the described crRNAs

(IDT) and tracrRNA (IDT, catalog 1072533) and 20 ng pl™ Cas9 nuclease
(Alt-RStreptococcus pyogenes HiFi Cas9 Nuclease V3,100 pg, catalog
1081060). The founders were initially screened by polymerase chain
reaction (PCR) with the primers described in Supplementary Table 1.

Toinduce CreERT2, FIpO-ERT2 or DreERT2 activity in adult mice,
1g tamoxifen (Sigma-Aldrich, P5648_1G) was dissolved in 50 ml corn
oil (stock tamoxifen concentration, 20 mg ml™), and aliquots were
stored at —20 °C. The animals received intraperitoneal injections of
50-150 pl of this stock solution (total dose, 1-3 mg tamoxifen per
animal at40-120 mg kg™), asindicated in the figures. For treatment of
pregnant females, the tamoxifen was dissolved together with proges-
teronetoreduce miscarriage (2 mgtamoxifen and1 mg progesterone
per mouse). To activate recombinationin pups, 4-OHT wasinjected at
theindicated stages ata dose of 40 mg kg’ or 4 mg kg body weight, as
indicatedinthefigures. Allmouse lines and primer sequences required
for genotyping are provided in Supplementary Table 1.

Immunofluorescence on tissue cryosections

For multispectral iFlpMosaics tissue collecting, the mice were killed
in CO, chambers, 10 ml of 50 mM KCI were injected into the left
ventricles and whole mice were perfused with 3.7-4% formaldehyde
(ITW Reagents, 252931) at pH 7. The explanted tissues were postfixed
for2 hin4% paraformaldehyde (PFA) (Thermoscientific, 043368.9 M)
in phosphate-buffered saline (PBS) at 4 °C with gentle rotation. After
three washesin PBS for 10 min each, the organs were stored overnightin
30%sucrose (Sigma) in PBS. The organs were thenembedded in optimal
cutting temperature coumpound (Sakura) and frozen at —80 °C. The
cryosections (35 um) were cut on a cryostat (Leica), washed three
times for 10 min each in PBS and blocked and permeabilized in PBS
containing 10% donkey serum (Millipore), 10% fetal bovine serum
(FBS) and 1% Triton X-100. The primary antibodies (Supplementary
Table 2) were diluted in the same buffer and incubated with sections
overnight at 4 °C. This step was followed by three 10 min washes in
PBS and incubation for 2 h with conjugated secondary antibodies
(Supplementary Table 2) and 4,6-diamidino-2-phenylindole (DAPI)
in PBS at room temperature. After three washes in PBS, the sections
were mounted with Fluoromount-G (SouthernBiotech). To detect
the DLL4 protein, we had to use streptavidin/tyramide-based signal
amplification. Briefly, BLOXALL endogenous blocking solution (Vector
Laboratories, SP-6000) was used to quench endogenous peroxidase
activity. After adding the primary goat anti-DIl4 and secondary anti-
body biotin-donkey anti-goat (as mentioned above), the slides were
washed three times for 10 min in Tris-buffer with sodium and tween
(TBST) (0.05 M Tris-HCIpH7.5,0.3MNaCl and 0.1% Tween20) and then
incubated with ABC reagent (Vectastain Elite ABC-HRP Kit, PK-6100)
for1hatroomtemperature. After three washes with TBST buffer, the
slides were incubated 3 min with tyramide signal amplification (TSA)
fluorescein (PerkinElImer NEL701A) to amplify the signal.

Immunofluorescence on paraffin sections

The RBPJ protein was detected with the TSA kit (NEL701A) procedure
in paraffin sections after antigen retrieval. In brief, the sections were
dewaxed and rehydrated, followed by antigen retrieval in sub-boiling
sodium citrate buffer (10 mM, pH 6.0) for 30 min. The slides were
cooled down to room temperature for 30 min, followed by incuba-
tion for 10 min in BLOXALL Endogenous Blocking Solution (Vector
Laboratories, SP-6000) to quench endogenous peroxidase activity.
Next, the slides were washed twice for 5 min each in TBST buffer (0.3 M
NaCl, 0.05 M Tris-HCI pH 7.5 and 0.1% Tween20), followed by block-
ing for 1 h in PBS containing 10% donkey serum, 10% FBS and 0.3%
Triton. The sections were thenincubated with primary antibodies (rat
anti-RBPj, rabbit anti-RFP-594 and goat anti-GFP (green fluorescent
protein); Supplementary Table 2) at 4 °C in TBST buffer containing
5% donkey serum and 1% FBS. The slides were washed three times for
10 minin TBST buffer and thenincubated for1 hat room temperature
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with biotin-SP-donkey anti-ratand donkey anti-goat AF680 antibodies.
The slides were washed three times for 10 minin TBST buffer and then
incubated with ABC reagent (Vectastain Elite ABC-HRP Kit, PK-6100)
for1hatroomtemperature. After three washes with TBST buffer, the
slides were incubated for 3 min with TSA fluorescein (PerkinElmer
NEL701A). The slides were then washed three times for 10 minin TBST
buffer and stained with DAPI before mounting with Fluoromount-G
(SouthernBiotech).

Whole-mount immunofluorescence of retinas

For postnatal mouse retinaimmunostaining, eyes were collected and
fixed inice-cold 4% PFA in PBS for 10 min. The eyes were then incu-
bated in the same solution for a further 15 min at room temperature,
washed oncein PBS and kept onice. After microdissection with spring
scissors (FST), the retinas were fixed in 4% PFA for an additional 45 min
atroomtemperature, followed by two PBS washes of 10 min each. The
retinas were blocked and permeabilized for 1 h in PBTS buffer (0.3%
Triton X-100, 3% FBS and 3% donkey serum). The samples were then
incubated overnight at 4 °C with biotinylated isolectin B4 (Vector
Labs, B-1205, diluted 1:50) and primary antibodies (Supplementary
Table 2) diluted in PBTS buffer. After five washes (20 mineach) in PBTS
buffer diluted 1:2, the samples were incubated for 2 h at room tem-
perature with Alexa-conjugated secondary antibodies (Supplementary
Table 2). After three washes of 30 min eachin PBTS buffer (diluted 1:2)
and two washes of 15 min each in PBS, the retinas were mounted with
Fluoromount-G (SouthernBiotech).

Invivo EdU labeling and detection of EC proliferation

To detect EC proliferation in postnatal liver and pancreas, 20 ug g™
body weight EdU (Invitrogen, A10044) was injected intraperitoneally
into P1,P7 or P20 mice 4 hbefore dissection. Livers and pancreases were
fixed in 4% PFA and processed for cryosectioning as described above.
The EdU signals were detected with the Click-it EU Alexa Fluor 647
or 488 Imaging Kit (Invitrogen, C10340 or C10337). In brief, after all
other primary and secondary antibody incubations, the samples were
washed according to theimmunofluorescence staining procedure and
thenincubated with Click-iT EdU reaction cocktail for 40 min, followed
by DAPI counterstaining.

Isolation of lung fibroblasts from adult mice
To establish primary cell cultures of lung fibroblasts we followed a
published protocol*°, with some modifications. Briefly, lungs were
dissected from mice under sterile conditions and placed in sterile
PBS.Inacellculturehood, the lungs were removed from PBS and then
chopped into small fragments with scissors and placed in 10 ml of
digestion buffer containing Dulbecco’s phosphate-buffered saline
(DPBS, Thermofisher 14040141) with Liberase TL (0.14 Wunsch units
per milliliters; Merck 5401020001) and 1x antibiotic/antimycotic
(Thermofisher 15240096). The tissue in digestion buffer was incu-
bated in a water bath at 37 °C for 30 min, with mixing every 2-3 min.
After this period, the solution was pipetted up and down to break
clumps and after 10 ml of culture medium containing DMEM buffer/
F12 (Thermofisher 11320033), 15% FBS and 2x antibiotic/antimycotic
solution was added. This cell suspension was centrifuged at 500g for
5min. The cell pellet was washed two times with culture medium to
remove liberase completely. At the end, the cells were resuspended
in 12 ml of culture medium and seeded in a p100 dish and incubated
at 37 °C, 5% CO, and 3% O,. The medium was changed after 3-5 days,
when fibroblasts had crawled out of tissue fragments. The fibroblasts
were then expanded and maintained in full medium at 37 °C, 5% CO,
and 3% O, for expansion and only transferred to normoxic conditions
to carry out experiments.

Toinduce recombination, the cells were trypsinized, resuspended
and plated in culture medium containing 0.2 pM of 4-OH tamoxifen for
4 hand washed after in culture medium. The cells were then trypsinized

atdifferent timepoints afterinduction (24,48, 72,96 and 120 h), stained
with DAPI and analyzed or sorted in a FACS machine. A minimum of
20,000 cells per experimental group were sorted into 300 pl of a
solution containing DPBS and 10% FBS. At the end, the cells were
centrifuged at 500g for 5 min at 4 °C, and the supernatants removed.
The cell pellets were stored at =80 °C until all the samples were ready
to be further processed. Genomic DNA was extracted from cell
pellets by incubating each pellet in 40 pl of DirectPCR Lysis Reagent
(Viagen 301-C) supplemented with proteinase K (0.33 mg ml™) and
incubated at 55 °C overnight. Proteinase K was inactivated by incu-
bating samples at 85 °C for 45 min. A total of 1 pul of each sample was
directly used for quantitative real-time PCR (qRT-PCR) using Tagman
universal master mix and an Applied Biosystems QuantStudio5
machine.

Derivation and live imaging of mouse embryonic stem cells

To derive genetically modified mouse ES cells, we intercrossed mice
containing the desired alleles, and the pluripotent cells unit at CNIC
(centro nacional de investigaciones cardiovasculares) expanded
invitro their blastocysts according to established protocols*. Briefly,
the blastocysts 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, -mercaptoethanol, LIF,
20%serumreplacement,3 pM CHIR and 1 uM PD). The blastocysts were
cultured without disturbance for 3 days. From day 4, the medium was
changed every other day, and when each embryo inner cell mass had
grown sufficiently, it was disaggregated by gently trypsinization and
individually passaged to a new 24-well plate. Following several pas-
sages, theindependent cell lines were genotyped, expanded and frozen.
Aselected ES clone carrying the alleles CAG-FIpO-ERT2, iDre/Flp™gericer
and R26-iF[p"TomatoCre/MP yas plated on matrigel and induced with1 pM
of 4-OHT for 3 h and incubated for 22 h more with ES-2i medium. The
antibody hCD2-APC was added 2 h before starting the time-lapse live
imaging (24 h after 4-OHT induction) on a Leica SP8 Navigator with a
chambersetat37 C and 5% CO,.

Image acquisition and analysis

For confocal scanning, the immunostained organ sections or
whole-mount retinas were imaged at high resolution with a Leica SP8
Navigator confocal microscope fitted witha10x, 20x or 40x objective.
Theindividualfields or tiles of large areas were acquired. All theimages
shown are representative of the results obtained for each group and
experiment. The animals were dissected and processed under exactly
the same conditions. Comparisons of phenotypes or signal intensities
were made using images obtained with the same laser excitation and
confocal scanner detection settings. ImageJ/FIJI v1.53¢c was used to
threshold, select and quantify the objects in confocal micrographs.
Manual and automatic ImageJ public plugins and custom-made Fiji
macros (file ‘Script_Reporter_Marker detection_FINAL.ijm’ for quan-
tifying ERG (EC nuclei marker) or DAPI colocalization with reporters
and other markers; Figs.1le-k, 2f-hand 3e and Extended Data Figs. 1d,
3d, 4 and 6c,d) and R scripts were used for quantification: ‘Script_
PostnatalLiver_CloneOutput’ (for postnatal liver clonality analysis;
Fig. 4b,e), ‘Script_PostnatalPancreas_CloneOutput’ (for postnatal
pancreas clonality analysis; Fig. 4g-i), ‘Script_AdultLiver_CloneOutput’
(foradultliver clonality analysis; Fig. 4k-p and Extended Data Fig. 6e)
and ‘RMacroForClustering_iProgenitor’ (for clustering analysis of
iProgenitor mouseline; Extended Data Fig. 7b,c). Adobe Photoshop CC
19.1.5and Adobe llustrator CCv22.1were used for downstream image
processing, analysis and illustration.

FACS and sorting

Embryonic, postnatal or adult tissues were dissociated before
FACS. The embryonictissues were dissociated using the Miltenyi Biotec
Tissue Dissociation Kit 2 (130-110-203). Postnatal and adult mouse
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tissues were first digested for 20 min at 37 °C with 2.5 mg ml™ col-
lagenase type | (Thermofisher), 2.5 mg ml™ dispase Il (Thermofisher)
and 50 ug mI' DNAsel (Roche).

The dissociated samples were filtered through a 70 pm cell
strainer, and the cells were centrifuged (400g, 4 °C for 5 min). The
cell pellets were gently resuspended in blood lysis buffer (0.15M
NH,CI, 0.01 M KHCO; and 0.01 M EDTA buffer in distilled water) and
incubated for 10 min onice to remove erythroid cells. The cells were
centrifuged (400g at, 4 °C for 5 min), and the cell pellets were gently
resuspended in blocking solution (PBS without Ca** or Mg**and con-
taining 3% dialyzed FBS (Termofisher)) and incubated at 4 °C with
shakingfor20 min. The cells were centrifuged (300gat 4 °C for 5 min),
resuspended and incubated for 30 min at 4 °C with APC rat anti-mouse
CD31and APC-CY7 anti-CD45 (Supplementary Table 2). The cells were
then centrifuged (400g, 4 °C for 5 min), resuspended, washed in PBS
without Ca*" or Mg?" and centrifuged again, and the cell pellets were
resuspended in blocking solution. The cells were kept on ice until
used for FACS. DAPI (5 mg ml™) was added to the cells immediately
before analysis. The cells were routinely analyzed with a LSRFortessa
cell analyzer or sorted in a FACS Aria Cell Sorter (BD Biosciences)
(see Supplementary Fig.2 for an example of the FACS gating strategy).
BD FACS Diva V8.0.1 and Flow JO v10 were utilized for FACS data
collection and analysis.

Cellisolation for transcriptomic analysis

For qRT-PCR analysis, approximately 20,000 DAPI-negative MTomato*
or MYFP* cells from dissociated tissues were sorted directly to RLT
buffer (RNAeasy Microkit, Qiagen), and RNA was extracted according
to themanufacturer’sinstructions and stored at —80 °C. This RNA was
later used for qRT-PCR or RNA sequencing analysis. For qRT-PCR, the
total RNA was retrotranscribed with the High Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (Thermo fisher, 4368814).
Complementary DNA (cDNA) was preamplified with Tagman PreAmp
Master Mix containing a Tagman Assay-based preamplification pool
composed of amix of the Tagman assays indicated in Supplementary
Table 3. The preamplified cDNA was used for qRT-PCR using the same
gene-specific Tagman Assays and Tagman Universal Master Mix inan
AB7900 thermocycler (Applied Biosystems). The data were retrieved
and analyzed with AB7900 software.

For RNA-seq analysis (Fig. 6), the embryos were dissociated using
Miltenyi Biotec Tissue Dissociation Kit 2 (130-110-203).A 1.2 ml volume
of dissociation solution was placed together with asingle embryoina
2 mlround-bottom tube. Following a5 minincubationina37 °C water
bath, the tubes were placed inside a prewarmed 50 mlfalcon tube and
incubated for 25 min on a MACSmix Tube Rotor. The cells were then
resuspended with 30 strokes with a Gilson P1000 pipette, starting
slowandincreasing speed gradually. To the 1.2 ml cell suspension 3 ml
of sorting buffer was added (10% FBS in Ca,- and Mg,-free PBS), and
the resulting solution was transferred to a 5 ml syringe. This volume
was pressed slowly through a small 70 pm strainer to remove clumps.
Each embryo yielded around 30 million cells at this stage and was
processed independently. The cell suspensions were spun at400g for
6 min, and the pellets were detached and resuspended in 300 p sort-
ing buffer containing DAPI. DAPI-negative, single and live MTomato*
and MYFP’ cells were sorted to eppendorf tubes containing 300 pl of
sorting buffer. A total of 66,000 MTomato" cells and 30,000 MYFP*
cells were sorted using a 100 pm nozzle, 20 PSI, and high purity scale
and relatively low flow rate (less than 3,000 events per second) to
preserve cell viability and decrease contamination. The sorted cells
were spun at 500gfor 5 minandresuspendedin30-40 pL cell-capture
buffer (Ca,-and Mg,-free PBS supplemented with 0.04% bovine serum
albumin). After counting the cells in a Countess 3 Automated Cell
Counter (Thermo Fisher Scientific), two independent 10x Genomics
ports were loaded with either 16,000 MTomato* cells (90% viability)
or16,000 MYFP* cells (88% viability).

Next-generation sequencing sample and library preparation
Next-generation sequencing experiments were performed in the
CNIC Genomics Unit. For scRNA-seq experiments, the single cells were
encapsulated in emulsion droplets using the Chromium Controller
instrument (10x Genomics). scRNA-seq libraries were prepared accord-
ingtothe manufacturer’sinstructions. The aimed target cell recovery
foreach port was10,000 cells. The generated libraries were sequenced
inaHiSeq4000 or NextSeq2000 system (Illumina).

Transcriptomic data analysis
Transcriptomic data were analyzed by the CNIC Bioinformatics Unit,
Alvaro Regano and Irene Garcia.

The following pipeline was followed for scRNA-seq data process-
ing and in silico cell-type selection. For alignment and quantifica-
tion of gene expression, the reference transcriptome was built using
mouse genome GRCm38 and Ensembl gene build v98 (sep2019.archive.
ensembl.org). The WPRE-sv40pasequences expressed inthe MTomato*
and MYFP* samples were added to the reference. The gene metadata
were obtained from the corresponding Ensembl BioMart archive. The
reads from transcripts were processed, aligned and quantified using
the Cell Ranger v6.1.2 for the Rbpj wild-type versus KO samples and
CellRanger v7.1.0 for the Notch1/2/3 wild-type versus KO samples. The
single-cell analysis was based on the Seurat v4.1.3 (https://satijalab.
org/seurat/)** and DoubletFinder R packages. Low-quality cells
were filtered out using the following criteria: total counts, >1,000
and <55,000; genes detected, >500 and <7,500; mitochondrial tran-
scripts content, <15%; hemoglobin transcripts, <1%; and ribosomal
transcripts, <35. The counts were log-normalized and scaled, followed
by a principal component analysis and clustering using the shared
nearest-neighbors algorithm and Louvain clustering (settings as
defaults except for the 2,000 most variable genes, 24 principal com-
ponentsand aresolution of 0.35). The clusters and cells were classified
onthebasis of the SingleR function from the SingleR package (v2.0)*.
Spearman correlation coefficients with an 80th percentile threshold
were taken into consideration for correct cell type assignment using the
following three datasets as reference for the label transfer: Blueprint
ENCODE, the Human Primary Cell Atlas cell-type profile collection*
and a scRNA-seq mouse dataset from the celldex package (https://
bioconductor.org/packages/release/data/experiment/vignettes/
celldex/inst/doc/userguide.html). This identification was used to
predefine the different cell types presentinthe dataset for the analysis.
The doublets were removed using DoubletFinder, using afirst annota-
tion with 24 PCs (principal components), number of artificial doublets
(pN) 0.25and aneighbourhood size (pK) of 0.05, and the second anno-
tationwith10 PCs, pN 0.25and pK 0.05. The cells classified as singlets
were preserved. The singlets were then reclustered using 19 principal
componentanalyses and a clustering resolution of 0.35. Amanual cura-
tion of the identified clusters was applied to confirm and finetune the
identity of the clusters based on available scRNA-seq bibliography***.
R scripts used to analyze RNA sequencing data, ‘Script_Embryos_
Jan2023’" and ‘ToGenerateGraphsOnly’ (Fig. 6 and Extended Data
Figs.8-10), are available at GitHub (https://github.com/RuiBenedito/
Benedito_Lab/tree/main/iFIpMosaics).

To evaluate the rate of exon deletion (for Rbpj, Notchl, Notch2
and Notch3) in scRNA-seq data obtained from the different iFlpMosaic
experiments (Fig. 6), we evaluated the number of reads with unique
molecule identifiers aligning with each of the exons (included the
deleted/floxed exons) and the last 3’ exon-UTR sequence, the latter
usually overrepresented in 3’ mRNA 10x Chromium sequencing data.
Avalid cellbarcode, unique molecule identifier and compatible strand
was considered in the quantification. The exon read data were incor-
poratedinto the Seurat object as metadata and normalized to the total
RNA counts per cell. If more than one exon was flanked by loxP sites, the
sum of their reads was aggregated as a single variable to quantify the
deletion. Subsequently, we visualized the data using a dot plot analysis
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showing the percentage of cells and average expression of the whole
mRNA (which includes the last 3’ UTR exon that is overrepresented)
or the specific gene floxed exons, expected to be deleted by Cre in
MTomato" (mutant) cells.

Copy number assays

To determine the copy number of FIpO- or Cre-expressing cassettes
after transgenesis, genomic DNA was extracted from mouse tail biop-
sies. Briefly, the blood samples were digested overnightin 500 pl pro-
teinase K solution (10 mM Tris-HCI (pH 8.0),100 mM NaCl,10 mMEDTA
(pH 8.0), 0.5% sodium dodecyl sulfate and 0.25 mg ml™ proteinase
K) with occasional vortexing. To this solution, 250 pl each of phenol
and chloroformwas added, followed by vigorous vortexing to ensure
thorough mixing. The samples wereimmediately microcentrifuged at
maximum speed for 5 min to separate the aqueous and organic layers.
The upperaqueous layer (300 pl) was removed, with special care taken
nottodisturb theinterface. To 300 pl solution, 30 pl (0.1x volume) of
3 MNaAcand 825 pul (2.5% volume) 0f 100% EtOH were added. The tubes
were then shaken ten times to precipitate the DNA. The samples were
spundown at maximum speed for atleast 45 minat 4 °C. The superna-
tantwasremoved and pelleted DNA was washed with 500 pl 70% ethanol,
followed by centrifuging at max speed for 5 min. The washed pellets
wereresuspended overnight in 100 pl Tris-EDTA solution (Tris 10 mM
and 0.1mM EDTA, pH 8). The next day, the DNA concentrations were
measured in a NanoDrop microvolume spectrophotometer (Thermo
Fisher Scientific) and diluted to a final concentration of 10 ng pl™.

For the copy number assays, we performed qRT-PCR with TagMan
Universal Master Mix (TaqMan, 4440049) and the following probes:
Tert TagMan Copy Number Reference Assay (TagMan probe, 4458369,
withdye VIC: 2'-chloro-7'-phenyl-1,4-dichloro-6-carboxyfluorescein),
and probes and primer sets with the fluorophore fluorescein amidite
(FAM) designed in the lab and synthetized by integrated DNA tech-
nologies (idtdna.com). To detect FIpO (qPCR FIpO probe: TCTT
GATGTCGCTGAACCTGCCG with primers FIpO-qPCR-F: CTGTAC
CAGTTCCTGTTCCTG and FIpO-qPCR-R: CTTGTCTTGGTCTCGGTCAC)
and a predesigned Cre assay to detect the Cre gene (Mr00635245 _cn,
ThermoFisher).

The relative number of copies of the genes of interest was deter-
mined using the Tert probe as areference. The Tertand FIpO/Cre probes
were combined in the same reaction since they emit different fluoro-
phores, VICand FAM, respectively. The qRT-PCR reactions were runin
an AB7900 thermocycler (Applied Biosystems).

Statistics and reproducibility

The numerical data was first processed with Microsoft Excel 2016 and
after analyzed and plotted with Graphpad Prism v7.03. All bar graphs
showmean + standard deviation. The experiments were repeated with
independent animals, as stated in the source datafile or figure legends.
The comparisons between two sample groups with a Gaussian distri-
bution were by unpaired two-tailed Student ¢-tests. The comparisons
among more than two groups were by one-way analysis of variance fol-
lowed by multiple comparison tests. Datapoints were analyzed and plot-
ted with GraphPad Prism. No randomization or blinding was used, and
theanimals or tissues were selected for analysis based on their genotype,
the detected Cre/FIpO/Dre-dependent recombination frequency and
the quality of multipleximmunostaining. The sample sizes were chosen
accordingtothe observed statistical variationand published protocols.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq datacanbe viewed at the Gene Expression Omnibus under
accessionnumber GSE257723. The instructions and code toreproduce

all scRNA-seq or image analysis results can be found at GitHub via
https://github.com/RuiBenedito/Benedito_Lab/tree/main/iFlpMosaics.
The unprocessed FACS raw data files or original microscopy images
of the data are available upon request. All other data supporting the
findings in this study are included in the main article and associated
files. Source data are provided with this paper.
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Extended Data Fig. 1| False positives and false negatives with Cre-dependent
mosaic genetics. a, Schematic showing how a standard Cre-reporter can
recombine and label cells without the deletion of any floxed gene (G) (false
positives) and how the floxed gene can be deleted in non-Cre-recombined cells
(false negatives). b, Different recombination efficiencies of different Rosa26
Cre-reporters in postnatal day 7 mice having the Cdh5-CreERT2 allele, despite

alllocalizing to the Rosa26 locus and having a similar genetic distance between
LoxPssites. c,d, Analysis of FACS or immunohistochemistry data reveals that
Cre-reporters only accurately report recombination of themselves, not that of
other floxed alleles (reporters), particularly at low tamoxifen doses. Data are
presented as mean values +/-SD.
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Extended DataFig. 2 | iFlpMosaics are neither toxic nor leaky. a, b, Schematic of Creis non-toxic to cells. i, j FACS analysis of FIpO versus Cre-dependent
diagrams of the novel Rosa26-iF[p"™maocr/MP and Tg-jFlpMTomat-H26-GFP-CreMYfPH2ECherryFipO— |eakiness in adult organs of mice carrying the standard Rosa26-LSL-YFPallele
alleles, showing the genetic distances between the mutually exclusive FRT site in combination with iFlpMosaics alleles. FIpO leakiness was not detected

pairs and the expected outcomes after FIpO/FIpO-ERT2 recombination. (0% MTomato+ cells), and Cre-non-self-leakiness (only detectable with the

¢, d Confocal microscopy and FACS analysis of mouse ES cells used to generate additional Rosa26-LSL-YFP allele) was observed only in a very small fraction of
Rosa26-iF[pM™ma-cr/M P mice 3 days after transfection with FIpO-expressing cells from animals carrying the Tg-iFlp"omatoH26 GFP-Cre/MYFPH25-Cherry FIpO g [e|e and
plasmids. e-g, Frequency of recombination and expression detected by notatallin animals carrying the Rosa26-iF[p"7omaecrMY? g]lele, Kk, CreERT2
microscopy in ES cells and ECs derived from embryoid bodies (EBs). h, Relative alleles (thatis Cdh5-CreERT2) can be leakier than iFIpMosaics. Scale bars 50um
frequency of MTomato-2A-Cre+and MYFP+ cells in ES cells (in vitro) and in blood (cand gleft) and 200pm in fand g center and right. Data are presented as mean
(invivo); the absence of change over time shows that permanent expression values +/- SD. For statistics see Source Data file 1.
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Extended Data Fig. 3| Comparative analysis of recombination efficiency
inFIpO-ERT2 mouse lines. a-c, Representative FACs plots of different adult
organs (see quantitative data in Fig. 2g), showing MYFP+ and MTomato+ cell
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Extended Data Fig. 4 | Validation of iFIpMosaics for ratiometric quantitative
gene function analysis in cell migration and proliferation. a, Representative
confocal micrographs of a P6 retina from a Rbpj-floxed mouse carrying

the iFlp"™omao-re™MP and Apln-FlpO alleles. Apln is an X-chromosomal gene
(mosaically expressed in females) expressed at the angiogenic front of

growing vessels, recombining in angiogenic front ECs that later form the entire
vasculature. Apln also recombines in non-endothelial (ERG-negative) cells in the
retina. The right micrograph shows ERG-signal segmentation (EC nuclei), with
nuclei of MTomato+ (Rbpj*°) cellsin red and nuclei of MYFP+ (Rbpj*") cellsin
green. Grey nuclei are in non-recombined ERG+ cells. Dashed white lines demark
theleading edge (LE), angiogenic front (AF), and mature area (MA). A, arteries;
V, veins. The chart shows the log2 ratios of MTomato+to MYFP+ECsin each

retinal region, showing the enrichment of Rbpj*° cells in the LE and AF, which
suggests that loss of this gene induces cell migration to the front of the plexus.

b, cRepresentative confocal micrographs of a P6 retina from Rbpj-floxed mouse
carrying the iFlpTomato-H2BCFP-Cre/MYFPH2BCherry and Apin-FpO alleles. This allows the
nuclear labeling of Rbpj/° (H2B-GFP+) and Rbpj"" (H2B-Cherry+) ECs and blood
cells, which is more convenient for cell object segmentation and quantification
of nuclear-specific proteins, such as the proliferation and cell-cycle arrest
markers Ki67 and p21. Nuclear segmentation outlines: red, Cherry+/Ki67- or p21-;
pink, Cherry+/Ki67+ or p21+; green, GFP+/Ki67- or p21-; cyan, GFP+/Ki67+ or p21+.
Dataare presented as mean values +/- SD. For statistics see Source Datafile 1.
Scale bars, 150pm.

Nature Methods


http://www.nature.com/naturemethods

Article https://doi.org/10.1038/s41592-024-02534-w

a
1-cell
1x 40HT 4mg/kg at P6 (2n or 2x2n)
s
~ §
W= g
Q g
-
2 Q 2
Lo £ 3
§ o
Q & 3 S g
Q 3 g g =
2 2 5 5
1 —_— ) — >
2 k3 - S =
S (Wildtype =
) C
iFlpChromatin -u waEN pAmI WPRE“ % (AH2B Ceruleah |WPRENpAH INS Nms |
FRT FRT FRT FRT FRT FRT
F3 512 545 F3 512 545 Adult Organs
H2B-GFP
1x 40HT 40mg/kg at P1 IsolectinB4 H2B-GFP rry+GFP GFP+Cerulean
P7 Retina
f o n=7630
~ ! : 9 !
x 3 { i ‘A
= Q % f ! ) :
< 8 '
S ¢
= %
ic

- H 1

d Mutant Wildtype
Segmented (c] WtC WtG WtC
Dual Cells 4
[
o N
[*N
~
8 g §
e 3
2 & £
w 2
& 5 3
I 5 §
o 27
N L <
> = O
=~ 2
S
1x Tamoxifen Adul MbYFP, H2B-GFP Mutant . _
: ult g g 1 or 2 nuclei (2n) 2-nuclei (4n)
120mg/kg in Adult Liver MbTomato+MbYFP,
Cherry+GFP, GFP+Cerulean,
3
2 a
[ g &
x s 2
S : ¢
& ¢ 3
LogoF o tnucle
g o o =nuclei
Q@ s § § @n)
S 5 g = Wild
> & § P idype
> W T (&) 1 or 2 nuclei (2n 2-nuclei (2x2n)
= =3 = Wi
y
=
2-nuclei

(2x4n)

Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Combining iFIpMosaic with iFIp"™‘" yields higher
single-cell clonal resolution. a, Representative confocal micrograph of adult
liver sections from mice carrying the indicated alleles. Combination of these
membrane and nuclear reporter alleles allows up to 3 mutant and 1 wildtype cell
barcodes (labeling). Note that binucleated (2x2n) or polyploid (4n) hepatocytes
canhave more multispectral barcodes. b, Representative confocal micrograph
ofaP7 retina from an animal containing the indicated alleles and induced

at P1with 4-OHT. The bar shows the ratiometric frequency of each nuclear/
H2B+ fluorescent marker from the iF[p"™*" alele. ¢, Representative confocal
micrograph of the indicated adult organ sections. Mononucleated diploid

cells (kidney and lung) express only 1of 3 possible nuclear/chromatin markers,
whereas multinucleated or polyploid cells (hepatocytes and cardiomyocytes)
canexpress acombination of 2 or 3 possible markers (6 possible chromatin
barcodesin total). d, Recombination and cell barcoding possibilities in animals

carrying the indicated alleles. The representative confocal micrographs of a

P7 retina show that a fraction of wildtype and mutant cells can both be labeled
in4 different ways, substantially increasing single-cell clonal resolution. The
panel to therightillustrates how a Fijiimage analysis script automatically
detects, segments, and pseudocolors the nuclei of dual-labeled cells (cells
withboth nucleiand membrane labelled). e, Recombination and barcoding
possibilitiesin amononucleated diploid cellin animals carrying the indicated
alleles. f, Representative confocal micrographs of an adult liver, collected 2
weeks after tamoxifen induction, show that mutant hepatocytes can be labeled
with up to 16 different fluorescent barcodes, depending on whether the cells are
mononucleated (diploid) or multinucleated (polyploid). Wildtype hepatocytes
can have up to 8 different fluorescent barcodes (only 6 shown). Scale bars,
100pm.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Mapping the clonal expansion of single mutant and
wildtype cells with iFlpMosaics. a,b, Representative confocal images (low
magnification large tile scans) of entire P20 liver sections from mice carrying the
indicated alleles. Recombination of the reporter alleles was induced at P1and
resulted in different recombination frequencies. Right panels show the results
of automatic image processing with Fiji scripts, which generate spatial maps of
dual-labeled clones of cells (with membrane and nuclear labeling). The bigger
the circle, the bigger the clone. ¢, Quantification and representative confocal
micrographs of proliferative pancreatic cells (Ki67+in cycle or EdU+in S-phase)
atdifferent postnatal stages. d, Quantification and representative confocal
micrograph of Ki67+/DAPI+ cells in the adult liver. e, Representative confocal
micrographs of adult liver sections from control and Myc-floxed mice carrying

theindicated alleles. Left panels show endogenous fluorescent signals from the
reporter alleles. Center panels show sections from the same mice immunostained
withantibodies to DsRed (detects MTomato and H2B-Cherry), GFP (detects MYFP
and H2B-GFP), or the HA epitope (detects MTFP1and H2B-Cerulean) together
with Fiji-script-generated spatial maps of dual-labeled clones (with membrane
and nuclear labeling) reveal hepatocyte ploidy and clone size. Graphs show the
percentages of mononucleated cells, binucleated cells, and 2-cell mononuclear
clones. In control mice, MYFP+ (WT) and MTomato+ (WT) diploid cells occurin
similar proportions, whereas in Myc-floxed mutants MTomato+ (Myc*°) diploid
cells are more frequently binucleated and give rise to fewer 2-cell mononucleated
clones than MYFP+ (Myc"") cells. Scale bars, 50um (c, d), the rest 300um. Data are
presented as mean values +/- SD. For numerical data see Source Datafile 1.
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Extended Data Fig. 7 | iDre/FIp" " enables the effective induction of
genetic mosaics from single progenitor cells. a, FACS plots showing that

the iDre/Flp" =" allele significantly increases the recombination frequency

of the iFp"Tomat-creMYP g]lele when combined with the Tg(Ins-CAG-FIpO-ERT2)
allele, because it is much more sensitive to FIpO-ERT2 activity. b,¢, In animals
lacking the iDre/Flp" =" allele, most single-cell derived clones are formed by
justone type of cell (MTomato+ or MYFP+). With the iDre/Flp"*"*" allele, it is
possible to induce clones formed by mutant (MTomato+) and wildtype (MYFP+)
cellsderived from the same single progenitor cells. d, Representative confocal
micrograph of a P7 retina from an animal carrying the indicated alleles and
induced with avery low dose of 4-OHT (0,04 mg/kg) at P3. After induction of the
iDre/Flp™eenitr gllele, cells express the nuclear marker H2B-V5 and FlpO. After cell
division, FIpO will recombine the iFlp"™mao-reM g]|ele, generating MYFP+and
MTomato+ progeny cells derived from a single initial recombination event. Cells

at the angiogenic front disperse/migrate more after division than cells in the
mature plexus. e, Time-lapse confocal microscopy of mouse ES cells derived from
amouse with the indicated genotype. 24h after administration of 4-OHT (1uM),
ES cells first co-express the marker hCD2 at their surface (labelled with anti-
hCD2-APC) and FIpO. During the subsequent hours, the iFlpMosaic-recombined
progeny of these single progenitor ES cells express either MTomato-2A-Cre+

or MYFP+ (twin clones). f, Through the use of CRISPR-Cas9 mediated gene
targeting, we generated several founder mice carrying the Mki67-2A-DreERT2
knock-in allele detected with primers P1to P3. On the right arepresentative
confocal micrograph from a growing hair follicle (see also Fig. 5Sh) containing
many labelled cells 5 days after induction. Scale bars 500 uminb, ¢,100pmind,
20umine,and 25pmin f. Data are presented as mean values +/- SD. For statistics
see Source Datafile1.
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Extended Data Fig. 8| Single cell RNA-seq analysis combined with ratiometric
iFlpMosaics uncovers the cell-autonomous Rbpj gene functionin diverse

cell types. a, Umaps and barplots showing the identified clusters and their
frequencies among MYFP+ (Rbpj*") and MTomato+ (Rbpj*°) cells. Dot plots
show the frequency (size) and expression level (color intensity) for the top

cluster marker genes. b, Top differentially expressed genes per cluster between
MYFP+ (Rbpj*") and MTomato+ (Rbpj*°) cells. Most of the charts also show the
expression of Rbpyj, its canonical target HesI, and the proliferation markers Ki67
(cellsin G2/M of the cell-cycle) and Cdknla (likely arrested cells). ¢, Gene set
enrichment analysis (GSEA) pathways with their normalized enrichment score.
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Extended DataFig. 9 | Single cell RNA-seq analysis combined with ratiometric
iFlpMosaics uncovers the combined NOTCH1/2/3 receptors cell-autonomous
functionin diverse embryo cell types. a, Umaps and barplots showing the
identified clusters and their frequencies among MYFP+ (Notch1/2/3"™) and
MTomato+ (Notch1/2/3"°) cells. Dot plots showing the frequency (size) and
expression level (color intensity) for the top cluster marker genes. b, Top
differentially expressed genes per cluster between MYFP+ (Notch1/2/3"") and
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MTomato+ (Notchi/2/3"°) cells. Dot plots also show the expression of Notchl
(note that Notch2 and Notch33'mRNA is still expressed after deletion and
detected by scRNAseq, as shown in Fig. 6k), its canonical target genes (Hes and
Hey, these are also regulated by other pathways), and the proliferation markers
Ki67 (labels cells in G2/M of the cell-cycle) and Cdkn1la (likely arrested cells).

¢, Gene set enrichment analysis (GSEA) pathways with their normalized
enrichmentscore.

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-024-02534-w

Halimark pathways NES from GSEA (Msenchymal 2)

10 dontif N123K0 vs N12WT
M h 1 Most DEGs identified per cluster
ymal cells 2 s . Persent Expressed —
|———
N123WT N123KO ” W o Tmanisag ik S ——
] . : i 25 ——
* 3 o s : :
] dhase . ) ©  Average Expression PROTEN 3 ]
25 5 J s —
o5 - e |
N £ 0B ——
00 8 o8 Nos —
£ : 8 5 =
5 a : ]
25 o S —
cor o esece |
cwle oo @ o Bxressed —
50 — ==
00 e
4 0 0 4 §YETE333izEiyés |
Umap_1 NT23N723 [EEREEEEEE RS R : ——
- WT Ko vrago Exessan T —
1 o —
§ oz e o ] S|
i8 s § M et ettt 15
Most DEGs identified per cluster
1.0 Fig Percent Expressed
Mesenchymal cells 3 clusters W coo o Spinze -
[ oo i co BB Hallmark pathways NES from GSEA (Msenchymal 3)
N123WT N123KO g s Jornt e Gmeror o e 2 ‘WizaKo va N1zwT
cos oas2 o« v
) s i % l 29 stmn2 Average Expression w eSS
H Fatpr " S
3 3 50 10 Notch? 13
o 75 05 Hoby 8
~ 5 ® 100 00 5
% g0 .
go 3 H K
E 3 8 B
S 4 H H
3 [
i . Percent Expressed
- g felg
s | - £ ]
-4 0 " 0 4 " ry cgty K
[TH SSSTISTSLSLRIRERASEEREES
map_t N123 N123 §§§§&§ EH I S R R . — e
WT KO §2022°953 H & 5 g5 !;i
= B s 3 b > 3 i
E :LE i Normatzed EnvtnensSce (NES)
s
1} Hallmark pathways NES from GSEA (Chondrogenic)
Chondrogenic mesenchymal clusters . o Most DEGs identified per cluster 'N123KO vs N123WT
N123WT N123KO cot Porcont  Avorago T e S
” sy Erovetasd Exprosiin >
2 : 09
3 s BoR
o H
5 00
—
s — = i =
g s ¥ = ¥ % 00 —
e & & & 8 g —
25 & ER- A £ |
____J
Canonical Notch targets and cell-cycle genes
50 25 00 25 50 80 25 00 25 50 0 . por
ot . Eovessed
Umap_1 N123N723 ot o
WT KO cainta 8
i N e
s S T oesson
H g T R S——
= - = o
= = = s I
Blood clusters Hallmark pathways NES from GSEA (Blood)
o N123KO vs N123WT
N123WT N123KO I cootymenocytes
50 " Cot-Monocytes
3 B s o
N Soveeted  Exrossin
o -0
25 - 02 09
£ : 5 08
Gos 87 03
& . . S ® 0 00
a . . o
g 00
£ . o
S PR * . . .
asl L [ | |
X . 00 Neenr .
)
4 2 0 2 4 6-4 2 0 2 4 6 N123 N123 s " —
Umap_1 WT KO b i v e 2| —
Ex " Normatzed Envtment Score (NES)
Endothelial cells clusters Most DEGs identified per cluster Halimark pathways NES from GSEA (ECs)
10 . Percent Expressed N123KO vs N123WT
N123WT N123K0 M co rietin ¢ o B —
» oo Zmpatt i —
3 Percent Average Hotey I
8 Doty eeton ez Avaagn Expossin —_—
¢ 5 2 —
H 06 Q 10
£ [ £ Ius —
2 g e oz ¢ —
~ © 00 = JE—
R 5 ——
§ o a |
£ =—]
—
2 =
oo |
—
50 25 N123 N123 S
WT KO > ':g —
£ [ ) 05 G|
s X £ a0 ] T T
g 8 8 Normaized Envcnment Score (NES)
. H
oo IO

Extended DataFig. 10 | Single cell RNA-seq analysis combined with ratiometric
iFlpMosaics uncovers the combined NOTCH1/2/3 receptors cell-autonomous
functionin diverse embryo cell types. a, Umaps and barplots showing the
identified clusters and their frequencies among MYFP+ (Notch1/2/3"™) and
MTomato+ (Notch1/2/3"°) cells. Dot plots showing the frequency (size) and
expression level (color intensity) for the top cluster marker genes. b, Top
differentially expressed genes per cluster between MYFP+ (Notch1/2/3"") and

MTomato+ (Notch1/2/3'°) cells. Dot plots also show the expression of Notchl
(note that Notch2 and Notch33'mRNA is still expressed after deletion and
detected by scRNAseq, as shown in Fig. 6k), its canonical target genes (Hes and
Hey, these are also regulated by other pathways), and the proliferation markers
Ki67 (labels cells in G2/M of the cell-cycle) and Cdkn1la (likely arrested cells).

¢, Gene set enrichment analysis (GSEA) pathways with their normalized

enrichmentscore.
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Data collection Sections of tissues were imaged at high resolution with a Leica SP8 or SP8 Navigator confocal microscopes fitted with 10x, 20x, or 40x
objectives for confocal scanning. BD FACS Diva V8.0.1 was used to collect FACS data. AB7900 thermocycler from Applied Biosystems was used
to collect gRT-PCR data. scRNAseq data was collected with Illumina HiSeq4000 or NextSeq2000 sequencers software.

Data analysis Numerical data was first processed with Microsoft Excel 2016 and after analysed and plotted with Graphpad Prism v7.03.
Microscope images were processed and analysed/quantified with Imagel/FlJl v1.53c. Adobe Photoshop CC 19.1.5 and Adobe Illustrator CC
v22.1 were used for downstream image processing, analysis and illustration.
gRT-PCR data were retrieved and analyzed with AB7900 software.
Flow JO v10 was utilized for FACS data analysis.
scRNAseq reads were processed, aligned, and quantified using the Cell Ranger v6.1.2 for the Rbpj Wt vs KO samples and Cell Ranger v7.1.0 for
the Notch1/2/3 Wt vs KO samples. Single-cell analysis was based on the Seurat v4.1.3 version and DoubletFinder R packages.
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image analysis results can be found at https://github.com/RuiBenedito/Benedito_Lab/tree/main/iFlpMosaics. Unprocessed FACS raw data files or original
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Sample size Sample size was determined taking into account the 3 R’s for animal experimentation and the expected experimental variability based on
published and our own protocols (i.e. Luo et al., 2021). The final sample size was defined at posteriori based on the statistical analysis of the
data. Sample size and related statistical analysis methods are indicated in the manuscript methods section or source data file 1.
Luo, W. et al. Arterialization requires the timely suppression of cell growth. Nature 589, 437-441, doi:10.1038/s41586-020-3018-x (2021).

Data exclusions  Data was excluded only if technical problems were detected. These include technical problems detected after immunostaining and
microscopy analysis.

Replication Data shown in charts are the mean of independent biological repeats or animals. The n number of animals used for each comparison is stated
in the source data file 1. Experiments were repeated at least two times with different animals to guarantee maximum reproducibility. All
attempts at replication were successful.

Randomization  Animals/tissues were selected for a posteriori analysis based on their genotype, the detected recombination frequency, and quality of
multiplex immunostaining.

Blinding Investigators were not blinded during data collection or analysis due to its impracticality and need for a priori
knowledge of which control and mutant samples are being handled and selected for analysis, so that all downstream
costs and analysis are kept to the minimum necessary. ImageJ/FlJI software was used to analyse the microscopy data in an automatic and
objective manner. All experiments in the paper were quantified utilizing standardized experimental controls and quantitative methods to
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Antibodies
Antibodies used All detailed info is contained in Supplementary Table 2.

Primary Antibodies

Biotinilated Isolectin B4 1:100 (IF) VECTOR LABS B-1205

Rat anti- mouse p21 Rat monoclonal Clone: HUGO291 Supernatant 1:50 (IF) CNIO in house
Monoclonal Rabbit anti-ERG [EPR3863] 1:500 (IF) ABCAM Ab110639

Goat Polyclonal Anti-GFP and YFP/CFP variants 1:200 (IF) Acris R1091P

Anti-PECAM-1 Antibody, clone 2H8 hamster anti mouse CD31 1:200 (IF) Merck MAB1398Z
Rabbit anti- DsRed (Living colors) 1:200 (IF) Clontech 632496

Rabbit anti-RFP/Dsred/Tomato/Cherry CF543 conjugated (Polyclonal) 1:200 (IF) Biotium 20476
Mouse anti HA-Tag (6E2) Mouse mAb (Alexa Fluor® 647 Conjugate) 1:200 (IF) Cell Signaling 3444
RABBIT ANTI-RFP/Dsred ConjugatedCF594 1:200 (IF & FC) Sigma or Biotium BTIU20422

Rabbit Anti-ERG Alexa Fluor® 647 EPR3864 1:500 (IF) ABCAM ab196149

Rat anti-Ki-67 Monoclonal Antibody (SolA15), eFluor 660, eBioscience™ 1:250 (IF) Thermo Fisher Scientific 50-5698-82
APC Rat Anti-Mouse CD31 1:250 (FC) BD Bioscience 551262

APC-Cyanine7 Rat Anti-Mouse CD45.2 1:250 (FC) TonboBio 25-0454-U025

Mouse anti HA-Tag (6E2) Mouse mAb (Alexa Fluor® 647 Conjugate) 1:250 (IF) Cell Signaling 3444
BV711 Rat Anti-Mouse CD31 Clone MEC 13.3 (RUO) 1:250 (FC) BD Biosciences 740680

Rabbit anti GFP Conj. Alexa-488 1:200 (IF & FC) Invitrogen A213111

BD Horizon™ BV605 Rat Anti-Mouse CD45 1:200 (FC) BD Biosciences 563053

Anti-Mouse CD150 (SLAM) Antibody Brilliant Violet 510™ 1:300 (FC) Biolegend 115929
Anti-Mouse CD48 APC Cy7 1:100 (FC) Biolegend 103432

Anti-Mouse CD117 (c-kit) PercP Cy5.5 1:200 (FC) Biolegend 105824

Anti-Mouse Ly-6A/E (Sca-1) FITC 1:200 (FC) eBioscience 11-5981-85

Rat anti-RBPJ 1:50 (IF) Cosmobio SIM-2ZRBP2

Rat anti mouse Flk-1 1:200 (IF) BD Pharmingen 555307

Rabbit Anti-Myc Antibody 1:200 (IF) Millipore 06-340

Rabbit anti-FoxO1 (C29H4) Rabbit mAb 1:200 (IF) Cell Signaling #2880

Mouse anti-human CD2 Monoclonal Antibody (RPA-2.10) (APC conjugate) 1:300 (FC) Thermo Fisher Scientific 17-0029-42
Goat anti-mouse DLL4 1:100 (FC) R&D AF1389

Biotin Mouse Lineage Depletion Cocktail 1:200 (FC) BD Biosciences 51-9000794

Secondary Antibodies

Streptavidin, Alexa Fluor® 405 conjugate 1:200 (IF) Thermo Fisher Scientific ST32351

Donkey Anti-Rat 1gG H&L (Alexa Fluor® 647) preadsorbed 1:400 (IF) ABCAM ab150155

Cy™3 AffiniPure Fab Fragment Donkey Anti-Rabbit IgG (H+L) 1:400 (IF) Jackson Immunoresearch 711-167-003
AffiniPure Goat Anti-Armenian Hamster Alexa680 1:400 (IF) Jackson Immunoresearch 127-625-16
Donkey Anti-Goat 488 1:400 (IF) Thermo Fisher A-11055

Donkey Anti-Goat 633 1:400 (IF) Thermo Fisher A-21082

Donkey Anti-Rabbit 594 1:400 (IF) Jackson Immunoresearch 711-587-003

Donkey Anti-Rabbit 488 1:400 (IF) Jackson Immunoresearch 711-547-003

Donkey anti-Goat IgG AF680 1:400 (IF) Thermo Fisher A-21084

Biotin-SP donkey anti-rat 1:100 (IF) Jackson Immunoresearch 712-067-003

Biotin-Donkey Anti-Goat IgG (H+L) 1:100 (IF) Jackson Immunoresearch 705-065-003

Validation All antibodies used are commercially available and have been pre-validated by the companies or previous publications or us. They all
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Validation

gave
immunostaining results according to what was expected from their previously published tissue expression
pattern and subcellular localization.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

G4 Mouse embryonic stem cell line from the Andreas Nagy lab (Lunenfeld-Tanenbaum Research Institute).

George, S.H.L., Gertsenstein, M., Vintersten, K., Korets-Smith, E., Murphy, J., Stevens, M.E., Haigh, J.J., and Nagy, A. (2007).
Developmental and adult phenotyping directly from mutant embryonic stem cells. Proceedings of the National Academy of
Sciences 104, 4455-4460. doi:10.1073/pnas.0609277104.

The G4 ES cell line used is routinely used by us and our institute gene targeting facility to generate mice, and is constantly
checked for the expected morphological, growth and pluripotency properties. Only these cells can generate mice with the
method used. No commonly misidentified cell lines were used in the study.

Mycoplasma contamination Tested negative

Commonly misidentified lines | name any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

We generated and used Mus musculus lines on the C57BL6 or C57BL6x129SV, or BGCBAF1 or C57BL6XDBA genetic backgrounds. All
mice were backcrossed to C57BI6 for several generations. To generate mice for analysis, we intercrossed mice aged between 7 and
30 weeks. We analysed mice of both sexes. We do not anticipate any influence on our data of mouse sex.

All mouse husbandry and experimentation were conducted using protocols approved by local animal ethics committees and
authorities (Comunidad Autdnoma de Madrid and Universidad Auténoma de Madrid CAM-PROEX 177/14, CAM-PROEX 167/17, CAM-
PROEX 164.8/20 and PROEX 293.1/22). The mouse colonies were maintained in racked individual ventilation cages according to
current national legislation. Mice had dust and pathogen-free bedding and sufficient nesting and environmental enrichment material
for the development of species-specific behavior. All mice had ad libitum access to food and water in environmental conditions of
45%—65% relative humidity, temperatures of 21-24°C, and a 12 h/12 h light/dark cycle. To preserve animal welfare, mouse health
was monitored with an animal health surveillance program that followed FELASA recommendations for specific pathogen-free
facilities. In addition, and to preserve animal welfare, mouse health is monitored with an animal health surveillance program, which
follows FELASA recommendations for specific pathogen-free facilities.Details about the transgenic or gene-targeted allleles used are
provided throughout the paper or in the Methods section, under Mice.

No wild animals were used
We do not expect our data to be influenced by animal age or sex.
No field collected samples were used in the study.

All mouse husbandry and experimentation was conducted using protocols approved by local animal ethics committees and
authorities (Comunidad Auténoma de Madrid and Universidad Auténoma de Madrid—CAM-PROEX 177/14 and CAM-PROEX
167/17).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Embryonic, postnatal, or adult tissues were dissociated before fluorescence activated flow cytometry or sorting (FC or FACS).
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Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Embryonic tissues were dissociated using the Miltenyi Biotec Tissue Dissociation Kit 2 (130-110-203). Postnatal and adult
mouse tissues were first digested for 20min at 372C with 2.5 mg/mL collagenase type | (Thermofisher), 2.5 mg/mL dispase I
(Thermofisher), and 50 pg/mL DNAsel (Roche).

Dissociated samples were filtered through a 70-um cell strainer, and cells were centrifuged (400g, 4°C for 5 min). Cell pellets
were gently resuspended in blood lysis buffer (0.15 M NH4CI, 0.01M KHCO3, and 0.01 M EDTA in distilled water) and
incubated for 10 minutes on ice to remove erythroid cells. Cells were centrifuged (400g at, 4°C for 5 min), and cell pellets
were gently resuspended in blocking solution (PBS without Ca2+ or Mg2+ and containing 3% dialyzed FBS (Termofisher)) and
incubated at 42C with shaking for 20min. Cells were centrifuged (300g at 4°C for 5 min), resuspended, and incubated for
30min at 42C with APC rat-anti-mouse CD31 and APC-CY7 anti-CD45 (Supplementary table 2). Cells were then centrifuged
(400g, 4°C for 5 min), resuspended, washed in PBS without Ca2+ or Mg2+, and centrifuged again, and cell pellets were
resuspended in blocking solution. Cells were kept on ice until used for FC or FACS. DAPI (5 mg/mL) was added to the cells
immediately before analysis.

Cells were routinely analyzed with a LSRFortessa cell analyser or sorted in a FACS Aria Cell Sorter (BD Biosciences).
BD FACS Diva V8.0.1 and Flow JO v10 were utilized for FACS data collection and analysis.

Given the large number of samples processed, the abundance of cells analysed and sorted was highly variable, as it can be
seen in the representative FACS plots shown. For each experimental group and organ, a large variety of cell types were
analysed or sorted. This includes CD31-CD45-, CD31+CD45- and CD45+CD31- cells. For scRNAseq of mouse embryos, 30.000
YFP+ and 66.000 Tomato+ cells were sorted per group.

The final relevant gatings are indicated in the FACS images shown in the figures, and an example of the full gatings strategy is
shown in Supplementary Figure 2.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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