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SUMMARY

The formation of the primitive heart tube from cardiomyocytes and endocardial cells is a key event in
mammalian development. Previous studies suggested that cardiomyocytes and endocardial cells segregate
from a shared cardiac progenitor around the onset of gastrulation, yet their lineage relationship with other
mesodermal tissues remains unclear. Using retrospective and prospective clonal analyses in mouse em-
bryos, we traced cardiomyocyte and endocardial progenitors from the primitive streak to the heart tube.
Our results identify two independent mesodermal populations specified around gastrulation onset. While
each of these populations is unipotent in producing cardiomyocytes or endocardium, they retain multipo-
tency and contribute to different subsets of non-cardiac mesoderm. Nonetheless, live imaging identifies
simultaneous ingression and intermingling of these two mesodermal lineages in the primitive streak, showing
their coordinated specification and migration. The proposed model for cardiac progenitor specification will

help understanding the origins of congenital heart diseases and designing tissue engineering strategies.

INTRODUCTION

The primitive heart tube is the first functional organ in the
mammalian embryo. This rudimentary heart assembles and
starts pumping nutrients shortly after gastrulation. It contains
two cell types: cardiomyocytes (CMs), which form the muscular
wall, and endocardial cells (ECrs), which are specialized endo-
thelial cells lining the cardiac lumen." ECrs form a continuum
with the embryonic vasculature, are involved in forming trabec-
ulae,” contribute to the formation of cardiac valves and septa3
and differ from other endothelial cells in gene expression pro-
file.** CM and ECr precursors are located at embryonic day (E)
7.75 within the anterior splanchnic mesoderm, forming a horse-
shoe-shaped structure known as the cardiac crescent, from
which the primitive heart tube develops.'

Finding when and where cell fates are specified is crucial to
understanding how the primitive heart forms with the correct
number and arrangement of CMs and ECrs. In developmental
biology, cells are considered “specified” when they consis-
tently produce a particular type. Clonal analysis addresses
the specification status of targeted cells®: by labeling single
cells at different developmental stages and examining their

progeny, the timing of cell lineage specification and the pres-
ence of precursors with diverse potentialities can be character-
ized. For instance, identification of progenitors that give rise to
both CMs and ECrs indicates lack of specification to either fate
at the time of labeling, but it could reveal specified bipotential
cardiac precursors, if such contribution was systematically
found at a given stage. Prospective clonal analysis involves la-
beling cells at known developmental stages and locations to
track the contribution of their progeny. In contrast, retrospec-
tive clonal analysis uses genetic labeling in utero and examines
only the final contribution of the progeny.

Clonal analysis experiments in zebrafish, chicken, and mouse
models have traced the location of heart progenitors and pointed
to an early specification of CMs and ECrs, occurring around the
onset of gastrulation. In chicken embryos, the rostral half of the
primitive streak contains both cardiac progenitors, which are
already specified to form either CM or ECr progenies.”® Retro-
spective clonal analysis in mouse embryos also suggests an
early specification. Genetically labeled Mesp1-expressing cells
around the onset of gastrulation (~E6.5) give rise to cell clusters
in the left ventricle—a heart chamber derived from the primitive
heart tube —containing either only CMs or ECrs, indicating early
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specification of progenitors.”'® However, up to a quarter of
Mesp1-expressing clones labeled at ~E7.25 gave rise to mixed
progenies in the right ventricle, indicating that later progenitors
can give rise to both CMs and ECrs.®'° Together, this suggests
that the CM and ECr lineages segregate early during gastrulation
in the primitive streak, but some progenitors that differentiate
later retain the capacity to contribute to both lineages. These
studies, however, did not investigate whether early progenitors
also contributed to cells outside the heart. Therefore, the lineage
decisions tree remains unclear, and it is not known whether pro-
genitors are exclusively cardiac or also give rise to mesodermal
lineages outside of the heart.

In this context, the lineage relationship between CMs, ECrs,
and other mesodermal lineages is controversial. Genetic lineage
tracing of cells expressing mesodermal transcription factors and
in vitro studies on stem cell differentiation support the idea that
CMs and ECrs arise from a cardiac-specific common progeni-
tor.""""® In contrast, zebrafish mid-blastula clones containing
both CMs and ECrs also give rise to blood vessels and blood
cells,’” and endocardium is contributed by vascular endothelial
progenitors in avian embryos, '® suggesting that a cardiac-exclu-
sive progenitor rarely exists. An alternative lineage tree proposes
that ECrs derive from hematopoietic/vascular progenitors and
then migrate to populate the developing heart tube in zebrafish
embryos.'%?°

To understand how CMs, endothelial cells, and other meso-
dermal lineages are related, we used three unbiased clonal
analysis methods in mouse embryos, none of which relied on
lineage-specific Cre drivers: (1) retrospective clonal analysis
using RNApol2-driven (ubiquitous) expression of CreERT2,
combined with low doses of 4-OH tamoxifen to achieve sparse
recombination of floxed tdtTomato and eGFP reporters. (2) Pro-
spective clonal analysis using TAT-Cre microinjection to re-
combine these same reporters in single cells. (3) Live imaging
of mouse embryos developing from pre-streak (E6.5) to primi-
tive heart tube formation (E8.0) for complete spatiotemporal
reconstruction of CM and ECr lineages. Our findings confirm
a predominant event of CMs versus ECrs lineage specification
around the onset of gastrulation, with few progenitors at later
stages retaining the ability to generate both cell types of the
primitive heart tube. Moreover, we found no evidence support-
ing the existence of a cardiac-exclusive progenitor pool at any
stage. Instead, our data suggest that CMs and ECrs originate
independently from cell populations specified in the late
epiblast/early mesoderm that retain ability to multifurcate into
distinct non-cardiac lineages. Our observations challenge the
view of cardiac-specific progenitors as the main source of the
myocardium and endocardium for the primitive heart tube.

RESULTS

Unbiased labeling of mouse embryonic progenitors
reveals lineage restriction in the primitive heart tube

We conducted a random, lineage-unrestricted clonal analysis us-
ing a tamoxifen-inducible ubiquitous driver—RNApol2:CreERT2 —
and a two-reporter strategy”' > (STAR Methods). We adjusted
the tamoxifen dose to target single cells during the ~E6.25 to
E6.75 period and analyzed the contribution of their progenies in
whole embryos at E8.0-E8.25 (Figures 1A and 1B). From 737
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embryos generated, we focused on 44 showing fluorescence in
the cardiac region containing a total of 46 labeled cell clusters.
According to the two-reporter strategy statistics, 94.5% of mono-
color cell clusters were expected to be derived from single cells
(Figures S1A-S1C; STAR Methods). We analyzed the contribution
of each cluster to different embryonic compartments by immuno-
staining for sarcomeric myosin heavy chain (MF20) and ERG (ETS-
related gene)>® followed by confocal imaging to identify CMs and
endothelial cells (Figure 1C).

To investigate the timing of CM and ECr specification, we
estimated the embryonic stage at which recombination
occurred. The induction time of each clone was estimated
by calculating the time required to generate its number of cells
according to the reported average cell division rate during the
embryonic stages E6.5-E8.5°"*® and subtracting this time
from the actual stage at dissection (Figures S1D and S1E;
STAR Methods). Our estimation aligned with the reported
pharmacodynamics of 4-OH tamoxifen in mouse blood, which
peaks around 12 h after injection (Figure S1F). In addition, the
scoring of bilateral clones, which only result from progenies
labeled before mesoderm ingression,”® identified the timing
of primitive streak ingression for cardiac progenitors around
E6.75 and confirmed the validity of the staging approach
(Figures S1G-S1l). The chronological ordering of clones re-
vealed that inductions resulting in progenitors that produced
both CMs and ECrs occurred at early induction times and
disappear rapidly between E6.75 and E7.0 (Figure 1D). In
most cases, the clones containing both CMs and ECrs also
contributed to other mesoderm regions outside the primitive
heart tube (18 out of 20; Figures 1F, 1G, and S1J). These re-
sults question the idea of an exclusive cardiac bipotential pro-
genitor and suggest cardiac precursors are multipotent.
Furthermore, the fact that a substantial fraction of clones
induced before E6.75 (9/24) do not show common contribu-
tion to CMs and ECrs (Figures 1D and S1J) discards the
idea of a transient bipotential precursor as a necessary route
for the specification of these two heart lineages. These results
thus suggest that most mesodermal progenitors get specified
to exclusively contribute either CMs or ECrs during a short
time period around their recruitment to the primitive streak;
however, despite this restriction, they remain able to generate
non-cardiac mesodermal tissues.

TAT-Cre microinjection reveals a higher multi-lineage
potential in the epiblast compared with the nascent
mesoderm

Next, we performed prospective clonal analysis by TAT-Cre
microinjection,*® which allowed us to recombine single cells at
custom stages and embryonic locations, and cultured the em-
bryos to analyze the resulting clones in the heart (Figures 2A,
2B, and 2E). We obtained clones contributing to both CMs
and endocardium at high frequency (5/7) when injecting pre-
streak embryos and at lower frequency (1/7) when injecting
early- and middle-streak embryos, whereas later injections al-
ways labeled separate lineages (Figures 2C, 2E, and S2A).
These results suggest that the endocardial and CM lineages
are already independent at the time of their ingression in the
primitive streak (~mid-streak). In addition, injections in proximal
or distal regions of the primitive streak did not result in
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Figure 1. Retrospective clonal analysis reveals independent specification of endothelial and CM lineages in the heart

(A) Clonal analysis strategy.

(B) CreERT2 expression from the ubiquitous RERT allele®® and dual Rosa26 reporter alleles (tdtTomato and GFP) track Cre activity.
(C) Whole-mount confocal images showing clonal contributions to mesodermal locations, with MF20 and ERG staining distinguishing CMs and endothelial cells

(endocardial cells [ECr]).

(D) Kernel density estimation (KDE) plot of recombination stage for 46 clones (n = 44 embryos, Kolmogorov-Smirnov test).
(E) Proportion of bilateral (pre-gastrulation) clones contributing to CM + ECr or CM/ECr separately (chi-squared test, n.s.).
(F) Number of clones containing CM + ECr alone versus CM + ECr + other mesoderm.
(G) Example of a tamoxifen-induced clone with CM, ECr, and other mesoderm at E8.5.

Source data: Data S1.

differences in contributions to mixed CM + ECr progenies,
which suggests a similar likelihood of finding multipotent or
specified progenitors in either region (Figures 2D and S2B).
Clones that showed mixed progenies also contained cells
outside of the primitive heart tube, which is consistent with the
low frequency of CM + ECr-exclusive clones in the retrospective
analysis. Together, the retrospective and prospective clonal an-
alyses suggest that CMs and ECrs are specified by independent
mechanisms rather than via a cardiac-specific progenitor.

Spatiotemporal mapping and lineage reconstruction of
CM and endocardium progenitors

To better understand the emergence of the CM and endocardial
lineages, we used live imaging to track cardiac progenitors from
~EB.5 to their differentiation in the cardiac crescent at ~E8.0.
Adapting our previous protocol,®'** we conducted time-lapse
3D imaging using two-photon microscopy and random cell
lineage tracing using RNApol2:CreERT2 inducer and the tdtTo-
mato™1°x and mTmG reporter alleles®>?*°® (Figures S3A
and S3B). Additionally, we used a CBF1-Venus allele to identify
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endothelial cells at later time points®* (Figure S3C). First, based
on tissue morphology, we identified the cardiac crescent
region at the final time points of the videos. Second, we distin-
guished CMs as rounded cells forming a chamber and ECrs as
Venus-positive elongated cells within the chamber lumen
(Figure S3D). Finally, we manually tracked back CMs and ECr lin-
eages to the beginning of the videos using the MaMut ImageJ
plugin.>*> We applied this strategy to analyze four embryos
using the Tomato reporter for lineage tracing in a two-photon mi-
croscope (MS1-MS4). In addition, we analyzed two H2B:
miRFP703 embryos (KM1 and KM2) with ubiquitous nuclear fluo-
rescence in a light-sheet microscope®®*° using the nuclear
detection for cell lineage tracing (Videos S1, S2, S3, S4, S5,
S6, and S7).

By detecting cell divisions during tracking, we reconstructed
the lineages of 55 individual progenitors in the nascent mesoderm
surrounding the primitive streak or in the epiblast (Figures 3 and
S4). After excluding lost tracks, these progenitors were linked to
388 descendant cells at the end of the time-lapse sequences
(Figures 3B and S4B). Among the progenies studied, we found
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Figure 2. TAT-Cre microinjection for prospective clonal analysis of primitive heart tube progenitors

(A) Experimental setup for TAT-Cre-induced clonal analysis.
(B) Recombination strategy using floxed reporters.

(C) Distribution of clones contributing to CM + ECr or CM/ECr separately across developmental stages. A chi-squared test showed significant differences in CM +

ECr clone numbers between pre-streak and later embryos.

(D) Clone distribution by proximal vs. distal injection sites. A chi-squared test found no significant difference in CM + ECr clone proportions.
(E) Examples of TAT-Cre-induced clones. Top: a progenitor contributing to CMs, endocardium, and undifferentiated mesoderm. Middle: zoom-ins of recombined
cells inside and outside the primitive heart tube (MF20 staining). Bottom: a clone giving rise to endocardium.

Source data: Data S1.

only three progenitors yielding both CMs and ECrs. In total, we
identified 23 CM, 21 endothelial, and three mixed CM + ECr pro-
genitors. In 2 of the 3 cases of bi-potentiality, the fates segregated
at the last division before becoming mesenchymal at the primitive
streak (Figure S4B), and a third one did so one division later
(Figure 3B). Inline with the clonal analyses, live cell tracking shows

that the CM and endocardial lineages are largely segregated at
the beginning of the time-lapse study.

In addition, the live imaging data provided spatiotemporal in-
formation of CM and endocardial progenitors. We then used
this information to map the positions of the progenitors at their
exit from the primitive streak in the nascent mesoderm. This
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(A) Example of two tracked cells. Initial and final time points are shown as maximal intensity projections. Optical planes display individual cells and their progeny
after division. Timestamps indicate h:min.

(B) Reconstructed lineage trees from the earliest progenitor to cell descendants. Endpoint cell fates are shown as colored circles; progeny cell types as smaller
colored circles. Each branch bifurcation represents a cell division event (n = 41 and 286 cells at initial and final time points, respectively, from 3 embryos).
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study revealed no spatial segregation between precursors
destined to either fate (Figure S3E). Despite being already segre-
gated, CM and ECr progenitors thus arise simultaneously from
the same primitive streak region, which suggests that they are
exposed to equivalent signaling environments at this point.
This observation reinforces the idea of the early specification
of single precursors toward lineages that generate either ECrs
or CMs but not both, despite sharing the same environment.

Lineage relationships of CMs and ECrs with other
mesodermal tissues

The three clonal analysis techniques provided insights into the
timing and location of the cell progenitors able to produce CMs
and ECrs; however, we also found that the contributions of
these lineages were not cardiac-specific. Here, we studied
the lineage relationships between the cardiac cells and other
mesodermal tissues. To address this, we integrated data
from all three methods, encompassing 103 clones containing
either CMs, ECrs, or both. We ordered these clones by their
estimated birth date, determined by either the estimated
recombination timing or the start of live imaging cell tracking
(Figures 4A and S5; STAR Methods). Our clone collection con-
tributes in total 1,072 CMs and 613 ECrs in the E8 heart tube. A
primitive heart tube at this stage typically contains 690 CMs
and 180 ECrs on average (Figure S6A). Therefore, our sample
includes 1.5 times and 3 times the average numbers of CMs
and ECrs found in an embryo, respectively, ensuring compre-
hensive coverage of progenitors, including rare populations.
Between the middle-streak stage (MS, E6.75) and primitive
heart tube formation, CMs and ECrs progenitors undergo an
average of four divisions in the time-lapse analyses
(Figure S6B). This indicates that the total progenitor pool is
composed of at least 170 CM and 45 ECr specified progenitors
at the MS stage. Given that some progeny of these specified
progenitors contributes to tissues outside the primitive heart
tube, the required number at MS for primitive heart formation
may be higher. As expected, bilateral (pre-mesoderm ingres-
sion) clones were found to contain larger cell numbers
(Figure S6C). Additionally, we calculated the probability that
CM-only or ECr-only clones appear by chance rather than
through specification. The likelihood of clones contributing
exclusively to CM or ECr by chance averaged 3% for CM
and less than 1% for ECr, and 91% of clones had a probability
of less than 0.05 of having only CM or ECr purely by chance,
indicating that the majority of these clones represent specified
progenitors (Figure S6D).

To quantify lineage relationships, we then calculated the Jac-
card similarity score between CM, ECr, and each of the non-car-
diac cell types scored (Figure 4B). This analysis revealed a weak
lineage relationship between CMs and ECrs. Instead, CMs
shared a closer lineage relationship with undifferentiated meso-
derm, while ECrs were related to other embryonic endothelial
cells (Figures 4B and S5). Next, we analyzed the extra-cardiac
contributions of clones classified by their contributions to CM
and/or ECr. Most of the clones that contained both CM and
ECr also contributed to other mesodermal tissues outside the
heart (87%, 28/32 clones), with a minority of clones exclusively
containing CM and ECr (Figures 4C and S5), which agrees with
the early origin and multipotentiality of this set of clones. Clones
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contributing to CM but not ECrs were more restricted, yet 63%
(31/49) of them still showed contribution to extra-cardiac meso-
derm. In contrast, only 23% (5/22) of clones contributing to ECr
but not CM also contributed to extra-cardiac mesoderm. In this
case, all 5 clones containing extra-cardiac mesoderm contained
non-cardiac endothelium, and three of them exclusively con-
tained non-cardiac endothelium. Taking this into account, 91%
of the clones containing ECr but not CM were restricted to the
endothelial lineage. These results indicate a different set of line-
age relationships for primary endocardium versus myocardium,
with ECr precursors much more restricted to an endothelial fate
than CM precursors.

Next, we examined the subtypes of undifferentiated meso-
derm associated to clones contributing to CM, ECr, or both
(Figures 4D and S5). We found that in both CM + ECr and
CM clones, the contribution to non-cardiac mesoderm was
similar and widespread, with higher contributions to the
juxta-cardiac field (JCF) and second heart field (SHF), followed
by somatic mesoderm, head mesoderm, and paraxial meso-
derm. Given that at the final stages analyzed the contribution
of the juxta-cardiac field to the myocardium has already taken
place,®”*® these results show that a majority of clones (73%;
40/55) are not restricted to a cardiac fate (SHF; Figure S5). In
fact, the distribution of the contributions seems to relate to
the physical proximity of the different regions, rather than to
their identity. The low number of ECr clones that also show
other mesoderm (2) precludes any statistical conclusion about
their contribution (Figure 4E). In addition, ECr showed a greater
spatial extension than CM in CM + ECr clones (Figures S6E-
S6G). These results support the idea of the specification of
CM and ECr from a multipotent mesodermal precursor and
not from a cardiac progenitor.

We next analyzed the timing of the segregation of the CM
and ECr lineages considering the whole clone collection.
Before the cardiac precursors start gastrulation (E6.75), we
observed 53% (23/43) of clones contributing to both CMs
and ECrs. This proportion reduced to 22% (7/32) during the
period of cardiac precursor gastrulation (E6.75-E7.0) and drop-
ped to 4% (1/28) after E7.0. Regarding the timing of segrega-
tion of the CMs and ECr lineages from other mesoderm, 70%
of the clones induced before E6.75 and containing CM or
ECr, but not both, contributed to non-cardiac, non-endothelial
tissues (14/20; Figure S5). Between E6.75 and E7.0 this propor-
tion reduced to 52% (14/25), whereas within those induced
beyond E7.0 it dropped to 14% (4/27; Figure S5). Temporal
mapping of the earliest CM- or ECr-exclusive precursors re-
vealed no staging differences, suggesting simultaneous restric-
tion of the cardiac-specific fate (Figure 4F). These findings sug-
gest that CMs and ECrs are specified independently in the
primitive streak, rather than originating from a common car-
diac-specific progenitor. Despite contributing to only one of
the primitive cardiac fates, these two diverting lineages retain
the ability to contribute to other mesodermal fates of the early
mouse embryo.

In conclusion, our data show that mesodermal progenitors
rapidly specify during gastrulation into multipotent lineages that
independently give rise to CMs and ECrs, which are later co-re-
cruited to differentiate in the cardiac crescent and form the prim-
itive heart tube (Figure 4G).
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Figure 4. Clonal analysis reveals lineage relationships between CMs, ECrs, and other mesodermal tissues

(A) Schematics of three clonal analysis methods.

(B) Heatmap of Jaccard similarity scores between CM, ECr, and other cell types (n = 103 clones).

(C) Degree of cell type exclusivity in CM vs. ECr clones.

(D) Contribution of CM + ECr and CM clones to undifferentiated embryonic mesoderm regions (chi-squared test for independence).
(E) Non-cardiac composition of CM + ECr, CM, and ECr clones.
(F) Temporal mapping of the earliest CM- or ECr-exclusive precursors (n = 21 CM and 11 ECr clones, 6 embryos).

(G) Proposed lineage decision tree showing multipotent mesodermal progenitors as the origin of the primitive heart tube.

Source data: Data S1.
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DISCUSSION

Using clonal analysis and live imaging to track single-cell prog-
enies, we found that the primitive heart tube derives from
pluripotent progenitors in the epiblast that get specified to
either contribute to CMs or ECrs in the nascent mesoderm.
Upon their recruitment to the primitive streak, they become
restricted from contributing to both ECrs and CMs and are
able to contribute to only one of these lineages. Paradoxically,
while they show this early restriction, they independently keep
the ability to contribute to non-cardiac fates. These observa-
tions challenge the idea of a bipotential cardiac-exclusive pro-
genitor population as the origin of CMs and ECrs. Our results
do not exclude the possibility that during a narrow time win-
dow, some cardiac-exclusive bipotent progenitors exist, but
the low frequency of cardiac-exclusive progenitors (13% of
CM + ECr clones and 4% of all clones) argues against this
source as a significant pathway for the generation of primitive
cardiac lineages. Our results instead suggest a rapid transition
from pluripotency to multipotency in the primitive streak with
segregation of at least two lineages, one retaining the ability
to generate CMs but not ECrs and another one retaining the
ability to generate ECrs but not CMs. While both remain multi-
potent, that of ECrs becomes much more restricted to the
endothelial fate, while that of CMs retains good ability to
contribute to multiple mesodermal fates. A second rapid tran-
sition from multipotency to unipotency occurs during primitive
heart formation. The fact that the ECr fate is highly related to
other endothelial fates suggests a strong bias of the meso-
dermal lineage contributing to ECr to also contribute to
different endothelia. An interesting possibility is that endocar-
dial progenitors may first acquire a broader endothelial identity
and then acquire the endocardial fate upon reaching the car-
diac primordium. Single-cell RNA sequencing has identified
Notch1 as a potential early marker of endothelial Mesp1+ pro-
genitors at E7.25, with Erg emerging during its establishment.*°
Immunostaining for activated Notch1 (N1ICD) and ERG shows
their presence in both extraembryonic regions and anterior
mesoderm as early as E7.25 for ERG, with N1ICD appearing
later, aligning with the position of tracked endocardial progen-
itors and CBF1:Venus transgene expression (Figure S7). How-
ever, specific endocardial markers, such as Nfatc1, emerge
later, around E7.75-E8.0.° This temporal progression suggests
an initial pan-endothelial state for endocardial progenitors,
which is further refined upon integration into the cardiac cres-
cent and heart tube.

Myocardial clones are strongly associated with contributions
to all mesodermal types surrounding the cardiac crescent and
predominantly, to JCF and SHF. These observations could be in-
terpreted as resulting from the dispersion of multipotent meso-
dermal precursors that then diversify according to the environ-
ment that they find at destination. The higher coincidence of
common contributions to myocardium, SHF and JCF supports
this idea, as these regions are anatomically contiguous. In fact,
73% of myocardial clones contribute to non-myocardial fated
regions, which agrees with this interpretation. Interestingly,
although there are few clones that contribute to extraembryonic
mesoderm, these are mostly associated with CM-contributing
clones, which might be related to the shared transcriptional pro-
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files of extraembryonic lineages and those CMs that differentiate
from the juxta-cardiac field.>”-*®

Therefore, while early mechanisms bias progenitors toward
CM or endocardial fates, differentiation cues in the cardiogenic
region (anterior part of the embryo) may dictate their terminal
recruitment.“® Rather than a series of binary hierarchical fate
decisions involving a cardiac-specific progenitor as an interme-
diate state, we then propose that the primitive heart tube precur-
sors are specified from independent multipotent mesodermal
lineages. Nonetheless, this segregation scheme between the
CM and endocardial lineage shows some leakiness, as reported
by rare CM + ECr progenitors in the post-streak mesoderm. In
the second heart field, in contrast, progenitors remain multipo-
tent for longer periods, contributing blood and lymphatic
endothelial cells, CMs, and smooth muscle cells.?’*'"** This
distinction highlights potential differences in lineage specifica-
tion dynamics between first and second heart field progenitors,
as suggested by studies on later-stage Mesp7-expressing
progenitors.”'°

Fate mapping studies show that progenitors of different or-
gans reside in different regions of the epiblast.*® Different re-
gions of the primitive streak are exposed to gradients of Wnt,
BMP, FGF, and Nodal signaling, which influence cell fate deci-
sions during gastrulation. Under this model, spatial and/or tem-
poral segregation of CM and endocardium progenitors in the
primitive streak would be expected to allow their independent
specification. However, through live imaging, we tracked CM
and endothelial cell precursors back to their initial positions in
the nascent mesoderm, revealing no spatial or temporal segre-
gation. This suggests that these progenitors arise from inter-
mingled positions in the primitive streak, ruling out differential
exposure to morphogens in the primitive streak as a likely mech-
anism for their specification.’®*” One possibility is that local cell
interactions or stochastic mechanisms pattern the emergence of
the endothelial lineage in the epiblast or primitive streak. Howev-
er, we cannot exclude regional specification in the epiblast fol-
lowed by subsequent co-recruitment to the same region of the
primitive streak.

Our study reports a scheme for understanding the segregation
of mesoderm lineages and their coordination for the formation of
the heart, the first functional organ in the mammalian embryo.

Limitations of the study

While our findings support the early segregation of CM and
endocardial lineages, certain limitations remain. We have
analyzed the results at stages in which full differentiation of
the lineages has not yet taken place, and therefore, we may
be underestimating the commitment of some clones. For
example, in the case of endothelial clones, we cannot discard
that accompanying mesodermal cells might be angioblasts
fated to the endothelial lineage. Additionally, technical con-
straints in lineage tracing and live imaging may have influenced
clone recovery, limiting the capture of rare progenitor states
and introducing potential biases. Future studies with higher
temporal resolution and integrated genetic or multiomic ap-
proaches will be essential to position these lineage relation-
ships within the broader mesodermal specification framework
and extend insights to later progenitor pools, such as the sec-
ond heart field.
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RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Miguel Torres (mtorres@cnic.es).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® Raw data have been deposited and are publicly available at Zenodo:
https://doi.org/10.5281/zenodo.14922060 as of the date of publication.

® All original code used for analysis and figure generation has been
deposited and is publicly available at GitHub: https://github.com/
MiquelSendra/CardiacLineage (Zenodo: https://doi.org/10.5281/
zenodo.15150056).

® Any additional information required to reanalyze the data reported in this
paper is available from the corresponding authors contact upon
request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD31 (clone MEC 13.3) BD Pharmingen Cat# 553370; RRID: AB_394816
Anti-MF20 Hybridoma Bank RRID: AB_2147781

Anti-ERG (EPR3863)

Anti-N1ICD (Cleaved Notch1 Val1744)
Anti-VEGFR2

Alexa Fluor 647 goat anti-mouse
Alexa Fluor 647 goat anti-rat

Alexa Fluor 594 goat anti-rabbit

Abcam

Cell Signaling

BD Pharmingen
Life Technologies
Life Technologies
Life Technologies

Cat# Ab110639; RRID: AB_10622193
Cat# 4147; RRID: AB_2153348

Cat# 555307; RRID: AB_395720
Cat# A31571; RRID: AB_162542
Cat# A21247; RRID: AB_141778
Cat# A11037; RRID: AB_2534095

Biological samples

Rat Serum culture embryo, male rats
SPRAGUE DAWLEY RjHan SD

Janvier Labs

Cat# 9979

Fetal Bovine Serum Invitrogen Cat# 10438-026
Chemicals, peptides, and recombinant proteins

Penicillin-streptomycin Invitrogen Cat# 15070-063
4-Hydroxy Tamoxifen Sigma Cat# H7904
TAT-Cre Recombinase Sigma Cat# SCR508
DMEM - Dulbecco’s Modified Eagle Medium Gibco Cat# 10313021
Fluorobrite DMEM ThermoFisher Cat# A1896701
Deposited data

Raw images of 4-Hydroxy Tamoxifen embryo collection This paper https://doi.org/10.5281/zenodo.14922060
Raw images of TAT-Cre Recombinase embryo collection This paper

Raw images Live-imaging datasets This paper

Clone collection metadata This paper Data S1
Experimental models: Organisms/strains

Mouse: Polr2a-CreERT2 (RERT) Guerra et al.”® JAX strain 017585
B6;129S-Polr2atm1(cre/ERT2)Bbd/J

Mouse: ROSA26CAG-TdTomato Madisen et al.”® JAX strain 007914
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

Mouse: ROSA26CAG-EGFP Sousa et al.** N/A
B6.129P2-Gt(ROSA)26Sortm2(CAG-EGFP)Fsh/J

Mouse: Tg(CBF:H2BVenus,+) Nowotschin et al.** JAX strain 020942
Tg(Cp-HIST1H2BB/Venus)47Hadj/J

Mouse: Tg(H2B:miRFP703,+) Gu et al.*® N/A

Mouse: Tg(mT/mG, +) Muzumdar et al.>* JAX strain 007676

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

Software and algorithms

ImageJ

Custom python scripts and
notebooks for analysis and plotting

LineageTree Library

Napari

Python version 3.9
block-matching registration tools

NIH
This paper

McDole et al.”®

Napari
Python Software Foundation
McDole et al.*®

imagej.nih.gov/ij/

github.com/MiquelSendra/CardiacLineage

github.com/GuignardLab/LineageTree
napari.org
https://www.python.org

github.com/GuignardLab/
registration-tools/tree/Alice_Spatial
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Dumont #55 Forceps Fine Science Tools Cat# 55

2% PFA Merck Cat# 818715
35 mm Dish with glass coverslip bottom 14 mm Diameter Mattek P35G-1.5-14-C
35 mm vise table Grandado SKU 8798771617573
50 mL tubes BD Falcon 352070

Fetal Bovine Serum Invitrogen 10438-026
Fluorobrite DMEM ThermoFisher A1896701
High-vacuum silicone grease Dow Corning Z273554-1EA
Holder for wires Perlen Pressen pwb1
Penicillin-streptomycin Invitrogen 15070-063
Petri dishes 35 x 10 mm BD Falcon 351008
Polymethyl methacrylate This paper N/A

Standard 1.0mm glass capillaries Anima Lab 1B100F-3
Sterile 0.22 pm syringe filter Corning 431218
Sterile 5 ml syringe Fisher Scientific 15809152
LSM 780 Upright microscope Zeiss N/A

MaiTai Deepsee far red pulsed-laser 980nm Spectra Physics N/A

Leica TCS SP8 Navigator Leica N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice were handled in accordance with CNIC Ethics Committee, Spanish laws and the EU Directive 2010/63/EU for the use of animals
in research. All mouse experiments were approved by the CNIC and Universidad Auténoma de Madrid Committees for “Etica y Bi-
enestar Animal” and the area of “Proteccion Animal” of the Community of Madrid with reference PROEX 220/15. For this study, mice
were maintained on mixed C57BI/6 or CD1 background. We used the mouse lines stated in the key resources table, which were gen-
otyped by PCR following the original study protocols. Male and female mice of more than 8 weeks of age were used for mating. Mice
were housed in specific-pathogen-free facilities at Fundaciéon CNIC and maintained on a 12-h light/12-h darkness schedule, at 45—
65% relative humidity and 21-24 °C ambient temperature. Experimental procedures were reviewed and approved by the institutional
animal care and use committees at the Centro Nacional de Investigaciones Cardiovasculares (CNIC).

METHOD DETAILS

Embryo retrieval

Embryos were staged considering 12:00 on the midday of the vaginal plug as embryonic day (E) 0.5. Females were sacrificed by cer-
vical dislocation. The abdominal cavity of sacrificed females was opened to expose the uterus. The uterus was then placed in ice cold
PBS for fixed analysis or in 37°C dissection media for experiments requiring embryo culture (see STAR Methods). After opening the
muscle layer and the decidual layer, the embryos were extracted, dissected and finally fixed in paraformaldehyde (PFA, Merck) 2% in
PBS overnight at 4°C or placed in pre—equilibrated culture medium.

Whole mount embryo immunostaining

After fixing embryos in 2% PFA in PBS, immunofluorescence was performed as follows: After three washes with PBS, the embryos
were permeabilized with a 0.3% Triton X-100 in PBS solution for 30 minutes at room temperature. Blocking was performed with
Bovine Serum Albumine (BSA, Thermo Fisher) 0.5% in PBS for at least 3 hours at 4°C. The primary antibodies were then incubated
overnight. We used the following primary antibodies: anti-CD31 (553370 BD Pharmingen clone MECr 13.3), anti- M20 (1:100; Anti—
MF-20-mouse Hybridoma bank), anti-ERG (1:500; Anti-ERG antibody Rabbit [EPR3863]-ChiP Grade, Abcam Ab110639), anti-
N1ICD (1:1000, Cleaved Notch1 (Val1744) (D3B8) Rabbit mAb #4147, Cell Signaling), anti-VEGFR2 (Purified Rat Anti-Mouse
FIk-1 #555307, BD Pharmigen). Primary antibody washing was carried out in a 0.1% Triton X-100 in PBS solution for at least 5 hours
at 4°C. Secondary antibody incubation was carried out overnight at 4°C. We used the following secondary antibodies: Alexa Fluor
647 goat anti-mouse (1:500; Life technologies A31571), Alexa Fluor 647 goat anti-rat (1:500; Life technologies A21247) and Alexa
Fluor 594 goat anti-rabbit (1:500; Life technologies A11037). All embryos were nuclei stained with DAPI 1:1000 diluted in PBS. Em-
bryos were clarified in crescent dilution of glycerol in PBS (25%, 50% and 75%) until analysis was performed by confocal
microscopy.
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Confocal microscopy of fixed embryos

Whole embryos were mounted on 35 mm plates with a 14 mm diameter glass coverslip (Mattek, P35G-1.5-14-C) and imaged on a
Leica TCS SP5 confocal microscope using 405, 488, 561, 633 nm wavelengths and 10x/0.4 dry and 20x/0.75 glycerol objectives or on
a Leica TCS SP8 confocal microscope using spectral wavelength lasers and nd 20x/0.75 glycerol objectives. A 3D stack was ob-
tained by imaging optical sections every 3 or 5 um.

For quantification of the Notch reporter expression (CBF1:H2BVenus, +) in the endothelium, we used immunostaining of the CD31
marker. Following confocal imaging, CBF:H2BVenus positive and negative cells were counted within the CD31 positive and negative
domains using Imaged Cell Counter plugin, which output was plotted and statistically analyzed using chi-square test to compare the
proportions of positive cells in both domains.

Retrospective clonal analysis

For retrospective clonal analysis, we used mouse embryos carrying the inducer Polr2a— CreERT2 (RERT) and both the reporters
ROSA26CAG-TdTomato (R26RtdTomato) and ROSA26CAG-EGFP (R26REGFP) in trans-heterozygosis. These genotypes were
generated upon breeding mice that have the inducer and one of the reporter alleles in double homozygosis with mice that have
the second reporter allele in homozygosis. Random Cre-mediated recombination was triggered with 4-hydroxy-tamoxifen dissolved
in corn oil. A single dose of 4-hydroxy-tamoxifen was injected intraperitoneally into pregnant females at E5.75 or E6.25 days of gesta-
tion. The embryos were dissected, fixed and analyzed at E8.0-E8.5 as described in the following sections.

Tamoxifen preparation

For induction of the RERT line, 10 mg of 4-hydroxy Tamoxifen (Sigma) was dissolved in 1 ml of absolute ethanol and 9 ml of corn oil
(Sigma) for a final concentration of 1 mg/ml. The stock solution was then sonicated for 40 minutes on ice to prevent overheating. The
solution was aliquoted and stored at 4°C for up to 4 weeks, and re-sonicated before being administered to mice.

TAT-Cre prospective clonal analysis
Mouse embryos at developmental stages E6.5 to E7.5 were dissected in a pre-equilibrated medium containing DMEM supplemented
with 10% fetal bovine serum, 25 mM HEPES-NaOH (pH 7.2), penicillin, and streptomycin. Subsequently, the embryos were cultured
under controlled conditions within a hypoxic chamber incubator at 37°C with 5% 02 and 7% CO2, using a culture medium comprising
50% Janvier Labs Rat Serum SPRAGUE DAWLEY RjHan SD male only and 50% DMEM FluoroBrite. For prospective clonal analysis
tracing, embryos in the same developmental range were microinjected with TAT-Cre recombinase using specialized equipment and
techniques. Specifically, microinjection needles were prepared with a 2um gauge and inserted into the anterior side of the embryo
until penetrating the endodermal layer, using specified pressure conditions. The embryos were handled and positioned carefully,
ensuring that the anterior and posterior sides were oriented accordingly during the procedure to achieve successful microinjections.
In our prospective clonal analysis, we utilized mouse embryos that carried both the reporter genes ROSA26CAG-TdTomato
(R26RtdTomato) and ROSA26CAG-EGFP (R26REGFP) in transheterozygosis. Following a process akin to the one used for retro-
spective clonal analysis, we fixed, imaged, and annotated fluorescent cells within anatomical regions. “Clusters” were defined as
groups of cells (either Tomato or GFP) originating from a single TAT-Cre injection. We employed the same probability calculation
method as in retrospective clonal analysis, using the two-reporter strategy as previously outlined in the literature.?’**> Notably,
out of 19 clusters analyzed, only one was bicolor, indicating that clusters in the TAT-Cre induced embryo collection had a high likeli-
hood (93%) of being monoclonal.

Embryo culture and live imaging of gastrulating mouse embryos
Live imaging procedures followed the protocol outlined in Sendra et al.*? In brief, mouse embryos were carefully collected and
dissected within a dissection medium comprised of DMEM supplemented with 10% fetal bovine serum, 25 mM HEPES-NaOH
(pH 7.2), and penicillin-streptomycin (50 pg/ml each). For embryos spanning E6.5 to E7.5, culture conditions were established using
a mix of 50% Janvier Labs Rat Serum Sprague Dawley RjHan SD (male only) and 50% DMEM FluoroBrite (Thermo Fisher Scientific,
A1896701) with incubation at 37°C and a 7% CO2 concentration. Imaging was conducted on a Zeiss LSM780 platform, featuring a
20x objective lens (NA=1) and a MaiTai laser set at 980 nm for two-channel two-photon imaging. Fluorescence was detected with
Non Descanned Detectors equipped with the filters cyan-yellow (BP450-500/BP520-560), green-red (BP500-520/BP570-610) and
yellow-red (BP520-560/BP645-710). Zen software (Zeiss) facilitated data acquisition with an output power of 250 mW, pixel dwell
time of 14.8 s, line averaging of two, and an image dimension of 610x610 pm (1024 x 1024 pixels).

Embryo MS3 was injected approximately 0.38 nl of undiluted TAT-Cre recombinase (3.8-10~" U of TAT-Cre, SCR508, Sigma-Aldrich)
using a pneumatic microinjector (Narishige IM 300 Microinjector) 9 psi of injection pressure during 40 ms as previously described.*”
After 3 hours resting in culture media, the embryo was placed in the Zeiss LSM780 platform an imaged as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cluster cell counting
Once acquired, the images were opened as optical plane stacks and saved in.tiff format. The contribution of the clusters to each
anatomical location was evaluated by counting DAPI nuclei within Tdtomato+ or GFP+ cells. Anatomical locations were identified
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using morphological features' in the DAPI channel. Additionally, MF20 and ERG immunostaining signal identified cardiomyocytes
and endothelial cells. Two overlapping groups of cells (Tomato and GFP cells) were annotated as "bicolor clusters".

The polyclonality of monocolor cell clusters in the embryo collection was estimated using the frequency of bicolor clusters as pre-
viously described.?'*?? This method is based in the fact that the frequency of bicolor events in a collection of samples is directly pro-
portional to its polyclonality (Figure Ill.1A). This allows calculating the probability of finding clusters labeled with one reporter (mono-
color clusters) that originate from multiple progenitors (polyclonal) using the following formula (Figure 1ll.1F). We reported previously
the relative recombination of GFP and Tdtomato reporter.*® Briefly, we first estimated the relative Tomato and GFP recombination
frequency: RERT+/-;ROSA26RCAG-TdTomato+/+ mice were crossed with ROSA26RCAG-GFP+/+ mice. Reporter recombination
was induced by administering 0.04 mg/g of 4-OH tamoxifen intraperitoneally to pregnant females on day E7. A day later, the embryos
were harvested and the relative efficiency of recombination was calculated by manually counting GFP and TdTomato cells over total
DAPI nuclei in confocal optical sections using the Imaged Cell Counter plugin. We found that Tdtomato recombined 1.97 times as
often as GFP.

Clonal probability

The frequency of mono-color polyclonal clusters can then be estimated as a function of the frequencies of bicolor clusters and of
mono-color clusters, which is biased towards the production of Tdtomato clusters, with a calculated frequency of recombination
of 1.76% for Tdtomato and 0.87% for GFP (that is, Tdtomato recombines 2.02 times more often). Dismissing polyclonality levels
above biclonality and assuming a stochastic distribution of clusters, the following functions apply for estimations:

® Frequency of bicolor clusters = frequency of Tdtomato (A) x frequency of GFP (B) x 2.
® Frequency of polyclonal monocolor clusters= A2 + B2.
® Then, the frequency of polyclonal monocolor clusters = Frequency of bicolor clusters x 1;2%3;2

In our case, for the retrospective clonal analysis, 4.5% of the clusters analyzed (2/44) were bicolor. Applying these formulae, we
calculated that the clusters in our collection had a 94.3 % chance of being actual clones.

. £X1+(1.76/0.87)2
44~ 2(1.76/0.87)

> =1-0.057 = 943.

Cell tracking and lineage reconstruction from live imaging data
We used Leo Guignard’s lab rigid block-matching registration tools (GitHub repository) developed initially by Grégoire Malandin and
Sebastien Ourselin®®*® and later optimized by Leo Guignard for this project. Block-matching registration corrects translation and
rotation in all of the planes. It does so by making blocks of the images and trying to match the intensities between one time point
and the next. Subsequently, the blocks are made smaller until optimal matching is found. This corrects for embryo drift and sudden
motion between one time point and the next, allowing for the quantification of cell tracking parameters and facilitating tracking itself.

To reconstruct lineages and assess the specification of early cardiac progenitors in our live imaging data, we tracked differentiated
cardiomyocytes and endothelial cells located in the cardiac crescent or primitive heart tube back to their initial positions in the
nascent mesoderm. Manual cell and lineage annotations were performed using the Fiji plugin Massive Multi-view Tracker (MaMuT).*®
Cells that could not be reliably identified in the previous or following time points were discarded. Once a progenitor was successfully
tracked from the beginning to the end of the video, the rest of its sisters were tracked on each division to reconstruct the full lineage.
For some cases, sister cell tracks were lost due the cell falling out of frame, moving to an area with poor resolution or crowded with
many cells. Next, MaMut output files (parsed.xml in a graph data structure) were processed using a custom python script. This script
is available as a Jupyter notebook in our GitHub Repository. Briefly, we used Leo Guignard’s LineageTree Python library (GitHub re-
pository) to retrieve cell lineages and XYZ coordinates from the.xml files to plot tracks in 3D and lineage representations.

To represent the location of progenitors on the raw data, we used the open-source software Napari (napari.org) in combination with
a custom python script, which is available (GitHub repository). 3D data can be explored for each embryo by installing Napari and
loading the raw data and 3D positions all at once using the provided code snippet directly on Napari’s terminal, specifying the location
of the folder containing the layer’s file.

Probability calculation for clone specification
To assess whether the observed lineage outcomes of clones are due to chance or lineage specification (Figure S6D) we calculated
the probabilities of a clone containing cardiomyocytes (CMs) but no endocardial cells (ECrs), and vice versa.

For a clone with n cells in the heart, the probabilities are calculated as follows:

1 Probability of all CM (no ECr)

P(aII CM) = (pCM)n
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Where pgy is the probability of a cell being a CM. This is the ratio of the total number of CM cells to the total number of heart cells
(CM + ECr), which in our collection is 0.64.

2 Probability of all ECr (no CM)

P(all ECr) = (pec:)”

where pec, is the probability of a cell being an ECr. This is the ratio of the total number of ECr cells to the total number of heart cells
(CM + ECr), which in our collection is 0.36.

These probabilities were calculated for clones containing more than 4 cells, taking into account its size (n) and the known average
proportions of CM and ECr in the dataset. This analysis provided an estimate of the likelihood that clones with restricted lineage out-
comes occurred by chance.
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