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After severe heartinjury, fibroblasts are activated and proliferate excessively

toformscarring, leading to decreased cardiac function and eventually
heart failure. It is unknown, however, whether cardiac fibroblasts are
heterogeneous withrespect to their degree of activation, proliferation and
function during cardiac fibrosis. Here, using dual recombinase-mediated
geneticlineage tracing, we find that endocardium-derived fibroblasts
preferentially proliferate and expand in response to pressure overload.
Fibroblast-specific proliferation tracing revealed highly regional expansion
of activated fibroblasts after injury, whose pattern mirrors that of
endocardium-derived fibroblast distribution in the heart. Specific ablation
of endocardium-derived fibroblasts alleviates cardiac fibrosis and reduces
the decline of heart function after pressure overload injury. Mechanistically,
Wnt signaling promotes activation and expansion of endocardium-derived
fibroblasts during cardiac remodeling. Our study identifies
endocardium-derived fibroblasts as a key fibroblast subpopulation
accounting for severe cardiac fibrosis after pressure overload injury and

as a potential therapeutic target against cardiac fibrosis.

Heart failure is a growing cause of mortality and morbidity world-
wide'. Compared to other organs, the mammalian heart is among the
least regenerative ones in adults, partly due to the poor proliferative
capacity of cardiomyocytes®”. In fact, cardiomyocytes only account for
approximately 30% of the cellsin the heart*; non-myocytes, including
endothelial cells, fibroblasts and hematopoietic cells, are the most
abundant cell types’. Of these, cardiac fibroblasts have a critical role in
maintaining normal cardiac structures with mechanical and electrical
functions, as well as regulating cardiac remodeling during pathologi-
cal conditions, such as hypertension and myocardial infarction®. After
heartinjury, fibroblasts are activated and differentiate into contractile
myofibroblasts that produce a large amount of extracellular matrix

and generate collagen-richscarring to replace dead cardiomyocytes”.
Excessive accumulation of extracellular matrix profoundly impacts
heart function by reducing wall compliance, eventually leading to heart
failure’. Inaddition to these mechanical alterations, excessive scarring
also promotes arrhythmia that can lead to sudden cardiac death and
limits the regenerative potential of the injured myocardium during
the progression of heart failure’®". Given its important contribution
to heart failure, understanding the pathophysiological processes and
the underlying mechanisms driving cardiac fibrosis would help unravel
new strategies for anti-fibrotic therapies'".

Excessive cardiac myofibroblasts that emerge after injury are
key mediators of tissue fibrosis and determinants of scar formation.

A full list of affiliations appears at the end of the paper.
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The sources of cardiac myofibroblasts have beenin dispute during the
past decades. Notably, myofibroblasts are now believed to be derived
from preexisting fibroblasts through proliferation'*. Regarding the
developmental origins of cardiac fibroblasts, two major distinct sources
havebeenreported,including the epicardiumand endocardium. Epicar-
dial cells, the outermost layer of the mesothelial cells covering the devel-
oping heart, have the ability to migrate into the myocardium through
epithelial-mesenchymal transition (EMT) and are differentiated into
multiple cell lineages, such as fibroblasts, pericytes and smooth muscle
cells® . Recent lineage tracing studies demonstrated that endocardial
cells also contribute to fibroblasts, endothelial cells, pericytes and
smooth muscle cells during cardiac development'®?. Despite these
advances, itis unclear whether fibroblasts from different origins exhibit
distinct functions during cardiac fibrosis. Understanding the in vivo
role of unique fibroblast subpopulations accounting for tissue fibrosis
would provide new insights into the identification of potential targets
for treating cardiac fibrosis and preventing heart failure.

Results
Genetic tracing of endocardium-derived fibroblastsin the
developing and adult heart
To specifically trace endocardium-derived fibroblasts, we used inter-
sectional genetics that targeted endocardium-derived cells and fibro-
blasts using NfatcI-Dre** and Colla2-CreER*, respectively (Fig. 1a). To
enable readout of both Dre and Cre, we generated the Rosa26-rox-
Stop-rox-loxp-Stop-loxp-GFP (R26-RL-GFP) mouse line (Extended Data
Fig.1a,b). When a Thnt2-Dre-Cre-tdTomato mouse line (Tnnt2-DCT;
Extended Data Fig. 1c) was crossed with R26-RL-GFP, green fluorescent
protein (GFP) was activated in cardiomyocytes expressing tdTomato
(Extended Data Fig.1d-f). We also confirmed that one Stop alone could
prevent GFP expression in R26-RL-GFP after crossing this mouse line
with CAG-Dre** or ACTB-Cre** (Extended Data Fig. 1g-i). These data
demonstrated that R26-RL-GFPwas specific and efficient for dual line-
agetracinginvivo. To specifically target endocardium-derived cells, we
used the endocardium-specific Nfatcl-Dredriver for tracing®”°. Immu-
nostaining onembryonic day10.5 (E10.5) NfatcI-Dre;R26-RSR-tdTomato
embryonic sections showed that most tdTomato® cells did not
express WT1 (Extended Data Fig. 2a—c). In addition, analysis of E17.5
Nfatcl-Dre;R26-RSR-tdTomato hearts revealed that Nfatc1-Dre mainly
labeled endothelial cells and platelet-derived growth factor receptor-a
(PDGFRa)* fibroblasts (Extended Data Fig.2d-g). Inthe adult heart, we
alsoobserved asubset of PDGFRa fibroblasts expressing GFP in the epi-
cardial and subepicardial regions (Extended Data Fig. 2h,i), which could
be dueto unexpected activation of Nfatcl-Dreinfibroblasts after birth.
Inour study, Colla2-CreER* was used to specifically label fibroblasts.

Having validated these mice, we generated Nfatcl-Dre;Colla2-
CreER;R26-RL-GFP mice to trace endocardium-derived fibroblasts
(Fig. 1a). Dre-rox recombination removes the first Stop and subse-
quent Cre-loxP recombination removes the second Stop on tamox-
ifen (TAM) induction, leading to permanent genetic labeling of GFP
in endocardium-derived fibroblasts (Fig. 1a). We found that GFP*
endocardium-derived fibroblasts were derived from the endocar-
dium after EMT transition in cushions and they were highly enriched
inthe ventricular septum (VS) and trabecular myocardium of the left
ventricle (LV) in the developing heart (Extended Data Fig. 3 and Sup-
plementary Note). Notably, endocardial cells in the trabecular layer
minimally contributed to fibroblasts (Supplementary Fig.1and Sup-
plementary Note). By injecting TAM into the endocardium-derived
fibroblast tracer at different stages and collecting hearts for analysis
atE17.5, we found that fibroblast cell fate was determined before E12.5,
followed by subsequent fibroblast expansion at later developmental
stages (Extended DataFig. 4).

Furthermore, we examined the distribution of endocardium-
derived fibroblasts in the adult heart by treating the endocardium-
derived fibroblast tracer with TAM at 8-9 weeks of age (Fig. 1b).

Immunostaining for PDGFRa and GFP on heart sections revealed highly
enriched GFP* fibroblastsin the valves and afew GFP* cellsin the upper
part of the VS and inner part of the LV (Fig. 1c,d). Magnified images
showed that a substantial portion of PDGFRa" cells expressed GFP
in the valves and upper part of the VS (Fig. 1e,f), with relatively fewer
GFP" endocardium-derived fibroblasts in the right ventricle (RV) and
LV (Fig.1g,h). Quantification of GFP* endocardium-derived fibroblasts
inthe myocardium showed that approximately 20% of PDGFRa" cells
expressed GFP and virtually all GFP* cells expressed PDGFRa (Extended
DataFig. 5a-c). Flow cytometry analysis revealed that approximately
20% of PDGFRa" cells expressed GFP (Fig. 1i,j). We used additional
markers such as vimentin to confirm fibroblast labeling and found that
most GFP* cells were vimentin® but not a-smooth muscle actin (aSMA)*
(Extended DataFig. 5d-i). Because of the highly regional distribution
pattern of GFP* endocardium-derived fibroblasts, especially in valves,
we next quantified the percentage of GFP-expressing PDGFRa fibro-
blasts in different regions of the myocardium. We found that GFP*
endocardium-derived fibroblasts were highly enriched in the VS and
the inner myocardial wall of the LV; they were substantially fewer in
the outer myocardial wall of the LV and RV (Fig. 1k,| and Extended
Data Fig. 2h,i). Thus, we established a dual genetic tracing system to
specifically label endocardium-derived fibroblasts.

Endocardium-derived fibroblasts expand significantly after
cardiacinjury

We next asked whether endocardium-derived fibroblasts respond
differently compared to epicardium-derived fibroblasts after
cardiac injury. We crossed endocardium-derived fibroblast
tracer with R26-LSL-tdTomato* to generate Nfatcl-Dre;Colla2-
CreER;R26-RL-GFP;R26-LSL-tdTomato knock-in mice, in which
endocardium-derived fibroblasts would be labeled as GFP*tdTomato*
and fibroblasts from other origins (mainly epicardium-derived fibro-
blasts) would be marked as GFP"tdTomato* (Fig. 2a). After 2 weeks of
TAM washout, we performed transverse aortic constriction (TAC)
to model pressure overload in mice and analyzed hearts at 4 days
and 7 days after TAC (Fig. 2b). Immunostaining and flow cytometry,
respectively, confirmed that GFP* and tdTomato® cells were fibroblasts
but not endothelial cells in the sham or TAC hearts (Supplementary
Fig.2). While most cells expressing PDGFRa, vimentin or aSSMA were
still tdTomato", a substantial number of tdTomato" cells only weakly
expressed these markers (Supplementary Fig. 3), whichis consistent
with previous studies showing reduced fibroblast marker expression
after injury®—.,

Based on the fact that myofibroblasts of the injured heart are
derived from preexisting fibroblasts'®*>**, we also used the lineage trac-
ingreporter tdTomato, in additionto these fibroblast markers, to quan-
tify fibroblasts and their derivativesin the injured heart. Whole-mount
fluorescence imaging revealed pronounced GFP* signal enrichment
inthe VS of hearts at4 days and 7 days after TAC, compared with sham
treatment (Fig. 2c). Sirius Red staining showed severe tissue fibrosis
inthe upper part of the VS and upper and inner myocardial wall of the
LVat 7 days after TAC (Fig. 2d). Immunostaining for tdTomato and GFP
on heart sections revealed that GFP* fibroblasts were highly enriched
inthe upper part of the VSand inner myocardial wall of the LV at 4 days
and 7 days after TAC, respectively (Fig. 2e,f), which is consistent with
theregional pattern oftissue fibrosis evaluated using Sirius Red stain-
ing. We could barely detect any GFP* cells in the hearts of NfatcI-Dre;
Colla2-CreER;R26-RL-GFP mice without TAM treatment at 28 d after
TAC (Supplementary Fig. 4). Quantitation of flow cytometry analysis
revealed that the percentage of PDGFRa" fibroblasts expressing GFP
orthe number of GFP* fibroblastsincreased inthe hearts at 4 days and
7 days after TAC, compared with that of sham controls (Fig. 2g and Sup-
plementary Fig. 5), suggesting that endocardium-derived fibroblasts
may have a higher proliferative potential than fibroblasts from other
sources after TAC.
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Fig.1|Distribution of endocardium-derived fibroblasts in the adult heart.
a, Schematic showing the genetic tracing of endocardium-derived fibroblasts.
b, Schematic showing the experimental strategy. ¢, Immunostaining for
PDGFRa and GFP onwhole adult heart sections. d, Cartoon image showing the
distribution pattern of endocardium-derived fibroblasts in the adult heart.
e-h, Immunostaining for PDGFRa and GFP on adult heart sections. The boxed
regions are magnified in the panels on the right with split channels. The
arrowheads indicate GFP*'PDGFRa" endocardium-derived fibroblasts. Images in
e f,g hareregionsofvalve, VS, RV, LV, respectively. i, Flow cytometry analysis of

the percentage of PDGFRa" endocardium-derived fibroblasts expressing GFP.
Jj, Quantification of the percentage of PDGFRa" cells expressing GFP by FACS.
k, Quantification of the percentage of PDGFRa" cells expressing GFP in heart
valves and the myocardium. I, Quantification of the percentage of PDGFRa"
endocardium-derived fibroblasts expressing GFP in different regions of the
myocardium. OMW, outer myocardium wall; IMW, inner myocardium wall. All
quantification data are represented as the mean + s.e.m.; n = S5mice. Scale bars,
yellow,1 mm; white, 100 um. Each image is a representative of five individual
mouse samples.
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Given the significant expansion of endocardium-derived fibro-
blasts, we next analyzed the proliferation of GFP*tdTomato* and
GFPtdTomato® fibroblasts by a 5-ethynyl-2’-deoxyuridine (EdU)
incorporation assay. A substantial number of GFP*tdTomato" cells
incorporated EdU in the upper part of the VS (VS') and upper myocar-
dial wall of the LV (LV') at 4 days after TAC, while few GFP*tdTomato*
cells incorporated EdU in the lower part of the VS (VS?) and lower
part of the LV (LV?) at 4 days after TAC (Fig. 2h). At 7 days after TAC,
we found a few GFP"tdTomato" cells incorporating EdU in the VS'
and LV' regions but very few in the VS? and LV? regions (Fig. 2h).
Notably, at 7 days after TAC, we detected many EdU" cells that were
GFP tdTomato™ (Fig. 2h), indicating proliferation of non-fibroblast
lineages at 7 days after TAC. Quantification data revealed that the
percentage of tdTomato® fibroblasts expressing GFP was highest in
VS, mediumin LV'and relatively lower in VS*and LV? of hearts at 4 days
and 7 days after TAC (Fig. 2i). The percentage of tdTomato" fibro-
blasts incorporating EAU was significantly higher in GFP* than GFP~
populationinthe VS of hearts at 4 days and 7 days after TAC (Fig. 2j).
Independently, we used PDGFRq, vimentin and aSMA and found a
significantly higher proliferation rate in GFP* endocardium-derived
fibroblasts compared with GFP~ fibroblasts after TAC (Supplemen-
tary Figs. 6 and 7). At 28 days after TAC, we found that these GFP*
endocardium-derived fibroblasts still remained regional in the heart
and expressed PDGFRa and vimentin but no longer maintained aSMA
expression (Extended Data Fig. 6).

Contribution of epicardium-derived fibroblasts to cardiac
fibrosis after TAC

We next labeled epicardium-derived fibroblasts and determined
if they proliferated and expanded in regions of severe fibrosis,
suchastheupperregionoftheVS.Tolineage-traceepicardium-derived
fibroblasts, we crossed the epicardium-specific Cre driver Wt1-CreER"
with R26-LSL-tdTomato” (Fig. 3a). We induced epicardial labeling
at the embryonic stage when EMT occurs and performed TAC at
the adult stage (8 weeks old) followed by analysis at 4 days and
7 days after TAC (Fig. 3b). We found that tdTomato" cells were
widely distributed in the hearts but noticeably fewer tdTomato*
cellswere observed in the VS'and inner layer of the LV, such as papil-
lary muscle (Fig. 3c), complementary to the endocardium-derived
fibroblast distribution pattern in the heart at homeostasis or after
TAC (Figs. 1c,d and 2e,f). Quantification revealed few PDGFRa"
fibroblasts being tdTomato*in VS', while most PDGFRa* fibroblasts
were tdTomato® in VS? (Fig. 3d,e). These data demonstrated that
epicardium-derived fibroblasts minimally expanded into regions
where endocardium-derived fibroblasts were mainly distributed in
the adult heart after TAC.

To investigate the extent of proliferation in epicardium-derived
fibroblasts at4 daysand 7 days after TAC, we performed EdU incorpora-
tion assays and assessed EdU* epicardium-derived fibroblasts in differ-
ent parts of the heart. We did not detect noticeable EdU incorporation

in tdTomato'PDGFRa" cells of sham-treated hearts (Supplementary
Fig. 8a-c). We found few tdTomato'PDGFRa" epicardium-derived
fibroblasts incorporating EdU at 4 days or 7 days after TAC in the
VS! (Fig. 3f). In contrast, tdTomato'PDGFRa" epicardium-derived
fibroblasts incorporating EdU could be readily detected in the LV' at
4 days and 7 days after TAC (Fig. 3f). Quantification data showed that
1.67% +0.068%, 2.32% + 0.396%, 6.26% + 0.601% and 1.977% + 0.101%
of tdTomato'PDGFRa" epicardium-derived fibroblasts incorporated
EdU, respectively, in VS', VS?, LV! and LV? at 4 days after TAC, while
1.46% + 0.072%,1.72% + 0.148%, 3.98% + 0.487% and 1.33% + 0.175% of
tdTomato'PDGFRa" epicardium-derived fibroblasts incorporated
EdU, respectively, in VS', VS?, LV! and LV? at 7 days after TAC (Fig. 3g),
suggesting that epicardium-derived fibroblasts proliferated mainly in
the LV!. Moderate proliferation of epicardium-derived fibroblasts was
still noticed in some regions of the LV'and left atrium after TAC (Fig. 3h
and Supplementary Fig. 8d-f).

Highly regional proliferation of fibroblasts after TAC

We next took advantage of a genetic approach to trace cell pro-
liferation, that is, ProTracer?, to assess fibroblast proliferation
after TAC. We generated a fibroblast-specific proliferation tracing
system, Fb-ProTracer. In this design, we generated Colla2-
CreER;Ki67-LSL-2A-Dre;R26-RL-GFP mice in which TAM-induced
Colla2-CreER would remove Stop in Ki67-LSL-2A-Dre, yielding a
new Ki67-2A-Dre allele, and remove the first Stop in the R26-RL-GFP
allele (Fig. 4a). Initial TAM treatment primed Ki67-2A-Dre to start
continuous recording of cell proliferation only in fibroblasts
over time (Fig. 4a). In the sham-treated heart, we found sporadic
GFP* cells three weeks after TAM treatment (Fig. 4b,c). Immunostain-
ing for PDGFRa and GFP on heart sections revealed that all GFP*
cells expressed PDGFRa (Fig. 4d), confirming fibroblast-specific
recording of proliferation.

We next exposed the Fb-ProTracer mice to TAC and analyzed the
injured hearts at 4 days and 7 days after TAC (Fig. 4e). Whole-mount
fluorescence imaging highlighted increased GFP* signals in the TAC
samples compared with that of sham-treated group (Fig. 4f). Sirius
Red staining of Fb-ProTracer hearts showed regional severe fibrosis at
4 daysand 7 days after TAC (Fig. 4g). Immunostaining for PDGFRa and
GFP on heart sections showed highly enriched GFP" fibroblasts in the
upper partof the VSand someregions of the LV (Fig. 4h), confirming the
severeregional fibrosis pattern revealed by Sirius Red staining (Fig. 4g).
Quantification data revealed a significantly increased percentage of
PDGFRa* fibroblasts expressing GFP after TAC compared with that of
sham-treated mice (Fig. 4i). Notably, the most pronounced increasein
fibroblast proliferation was apparentin the VS, followed by the LV and
then the other regions (Fig. 4i). Taken together, proliferation tracing
based on Fb-ProTracer revealed highly regional fibroblast genera-
tion after TAC (Fig. 4j), the pattern of which mostly recapitulated the
expansion of endocardium-derived fibroblasts in severely fibrotic
regions (Fig. 2e,f).

Fig.2|Endocardium-derived fibroblasts expand regionally during cardiac
fibrosis after TAC. a, Schematic showing simultaneous tracing of general and
endocardium-derived fibroblasts. b, Schematic showing the experimental
design. ¢, Whole-mount fluorescence views of hearts collected from Nfatcl-
Dre;Colla2-CreER;R26-RL-GFP;R26-LSL-tdTomato mice under sham treatment or
at4 daysor 7 days after TAC. The inserts show brightfield images. d, Sirius Red
staining of heart sections. e, Immunostaining for tdTomato and GFP on whole
heart sections from mice at 4 days or 7 days after TAC. f, Cartoon images showing
the distribution of endocardium-derived fibroblasts in hearts. g, Flow cytometry
analysis of the percentage of endocardium-derived fibroblasts expressing GFP
inthe hearts of sham- or TAC-treated mice. h, Immunostaining for tdTomato,
GFP and EdU on different heart sections collected from mice at 4 days or 7 days
after TAC. The arrowheads point to EdU* endocardium-derived fibroblasts.

i, Quantification of the percentage of endocardium-derived fibroblasts

expressing GFP in different parts of the heart. Data are the mean + s.e.m.;
n=>5mice.j, Quantification of the percentage of GFP*tdTomato" fibroblasts
(endocardium-derived fibroblasts) or GFP"tdTomato® fibroblasts (non-
endocardium-derived fibroblasts) incorporating EdU in the hearts collected
from mice at 4 days or 7 days after TAC. Data are the mean + s.e.m.; 4 d after

TAC graph, n = 6 mice; VS": endocardium-derived fibroblasts versus non-
endocardium-derived fibroblasts, *P < 0.0001; LV endocardium-derived
fibroblasts versus non-endocardium-derived fibroblasts, *P = 0.0425; 7 days
after TAC graph, n = 5mice; VS endocardium-derived fibroblasts versus non-
endocardium-derived fibroblasts, *P < 0.0001; NS, not significant. Statistical
analysis was performed using two-way analysis of variance (ANOVA) with Sidak’s
multiple comparisons test. Scale bars, yellow, 1 mm; white, 100 um. Each image is
representative of five individual mouse samples.
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100 pm. Each image is representative of five individual mouse samples.
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Fig. 4 |Fibroblast-specific proliferation tracing reveals regional fibroblast
proliferation after TAC. a, Schematic showing the fibroblast-specific proliferation
tracing strategy. Colla2-CreER induced the Ki67-LSL-2A-Dre allele, which primes

the system to continuously record Ki67* fibroblasts from time point 1(T1) to time
pointn (Tn). b, Schematic showing the experimental design. c, Whole-mount and
epifluorescence images of hearts collected from mice 3 weeks after TAM injection.
d, Immunostaining for PDGFRa and GFP on heart sections. The arrowheads
indicate PDGFRa'GFP’ fibroblasts. e, Schematic showing the experimental design.
f, Whole-mount and epifluorescence images of hearts collected from mice 4 days
or 7 days after TAC. g, Sirius Red staining of TAC heart sections. h, Immunostaining

for PDGFRa and GFP on heart sections collected from mice at 4 days or 7 days
after TAC. The arrowheads indicate PDGFRa*GFP' fibroblasts. i, Quantification
ofthe percentage of PDGFRa" fibroblasts expressing GFP in different parts of the
hearts from sham- or TAC-treated mice. Data are the mean +s.e.m.n=5mice; in
eachcomparison group, *P < 0.0001. Statistical analysis was performed using
two-way ANOVA with Tukey’s multiple comparisons test. j, Cartoonimages
showing regional distribution of proliferated fibroblasts in hearts after TAC.
Scalebars, yellow,1 mm; white, 100 um. Eachimage is representative of five
individual mouse samples.

Nature Genetics | Volume 55 | April 2023 | 665-678

671


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-023-01337-7

Genetic ablation of endocardium-derived fibroblasts
alleviates cardiac fibrosis

To determine the role of endocardium-derived fibroblasts in car-
diacfibrosis after pressure overload injury, we generated Nfatcl-Dre;
Colla2-CreER;R26-LSL-RSR-tdT-DTR mice (endocardium-derived
fibroblast-diphtheria toxin receptor (DTR)), in which Dre-rox and
Cre-loxP recombinations mediate simultaneous expression of
tdTomato and DTR specifically in endocardium-derived fibroblasts
(Fig.5a). We treated endocardium-derived fibroblast-DTR mice with
diphtheriatoxin (DT) and confirmed that tdTomato* fibroblasts were
significantly reduced in the hearts after DT treatment compared to
PBS-treated ones (Extended Data Fig. 7a-g). Under normal condi-
tions, there was no significant difference in heart function of DT-and
PBS-treated hearts (Extended Data Fig. 7h,i). We next induced TAC
injury two weeks after TAM, injected DT or PBS one week after TAC
and collected hearts for analysis four weeks after TAC (Fig. 5b). We
found strong tdTomato" signals in the hearts of endocardium-derived
fibroblast-DTR mice treated with PBS but sparse tdTomato®signalsin
those treated with DT (Fig. 5¢). Sirius Red staining highlighted severe
fibrosisin mice treated with PBS, most of which were enriched in the
VS'and LV' (Fig. 5d). In contrast, fibrosis was remarkably reduced
in the hearts of DT-treated mice (Fig. 5d,e), indicating that genetic
ablation of endocardium-derived fibroblasts alleviated the severity
of cardiac fibrosis after TAC.

We next performed immunostaining to examine the distribu-
tion of endocardium-derived fibroblasts in the hearts of PBS- and
DT-treated endocardium-derived fibroblast-DTR mice. We found that
tdTomato” endocardium-derived fibroblasts were highly enriched
in the VS and LV' of PBS-treated hearts, whereas very few tdTomato*
endocardium-derived fibroblasts remained in the DT-treated ones
(Fig. 5f). Quantitatively, there was a significant reduction in the per-
centage of PDGFRa" fibroblasts expressing tdTomato in the hearts of
DT-treated mice than in the PBS-treated group (Fig. 5g). Echocardi-
ography demonstrated severely depressed ejection fraction (EF) and
fractional shortening (FS), measures of systolic contractile function,
inmice treated with PBS after TAC (Fig. 5h,i). In contrast, significantly
less functional deterioration as evidenced by EF and FS was observedin
DT-treated mice thanin the PBS-treated group after TAC (Fig. 5h,i), indi-
cating thatendocardium-derived fibroblast ablation reduced function
declineafter injury. Additionally, hematoxylinand eosin (H&E) staining
of heart sections revealed significantly reduced cross-sectional area
inDT-treated heartsthanin the PBS-treated group after TAC (Fig. 5j,k).
Theheart-to-body weight ratiowasincreased in the PBS-treated group
after TAC but was significantly attenuated in DT-treated mice (Fig. 51).
Likewise, cardiomyocyte size measured by wheat germ agglutinin
(WGA) was increased after TAC but was significantly attenuated after
DT treatment (Fig. 5m,n).

Whnt signaling promotes endocardium-derived fibroblast
expansion after TAC

Toexplore the potential molecular mechanisms, we isolated GFP* and
GFP~ fibroblasts from the ventricular myocardium of Nfatci-Dre;Coll
a2-CreER;R26-RL-GFP mice for gene expression analysis (Fig. 6a and
Extended Data Fig. 8a). Principal component analysis (PCA) revealed
that GFP" fibroblasts of sham-treated mice were more similar to the
activated GFP* fibroblasts of TAC than GFP~ fibroblasts of sham-treated
mice (Fig. 6b). Inboth sham-treated and TAC hearts, GFP* fibroblasts
showed profound changes in their transcriptional profile with many
differentially expressed genes (DEGs) relative to that of GFP~ fibroblasts
(Fig. 6¢). Genes associated with fibroblast activation®®*>*°, such as
Thbs4, Cilp, Postn, Comp, Fmod, Cthrcl and Ddahl were upregulated
in GFP* fibroblasts compared with GFP~ ones (Fig. 6¢). Gene set enrich-
ment analysis (GSEA) showed positive regulation of canonical Wnt
signaling pathway and fibroblast proliferation in GFP* compared to
GFP™ fibroblasts of both sham-treated and TAC groups (Fig. 6d). In
particular, Wnt pathway genes, such as Wnt10b, Ccn4, Wnt9a, Fzd4,
Fzd7,Sox9, Lzts2 and Dkk3 were upregulated in GFP* fibroblasts com-
pared with GFP™ ones of both sham-treated and TAC groups, as dem-
onstrated by the heatmap in Fig. 6e. In addition to genes of the cell
cycle and Wnt signaling pathways, other pathways related to wound
healing, ossification and extracellular matrix organization were also
upregulated in GFP* fibroblasts compared to GFP~ ones (Extended Data
Fig.8b). These datasuggest that genes related to fibroblast activation
and proliferation are more significantly upregulated in GFP* than GFP~
fibroblasts after TAC.

To understand the impact of anatomical locations on gene
expression, we isolated GFP* and GFP™ fibroblasts from the upper
and lower parts of the ventricle at 7 days after TAC (Fig. 6f). PCA
revealed that GFP* fibroblasts of the upper and lower parts were
clustered next to each other, while GFP~ fibroblasts of the upper and
lower parts were also clustered closely in TAC hearts (Fig. 6g). To
dissect theimpact of developmental origins on gene expression, we
analyzed differential gene expressionin GFP"and GFP™ fibroblasts of
the upper regions and found that many fibroblast activation genes,
such as Cilp, Thbs4, Postn, Fmod and Ddah1 were upregulated in
GFP* fibroblasts compared with GFP™ ones (Fig. 6h). To evaluate
the impact of anatomical locations on gene expression after injury,
we analyzed differential gene expression in GFP* fibroblasts of the
upper and lower regions of the heart and found that genes related to
angiogenesis, such as Pecamli, Heyl, Cdh5 and Kdr were significantly
upregulated in the upper region of the heart (Fig. 6i). Moreover,
Gene Ontology (GO) enrichment analysis revealed that the develop-
mental origins mainly affected expression of genes associated with
wound healing, ossification, extracellular matrix, Wnt signaling,
celladhesion and migration, endocardial cushion and hypertrophy

Fig. 5| Genetic ablation of endocardium-derived fibroblasts alleviates
cardiac fibrosis and reduces the decline of heart function after TAC.

a, Schematic showing specific endocardium-derived fibroblast ablation by dual
recombinase-mediated genetic approach using NfatcI-Dre;Colla2-CreER;R26-
LSL-RSR-tdT-DTR mice. b, Schematic showing the experimental design. c, Whole-
mount brightfield and fluorescence views of hearts collected from mice after PBS
or DT injection 28 days after TAC. d, Sirius Red staining of heart sections from
PBS- or DT-treated TAC mice. e, Quantification of fibrotic areas in different areas
of TAC hearts after PBS or DT treatment. Data are the mean +s.e.m.n =5mice; VS:
PBS versus DT, *P < 0.0001; LV*: PBS versus DT, *P < 0.0001. f, Immunostaining for
PDGFRa and tdTomato on heart sections collected from PBS- or DT-treated mice.
Thearrowheadsindicate PDGFRa tdTomato® endocardium-derived fibroblasts.
g, Quantification of PDGFRa fibroblasts expressing tdTomato in different areas
of hearts after PBS or DT treatment. Data are the mean + s.e.m. n =5 mice; VS%
PBS versus DT, *P < 0.0001; VS PBS versus DT, *P=0.0001; LV': PBS versus DT,
*P<0.0001; LV%: PBS versus DT, *P < 0.0001. h,i, Quantification of EF and FS of
mice treated with PBS or DT at different time points after TAC. In h, dataare the

mean +s.e.m. n=5mice; TAC14 days, PBS versus DT, *P = 0.0147; TAC 28 days,
PBS versus DT, *P<0.0001. Ini, data are the mean + s.e.m.n =5 mice; TAC 28 days,
PBS versus DT, *P=0.0016. j, H&E staining of sham-treated or TAC heart sections
collected from mice treated with PBS or DT. k, Quantification of the relative
cross-sectional area of hearts. Data are the mean + s.e.m. n =5 mice; sham-wild
type (WT) versus TAC-PBS, *P = 0.0001; TAC-PBS versus TAC-DT, *P=0.0217.

1, Quantification of heart-to-body weight ratio in mice after Sham or TAC.

m, Immunostaining for WGA onsham or TAC hearts. Data are the mean +s.e.m.;
n=>5mice; sham-WT versus TAC-PBS and TAC-PBS versus TAC-DT, *P < 0.0001.
n, Quantification of the cardiomyocyte cross-sectional area of hearts. Data are
the mean + s.e.m.n =5 mice; sham-WT versus TAC-PBS and TAC-PBS versus TAC-
DT, *P<0.0001. Scale bars, yellow, 1 mm; white, 100 pm; magenta, 50 pm. Each
image is representative of five individual mouse samples. In e and g-i, statistical
analysis was performed by two-way ANOVA with Sidak’s multiple comparisons
test; ink, land n, one-way ANOVA with Tukey’s multiple comparisons test

was used.

Nature Genetics | Volume 55 | April 2023 | 665-678

672


http://www.nature.com/naturegenetics

Article https://doi.org/10.1038/s41588-023-01337-7

adaptation, which were upregulated in GFP* fibroblasts compared production and angiogenesis (Fig. 6j). We also found that differ-
with GFP~ ones (Fig. 6j). In contrast, distinct anatomical regions ential gene expression of GFP* versus GFP™ fibroblasts among all
mainly influenced expression of genes associated with interleukin  fibroblasts of the entire ventricle mainly reflected the impact on
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the developmental origins because they shared more DEGs with With reference to the upregulated genes of the Wnt signaling
those determined by developmental origins than anatomical regions  pathway in endocardium-derived fibroblasts, we next investigated
(Extended Data Fig. 8b-d). whether Wnt signaling functionally regulates the expansion of

Nature Genetics | Volume 55 | April 2023 | 665-678 674


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-023-01337-7

Fig. 6 | Gene profiles of endocardium- and epicardium-derived fibroblasts in
adult hearts after TAC. a, Schematic diagram showing the experimental design.
b, PCA of GFP*and GFP™ fibroblastsisolated from the hearts of sham-treated

or TAC group. ¢, Volcano plots showing DEGs in GFP* fibroblasts versus GFP~
fibroblasts from the sham-treated or TAC group. d, GSEA of positive regulation of
canonical Wnt signaling pathway or positive regulation of fibroblast proliferation
in GFP* and GFP~ fibroblasts from the sham-treated or TAC group. GOBP, GO
biological process; NES, normalized enrichment score. e, Gene expression
heatmap of the scaled expression of Wnt signaling pathway-related genes in

GFP~and GFP* fibroblasts from the sham-treated or TAC group. f, Schematic
diagram showing the experimental design. g, PCA of GFP*and GFP~ fibroblasts
isolated from the upper and lower parts of the heart. h,i, Volcano plots showing
differential gene expressionin GFP* versus GFP™ fibroblasts from the upper (h) or
lower (i) part of the heart. j, Gene expression heatmap of the scaled expression of
selected GO pathway-related genesin GFP~and GFP* fibroblasts from the lower or
upper part of the heart.n=3 mice; in ¢, handi, statistical analysis was performed
by Wald test. ECM, extracellular matrix.

endocardium-derived fibroblasts during cardiac fibrosis by specifically
deleting Ctnnbl in endocardium-derived fibroblasts. To achieve this
goal, we developed a dual recombinase-mediated sequential genetic
approachby first generating Nfatcl-Dre;Colla2-RSR-CreER;Ctnnbl-flox
mice (Fig. 7a). In this design, NfatcI-Dre removes rox-Stop-rox within
Colla2-RSR-CreER after Dre-rox recombination, yielding a Colla2-CreER
allele (Fig. 7a). Regarding Colla2-RSR-CreER, both Dre and TAM were
required to activate CreER for recombination (Supplementary Fig. 9).
Like the endocardium-derived fibroblast tracer, we confirmed that
NfatcI-Dre;Colla2-RSR-CreER;R26-RL-GFP specifically and efficiently
targeted endocardium-derived fibroblastsin the adult heart (Extended
DataFig. 9). Tosimultaneously trace endocardium-derived fibroblasts
and delete Ctnnblin endocardium-derived fibroblasts, we generated
Nfatci-Dre;Colla2-RSR-CreER;R26-RL-GFP;CtnnbI-flas mutant mice and
their littermate Nfatcl-Dre;Colla2-RSR-CreER;R26-RL-GFP;CtnnbI-wt as
controls, for analysis after TAC (Fig. 7b). TAM-induced Cre-loxPrecom-
bination removed the loxP-flanked Ctnnb1 exons, resulting in func-
tional gene ablation specifically in endocardium-derived fibroblasts
(Fig. 7a,b). Quantitative PCR with reverse transcription (RT-qPCR)
targeting Ctnnb1showed significantly reduced gene expression levels
inisolated GFP* fibroblasts of mutant mice compared with controls
(Fig. 7c). We also found significantly reduced levels of Ctnnb1 in GFP*
compared to GFP™ fibroblasts, indicating the specificity of gene dele-
tion in endocardium-derived fibroblasts (Extended Data Fig. 10a,b).
Endocardium-derived fibroblast-specific deletion of Ctnnb1 resulted
inreduced B-catenin protein expressionin GFP* fibroblasts, which did
not impair heart function under normal conditions (Extended Data
Fig.10c-e).

We found strong GFP* signals in controls mice that were much
weaker in the hearts of mutant mice (Fig. 7d) and a significant reduc-
tionin the number of GFP* endocardium-derived fibroblastsinthe VS
and some parts of the LV (Fig. 7e,f). Sirius Red staining showed less
severe fibrosis in the hearts of mutant than control mice after TAC
(Fig. 7g,h), indicating that CtnnbI depletion in endocardium-derived
fibroblasts limited the progression of cardiac fibrosis. Echocardi-
ography demonstrated significantly decreased EF and FS in control

mice, which were significantly greater in mutant than in control mice
(Fig. 7i,j), indicating that CtnnbI deletion in endocardium-derived
fibroblasts reduced the decline of heart function after TAC. H&E stain-
ing of heart sections revealed significantly reduced cardiac hyper-
trophy in the hearts of mutant than control mice after TAC (Fig. 7k,1).
The ratio of heart weight to body weight after TAC was also increased
inthe hearts of control compared to sham-treated mice, whereas the
ratiowassignificantly attenuated in the hearts of mutant compared to
control mice (Fig. 7m). Cardiomyocyte size measured by WGA staining
revealed that cardiomyocyte hypertrophy was inhibited in the hearts of
mutant compared with control mice after TAC (Fig. 7n,0). The reduced
endocardium-derived fibroblast number and abrogated fibrosis in
CtnnbIknockout mice was mainly due toreduced cell proliferation but
notincreased apoptosis after TAC (Supplementary Figs.10 and11and
Supplementary Note). We did not observe valve defects in mutant mice
(Supplementary Fig.12 and Supplementary Note). These datademon-
strated that deletion of CtnnbI in endocardium-derived fibroblasts
significantly reduced cardiac fibrosis and preserved cardiac function
after pressure overload injury.

Discussion

Identifying a specific fibroblast subpopulation endowed with fibro-
genic potentialin vivoisacritical step toward effectively manipulating
their responses after injury to limit tissue fibrosis in many diseases”.
In this study, we developed dual recombinase-mediated genetic sys-
tems to specifically trace endocardium-derived fibroblasts after pres-
sure overload injury (Fig. 8). Our lineage-tracing data suggested that
endocardium-derived fibroblasts proliferated more significantly than
epicardium-derived fibroblasts in regions prone to develop severe
fibrosis after TAC. Genetic ablation of endocardium-derived fibro-
blasts demonstrated that they were responsible for the development of
severe cardiac fibrosis after TAC and also reductionin heart function.
Mechanistically, inhibiting Wnt signaling in endocardium-derived
fibroblasts significantly reduced their expansion, inhibited the pro-
gression of cardiac fibrosis and reduced the decline of heart function
after TAC (Fig. 8). Our study uncovered previously unappreciated

Fig.7| Ctnnb1knockout reduces cardiac fibrosis and the decline of heart
function after TAC. a, Schematic diagram showing sequential intersectional
genetic strategy for dual recombinase-mediated CtnnbI gene ablationin
endocardium-derived fibroblasts. R1and R2 indicate the Dre-rox and Cre-loxP
recombinations, respectively. b, Schematic diagram showing the experimental
design. ¢, RT-qPCR of CtnnbI expression in GFP* fibroblastsisolated from
control and mutant mice. Data are the mean + s.e.m.n =5 mice; *P < 0.0001.

d, Whole-mount fluorescence images of hearts from control and mutant

mice. e, Immunostaining for PDGFRa and GFP on heart sections from control
and mutant mice. f, Quantification of PDGFRa" fibroblasts expressing GFP in
different heart areas 28 days after TAC. Data are the mean + s.e.m.n=5mice;
VS': control versus mutant, *P < 0.0001; VS% control versus mutant, *P = 0.0298;
LV*: control versus mutant, *P < 0.0001; g, Sirius Red staining of heart sections
from control and mutant mice. h, Quantification of fibrotic areas in different
heart areas 28 days after TAC. Data are the mean + s.e.m.n =5mice; VS": control
versus mutant; LV:: control versus mutant, *P < 0.0001. i,j, Quantification of EF
and FS of control and mutant mice at different time points after TAC. Ini, data

arethe mean + s.e.m.n = 5mice; TAC 28 days, control versus mutant, *P = 0.0049.
Inj, data are the mean + s.e.m.n = Smice; TAC 28 days, control versus mutant,
*P=0.0223.k, H&E staining of heart sections collected from control or mutant
mice. I, Quantification of the relative cross-sectional area of hearts. Data are

the mean + s.e.m.n =5mice; sham-WT versus TAC-control, *P < 0.0001; TAC-
control versus TAC-mutant, *P = 0.0163. m, Quantification of the heart-to-body
weight ratio of control or mutant mice. Data are the mean +s.e.m.n =5 mice;
sham-WT versus TAC-control, *P < 0.0001; TAC-control versus TAC-mutant,
*P=0.0004.n, Immunostaining for WGA of heart sections. o, Quantification
ofthe cardiomyocyte cross-sectional area of hearts collected from control or
mutant mice. Data are the mean + s.e.m. n=5mice; sham-WT versus TAC-control
and TAC-control versus TAC-mutant, *P < 0.0001. In ¢, statistical analysis was
performed using an unpaired Student’s ¢-test. In fand h-j, statistical analysis was
performed using a two-way ANOVA with Sidak’s multiple comparisons test. In

I, mand o, statistical analysis was performed using a one-way ANOVA with Tukey’s
multiple comparisons test. Scale bars, yellow, 1 mm; white, 100 pm; magenta,

50 um. Each image is representative of five individual biological samples.

Nature Genetics | Volume 55 | April 2023 | 665-678

675


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-023-01337-7

functions of a unique fibroblast subpopulation derived from the endo-
cardium in regulating cardiac fibrosis after TAC. Targeting unique
fibroblasts using new technologies suchas CAR T cells*** could be con-
sidered for treating cardiac fibrosis (Supplementary Note). Our work
also highlighted the importance of using dual recombinase-mediated
genetic systems to study specific functions of a particular cell subset
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within heterogeneous cell populations during disease progression
(Supplementary Note).

In this study, we mainly focused on pressure overload-induced
cardiac fibrosis. It is probable that different subpopulations of
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Fig. 8| Endocardium-derived fibroblasts expand after TAC and targeting
them alleviates cardiac fibrosis. Endocardium-derived fibroblasts are
distributed regionally in the heart. After TAC-induced injury, a highly regional
proliferation of fibroblasts takes place, which is mainly contributed by
endocardium-derived fibroblasts. Genetic ablation of endocardium-derived
fibroblasts or knockout of the Wnt signaling pathway in endocardium-derived
fibroblasts significantly reduces their expansion, ameliorates the severity of
cardiac fibrosis and reduces the decline of heart function.

myocardial infarction*’. Inischemic injury such as myocardial infarc-
tion, epicardium-derived fibroblasts may have an important role in
driving regional severe fibrosis of the anterior LV wall. Whether rela-
tively few endocardium-derived fibroblast residing in this region could
be activated after myocardial infarction and expand significantly in
response to ischemic injury is to be addressed in future studies. It
would also be interesting to explore whether this unique fibroblast
populationaffects cardiomyocyte proliferation and angiogenesis dur-
ing cardiac repair and regeneration. Answering these questions with
specific genetic tools targeting the heterogeneous subpopulations
of fibroblasts would not only provide a better understanding of the
pathological program of disease-specific tissue fibrosis but also give
new insights into therapeutic development to control the initiation
and progression of cardiac diseases such as cardiac fibrosis with an
ultimate goal to prevent heart failure.
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Methods

Mice

All mice experiments were performed in accordance with the guide-
lines of the Institutional Animal Care and Use Committee at the Center
for Excellence in Molecular Cell Science, Shanghai Institutes of Bio-
logical Sciences, Chinese Academy of Science (CAS). The ACTB-Cre™,
CAG-Dre**, Nfatcl-Dre*, Colla2-CreER*, R26-LSL-tdTomato?,
R26-RSR-tdTomato*, Npr3-ZsGreen*', Npr3-DreER*, R26-RSR-ZsGreen*,
WtI-CreER" and Ctnnbl-flox** mouse lines have been reported pre-
viously. The R26-RL-GFP, Ki67-LSL-2A-Dre, R26-LSL-RSR-tdT-DTR,
Npr3-tTA and Colla2-RSR-CreER mouse lines were generated by
homologous recombination using CRISPR-Cas9 technology; the
Tnnt2-Dre-Cre-tdTomato mouse lines were generated by homologous
recombination using the ES cell strategy. In short, a complementary
DNA (cDNA) encoding rox-Stop-rox-loxP-Stop-loxP-GFP-WPRE-poly(A)
was inserted between exons 1 and 2 of the endogenous Rosa26 gene
locus to generate the R26-RL-GFP mouse line. A cDNA encoding Dre
-2A-Cre-2A-tdTomato-WPRE-poly(A) was inserted between the exons
land2ofthe Tnnt2 WT allele to generate the Tnnt2-Dre-Cre-tdTomato
mouse line. AcDNA encoding rox-Stop-rox-CreER-WPRE-poly(A) was
knocked into the Colla2site by homologous recombination to generate
the Colla2-RSR-CreER mouse line. AcDNA encoding LSL-RSR-tdTomato-
P2A-DTR-WPRE-poly(A) was inserted between exons 1and 2 of the
endogenous Rosa26 gene locus to generate the R26-LSL-RSR-tdT-DTR
mouse line. A cDNA encoding LSL-P2A-Dre was inserted into the last
coding exon of the Ki67 gene to generate the Ki67-LSL-2A-Dre mouse
line. AcDNA encoding tTA-WPRE-poly(A) wasinserted into endogenous
ATG of Npr3 by homologous recombination to generate the Npr3-tTA
mouseline. Allmice were maintained under a C57BL6/ICR mixed back-
ground and a12-hlight-darkcycle. Allmice were fed anormal diet (cata-
log no.1010085, Jiangsu Xietong Pharmaceutical Bioengineering). Mice
were assigned to different groups randomly in all experiments. The
R26-RL-GFP,R26-LSL-RSR-tdT-DTR, Tnnt2-Dre-Cre-tdTomato, Npr3-tTA
and Colla2-RSR-CreER mouse lines were generated by Shanghai Bio-
model Organism. The Ki67-LSL-2A-Dre mouse line was generated by
Cyagen Biosciences.

TAM and DT treatment

TAM (20 mg ml™ dissolvedin corn oil, catalog no. T5648, Sigma-Aldrich)
or 4-hydroxy TAM (10 mg ml™ dissolved in absolute ethyl alcohol and
corn oil, catalog no. H7904, Sigma-Aldrich) was administered by oral
gavage at the assigned time points toinduce the activity of CreERinthe
mouse lines mentioned above. The dose was 0.2 mg g™ body weight
eachtime. For Nfatcl-Dre;Colla2-CreER;R26-RL-GFP mice, asingle dose
of TAM or 4-hydroxy TAM was administered to pregnant mice at the
indicated time points to reveal the biological process at the specific
embryonic stages. Adult mice were treated with TAM at 8 weeks old
three times consecutively to promote the efficiency of CreER-mediated
recombination; TAC was performed in 11-week-old mice. For
Npr3-DreER;R26-RSR-ZsGreen mice, a single dose of TAM was admin-
istered to pregnant mice at E10.5 and mouse hearts were collected
at E17.5. For Wt1-CreER;R26-LSL-tdTomato mice, a single dose of TAM
was administered to pregnant mice at E10.5 and TAC was performedin
8-week-old mice. For Ki67-LSL-2A-Dre;Colla2-CreER;R26-RL-GFP mice,
TAM was administered three times consecutively in 8-week-old mice
and TAC was performed in 11-week-old mice. For Nfatci-Dre;Colla2-
CreER;R26-LSL-RSR-tdT-DTR mice, TAM was administered five times
consecutively to 8-week-old mice to ensure that endocardium-derived
fibroblasts were traced by tdTomato efficiently followed by TAC in
11-week-old mice. These mice were injected with DT four times con-
secutively1week after TAC. DT was dissolved in PBS (1 pug pl™) and each
mouse was injected intraperitoneally with DT at adose of 10 pg g to
genetically ablate the endocardium-derived fibroblasts. For Nfatc1-Dre;
Colla2-RSR-CreER;R26-RL-GFP mice, TAM was administered once in
8-week-old mice and hearts were collected 7 days later. For NfatcI-Dre;

Colla2-RSR-CreER;R26-RL-GFP;CtnnbI1-fl mice, TAM was administered
five times consecutively to 8-week-old mice to ensure the knockdown
of Ctnnb1inendocardium-derived fibroblasts and TAC was performed
in11-week-old mice.

Genomic PCR

Genomic DNA for genotyping was collected from mouse toes, which
were lysed using lysis buffer consisting of 5 mM EDTA, 100 mM Tris HCI,
pH 7.8, 200 mM NacCl, 0.2% sodium dodecyl sulfate and 100 pg ml™
proteinase Kat 55 °C overnight. The products were vibrated by vortex
to be completely dissolved in the lysis buffer. DNA was precipitated
with the addition of an equal volume of absolute ethyl alcohol; then,
the products were centrifuged at 25,000gfor 3 min. The precipitate was
washed with 70% ethanol and the DNA was then dissolved with distilled
H,0. All mice were genotyped with genomic PCR accompanied by their
specific primers, which were designed as described previously®.

Tissue collection and whole-mount fluorescence microscopy
The target tissues were collected from mice with specific genotypes
and then washed in cold PBS (catalog no. C10010500BT, Gibco) to
remove blood. For mouse hearts,40 mMKClin PBS was used to induce
diastolic arrest. Next, tissues were fixed with 4% paraformaldehyde
(PFA) at 4 °C for 1 h or 30 min, depending on the size of the tissues.
After fixing, tissues were washed with cold PBS three times. Tissues
were placed with a particular orientationin the Petri dish containing 1%
agarose gel with asuitable volume of PBS; the whole-mount brightfield
and fluorescence images were then captured using an AxioZoom V16
stereo microscope (ZEISS).

Immunostaining and confocal microscopy

Immunostaining was done according to detailed protocolsillustrated
previously*¢. Briefly, 30% sucrose was used to dehydrate tissues over-
night. After dehydration, tissues were embedded in OCT (Sakura) for
1hat4°Candthenfrozenat-20 °C. Cryosections (10-pum-thick) were
collected fromthe selected tissues under the matched cutting tempera-
ture and stuck onthe negatively charged slides. Sectionswere driedin
the fume hood for 1 h at room temperature. The dried sections were
washed with PBS three times, each time for 5 min. Afterward, sections
were blocked with 2.5% normal donkey serum (Jackson ImmunoRe-
search) and DAPI (1:1,000, Vector Laboratories) in PBS with Tween 20
(0.2% Triton X-100 in PBS) for at least 30 min at room temperature.
Sections were incubated with primary antibodies overnight at 4 °C
and then washed with PBS for 5 min three times. Alexa-conjugated
secondary antibodies (Invitrogen) were used toincubate the sections
for 30 min at room temperature. Sections were washed with PBS
three times and then mounted using mounting medium. The anti-
bodies used in this study were: primary antibodies including PDGFRa
(1:100, catalog no. AF1062, R&D Systems); GFP (1:500, catalog no.
ab6662, Abcam); vimentin (1:100, catalog no. 5741s, Cell Signaling
Technology); aSMA (1:100, catalog no. ab5694, Abcam); tdTomato
(1:1,000, catalog no. 600-401-379, Rockland); WT1 (1:100, catalog no.
sc-393498, Santa Cruz Biotechnology); ZsGreen (1:1,000, catalog no.
632474, Clontech); TNNI3 (1:200, catalog no. ab56357, Abcam); CD31
(1:500, catalog no. 553370, BD Pharmingen); VE-Cad (1:100, catalog
no. AF1002, R&D Systems); human HB-EGF (DTR) (1:100, catalog no.
AF-259-NA, R&D Systems); WGA (1:1,000, catalog no. W32466, Inv-
itrogen); and -catenin (1:200, catalog no. 610153, BD Pharmingen).
Secondary antibodies included Alexa Fluor 555 donkey anti-rabbit
(1:1,000, catalog no. A31572, Invitrogen), Alexa Fluor 488 donkey
anti-rabbit (1:1,000, catalog no. A21206, Invitrogen); Alexa Fluor 488
donkey anti-goat (1:1,000, catalog no. A11055, Invitrogen); Alexa Fluor
555 donkey anti-goat (1:1,000, catalog no. A32816, Invitrogen); Alexa
Fluor 647 donkey anti-goat (1:1,000, catalog no. A21447, Invitrogen);
Alexa Fluor 555 donkey anti-mouse (1:1,000, catalog no. A31570, Inv-
itrogen), horseradish peroxidase donkey anti-rat (1:100, catalog no.
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712-035-153,JIR); Cyanine 3 Amplification Reagent (1:1,000, catalog no.
NEL744001KT, PerkinElmer); Cyanine 5 Amplification Reagent (1:1,000,
catalog no. NEL745001KT, PerkinElmer); Fluorescein Amplification
Reagent (1:1,000, catalog no. NEL741001KT, PerkinElmer); and Imm-
PRESS horse anti-goat (1:1, catalog no. MP-7405, Vector Laboratories).
Immunostaining images were obtained by Nikon confocal laser scan-
ning microscope (Nikon Al or Nikon A1FLIM).

TAC model

TACwas performedinadult mice as described previously*. Briefly, mice
were anesthetized with isoflurane (2%) mixed with 0.5-11min™100% O,.
Therespiration of mice was controlled at arate of about 125-150 times
per minute and tidal volume was 0.1-0.3 ml. After several preparation
andintubation stepsinmice, the thymus and adipose tissue were sepa-
rated from the aortic arch with forceps under a surgical microscope. A
small piece of 6.0 filament was then sutured between the innominate
and left carotid arteries and two loose knots were banded around the
transverse aorta, while a small piece of blunt needle was deposited in
parallel to the transverse aorta. The type of blunt needle was selected
according to body weight and sex to fit the size of the aorta. After the
two knots were quickly tightened, the needle was quickly pulled out to
create a 0.33- to 0.45-mm-diameter constriction. Finally, the skin was
closed witha 6.0 prolene suture using a continuous stitch pattern. Mice
were allowed to recover on a heating pad until awake. A sham-treated
group was set up by opening the chest of mice without banding. TAC
was performed after TAM injection for a half month. Hearts were col-
lected after TAC at 4,7 and 28 days.

EdUincorporation assay

For the EdU (catalog no. A10044, Invitrogen) incorporation experi-
ments, adult mice were injected intraperitoneally with 10 pg g™ EAU
4 h before being killed. Hearts were collected from the mice immedi-
ately and fixed in 4% PFA at 4 °C for1 hand dehydrated in 30% sucrose
overnight. Heart tissues were cut into 10-um-thick slices by cryosec-
tion for staining. Sections were stained with GFP, tdTomato and EdU.
EdU staining was performed with the Click-iT EAU Alexa 647 Imaging
Kit (catalog no. C10340, Thermo Fisher Scientific) according to the
manufacturer’sinstructions*®,

Sirius Red staining

Cardiac fibrosis was assessed using Sirius Red staining, which was
performed as described previously*®. Sections were fixed in 4% PFA for
15 min, washed with PBS for 5 min three times and fixed for 24 hin Bouin
solution (9% formaldehyde, 5% acetic acid and 0.9% picric acid). On
the second day, sections were washed with tap water and incubatedin
0.1% Fast Green (Thermo Fisher Scientific) for 3 min. After incubating,
sections were washed with tap water and incubatedin 1% aceticacid for
1 min. Sections were washed with distilled H,0 and incubated in 0.1%
Sirius Red for 2 min and then washed with distilled H,0. Afterward,
sections were dehydrated in 95% ethanol, 100% ethanol and xylene for
5Smintwice and then mounted with the resinous medium. Images were
captured on an Olympus microscope (BX53).

H&E staining

The morphology of heart sections was assessed by H&E staining,
which was performed as described previously*. Sections were soaked
inwater for 5-10 min to wash off excessive OCT and slides were then
incubated in hematoxylin A solution for 8 min to stain the nuclei.
Next, slides were washed with running tap water 2-3 times and then
clarified in 1% concentrated hydrochloric acid diluted in 70% ethanol
for 1 minandwashed with tap water 2-3 times. Slides were incubated
in1% ammonia water for 1 min and washed with tap water 2-3 times.
Next, slides were incubated with eosin Y solution for 10 s to stain
the cytoplasm and then rinsed in 95% ethanol for 10 s. Then, slides
were soaked in 100% ethanol for 2 min twice. Finally, slides were

dehydrated in xylene for 5 min twice. Images were captured on an
Olympus microscope (BX53).

Cardiacfibroblast isolation and FACS

Cardiac fibroblasts were isolated from hearts as described previ-
ously*>*°, The reagents used in cell isolation included PBS, FBS (cat-
alog no. A3161001C, Gibco), HBSS (catalog no. 14025092, Gibco),
collagenase IV (catalog no. 17104019, Gibco), dispase (catalog no.
354235, BD BioCoat), DNase I (catalog no. LS002139, Worthington
Biochemical Corporation) and DMEM (catalog no. 11965092, Gibco).
Beforekilling mice with CO,, buffers including washing buffer (PBS with
0.8 mM CacCl,), staining buffer (2% FBS in HBSS) and digestion solution
(2mg ml collagenaseIVand 1.2 U ml™ dispase in washing buffer) were
prepared and put onice. Once mice were killed, the chest was opened
and the heart was perfused with 20 ml washing buffer through the right
ventricle to wash out the blood cells. The heart was isolated from the
bodyand placedinadishthatincluded washing buffer; then, the atria
and valves wereremoved, the ventricle was placed ina1.5-ml centrifuge
tube with digestion solution and the tissues were cutinto small pieces.
After mincing, the tissues were transferred to a 15-ml centrifuge tube
with 3 ml digestion solution and the tube was oscillated at a certain
frequency for25-40 minat 37 °C. Tissue suspensions were blown with
straws every 8 min. The cell suspension was filtered with a 70-um filter
intoa50-ml centrifuge tube; then, the filter was rinsed with 3 ml wash-
ing buffer to terminate the digestion reaction and the tube was placed
into a4 °C centrifuge at 400g for 5 min to obtain the cell precipitate.
The cell precipitate was resuspended with 4 ml staining buffer followed
by centrifugation at 400g for 5 min at 4 °C. Afterward, the cell pre-
cipitate was resuspended with 300 pl staining buffer with 1% Fc block
(catalogno.14-0161, eBioscience) and incubated for 5 min at room tem-
perature to block nonspecific antigens on the cell surface. Thereafter,
the cell suspension was stained with fluorescence-conjugated antibod-
ies against TER-119 PE-Cy7 (1:200, catalog no. 25-5921, eBioscience),
CD45 PE-Cy7 (1:400, 25-0451, eBioscience) and CD140a APC (1:40,
catalog no. 562777, BD Pharmingen) (to analyze fibroblasts) or CD31
APC (1:40, catalog no.17-0311-80, eBioscience) (to analyze endothelial
cells) for 30 min at 4 °C. After staining, cells were washed with 10 ml
staining buffer to elute excess antibodies and then centrifuged at400g
for 5 minat4 °Cto obtain the cell pellets; 2 ml staining buffer with 2 pl
DAPI and 2 pl DNase I was used to resuspend the cell pellets. DAPl was
used to distinguish dead cells from living cells, which were digested
withDNaselIto avoid cell adhesion. For the flow cytometry analysis, the
Beckman CytoFLEX no.3 was used. For cell sorting, the collection buffer
(2% FBS in DMEM) was prepared to collect the single cells and the Sony
MA900 or Beckman MoFlo Astrios EQ was used to sort the cells. Total
cell counts were gated first; then, the relative width in forward scatter
(FSC) under acertain heightin FSC was selected to define the single-cell
gate. Next, the DAPI™ cells were gated as live cells. CD45 and TER-119
were used to exclude white and red blood cells, respectively. PDGFRa*
cells were gated as fibroblasts from the CD45 TER-119™ gate. Finally,
GFP was further defined as GFP™ and GFP” fibroblast gates under the
PDGFRa" gate. FACS datawere analyzed with Flow)o 10.4 (FlowJo LLC).

RNA extraction

GFP"and GFP~ fibroblasts were collected from the same mouse heart by
FACS. Allsamples were suspended with 500 pl TRIzol Reagent (catalog
no.15596018, Invitrogen) and then left to stand for 10 min at room tem-
perature. Next, 100 pl chloroform was added to all samples, which were
shaken vigorously manually for 15 sand thenincubated in the reagent
for 5 min at room temperature. Then, samples were centrifuged at
12,000gfor15 minat4 °C. Betweentime gaps, 1.5-ml centrifuge tubes
were prepared with 250 plisopropanol. After centrifugation was com-
pleted, the upper aqueous phase was carefully pipetted into the tubes
prepared as described above and mixed well. Samples were incubated
for 10 min at room temperature and then centrifuged at 12,000g for
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15minat4 °C. Then, the supernatant was discarded and supplemented
with 1 ml RNA and 75% ethanol to wash the RNA products, followed
by centrifugation at 12,000g at 4 °C for 5 min. The supernatant was
discarded carefully and the RNA products were driedinafume hood at
room temperature for 10 min. Finally, the RNA products were dissolved
with a suitable amount of RNase-free water and concentrations were
measured with NanoDrop 2000 (Thermo Fisher Scientific).

RNA sequencing and analysis

Total RNA was extracted from theisolated cells using the RNeasy Micro
Kit (QIAGEN) according to the manufacturer’sinstructions. Briefly, cells
were treated with an appropriate volume of Buffer RL and one volume
of 70% ethanol. The mixture was transferred into an RNeasy MinElute
spin columnand centrifuged for 15 s at >8,000g. After the flow-through
was discarded, Buffer RW1, DNase I, Buffer RPE and 80% ethanol were
added and centrifuged as follows. The RNeasy MinElute spin column,
which contained RNA, was placed in a new 2-ml collection tube, cen-
trifuged with the lid open at full speed for 5 min to dry the membrane
and then transferred to a new 1.5-ml tube with an appropriate volume
of RNase-free water. Finally, tubes were centrifuged for 1 min at full
speed to elute the RNA. Total RNA was qualified and quantified using
aNanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific).
High-quality RNA was used for messenger RNA library construction.
Limited RNA (>200 pg, high-quality) was amplified with oligo(dT) and
deoxynucleoside triphosphate, incubated at 72 °C and immediately
put back onice; then, it was reverse-transcribed to cDNA based on the
poly(A) tail. The template was switched to the 5 end of the RNA and the
full-length cDNA was generated by PCR. The Agilent 2100 bioanalyzer
(Thermo Fisher Scientific) was used to determine the average molecule
length of the PCR product. Purified cDNA from the previous steps was
fragmentedinto small pieces with fragment buffer by PCR and the prod-
uctwas purified and selected using the Agencourt AMPure XP-Medium
Kit (ThermoFisher Scientific). cDNA was quantified with the Agilent 2100
bioanalyzer. The double-stranded PCR product undergoing the quality
control step was heat-denatured and circularized by the splint oligonu-
cleotide sequence. The single-stranded circular DNA was formatted as
the final library. The final library was quantitated in two ways to ensure
the high quality of the sequencing data: (1) determination of the average
molecule length using the Agilent 2100 bioanalyzer and (2) quantifica-
tion of the library using RT-qPCR. The final library was amplified with
phi29 (Thermo Fisher Scientific) to make DNA nanoballs, which had
morethan300 copies of one molecule. DNA nanoballs were loaded into
the patterned nanoarray and single-end 50-bp reads were generated on
the MGISEQ-2000RS platform (BGI-Shenzhen). The filtered reads were
aligned against the Ensembl mouse genome version mm10 (GRCm38)
using HISAT2v.0.1.6-beta with default parameters. The number of reads
aligning to genes was counted with HTSeq v.2.0.1. Only reads mapping
at least partially inside exons were allowed and aggregated per gene.
Reads overlapping multiple genes or aligning to multiple regions were
excluded. Analysis of DEGs was performed using DESeq2 v.1.34.0. GSEA
was performed on GSEA v.4.0.3 (Broad Institute). GO enrichment analysis
was performed on the clusterProfiler R package v.4.2.2.

Statistical analysis

Data are displayed as the mean + s.e.m. of at least three biological
duplicates performed individually under the same conditions. For each
mouse heart, we collected 8-16 heart sections for immunostaining;
from each section, we took 3-5 fields for quantification. The researcher
who quantified the fluorescence staining images was blinded to the
groups of mice. A two-way ANOVA with Sidik’s multiple compari-
sons test was used to correct either the alpha or P value of a range of
hypotheses to control the family-wise error rate in Figs. 2j, 5e,g,i and
7f,h-j, Extended Data Fig. 7e and Supplementary Figs. 6f, 7f, 10 and 11.
Atwo-way ANOVA with Tukey’s multiple comparisons test was used to
compare the means of multiple groupsinFig. 4i, Extended DataFig. 4g

and Supplementary Fig. 5e. A one-way ANOVA with Tukey’s multiple
comparisons test was used in Figs. 5k,I,nand 7I,m,0 and Supplementary
Fig.2i. Anunpaired Student’s ¢-test was performed in Fig. 7c, Extended
Data Figs. 1f, 7g-i and 10b-d and Supplementary Fig. 8f. A Wald test
was performed in Fig. 6¢,h,i. An overrepresentation test was used in
Extended Data Fig. 8d. Pvalues are provided in each figure panel.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
The raw sequencing data reported in this study can be accessed at
the NCBISequence Read Archive under BioProject no. PRINA813322.

Code availability

This study did not generate any unique code or algorithm. The algo-
rithms used for the analysis in this study are all publicly available. The
code used for single-cell data processing and analysis has been depos-
itedin Zenodo (https://doi.org/10.5281/zenodo.7593543).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| Generation and characterization of R26-RL-GFP mouse
line. a, Schematic figure showing the knock-in strategy for R26-RL-GFP by
homologous recombination using CRISPR/Cas9. b, Whole-mount bright-field
and epifluorescence images of multiple organs collected from adult R26-RL-GFP
mouse. ¢, Schematic figure showing the knock-in strategy of Tnnt2-Dre-Cre-
tdTomato (Tnnt2-DCT) by homologous recombination. d, Schematic diagram
showing the Cre-loxP and Dre-rox recombinations after crossing R26-RL-GFP with
Tnnt2-DCT mice. e, Whole-mount bright-field and epifluorescence images of
Tnnt2-DCT;R26-RL-GFP mouse heart (left panel). Inmunostaining for TNNI3 and
GFP on heart sections (right panel). f, Quantification of the percentage of TNNI3*

cardiomyocytes expressing GFP on Tnnt2-DCT;R26-RL-GFPheart sections. Data
aremean +s.e.m.; n=>5mice; *P<0.0001. Statistical analysis was performed by
unpaired Student’s ¢-test. g, Schematic diagram showing the Dre-rox or Cre-loxP
recombinations after crossing R26-RL-GFP with CAG-Dre or ACTB-Cre.h, Whole
mount bright-field and epifluorescence images of CAG-Dre;R26-RL-GFPand
ACTB-Cre;R26-RL-GFP mouse heart (left panel). Inmunostaining for GFP on heart
sections (right panel). i, Quantification of the percentage of GFP* cells on mouse
heart sections. Data are mean +s.e.m.; n=>5mice. V, ventricle; D, dorsal. Scale
bars, yellow,1 mm; white, 100 pm. Each image is representative of five individual
mouse samples.
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Extended DataFig. 2| Labeling of cardiac cells by Nfatc1-Dre. a, Schematic
figure showing the experimental strategy. b, Inmunostaining for WT1and

tdTomato on embryo sections collected from NfatcI-Dre;R26-RSR-tdTomato mice.
The boxed areas are magnified on the right panel with split channels. Arrowheads:

white, tdTomato® cells; yellow, WT1" epicardium cells. ¢, Quantification of the
percentage of tdTomato' cells expressing WT1. Dataare mean +s.e.m.; n=>5mice.
d, Schematic figure showing the experimental strategy. e,f, Inmunostaining for
CD31, PDGFRa, and tdTomato on embryonic sections collected from NfatcI-Dre;

R26-RSR-tdTomato mice. g, Quantification of the percentage of tdTomato* cells
expressing PDGFRa or CD31on the outer layer of hearts collected from NfatcI-
Dre;R26-RSR-tdTomato mice. Data are mean + s.e.m.; n = 5Smice h, Immunostaining
for PDGFRa and GFP on adult heart sections collected from NfatcI-Dre;Colla2-
CreER;R26-RL-GFP mice. The boxed areas are magnified on the lower panels. i,
Quantification of the percentage of PDGFRa* cells expressing GFP of the outer
layer of hearts. Data are mean +s.e.m.; n = 5mice. Scale bars, yellow, 1 mm, white,
100 pm. Each image is representative of five individual mouse samples.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| Genetic labeling of endocardium-derived fibroblasts
(EndoFb) indeveloping heart. a, lllustration of the intersectional genetic
approach for genetic labeling of EndoFb. b, Schematic figure showing the
strategy for labelling the EndoFb by tamoxifen (Tam) treatment. ¢, Cartoon
image showing different region of embryonic heart. RV, right ventricle; VS,
ventricular septum; LV, left ventricle. d, Whole-mount (inset) and epifluorescence
images of hearts at different embryonic stages show the expression pattern

of EndoFb. e,g,i, Immunostaining for PDGFRa and GFP on heart sections of
different embryonic stages. The boxed areas are magnified on the right panels
withsplit channels. Arrowheads, GFP'PDGFRa* EndoFb. f,h,j, Cartoon images

showed the distribution of EndoFb in hearts at different embryonic stages. k,
Quantification of the percentage of PDGFRa* fibroblasts expressing GFP in E11.5
hearts. Dataare mean +s.e.m.; n = 5mice.l,m, Quantification of the percentage
for PDGFRa* EndoFb expressing GFP in E14.5 and E17.5 hearts. Data are mean
+s.e.m.; n=5mice. RCM, right compact myocardium; RTM, right trabecular
myocardium; LCM, left compact myocardium; LTM, left trabecular myocardium;
VS, ventricular septum. n, Cartoon image showed EndoFb from EndoMT and
their subsequent migration into some regions of embryonic hearts. Scale bars,
100 pm. Eachiimage is representative of five individual mouse samples.
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Extended Data Fig. 4 | Temporospatial determination of EndoFb fate in
developing heart. a, Schematic diagram showing the strategy for labelling

the EndoFb in different time window. 4-Hydroxytamoxifen (4-OH Tam) was
injected at E7.5, E11.5, E12.5, and E16.5, then collected at E17.5. b, Whole-mount
and epifluorescence images of E17.5 hearts with Tam induced at different time
points. c-f, Inmunostaining for PDGFRa and GFP on E17.5 heart sections when
4-OH Tamwas injected at E7.5, E11.5, E12.5, and E16.5 respectively. Arrowheads,
GFP'PDGFRa’ EndoFb. g, Quantification of the percentage of GFP* EndoFb
expressing PDGFRa in total (left panel), different valves (middle panel), and
different regions of ventricles (right panel) in different time window. Data

are mean +s.e.m., n = 5mice. Two-way ANOVA followed by Tukey’s multiple
comparisons test was used to compare among means of multiple groups. In All,
E7.5>E17.5vs.E11.5>E17.5and E11.5 > E17.5vs. E12.5 > E17.5,*P < 0.0001. In Valve,

PL:E7.5>E17.5vs. E11.5 > E17.5and E11.5 > E17.5 vs. E12.5 > E17.5,*P < 0.0001;
SL:E7.5>E17.5vs.E11.5>E17.5and E11.5 > E17.5 vs. E12.5 > E17.5,*P < 0.0001;
AL:E7.5>E17.5vs.E11.5 > E17.5and E11.5 > E17.5vs. E12.5 > E17.5,*P < 0.0001;
ML:E7.5>E17.5vs. E11.5>E17.5,*P < 0.0001; E11.5 > E17.5 vs. E12.5 > E17.5,
*P=0.0002.In Myocardium,RCM: E7.5 > E17.5vs. E11.5 > E17.5, *P = 0.0226;
RTM:E7.5>E17.5vs. E11.5 > E17.5,*P< 0.0001; LCM: E7.5 > E17.5 vs. E11.5 > E17.5,
*P<0.0001; LTM: E7.5>E17.5vs. E11.5> E17.5,*P < 0.0001; VS: E7.5 > E17.5 vs.
E11.5 > E17.5and E11.5 > E17.5 vs. E12.5 > E17.5, *P < 0.0001; ns, no significance.
PL, parietal leaflet; SL, septal leaflet; AL, aortic valve; ML, mural valve; RCM,
right compact myocardium; RTM, right trabecular myocardium; LCM, left
compact myocardium; LTM, left trabecular myocardium; VS, ventricular septum.
Scale bars: yellow, 200 um; white, 100 pm. Each image is representative of five
individual mouse samples.
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Extended DataFig. 5| Expression of fibroblast markers in GFP* EndoFb. Vimentin® cells expressing GFP (right panel). f, Immunostaining for Vimentin

a, Schematic diagram showing the strategy for labelling the EndoFb. b, and PDGFRa on heart sections. g, Quantification of the percentage of PDGFRa*
Immunostaining for PDGFRa and GFP on NfatcI-Dre;Colla2-CreER;R26- cells expressing Vimentin. h, Immunostaining for aSMA and GFP on heart
RL-GFPheart sections. The boxed area was magnified on the right panel. c, sections. The boxed areas were magnified on the right panel. YZand XZindicated
Quantification of the percentage of GFP* cells expressing PDGFRa (left panel), signals from dotted lines on Z-stack images. i, Quantification of the percentage
and the percentage of PDGFRa’ cells expressing GFP (right panel). d, Z-stack of GFP" cells expressing aSMA. Scale bars, 100 pm. All quantification data are
confocal images of heart sections stained for Vimentin and GFP. YZand XZ represented as mean +s.e.m.; n=5mice. Eachimage is representative of five
indicated signals from dotted lines on Z-stack images. e, Quantification of the individual mouse samples.

percentage of GFP* cells expressing Vimentin (left panel) and the percentage of
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Extended DataFig. 6 | Distribution of EndoFb in hearts at 28 days post TAC.

a, Schematic diagram showing the experimental strategy. b, Whole-mount
bright-field and fluorescent views of hearts collected from Nfatci-Dre;Colla2-
CreER;R26-RL-GFP mice at 28d post sham or TAC. ¢, Sirius Red staining images
showing the fibrotic area on heart sections collected from mice post TAC 28

days. d, Immunostaining for PDGFRa, Vimentin, aSMA, and GFP on whole heart
sections. e-g, Immunostaining for PDGFRa (e), Vimentin (f), aSMA (g), with
EdU and GFPon VSand LV of the heart sections. Scale bars: yellow, 1 mm; white,
100 pum. Each image is representative of five individual mouse samples.
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diagram showing the experimental strategy. b, Whole-mount bright-field and
fluorescent views of hearts collected from mice after PBS- or DT-treatment.c,
Immunostaining for tdTomato on whole heart sections collected from mice
with PBS- or DT-treatment. d, Immunostaining for tdTomato and PDGFRa on
the different parts of the heart sections collected from mice with PBS- or DT-
treatment. e, Quantification of the PDGFRa" fibroblasts expressing tdTomato
indifferent areas of hearts collected from mice treated with PBS or DT. Dataare
mean +s.e.m.; n=>5mice; in every area, PBS vs. DT, *P < 0.0001. f, Immuostaining
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for DTR and tdTomato on hearts collected from mice treated with PBS or DT. g,
Quantification of the percentage of the tdTomato” cells of hearts collected from
mice treated with PBS or DT. Data are mean +s.e.m.; n=5mice; *P<0.0001. h,i,
Quantification of ejection fraction (EF) and fractional shortening (FS) of mice
treated with PBS or DT. Data are mean + s.e.m.; n = Smice; ns, no significance.
Scale bars: yellow, 1 mm; white, 100 pm. Each image is representative of five
individual mouse samples. Two-way ANOVA followed by Sidak’s multiple-
comparisons test was used in e. Unpaired Student’s ¢-test was performed in g-i.
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Extended DataFig. 8 | Gene profile of EndoFb and EpiFb after injury. a, the comparison groups from Experiment1and 2. d, GO pathway enrichment
Schematic diagram showing two experimental designs. b, Gene expression analysis. Each row represents a GO term, and each column represents a
heatmap showing the scaled expression of selected GO pathway-related genes comparison group. White cell denotes that gene changes are not enriched in
in GFP* and GFP" fibroblasts from Sham or TAC hearts (Experiment1). ¢, Venn this GO pathway between the comparison groups. Over-representation test
plots showing the number of shared significantly up-regulated genes between was usedind; n=3mice.
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Extended Data Fig. 9 | Characterization of Colla2-RSR-CreER mouse. a,
Schematic figure showing rox-flanked Stop cassette removal from Colla2-RSR-
CreER and R26-RL-GFPby Nfatcl-Dre, and loxP-flanked Stop cassette removal from
R26-RL-GFPby Colla2-RSR-CreER after injecting tamoxifen (Tam). b, Schematic

figure showing the experimental design. ¢, Immunostaining of PDGFRa and
GFP onwhole heart sections. d, Quantification of the percentage of GFP* cells
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Data collection  Zeiss stereoscope (Axio Zoom. VV16) were used for whole-mount bright-field and fluorescence image collection. Olympus fluorescence
microscope (B53) were used for collecting the Sirius Red staining pictures and H & E staining pictures. Nikon A1 confocal were used for
immunofluorescence data collection. Sony MA900 Flow Cytometer and the Beckman Moflo Astrios EQ Flow Cytometer were used for sorting
single cell. Beckman CytoFlex3 was used to do FACS analysis. The Thermo Fisher Scientific, QuantStudio 6 was used to get the g°PCR data. The
echocardiography imaging system (Vevo 3100, Visual Sonics) was used to get cardiac function (eg. EF, FS)data.

Data analysis Image J (Fiji)(2.3.0/1.53q) and Photoline (21.00) were used for immunofluorescence and bright-filed images analysis. FlowJo 10.4 (Java
Version: 1.8.0_144-b01) were used for FACS data analysis. GraphPad Prism 8.0.0 was used for data analysis. Vevo3100 Imaging Software
V3.2.7 was used for calculating cardiac functional parameters. Trim Galore (v0.6.7), STAR (v2.7.0e), samtools (v1.13), ggplot2 Rpackage
(v3.3.6), pheatmap Rpackage (v1.0.12), DEseq2 Rpackage (v1.34.0), clusterProfiler Rpackage (v4.2.2) were used for bulk RNAseq analysis.
Analysis of differentially expressed genes was performed using DESeq?2. ClusterProfiler investigated the enrichment of gene ontology and
annotation.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Adescription of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated by this study are included in this article and it's supplementary materials. They are available upon request. Source data are provided with this
paper. The accession number for the raw sequencing data reported in this paper is NCBI Sequence Read Archive: BioProject ID PRINA813322.
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Antibodies

Antibodies used PDGFRa (R&D, Cat#t AF1062, 1:100)
GFP (Abcam, Cat# ab6662, 1:500)
Vimentin (Cell signaling technology, Cat# 5741s, 1:100)
aSMA (Abcam, Cat# ab5694,1:100)




Validation

tdTomato (Rockland,Cat# 600-401-379,1:1,000)

WT1 (Santa Cruz, Cat# sc-393498, 1:100)

ZsGreen (Clontech, Cat# 632474, 1:1000) TNNI3

(Abcam, Cat# ab56357, 1:200)

CD31 (BD Pharmingen, Cat# 553370, 1:500)

VECad R & D, Cat#AF1002, 1:100)

human HB-EEGFDTR) R& D, Cat# AF-259-NA, 1:100)

WGA (Invitrogen, Cat# \W32466, 1:1,000)

f3-catenin (BD Pharmingenp, Cat# 610153, 1:200)

Alexa donkey anti-rabbit 555 (Invitrogen, Cat# A31572, 1:1,000)

Alexa donkey anti-rabbit 488 (Invitrogen, Cat# A21206, 1:1,000)

Alexa donkey anti-goat 488 (Invitrogen, Cat# A11055, 1:1,000)

Alexa donkey anti-goat 555 (Invitrogen, Cat# A32816, 1:1,000)

Alexa donkey anti-goat 647 (Invitrogen, Cat# A21447; 1:1000)

Alexa donkey anti-mouse 555 (Invitrogen, Cat# A31570, 1:1,000)

HRP donkey anti-rat (JIR, Cat# 712-035-153, 1:100)

Immpress horse anti-goat (Vector lab, Cat# MP-7405, 1:1)

Cyanine 3 Amplification Reagent (PerkinElmer, Cat# NEL744001KT, 1:1,000)
Cyanine 5 Amplification Reagent (PerkinElmer, Cat# NEL745001KT, 1:1,000)
Fluorescein Amplification Reagent (PerkinElmer, Cat# NEL741001KT, 1:1,000)
anti-Ter-119 PE-Cy7 (eBioscience, Cat# 25-5921, 1:200)

anti-CD45 PE-Cy7 (eBioscience, Cat# 25-0451, 1:400)

anti-CD140a APC (BD phamingen, Cat# 562777, 1:40)

anti-CD31 APC (eBioscience, Cat# 17-0311-80, 1:40)

Validation statements are available from manufactuer's websites:

PDGFRa (R&D, Cat# AF1062, 1:100); https://www.novusbio.com/pr fr-alpha-anti
GP (Abcam, Cat# ab6662, 1:500); : -gfp-anti -

Vimentin (Cell signaling technology, Cat# 5741s, 1:100); h
xp-rabbit-mab/5741

aSMA (Abcam, Cat# ab5694, 1:100); https: . m.com/alpha-smooth-muscle-actin-ant - 4. html
tdTomato (Rockland, Cat# 600-401-379, 1:1000); https: ) a imary-antibodi anti
adsorbed-600-401-379/

ZsGreen (CIontech Cat#t 632474 1: 1000)
antibodies/green-fluorescent-protein- antlbodles'?catalog 632474
TNNI3 (Abcam, Cat# ab56357, 1:200); hi -Troponin-l-ant = 7.html

CD31 (BD Phammingen, Cat# 553370, 1:500); http:/Avww u,u i is/applications/research
research/mouse/purified-rat-anti-mouse-cd31-mec-133/p/553370

VECad (R & D, Cat# AF1002, 1:100); hltp;[&mmnds;&tem&.mm&mduﬁsiaﬂﬂ&ﬁalaledlnﬂmalm

human HBEGFDTRY R & D, Cat# AF-259-NA, 1:100); h human-hb-egf-anti
WGA (Invitrogen, Cattt W32466, 1:1,000); mmmmmgﬁaw@mmmmgmmmw@ﬁ
B-catenin (BD Pharmingenp, Cat# 610153, 1:200); https:

laboratories-purified-mouse

Alexa donkey anti-rabbit 555 (Invitrogen, Cat# A31572, 1:1,000); https:/www.thermofisher.cn/cn/zh/anti I Donkey-anti-
Rabbit-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31572

Alexa donkey anti-rabbit 488 (Invitrogen, Cat# A21206, 1:1,000); https:/www.thermofisher.cn/cn/zh/anti I Donkey-anti-
Rabbit-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206

Alexa donkey anti-goat 488 (Invitrogen, Cat# A11055, 1:1,000); https:/www.thermofisher.cn/cn/zh/anti I Donkey-anti-
Goat-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11055

Alexa donkey anti-goat 555 (Invitrogen, Cat# A32816, 1:1 :hitps://www.thermofisher.cn/cn/zh/anti I Donkey-anti-
Goat-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32816

Alexa donkey anti-goat 647 (Invitrogen, Cat# A21447, 1:1000); https:/www.thermofisher.cn/cn/zh/anti I Donkey-anti-

Goat-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21447

Alexa donkey anti-mouse 555 (Invitrogen, Cat# A31570, 1:1.000);https:/www.thermofisher.cn/cn/zh/antibody/product/Donkey-
anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31570

HRP donkey anti-rat (JIR, Cat# 712-035-153, 1:100); https:/www jacksonimmuno.com/catalog/products/712-035-153

Cyanine 3 Amplification Reagent (PerkinElmer, Cat# NEL744001KT, 1:1,000); https://my.akoyabio.com/ccrz  ProductDetails?
viewState=DetailView&sku=NEL744001KT

Cyanine 5 Amplification Reagent (PerkinElmer, Cat# NEL745001KT, 1:1,000); https://my.akoyabio.com/ccrz  ProductDetails?
sku=NEL745001KT&cclcl=en_US o

Fluorescein Amplification Reagent (PerkinElmer, Cat# NEL741001KT, 1:1,000); https://my.akoyabio.com/ccrz ProductDeta|IS’7
sku=NEL741001KT&cclcl=en_US

Immpress horse anti-goat (Vector lab, Cat# MP-7405, 1:1); . i igg-i -tm-
antibody_mp-7405-nb -

anti-Ter-119 PE-Cy7 (eBioscience, Cat# 25-5921, 1:200); https:/www.thermofisher.cn/cn/zh/antibody/product/ TER-119-Antibody-
clone-TER-119-Monoclonal/25-5921-82

anti-CD45 PE-Cy7 (eBioscience, Cat# 25-0451, 1:400); hitps://www.thermofisher.cn/cn/zh/antibody/product/CD45-Antibody-
clone-30-F 11-Monoclonal/25-0451-82

anti-CD140a APC (BD pharmingen, Cat# 562777, 1:100); https:
reagents/research-reagents/single-color-antibodies-ruo/apc- rat anti- mouse—cd140a 562777
anti-CD31 APC (eBioscience, Cat# 17-0311-80, 1:40);
clone-390-Monoclonal/17-0311-80
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Animals and other organisms

Policy information about studies involving animals; ARRVE guidelines recommended for reporting animal research

Laboratory animals Mice of both male and female at the age of 8-20 weeks were used for experiments with similar aged mice for both control and
experimental groups. All mice were maintained on a 129, C57BL6 and ICR mixed background. All mice were housed at the laboratory
Animal center of the Center for Excellence in Molecular Cell Science in a Specific Pathogen Free (SPF) facility with individually
ventilated cages. The room has controlled temperature (20-25°C), humidity (30%-70%) and light (12 hour light-dark cycle). Mice were
provided ad libitum access to a regular rodent chow diet.

Wild animals No wild animals were included in this study.
Field-collected samples  No field-collected samples were included in this study.

Ethics oversight All mice were used in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences.

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

Sample preparation Cardiac fibroblasts were isolated from hearts as described previously(Skelly et al., 2018; Zhang et al., 2021). The reagents
used in cell isolation include PBS (Gibco, C10010500BT), FBS (Gibco, A3161001C), HBSS (Gibco, 14025092), Collagenase IV
(Gibco, 17104019), Dispase (BD Biocoat, 354235), DNase | (Worthington Biochemical Corporation, LS002139), and DMEM
(Gibco, 11965092). Before sacrificing the mice with CO2, buffers including washing buffer (PBS with 0.8 mmol/L CaCl2),
staining buffer 2%FBS in HBSS), and digestion solution (2 mg/mL Collagenase IV and 1.2 U/mL Dispase in washing buffer) were
prepared and put in ice already. Once mice died, the chest was opened and the heart was perfused with 20 ml washing buffer
through the right ventricle to wash out the blood cells in the hearts. The heart was isolated from the body and put in the dish
including washing buffer, then removed the atria and valve, and the ventricle was placed in a 1.5 ml centrifuge tube with
digestion solution, then cut the tissues into small pieces. After mincing, transfer the tissues in a 15 ml centrifuge tube with 3ml
digestion solution, and put the tube at 37 °C with a certain oscillation frequency for 25~40min. Tissue suspensions were
blown with straws every 8 minutes. Filter the cell suspension with a 70 ym filter into a 50 ml centrifuge tube, then rinse the
filter with 3 ml washing buffer to stop the digestion reaction, the put the tube into a4 °C centrifuge at 400g for 5minto get
the cell precipitation. The cell precipitation was resuspended with 4 ml staining buffer and centrifuged at 4 °C with 400g for
5min. Afterward, the cell precipitation was resuspended with 300 pl staining buffer, then we got the isolated cells.

Instrument Sony MA900 Flow Cytometer; Beckman CytoFlex3; Beckman Moflo Astrios EQ
Software FlowJo 10.4 (Java Version: 1.8.0_144-b01)
Cell population abundance About 1X10"7 non-cardiomyocyte cells were analysis. cardiac fibroblasts comprise about 15% of the single cell suspension.

Gating strategy First, remove small debris in FSCAverse SSCAgating. And then doublets were excluded in SSCAverse SSCHgating. Dead
cells were excluded on DAPI staining. Blood cells were exclued on CD45 and Ter-119 staining. Then fibroblast population was
collected in gates determined on CD140a antibody staining, and the endothelium cells population was collected in gates
determined on CD31 antibody staining. The counting beads were gated as the guideline suggested. The EndoFb and other
fibroblasts were distinguished by GFP.

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