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Dear Editor,

The origin of fat cells or adipocytes is a fundamental
biological question with important ramifications for hu-
man health and disease [1]. Epicardial fat is associated
with increased risk of cardiovascular diseases such as
coronary atherosclerosis [2]. However, the origin of these
epicardial fat cells remains largely unknown. Epicardial
progenitors play a pivotal role in the developing heart,
by secreting paracrine signals and by differentiating into
fibroblasts, smooth muscle cells, and potentially endo-
thelial cells and cardiomyocytes [3-6]. Some of these
developmental programs are reactivated during postnatal
heart injury [7, 8], and reactivated adult epicardial pro-
genitors provide pro-angiogenic protection and undergo
limited epithelial-to-mesenchymal transition in cardiac
injury [7, 9]. Since epicardial fat is physically adjacent to
epicardial cells, we hypothesized that some of these cells
originate from the epicardium during development and in
postnatal heart injury.

We first generated Wt1-CreER; Rosa26"™"" double
transgenic mouse line. In the absence of tamoxifen, we
found little detectable labeling of epicardial progenitors
and their derivatives [7]. After tamoxifen induction,
translocation of CreER into nucleus allowed removal of
a loxP-flanked transcriptional stop cassette, thus leading
to indelible RFP labeling of epicardial cells and their
descendants, epicardium-derived cells (EPDCs, Supple-
mentary information, Figure S1A). We injected tamox-
ifen at embryonic day 10.5 (E10.5) to label epicardial
progenitors and collected hearts during postnatal weeks 8
to 12 (P8w to P12w) to analyze their contribution to epi-
cardial fat (Figure 1A). We found that fetal EPDCs con-
tribute significantly to intramyocardial vessels in adult
hearts (Supplementary information, Figure S1A). Inter-
estingly, some EPDCs, particularly those in the atrioven-
tricular groove, remained in an epicardial location and
colocalized with fat tissue (Figure 1B). Co-immunostain-
ing of RFP and adipocyte marker perilipin (PLIN) in tis-
sue sections from four hearts (12 sections each) verified
that among 3 560 PLIN" fat cells counted, 23.4% + 5.1%
were RFP” cells (Figure 1C).

To further confirm this finding, we employed an ade-

novirus that expresses Cre under the epicardium-specific
promoter Msln to selectively lineage-trace the epicardi-
um [7]. Ad:MsIn-Cre transduction of cultured epicardial
cells activated expression of GFP from a Cre-dependent
Rosa26™™" reporter (Supplementary information, Fig-
ure S1B). As Msln is specifically expressed in epicardi-
um of the developing heart (Supplementary information,
Figure S1C), we performed ultrasound-guided embryon-
ic heart injection of MsIn-Cre virus at E12.5. Examina-
tion of E15.5 hearts confirmed selective labeling of the
epicardium (Supplementary information, Figure S1D).
We next collected P8w hearts and found that a subset of
MslIn-Cre-labeled EPDCs co-expressed PLIN, demon-
strating contribution of epicardial progenitors to fat cells
during normal heart development (Figure 1D). Alto-
gether, the above data showed that embryonic epicardial
progenitors contribute to epicardial fat. We refer to this
process as epicardium-to-fat transition (EFT).

From this intriguing observation in heart development,
we next asked whether adult epicardial progenitors con-
tribute to epicardial fat cells. We first performed adult
epicardial lineage tracing by tamoxifen injection in an
8-week-old adult Wt1-CreER; Rosa26™"" mice. A signif-
icant portion of WT1" epicardial progenitors in the atrio-
ventricular groove were labeled after 4-6 weeks (Sup-
plementary information, Figure S1E). However, we did
not detect any RFP" epicardial fat cells (Supplementary
information, Figure S1F), suggesting that adult epicardial
progenitors do not actively generate epicardial fat during
normal heart homeostasis. This was not simply due to
limited tamoxifen-induced labeling by Wt1-CreER, as
a significant portion of epicardial cells were labeled in
the vicinity of epicardial adipose tissue (Supplementary
information, Figure S1E and S1F). In addition, labeling
of renal cells in the kidneys of the same mice was high
(Supplementary information, Figure S1E). Taken togeth-
er, the above data suggested that while embryonic epicar-
dial cells contribute to epicardial adipose tissue, there is
minimal EFT in normal adult heart.

Our previous work shows that postnatal epicardial
cells are a dynamic progenitor population that reacti-
vates fetal properties after injury [7, 9, 10]. To directly
address the lineage conversion of epicardial progenitors
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Figure 1 Epicardial cells differentiate into adipocytes during cardiac development and injury. (A) Strategy of inducible labeling
of epicardial cells. Tamoxifen was administered at E10.5 to Wt1-CreER; Rosa26™""* embryos, and adult hearts were collect-
ed for analysis. (B) Whole-mount view of fat tissue in atrioventricular groove (arrows). (C) Sections stained for lineage marker
RFP, adipocyte marker PLIN, and nuclei marker DAPI. C1 and C2 show that a subset of adipocytes in the right and left atrio-
ventricular grooves were derived from epicardial cells. Images are representative of results from four individual hearts. (D)
Co-immunostaining of PLIN and GFP in P8w Rosa26™ ™" heart treated with MsIn-Cre adenovirus at E12.5. (E) Strategy for
lineage tracing of adult epicardial cells after MI. Adult mice were treated with tamoxifen before MI. (F) Whole-mount picture
of adult labeled heart following MI. Arrowheads indicate epicardium-derived adipocytes within fat tissue on heart surface. (G)
Immunostaining of post-MI heart sections shows that a subset of PLIN" adipocytes co-express the GFP lineage marker. (H)
MslIn-Cre adenovirus was injected into the adult heart. After MI, whole-mount images show lineage-traced GFP" cells within
fat tissue on the heart surface. (I) Immunostaining of PLIN and GFP in MsIn-Cre adenovirus-treated Rosa26™™*"*

hearts after
MI. Red bar = 0.5 mm; yellow bar = 200 um; white bar = 100 um.

to fat cells after cardiac injury, we first lineage-tagged
epicardium by tamoxifen induction of Wt1-CreER;
Rosa26™™" hearts, and then performed myocardial in-
farction (MI) by ligation of the left anterior descending
coronary artery (Figure 1E). Since WT1 is specifically

expressed in epicardium but not fat cells (Supplementary
information, Figure S1G), epicardium was specifically
prelabeled before MI (Supplementary information, Fig-
ure S1H). Three weeks after M1, we collected the injured
hearts with attached fat tissue on their surface, and found
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that a subset of epicardial fat cells near the border zone
of infarcted myocardium was genetically labeled (Figure
1F). We confirmed that these labeled cells were adipo-
cytes by co-staining of PLIN and GFP (Figure 1G). Adult
epicardial cells contributed to 9.3% + 3.7% of fat cells
in epicardial adipose tissue in the peri-infarct region (n
=4, Figure 1G). We verified this result by serial sections
from Wt1-CreER; Rosa26"™"* MI hearts (Supplementary
information, Figure S1I). To show that cell labeling was
not due to CreER activity in the absence of the inducing
agent under MI stress conditions, we examined Wtl-
CreER; Rosa26™™%" MI hearts that were not treated with
tamoxifen and found no GFP" epicardial fat cells. MI
also induced proliferation of adipocytes after MI, sug-
gesting that adipocyte expansion as well as EFT contrib-
ute to expansion of epicardial fat after MI (Supplementary
information, Figure S1J).

To verify this finding, we injected MsIn-Cre virus
into adult Rosa26™™""" heart before MI and confirmed
epicardial labeling in pre-MI hearts (Supplementary in-
formation, Figure S1K). We then performed MI on these
Msln-Cre-injected mice, and collected the hearts 4 weeks
afterwards. We found that a subset of cells in epicardial
fat tissue were expressing GFP, suggesting that labeled
epicardial cells contribute to adipocytes in injured heart
(Figure 1H). By co-immunostaining of PLIN and GFP,
we confirmed GFP'PLIN" fat cells in MI heart (Figure
11), suggesting that these epicardial fat cells were derived
from MsIn-Cre-prelabeled epicardial progenitors.

EPDCs have been reported to differentiate into multi-
ple cell types, most recently adipocytes [11]. To ask whether
single EPDC is multipotent, we performed clonal assays
on EPDCs isolated from MI hearts and expanded clonal-
ly from single cells. We FACS sorted EPDCs from Wtl-
CreER; Rosa26™™" hearts 1 week after MI and generated
single cell clonal outgrowths. FACS analysis of these
clones confirmed that they phenotypically resemble mes-
enchymal stem cells (Supplementary information, Figure
S1L-S1P). When cultured in different conditions, the
clonal outgrowths differentiated into adipocyte, chondro-
cyte, and osteoblast lineages (Supplementary informa-
tion, Figure S1Q), demonstrating their multipotency.

By genetic lineage tracing, our study revealed that epi-
cardial progenitors contribute to fat cells during develop-
ment. This EFT potential is quiescent in adult heart, but
is reactivated after MI. Our work suggested that the EFT
might be a cardiac response to severe injury such as MI,
and that EFT could be a new signature of cardiovascular
diseases. A recent study showed that mesothelium, in-
cluding epicardium, contributes to visceral fat [11]. Our
study of the epicardium confirmed this result and extend-
ed it to homeostasis and diseases of the adult heart. EFT
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makes limited contributions to epicardial adipose tissue
during heart homeostasis. However, this potential is un-
locked under stress such as MI, which reactivates the de-
velopmental EFT program and leads to injury-stimulated
EFT in vivo. Understanding of the molecular regulatory
mechanisms of EFT will provide insights into the treat-
ment of cardiovascular diseases and regenerative medi-
cine [1, 12, 13].
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(Supplementary information is linked to the online version of the paper
on the Cell Research website.)





