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Genetic lineage tracing identifies endocardial origin of

liver vasculature

Hui Zhang!, Wenjuan Pu!, Xueying Tian!, Xiuzhen Huang!, Lingjuan He!, Qiaozhen Liu!, Yan Li!, Libo Zhang!,

Liang He!, Kuo Liul2, Astrid Gillich3 & Bin Zhou!>24

The hepatic vasculature is essential for liver development, homeostasis and regeneration, yet the developmental program of hepatic vessel
formation and the embryonic origin of the liver vasculature remain unknown. Here we show in mouse that endocardial cells form a primitive
vascular plexus surrounding the liver bud and subsequently contribute to a substantial portion of the liver vasculature. Using intersectional
genetics, we demonstrate that the endocardium of the sinus venosus is a source for the hepatic plexus. Inhibition of endocardial angiogenesis
results in reduced endocardial contribution to the liver vasculature and defects in liver organogenesis. We conclude that a substantial
portion of liver vessels derives from the endocardium and shares a common developmental origin with coronary arteries.

Blood vessels are essential for liver function, homeostasis and regen-
eration upon injury!l. Reduced blood supply, or liver ischemia,
causes impairment of organ function and can result in liver failure?.
Determining the developmental program of hepatic vessel formation
could provide a foundation for the design of strategies to stimulate
vessel growth upon liver regeneration®*. During embryonic develop-
ment, blood vessels not only form passive conduits to deliver oxygen
and nutrients, but they also establish instructive developmental niches
to promote liver organogenesis before the onset of circulation in mouse
embryos®. Reciprocal signaling between the endothelium and endo-
derm during early development directs the stepwise differentiation
and morphogenesis program required for organogenesis®~’. The liver
vasculature also constitutes the cellular basis of the hematopoietic stem
cell niche in late embryonic and neonatal stages, promoting hematopoi-
etic stem cell expansion before migration to the bone marrow?. In the
mature organ, the liver vasculature provides an instructive niche that
mediates hepatic regeneration’>>4. In spite of the important functions
of the liver vasculature during development, homeostasis and regenera-
tion, its developmental origin remains unknown?. In the present study,
we performed lineage tracing in mice to determine the developmental
origin of hepatic vessels. We find that a substantial number of liver vas-
cular endothelial cells arise from the dorsal part of the endocardium.
Our studies also indicate that the developing endocardium regulates
liver organogenesis through vascular endothelial cell contribution.

RESULTS

NFATC1 marks developing endocardium but not liver vasculature
In the heart, the developmental origin for coronary arteries has been a
focus of intensive debate®-14. As part of our study on coronary artery

origin, we performed lineage tracing in mice of the endocardium. We
found an unexpected contribution of NFATC1* endocardial cells to
the primitive hepatic plexus. In mice, the early cardiac tube forms
by fusion of the cardiac crescent at the midline and then undergoes
looping at embryonic day (E) 8.0 to E8.5 (ref. 15). Whole-mount
immunostaining of E8.0 and E8.5 embryos for cardiac troponin I
type 3 (TNNI3) showed that the looping heart is composed of ven-
tricle, atrium and sinus venosus (SV) compartments, all of which
express TNNI3 (Supplementary Fig. 1a,b). Co-staining for TNNI3
and the pan-endothelial marker PECAMI1 on sections from E8.0 and
E8.5 embryos showed that PECAMI1* endocardium is surrounded
by TNNI3* cardiomyocytes (Supplementary Fig. 1c-e). The two SV
horns are located at the caudal part of the developing heart and reside
on the flanks of the foregut diverticulum (Supplementary Fig. 1c-e).
These data demonstrate that the atrium and SV horns reside close to
the foregut endoderm in the developing embryo.

Cardiac endocardial cells represent a unique population of
endothelial cells that express NFATCI during development!6-18.
We generated a tamoxifen-inducible Nfatc1-IRES-creER knock-in line
(Fig. 1a) and first analyzed expression of estrogen receptor (ESR)
as a surrogate for NFATC1 expression. Whole-mount immunos-
taining showed that ESR was expressed in the developing heart of
NfatcI-IRES-creER embryos at E7.75-E9.0 (Fig. 1b). Co-staining of
ESR and either TNNI3 or NKX2-5 as a cardiac marker confirmed
that ESR expression was restricted to the cardiac region (Fig. 1c).
Immunostaining for ESR on sections from E8.5 NfatcI-IRES-creER
embryos showed ESR expression in atrial, ventricular and SV
endocardium (Fig. 1d). Co-staining of endoglin (ENG) and ESR
showed ESR expression in endocardium (Fig. 1e). By examining
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Figure 1 NFATC1 is expressed in the IRES- i
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venosus. (a) Schematic showing the strategy

for generation of the Nfatc1-IRES-creER
knock-in line by homologous recombination.

(b) Whole-mount staining for estrogen receptor
(ESR) on E7.75-E9.0 Nfatci-IRES-creER
embryos. (c) Whole-mount view of E8.0-E8.5
embryos stained for ESR and the cardiac marker
NKX2-5 or TNNI3. (d) Immunostaining for
NKX2-5 and ESR on E8.5 NfatcI1-IRES-creER
embryonic sections. Dotted lines indicate
foregut diverticulum (FD); SV, sinus venosus.
Right panels are magnified views of the boxed
regions in middle panels. (e) Immunostaining for
endoglin (ENG) and ESR on E8.5 Nfatc1-
IRES-creER embryonic section shows ESR
(NFATC1) expression (arrowheads) in the
endocardium of the right and left SV horns
(boxed regions). (f) Immunostaining for TNNI3
and NFATC1 on E8.0 wild-type embryonic
sections shows NFATC1 expression in the right
and left SV horns but not in foregut diverticulum
(arrowheads). Scale bars, 100 um. Each image
is representative of three individual samples.
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consecutive sections of NfatcI-IRES-creER
whole embryos, we found that ESR was spe-
cifically expressed in the atrial, ventricular
and SV endocardium of the early developing
heart (Supplementary Fig. 2).

To assess the proximity of caudal endo-
cardium to hepatic endoderm, we gener-
ated Nfatcl-GFP reporter mice and stained
Nfatc1-GFP embryos for molecular markers
of the foregut and hepatic endoderm, including FOXA?2 for detection
of foregut endoderm before E9.0 and HNF4A for detection of hepatic
endoderm after E9.0. Immunostaining of Nfatc1-GFP embryos for
GFP and FOXA2 or HNF4A showed that the caudal part of the
NFATC1* endocardium was located on the flanks of the FOXA2*
foregut diverticulum at E8.0 and E8.5 (Supplementary Fig. 3a,b).
GFP expression was not detected in the liver bud or SV from E9.5
to E11.5 (Supplementary Fig. 3¢c). Yet, the SV marked by vascular
endothelial cadherin (CDH5 or VE-cadherin) was located in close
proximity to the HNF4A* liver bud at E9.5 and E10.5, forming a
continuum with the hepatic vasculature (Supplementary Fig. 3c).

To further validate the expression of NFATCI, we performed immu-
nostaining for NFATC1 on embryonic sections. NFATC1 was expressed
in the endocardium of the SV horns at E8.0 (Fig. 1f), but its levels
were reduced in SV endocardium at E9.5 (Supplementary Fig. 4a).
Immunostaining for NFATC1 and ESR or GFP on NfatcI-IRES-
creER and Nfatc1-GFP embryonic sections, respectively, showed that
at E9.5 ESR or GFP was colocalized with NFATC1, which was not
detected in SV endocardium or liver bud (Supplementary Fig. 4b).
Around E10.5, hematopoietic stem cells started to colonize the fetal
liver, which serves as a major hematopoietic organ after E11.5 in
mouse embryos!®20. We could detect NFATCI in a subset of these
hematopoietic cells but not in liver endothelial cells or SV endocar-
dium at E10.5 and E11.5 (Supplementary Fig. 4c,d). There were
no NFATC1* endothelial cells in the liver at E12.5, E13.5 or E15.5
(Supplementary Fig. 4e-g). Similarly, there were no ESR* or GFP*
endothelial cells in Nfatcl-IRES-creER and Nfatcl-GFP embry-
onic livers, respectively, at E12.5, E13.5 or E15.5 (Supplementary
Fig. 5a,b). Taken together, the above data demonstrate that NFATC1
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and the NFATCI1 surrogates ESR and GFP are not expressed in liver
vascular endothelial cells.

NFATC1+* endocardial cells contribute to liver vasculature

Recent studies reported a contribution of ventricular and SV endo-
cardium to the coronary vasculature in mice!%-12. Because we found
that the caudal part of the endocardium is located in proximity to the
foregut endoderm and liver bud at times of hepatic vessel formation, we
investigated whether the endocardium forms liver vasculature in
addition to coronary arteries. To lineage trace the developing endo-
cardium, we first crossed Nfatcl-dre mice with the rox reporter line
Rosa26-rox-STOP-rox-RFP (Rosa26-RSR-RFP) to generate NfatcI-dre;
Rosa26-RSR-RFP embryos?!. Dre, like Cre, is a site-specific recom-
binase and targets rox sites for recombination; it has previously
been used for lineage tracing??-24. In our embryos, Dre-mediated
recombination leads to irreversible removal of the rox-flanked stop
cassette and permanent labeling of cells, including NFATCI* cells
and their descendants, with RFP (Fig. 2a). We found that NfatcI-
driven Dre expression led to RFP labeling of atrial, ventricular and
SV endocardium at E8.5, E9.0 and E9.5 (Fig. 2b-d). Although
NFATCI1 was not expressed in the primitive vasculature of the liver
bud (Supplementary Figs. 3¢, 4c-g and 5a,b), we found descendants
of NFATCL1* cells surrounding the hepatic endoderm at E9.0 and in
the liver vasculature at E9.5 and E10.5 (Fig. 2c—e). Analysis of livers
collected from Nfatcl-dre; Rosa26-RSR-RFP embryos at E13.5 and
E15.5 showed that a substantial portion of the liver vasculature (~40%)
was labeled with RFP (Fig. 2f-h), indicating that NFATC1* endocar-
dial cells contribute to liver vessels. We did not detect RFP labeling
of hepatocytes, stellate cells, smooth muscle cells, cholangiocytes,
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Figure 2 NFATC1+ endocardial cells contribute a
to vessels in the developing liver. (a) Strategy

of genetic lineage tracing based on Dre-
mediated recombination at rox sites using
Nfatc1-dre and Rosa26-RSR-RFP reporter lines.
(b) Immunostaining for RFP and TNNI3 on rox
E8.5 Nfatcl-dre; Rosa26-RSR-RFP embryonic
sections. RFP expression is restricted to cardiac

Nfatc1-dre

Genetic labeling

endoderm (dotted line). (c—e) Immunostaining
for RFP, VE-cadherin or PECAM1, and FOXA2 d
or HNF4A on sections of E9.0 (c), E9.5 (d)
and E10.5 (e) Nfatcl-dre; Rosa?6-RSR-RFP
embryos. The dotted lines indicate hepatic
endoderm (HE; E9.0) and liver bud (LB; E9.5
and E10.5). Hepatic endothelial cells are
labeled with RFP (arrowheads). The arrow
indicates the magnified view of the region in
the left panel. (f,g) Whole-mount and section
views of E13.5 (f) and E15.5 (g) livers.
Immunostaining for RFP and VE-cadherin f
shows the contribution of lineage-labeled

cells to liver endothelial cells (arrowheads).
Magnified views of the boxed regions are shown
in the far right panels. (h) Quantification of
lineage labeling in E13.5 and E15.5 liver
endothelium. n= 4. Error bars, s.e.m. A, atrium;
V, ventricle; OFT, outflow tract. Scale bars:
yellow, 1 mm; white, 100 um.

Ventral

biliary epithelial cells or fibroblasts in the
liver (Supplementary Fig. 6).

We next aimed to test whether NFATC1*
endocardial cells contribute to the liver
vasculature by inducible genetic lineage
tracing using Nfatcl-IRES-creER embryos
(Fig. 3b). Immunostaining for ESR, FOXA2
and PECAM1 showed that CreER* SV is
in close contact with foregut diverticulum
at E8.0 and hepatic endoderm at E8.5 and
E9.0 (Fig. 3a). Similarly to NFATC1 expression (Supplementary
Fig. 4a-d) and also GFP expression in NfatcI-GFP embryos
(Supplementary Fig. 3¢c), CreER expression was markedly reduced
in SV at E9.0 and could hardly be detected in SV or liver bud at
E9.5-E14.5 (Fig. 3a and Supplementary Fig. 7a,b). To test whether
NFATC1" endocardial cells contribute to liver vessels, we injected
tamoxifen into NfatcI-IRES-creER mice crossed to mice with a stop
cassette flanked by loxP sites upstream of RFP at the Rosa26 locus
(Rosa26-loxP-STOP-loxP-RFP, or Rosa26-RFP) at E8.0 and analyzed
the extent of labeling with RFP at E9.5-E14.5 (Fig. 3b). In these mice,
tamoxifen administration leads to nuclear translocation of CreERT?
in NFATCI1* cells, which removes the stop cassette and leads to RFP
expression. Thus, CreER™ cells and their descendants are permanently
labeled by the tracing marker RFP. We detected labeling in atrial,
ventricular and SV endocardium, as well as the primitive vascula-
ture in the liver bud (Supplementary Fig. 7¢,d). By immunostaining
for RFP and VE-cadherin, we found RFP* endothelial cells in the
liver but not in lung, stomach or intestine (Fig. 3¢,d), indicating that
NFATCI1* endocardial cells give rise to liver vessels during embryonic
development. Quantification of the RFP*VE-cadherin* endothelial
cells in E12.5-E14.5 livers showed that inducible CreER labeled 39.12
+5.05% of endothelial cells. Given that NFATCI is not expressed in
SV endocardium at E9.5 and afterward, tamoxifen administration
at E9.5 resulted in abrogated genetic labeling of endothelial cells in
E13.5 liver, whereas endocardium in the ventricle was still labeled
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endocardium, with no detectable expression in cha ,
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(Fig. 3e-g). Taken together, the above data suggest that SV endocardial
cells contribute to the fetal liver vasculature between E8 and E9.

Sinus venosus is the main endocardial source for liver vasculature
SV endocardium is a major source for coronary vasculature in the
developing heart!®2°. At E8.5-E10.5, atrial and SV endocardium were
closer to hepatic endoderm than ventricular endocardium (Fig. 3a
and Supplementary Fig. 7). We therefore hypothesized that the
caudal part of the endocardium, either atrium or SV, gives rise to the
liver vasculature. To address this hypothesis, we targeted the endo-
cardial gene Npr3, which encodes natriuretic peptide receptor 3, and
generated Npr3-creER knock-in mice for lineage tracing. Whole-
mount immunostaining for ESR showed CreER expression in atrial and
ventricular endocardium but not in SV (Supplementary Fig. 8a).
This expression pattern was confirmed by in situ hybridization for
Npr3 (Supplementary Fig. 8b). Immunostaining for ESR, PECAM1
or VE-cadherin, and FOXA2 or HNF4A showed CreER expression in
atrial and ventricular endocardium but not in SV or hepatic endoderm
from E8.5 to E10.5 (Supplementary Fig. 8c-f). Tamoxifen injection
of Npr3-creER; Rosa26-RFP mice at E8.0 did not result in labeling
of SV nor liver vasculature at E10.5 and E11.5 (Supplementary
Fig. 9a—c). Liver labeling was negligible at E13.5, whereas the heart
from the same embryo was strongly labeled (Supplementary Fig. 9d).
Immunostaining of RFP and VE-cadherin on liver and heart sections
from the same embryo showed labeling of ventricular endocardium
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Figure 3 NfatcI-IRES-creER embryos a
have labeling of SV endocardium and liver
vasculature. (a) Immunostaining for FOXA2,
ESR and PECAM1 on sections from Nfatc1-
IRES-creER embryos. A subset of endocardial
cells in the left and right SV horns (dotted lines)
surround the foregut diverticulum and hepatic
endoderm. Arrows indicate magnified views

of the regions in the merged images. Circled
regions are hepatic endoderm. (b) Strategy

of labeling using the NfatcI-IRES-creER and
Rosa26-RFP reporter lines. Tamoxifen (Tam)
was injected at E8.0, and labeling was analyzed
at later stages (E9.5-E14.5). (c) Whole-mount
views of E12.5 and E14.5 livers from NfatcI-
IRES-creER; Rosa26-RFP embryos. Insets are
bright-field images. (d) Immunostaining for RFP
and VE-cadherin on embryonic liver sections
showing labeling of VE-cadherin* cells by RFP b
(arrowheads). Magnified views of the boxed

E8.0
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. . . Rosa26-RFP
regions are shown to the right. (e) Schematic Tam Analysis
showing tamoxifen treatment and analysis. P S B s
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(f) Whole-mount views of heart and liver from
the same embryo. (g) Immunostaining for RFP
and VE-cadherin on liver sections from E13.5
embryos treated with tamoxifen at E9.5. The
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white arrowheads indicate RFP*VE-cadherin*
vessels. A magnified view of the boxed region is
shown to the right. Each image is representative
of three individual samples at each stage. Scale
bars: 0.5 mm inc, fand g, 100 um in a and d.
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but not liver vasculature (Supplementary
Fig. 9e,f). Quantification of RFP* vessels _
showed that Npr3-creER labeled only 0.23 + T?m Ana:yS'S
0.14% of endothelial cells in the liver (n = _E135
4). These data demonstrate that Npr3-creER

labels atrial and ventricular endocardium but

not SV endocardium or liver vasculature.

To determine whether SV is the endocardial source for liver vas-
culature, we compared the fate map of labeled and unlabeled SV
endocardium using two strategies. Strategy 1 used NfatcI-dre; Rosa26-
RSR-RFP to label atrial, ventricular and SV endocardium as described
(Fig. 2a—e). Strategy 2 employed NfatcI-dre; Npr3-creER; Rosa26-RSR-
LSL-RFP (Ai66) to subtract SV labeling. In this strategy, two recombi-
nation events by the Dre and CreER recombinases are required for REP
expression (Supplementary Fig. 10). Because Npr3-creER labels the
endocardium of the atrium and ventricle but not SV (Supplementary
Fig. 9b,c), Nfatcl-dre-mediated recombination alone in the Ai66
reporter does not result in SV labeling (Supplementary Fig. 10).
We employed this approach to address whether SV labeling in cells
derived from NFATC1" cells accounts for labeling of the liver vascu-
lature. Whole-mount fluorescence views of E10.5 embryos showed
no RFP expression in SV or liver in strategy 2 but labeling of both
regions in strategy 1 (Fig. 4a). Inmunostaining for RFP, HNF4A and
PECAMI1 showed that SV endocardium was not labeled in strategy 2,
whereas both atrial and ventricular endocardium were labeled in
both strategies (Fig. 4b). Likewise, whole-mount views and sectional
immunostaining showed that E13.5 liver vasculature was not labeled
in strategy 2, whereas atrial and ventricular endocardium was labeled
in both strategies (Fig. 4c,d). Quantification of labeled endothelial
cells showed a significantly reduced percentage of RFP* vessels in
strategy 2 as compared with strategy 1 (0.19 £ 0.11% versus 37.88
4.05%, P < 0.05; n = 4). These data demonstrate that liver vasculature

E9.5

=
3
3
£
Q<
S
K-
=

Nagnificati®n ¥* 4
. sy
o of ¢
P”

Sog e ] ;
L

y

is derived from NFATCI1* SV endocardium but not from atrial or
ventricular endocardium (Fig. 4e).

Inhibition of endocardial angiogenesis impairs liver organogenesis
Reciprocal signaling between endoderm cells and mesoderm-derived
endothelial cells directs the stepwise cell differentiation and mor-
phogenesis process during organ development®’. Endothelial cell
precursors differentiate into blood vessels in response to angiogenic
signals from adjacent tissues?®. Among these, VEGF family mem-
bers represent the most potent proangiogenic factors controlling liver
organogenesis®. We found by in situ hybridization that Vegfa was
highly expressed in the liver bud (Supplementary Fig. 11a). VEGFA
induces angiogenesis by signaling through VEGF receptor 2 (KDR
or VEGFR2, also known as FLK1)27-28] which has an essential role
in vascular development?®30. Immunostaining for VEGFR2 and
PECAM1 showed that VEGFR2 was expressed in SV endocardium
from E8.5-E9.5 (Supplementary Fig. 11b,c).

These expression patterns suggested that the VEGFA secreted by
liver endoderm induces recruitment of VEGFR2* endocardial cells
through angiogenic sprouting®. We therefore specifically deleted Kdr
in the endocardium by crossing NfatcI-IRES-creER mice with mice
with two loxP-flanked alleles of Kdr (KdrV; ref. 31) and Rosa26-RFP
(Fig. 5a). Tamoxifen administration leads to translocation of CreERT?
into the nucleus and recombination between loxP sites, resulting
in endocardial deletion of Kdr (Fig. 5b). We initiated tamoxifen
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Figure 4 Sinus venosus endocardium
contributes to liver vasculature. (a) Whole-
mount views of E10.5 embryos from lineage
tracing strategy 1 (NfatcI-dre; Rosa26-RSR-
RFP) and strategy 2 (Nfatc1-dre; Npr3-creER;
Ai66). SV is labeled by NfatcI-dre in strategy 1
but not by NfatcI-dre in strategy 2. Tamoxifen
was injected at E8 for both strategies. H,

heart. Magnified views of the boxed regions

are shown to the right. (b) Immunostaining for
RFP, HNF4A and PECAM1 on E10.5 embryonic
sections. Liver vasculature and SV are labeled
by Nfatcl-dre in strategy 1 but not by Nfatcl-
dre in strategy 2. Insets are bright-field
images. (c) Whole-mount views of E13.5
hearts and livers from strategies 1 and 2.

(d) Immunostaining for RFP and PECAM1 on
heart and liver sections from strategies 1

and 2. (e) Schematic showing the proximity of
the developing caudal endocardium to the liver
bud and the contribution of SV endocardium to
the primitive liver vasculature at E8.0-E9.5.
With SV withdrawal to the chest and diaphragm
formation, SV endocardium contributes to
coronary vessels. Scale bars: 1 mmin a,

100 uminband d, 0.5 mm inc.

Strategy 1
| Nfatc1-dre; Rosa26-RSR-RFP|

Derived from NFATC1*
cells (SV labeled)

*g

treatment at E8.0-E8.5 and collected NfatclI-
IRES-creER; KdrVfl; Rosa26-RFP (mutant)
and NfatcI-IRES-creER; Kdrll+; Rosa26-REP
(control) embryos for analysis at E9.5-E13.5
(Fig. 5a). Immunostaining for VEGFR2 and
VE-cadherin on sections from E9.5 mutant
and control embryos showed that VEGFR2
expression was notably lower in endocar-
dium but not in dorsal vessels (Fig. 5¢). For
lineage tracing of endocardial cells, we per-
formed immunostaining for RFP, HNF4A
and VE-cadherin on E11.5 embryonic sections and found signifi-
cantly fewer RFP* endothelial cells in the liver buds of mutants as
compared to controls (Fig. 5d). Immunostaining for the hepato-
cyte marker HNF4A showed liver dysplasia in mutants (Fig. 5d).
Although the size of the heart was only slightly smaller in mutants at
E13.5, the size of the mutant liver from the same embryo was signifi-
cantly smaller than that of the control embryo (Fig. 5e). Quantification
of liver volume showed that the size of mutant livers was only about
one-quarter that of control livers (Fig. 5f), indicating that endocardial
Kdr deletion impairs liver organogenesis. Immunostaining for RFP
and VE-cadherin on E13.5 liver sections showed significantly fewer
RFP* endothelial cells in mutant livers than in control livers (P < 0.05;
Fig. 5g). Quantification data confirmed that the endocardial contri-
bution to liver vasculature was significantly lower in mutants than in
controls (Fig. 5h). Taken together, these data indicate that the endo-
cardial contribution to liver vasculature is controlled by VEGF signal-
ing, which determines vessel formation and liver organogenesis.

Endocardium-derived liver vessels persist in the adult liver

In the embryonic liver, endocardium-derived cells formed liver
endothelial cells in both the portal and central veins (Supplementary
Fig. 12a). To address whether these endocardium-derived vessels
persist in the mature organ, we collected NfatcI-IRES-creER; Rosa26-
RFP adult livers for analysis. Immunostaining for RFP, VE-cadherin
and the portal cholangiocyte marker CK19 (KRT19) showed that

E10.5
Nfatc1-dre; Npr3-creER (Ai66)
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the endocardium-derived endothelial cells (RFP*VE-cadherin*)
resided in portal veins and arteries, sinusoids and central veins
(Supplementary Fig. 12b). By immunostaining for smooth muscle
actin (ACTA2 or SMA) and the venous endothelial cell marker Eph
receptor B4 (EPHB4), we confirmed the existence of RFP* endothe-
lial cells in both portal arteries and veins (Supplementary Fig. 12¢).
Additionally, these RFP* cells also remained as PROX1*LYVE1*
lymphatic endothelial cells in the adult liver (Supplementary
Fig. 12d). These data suggest that endocardium-derived embryonic
liver vasculature persists and forms multiple types of endothelial cells
in the adult liver.

We next asked whether these endocardium-derived ves-
sels respond to liver injury and give rise to new blood vessels
during liver regeneration. We performed partial hepatectomy
on Nfatcl-IRES-creER; Rosa26-RFP mice and collected livers
at 3 or 9 d after injury (Supplementary Fig. 13a). Inmunostaining
for Ki-67, phosphorylated histone H3 (PHH3) and proliferat-
ing cell nuclear antigen (PCNA) as proliferation markers on liver
sections from the sham and partial hepatectomy groups showed
a significant increase in RFP* endothelial cells during regenera-
tion (Supplementary Fig. 13b-e), indicating formation of new
blood vessels from endocardium-derived cells in the mature organ.
Taken together, these data suggest that endocardium-derived liver
endothelial cells respond to injury and proliferate to form new ves-
sels during liver regeneration.
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DISCUSSION cells’. The septum transversum has been suggested to contain
Liver development is orchestrated in a stepwise manner by signaling  endothelial cell precursors that contribute to liver vasculature dur-
from the cardiac mesoderm and subsequent signals from endothelial ~ing development®. Notably, a recent study suggested that FOXA2*

a b Kdr loxP-flanked allele

/> Tam Analysis
@ l I I 1 Tamoxifen ° [Exon 4
| — e
CreER™ %

CreER™ l
E8.0-85E9.5 E11.5 E135 off on ° > Nucleus
Mutant: Nfatc1-IRES-creER; Kdr™", Rosa26-RFP —feon o p—
Control: Nfatc1-IRES-creER; Kdr"'*; Rosa26-RFP
Cc VEGFR2 VE-cadherin Merge DAPI Magnification VEGFR2 VE-cadherin Merge DAPI Magnification
€05 , '
R A A R
Vi 1 t \% J
d — Split
RFP HNF4A DAPI Magnification VE-cadherin ———— RFP

Mutant

Control

€ Mutant Control g RFP DAPI VE-cadherin DAPI RFP VE-cadherin DAPI Magnification

€
©
E
50
R *
3 40 2
Py
Tug 30
3
> 20
¥
&
f Rk 5 c 10
° =
2510 8 0
£3 Mutant Control
co 05
[veli}
2 0

Mutant Control

Figure 5 Endocardial deletion of Kdr (Vegfr2) impairs liver organogenesis. (a) Schematic showing the experimental strategy for conditional Kdr
deletion in endocardial cells. (b) Schematic showing the strategy for inducible Kdr deletion in endocardial cells. Tamoxifen administration leads to
translocation of CreERT2 into the nucleus and recombination between /oxP sites, resulting in deletion of Kdr (exon 3) in NFATC1+ endocardial cells.
(c) Immunostaining for VEGFR2 and VE-cadherin on E9.5 mutant or control embryonic sections. VEGFR2 is readily detected in endocardial cells
(yellow arrowheads) from controls but is hardly detected in endocardial cells (white arrowheads) from mutants. (d) Immunostaining for RFP, HNF4A
and VE-cadherin on E11.5 embryonic sections showing lower numbers of RFP+VE-cadherin* endothelial cells (arrowheads) in the liver bud of mutants
than in controls. (e) Whole-mount views of hearts and livers from the same mutant or control embryos. The inset shows bright-field images of liver.
(f) Quantification of liver volume in mutant and control embryos. Control liver volume was set to 1.0; values are shown as means +s.e.m. (n=4).
Student’s t test was used to determine statistical significance: *P < 0.05. (g) Immunostaining for RFP and VE-cadherin on liver sections from E13.5
mutant and control embryos. Yellow arrowheads indicate RFP* vessels. (h) Quantification of the percentage of RFP* liver vessels. *P < 0.05; n = 4.
Error bars, s.e.m. Magnified views of the boxed region are shown to the right in ¢, d and g. Scale bars: 100 um in ¢ and d, 500 um in e and g.
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endoderm also contributes to a subset of liver endothelial cells dur-
ing development32. Our present work shows that liver vessels arise
from the endocardium that constitutes the innermost layer of the
developing heart. These hepatic endothelial cells from diverse ori-
gins provide a source of signals during liver organogenesis®, which
is reminiscent of the scenario for other endodermal organs such as
the pancreas, where blood vessels not only provide metabolic sus-
tenance but also inductive signals for organogenesis®. Our finding
that inhibition of endocardial angiogenesis impairs liver organogen-
esis suggests that endocardium-derived cells provide inductive cues
for liver development. Thus, our study provides new evidence that a
component of one organ (endocardium) influences the development
of another organ (liver) through direct vascular contribution. Our
work links the origin of endothelial cells and their role in instructive
signaling to shape endoderm organogenesis>® during early
embryonic development.

This study shows that, during early development, the caudal part
of the endocardium is in close proximity to hepatic endoderm and
contributes a substantial portion of the primitive vasculature in the
liver (Fig. 4e). With development of the heart and diaphragm, the SV
translocates from the caudal to the cranial side of the heart, withdraws
to the chest and is separated from the liver (Fig. 4e). A detailed char-
acterization of the lineage potential and heterogeneity of endocardial
cells during development, as well as their properties and behavior
upon injury, should now be a priority. Unraveling the program of line-
age conversion from endocardium to liver vasculature may provide
new avenues for therapeutic strategies to stimulate revascularization
upon liver regeneration!3. Elucidation of the signals that instruct
the endocardium to form liver vasculature or coronary arteries will
also highlight similarities and differences in the program of vessel
formation and growth in different organs, which merits further
investigation in future studies.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Experimental mice. All mouse studies were carried out in strict accordance
with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) at the Institute for Nutritional Sciences, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. The morning of vaginal
plug detection was designated as E0.5. 4-Hydroxytamoxifen (4-OHT; Sigma)
was dissolved in ethanol and corn oil at a 1:4 ratio. Tamoxifen was intro-
duced by oral gavage at the indicated times (0.15-0.2 mg/g). Rosa26-RFP,
Ai66 (Rosa26-RSR-LSL-RFP) and Kdr/f mice were reported previously?431:33,
The Rosa26-RSR-RFP mouse line was generated by crossing Actb-cre mice3*
with Ai66 mice to excise the loxP-flanked stop cassette, and Actb-cre was not
passaged to the subsequent generation. The Nfatcl-dre mouse line was gener-
ated by genome editing using CRISPR/Cas9 (ref. 21). A cDNA encoding the
Dre recombinase followed by a polyadenylation sequence was inserted into
the last exon of Nfatcl, and a 2A peptide sequence was included before the
c¢DNA to link the Nfatcl coding region and dre. The NfatcI1-IRES-creER line
was generated by genome editing using CRISPR/Cas9. A cDNA encoding Cre
recombinase fused with a mutant form of the estrogen receptor hormone-bind-
ing domain C (CreERT?) followed by an IRES was introduced into the Xhol site
in the NfatcI 3’UTR. The Nfatc1-GFP line was generated by genome editing
using CRISPR/Cas9. A cDNA encoding a GFP-Cre fusion protein was inserted
into the last common coding exon of Nfatcl, and a 2A peptide sequence was
included to link Nfatcl and GFP-cre to allow expression of both genes. Npr3-
creER was generated by conventional homologous recombination in embry-
onic stem (ES) cells and blastocyst injection of correctly targeted ES cell clones.
A cDNA encoding CreER™? was inserted in frame with the translational start
codon of the Npr3 gene. Chimeric mice positive for targeted ES cells were
germline transferred to the F; generation and bred on a C57BL/6; ICR back-
ground. The Nfatcl-dre, Nfatc1-GFP and Npr3-creER lines were generated by
Shanghai Biomodel Organism Co., Ltd, and the NfatcI-IRES-creER line was
generated by Shanghai Yaobang Biotechnology Co., Ltd. All experimental mice
were maintained on a C57BL/6; ICR background.

Genomic PCR. Genomic DNA was prepared from embryonic yolk sac or
mouse tail. Tissues were lysed by incubation with proteinase K overnight at
55 °C, followed by centrifugation at maximum speed (21,130g) for 5 min to
obtain supernatant with genomic DNA. DNA was precipitated by adding iso-
propanol and was washed in 70% ethanol. All embryos and mice were genotyped
with specific primers that distinguished the knock-in allele from the wild-type
allele. The genotyping primers are listed in Supplementary Table 1.

Whole-mount immunohistochemistry and immunofluorescence.
Whole-mount immunostaining was performed according to previously
described methods3>. Embryos from timed pregnancies were collected
in PBS and fixed in 4% paraformaldehyde (PFA) overnight at 4 °C. After
three washes with cold PBS for 10 min each, embryos were left intact in
1.5-ml tubes and stored in 70% ethanol at 4 °C for a few days. Embryos
were dehydrated through a methanol gradient (25%, 50%, 75% and 100% meth-
anol in PBS) for 15 min at each step at room temperature. After dehydration,
embryos were incubated with 6% hydrogen peroxide diluted in methanol for
2 h at 4 °C with constant rotation. Embryos were serially rehydrated in
100%, 75%, 50% and 25% methanol in PBS for 15 min at each step at room
temperature. After washing in PBS with 0.1% Tween-20 for 10 min, embryos
were incubated in blocking solution (5% donkey serum and 0.1% Triton
X-100 in PBS) for 1 h at 4 °C or room temperature. Primary antibodies in
blocking solution were incubated with embryos overnight at 4 °C with con-
stant rotation, followed by washes with PBT (PBS with 0.1% Triton X-100)
for 4 h at 4 °C. Embryos were left in PBT overnight at 4 °C with constant
rotation. Primary antibodies were used as listed: ESR (Abcam, ab27595;
prediluted or 1:1 dilution), NKX2-5 (Santa Cruz Biotechnology, sc-8697;
1:100 dilution) and TNNI3 (Abcam, ab56357; 1:100 dilution). Secondary
antibodies were incubated with embryos for 2 h at room temperature,
followed by PBT washes for 4 h. Secondary antibodies were used as
listed: Immpress anti-rabbit immunoglobulin (Vector, MP-7401-50; pre-
diluted or 1:1 dilution), donkey anti-goat 488 (Invitrogen, A11055; 1:250
dilution) and donkey anti-goat 555 (Invitrogen, A21432; 1:250 dilution).

For whole-mount immunohistochemistry, the InmPACT DAB kit (Vector,
sk-4150; 10 pl of DAB in 1 ml of dilution buffer) was used to develop the
color to the desired extent. Images were acquired on a Leica stereomicro-
scope (M165FC).

Immunofluorescent staining on cryosections. Inmunostaining was per-
formed according to previously described protocols®. Briefly, embryos, hearts
or livers were collected in PBS and washed to remove excessive blood. Embryos
or tissues were then fixed in 4% PFA for 15-30 min. After three washes in
PBS, embryos or tissues with fluorescence reporters were observed and pho-
tographed using fluorescence microscopy (Leica M165FC or Zeiss AXIO
Zoom V16). Then, embryos or tissues were dehydrated in 30% sucrose in PBS
and embedded in OCT (Sakura). For embryos at E8.0-E8.5, cryosections of
7-8 um in thickness were collected. For late-stage embryos or adult livers,
cryosections of 8-10 um in thickness were collected. After air drying for 1 h
at room temperature, sections were blocked with blocking buffer (5% donkey
serum and 0.1% Triton X-100 in PBS) for 30 min at room temperature, followed
by incubation with primary antibody at 4 °C overnight. The following antibod-
ies were used: NKX2-5 (Santa Cruz Biotechnology, sc-8697; 1:100 dilution),
TNNI3 (Abcam, ab56357; 1:100 dilution), ESR (Abcam, ab27595; prediluted
or 1:1 dilution), PECAM1 (BD, 553370; 1:500 dilution), RFP (ChromoTek,
ABIN334653; 1:200 dilution), RFP (Rockland, 600-401-379; 1:1,000 dilution),
FOXA2 (Santa Cruz Biotechnology, sc-6554; 1:100 dilution), VE-cadherin
(R&D, AF1002; 1:100 dilution), HNF4A (Abcam, ab41898; 1:200 dilution),
HNF4A (Santa Cruz Biotechnology, sc-6556; 1:200 dilution), GFP (Invitrogen,
A21311; 1:100 dilution), DESMIN (R&D, AF3844; 1:100 dilution), SMA-FITC
(Sigma, F3777; 1:400 dilution), CK19 (Developmental Studies Hybridoma
Bank, TROMA-III; 1:500 dilution), EPCAM (Abcam, ab92382; 1:1,000
dilution), PDGFRA (R&D, AF1062; 1:500 dilution), ENG (BD, 550546; 1:50
dilution), LYVEI (Abcam, ab14917; 1:100 dilution), PROX1 (R&D, AF2727;
1:500 dilution), Ephb4 (R&D, AF446; 1:100 dilution), VEGFR2 (BD, 550549;
1:50 dilution), NFATC1 (Santa Cruz Biotechnology, sc-7294; 1:100 dilution),
Ki-67 (Lab Vision, RM-9106-F1; 1:100 dilution), PHH3 (Upstate, 06-570;
1:1,000 dilution) and PCNA (Cell Signaling Technology, 13110; 1:500 dilution).
Signals were developed with fluorescence-conjugated antibodies (Invitrogen)
used at a dilution of 1:1,000 for 30 min at room temperature. For ESR and
PECAMI staining, we combined horseradish peroxidase (HRP)-conjugated
antibodies (Vector) with the tyramide signal amplification kit (PerkinElmer) to
develop the color. After three washes in PBS, sections were counterstained with
DAPI (Vector Lab). Images were acquired on a Zeiss (LSM510) or Olympus
(FV1000) confocal microscope.

In situ hybridization. In situ hybridization was performed as previously
described?”. Briefly, embryos were collected in DEPC-treated PBS and fixed
overnight in 4% fresh PFA. After three washes in PBS, embryos were dehy-
drated in 30% sucrose, which was also dissolved in DEPC-treated PBS. Then,
embryos were embedded in OCT and could be stored at —80 °C after they
were frozen. Cryosections of 8—10 pm in thickness were collected. After air
drying for 1 h at room temperature, slides were incubated with antisense
probes (1 ug/ml) overnight at 65 °C. After two washes in MABT buffer
(pH 7.5) for 5 min each, slides were washed in SSC buffer containing 50%
formamide for 70 min at 65 °C. Then, slides were equilibrated in MABT
buffer for 15 min and blocked in blocking buffer (10% sheep serum and 2%
blocking reagent in MABT buffer) for 1 h or longer at room temperature.
Alkaline phosphatase-coupled antibody to digoxigenin was incubated with
sections for 2 h at room temperature at a dilution of 1:2,000. After washing
in MABT buffer and equilibration in NTMT buffer, sections were developed
with BCIP/NBT (Promega, $3771) in the dark to the desired extent. Slides
were mounted in glycerol. Images were acquired on an Olympus microscope
(BX53). The primers used to generate the Npr3 and Vegfa probes are listed
in Supplementary Table 1.

Statistical analysis. All data were determined from 3-5 independent experi-
ments as indicated in each figure legend and are presented as mean values +
s.e.m. All mice were randomly assigned to different experimental groups. No
statistical method was used to predetermine sample size.
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