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Microvascular endothelial cells (ECs) are increasingly recognized as organ-specific gatekeepers of their microenvironment.
Microvascular ECs instruct neighboring cells in their organ-specific vascular niches through angiocrine factors, which include
secreted growth factors (angiokines), extracellular matrix molecules, and transmembrane proteins. However, the molecular
regulators that drive organ-specific microvascular transcriptional programs and thereby regulate angiodiversity are largely
elusive. In contrast to other ECs, which form a continuous cell layer, liver sinusoidal ECs (LSECs) constitute discontinuous,
permeable microvessels. Here, we have shown that the transcription factor GATA4 controls murine LSEC specification

and function. LSEC-restricted deletion of Gata4 caused transformation of discontinuous liver sinusoids into continuous
capillaries. Capillarization was characterized by ectopic basement membrane deposition, formation of a continuous EC layer,
and increased expression of VE-cadherin. Correspondingly, ectopic expression of GATA4 in cultured continuous ECs mediated
the downregulation of continuous EC-associated transcripts and upregulation of LSEC-associated genes. The switch from
discontinuous LSECs to continuous ECs during embryogenesis caused liver hypoplasia, fibrosis, and impaired colonization
by hematopoietic progenitor cells, resulting in anemia and embryonic lethality. Thus, GATA4 acts as master regulator of
hepatic microvascular specification and acquisition of organ-specific vascular competence, which are indispensable for liver
development. The data also establish an essential role of the hepatic microvasculature in embryonic hematopoiesis.

Introduction trast, the molecular regulators driving organ-specific differentiation

Endothelial cells (ECs) line the inside of all blood vessels, forming
a structurally and functionally heterogeneous cell population (1, 2).
The diversity of ECs along the segments of the vascular tree and in
the microvascular beds of different organs has phenotypically long
been recognized. It ranges from continuous, barrier-forming endo-
thelium to discontinuous, fenestrated endothelia (3). The transcrip-
tional programs regulating arterial, venous, and lymphatic speci-
fication have been characterized in substantial molecular detail in
recent years. Delta/Notch signaling determines arterial differenti-
ation (4), COUP-TFII controls venous cell fate (5), and PROX1 acts
as a master regulator to induce lymphatic differentiation (6). In con-
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of microvascular ECs have not been elucidated.

Originally believed to form a rather inert, merely struc-
ture-building vascular cell population, microvascular ECs are
now considered to actively control the tissue microenvironment
(7). Primarily defined as paracrine-acting soluble growth factors,
angiocrine factors are now more broadly recognized to comprise
organ-specific signaling programs including extracellular matrix
(ECM) molecules and cell surface proteins (7). These angiocrine
factors control organogenesis during development as well as organ
function during health and disease (8-12).

Among the microvascular beds of different organs, the hepatic
sinusoids are a prime model of angiodiversity. In contrast to most
other microvascular ECs, liver sinusoidal ECs (LSECs) are dis-
continuous, lack a basement membrane, show fenestrations, and
exhibit specialized junctional complexes with a high permeability
for solutes (13). They act as protective scavenger cells by clearing
noxious blood factors from the circulation via endocytic recep-
tors such as stabilin 1 (STAB1) and STAB2 (14). Recent evidence
suggests that the hepatic microvasculature is subspecialized and
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shows zonation along the liver sinusoids from periportal to cen-
trilobular (15, 16). Furthermore, portal vein and central vein ECs
may exert specialized functions required for hematopoiesis and
liver zonation, respectively (17-19). Loss of organ-specific differ-
entiation, i.e., transdifferentiation of the liver microvasculature, is
involved in metabolic and cirrhotic liver diseases as well as liver
cancer and metastases (20, 21).

It is well recognized that angiogenesis in general and organ
development are coupled in the liver (22, 23) even prior to vascu-
lar function (24). The impact of LSEC-specific differentiation on
organ development and function, however, and the superordinate

molecular regulators involved are largely unknown. Elucidation of
the molecular mechanisms that control organ-specific endothelial
differentiation in the liver and their impact on cellular interactions
during development will likely promote novel approaches to target
liver diseases accompanied by endothelial transdifferentiation.

Results

Genetic inactivation of Gata4 in the hepatic microvasculature in vivo.
Gata4 was previously identified by us in a cluster of transcription
factors overexpressed inrat LSECsin comparison toratlung micro-
vascular ECs (rLMECs) (25). Nuclear GATA4 protein expression
was detected in CD32b* LSECs, but not in other cell types in adult
murine and human liver tissue (Figure 1A) or in CD31* microvas-
cular ECs in other adult organs, such as human and murine heart
(Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI90086DS1). GATA4
expression was only observed in primary LSEC isolates of mice
and rats, but not in rLMECs or in the murine brain EC line bEnd5
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Figure 1. LSECs represent the only intersection of GATA4 and STAB2
expression during development of the embryo. (A) Murine liver (mLiver)
and human liver (hLiver) show GATA4 in CD32b* LSECs on co-immuno-
fluorescence (co-IF). Expression of GATA4 detected by Western blot in rat
LSECs (rLSEC) and mouse LSECs (mLSEC), but not in rLMECs and bEnd5
murine brain ECs (n = 3). Scale bars: 20 um and 10 um (inset). (B) IHC of
STAB2 and CD31at E13.5 (n = 5). (C) Co-IF of GATA4 with STAB2 or CD31in
fetal liver and heart of WT embryos at E10.5 (n = 2). Scale bars: 10 um.

by Western blotting (Figure 1A). Therefore, GATA4 was a strong
candidate for an LSEC-specific transcriptional regulator.

As GATA4 is a critical regulator of development in various
cell types at different developmental stages, functional analysis of
GATA4 in LSECs in vivo was hampered by the fact that general as
well as pan-EC-targeted deficiency of Gata4 caused early fetal lethal-
ity around E8.5 and E12.5, respectively. In the latter case, embryonic
lethality was due to cardiac defects, precluding a detailed analysis of
the functions of GATA4 in LSECs during development (26).

In order to delete GATA4 in LSECs, an EC-specific Cre deleter
mouse was needed that would leave endocardial Gata4 expression
intact. In contrast to established EC-specific Cre deleter mice in
which Tie-2 or VE-cadherin promoters are utilized, STAB2 dis-
played a more restricted expression pattern, mostly confined to
LSECs in the developing embryo; cardiac capillary ECs or endo-
cardial ECs in ventricles or atria were not stained (Figure 1, B and
C, and Supplemental Figure 1B). No PROX1/STAB2 double-pos-
itive ECs were identified in the liver at E11.5, indicating the lack
of lymphatic EC differentiation in the liver at this developmental
stage (Supplemental Figure 1D). Biliary associated blood ves-
sels were identified as STAB2'CD31* continuous blood vessels in
adult liver (Supplemental Figure 2A). As expected, STAB2* LSECs
and DPPIV* biliary canaliculi were located on different sides of
hepatocytes (Supplemental Figure 2A). Furthermore, STAB2 was
expressed only by blood vascular ECs and not by other perivas-
cular cells, such as macrophages or stellate cells (Supplemental
Figure 1D). In addition, a comprehensive immunofluorescence
screen of murine embryonic organs at E10.5 and E11.5 revealed
that endothelial GATA4 expression was strictly confined to
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Figure 2. Characterization of endothelial subtype-specific Stab2-Cre driver mice. (A) Analysis of Stab2-Cre R26LacZ (B-gal assay) (n = 3) and Stab2-Cre
R26YFP (co-IF of YFP and CD146) (n = 3) shows reporter activity in the endothelium of the fetal liver. Scale bars: 10 um. (B-E) Analysis of the Stab2-Cre R26YFP
reporter in the embryo. (B) Co-IF of YFP and LYVET, Cre, LIV2, Ter119, and CD68 in the fetal liver at E12.5. Arrowheads indicate YFP*Ter119* cells (n = 3). Scale
bars: 10 pm. (C) Co-IF of YFP and CD146 at E12.5 (n = 3). Scale bars: 10 um. (D) FACS analysis of the fetal liver of Stab2-Cre R26YFP reporter mice at E13.25.
Representative FACS blot showing YFP reporter activity in Scal*Kit* cells (n = 5). (E) Co-IF of YFP and GATA4 in the fetal liver at E12.5 (n = 3). Scale bars: 5 um.

CD31°STAB2" LSECs in the fetal liver and to CD31"STAB2 ECs
in the endocardium, while broad GATA4 expression was detected
in non-ECs, such as myocardium or hepatic mesenchyme (Figure
1C and Supplemental Figure 1C). Thus, overlapping expression of
GATA4 and STAB2 was only present in liver endothelium.
Therefore, transgenic mice with Stab2 promoter-driven Cre
expression were generated (Supplemental Figure 1E). In Stab2-Cre
R26LacZ reporter mice, B-gal activity was predominantly found in
LSECs at E12.5, while the endocardium as well as the fetal blood
microvasculature of heart, lung, and brain were negative (Figure
2A). However, endothelium of larger blood vessels such as the dor-
sal aorta and the intersegmental vessels as well as the umbilical
vessels showed weak reporter activity (Supplemental Figure 1F).
Notably, activity of the Stab2-Cre R26LacZ reporter was lost from
the dorsal aorta and the intersegmental vessels by E12.5, but not

from LSECs. This may be explained by the finding that the endo-
thelium of the primitive dorsal aorta derived from the splanchnic
mesenchyme is replaced by ECs derived from somitic mesen-
chymal precursors in the definitive aorta and larger vessels (27).
A detailed analysis of Stab2-Cre R26YFP reporter mice revealed
that heterogeneous YFP expression occurred in a variable fraction
of the blood vascular endothelium of most embryonic vascular
beds at E12.5; in contrast, YFP reporter activity was not found
in the endocardium (Figure 2, A and C). Similarly, PROX1/YFP
double-positive cells were not identified in the fetal liver at E11.5
in Stab2-Cre R26YFP mice, further supporting lack of lymphatic
ECs in the liver at this developmental stage (Supplemental Fig-
ure 4B). As expected, PROX1 was widely expressed in hepato-
cytes during liver development (Supplemental Figure 4B). When
costaining YFP reporter activity with LIV2 (hepatoblasts) and
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Figure 3. Deletion of GATA4 in LSECs in Stab2-Cre Gata4™" mice impairs liver development and causes embryonic lethality. (A) Photomicrographs of
Stab2-Cre Gata4™ embryos at different ages. Arrows indicate hypoplastic livers in the mutant embryos from E11.5 to E15.5 (n > 3). (B) H&E staining of
Stab2-Cre Gata4™ embryos at E13.5. Red dotted lines indicate the fetal liver (n = 5). Scale bars: 100 um. (C) Photomicrographs of the fetal liver (E15.5) and
fetal heart (E13.5) of Stab2-Cre Gata4"™ embryos. (D) FACS analysis of live cells, Ter119* cells, and Ter119- cells in the liver of Stab2-Cre Gata4™/f embryos at
E11.25 (n = 14 mutants and 10 controls). Student’s t test; *P < 0.05, ***P < 0.001. (E) Co-IF of GATA4 and STAB2 or CD31 of fetal livers of Stab2-Cre Gata4""
embryos at E10.5. IF shows absence of GATA4 in the mutant liver (arrowheads), but not in controls (arrows) (n = 3). Scale bars: 10 pm.

CD68 (macrophages) in Stab2-Cre R26YFP mice, no double label-
ing was detected (Figure 2B). Stab2-Cre R26YFP reporter activity
was also detected in CD146" (Figure 2C), LYVEL (Figure 2B), and
CD31" (Supplemental Figure 4B) non-ECs, with a distinct round
morphology in the fetal liver. Of the YFP* cells, a small percent-
age (~10%) were Kit* hematopoietic stem (HSCs) and progenitor
cells (Supplemental Figure 3A). Conversely, approximately 16%
of the Scal*Kit* HSCs and progenitor cells were YFP* (Figure 2D).
In addition, YFP expression was also detected in approximately
25% of CD45'ScalKit hematopoietic cells (Supplemental Fig-
ure 3A). Few of the YFP* “round” cells were Ter119* erythrocyte
precursors, but most did not express Ter119 (Figure 2B). Notably,
the YFP* round cells did not show any STAB2, GATAA4, or Cre pro-
tein expression at E11.5 or E12.5 (Figure 2, B and E; Supplemental
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Figure 3, B and C; and Supplemental Figure 4B). As other organs
harboring STAB2* sinusoidal vessels such as spleen, lymph node,
and bone marrow are not developed at E10.5/E11.5 and as STAB2*
sinusoidal ECs in these organs in adult mice do not normally
express GATA4 (Supplemental Figure 2B), these data demonstrate
that LSECs present the only intersection of GATA4 expression and
Stab2 promoter activity during development of the embryo.
Similar to STAB2, LYVE1 shows restricted vascular expression
in LSECs, but LYVEL1 is also known to be expressed by lymphatic
endothelium as well as by HSCs and progenitor cells and by some
macrophage populations (28). In Lyvel-Cre R26LacZ reporter
mice, p-gal activity was predominantly found in LSECs (Supple-
mental Figure 5A). When analyzing Lyvel-Cre R26YFP reporter
mice, we found that distribution of Lyvel reporter activity in the
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ative non-ECs, which likely corre-

Figure 4. Deletion of Gata4 in LSECs in Stab2-Cre Gata4™' mice does not affect cardiac, brain, lung, or kid-
ney development. H&E staining of the brain, heart, lung, and kidney of Stab2-Cre Gata4™/f embryos at E13.5

does not show any gross abnormalities (n = 3). Scale bars: 100 pm.

fetal liver at E12.5 was similar to that already demonstrated in
Stab2-Cre R26YFP reporter mice (Supplemental Figure 5B).

Together, these findings strongly indicate that the combina-
tion of either Stab2 or Lyvel promoter-driven Cre transgenes with
Gata4™" mice allows specific genetic inactivation of Gata4 in liv-
er ECs during development.

GATA4 expression in LSECs controls liver development. To
address GATA4 functions in the liver microvasculature, we pur-
sued homozygous deletion of Gata4 in LSEC by crossing Gata4"?
mice with Stab2-Cre and Lyvel-Cre deleter mice. Among a total of
149 pups, no Stab2-Cre Gata4"? mice were born alive. Stab2-Cre
Gata4™ embryos were found at the expected Mendelian frequen-
cy and showed lethality between E15.5 and E17.5 (Supplemental
Figure 1G). Macroscopic and histologic examination at different
embryonic stages revealed a severely hypoplastic liver starting at
E11.5 in Stab2-Cre Gata4™f embryos, while the heart and all oth-
er organs were unaltered in size and structure (Figure 3, A-C, and
Figure 4). Furthermore, FACS analysis showed a major reduction
in the absolute numbers of live cells, as well as of Ter119* erythroid
cells, and of Ter119- cells in dissected Stab2-Cre Gata4™" fetal liv-
ers (Figure 3D). The specificity of the deletion of Gata4 in LSECs
was confirmed by immunofluorescence analysis for GATA4 in
mutant and control embryos. GATA4 expression was deleted in
STAB2* ECs in Stab2-Cre Gata4™" livers, with a knockdown effi-
ciency of approximately 90% (Figure 3E and Supplemental Figure
3D), and the lack of GATA4 in liver ECs was the only difference in
GATA4 expression between control and mutant embryos (Figure
3E). In contrast, GATA4 expression was preserved in STAB2-neg-

spond to mesenchymal cells that
originate from the septum trans-
versum mesenchyme and are well
known to express GATA4 (29).

Lyvel-Cre  Gata4™" mutant
embryos had a phenotype that was
similar to albeit slightly less severe
than that of Stab2-Cre Gata4'?
embryos. This may be due to the
fact that the onset of activity of
the Lyvel promoter is delayed by 1
embryonic day as compared with
the Stab2 promoter (30). Never-
theless, no Lyvel-Cre Gata4"# mice
were born alive among a total of
48 pups (Supplemental Figure 5C).
Macroscopic and histologic exam-
ination at different embryonic
stages revealed a hypoplastic liver
in Lyvel-Cre Gata4"# mice, while
the heart and all other organs were
normal in size and structure (Fig-
ure 5, A and B). Furthermore, the
reduction in the absolute numbers
of live cells in dissected Lyvel-Cre
Gata4™f fetal livers was slightly less
severe than in Stab2-Cre Gata4"?
embryos (Figure 5D). The specific-
ity of the deletion of GATA4 in LSECs in Lyvel-Cre Gata4"f mice
was confirmed by immunofluorescence analysis for GATA4 in
mutant and control embryos (Figure 5C). Collectively, these data
show that liver sinusoidal endothelial GATA4 is an indispensable
molecular regulator of fetal development.

GATA4 promotes discontinuous differentiation of LSECs. To
study the role of GATA4 in EC structure and differentiation, we
assessed quantitative and qualitative parameters of the liver
microvasculature. The expression of LSEC-associated proteins
STAB2 and LYVE1 was considerably downregulated in the livers
of Stab2-Cre Gata4"f and Lyvel-Cre Gata4" embryos, while CD31
was upregulated (Figure 6, A and C), indicating a major switch
from a sinusoidal (LYVE1MSTAB2%CD31%) to a continuous capil-
lary phenotype (LYVE1'STAB2-CD31%) within the hepatic micro-
vasculature. Capillarization was seen at E11.5 (Figure 6, A-C), but
also at E10.5 (Figure 6D), clearly before the livers became hypo-
plastic. Despite capillarization, the overall hepatic vascular den-
sity was only slightly reduced in the livers of Stab2-Cre Gata4"?
embryos (Supplemental Figure 6C). Electron microscopy showed
formation of a subendothelial basement membrane in hepatic
microvessels of Stab2-Cre Gata4™/ mice (Figure 6B and Supple-
mental Figure 1H), confirming the switch from discontinuous
sinusoids to continuous capillaries on the ultrastructural level.

To discriminate between transdifferentiation of LSECs after
Gata4 deletion and replacement of these LSECs by Gata4 recombi-
nation-negative preexistent continuous ECs, we generated Stab2-Cre
R26YFP Gata4"# triple mutant mice for lineage tracing. In this mouse
model, the emerging continuous ECs would only be YFP reporter
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positive when they had Cre expression history, as in STAB2-express-
ing LSECs. In Gata4-deficient Stab2-Cre R26YFP reporter mice,
CD31" continuous ECs were generally YFP*, as were LYVE1" and
STAB2" bona fide LSEC precursors (Supplemental Figure 4, A and
B). Hence, CD31" continuous ECs in mutant livers are derived from
formerly STAB2' ECs that have undergone Gata4 recombination.
GATA4 acts as a molecular master regulator of organ-specific
angiodiversity. Gene expression analyses were performed on
Gata4-deficient mutant mouse livers of Stab2-Cre Gata4"?
mice as compared with control embryos (Supplemental Figure
7). Primary mouse and rat LSECs rapidly dedifferentiate in cul-
ture (Supplemental Figure 6, D and E), precluding knockdown
experiments. Therefore, human GATA4-transgenic HUVECs
(HUVEC-GATA4) were generated to compare GATA4-mediated
gene expression changes in this cell line (Supplemental Figure 6,
F-H) with our findings in the fetal liver and with existing data (25)
comparing rat LSECs and rat LMECs (Figure 7A). The results of
these gene expression analyses clearly show that GATA4 strong-
ly repressed expression of continuous EC-associated genes. In
GATA4-transgenic HUVEGs, 21 of 24 continuous EC-associated
genes (87.5%) were directly downregulated by GATA4 expression;
of these 21 continuous EC-associated genes, 18 (85.7%) were sig-
nificantly upregulated by Gata4 deficiency in mutant mouse liv-
ers (Cd31, Cav, Lama4, Fgfrl, Meox2, Emcn, Acvrll, Sox18, Nr2f2,
Angptl2, Hesl, Rgs5, Rgs4, Stcl, Plod2, Gabre, CD34, Apln) (Figure 7,
A, C, and D, and Supplemental Figure 8B). Twelve of these genes
(66.6%) were also downregulated in rat LSECs as compared with
rat LMECs. These results represent an unexpectedly high degree
of concordance across species and different types of ECs. In con-
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trast, regulation of LSEC-associated genes by Gata4 manipulation
was less stringent (Figure 7, A and B, and Supplemental Figure 8A).

In addition, gene expression profiling of Gata4-transgenic
brain endothelioma-derived endothelial-like cell line bEnd3 was
performed in order to analyze a continuous EC subtype from the
opposite end of the spectrum of endothelial differentiation as
compared with LSECs. Even in these ECs, Gata4 overexpression
induced several LSEC-associated genes and suppressed expres-
sion of several continuous EC-associated genes (Supplemental
Figure 10). LSEC-specific gene regulation by GATA4 in vitro was
context dependent also in a broader sense, i.e., GATA4-depen-
dent EC-associated genes were not induced by GATA4 transduc-
tion of a non-endothelial smooth muscle cell line; conversely,
GATA4-dependent myocardial genes were not induced by GATA4
transduction of EC lines (Supplemental Figure 8, C and D).

A published list of GATA4 target genes in murine liver based on
GATAA4 chromatin immunoprecipitation followed by high-through-
put sequencing (ChIP-seq) (31) was aligned with expression pro-
filing data obtained from Stab2-Cre Gata4"# livers in order to
delineate direct transcriptional targets of GATA4. Of those genes
grouped into the endothelial gene ontology clusters, 21 of 44 (47%)
were directly regulated by GATA4 (Supplemental Figure 7), while
only 210f172 (12%) of those genes grouped into other gene ontolo-
gy clusters were directly regulated by GATA4. These data indicate
that a high percentage of EC-specific genes is directly regulated by
GATA4 binding, while this is not the case for other cell types.

In Lyvel-Cre Gata4"? mutant livers, counterregulation of
LSEC-associated genes and of continuous EC-associated genes
was confirmed upon immunofluorescence analysis (Figure 6C,
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Scale bars: 100 um. Western blot of LYVE1 and GAPDH with quantification of densitometric data (n = 5) (right). (B) Transmission electron microscopy (TEM)
of the liver of Stab2-Cre Gata4//f embryos at E11.5. Arrows indicate formation of a basement membrane (n = 4). (C) Co-IF of STAB2 and CD31in the liver of
Stab2-Cre Gata4™" (n = 4) (left) and Lyvel-Cre Gata4™" (n = 3) (right) embryos at E11.5. Scale bars: 20 um (left) and 10 um (right). (D) IF of CD31in the fetal
liver of Stab2-Cre Gata4™" embryos at E10.5 shows increased expression of CD31in the endothelium of mutant embryos as an indicator of early hepatic

capillarization. Scale bars: 20 um (upper panels) and 10 um (lower panels) (n =

Figure 8A, and Supplemental Figure 5D). Together, our findings
of counterregulation of discontinuous LSEC-associated versus
continuous EC-associated genes in vivo and in vitro provide broad
evidence that transcription factor GATA4 acts as a key regulator of
LSEC differentiation and thereby hepatic angiodiversity.

Liver endothelial-related angiokine-deficient mice do not
phenocopy liver endothelial Gata4 deficiency. As one of the hall-
marks of instructive functions of ECs in tissue regeneration is
secretion of angiokines from organ-specific ECs (7), we rea-
soned that LSEC-specific angiokines could cause the pathology
in liver endothelial Gata4-deficient mice. Among the proteins
induced in HUVEC-GATA4, BMP2 and RSPO3 were identified

2). Student’s t test; ***P < 0.001.

as GATA4-dependent angiokines (Figure 7B and Supplemental
Figure 8, A and E). In addition, primary murine LSECs quickly
dedifferentiated in culture, including downregulation of Gata4
as well as of LSEC-derived angiokines Bmp2, Rspo3, Wnt2, and
Hgf (Supplemental Figure 6E). In contrast, these LSEC-derived
angiokines as well as Ang2 were not significantly downregulated
in Stab2-Cre Gata4™f fetal livers, as shown by gene expression
profiling. Although it thus seemed unlikely that one of these
angiokines might cause the developmental defects in Stab2-Cre
Gata4™" mice, Stab2-Cre Bmp2/f, Stab2-Cre Hgf"?, Stab2-Cre
Rspo3"?, and Stab2-Cre Wis"? (deficient in wntless homology/
Wnat ligand secretion mediator with abolished secretion of all
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Figure 7. Endothelial GATA4 counterregulates liver sinusoidal and continuous EC differentiation in vivo and in vitro. (A) Heatmap of LSEC-associated and
continuous EC-associated genes comparing primary rLSECs with rLMECs, GATA4-transduced with EV-transduced HUVECs, and liver from Stab2-Cre Gata4/"f
embryos with control embryos at E11.5. (B) Western blot of IFITM1, cathepsin K, and CLEC1B of GATA4-transduced HUVECs (n = 3) (left). ELISA of BMP2 from
supernatants of GATA4-transduced HUVECs (n = 3) (right). (C) gRT-PCR of endomucin, delta-like ligand 4, and laminin a4 in GATA4-transduced HUVECs

(n = 3). (D) Co-IF of CD31 with caveolin 1or endomucin in the liver of Stab2-Cre Gata4™/" embryos at E11.5 (n = 4). Scale bars: 20 um. Student’s t test;

*P < 0.05, **P < 0.01,***P < 0.001.

Wht factors by LSECs) mice were generated to assess the func-
tional role of LSEC-derived angiokines during liver develop-
ment. While Stab2-Cre Bmp2#/4, Stab2-Cre Hgf*!', and Stab2-Cre
Wis"# mice survived until adulthood without showing any gross
abnormalities, Stab2-Cre Rspo3"# mice died in utero in the late
fetal period. Nevertheless, none of these LSEC-derived angio-
kine-deficient mice including Stab2-Cre Rspo3"# mice showed
gross defects of liver development similar to Stab2-Cre Gata4"#
or Lyvel-Cre Gata4"# mice at E12.5-E15.5 (Supplemental Figure
9, A-E). In addition, immunohistochemical analyses with vas-
cular markers did not show capillarization of LSECs or defects
of hematopoiesis in these mutant livers at E12.5 (Supplemental
Figure 9, B-E). It has been reported recently that inducible endo-
thelial Wis-deficient adult mice and inducible global Rspo3-defi-
cient mice show impaired liver zonation (18, 19). As liver zonation
becomes functional only after postnatal day 30, these results do
not contradict our findings. Together, these data indicate that the
observed hepatic capillarization and liver hypoplasia in Stab2-Cre
Gata4"# or Lyvel-Cre Gata4"" embryos are not a result of altered
secretion of known angiokines by LSECs.
Volume 127 March 2017
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GATA4 controls junctional stability of LSECs and perivascular
ECM deposition. As adherens junctional complexes that regulate
vascular permeability differ between LSECs and continuous ECs
(13), we analyzed VE-cadherin protein expression. IHC of E11.5
fetal liver sections of Stab2-Cre Gata4™" as well as of Lyvel-Cre
Gata4"f mice demonstrated increased expression of VE-cadherin
in the endothelium (Figure 8A). In HUVEC-GATA4, VE-cadherin
and PB-catenin were downregulated in comparison to HUVECs
transduced with empty vector (HUVEC-EV) (Figure 8, B and C).
In addition, co-immunoprecipitation experiments demonstrated
reduced complex formation between VE-cadherin and B-catenin
in HUVEC-GATA4 (Figure 8D). These findings indicate increased
stability of adherens junctions in GATA4-deficient ECs in the cap-
illarized hepatic microvessels in mutant livers.

Capillarization of hepatic sinusoids not only precedes, but is
also permissive for the development of liver fibrosis (20, 21). As
LSEC-restricted Gata4 deficiency was associated with capillariza-
tion of the hepatic sinusoids and with deposition of a basement
membrane, this prompted us to analyze the ECM in Stab2-Cre
Gata4™# mice. Sirius red-positive collagen fibers were markedly
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increased at E13.5 (Figure 9A), while periodic acid-Schiff (PAS)
staining revealed an increase in delicate stromal fibers (Supple-
mental Figure 8F). Detailed analysis showed increased deposi-
tion of collagen I, III, and IV, as well as tenascin C preferentially
in a perivascular location (Figure 9B). Similar changes in ECM
deposition were also seen in Lyvel-Cre Gata4" mice (Supple-
mental Figure 8G). In addition, increased deposition of LAMA4
and COL15A1 was seen around hepatic microvessels of Stab2-
Cre Gata4"" mice (Figure 9C), confirming the results of the gene
expression analyses (Figure 7, A and C, and Supplemental Figure
7). Altogether, 11 ECM-associated genes were significantly upreg-
ulated in Stab2-Cre Gata4"# livers as detected by gene expression
analysis, i.e., Sparcil (fold change [FC] 6.21), Plod2 (FC 2.55), Vcan
(FC 2.28), Has2 (FC 2.28), Lama4 (FC 2.18), Coll5al (FC 2.01),
Colla2 (FC 1.62), Cthrcl (FC 1.57), Col4al (FC 1.44), Col18al (FC
1.37), and Col4a2 (FC 1.32). We further hypothesized that deposi-

tion of altered ECM molecules in the space of Disse by Gata4-defi-
cient LSECs might lead to activation of stellate cells. Indeed, LX2
stellate cells displayed increased adhesion on LAMA4 and colla-
gen IV substrates in vitro (Supplemental Figure 8H).
Capillarization of LSECs impairs fetal hematopoiesis. To deter-
mine the effects of sinusoidal capillarization within the hepat-
ic vascular niche on liver development, we investigated general
parameters such as proliferation, apoptosis, hypoxia, and the major
hepatic cell types in the fetal liver besides ECs. Apoptosis was sig-
nificantly increased at E11.5 but not at E10.5 in Stab2-Cre Gata4"/#
livers (Figure 10A), whereas overall proliferation was unchanged
(Supplemental Figure 6A). In Stab2-Cre Gata4"# mutant livers, the
level of hypoxia was comparable to that in control livers at E10.5
(Supplemental Figure 6B). As the fetal liver is the major site of
erythropoiesis from E13.5 onward, hemoglobin levels in the periph-
eral blood of Stab2-Cre Gata4™# and Lyvel-Cre Gata4"? embry-
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Figure 9. Liver endothelial GATA4 prevents peri-sinusoidal ECM deposition. (A) Sirius red staining in the liver of Stab2-Cre Gata4™f embryos at E13.5
(n = 3). Scale bars: 10 um. (B) IHC of collagen |, collagen Ill, collagen 1V, and tenascin C in the liver of Stab2-Cre Gata4/" embryos at E13.5 (n = 3). Scale
bars: 50 um. (C) Expression of LAMAA4 in the liver of Stab2-Cre Gata4™/f embryos at E11.5 (n = 3). IHC of LAMAA4. Scale bars: 100 um (overview) and 50 um
(magnification) (left panels). Co-IF of CD31 with LAMAA4 or collagen 15a1. Scale bars: 20 um (middle panels). Co-IF of LAMA4 with COL15A1 or desmin.

Scale bars: 10 um (right panels).

os were determined at E14.5 and revealed severe anemia (Figure
10B), while hemoglobin levels at E11.5 did not differ significantly
from controls. This indicated that hepatic capillarization occurred
well before development of fetal anemia. In addition, videos of the
beating heart of E11.5 Stab2-Cre Gata4" embryos demonstrated
the presence of an intact circulation (Supplemental Video 1). These
results indicate that neither anemia nor perturbation of the blood
circulation is the cause of liver hypoplasia in the mutant embryos.
There was no skin hemorrhage and no neck edema in E10.5-
E13.5 embryos (Figure 3A and Figure 5A). Relative numbers of
LIV2* hepatoblasts/hepatocytes and Ter119* erythroid cells were
not significantly altered in Stab2-Cre Gata4™# (Figure 10C) and
Lyvel-Cre Gata4"" (Supplemental Figure 5D) livers at E11.5. The
numbers of desmin* stellate cells were significantly increased in
Stab2-Cre Gata4"? livers at E13.5, but not at E11.5 (Figure 10D).
Notably, immunofluorescence staining of fetal livers at E11.5
revealed a strong reduction in CD68* and F4/80" macrophages in
Stab2-Cre Gata4" animals (Figure 10E). FACS analyses of fetal
liver cells confirmed the reduction in myeloid cells (CD11b*F4/
80, CD11b'F4/80") in Stab2-Cre Gata4™’ mice at E11.25 (Figure

jei.org  Volume127  Number3  March 2017

10F) and in Lyvel-Cre Gata4"# mice at E13.25 (Figure 10G). These
results demonstrate conclusively that hepatic capillarization medi-
ated by LSEC-specific deletion of Gata4 preceded impairment of
the hepatic vascular niche by apoptosis and changes in cellular
composition as well as development of fetal anemia.
Discontinuous LSEC specification promotes permissiveness
of the hepatic vascular niche for HSC immigration. In view of the
reduction in hepatic myeloid cell and macrophage numbers at
E11.25 and E11.5 in Stab2-Cre Gata4"# mice (Figure 10, E and F)
and at E13.25 in Lyvel-Cre Gata4”f mice (Figure 10G), we consid-
ered whether defects in hematopoiesis might aggravate malfunc-
tion of the hepatic vascular niche. Recently, it was shown that
CD45"Kit* yolk sac-derived (YS-derived) erythro-myeloid pro-
genitors (EMPs) colonizing the fetal liver around E10.5 are the
founders of fetal erythropoiesis and myelopoiesis and the origin
for most adult tissue-resident macrophage populations (32). In
fetal livers of E11.25 Stab2-Cre Gata4”# embryos, the numbers
of CD45"Kit* and CD45*Kit*/~ cells were strongly reduced in
comparison to controls (Figure 11A), as were common myeloid
progenitors (CMPs) and granulocyte/macrophage progenitors
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Figure 10. Liver endothelial GATA4 is
required for the formation of the fetal
hepatic vascular niche. (A) Quantification
of TUNEL assay and IF of cleaved caspase-3
in the fetal liver at E10.5 and E11.5 (n = 3).
Co-IF of cleaved caspase-3, Ki67, and LIV2 in
the liver of Stab2-Cre Gata4™" embryos

(n = 3). Scale bars: 20 um. (B) Normalized
hemoglobin levels from peripheral blood

of Stab2-Cre Gata4™" embryos at E11.5 and
E14.5 and of Lyvel-Cre Gata4//f embryos

at E14.5 (n = 3). (C) Expression of LIV2 and
Terl9 in the liver of Stab2-Cre Gata4/"
embryos. IHC and quantification based on
IF images at E11.5 (n > 3). Scale bars: 50
um. FACS quantification of Ter119 cells in
relation to total liver cells at E11.25. Data
set from Figure 3D. (D) IHC of desmin in the
fetal liver of Stab2-Cre Gata4™f embryos

at E11.5 (n = 3). Scale bars: 50 um (left).
Quantification based on IF at E11.5 and E13.5
(n =3). (E) Co-IF of LYVE1, F4/80, and CD68
in the liver of Stab2-Cre Gata4//f embryos
at E11.5 (n = 3). Scale bars: 20 um. (F and

G) Quantification upon FACS analysis of
CD11b*F4/80'" and CD11b*F4/80* cells in the
liver of Stab2-Cre Gata4™" embryos at E11.25
(F) and in the liver of Lyvel-Cre Gata4//
embryos at E13.25 (G) Stab2-Cre Gata4/";

n =5 mutants and 6 controls; Lyvel-Cre
Gata4™f: n = 6. Student’s t test; *P < 0.05,
**P < 0.01**P < 0.001.
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Figure 11. Liver endothelial GATA4 controls hepatic colonization by hematopoietic stem and progenitor cells. (A) FACS quantification of CD45"°Kit* and
CD45*Kit*- hematopoietic progenitors in liver, blood, and YS of Stab2-Cre Gata4™/f embryos at E11.25 (liver: n = 14 mutants and 10 controls; blood: n =15
mutants and 10 controls; YS: n = 8 mutants and 16 controls [YS controls: Stab2-Cret"™ Gata4™/"", Stab2-CreW"”"T Gata4"", Stab2-Cre"™"T Gatad™"]). (B)
FACS quantification of CMPs, GMPs, and myeloid-erythroid progenitors (MEP) in the liver of Stab2-Cre Gata4/f embryos at E11.25 (n = 7). (C) FACS quan-
tification of CD45"Kit* and CD45*Kit*- hematopoietic progenitors in the liver and blood of Lyvel-Cre Gata4”/f embryos at E13.25 (liver: n = 6; blood: n = 6
mutants and 5 controls). (D) FACS quantification of long-term HSCs (LT-HSC), short-term HSCs (ST-HSC), and MPPs in liver and blood of Stab2-Cre Gata4/™"
(left panels) and Lyvel-Cre Gata4™/f (right panels) embryos at E13.25. LT-HSCs (Lin~Sca-1*Kit*CD150*CD48"), ST-HSCs (Lin-Sca-1*Kit*CD150-CD48"), and MPPs
(Lin-Sca-1*Kit*CD150°CD48*) (Stab2-Cre Gata4™/ liver: n = 8; Stab2-Cre Gata4™/! peripheral blood: n = 7 mutants and 8 controls; Lyvel-Cre Gata4™ liver:

n = 6; Lyvel-Cre Gata4"f peripheral blood: n = 6 mutants and 5 controls). Student’s t test; *P < 0.05, ***P < 0.001.

(GMPs) (Figure 11B). Notably, peripheral blood samples revealed
an opposite picture, with increased numbers of Kit* cells (Figure
11A). Similarly, Lyvel-Cre Gata4” mice showed a reduction in
CD45"Kit* and CD45'Kit*/" cells in fetal livers and, conversely,
an elevation of CD45*Kit"/" cells in the peripheral blood at E13.25
(Figure 11C). In addition to EMPs, the fetal liver is also colonized
by HSCs. Flow cytometric analyses of HSCs of E13.25 Stab2-
Cre Gata4™# embryos showed that long-term HSCs (LT-HSCs),
short-term HSCs (ST-HSCs), and multipotent progenitors
(MPPs) were significantly reduced in fetal livers, but increased in
the peripheral blood (Figure 11D). Similarly, Lyvel-Cre Gata4"#
mice showed a reduction in LT- and ST-HSCs in fetal livers, but
an elevation in MPPs in the peripheral blood (Figure 11D). The
disturbed translocation of HSCs and progenitor cells from the
circulation into the fetal liver indicated that transendothelial
migration of these cells was impaired.

To confirm that the putative HSC populations from mutant
and control fetal livers have full long-term multilineage poten-
tial, we performed transplantation experiments using immuno-
deficient Rag2”" yc7~ Kit"/"” mice as recipients (33). HSCs from
Stab2-Cre Gata4"" and control mice were both able to generate
lymphoid (B and T cells) and myeloid (granulocytes) lineages
(Figure 12A). Of note, DNA analyses revealed that the recon-

jei.org  Volume127  Number3  March 2017

stituting HSC-derived populations contained recombination®
Gata4-deficient cells (Figure 12B). On CFU assays, both YFP*
Gata4-deficient as well as control HSCs were able to expand and
differentiate in vitro (Figure 12C). Together, these results argue
against a cell-autonomous, intrinsic defect of HSCs in Stab2-Cre
Gata4"f mutant mice.

On the contrary, the reverse distribution of hematopoietic
stem and progenitor cells in the peripheral blood and the livers of
Stab2-Cre Gata4"# mice supports an endothelial-dependent dys-
function of transendothelial stem cell migration. The upregula-
tion of VE-cadherin and VE-cadherin-associated junctional com-
plexes in Gata4-deficient hepatic vessels as found here (Figure 8,
A-D) may contribute substantially to impairment of hepatic colo-
nization in Stab2-Cre Gata4"# mutant mice; intriguingly, Ter119*
erythroid cells seemed to be trapped in the lumina of VE-cadherin®
vessels in Stab2-Cre Gata4"? mice, while the lumina of most
LYVEI* sinusoids in the control embryos lacked Terl19+ cells
(Figure 13, A and B).

Discussion

The major findings described here establish that GATA4 is the
molecular master regulator that orchestrates specification of dis-
continuous sinusoidal endothelium during liver development.
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Figure 12. Analyses of the lineage potential of
hematopoietic fetal liver cells from Stab2-Cre
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This GATA4-dependent transcriptional program determines the
functional competence of the hepatic sinusoidal endothelium. As
suggested by the fact that the gene expression signatures of fetal
LSECs and ectopically GATA4-expressing cultured continuous
ECs only partially overlap, organ-specific vascular functions differ
in a context-dependent manner: (a) liver endothelial-associated
angiokines such as WNT2, HGF, RSPO3, ANG2, and BMP2 do not
seem to play a major role in liver development, while they do in
establishing metabolic zonation in adult liver (18, 19) or in regulat-
ing adult liver regeneration (10, 11); (b) GATA4-expressing LSECs
are permissive for transmigration of HSCs during early fetal
development, while they become non-permissive during later
fetal development despite continued expression of transcription
factor GATA4 into adulthood. Notably, metabolic liver zonation
only develops well after birth and is paralleled by development of
angiodiversity within the liver microvasculature into centrilobu-
lar/central vein, midlobular, and periportal segments (15, 16, 18,
19). Furthermore, the developmental and molecular hierarchies
that generate angiodiversity in all the different segments of the
hepatic vascular trees other than LSECs remain to be elucidated.
As GATA4 did not suffice to fully convert generic continu-
ous ECs to bona fide LSECs and vice versa, other transcriptional
regulators or extravascular cues may contribute to specification
of LSECs and may thereby modify the basic transcriptional pro-
gram of LSECs in order to dynamically adapt hepatic angiodiver-
sity to the different contextual needs during development, mat-
uration, and adulthood, and in health and disease. Regarding

control (n = 5) embryos at E13.25 were FACS sorted
and transferred into Rag2”- yc”/~ Kit"/" mice. After 4,
10, and 15 weeks, peripheral blood was analyzed for
donor-derived lymphoid (CD3* T cells, CD19* B cells)
and myeloid (CD11b*Gr1* granulocytes) cells. Flow
cytometry blots of donor fetal liver cells from control
and Stab2-Cre Gata4™f embryo (left) as well as FACS
blots of peripheral blood analysis of the correspond-
ing recipient mouse after 15 weeks (right) are shown.
(B) Product from PCR shows the recombination of
floxed Gata4 allele in the blood of Stab2-Cre Gata4™/?
recipient mouse after 15 weeks of transplantation.
WT, Stab2-Cre"™”"T Gata4//"", (C) Numbers of CFU
assay performed with fetal liver cells harvested from
Stab2-Cre R26YFP Gata4™f embryos at E12.5(n =4
mutants and 7 controls) (left). Representative image
shows a fluorescent colony from the mutant embryo
(right). Tl, transmission light; Fl, fluorescent light.
Scale bars: 200 pm. Student’s t test; *P < 0.05.

GATA-binding proteins, Fog2-deficient embryos die at mid-ges-
tation due to complex cardiac defects, including tetralogy of Fal-
lot, while other malformations such as underdevelopment of the
lungs and smaller liver size were reported to be secondary to car-
diac failure (34). In addition, when FOG2 expression was rescued
by transgenic overexpression specifically in cardiomyocytes, the
resultant embryos were grossly normal, confirming that lung and
liver pathology in Fog2-deficient mice was secondary to cardiac
failure (34). Previously, we have identified Lmo3, Tfec, and Maf
as further LSEC-associated transcription factors (25). While
Maf awaits further study, Lmo3-deficient mice were report-
ed to survive into adulthood and do not show any gross abnor-
malities (35). Tfec has recently been shown to be an endothelial
transcription factor involved in shaping the fetal hematopoietic
stem cell niche in zebrafish, the so-called caudal hematopoiet-
ic tissue (CHT) (36). CHT, however, does not correspond to the
developing liver in mammals. Endothelial Notch signaling also
contributes to LSEC differentiation and seems to be essential for
the development and maintenance of a proper hepatic vascular
architecture and its function (37). Functionally, sinusoidal dila-
tation and enhanced angiogenesis as seen in endothelial Notch
signaling-deficient LSECs may promote hepatic metastasis (38).
Notably, sinusoidal dilatation is a common end point of several
signaling defects in LSECs; for example, plexin B2-transgenic
mice defective in Rho guanine nucleotide exchange factor bind-
ing show sinusoidal dilatation and further abnormalities in the
architecture of the liver vasculature (39). Recently, LXRa has
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Figure 13. Endothelial GATA4 expression preserves liver sinusoidal endothelial identity with high junctional permeability and limited ECM deposition
permissive for hepatic stem cell colonization and unperturbed liver development and erythropoiesis. (A) Co-IF of LYVET, Ter119, and VE-cadherin in the
liver of Stab2-Cre Gata4™f embryos at E11.5 (n = 3). Scale bars: 20 um. (B) GATA4 serves as the master regulator of the fetal hepatic vascular niche. During
normal development, GATA4-dependent gene expression cascades in ECs promote discontinuous sinusoidal endothelial differentiation featuring weak
cell-cell contacts, lack of a basement membrane, and low levels of ECM deposition, resulting in an antifibrotic perivascular microenvironment. The hepatic
sinusoidal microvasculature supports transmigration of hematopoietic stem and progenitor cells into the liver parenchyma, a process indispensable for liver
development. In the absence of GATA4, hepatic sinusoidal microvessels undergo continuous transdifferentiation/capillarization, including basement mem-
brane formation followed by ECM deposition and stellate cell activation, and lethal impairment of hematopoiesis via stabilization of VE-cadherin* junctions.

been shown to prevent Hedgehog signaling in LSECs and sub-
sequent development of LSEC capillarization in a pathological
setting of adult hepatic fibrosis (40). While these latter signal-
ing pathways all contribute to the proper differentiation and
function of the hepatic microvasculature during adulthood, the
findings presented here identify transcription factor GATA4 as a
superordinate molecular regulator of hepatic angiodiversity con-
trolling development. GATA4 acts as an indispensable relay that
promotes organ-specific sinusoidal endothelial differentiation
by repression of continuous EC specification.

Impaired HSC immigration into mutant fetal livers demon-
strates that formation of a functional hematopoietic stem cell
niche in the fetal liver depends on liver endothelial expression
of GATA4. Notably, it has been shown that artificial junctional
tightening by overexpression of a VE-cadherin/a-catenin fusion
protein in EC impaired immigration into the nascent hematopoi-
etic stem cell niche in the liver in a very similar manner (41, 42).
Thus, low-level endothelial junctional stability is an indispens-
able requirement for HSC immigration into the fetal liver. As
GATA4 suppresses VE-cadherin expression and the abundance
of VE-cadherin/B-catenin complexes in ECs, it can be assumed
that GATA4 is indeed the physiologic regulator of low-level
junctional stability in fetal LSECs that controls permissiveness
for HSCs. As the superordinate regulation of hepatic angio-
diversity by GATA4 is coupled to a downstream complexity of
developmental interactions in the hepatic vascular niche and

jei.org  Volume127  Number3  March 2017

the liver as a whole, it remains an open question whether oth-
er angiocrine factors of fetal LSECs including the composition
of the perivascular ECM are also involved in establishing the
hematopoietic stem cell niche of the fetal liver. In this respect,
studies in zebrafish have suggested that cytokines such as stem
cell factor/kitlg may be involved (36). Notably, exit from the
liver microvascular hematopoietic stem cell niche is mediated
by adhesive properties of PLVAP expressed by LSECs between
E11.5 and E15.5 (43), while it is mediated by changes in pericyte
content postnatally. After closure of the umbilical inlet at birth,
portal vessels undergo a transition from a NRP1'EPHB2* artery
to an EPHB4" vein phenotype associated with loss of periportal
nestin*NG2* pericytes that allows emigration of hematopoietic
stem cells from the liver (17).

In general, the results presented here provide a framework
for understanding the molecular mechanisms and functions of
microvascular angiodiversity in the liver and other organs. By
defining the molecular program that governs hepatic angio-
diversity and by defining its role in shaping the architecture and
function of the hepatic vascular niche in fetal hematopoiesis,
our results support the concept that angiocrine factors not only
comprise angiokines, i.e., endothelial secreted growth factors,
but a variety of other instructive cues produced by ECs, such
as morphogens, chemokines, cytokines, ECM components,
and exosomes, as well as membrane-bound factors such as
adhesion molecules; furthermore, they confirm that angiocrine
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factors may be produced constitutively or may be modulated
during development, regeneration, and disease processes (7).

Furthermore, our findings may have important clinical rami-
fications. Future work will be needed to address whether molec-
ular manipulation of angiodiversity by GATA4 can be applied to
improve in vitro differentiation of organ-specific endothelium
(44) and generation of bio-artificial liver organoids (45). In vivo,
sinusoidal GATA4 expression was shown to be considerably
decreased in human advanced liver fibrosis (29). Furthermore,
GATA4 expression was also reduced in isolated LSECs from a rat
cirrhotic liver model (46). As reprogramming of myofibroblasts
into hepatocytes by a combination of transcription factors has
already been successfully demonstrated to improve liver fibrosis
(47, 48), prevention and treatment of sinusoidal capillarization
by GATA4-mediated reprogramming may soon become reali-
ty (49, 50). It has recently been shown that single-wall carbon
nanotubes are highly promising vehicles for pharmaceutical
interventions that preferentially target the hepatic microvascu-
lature via sinusoidal endothelial scavenger receptors STAB1 and
STAB2 (51). Therefore, angiodiversity-targeted therapies may
prove beneficial not only in the treatment of fibrotic liver diseas-
es, but more generally in diseases such as diabetes or cancer that
are accompanied by microvascular transdifferentiation.

Methods
Detailed methods are described in Supplemental Methods.

Generation of Stab2-Cre mice. A Cre recombinase cDNA was fused
into exon 1 of stab2 via homologous recombination in a BAC clone.
Linearized DNA was injected into the pronuclei of fertilized C57BL/
6NCRL oocytes (see Supplemental Methods). The transgenic founder
B6.Stabilin-2%¢"2 was used as the stabilin 2-Cre (Stab2-Cre) line.

Immunostaining, LacZ staining, electron microscopy, and routine
histology. Fetal and adult tissues were harvested, processed, stained,
and analyzed according to standard protocols (see Supplemental
Methods for protocols and antibodies used).

Apoptosis assays. Embryo sections (2 um) were stained for cleaved
caspase-3 and were used for TUNEL assay according to the manufac-
turer’s protocol (Merck Millipore).

Hypoxyprobe measurements. Oxygen supply to mouse embryos
was visualized by the Hypoxyprobe-1 method on 2-um PFA-fixed,
paraffin-embedded sections according to the manufacturer’s protocol
(Hypoxyprobe) (see Supplemental Methods).

Fetal hemoglobin measurement. Blood taken from E11.5 and E14.5
embryos was analyzed based on the photometric detection of cyan-
methemoglobin.

Western blot and ELISA. Western blotting was carried out as
described in Supplemental Methods. BMP-2 in cell culture superna-
tants of transduced HUVECs was analyzed with the DuoSet Elisa kit
(R&D Systems).

Quantitative RT-PCR. Relative gene expression in relation to the ref-
erence gene (B-actin) was quantified by quantitative RT-PCR (QRT-PCR)
experiments as described previously (see Supplemental Methods).

Microarray processing and statistical analysis. Gene expression
profiling was performed using arrays Mogene-2.0-st and HG-U133
Plus 2.0-st from Affymetrix. The raw and normalized data were
deposited in the NCBI's Gene Expression Omnibus database (GEO
GSE20375 and GSE92357).
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Adhesion assays. Adhesion of Lx-2 cells (provided by Scott Fried-
man, Mount Sinai Hospital, New York, New York, USA) was quantified
either by crystal violet staining of cells adhering to 96-well plates coat-
ed with collagen IV (Sigma-Aldrich), LN-211, or LN-411 (BioLamina)
or by a real-time cell analyzer xCELLigence system (Roche) (see Sup-
plemental Methods).

FACS. For flow cytometric analysis, YS, liver, and blood cells
were harvested from embryos (E11.25 and E13.25). To obtain sin-
gle cells, tissue was digested (YS), mechanically dissociated (liver),
or only washed with PBS/FCS (blood). Fc receptors were blocked
by incubating cells with purified mouse IgG (500 mg/ml, Jackson
ImmunoResearch Laboratories Inc.) and stained with commercially
prepared antibodies (see Supplemental Methods). Cells were ana-
lyzed on a FACSFortessa (BD), and data were analyzed using FACS-
Diva software (BD).

Statistics. Statistical analysis was performed with SigmaPlot 11.0
Software (Systat Software). For comparisons, 2-tailed Student’s ¢ test
or 1-way ANOVA was used. Differences between data sets with P< 0.05
were considered statistically significant. Data are presented as means,
with error bars indicating standard deviation. Controls for each experi-
ment are described in Supplemental Methods.

Study approval. All animal studies were approved by the animal
ethics committee in Baden-Wuerttemberg, Regierungspraesidium
Karlsruhe, Karlsruhe, Germany.
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