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Transport of oxygen by red blood cells (rbc) is critical for life and embryogenesis. Here, we determined that provision of
the lipid mediator sphingosine 1-phosphate (S1P) to the systemic circulation is an essential function of rbc in
embryogenesis. Mice with rbc-specific deletion of sphingosine kinases 1 and 2 (Sphk1 and Sphk2) showed embryonic
lethality between E11.5 and E12.5 due to defects in vascular development. Administration of an S1P4 receptor agonist to
pregnant dams rescued early embryonic lethality. Even though rbc-specific Sphk1 Sphk2-KO embryos were anemic, the
erythropoietic capacity of hematopoietic stem cells (HSCs) was not impaired, suggesting that rbc can develop in the
absence of sphingosine kinase activity. Indeed, transplantation of HSCs deficient for Sphk1 and Sphk2 into adult mice
produced rbc that lacked S1P and attenuated plasma S1P levels in recipients. However, in adult animals, both rbc and
endothelium contributed to plasma S1P. Together, these findings demonstrate that rbc are essential for embryogenesis
by supplying the lysophospholipid S1P, which regulates embryonic vascular development via its receptors.
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regulates embryonic vascular development via its receptors.

Introduction

Vascular and hematopoietic systems share developmental ori-
gins. Early vascular development is initiated by transcription fac-
tors such as HIF-1o that respond to low oxygen levels and induce
VEGEF, a key angiogenic factor (1, 2). On the other hand, hemato-
poietic stem cells (HSCs) develop from the hemogenic endothe-
lium, which is originally derived from endothelial cells (ECs) of
the embryonic vasculature (3). In addition, hypoxia also induces
erythropoietin, which acts on HSCs to differentiate into embry-
onic red blood cells (rbc) (4). Hypoxia, in turn, is alleviated by the
delivery of oxygen by rbc, which circulate in newly formed vessels.
Indeed, rbc are essential for embryogenesis, since mice that lack
rbe die at midgestation (5). In the adult, rbc abnormalities lead to
vascular disorders in sickle cell syndrome, hemoglobinopathies,
anemias, polycythemias, and infections such as cerebral malaria
(6, 7). However, whether rbc regulate embryonic development by
secreted factors is not known.

The lysophospholipid mediator S1P, produced from the
metabolism of membrane sphingolipids, is secreted into the
extracellular environment in vertebrates (8). Due to its poor water
solubility, it is bound to chaperones — for example, apolipopro-
tein M (ApoM) and albumin in the plasma (9). S1P signals via its
5 G protein-coupled receptors to regulate various processes such
as vascular development (10) and lymphocyte trafficking (11). For
example, the primary vascular network formed by the fusion of
new vascular sprouts need S1P signaling via the S1P, receptor for
stabilization and further differentiation (12, 13). However, S1P,
cooperates with other SIP receptors that have distinct signaling

Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: June 24, 2014; Accepted: August 8, 2014.
Reference information: | Clin Invest. 2014;124(11):4823-4828. doi:10.1172/JC177685.

Transport of oxygen by red blood cells (rbc) is critical for life and embryogenesis. Here, we determined that provision of the
lipid mediator sphingosine 1-phosphate (S1P) to the systemic circulation is an essential function of rbc in embryogenesis.
Mice with rbc-specific deletion of sphingosine kinases 1and 2 (Sphk1 and Sphk2) showed embryonic lethality between E11.5
and E12.5 due to defects in vascular development. Administration of an S1P, receptor agonist to pregnant dams rescued
early embryonic lethality. Even though rbc-specific Sphk1 Sphk2-KO embryos were anemic, the erythropoietic capacity of
hematopoietic stem cells (HSCs) was not impaired, suggesting that rbc can develop in the absence of sphingosine kinase
activity. Indeed, transplantation of HSCs deficient for Sphk7and Sphk2 into adult mice produced rbc that lacked S1P and
attenuated plasma S1P levels in recipients. However, in adult animals, both rbc and endothelium contributed to plasma S1P.
Together, these findings demonstrate that rbc are essential for embryogenesis by supplying the lysophospholipid S1P, which

properties for regulating vascular development (14). Thus, com-
pound S1P receptor-null mice, i.e., SIprl SIpr2-double-KO or
Slprl SIpr2 Slpr3-triple-KO mice exhibit much more severe vas-
cular developmental anomalies than do single SIprI-KO mice,
which are lethal at E12.5 to E14.5 of development. The source
of embryonic S1P that is needed for vascular development is not
known. Postnatally, rbc and ECs are thought to supply plasma
S1P under homeostasis (15-17). Thus, rbc may serve as the source
of S1P for embryonic development. In this study, we developed
a mouse model in which sphingosine kinase genes (Sphkl and
Sphk2) (15) were deleted in rbc using erythropoietin receptor-Cre
(EpoR-Cre) deleter mice (RBC Sphk dKO mice) (18), which pro-
vided an opportunity to assess the importance of rbc-derived S1P
during embryonic development. Our results reveal a novel essen-
tial function of rbc in embryogenesis, that of S1P provision for
vascular development.

Results and Discussion

Sphk enzymes are essential for S1P production during embryo-
genesis (19). Sphk2 mRNA is expressed during primitive, defini-
tive, and adult erythropoiesis, whereas Sphkl mRNA is induced
in adult erythropoiesis (20). This EpoR-Cre deleter mouse strain
was shown to delete LoxP site-engineered genes specifically
and efficiently in erythrocyte progenitors during early embry-
onic erythropoiesis (18). Indeed, purified Terl19* erythrocyte
progenitors and embryonic rbc isolated from E12.5 embryos
showed almost complete suppression of the Sphkl transcript,
suggesting highly efficient gene deletion in this lineage. In con-
trast, minimal suppression (~15%) of the Sphkl transcript was
seen in FACS-sorted CD31* ECs, consistent with the knowledge
that EpoR-Cre is expressed at low levels in ECs of the devel-
oping vasculature in the mouse (ref. 18 and Supplemental Fig-
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Figure 1. RBC Sphk dKO causes embryonic lethality, with vascular and cardiac defects. (A) Photomicrographs of developing embryos. High-power
magnification images show the limb buds from the boxed areas of E12.5 embryos. E12.5 RBC Sphk dKO embryos displayed severe hemorrhages
(arrows). Original magnification, x10.5. (B) Hemorrhage of brain vessels (original magnification, x63) and pale yolk sac (scale bars: 1 mm) observed in
E12.5 embryos from RBC Sphk dKO. (C) Vascular morphology in the yolk sac, head region, aorta (section), and hindbrain. Scale bars: 250 um. Sphk17/f

Sphk2*/- mice were used as controls.

ure 1; supplemental material available online with this article;
doi:10.1172/JC177685DS1). Heterozygous crosses indicated that
RBC Sphk dKO mutations caused embryonic lethality at E11.5 to
E12.5. All of the RBC Sphk dKO embryos exhibited hemorrhage,
especially in the head region. In addition, cardiac edema, pale
yolk sac, and limb morphogenic defects were seen (Figure 1,
A and B). No viable RBC Sphk dKO embryos were recovered at
E13.5 (Table 1). In contrast, heterozygous embryos were viable
and reproduced normally as adult mice, suggesting that com-
plete loss of function of Sphk genes specifically in the rbc lineage
causes embryonic lethality.

To rigorously examine whether embryonic lethality of RBC
Sphk dKO mice is due to the loss of expression of Sphk genes
in vascular endothelium, we examined whether endothelial-
specific deletion of Sphkl and Sphk2 (EC Sphk dKO) would lead
to similar embryonic lethality. We used the Cdh5-Cre-ER™ del-
eter strain, which was shown to delete genes specifically in ECs
after induction with tamoxifen (21). As shown in Supplemental
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Figure 2, even though a significant (>75%) reduction of Sphkl
mRNA was achieved in the background of a complete lack of
Sphk2 expression in the endothelium in EC Sphk dKO mice, the
embryos did not show the hemorrhagic phenotype and were
completely viable and appeared normal at E13.5. Indeed, our
previous studies showed that global loss of 3 alleles of Sphk
(Sphk1”- Sphk2+") is not embryonically lethal and is compatible
with normal vascular development (16). These results strongly
suggest that Sphk expression in the endothelium is dispensable
for embryonic development.

Analysis of the yolk sac blood vessels from E12.5 RBC Sphk
dKO embryos (Figure 1C) showed hypersprouting of capil-
lary networks, increased vascular density, and morphogenetic
defects of larger vessels. Even though RBC Sphk dKO yolk
sac arteries were covered with smooth muscle actin-positive
(SMA*) mural cells, some ectopic sprouts were also ensheathed
with SMA* mural cells, resulting in a jagged appearance. In the
head region, we observed hypersprouting of small vessels and
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Table 1. Analysis of offspring from crosses of Sphk1"/f Sphk2~/- and Sphk1"/f Sphk2*/- Epor-Cre mice

similar (<2-fold difference) in
controland RBC Sphk dKOheart

Sphk?"/? Sphk2-/- Sphk1# Sphk2+/- Sphk1"/? Sphk2*/- Epor-Cre Sphk1"" Sphk2-'- Epor-Cre tissue (Supplemental Figure 3C).
E10.5 6 4 6 . > These results suggest that the
;1255 11:3 175 187 A1LO(23) cardiac abnormalities we ob-
e : ) ] 0 served in the RBC Sphk dKO

The numeral in parentheses indicates the number of dead embryos. *All of the Sphk1"f Sphk2-/- Epor-Cre mice

showed hemorrhagic lesions at or after E11.5.

embryos were likely secondary
to vascular defects. We specu-
late that altered hemodynam-

morphologic abnormalities of the larger structures. The dorsal
aorta in the mid-region of the embryo exhibited patchy SMA*
mural cell coverage and hypersprouting and hyperplastic ECs
in the non-SMA' regions. In the embryonic hindbrain, angio-
genic vessels showed clear evidence of hypersprouting, exces-
sive branching, and morphologic alterations (Figure 1C). RBC
Sphk dKO mice also exhibited cardiac developmental defects. At
E12.5, RBC Sphk dKO embryos demonstrated signs of heart fail-
ure. The ventricular myocardium of RBC Sphk dKO embryos was
severely hypoplastic, often only 1 to 2 cell layers thick compared
with a thickness of more than 4 to 5 cell layers in littermate con-
trol hearts, and the epicardium was detached from the myocar-
dial surface (Supplemental Figure 3A). Staining for proliferating
cells with Ki67 antibody and for apoptotic cells with caspase 3
antibody revealed no significant changes in cardiomyocyte pro-
liferation or apoptosis (Supplemental Figure 3B). Moreover, we
found that cardiac differentiation gene expression levels were
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due to vascular developmental
defects induced cardiac morphological changes. Thus, RBC
Sphk dKO embryos showed clear evidence of severe vascular
developmental defects that phenocopied the Siprl endothelial-
KO mice (22) but were substantially more severe and occurred
at an earlier stage of development.

Sphingolipid levels in embryonic rbc and tissues were quan-
tified by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). S1P levels in circulating rbe and the embryo proper
were almost completely (99% and 95%, respectively) downregu-
lated in the RBC Sphk dKO mice (Figure 2, A and B). Sphingosine
and ceramide levels were upregulated, especially in circulating
rbc, suggesting that a lack of Sphk enzymes in rbc resulted in a
metabolic pileup of precursor sphingolipids. These data strongly
suggest that rbc supply almost all of embryonic S1P.

We next examined the hypothesis that circulating S1P
activation of S1P receptors in the endothelium is essential for
vascular development. Since SIprl function is essential for
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Figure 2. Embryonic rbc-derived S1P acts on the S1P, receptor to regulate vascular development. S1P, sphingosine (Sph), and ceramide (Cer) levels in (A)
circulating blood cells and (B) embryonic tissues from E12.5 embryos. *P < 0.05; **P < 0.01. n = 3 per group. Data represent the mean + SD. (C) Representa-
tive E13.5 embryos rescued by maternal SEW2871 administration. Untreated RBC Sphk dKO embryos were resorbed at E13.5 and not available for morpho-
logical assessment (D) Survival of RBC Sphk dKO embryos at various stages of development with and without administration of maternal SEW2871.
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Figure 3. Adult erythropoiesis in the absence of Sphk enzymes. (A) Lethally irradiated WT mice were reconstituted with control (Ctl) or RBC Sphk dKO
(KO) fetal liver cells. Peripheral blood cell counts for the transplanted mice. HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW-SD, red cell distribution width-standard deviation; RDW-CV,

red cell distribution width-coefficient of variation; RET, reticulocytes; PLT, pl
Eosin staining and transmission electron microscopy images of rbc. Original

atelets; PDW, platelet distribution width; MPV, mean platelet volume. (B)
magnification, x63 and x15,000, respectively. Plasma and rbc S1P levels in

(C) transplanted mice, (D) WT and Sphk1%f Sphk2*/- Epor-Cre mice, and (E) Sphk1"/f Sphk2~/- and EC Sphk dKO mice. n = 3 per group. **P < 0.01. All data

represent the mean + SD.

vascular development, while Sipr2 and SIpr3 cooperate with it
during embryogenesis (14, 22), we used a pharmacological tool,
SEW2871, which specifically activates the S1P, receptor (23).
We administered SEW2871 (10 mg/kg) to pregnant mice from
E8.5 to E13.5 of gestation. Maternal SEW2871 administration
rescued early E11.5-12.5 lethality in a significant fraction (90%)
of embryos (Figure 2, C and D). At E13.5, SEW2871-treated RBC
Sphk dKO mice embryos were viable, with a visible heartbeat
even though some hemorrhage and edema were seen, suggest-
ing partial rescue of the vascular defects. Inability of SEW2871
to activate S1P, and S1P, as well as limited bioavailability of
this compound in the embryo following maternal administra-
tion likely contributed to the partial rescue. Nevertheless, this
result strongly suggests that embryonic rbe-derived circulating
S1P acts on the S1P, receptor in developing vascular ECs as an
essential circulating signal.

In addition to widespread hemorrhage, we observed an
~50% reduction in the number of circulating rbc (Supplemen-
tal Figure 4A) in RBC Sphk dKO embryos. In addition, RBC Sphk
dKO embryos contained only ~50% of Lin-Scal*c-Kit* (LSK)
hematopoietic progenitor cells (Supplemental Figure 4B). This
could be caused by either an intrinsic defect in erythropoiesis
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or an indirect reduction in rbc numbers due to bleeding. To
distinguish between these possibilities, we obtained fetal liver
cells from SEW2871-treated E12.5 RBC Sphk dKO embryos
and used them in hematopoietic reconstitution assays in irra-
diated C57Bl/6 recipients. As shown in Supplemental Figure
4C, almost complete (>93%) hematopoietic reconstitution
was achieved. Mice that received either WT or RBC Sphk dKO
fetal liver cells achieved normal hematocrit levels and similar
hematopoietic cell distribution (Figure 3A). In addition, rbc
morphology, as determined by both light and transmission elec-
tron microscopy, was similar (Figure 3B). While we cannot fully
exclude the stage-specific functional roles of Sphk enzymes in
primitive and/or fetal definitive erythropoiesis, these results
strongly suggest that Sphk enzymes are not needed for adult
erythropoiesis and that the midgestation anemia observed in
the RBC Sphk dKO embryos was likely due to vascular defects
that led to hemorrhage.

We also measured rbc and plasma sphingolipid levels in
the mice with fetal liver hematopoietic transplants. As shown
in Figure 3C, rbc S1P levels were reduced ~85% in the recipi-
ents of fetal liver-derived HSCs from RBC Sphk dKO embryos.
In contrast, plasma S1P was not reduced to the same extent.
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Indeed, even in heterozygous RBC Sphk dKO mice (Sphk1"?
Sphk2*/- EpoR-Cre), rbc S1P was markedly reduced by ~98%,
whereas plasma S1P did not decrease to the same extent (Fig-
ure 3D). These data suggest that even though rbc are one of the
major sources of circulatory S1P in the postnatal period, alter-
native sources of S1P exist to maintain plasma S1P levels. This
is consistent with previous findings using the inducible Mx-Cre-
mediated deletion of Sphkl and Sphk2 in hematopoietic cells of
adult mice, which first identified the rbc as a major source of
plasma S1P (15). In addition, Sphkl”- mice show an ~50% reduc-
tion in plasma S1P (16). However, based on indirect in vivo evi-
dence and studies using ECs in vitro, we suggested that vascular
endothelium might be an alternative source of plasma S1P (16).
Indeed, endothelial-specific KO of the S1P transporter Spns2
reduced plasma S1P levels by ~30% (17). To address this issue, we
analyzedplasmaS1Plevelsinadultmice after the Sphkl and Sphk2
genes were deleted using endothelial-specific Cdh5-Cre-ER™
deleter mice (21). As shown in Figure 3E, rbc S1P levels were
unchanged, whereas plasma S1P levels were reduced by ~30% in
EC Sphk dKO mice, suggesting that the endothelium is the alter-
native source in the adult. Plasma S1P levels are stable under
homeostasis, but it is not known how fluctuations in plasma S1P
are sensed in vertebrates, which maintain the vascular S1P gra-
dient. Indeed, changes in plasma S1P levels in plasma S1P-less
mice and S1P lyase-KO mice are associated with immune cell
trafficking defects and inflammatory episodes, respectively (15,
24). Our results indicate that during embryogenesis, rbc are the
major source of organismal S1P, which cannot be supplied by
other tissues, whereas in the adult, the endothelium serves as
an alternate source.

These studies reveal a heretofore unrecognized and essen-
tial function of rbc in embryonic development. We found that
rbc provision of plasma S1P is needed for vascular plexus stabi-
lization, maturation, and remodeling. We also provide evidence
that S1P, is a target of rbe-derived S1P during vascular develop-
ment. It is not clear at present how rbc export S1P to the circu-
lation. Although we cannot at this stage exclude the possibility
that direct rbc contact with the capillary endothelium is involved
in S1P receptor activation, we favor the possibility that secretion
of S1P into the embryonic plasma and activation of S1P as a cir-
culating factor are important. This is based on the detailed anal-
ysis of embryonic vascular defects in RBC Sphk dKO mice, which
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show morphological alterations not only in capillaries that are
likely to be in direct contact with circulating rbc, but also in
larger vessels whose lumens are much larger than the diameter
of rbe. Thus, we propose that embryonic rbc secrete SIP as an
“erythrocrine” factor that is needed for vascular stabilization,
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naling connection between erythropoiesis and angiogenesis. We
speculate that this and other mechanistic connections may exist
between rbc and the endothelium under homeostasis and that
such connections may be deregulated in rbc diseases such as
malaria, thalassemia, anemia, and polycythemias, which man-
ifest vascular dysfunction and pathology.

Methods

Detailed information can be found in the Supplemental Methods.
Statistics. All results are expressed as the means * SD. All data
were analyzed using a 2-tailed Student’s ¢ test or 1-way ANOVA with
Tukey’s multiple comparison test. A Pvalue less than 0.05 was consid-
ered statistically significant.
Study approval. All animal studies were approved by the IACUC of
Weill Cornell Medical College.
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