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Sphingosine-1-phosphate (S1P) is a bioactive lipid that regulates multicellular functions through inter-
actions with its receptors on cell surfaces. S1P is enriched and stored in erythrocytes; however, it is not 
clear whether alterations in S1P are involved in the prevalent and debilitating hemolytic disorder sickle 
cell disease (SCD). Here, using metabolomic screening, we found that S1P is highly elevated in the blood 
of mice and humans with SCD. In murine models of SCD, we demonstrated that elevated erythrocyte 
sphingosine kinase 1 (SPHK1) underlies sickling and disease progression by increasing S1P levels in the 
blood. Additionally, we observed elevated SPHK1 activity in erythrocytes and increased S1P in blood col-
lected from patients with SCD and demonstrated a direct impact of elevated SPHK1-mediated production 
of S1P on sickling that was independent of S1P receptor activation in isolated erythrocytes. Together, our 
findings provide insights into erythrocyte pathophysiology, revealing that a SPHK1-mediated elevation 
of S1P contributes to sickling and promotes disease progression, and highlight potential therapeutic 
opportunities for SCD.

Introduction
Sickle cell disease (SCD) is a devastating and costly genetic dis-
order associated with high morbidity and mortality. It is the 
most prevalent autosomal recessive disorder, affecting millions 
worldwide, with approximately 300,000 infants born each year 
with SCD (1, 2). Although the cellular and molecular bases of 
SCD have long been known (3–5), it is disappointing that we 
currently only have one FDA-approved drug, i.e., hydroxyurea, 
to treat SCD. This unfortunate situation results from a poor 
understanding of the molecular mechanisms underlying the 
initiation of sickling, the fundamental process of disease patho-
genesis. Thus, identifying specific factors and signaling pathways 
involved in the initiation and propagation of sickling is essential 
to advance our understanding of this pathogenic process and 
develop novel strategies for the treatment of SCD.

Metabolite profiles accurately measure functional phenotypes 
that are the net result of genomic, transcriptomic, and proteomic 
changes (6). Therefore, metabolomic profiling provides one of the 
most integrated functional profiles of biologic status and is a robust 
analytical tool to discern mechanisms of action (7). Metabolomic 
profiling is especially appropriate for erythrocytes, in which gene 
expression profiling is not an option due to lack of a nucleus. Thus, 
comparison of metabolic profiles between erythrocytes of normal 
individuals and those with SCD is likely to identify functionally 
important differences that may provide improved understanding 

of the sickling process. In this way, global metabolomic alterations 
in SCD are likely to reveal unrecognized biomarkers, deregulated 
pathways, and novel therapeutic possibilities. Using nonbiased 
high-throughput metabolomic profiling, here we report that sphin-
gosine-1-phosphate (S1P), a bioactive lipid enriched in erythrocytes 
(8, 9), is significantly elevated in erythrocytes and plasma of mice and 
humans with SCD. S1P is an important signaling molecule, which 
regulates diverse biological processes, including inflammation (10), 
angiogenesis (11, 12), endothelial injury (13), and thrombosis (14, 
15) via activation of cell surface S1P receptors and/or by interac-
tion with key regulatory proteins within cells (16). S1P is generated 
intracellularly by 2 enzymes: sphingosine kinase 1 and 2 (SPHK1 and 
SPHK2). Intracellular S1P levels are generally determined by a bal-
ance in the activities of S1P-synthesizing and -degrading enzymes. In 
most cells, the activities of the degrading enzymes are higher, keeping 
intracellular S1P levels low (10). Erythrocytes are unique among cells 
because they lack S1P-degrading enzymes. As a result, erythrocytes 
have high levels of S1P and are considered to be the major cell type 
for storing and supplying plasma S1P (8, 9). In addition, because 
human erythrocytes lack SPHK2, which localizes predominantly 
to the nucleus (17), only SPHK1 is used to generate S1P in human 
erythrocytes (18, 19). Although S1P is abundant in erythrocytes, the 
physiological role of S1P in erythrocytes remains unknown.

Here, using both pharmacologic and genetic approaches, we 
demonstrate that increased erythrocyte SPHK1 underlies elevated 
S1P within erythrocytes and plasma in SCD mice and that elevated 
S1P contributes to sickling and disease progression. Next, we val-
idated our mouse studies using primary cultures of erythrocytes 
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from humans with SCD and showed a direct impact of elevated 
SPHK1-mediated induction of S1P on hypoxia-induced sickling 
independent of S1P receptor activation. Taken together, our stud-
ies identify a previously unrecognized role of S1P in sickling and 
innovative therapies for the disease.

Results
Metabolomic screening and biochemical analysis reveal that erythrocyte 
S1P and SPHK1 activity are elevated in SCD mice. To identify meta-
bolic alterations associated with SCD, we conducted nonbiased 
metabolomic screening by using liquid and gas chromatography 
coupled with mass spectral analysis (LC/GC-MS) to measure and 
compare metabolite profiles in the whole blood of controls and 
Berkeley SCD Tg mice, a well-accepted animal model of SCD (20, 
21). Of 7,000 metabolites screened, 251 metabolites were detected 
in the circulation of both WT and SCD Tg mice. Among these 

metabolites, we chose to focus on erythrocyte-specific metabolites. 
Initial screening revealed that S1P, a bioactive lipid enriched and 
stored in erythrocytes (8, 9), was one of the most elevated metab-
olites in the whole blood of SCD Tg mice compared with that in 
WT mice (Figure 1A). Subsequently, the results of the metabolic 
screen were confirmed using a sensitive mass spectral analysis and 
also revealed that S1P levels were significantly elevated in both 
plasma and erythrocytes of SCD Tg mice (P < 0.003, n = 6) (Figure 
1, B and C). Although S1P, a lipid signaling molecule, is enriched 
in erythrocytes (8, 9) and involved in multiple pathophysiological 
processes (13, 16, 22), nothing is known about the role of S1P in 
erythrocyte physiology or its pathological role in SCD.

Because erythrocytes have no S1P-degrading enzymes (8, 9) and 
lack SPHK2 (17), only SPHK1 is used to generate S1P in human 
erythrocytes (18, 19). Thus, we hypothesized that SPHK1 is a key 
enzyme responsible for increased S1P generation seen in SCD mice. 

Figure 1
Metabolomic screening reveals that blood S1P levels and erythrocyte SPHK1 activity are elevated in SCD Tg mice. (A) Z-score quantification 
of lipids detected in the blood of both WT and SCD Tg mice. Among all lipids detected, S1P was one of the most substantially elevated in the 
blood of SCD Tg mice compared with that in WT mice (n = 6). (B and C) LC/MS POS platform measurement indicates that S1P levels in the (B) 
erythrocytes and (C) plasma of SCD mice were significantly elevated compared with those in WT mice (n = 6–8). (D) Total erythrocyte SPHK1 
activity was significantly elevated in SCD Tg mice compared with that in WT mice (n = 8). (E) SPHK1 activities in purified reticulocytes and mature 
erythrocytes of SCD Tg mice. Values shown represent the mean ± SEM (n = 6–8). *P < 0.05 versus WT. 
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To address these possibilities, we first measured SPHK1 activity in 
the erythrocytes of normal and SCD mice. As expected, we found 
that SPHK1 activity was significantly elevated in the total erythro-
cytes isolated from SCD Tg mice compared with that in the ery-
throcytes from WT mice (Figure 1D). Realizing that SCD Tg mice 
contain a large population of young reticulocytes, it is possible that 
the elevated SPHK1 activity seen in SCD mouse erythrocytes may 
be due to increased reticulocytes in these mice. To examine this pos-
sibility, we compared SPHK1 activity in mature erythrocytes and 
young reticulocytes purified from SCD mice. We found that the 
SPHK1 activity in these two cell types was similar (Figure 1E). Thus, 
this finding demonstrates that SPHK1 activity is elevated in both 
mature and young erythrocytes in SCD mice.

Elevated erythrocyte SPHK1 activity underlies increased blood S1P lev-
els and contributes to sickling in SCD mice. Next, to determine whether 
elevated SPHK1 activity is responsible for the increased S1P levels 
in SCD Tg mice, we initially took a pharmacologic approach. First, 
we compared the inhibitory effects on SPHK1 activity in cultured 
erythrocytes from SCD mice of two structurally different SPHK1 
inhibitors, SK1-I (23) and PF-543 (24), a newly developed potent 
SPHK1 inhibitor. For this purpose, we cultured erythrocytes iso-
lated from SCD mice under hypoxic conditions in the presence or 
absence of different concentrations of these 2 inhibitors. Unexpect-
edly, we found that SK1-I induced sickle cell hemolysis at a concen-
tration of 5 μM (Supplemental Figure 1A; supplemental material 
available online with this article; doi:10.1172/JCI74604DS1). In 
contrast, we did not observe hemolysis in PF-543–treated sickle 
cells at concentrations of up to 50 μM (Supplemental Figure 1A). 
Furthermore, we found that both SK-1 (<5 μM) and PF-543 inhib-
ited SPHK1 activity and reduced S1P levels in cultured sickle cells 
in a dosage-dependent manner under hypoxic conditions (Supple-
mental Figure 1, B and C), while PF-543 showed much more potent 
inhibitory effects on SPHK1 activity compared with SK1-I (Sup-
plemental Figure 1, B–E). Additionally, we found that treatment 
with both SK1-I (<5 μM) and PF-543 decreased hypoxia-induced 

sickling in a dosage-dependent manner (Supplemental Figure 1, 
F and G). Of note, PF-543 showed much more potent antisickling 
effects compared with SK1-I (Supplemental Figure 1, F and G). 
Thus, these studies indicate that elevated SPHK1 activity underlies 
increased S1P and that elevated S1P is responsible for hypoxia-in-
duced sickling in cultured SCD mouse erythrocytes.

Because PF-543 showed more potent in vitro inhibitory effects 
on SPHK1 activity and sickling and did not have the side effect 
of hemolysis, as did SK1-I, we chose to treat SCD Tg mice with 
PF-543 to determine the pathological significance of elevated 
SPHK1-mediated S1P production increases in vivo. Prior to treat-
ing SCD Tg mice with PF-543, we chose to treat WT mice with 
DMSO or PF-543 to assess toxicity. We did not see any obvious 
side effects on hematological parameters or tissue damage. Fol-
lowing our toxicity testing in WT mice, we proceeded to treat 
SCD mice with DMSO and PF-543 for 4 weeks to compare the 
efficacy. We found that PF-543 treatment significantly decreased 
erythrocyte SPHK1 activity of SCD Tg mice (Figure 2A). Addi-
tionally, we found that PF-543 treatment resulted in the reduc-
tion of erythrocyte and plasma S1P levels in SCD Tg mice (Figure 
2, B and C). Moreover, analysis of blood smears revealed that the 
shape of erythrocytes was much more uniform and organized 
in PF-543–treated SCD Tg mice (Figure 2D). Supporting this 
observation, we found that chronic treatment with PF-543 sig-
nificantly reduced the percentages of sickled cells and reticulo-
cytes in SCD Tg mice (Figure 2E). Thus, these findings provide 
pharmacologic evidence that increased SPHK1 activity is a key 
causative factor underlying increased S1P in erythrocytes and 
plasma of SCD Tg mice and contributes to sickling.

PF-543 treatment decreases intravascular hemolysis and reduces inflam-
mation in SCD Tg mice. Because PF-543 treatment reduced sickling 
in SCD Tg mice, it is possible that chronic treatment with PF-543 
also has a beneficial effect on intravascular hemolysis, a major 
complication associated with SCD (25). To test this hypothesis, we 
treated SCD Tg mice with PF-543 for 4 weeks to lower S1P levels 

Figure 2
PF-543, a potent, specific SPHK1 inhibitor, reduces sickling, hemolysis, and inflammation in SCD Tg mice by reducing erythrocyte SPHK1 
activity and S1P levels. (A–C) PF-543 treatment significantly reduced (A) erythrocyte SPHK1 activity, (B) erythrocyte levels, and (C) plasma 
levels of S1P in SCD Tg mice. (D) Representative blood smears of SCD Tg mice, as a function PF-543 treatment (original magnification, 
×100). (E) Percentages of sickle cells and reticulocytes were significantly reduced by PF-543 treatment in SCD Tg mice. (F–I) Effects of PF-543 
treatment on (F) plasma Hb, (G) plasma haptoglobin, (H) plasma total bilirubin, and (I) circulating cytokines in SCD Tg mice. Values shown 
represent the mean ± SEM (n = 6–11). *P < 0.05 versus SCD Tg mice treated with DMSO.
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and reduce erythrocyte sickling, as described above. Intravascular 
hemolysis in SCD Tg mice was significantly reduced by PF-543 
treatment, as demonstrated by decreased plasma hemoglobin (Hb), 
increased plasma haptoglobin, and decreased total bilirubin (Fig-
ure 2, F–H). Because of the antisickling and antihemolytic effects 
of PF-543 treatment, complete blood count (CBC) analysis showed 
that PF-543 treatment significantly increased the total number of 
erythrocytes, Hb concentration, and hematocrit (Supplemental 
Table 1). Additionally, following treatment, the erythrocyte distri-
bution width was significantly reduced, reflecting more uniformly 
shaped cells, as seen in blood smear (Figure 2D). These findings 
suggest that PF-543 treatment leads to decreased percentages of 
sickled cells and reticulocytes and thereby results in less hemolysis 
in SCD mice.

S1P is a potent inflammatory stimulator (10, 13, 16, 26), and an 
increased inflammatory response is another major complication 
associated with sickling and hemolysis. Thus, it is possible that 
lowering S1P in SCD Tg mice may lead to a decreased inflamma-
tory response. To test this possibility, we treated SCD Tg mice with 
PF-543 for 4 weeks, as described above. CBC analysis revealed that 

PF-543 treatment reduced the total number of white blood cells 
to the normal range (Supplemental Table 1). Of note, both cir-
culating lymphocytes and neutrophils were significantly reduced 
in PF-543–treated SCD mice (Supplemental Table 1). Moreover, 
we found that circulating inflammatory cytokines, including IL-2, 
IL-6, and IL-17A, were significantly reduced by PF-543 treatment 
in SCD mice (Figure 2I). Altogether, we provide in vivo evidence 
that PF-543 is an effective treatment to decrease sickling, reticu-
locyte count, hemolysis, and inflammation by reducing elevated 
SPHK1-mediated increased S1P levels.

PF-543 treatment attenuates tissue injury at multiple sites and sple-
nomegaly and increases survival rates of SCD mice. Without interven-
tion, chronic sickling, hemolysis, and inflammation will eventu-
ally lead to splenomegaly (an early feature associated with SCD 
to clear increased sickled cells), tissue injury at multiple sites, and 
early death. Histological studies revealed that chronic PF-543 
treatment markedly reduced splenic damage, congestion, and 
necrosis (Supplemental Figure 2A). As such, we found that the 
splenomegaly was significantly reduced in PF-543–treated mice 
compared with DMSO-treated SCD mice (Supplemental Fig-

Figure 3
Specific knockdown of SPHK1 in HSCs in BMT SCD chimeras reduced erythrocyte SPHK1 protein levels and erythrocyte and plasma S1P levels. 
(A) HPLC and electrophoresis analysis of HbS and mouse normal Hb (HbA) in BMT SCD chimeras to assess the percentage of chimerism. Rep-
resentative electrophoresis analysis and the average of percentage of chimerism with HbS in SCD chimeras were shown as insets. Data shown 
represent the mean ± SEM (n = 6–9). (B) Erythrocyte SPHK1 levels, (C) activity, (D) plasma S1P levels, and (E) erythrocyte S1P levels were 
significantly reduced in the SCD chimeras with specific SPHK1 knockdown compared with those in mice with BMCs infected with a scrambled 
shRNA. *P < 0.05 versus SCD chimeras with BMCs infected with recombinant lentivirus encoding scrambled shrna.
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ure 2B). Moreover, the congestion, vascular damage, and necro-
sis in other tissues, including lungs and livers, were remarkably 
reduced in SCD mice with PF-543 treatment (Supplemental 
Figure 2A). Next, we found that vascular leakage in the lungs of 
PF-543–treated SCD mice was significantly decreased, as judged 
by reduced Evans blue staining (Supplemental Figure 2, C and 
D) and albumin concentrations in bronchial alveolar lavage fluid 
(Supplemental Figure 2E). Finally, we demonstrated that PF-543 
treatment significantly increased survival rates under prolonged 
hypoxic conditions (Supplemental Figure 2F). Because acute lung 
inflammation and pulmonary congestion are well-accepted mea-
sures of vaso-occlusion, they are considered as major causative fac-
tors for hypoxia-induced death in SCD. Supporting this notion, 
we found that prolonged hypoxia induced substantial pulmonary 
congestion and elevation of multiple cytokines in the lung tissues 
compared with the SCD mice under normoxia (Supplemental Fig-
ure 2, G–I). Intriguingly, PF-543 treatment resulted in a significant 
decrease in hypoxia-induced pulmonary congestion and multiple 
inflammatory cytokines (Supplemental Figure 2, G–I), suggesting 
that the PF-543–mediated increase in survival rate under hypoxic 
conditions is likely due to reduced lung inflammatory storm and 
congestion. Altogether, our studies demonstrate that inhibition of 
elevated SPHK1 activity reduced tissue injury, disease progression, 
and hypoxia-induced early death.

Knockdown of SPHK1 in HSCs decreases sickling and reticulocytes 
in SCD chimeras by reducing S1P levels in the erythrocytes and circu-
lation. To confirm our pharmacologic studies, we took a genetic 
approach to breed Sphk–/– mice with SCD mice. Unfortunately, 
complete deletion of SPHK1 on the SCD background resulted 
in very few SCD/Sphk–/– pups, since S1P is essential for implanta-
tion for normal pregnancy (27). Thus, to overcome the difficulty 

of generating adult SCD/Sphk–/– mice, we took an alternative 
approach, using lentiviral vectors encoding specific shRNA to 
knockdown SPHK1 in bone marrow cells (BMCs) of SCD mice 
(Supplemental Figure 3). SPHK1 shRNA lentiviral vectors are a 
pool of concentrated, transduction-ready viral particles, contain-
ing 3 target-specific constructs that encode 19–25 nt (short hair-
pin) shRNA designed to specifically knockdown Sphk1 mRNA 
levels (28). This approach allowed us to genetically, specifically, 
and efficiently knockdown SPHK1 in the HSCs of SCD mice. For 
this purpose, we transfected BMCs isolated from SCD mice with 
recombinant lentivirus encoding shRNAs specific for SPHK1 or 
scrambled shRNA sequences (Santa Cruz Biotechnology Inc.). 
Initially, using flow cytometry, we found that 60% to 75% of 
BMCs expressed shRNA viral vector encoding EGFP. Further-
more, at this transduction efficiency, using quantitative PCR, we 
determined that the genetically modified cells contained approx-
imately 3 ± 0.5 vector copies per cell. Following successful viral 
transduction, we transplanted the genetically modified BMCs 
from SCD mice to lethally irradiated WT recipients to generate 
SCD chimeras (Supplemental Figure 3). The life span of normal 
mouse erythrocytes is approximately 55 days. Thus, after 12 to 16 
weeks after bone marrow transplantation (BMT), we used HPLC 
to determine the extent of erythrocyte chimerism by measuring 
the percentage of human sickle Hb (HbS) and normal mouse Hb 
in circulating erythrocytes of the transplant recipients. We found 
that nearly all of the circulating WT erythrocytes were replaced 
by SCD erythrocytes (characterized by the presence of 95% to 99% 
HbS) derived from the SCD HSCs (Figure 3A). Similarly, using 
gel electrophoresis, we confirmed our HPLC results, showing 
that nearly all Hb in erythrocytes in SCD chimeras was human 
HbS derived from the Berkeley SCD mice (Figure 3A). Thus, these 

Figure 4
Specific knockdown of SPHK1 in HSCs in BMT SCD chimeras reduced sickling, hemolysis, inflammation, and prolonged life span of erythrocytes. 
(A) Blood smears of SCD chimeras with or without SPHK1 knockdown (original magnification, ×100). (B) Percentages of sickle cells and reticu-
locytes were significantly reduced in the SCD chimeras with HSC-specific SPHK1 knockdown. (C–E) SPHK1 knockdown in HSCs (C) decreased 
plasma Hb levels, (D) prolonged life span of erythrocytes, and (E) reduced circulating cytokines in SCD chimeras. Values shown represent the 
mean ± SEM (n = 6–11). *P < 0.05 versus SCD chimeras with BMCs infected with recombinant lentivirus encoding scrambled shrna.
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results indicate that we successfully generated chimeric mice in 
which the hematopoietic system was almost entirely derived 
from SCD BMCs. Next, at 12 to 16 weeks after transplantation, 
we confirmed that SPHK1 protein levels (Figure 3B) and enzyme 
activity (Figure 3C) in erythrocytes of WT mice that received SCD 
BMCs transduced with lentivirus encoding shRNA for SPHK1 
were significantly reduced compared with the erythrocytes of WT 
mice transplanted with SCD BMCs transduced with lentivirus 
encoding scrambled shRNA. Additionally, we found that knock-
down of SPHK1 in SCD HSCs resulted in reduction of erythro-
cyte and plasma S1P levels of the SCD chimeras (Figure 3, D and 
E). Consistent with our pharmacologic studies, we found that 
the size and shape of the erythrocytes were much more uniform 
and organized (Figure 4A) and that the percentages of sickled 
cells and reticulocytes in the SCD chimeras with specific knock-
down of SPHK1 in hematopoietic cells were significantly reduced 
compared with those of the SCD chimera controls (Figure 4B). 
Thus, these quasi-genetic studies using SPHK1 knockdown in 

BMT SCD chimeras allowed us to study erythrocyte function in 
the adult life and provide strong evidence supporting pharma-
cologic studies that increased SPHK1 activity is a key causative 
factor underlying increased S1P in erythrocytes and plasma of 
SCD Tg mice that thereby contributes to sickling.

Knockdown of SPHK1 in HSCs decreases intravascular hemolysis, pro-
longs erythrocyte life span, and reduces inflammation in SCD chimeras. 
Similar to PF-543 treatment, we found that lentiviral knock-
down of SPHK1 in HSCs of SCD chimeras led to significantly 
decreased hemolysis, as demonstrated by decreased plasma Hb 
(Figure 4C). In addition to decreased hemolysis, decreased per-
centages of sickled cells, and decreased reticulocyte count, we also 
found that the half-life of erythrocytes in SCD chimeras increased 
from 2 days to 5 days following knockdown of SPHK1 (Figure 
4D). Because of the antisickling and antihemolytic effects, CBC 
analysis showed that knockdown of SPHK1 in SCD chimeras 
significantly increased the total number of erythrocytes, Hb con-
centration, and hematocrit (Supplemental Table 2). Additionally, 

Figure 5
Specific knockdown of SPHK1 in HSCs in BMT SCD chimeras reduced splenomegaly and tissue damage. (A) Spleen size and (B) H&E staining 
of spleens, livers, and lungs of SCD chimeras with HSC-specific SPHK1 knockdown and controls. (C) Representative Evans blue staining and (D) 
quantification of its concentration in the lungs of the control SCD chimeras and SCD chimeras with specific SPHK1 knockdown. (E) Albumin con-
centrations in bronchial alveolar lavage (BAL) fluid collected from the control SCD chimeras and SCD chimeras with specific SPHK1 knockdown. 
Values shown represent the mean ± SEM (n = 6–11). *P < 0.05 versus SCD chimeras with BMCs infected with recombinant lentivirus encoding 
scrambled shrna. Scale bar: 200 μM.
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erythrocyte distribution width was significantly reduced, reflect-
ing more uniformly shaped cells, as seen in blood smear in SCD 
chimeras with specific SPHK1 knockdown (Supplemental Table 
2). Consistently, mean cellular Hb was also improved in SCD Tg 
mice by knockdown of SPHK1 (Supplemental Table 2). More-
over, knockdown of SPHK1 reduced the total number of white 
blood cells to the normal range (Supplemental Table 2). Of note, 
both circulating lymphocytes and neutrophils were significantly 
reduced in SCD chimeras with SPHK1 knockdown (Supplemen-
tal Table 2). Consistently, circulating cytokines, including IL-2, 
IL-6, and IL-17, were also significantly decreased in these mice 
(Figure 4E). Altogether, these studies demonstrate that knock-
down of SPHK1 in HSCs in SCD chimeras not only decreased 
sickling and reticulocytes, but also attenuated hemolysis, inflam-
mation, and prolonged the life span of erythrocytes. As such, 
reduction of S1P by knockdown of SPHK1 specifically in SCD 
HSCs effectively increased erythrocyte number and total Hb con-
tent and decreased inflammation in SCD chimeras.

Knockdown of SPHK1 in HSCs attenuates splenomegaly and tissue 
injury at multiple sites and increases survival rates of SCD chimeras. 
Similar to our pharmacologic studies, we found that splenomeg-
aly was substantially reduced in SCD chimeras with the specific 
knockdown of SPHK1 in HSCs compared with that in controls 
(from 0.64 ± 0.14 g to 0.12 ± 0.04 g) (Figure 5A). Histological 
studies revealed that the specific knockdown of SPHK1 in SCD 
chimeras by shRNA prevented splenic damage, congestion, and 
necrosis (Figure 5B). Moreover, the congestion, vascular damage, 
and necrosis in other tissues, including lungs, livers, and spleens, 
were remarkably reduced in SCD chimeras with specific knock-
down of SPHK1 in HSCs (Figure 5B). Semiquantitative analysis 
of histological changes demonstrated that knockdown of SPHK1 
in HSCs in SCD chimeras resulted in significant improvement in 
comparison with that in controls (Supplemental Figure 4). More 
importantly, we found that the vascular leakage in the lungs of 
SPHK1 knockdown SCD chimeras was significantly decreased, 
as judged by reduced Evans blue staining (Figure 5, C and D) and 
albumin concentrations in bronchial alveolar lavage fluid (Fig-
ure 5E). Additionally, we further demonstrated that knockdown 
of SPHK1 SCD chimeras significantly increased survival rates 
under prolonged hypoxic conditions (Figure 6A) by attenuating 
hypoxia-induced pulmonary congestion and multiple inflamma-
tory cytokines in the lungs (Figure 6, B and C). Altogether, our 

studies provide strong evidence for the detrimental effects of ele-
vated SPHK1-mediated induction of S1P in tissue injury, disease 
progression, and early death.

Erythrocyte SPHK1 activity and S1P levels are elevated in patients 
with SCD and directly contribute to sickling in cultured primary human 
sickle erythrocytes. To determine whether SPHK1 activity and 
S1P levels are also elevated in patients with SCD, we measured 
erythrocyte SPHK1 activity and determined S1P levels in both 
plasma and erythrocytes of control individuals and patients 
with SCD (for patient information see Supplemental Table 3). 
Similar to that in SCD mice, we found that erythrocyte SPHK1 
activity and S1P levels in erythrocytes and plasma were signifi-
cantly elevated in humans with SCD, suggesting that elevated 
SPHK1-mediated induction of S1P has a pathological role in 
patients with SCD (Figure 7).

Next, to determine the pathophysiological significance of ele-
vated erythrocyte SPHK1 activity and increased erythrocyte S1P 
levels in sickling, we chose to expose cultured erythrocytes from 
humans with SCD to hypoxia to induce sickling in the presence 
or absence of PF-543, a potent specific SPHK1 inhibitor (24). We 
found that hypoxia significantly induced erythrocyte SPHK1 
activity (Figure 8A) and resulted in the elevation of S1P (Figure 
8B) in erythrocytes from patients with SCD. Pretreatment with 
PF-543 significantly inhibited hypoxia-induced SPHK1 activity 
(Figure 8A) and prevented the elevation of erythrocyte S1P in a 
dosage-dependent manner (Figure 8B). As such, pretreatment 
with PF-543 significantly reduced the percentage of sickled cells 
under hypoxic conditions in a dosage-dependent manner (Figure 
8C). Moreover, to precisely determine the functional relationship 
of increased erythrocyte SPHK1 to sickling, we treated erythro-
cytes from patients with SCD with different oxygen pressures in 
the presence or absence of PF-543. We found that the percentage 
of sickle cells was inversely dependent on oxygen concentration 
(Figure 8D). Pretreatment with PF-543 significantly reduced the 
percentage of sickled cells under hypoxic conditions (Figure 8D). 
Thus, this study provides pharmacologic evidence that elevated 
erythrocyte SPHK1 underlies elevation of S1P and directly contrib-
utes to sickling in cultured human sickle erythrocytes.

S1P-induced sickling is independent of S1P receptor activation. S1P is a 
well-known signaling molecule, regulating diverse biological pro-
cesses via activation of cell surface S1P receptors in an autocrine or 
paracrine manner and/or by interaction with key regulatory proteins 

Figure 6
Specific knockdown of SPHK1 in HSCs in BMT SCD chimeras increased survival rates and reduced pulmonary congestion and inflammation 
under hypoxic conditions. (A) Knockdown of SPHK1 in HSCs prolonged survival rates of BMT SCD chimeras under hypoxic conditions with 
8% O2 concentration. (B and C) Knockdown of SPHK1 in HSCs in SCD chimeras (B) reduced hypoxia-induced pulmonary congestion and (C) 
decreased elevation of multiple cytokines in the lung tissue. Values shown represent the mean ± SEM (n = 6–9). *P < 0.05 versus SCD chimeras 
with BMCs infected with recombinant lentivirus encoding scrambled shRNA. Scale bar: 200 μM.
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within cells (16, 29, 30). In view of our finding that lowering erythro-
cyte S1P by inhibiting SPHK1 activity directly attenuated hypox-
ia-induced sickling in cultured human SCD erythrocytes (Figure 8, 
C and D), we first tested the possibility that S1P-induced sickling 
is via activation of its surface receptors in an autocrine manner. To 
test this hypothesis, we treated human cultured sickle erythrocytes 
under hypoxic conditions with S1P receptor antagonists targeting 
S1PR1, S1PR2, and S1PR3. Unlike the SPHK1 inhibitor, none of the 
tested S1P receptor antagonists inhibited hypoxia-induced sickling 
(Figure 8E). Next, we treated primary cultured human sickle ery-
throcytes with 100 to 500 nM exogenous S1P under different oxy-
gen pressures to accurately assess the functional relationship of S1P 
to hypoxia-induced sickling. We found that S1P treatment failed 
to enhance sickling under hypoxic conditions, even at 500 nM, a 
concentration well beyond that required for S1P receptor activation 
(Figure 8F). Thus, our results indicate that increased S1P generated 
by the activation of SPHK1 contributes to sickling by a mechanism 
that is independent of S1P receptor activation.

Discussion
In this study, a nonbiased high-throughput metabolomic screen 
led us to find a previously unrecognized pathological role of ele-
vated S1P in SCD. Using both pharmacologic approaches and 
quasi-genetic studies with SPHK1 knockdown in SCD BMT chi-
meras, we demonstrated that increased SPHK1 activity in SCD 
erythrocytes underlies elevated S1P within SCD erythrocytes 
and in plasma and contributes to sickling, hemolysis, inflamma-
tion, and multiple complications in SCD Tg mice. Human stud-
ies demonstrated that both SPHK1 and S1P are elevated in the 
erythrocytes of patients with SCD and treatment with SPHK1 
inhibitors reduces hypoxia-mediated elevation of S1P and 
directly blocked hypoxia-induced sickling in cultured human 
SCD erythrocytes. Finally, we discovered that elevated S1P con-
tributes to sickling independent of S1P receptor activation. Our 
discoveries provide evidence for both humans and mice that 
increased erythrocyte SPHK1 activity leads to S1P elevation and 
that excessive intracellular S1P is a previously unrecognized 
metabolite that contributes to sickling, the central pathogene-
sis of SCD, implicating novel therapeutic opportunities for the 
disease (Figure 8G).

S1P is an important signaling molecule, which regulates diverse 
biological processes via activation of cell surface S1P receptors 
and/or by interaction with key regulatory proteins within cells 

(16). For example, S1P is known to regulate egress of lympho-
cytes from thymus, spleen, and lymph nodes via S1P receptor 
activation (10). More recent studies demonstrate that S1P is a 
key chemoattractant that induces myeloid progenitor cells to 
egress from bone marrow to peripheral blood (31). Additionally, 
S1P functions as an intracellular signaling molecule to regulate 
activation of NF-κB, a transcription factor well known to control 
inflammation (30). Besides the proinflammatory function, S1P is 
also involved in tumor growth by promoting cell proliferation and 
angiogenesis (14). Moreover, S1P is reported to prevent endothelial 
leakage (13), acute kidney ischemic injury (32), and progression of 
multiple sclerosis (33) in mice. Although S1P is enriched in ery-
throcytes (8, 9), prior to our metabolomic screening, there was no 
evidence that S1P is elevated in the blood of individuals with SCD 
and no consideration given to the possibility that elevated S1P 
contributes to the pathogenesis of SCD.

Here, we have provided multiple lines of in vivo animal and in 
vitro human evidence supporting the role of S1P in promoting 
sickling. First, we provide in vivo pharmacologic evidence that 
inhibiting SPHK1 activity leads to a reduction of sickling by low-
ering erythrocyte S1P levels in SCD mice. We also provide quasi-ge-
netic studies using SPHK1 knockdown in SCD BMT chimeras, 
showing that reducing erythrocyte SPHK1 protein levels results 
in decreased erythrocyte SPHK1 activity, S1P levels, and sickling. 
Translating our animal studies to humans, we showed that both 
SPHK1 and S1P are significantly elevated in patients with SCD. 
Moreover, we demonstrated that inhibition of SPHK1 activity by 
two structurally different inhibitors significantly reduced hypoxia- 
induced sickling in cultured human sickle cells. These studies 
provide strong cellular evidence that hypoxia-mediated elevated 
SPHK1 activity results in increased S1P production and directly 
contributes to sickling. Taken together, our results provide novel 
and compelling evidence in both humans and mice that increased 
erythrocyte SPHK1 activity results in elevated erythrocyte S1P and 
that elevated erythrocyte S1P contributes to sickling.

S1P is a signaling molecule that functions extracellularly via its 5 
surface receptors or intracellularly by interacting with other mol-
ecules (16). We have provided pharmacologic evidence that S1P 
receptor antagonists have no effects on hypoxia-induced sickling 
(Figure 8E). S1P is known to activate all of its receptors at low nM 
concentration (16). However, exogenous S1P treatment even at 500 
nM did not enhance sickling under hypoxia conditions (Figure 8F). 
Thus, neither S1P receptor antagonism nor S1P treatment had any 

Figure 7
Erythrocyte SPHK1 activity and S1P levels in both erythrocytes and plasma are elevated in individuals with SCD. (A and B) Average S1P levels in 
(A) erythrocytes and (B) plasma from healthy volunteers (control, n = 14) and patients with SCD (n = 30). (C) Erythrocyte SPHK1 activity for healthy 
volunteers (control, n = 14) and patients with SCD (n = 30). Data are presented as the mean ± SEM. *P < 0.05 relative to the control individuals.
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effect on hypoxia-induced sickling in human cultured erythrocytes. 
In contrast, we found that inhibition of SPHK1 by its potent inhib-
itors directly reduced erythrocyte S1P levels and subsequent sick-
ling under different hypoxia conditions (Figure 8D), indicating the 
SPHK1-induced elevation of S1P-mediated sickling is independent 
of cell surface receptor activation. Thus, these studies imply that 
S1P functions intracellularly to induce sickling and motivate future 
functional and structural studies to determine the molecular basis 
underlying S1P inducted sickling.

Our unbiased metabolic screen and follow-up studies revealed a 
detrimental role of elevated S1P in the setting of SCD. The debili-
tating consequences are explained by our unexpected finding that 
elevated S1P promotes sickling, hemolysis, tissue damage at mul-
tiple sites, and shortened life span. Taken together, our discovery 
adds a significant new chapter to erythrocyte pathology by reveal-
ing S1P as a bioactive lipid contributing to sickling independent 
of S1P receptors. We believe hypoxia is an initial trigger to induce 
erythrocyte SPHK1 activity, resulting in subsequent elevation of 

Figure 8
SPHK1-mediated elevation of S1P contributes directly to hypoxia-induced sickling in cultured human sickle erythrocytes independent 
of S1P receptor activation. (A–C) Pretreatment of cultured primary erythrocytes isolated from patients with SCD with PF-543 inhibited 
hypoxia-mediated induction of (A) SPHK1 activity, (B) S1P production, and (C) sickling in a dosage-dependent manner. (D) Changes in 
the percentage of sickled cells in erythrocytes isolated from patients with SCD, following exposure to different hypoxic conditions in the 
absence or presence of PF-543 treatment. (E) S1P contributes to sickling independent of S1P receptor activation. S1P receptor antagonists 
(VPC, S1P1 and S1P3 receptor antagonist; JTE, S1P2 receptor antagonist) did not reduce hypoxia-induced sickling. (F) Exogenous S1P 
(100 to 500 nM) did not enhance hypoxia-induced sickling in cultured human sickle erythrocytes under different hypoxia conditions. Data 
are presented as the mean ± SEM. *P < 0.05 relative to the samples under normoxic conditions, **P < 0.05 relative to untreated hypoxia 
samples, #P < 0.05 relative to PF-543–treated samples at lower concentration (n = 5–6). (G) Under hypoxic conditions, increased S1P, 
due to elevated erythrocyte SPHK1 activity, contributes to sickling independent of its receptor activation. Because erythrocytes store the 
highest amount of S1P (8, 9), the hemolysis associated with sickling unleashes massive amounts of this pleiotropic signaling molecule 
with widespread detrimental effects, including inflammation and tissue injury at multiple sites. Without interference, increased sickling, 
hemolysis, inflammation, and tissue injury function as a malicious cycle, leading to more severe hypoxia and further elevation of erythrocyte 
SPHK1 activity and S1P levels. The use of SPHK1 inhibitors to lower S1P levels reduces sickling and represents a potentially important 
novel mechanism-based therapy for SCD.
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centrations of 2,000, 1,600, 500, 250, 100, 25, 10, and 5 ng/ml. Qual-
ity control samples were prepared from pooled plasma, whole blood, 
or erythrocytes. The S1P levels in the prepared samples were accurately 
analyzed by the means detailed below.

Chromatography. An Agilent 1290 Infinity UPLC system equipped with 
binary solvent pumps, a refrigerated autosampler, and a column heater 
(set at 40°C) was used for liquid chromatography using a reverse-phase 
column (Waters ACQUITY UPLC BEH C18, 1.7 μm, 2.1 × 100 mm), with 
mobile phase A consisting of 5 mM ammonium formate in water contain-
ing 1% formic acid and mobile phase B consisting of 5 mM ammonium 
formate in methanol containing 1% formic acid. An isocratic condition of 
90% of mobile phase B was used for elution. The total run time was 3 min-
utes, and the flow rate was 0.4 ml per minute. An aliquot of 2 μl of the final 
extraction solution was injected for each sample. The eluent was directly 
introduced into a mass spectrometer by electrospray.

Mass spectrometry. An ABSciex API 5500 QTrap mass spectrometer was 
used in this study. The instrument was operated in positive multiple reac-
tion monitoring (MRM) mode controlled by Analyst 1.5.1 software. Ion 
pairs 380.2/264.3 and 387.2/271.3 were selected for MRM of the analyte 
and internal standard, respectively. Ion spray voltage was 5 kV; source 
temperature was 500°C; curtain gas was set at 40 l/min; and the nebulizer 
and desolvation gas flow rates were set at 60 l/min. Declustering poten-
tial was set at 70 V, and entrance potential was set at 6.0 V. The collision 
energy was set at 24 eV, and collision cell exit potential was set at 14 V. The 
resolutions of Q1 and Q3 were set at unity.

In vivo treatment of SCD mice with PF-543 and DMSO
Eight- to twelve-week-old SCD mice were anesthetized by intraperitoneal 
injection with 200 μl of 2.5% avertin. Osmotic minipumps (Alza) were 
implanted subcutaneously in the nape of the neck. PF-543 (Millipore) was 
delivered at a rate of 0.93 mg/kg body weight per day into mice for 28 days. 
Control mice received DMSO.

Lentivirus production and bone marrow transduction
Recombinant lentiviruses were produced in 293T cells by transient transfec-
tion of lentivirus packaging plasmids, including 4 plasmids expressing Gag-
Pol (pHDM-Hgpm2), Tat (pHDM-tat1b), Rev (pRC-CMV-rev1B), and VSV-G 
(pHDM VSV-G), and a pool of 3 recombinant lentiviral vectors, each encoding 
shRNA specific for SPHK1 (Santa Cruz Biotechnology Inc., sc-45446) or scram-
bled shRNA (Santa Cruz Biotechnology Inc., sc-108080). Cell culture media 
containing viruses was collected 3 times within 72 hours after transfection 
and concentrated by centrifugation (34). Concentrated virus stocks had a titer 
greater than 2 × 108 per ml and were stored at –80°C before BMC transduction.

BMCs were isolated from SCD Tg mice by flushing isolated femurs and tib-
ias with DMEM (35). Single-cell suspension was prepared by passing the cells 
through a cell strainer and 25-gauge needle. BMCs were plated in a 12-well 
plate, and viral transductions were performed by incubating 8 × 106 BMCs 
cells with 4 × 108 recombinant lentiviruses produced as described above in 
DMEM medium (Thermo Scientific) containing 8 μg/ml polybrene. The plate 
was sealed with paraffin film and centrifuged at 1,000 g for 2 hours at 30°C. 
After centrifugation, the plate was incubated at 37°C for 2 hours. BMCs were 
collected in 1.5-ml tubes and centrifuged at 1,000 g for 10 minutes and resus-
pended in PBS with 0.25 % BSA. Cells were placed on ice for injection.

Irradiation and BMT
The day before irradiation, C57BL/6 mice (12 to 14 weeks of age) were 
treated with neomycin at 2 μg/ml in drinking water, as described previ-
ously (35). The next day, mice were exposed to 5 Gy body irradiation with 
a gamma irradiator (Gammacell, MDS Nordion). Four hours later, the 
mice were exposed to the same dose of irradiation. BMCs transduced by 

erythrocyte S1P. Because erythrocytes are the largest reservoir of 
S1P (8, 9) (in part due to the absence of S1P-degrading enzymes), 
the hemolysis associated with SCD unleashes massive amounts of 
this pleiotropic signaling molecule into plasma, with potentially 
widespread detrimental effects, including excessive inflamma-
tion and tissue injury at multiple sites (Figure 8G). Thus, without 
interference, SPHK1 mediated increased erythrocyte S1P-induced 
sickling and hemolysis function in a malicious cycle, facilitating 
further elevation of S1P, sickling, hemolysis, inflammatory cas-
cade, and exacerbation of tissue injury at multiple sites. However, 
in the presence of a SPHK1 inhibitor or genetic knockdown of 
SPHK1 in HSCs, which lowers S1P levels, the positive feedback 
loop is interrupted, thereby resulting in remarkable antisickling, 
antihemolytic, and antiinflammatory effects that subsequently 
attenuate tissue damage and disease progression. Thus, we have 
revealed that SPHK1-mediated S1P elevation in SCD erythrocytes 
is a key contributor to sickling in SCD and that SPHK1 inhibition 
can attenuate both acute and chronic sickling events and disease 
progression (Figure 8G). Thus, the work reported here could be 
the foundation leading to future human trials and a possible 
therapy for SCD.

Methods

Metabolomic profiling
Nonbiased metabolomic screening of whole blood of control and SCD mice 
(n = 6 for each) was performed using LC/GC-MS, as described previously 
(6). Specifically, a Thermo Fisher linear ion-trap mass spectrometer with 
Fourier transform and a Mat-95 XP mass spectrometer were used to analyze 
7,000 named metabolites. The LC/MS POS platform was optimized for com-
pounds that show positive ionization as described previously (6). There were 
251 small metabolites detected in the circulation of both the controls and 
SCD mice. The combinations of groups were analyzed using Welch’s 2-sam-
ple t test, following log transformation and imputation with minimum 
observed values for each compound. P < 0.05 was considered significant.

Blood collection and preparation from humans and mice
Approximately 7 ml blood was withdrawn from forearm veins of normal 
individuals and patients with SCD. One ml of the blood was collected 
in a 1.5-ml tube containing 17 USP units of sodium heparin and mixed 
well. The plasma and packed erythrocytes were stored at –80°C for S1P 
and sphingosine kinase activity measurement (see below). Four ml blood 
was collected with EDTA as an anticoagulant and used for morphological 
study, oxygen equilibrium curve measurement, and CBC. Two ml blood 
with no anticoagulant was used for electrolyte and chemical panel assay. 
Mouse blood was collected in a similar way, except for smaller volumes.

Sample preparation and S1P measurement by LC/MS analysis
Sample preparation. The sample preparation was carried out in a 96-well 
plate on ice. Plasma or erythrocyte samples (50 μl) were mixed with 20 μl  
of an internal standard solution (1,000 ng/ml S1P-d7) (Avanti Polar 
Lipids) and 500 μl of methanol. The plate was capped, vortexed for  
1 minute at room temperature, and centrifuged for 10 minutes at 3,000 g  
at room temperature. 300 μl aliquot of supernatant was transferred to 
a new plate for LC-MS/MS analysis. Both S1P and the internal stan-
dard (S1P-d7) were purchased from Avanti Polar Lipids, with purity over 
99%. Stock solution (1.25 mg/ml) of S1P was prepared by dissolving 
2.53 mg S1P in 2.00 ml of a mixture of water/methanol/n-butanol/6 
N HCl (50:25:25:1). The same solvent mixture was also used to dissolve 
the internal standard. The calibration standards were prepared at con-
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at Houston and Brody School of Medicine of East Carolina University. 
Patients participating in this study had no blood transfusion for at least 
6 months before blood samples were collected. Control subjects were of 
African descent and were free of hematological disease. Signed informed 
consent was obtained from all subjects. The research protocols were 
approved by the University of Texas Health Science Center at Houston 
and Brody School of Medicine of East Carolina University Committees 
for the Protection of Human Subjects. Detailed information regarding 
patients and controls can be found in Supplemental Table 3 and the 
Supplemental Methods.

Mice. SCD Berkeley Tg mice, exclusively expressing HbS, were pur-
chased from The Jackson Laboratory. The SCD Tg mice were pro-
duced by breeding homozygous males with heterozygous female mice. 
Sphk–/– mice were generated by Richard L. Proia (NIH) and provided by 
his group (27). Four-week-old mice were genotyped by PCR. C57BL/6 
mice used as controls were purchased from Harlan. Animal care was in 
accordance with University of Texas Health Science Center at Houston 
and NIH guidelines. Research protocols were reviewed and approved 
by the University of Texas Health Science Center at Houston Animal 
Welfare Committee.
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recombinant lentivirus, as described above, were injected into the tail veins 
of irradiated mice (1 × 106 BMCs per mouse). After BMT, the mice were 
injected intraperitoneally with 1 μg/kg body weight erythropoietin per 
day for 3 days and treated with 2 μg/ml neomycin in drinking water for 2 
weeks. Mice were sacrificed 12–16 weeks later for experiments. 

Measurement of SPHK1 activity and protein level in the 
erythrocytes of mice
Mouse blood was collected with EDTA. The blood was centrifuged at 240 g  
for 10 minutes at room temperature, followed by aspiration of plasma and 
white blood cell–containing interface. Erythrocyte pellets were lysed in a 
buffer containing 20 mM PIPES, 150 mM NaCl, 1 mM EGTA, 1% v/v Tri-
ton X-100, 1.5 mM MgCl2, and 1 mM Na-orthovanadate (pH 7.4). The total 
protein concentration was measured with a Protein Assay Kit (Bio-Rad). 
One part of cell lysates was used for SPHK1 activity measurement by SPHK1 
activity assay (Echelon Bioscience). The other portion of cell lysates was used 
for Western blot analysis to quantify SPHK1 protein levels. Approximately 
100 μg total protein was run on 12% SDS-PAGE gels and then transferred to 
nitrocellulose membrane. The membrane was blocked with 5% nonfat milk 
(Bio-Rad) and incubated with anti-SPHK1 antibody (LifeSpan BioSciences) 
and secondary antibody (Santa Cruz Biotechnology Inc.), respectively. The 
protein band was visualized by being developed in ECL solution (Pierce) and 
exposed to x-ray film.

Statistics
All data are expressed as the mean ± SEM. Data were analyzed for statis-
tical significance using GraphPad Prism 4 software (GraphPad Soft-
ware). Two-tailed Student’s t tests (paired or unpaired as appropriate) 
were applied in 2-group analysis. Differences between the means of 
multiple groups were compared by 1-way analysis of variance, followed 
by a Turkey’s multiple comparisons test. A P value of less than 0.05 was 
considered significant.

Study approval
Human subjects. Patients with SCD in the steady state were identified by 
hematologists on the faculty of the University of Texas Medical School 
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