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In vertebrates, embryonic hematopoietic stem and progenitor cells (HSPCs) are derived from a subset of endothe-
lial cells, the hemogenic endothelium (HE), through the endothelial-to-hematopoietic transition (EHT). Notch signal-
ing is essential for HSPC development during embryogenesis across vertebrates. However, whether and how it reg-
ulates EHT remains unclear. Here, we show that G protein-coupled receptor 183 (Gpr183) signaling serves as an in-
dispensable switch for HSPC emergence by repressing Notch signaling before the onset of EHT. Inhibition of Gpr183 
significantly upregulates Notch signaling and abolishes HSPC emergence. Upon activation by its ligand 7α-25-OHC, 
Gpr183 recruits β-arrestin1 and the E3 ligase Nedd4 to degrade Notch1 in specified HE cells and then facilitates the 
subsequent EHT. Importantly, 7α-25-OHC stimulation promotes HSPC emergence in vivo and in vitro, providing an 
attractive strategy for enhancing the in vitro generation of functional HSPCs.
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Introduction

Hematopoietic stem cells (HSCs) produce all lineag-
es of blood cells and maintain lifelong hematopoiesis 
in vertebrates. Although HSC transplantation is used to 
treat hematopoietic malignancies including leukemia, 
its application has been limited mainly due to the severe 
shortage of compatible donors to supply functional he-
matopoietic stem and progenitor cells (HSPCs). There-
fore, understanding the mechanism underlying HSC or 
HSPC generation and development is of great clinical 
importance for regenerative medicine. Previous studies 
have demonstrated that embryonic HSPCs in vertebrates 
are generated from a group of specialized endothelial 
cells, named hemogenic endothelium (HE) [1-4], through 

the endothelial-to-hematopoietic transition (EHT) [5-7]. 
Several important regulators or signaling pathways have 
been identified as playing roles in this process [8-10]. 
However, how these intrinsic and extrinsic regulators and 
signaling pathways spatially and temporally regulate the 
development of HSPCs from hemogenic endothelial cells 
(HECs) still remains elusive.

Notch signaling is an important and conserved sig-
naling pathway during embryogenesis, particularly 
neurogenesis and cardiovascular development. Previous 
studies revealed that Notch signaling is indispensable for 
embryonic HE specification [11], as well as artery de-
velopment [12, 13], and the function of Notch signaling 
in promoting definitive haematopoiesis could be uncou-
pled from that in artery development [11, 14]. However, 
recent studies reported that elevated levels of Notch 
signaling impede HSPC generation in chick and mouse 
embryos [15, 16], suggesting unexpected complexities in 
the role of Notch signaling during hematopoiesis.

G protein-coupled receptors (GPCRs) constitute the 
largest receptor family; they are involved in a variety 
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of physiological processes. In most cases, GPCRs are 
responsible for sensing external signals including odors, 
taste, neurotransmitters or inflammation signals [17]. 
The contribution of GPCRs to embryonic hematopoiesis 
has only recently been realized. Thrombin receptor (f2r) 
inhibits EHT by interacting with RhoA/ROCK signaling 
[18]. Prostaglandin E2 (PGE2), which signals through 
a GPCR, can expand HSPC population [19]. Moreover, 
Gpr56 is highly enriched in hematopoietic clusters and 
is essential for HSPC generation [20]. However, how 
GPCR signaling is integrated with other hematopoie-
sis-related signaling pathways during embryonic HSPC 
development is still poorly characterized.

Here, we report a novel regulator of HSPC develop-
ment: GPCR gpr183, identified through a transcriptome 
analysis using a newly generated Tg(runx1:en-GFP) line. 
Functional analysis indicates that gpr183 is indispensable 
for HSPC emergence but not HE specification in both 
zebrafish and mouse. Unexpectedly, we find that Notch 
signaling is not continuously required during HSPC 
development: after HE specification, Notch signaling is 
downregulated to allow HSPC emergence. The downreg-
ulation of Notch signaling requires Gpr183, which, upon 
activation by its endogenous ligand 7α-25-OHC, recruits 
β-arrestin1 (Arrb1) and E3 ligase Nedd4 to degrade 
Notch1 receptor in HE, thus facilitating the transition 
from endothelial to hematopoietic lineage. Importantly, 
activation of the Gpr183-Arrb1-Notch1 signaling cas-
cade can promote HSPC development in both zebrafish 
and mouse, suggesting conservation of this mechanism 
and potential therapeutic value of Gpr183 ligands in re-
generative medicine.

Results

Establishment of Tg(runx1:en-GFP) line and RNA se-
quencing

Using a mouse runx1+24 enhancer [21], we generated 
a new zebrafish transgenic line Tg(runx1:en-GFP) that 
recapitulated runx1 endogenous expression during HE 
specification and HSPC emergence (Figure 1A, Supple-
mentary information, Figure S1A, S1B and Movie S1). 
runx1 knockdown greatly attenuated the population of 
GFP+ cells in the aorta-gonad-mesonephros (AGM), the 
caudal hematopoietic tissue (CHT) and the thymus (Sup-
plementary information, Figure S1B), supporting the 
notion that these GFP+ cells are runx1-dependent HSPCs 
[22]. To explore the mechanism governing HE speci-
fication and transformation into HSPCs through EHT, 
non-hemogenic endothelial cells (ECs, flk1+runx1−), 
specified HECs (flk1+runx1+), and potential HSPCs 
(flk1−runx1+) were sorted from Tg(flk1:mCherry/runx-

1:en-GFP) embryos at 28 h post fertilization (hpf; before 
the emergence of HSPCs) for RNA deep sequencing 
analysis (Figure 1A and 1B). RNA-Seq analysis showed 
a number of differentially expressed genes between two 
populations in three pairwise comparisons (Figure 1C). 
Compared with the EC population, many genes known 
to be involved in hematopoiesis were enriched in HEC or 
HSPC population, validating reliability of the RNA-Seq 
data (Supplementary information, Figure S1C and Table 
S1, RPKM > 2). Heatmap analysis revealed a number of 
genes highly expressed in HE or HSPC population but 
were previously less characterized in the context of he-
matopoiesis (Figure 1D). Expression profile screening by 
whole mount in situ hybridization confirmed that most of 
these genes were expressed in the AGM region (Supple-
mentary information, Figure S2A). To functionally test 
these genes, we designed antisense morpholinos (MOs) 
targeting 11 different genes for knockdown experiments. 
After knockdown of seven genes, expression of HSPC 
markers runx1 and cmyb was severely attenuated at 36 
hpf (Supplementary information, Figure S2B and S2C), 
indicating their important roles in definitive hematopoie-
sis. To determine the conservation of these genes during 
HE development across species, we compared zebrafish 
dataset with embryonic day 10.5 (E10.5) mouse HE se-
quencing results (data not shown) and found that gpr183 
was the most enriched gene in both species.

Gpr183 is essential for HSPC emergence
Gpr183, also called Epstein-Barr virus-induced gene 

2 or EBI2, is known for its role in guiding follicular B 
cell migration after activation by its endogenous ligand, 
7-25-OHC [23-25]. However, it was unknown whether 
and how gpr183 is involved in HSPC development. The 
expression profile showed that gpr183 is expressed in the 
zebrafish AGM region starting at 26 hpf (Supplementary 
information, Figure S3A and S3B). Moreover, heatmap 
analysis confirmed that gpr183 is highly enriched in the 
HE population (Figure 1D), which was verified by the 
qPCR results in sorted ECs, HECs and HSPCs (Supple-
mentary information, Figure S3C). Double fluorescence 
in situ hybridization using 30 hpf Tg(fli1a:eGFP) embry-
os confirmed that gpr183 is expressed in some endotheli-
al cells in the AGM region (Supplementary information, 
Figure S3D).

To determine the function of gpr183 in zebrafish, we 
generated a gpr183-null mutant by removing 11 base 
pairs in the second exon (292 base pairs after the start 
codon) using the CRISPR/Cas9 technique (Figure 2A 
and Supplementary information, Figure S3E). We found 
that both cmyb expression at 36 hpf and T lymphocyte 
marker rag1 expression at 5 days post fertilization (dpf) 
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Figure 1 RNA-deep sequencing analysis of gene expression in ECs, HE and HSPCs from Tg(flk1:mCherry/runx1:en-GFP) 
transgenic embryos. (A) Fluorescence signals in AGM and thymus of the indicated transgeneic lines showing that Tg(runx-
1:en-GFP) is able to label HE and HSPCs. White arrowheads denote HE or emerging HSPCs in AGM. (B) Flowchart of sort-
ing and RNA-Seq analysis of the indicated cells from 28 hpf Tg(flk1:mCherry/runx1:en-GFP) embryos. (C) RNA-Seq analysis 
results showing the numbers of differentially expressed genes in sorted ECs, HECs and HSPCs from 28 hpf Tg(flk1:mCherry/
runx1:en-GFP) embryos. (D) Heat-map analysis of selected genes based on RNA-Seq data.

were significantly downregulated in gpr183 mutant 
(Figure 2B). 7α-25-OHC is synthesized by Ch25h and 
Cyp7b1 sequentially in vivo [26, 27]. Clotrimazole, 
an inhibitor of Cyp7b1 [26], was used to block 7α-25-
OHC synthesis, and this treatment effectively attenuated 
runx1 expression in AGM and rag1 expression in thy-
mus (Figure 2C). After crossing gpr183 mutant with the 
Tg(flk1:mCherry/runx1:en-GFP) reporter line, we found 
that the HEC population at 36 hpf was significantly dis-
rupted in the absence of gpr183 signaling (Figure 2D 
and 2E). Moreover, gpr183 deficiency also attenuated 

EHT (Supplementary information, Movie S2). Kidney 
marrow, or head kidney, is a hematopoietic organ in adult 
zebrafish. We found that in 12-week-old gpr183+/− adult 
fish (gpr183−/− adult fish were not viable), both the cell 
number in the head kidney and size of the organ were 
significantly reduced (Figure 2F), suggesting a defect in 
definitive hematopoiesis upon gpr183 haploinsufficiency. 
Furthermore, time course experiments in gpr183 mutant 
and clotrimazole treatment revealed that gpr183 was not 
required before HE specification (Supplementary infor-
mation, Figure S4A-S4D). Taken together, these results 
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indicate that Gpr183 is required for HSPC development 
in zebrafish. 

Gpr183 specifically appears to regulate HSPC emer-
gence. We did not observe any general developmental 
defects, or abnormality in HSPC niche, or aberration in 
cell proliferation and apoptosis in gpr183 morphants or 
mutant (Supplementary information, Figure S5A-S5D). 

Notch signaling is downstream of Gpr183 
We noticed that expression level of arterial marker 

ephrinB2a was increased in embryos treated with clo-
trimazole (Supplementary information, Figure S6A). 
Because ephrinB2a is a Notch target, we wondered 
whether Notch signaling is involved in the regulation of 
HSPC emergence by Gpr183. We thus examined another 
Notch target gene hey2 and found that its expression was 
significantly increased upon gpr183 signaling inhibition 
from 33 hpf (Figure 3A and Supplementary information, 
Figure S6B). DBZ, a Notch signaling inhibitor, reversed 
cmyb and hey2 phenotype in gpr183−/− embryos (Fig-
ure 3A-3C). Moreover, the upregulation of Notch target 
genes including ephrinB2, hey2, her6, and her9 and 
downregulation of cmyb in clotrimazole-treated embryos 
were also reversed by DBZ treatment (Supplementary 
information, Figure S6A-S6D). These data together sug-

Figure 2 Gpr183 plays an indispensable role during definitive hematopoiesis in zebrafish. (A) Generation of gpr183 mutant 
using the CRISPR/Cas9 technique. PAM sequence is ‘TGG’ (in blue); alignment of WT and mutated sequences is listed be-
low. (B, C) Reduced expression of cmyb (or runx1) and rag1 in gpr183 mutant embryos (B) and clotrimazole-treated embryos 
(C). Red arrowheads indicate cmyb or runx1 expression in AGM, and white circles denote rag1 expression in the thymus. 
(D) The number of HE in Tg(gpr183−/−;flk1:mCherry/runx1:en-GFP) embryos is attenuated significantly compared with that in 
control embryos. White arrowheads denote HE in the AGM region. (E) Dot-plot quantification analysis of HE in sibling control 
and gpr183 mutant. Error bar represents SD. ****P < 0.0001. (F) Hematoxylin-eosin staining of head kidney section showing 
hematopoietic defect in 12-week-old gpr183 heterozygous mutant fish.

gest that Notch signaling acts downstream of Gpr183. 
To define whether Gpr183 modulates Notch signaling in 
a cell-autonomous manner, we treated Tg(flk1:mCherry/
runx1:en-GFP) embryos with DMSO or clotrimazole and 
sorted the flk1+runx1− and flk1+runx1+ cells at 28 hpf for 
qPCR analysis. Expression levels of Notch target genes 
her6 and her9 increased remarkably in the flk1+runx1+ 
cells (HECs) but not in the flk1+runx1− cells (non-hemo-
genic ECs) after clotrimazole treatment compared with 
the DMSO control (Figure 3D), supporting that Gpr183 
modulates Notch signaling in HE in a cell-autonomous 
manner.

Notch signaling downregulation is required for HSPC 
development

Previous findings have demonstrated that Notch sig-
naling is indispensable for definitive hematopoiesis, 
whereas some recent studies have also suggested that ac-
tivated Notch signaling impedes HSPC development [15, 
28]. Our study provides several lines of evidence that 
suggest that Notch signaling is not continuously required 
during HSPC development, and downregulation of Notch 
signaling is a prerequisite for HSPC emergence. First, 
fli1+tp1+ cells in Tg(fli1a:eGFP/tp1:mCherry) embryos 
(tp1:mCherry is a Notch reporter) were significantly in-
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creased upon gpr183 knockdown (Figure 3E). Second, 
we monitored EHT in Tg(cmyb:GFP/tp1:mCherry) or 
Tg(runx1:en-GFP/tp1:mCherry) embryos and found that 
there were no tp1+cmyb+ or tp1+runx1+ cells undergoing 
EHT (even though some emerging cells were initially 
runx1+tp1+, they eventually developed into runx1+tp1− 
cells; Figure 3F, Supplementary information, Movies S3 
and S4). 

Moreover, in the transgenic line Tg(hsp70:dn-MAML), 
which expresses a dominant-negative form of MAML (a 

Figure 3 Downregulation of Notch signaling is required for definitive hematopoiesis. (A) The increase in hey2 expression in 
gpr183 mutant is reversed by DBZ treatment. Right panel shows the qPCR quantification. (B) The decrease in cmyb expres-
sion in gpr183 mutant is reversed by DBZ treatment. In A and B, red arrowheads indicate hey2 or cmyb expression in the 
AGM region at 33 hpf. (C) Dot-plot analysis of cmyb+ cell numbers in AGM. (D) Clotrimazole treatment increases expression 
levels of her6 and her9 in flk1+runx1+ cells at 28 hpf. (E) Notch-active endothelial cells increase in gpr183 morphant (n = 15 
for control and morpholino treatment). Right panel shows the quantification analysis. (F) EHT from 37 (shown as 00:00:00) to 
43 hpf in Tg(runx1:en-GFP/tp1:mCherry) embryo. Asterisks label individual cells. (G, H) cmyb expression in the AGM region 
of control embryos and embryos in which Notch signaling is inhibited. Tg(hsp70:dn-MAML) embryos expressing a domi-
nant negative (dn) isoform of the murine mastermind-like (MAML) protein fused to GFP under a hsp70 promoter were heat 
shocked at 20 or 26 hpf; cmyb expression was examined at 36 hpf. GFP− embryo serves as a control. Representative images 
are shown in G and the dot-plot quantification analysis is shown in H. (I, J) cmyb expression in the AGM region of control 
and Notch signaling-activated embryos. Tg(UAS:NICD) (NICD, control) and Tg(hsp70:GAL4/UAS:NICD) (hs:NICD) embryos 
were heat shocked at 20 or 26 hpf and cmyb expression was examined at 36 hpf. Representative images are shown in I, and 
the dot-plot quantification analysis is shown in J. In G and I, red arrowheads mark the staining signals in AGM. Error bar rep-
resents SD. *P < 0.05, **P < 0.01, ***P < 0.001.

transcriptional co-activator for Notch signaling) upon 
heat shock treatment [29], cmyb expression at 36 hpf 
was significantly lower than the level observed in con-
trol embryos when the heat shock treatment was applied 
at 20 hpf, but was significantly higher than the control 
when embryos were heat shocked at 26 hpf (Figure 3G 
and 3H). Finally, in the Tg(hsp70:GAL4/UAS:NICD) 
[30] embryos, which express Notch intracellular domain 
(NICD) upon heat shock treatment, cmyb expression was 
significantly higher than the level observed in control 
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embryos (Tg(UAS:NICD)) when the heat shock treat-
ment was applied at 20 hpf, but was significantly lower 
than the control when embryos were heat shocked at 26 
hpf (Figure 3I and 3J).

Gpr183 cooperates with Arrb1 to suppress Notch signaling
We next explored the mechanism by which Gpr183 

represses Notch signaling in HE. Previous results have 

Figure 4 Gpr183 cooperates with Arrb1 and Nedd4 to downregulate Notch signaling. (A) Internalization of Gpr183-GFP in 
90% epiboly embryos (n = 6 for each treatment). White arrowheads denote the internalized Gpr183-GFP in cytoplasm. (B) 
Gpr183 interacts with Arrb1 in 7α-25-OHC-stimulated cells. 293T cells were transfected with Gpr183-Flag and/or Arrb1-Myc 
and stimulated with 7α-25-OHC for 0.5 h. Cell lysates were subjected to immunoprecipitation using anti-Myc followed by 
western blot analysis. (C) Expression of runx1, cmyb and hey2 in arrb1 morphants. Red arrowheads label the staining signals 
in AGM. (D) NICD expression in zebrafish embryos treated with 7α-25-OHC (from 1-cell stage to 36 hpf) or MG132 (from 26 
to 36 hpf). Right panel shows the quantification analysis. (E) MS analysis of Notch1-interacting proteins in control or 7α-25-
OHC-treated AGM cells. Mouse E10.5 AGM cells were cultured in the presence of hematopoietic cytokines for three days, 
and then treated with DMSO or 7α-25-OHC for 1 h. (F) Polyubiquitination of NICD-Flag (zebrafish) induced by zebrafish Ned-
d4a-GST (Nedd4a(Z)) or mouse Nedd4-GST (Nedd4(M)). (G) GST pull-down assay showing the interaction between Nedd4-
GST and NICD-Flag. (H) runx1 expression is reduced in nedd4a morphants and increased in nedd4a-overexpressing em-
bryos. (I) fli1a+tp1+ cells (white arrowheads) are increased in nedd4a morphants and are reduced in nedd4a-overexpressing 
embryos. Right panel shows the quantification result. (J) NICD expression in nedd4a morphants or nedd4a-overexpressing 
embryos. Right panel shows the quantification result. (K) HE in Tg(flk1:mCherry/runx1:en-GFP) embryos after nedd4a knock-
down or 7α-25-OHC treatment. White arrowheads indicate HE in the AGM region at 36 hpf. Error bar represents SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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revealed that Arrb1 is responsible for GPCR desensitiza-
tion and internalization [31], and Arrb1 can be recruited 
by Gpr183 [24]. To test this interaction in zebrafish, we 
injected gpr183-eGFP and arrb1-mCherry mRNA into 
one-cell stage embryos and observed that the GFP sig-
nal at cell membrane was internalized upon 7α-25-OHC 
stimulation (Figure 4A). Next, we transfected gpr183-
Flag and arrb1-Myc constructs into 293T cells and found 
that Flag-tagged Gpr183 was precipitated by anti-Myc in 
the presence of 7α-25-OHC (Figure 4B), supporting that 
Arrb1 is recruited by Gpr183 after Gpr183 activation. To 
determine the function of Arrb1, we knocked down arrb1 
using antisense morpholino and found that runx1 expres-
sion was normal at 24 hpf, but cmyb expression level 
was decreased at 30 hpf (Figure 4C). In addition, hey2 
expression level was increased in arrb1 morphants at 30 
hpf (Figure 4C), consistent with its increase in gpr183 
mutants (Figure 3A). Taken together, we conclude that 
Gpr183 cooperates with Arrb1 to downregulate Notch 
signaling.

Gpr183-Arrb1 complex promotes the degradation of 
Notch1 through Nedd4-mediated ubiquitination

Because the expression of Notch ligands including 
deltC, deltD, dll4, and jagged1 was not altered upon 
Gpr183 deficiency (data not shown), we asked whether 
Notch receptors were affected. There are four Notch 
receptors in vertebrates. Among them, Notch1 is known 
to regulate artery specification and HE specification 
[11, 14], while Notch3 is required within the somites to 
specify HSPCs in a cell non-autonomous manner [32]. 
Considering that Gpr183 cell-autonomously modulates 
Notch signaling in HECs, we reasoned that Notch1, but 
not Notch3, is the target of Gpr183 signaling cascade. To 
examine if the Gpr183-Arrb1 complex represses Notch1 
signaling, we first sorted zebrafish flk1+runx1+ cells at 28 
hpf and found that notch1a and notch1b mRNA levels 
did not increase after clotrimazole treatment (data not 
shown). We next asked whether the Gpr183-Arrb1 com-
plex regulates Notch1 protein stability. To this end, we 
treated zebrafish embryos with 7α-25-OHC and found 
that expression of NICD at 36 hpf was significantly re-
duced compared with untreated control embryos, and 
this reduction was partially reversed by a proteasome in-
hibitor, MG132 (Figure 4D). Treatment with a lysosome 
inhibitor chloroquine did not reverse the attenuation 
of NICD levels after 7α-25-OHC stimulation (data not 
shown), suggesting that Notch1 is degraded by a Gpr183 
signaling-induced proteasome pathway.

To identify the E3 ligase responsible for Notch1 deg-
radation downstream of Gpr183-Arrb1, we performed 
mass spectrometry (MS) to identify Notch1-binding pro-

teins using E10.5 mouse AGM cells treated with 7α-25-
OHC (Figure 4E, Supplementary information, Tables 
S2 and S3). Among hits were two ubiquitin ligases: 
the HECT domain type E3 ligase Nedd4 and the RING 
finger domain type E3 ligase Pias3. An in vitro ubiquiti-
nation assay revealed that Nedd4 facilitated poly-ubiq-
uitination of NICD (Figure 4F). GST pull-down assay 
further demonstrated a direct interaction between Nedd4 
and NICD (Figure 4G). We next examined if Nedd4 
modulates Notch1 expression in vivo. Indeed, expres-
sion of HSPC marker runx1 in nedd4a morphants was 
significantly reduced, whereas in nedd4a-overexpress-
ing embryos, runx1 expression was markedly increased 
(Figure 4H). In addition, knockdown of nedd4a elevated 
the tp1+ signal in endothelial cells (Figure 4I). Moreover, 
western blot analysis revealed that NICD expression 
was augmented in nedd4a morphants but was reduced in 
nedd4a-overexpressing embryos (Figure 4J), further con-
firming that nedd4a negatively regulates Notch signaling 
in vivo. We also observed that the increase in HEC num-
bers induced by 7-25-OHC treatment could be disrupted 
by nedd4a knockdown (Figure 4K). All these results 
together indicate that Nedd4 functions downstream of 
Gpr183 to attenuate Notch activity.

To address the cellular mechanism by which Notch 
signaling represses HSPC development, we examined 
the expression of tight junction gene ve-cadherin and 
found an upregulation of ve-cadherin upon inhibition 
of gpr183 signaling (Figure 5A). Moreover, a large pro-
portion of cmyb-GFP positive cells (potential HSPCs) 
were converted to non-hemogenic ECs after clotrimazole 
treatment beginning at 30 hpf (Figure 5B, 5C and Sup-
plementary information, Figure S7A). Based on these re-
sults and the observation that expression levels of arterial 
markers are elevated in the absence of gpr183 signaling 
(Figure 3A, Supplementary information, Figure S6A and 
S6B), we speculate that when Notch signaling is activat-
ed, the specified HE lose their hematopoietic potential 
and instead, maintain their arterial fate [33].

7α-25-OHC treatment facilitates HSPC emergence
To gain further support for a role of Gpr183-Arrb1-

Notch1 cascade during the differentiation of HSPCs from 
HECs, we asked if 7α-25-OHC treatment would facilitate 
the generation of HSPCs. Both runx1 mRNA level and 
protein level were significantly upregulated in 7α-25-
OHC-treated embryos (Figure 5D and 5E). Moreover, 
the frequency of cells undergoing EHT in Tg(flk1:m-
Cherry/cmyb:GFP) embryos was markedly increased 
after 7α-25-OHC treatment (Supplementary information, 
Movie S2). These results support the notion that the ac-
tivated Gpr183-Arrb1-Notch1 cascade facilitates HSPC 



1100
gpr183 in definitive haematopoiesisnpg

Cell Research | Vol 25 No 10 | October 2015

emergence in vivo.

Regulation of HSPC emergence by Gpr183 is conserved 
in mammals

We next asked whether the regulation of HSPC emer-
gence by gpr183 is conserved in mammals. Among three 
populations sorted from the AGM region of E11 mice: 
non-hemogenic EC (c-Kit−CD31+CD41−CD45−Ter119−), 
HEC (c-Kit+CD31+CD41−CD45−Ter119−) and HSPC 
(c-Kit+CD34+), HE had the greatest level of gpr183 ex-
pression, consistent with the results in zebrafish (Figure 
6A). Expression levels of ch25h and cyp7b1 in the mouse 
AGM region increased markedly from E10.5 to E11.5 
(Figure 6B), and these enzymes were highly enriched in 
non-hemogenic ECs (c-Kit−CD31+CD41−CD45−Ter119−) 
(Supplementary information, Figure S7B). Moreover, 
the colony forming ability of cells isolated from AGM 
was significantly reduced after clotrimazole treatment in 
a colony forming unit in spleen (CFU-S) assay (Figure 
6C-6E), confirming the role of Gpr183 in hematopoiesis. 
To examine directly whether gpr183 regulates EHT, pan-
ECs (CD31+CD41−CD45−Ter119−) were sorted from the 
E10 caudal half and cultured with clotrimazole (Figure 

Figure 5 7α-25-OHC stimulation facilitates HSPC develop-
ment in zebrafish. (A) Expression of ve-cadherin increases in 
clotrimazole-treated embryos. (B) Transition of HE to HSPCs 
or non-hemogenic ECs after DMSO or clotrimazole treatment 
beginning at 30 hpf. White asterisk indicates the same cell in 
different frames. (C) Quantification of HE (flk1+cmyb+, yellow 
cells in B) differentiating to HSPCs (flk1−cmyb+, green cells in B) 
or non-hemogenic ECs (flk1+cmyb−, red cells in B) (n = 5). Error 
bar represents SD. (D, E) runx1 expression in embryos treat-
ed with 7α-25-OHC or clotrimazole and examined at 36 hpf by 
WISH (D) and western blotting (E). Red arrowheads in A and D 
label the staining signals in AGM.

6F) [34]. Remarkably, clotrimazole treatment reduced 
HSPC population (CD45+c-Kit+) [34] in a dose-depen-
dent manner in OP9 co-cultures (Figure 6G and 6H), 
indicating that ablation of gpr183 signaling suppresses 
HSPC development. To determine whether gpr183 sig-
naling specifically affects HE, we sorted non-hemogenic 
ECs, HECs or HSPCs from the E11 AGM region and 
treated them with clotrimazole. As shown in Supplemen-
tary information, Figure S7C, only HECs displayed a 
significant decreased hematopoietic capability, support-
ing that gpr183 signaling specifically targets HECs but 
not non-hemogenic ECs and HSPCs. To further deter-
mine whether gpr183 signaling contributes to the emer-
gence of HSPCs, we conducted a long-term transplan-
tation assay, in which cells dissected from AGM region 
of E11 embryo (CD45.1/2) were treated with DMSO or 
clotrimazole and then transplanted into irradiated mice 
(CD45.2; Figure 6F). Four months after the transplanta-
tion, all 6 recipients were successfully repopulated with 
DMSO-treated cells, with a donor chimerism in bone 
barrow ranging from 30% to 80% (Figure 6I). Multiple 
hematopoietic lineages derived from the donor cells 
were detected in peripheral blood of recipients (Figure 
6J). The donor cells also displayed a potent self-renewal 
capacity upon transplantation into secondary recipients 
(Figure 6K-6L). In contrast, the AGM cells treated with 
clotrimazole failed to reconstitute any recipients (Fig-
ure 6I; 0/6, 2 independent experiments), suggesting that 
HSPC development was disrupted upon Gpr183 signal-
ing deficiency. Taken together, we conclude that Gpr183 
signaling is a conserved regulatory mechanism during 
HSPC emergence in vertebrates.

The Gpr183-Arrb1-Notch1 signaling cascade is con-
served in mammals

To determine whether Gpr183-Arrb1 represses Notch1 
expression in mammals, we dissected cells from E10.5 
mouse AGM region and treated them with either 7α-25-
OHC or clotrimazole. Both Notch1 and NICD expression 
levels were decreased after 7α-25-OHC stimulation, but 
increased after clotrimazole treatment (Figure 7A and 
7B). We next performed immuneprecipitation (IP) assay 
using anti-Arrb1 with cells dissected from E10.5 mouse 
AGM region and found that after 7α-25-OHC stimula-
tion, both Gpr183 and Notch1, as well as the E3 ligase 
Nedd4, were precipitated by anti-Arrb1 (Figure 7C). 
Interestingly, Gpr183 was precipitated by an antibody 
against Notch1 even in the absence of 7α-25-OHC stim-
ulation (Figure 7C), indicating that Gpr183 is localized 
adjacent to Notch1 and serves as an important switch to 
downregulate the Notch1 level before the onset of HSPC 
emergence. Moreover, consistent with results shown in 
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Figure 4D, MG132 treatment rescued the reduction of 
NICD protein levels induced by 7α-25-OHC stimulation 
in mouse AGM cells (Figure 7D). Taken together, we 
conclude that activated Gpr183 recruits Arrb1 and E3 li-
gase Nedd4 to degrade Notch1 through the ubiquitin-pro-

Figure 6 Gpr183 function during HSPC development is conserved in mammals. (A) gpr183 expression by RT-PCR in non-he-
mogenic ECs, HECs and HSPCs sorted from the AGM region of E11 mouse embryos. (B) Expression of ch25h and cyp7b1 in 
mouse AGM region (E10.5 and E11.5; n = 3 for each time point). (C) Flowchart of CFU-S assay. (D, E) CFU-S colony number 
is significantly reduced in mice transplanted with clotrimazole-treated cells. (F) Schematic illustration of flow cytometry analysis 
and long-term transplantation in mouse. E10 mouse caudal half and E11 mouse AGM region were dissected and dissociated 
by collagenase. Pan-ECs (CD31+CD41−CD45−Ter119−) from E10 caudal half were sorted and cultured with DMSO or clotrim-
azole before flow cytometry analysis. AGM cells from E11 mouse (CD45.1/2) embryos (but not sorted pan-ECs as they often 
resulted in poor reconstitution) were treated with DMSO or clotrimazole for 4 days and transplanted into irradiated C57BL/6J 
(CD45.2) mice. HC, hematopoietic cells; EC, pan-ECs; OP9, feeder cells used in co-culture. (G, H) Representative FACS plots 
(G) and quantification (H) of CD45+c-Kit+ HSPCs from OP9 co-cultures. (I) Donor-derived chimerism in recipients. Each sym-
bol represents the percentage of donor chimerism in bone marrow of a recipient 4 months post-transplantation. (J) Multiple 
hematopoietic lineages including myeloid (Gr1+/Mac-1+), B lymphoid (B220+), and T lymphoid (CD3+) populations in peripheral 
blood of the recipients (CD45.2) transplanted with E11 AGM cells (CD45.1/2) pre-treated with DMSO. (K, L) Donor-derived chi-
merism (K) and multi-lineage potential (L) in peripheral blood of secondary recipients (IIo) transplanted with bone marrow cells 
of repopulated primary recipients (Io). Symbols in K represent the donor chimerism in peripheral blood of individual secondary 
recipients 12 weeks post-transplantation. Symbols of same color indicate the donor and the related secondary recipients. Data 
are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.

teasome pathway in mouse.
In Tie2-positive endothelial cells, Notch1 expression 

level was decreased after 7α-25-OHC treatment (Sup-
plementary information, Figure S7D and S7E). Pan-
ECs (CD31+CD41−CD45−Ter119−) from the E11 mouse 



1102
gpr183 in definitive haematopoiesisnpg

Cell Research | Vol 25 No 10 | October 2015

AGM generated markedly more HSPCs in the presence 
of 7α-25-OHC (Figure 7E and 7F). Furthermore, 7α-25-
OHC treatment promoted the production of functional 
HSPCs in vivo in a CFU-S assay (Figure 7E and 7G). In 
addition, 7α-25-OHC treatment promoted the rate of chi-
merism in recipients in a three-month transplantation as-
say (Figure 7H, Supplementary information, Figure S7F 
and S7G). These results, together with the data obtained 
in zebrafish, demonstrate the conservation of Gpr183-Ar-
rb1-Notch1 signaling cascade as an essential regulatory 
mechanism for the development of HSPCs in vertebrates 
(Supplementary information, Figure S8). 

Discussion

It is well known that HSPCs are generated from spec-
ified HE in AGM, but the mechanism governing this 
process remains poorly understood. The EHT involves 
cell shape changes, cell migration and cell-cell commu-
nication [5-7], and is regulated by a complex network of 
cell-intrinsic and cell-extrinsic signals. Exploring the sig-
nals that induce EHT is of great importance for our un-
derstanding of HSPC development and may provide in-
sights into clinical applications in regenerative medicine. 
Our genome-wide transcriptome analyses of non-hemo-
genic ECs, HECs, and HSPCs reveal that gpr183 begins 
to be highly expressed in HECs, and is downregulated in 
HSPCs. Functional analysis demonstrates that Gpr183, 
upon activation by its endogenous ligand 7α-25-OHC, 
specifically modulates HSPC development through re-
pressing Notch1 signaling. An unexpected finding is that 
Notch1 signaling is not continuously required for HSPC 
development, and persistent activation of Notch1 signal-
ing after HE specification abrogates EHT, suggesting a 
temporally restricted role of Notch1 during HSPC devel-
opment. Moreover, our results show that 7α-25-OHC-ac-
tivated Gpr183 signaling is a conserved signaling mecha-
nism regulating HSPC development. 

RNA-Seq using a Tg(runx1:en-GFP) line identifies an 
important regulator of HSPC emergence

Our newly generated runx1:en-GFP transgenic line, 
with robust and specific fluorescence signals, has been 
proved recently to be capable of labeling functional 
HSPCs [22]. High-throughput RNA-Seq using this trans-
genic line in current study uncovers significant transcrip-
tome variations among non-hemogenic ECs, specified 
HECs and HSPCs during HSPC development in zebraf-
ish. Moreover, GO analysis identifies various GPCRs 
that are enriched in ECs, HECs or HSPCs. Based on our 
results and several previous findings [19, 20, 35], we 
postulate that multiple GPCRs influence HSPC develop-

ment through complex mechanisms that are still poorly 
understood. Gpr183 was previously reported to guide im-
mune cell migration [23, 24]. Our current work assigns 
a new role for Gpr183 during embryonic HSPC devel-
opment based on the observations that blocking Gpr183 
signaling significantly attenuates HSPC generation, while 
activating Gpr183 leads to more functional HSPCs. Sim-
ilar results obtained from two animal models, zebrafish 
and mouse, indicate Gpr183 is a conserved and essential 
regulator of HSPC emergence in vertebrates.

After HE specification, continuous Notch signaling in-
hibits HSPC development

Recent studies using pluripotent stem cells (PSCs) 
in in vitro culture systems have indicated that Notch 
signaling is essential for the generation of functional 
HSPCs [33, 36]. However, a previous study using mouse 
AGM-derived cell lines as feeder cells to support the 
differentiation of hematopoietic cells from human em-
bryonic stem cells has also reported that downregulation 
of Notch signaling facilitates the production of hemato-
poietic cells [37]. Based on previous studies on Notch 
signaling during HSPC development and our results 
here, we speculate that HSPC development is intricately 
regulated and in vitro culture systems might not properly 
recapitulate the endogenous signaling processes. Our 
work supports that Notch signaling is not continuously 
required for HSPC development. Blocking Notch signal-
ing before HE specification nearly completely disrupts 
HSPC generation, consistent with previous findings [11]; 
however, after HE specification, persistent Notch sig-
naling can convert HECs into non-hemogenic ECs, thus 
abrogating subsequent HSPC development. The temporal 
regulation of HSPC development by a specific signaling 
pathway is not rare. For instance, Wnt signaling is es-
sential for HE specification, but has to be downregulated 
to allow HSPC development to proceed further [38, 39]. 
These findings together imply the complexity of mecha-
nisms governing HSPC development, and each signaling 
pathway essential for hematopoiesis must be tightly reg-
ulated at different developmental stages.

Gpr183 downregulates Notch1 through Nedd4-mediated 
ubiquitination 

Our work reveals that activated Gpr183 recruits Arrb1 
and Nedd4 to degrade Notch1 through the ubiquitina-
tion-proteasome process, and this Gpr183-Arrb1-Nedd4-
Notch1 signaling cascade is evolutionarily conserved 
in both zebrafish and mouse. The contribution of Arrb1 
and Nedd4 to HSPC development has not been reported 
before, although Arrb1 is known to regulate primitive 
hematopoiesis by relieving PcG-mediated repression of 
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cdx4-hox signaling [40]. Here we show that disruption 
of each component in the Gpr183-Arrb1-Nedd4-Notch1 
cascade leads to a HSPC differentiation defect, high-
lighting the importance of this signaling pathway during 
HSPC development. A recent study has indicated that the 
HECT family E3 ligase Itch inhibits homeostasis of the 
bone marrow HSPCs by degrading Notch1 [41]. Howev-
er, we did not detect an enriched expression of Itch in our 
MS dataset. In vitro ubiquitination assay further confirms 
that Itch is not involved in Notch1 ubiquitination in em-
bryonic HSPCs (data not shown). 

What remains to be clarified is how Notch1 in HE 
inhibits EHT. Based on our results we speculate that the 
specified HE possess both hemogenic and endothelial 
properties held in a fine balance, and an elevation in the 
Notch1 protein level, similar to the enhanced ERK sig-
naling as we reported before [42], is able to strengthen 

Figure 7 Gpr183-Arrb1-Notch1 signaling cascade is conserved in mammals. (A, B) Notch1 and NICD expression in E10.5 
mouse AGM cells treated with clotrimazole or 7α-25-OHC for 1 h. (C) Western blot detection of Gpr183 or Notch1 in anti-Ar-
rb1 or anti-Notch1 IP product from E10.5 AGM cells. Equal amounts of Notch1 were used in the co-IP assay as 7a-25-OHC 
treatment decreases Notch1 expression and thus it is difficult to detect Notch1-precipitated proteins in the IP assay. (D) De-
crease in NICD expression in 7α-25-OHC-treated E10.5 AGM cells is rescued by MG132. Right panel shows the quantifica-
tion of western blot data. (E) Flowchart for isolation, culture and transplantation of mouse AGM cells. For flow cytometry, pan-
ECs (CD31+CD41−CD45−Ter119−) were sorted from cell suspension obtained from E11 mouse AGMs and treated with DMSO 
or 7α-25-OHC for 4 days. For CFU-S or long-term transplantation assay, total E11 AGM cells were treated with DMSO or 
7α-25-OHC for 4 days. (F) Flow cytometry showing an increased amount of c-Kit+CD45+ cells from 7α-25-OHC-treated E11 
mouse AGM pan-ECs. (G) Quantification of results from the CFU-S assay (n = 5). (H) Donor-derived chimerism. AGM cells 
from actin-GFP transgenic mice were treated with DMSO or 7α-25-OHC (1 µM) for 4 days, mixed with bone marrow carrier 
cells, and were injected intravenously into irradiated female mice (GFP−). Three months later, bone marrow cells were collect-
ed for the analysis of GFP+ chimerism. Error bar represents SD. *P < 0.05.

the arterial cells identity [16], resulting in a loss of hema-
topoietic marker expression accompanied by an increase 
of adhesion molecule expression, and an aborted EHT. 

7α-25-OHC serves as a potent agonist of HSPC emer-
gence

Expression of Ch25h and Cyp7b1 is enriched in 
endothelial cells in the AGM region of both zebrafish 
(data now shown) and mouse, suggesting that 7α-25-
OHC derived from the HSPC niche activates Gpr183 
through a paracrine mechanism. Here, we find that 
Gpr183 serves as a switch to abrogate Notch1 activity 
after 7α-25-OHC stimulation, indicating that specified 
HE receive signals from the surrounding niche to trigger 
EHT. 7α-25-OHC-stimulated Gpr183 signaling facili-
tates HSPC development, which is reminiscent of recent 
findings that small molecules, such as PGE2 and epoxye-
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icosatrienoic acids (EETs), can serve as GPCR ligands to 
facilitate HSPC differentiation or expansion [19, 43]. The 
mechanisms of their action are emerging. EETs promote 
HSPC development in zebrafish embryos through an un-
known GPCR that activates AP-1, which in turn upregu-
lates runx1 expression in both AGM and CHT in zebraf-
ish embryos. In addition, EETs also efficiently enhance 
HSPC homing and engraftment in mammals [43]. These 
findings and ours demonstrate that GPCR signaling path-
ways are evolutionarily conserved important regulators 
of HSPC development and function, and their ligands 
may have clinical applications in blood transplantation 
and regenerative medicine.

Materials and Methods

Zebrafish
Zebrafish strains including Tubingen, Tg(runx1:en-GFP), Tg( 

flk1:mCherry/runx1:en-GFP), Tg(flk1:mCherry/cmyb:GFP), Tg(t-
p1:mCherry) [44], Tg(fli1a:eGFP/tp1:mCherry), Tg(sclα:dsRed) 
[45], Tg(rag2:dsRed) (provided by Zilong Wen), Tg(hsp70:dn-
MAML) [29], Tg(hsp70:Gal4) [30], Tg(UAS:NICD) [30] and 
gpr183 heterozygous mutant, were raised in the experimental 
animal center in the Institute of Zoology, Chinese Academy of Sci-
ence. Embryos were staged according to the number of somites. 
For imaging, embryos were raised in the presence of 0.003% 
1-phenyl-2-thiourea to avoid pigment formation. gpr183−/− was 
generated in AB/Tuebingen background. This study was approved 
by the Ethical Review Committee of the Institute of Zoology, Chi-
nese Academy of Sciences, China.

Morpholinos, mRNA synthesis, qPCR, western blotting, 
BrdU/TUNEL assay, and double fluorescence in situ hybrid-
ization (dFISH)

All morpholinos were purchased from GeneTools and are listed 
in Supplementary information, Table S4 along with the dosag-
es used in this study. mRNA synthesis, qPCR, western blotting, 
BrdU/TUNEL assay, and dFISH were performed as previously 
described [46, 47]. qPCR primers are listed in Supplementary 
information, Table S5. For the Gpr183-GFP internalization exper-
iment, gpr183-eGFP and arrb1-mCherry mRNA were co-injected 
into one-cell stage embryos. At about 90% epiboly, embryos were 
dechorionated and incubated with Hoechst for 30 min, and treated 
with DMSO or 7α-25-OHC (1 µM, Sigma, SML0541) for 10 min. 
Embryos were crushed by cover glass for observation.

Cell sorting and RNA-deep sequencing
The trunk region of 28 hpf Tg(flk1:mCherry/runx1:en-GFP) 

embryos was dissected and dissociated into single cells as previ-
ously described [48]. mCherry+GFP−, mCherry+GFP+, mCherry−

GFP+ cells were sorted using BD FACS Aria I. 1 ng of total RNA 
extracted using QIAGEN RNeasy Micro kit was reversely tran-
scribed and amplified as previously described [49]. cDNA samples 
were sequenced using Illumina HiSeq2500 to produce 101 bp 
paired-end sequence reads. Quality of raw RNA-seq reads for each 
sample was controlled by FastQC software and bases with quality 
scores less than 20 were removed by Trimmomatic. The remaining 
reads were mapped to the Zebrafish reference cDNA sequences 

(zv9, from Ensembl) by BWA. .
Differentially expressed genes between two groups were deter-

mined using the R-package DEseq2, with criterion P value cutoff 
of 0.001 and fold change cutoff of 2. Heatmap was generated by 
R-package Heatmap2 according to RPKMs (reads per kilobase per 
million reads) of each gene in multiple samples. The RNA-Seq 
dataset is shown in Supplementary information, Table S1.

Cell transfection and co-IP assay
Zebrafish gpr183 and arrb1 coding sequences were ligated into 

the pCMV-Flag and pcDNA4ToMycHisB plasmids, respectively. 
According to the Lipo2000 (Invitrogen) transfection protocol, the 
plasmids were transfected into 293T cells for the co-IP assay. 24 
h later, cells were treated with 1 µM 7α-25-OHC for 0.5 h before 
harvesting. Proteins were purified in RIPA buffer (50 mM Tris, 
150 mM NaCl, 10% Glycerol, 5 mM MgCl2, 0.5% NP40, and 
Roche cocktail protease inhibitor) and mixed with anti-c-Myc aga-
rose affinity gel antibody (Sigma, A7470). 3-4 h later, beads were 
collected for western blotting. Antibodies used were anti-c-Myc 
(Sigma, M4439, 1:2 000) and anti-Flag (Sigma, F7425, 1:1 000).

Zebrafish confocal imaging 
Embryos for microscopic observation and photography were 

prepared as previously described [50]. Supplementary information, 
Movie S1 was captured using ZEISS LSM 510 confocal microsco-
py. Supplementary information, Movie S2 and fluorescent images 
were taken using Nikon A1 confocal microscopy. Supplementary 
information, Movies S3 and S4 were captured using Perkin Elmer 
spinning disk confocal microscopy.

Chemical treatment
Zebrafish embryos at 10 somite stage (14 hpf) or 26 hpf were 

treated with clotrimazole (10 µM; Sigma, C6019) or DBZ (8 µM; 
Sigma, SML0649). 7α-25-OHC (4.2 pg) was injected into one-cell 
stage embryos. Embryos were treated with MG132 (10 µM, Sigma 
C2211) from 26 to 36 hpf.

Mice 
Mice were kept at the Animal Center of the Academy of Mil-

itary Medical Sciences according to institutional guidelines. Em-
bryos were staged by somite number: E10, 31-40 sp, and E11, 41-
50 sp. This study was approved by the Ethical Review Committee 
of the Academy of Military Medical Sciences, China.

Mouse co-IP assay and western blotting
E10.5 mouse AGM regions were dissected and dissociated 

into single cell suspension using 0.1% collagenase. After a 3-day 
culture in the presence of hematopoietic cytokines (50 ng/ml SCF, 
50 ng/ml IL-3, and 20 ng/ml FLT3), cells were starved for 4 h and 
pretreated with MG132 (10 µM, Sigma C2211) for 2 h, and then 
treated with 7α-25-OHC for 0.5 h (or 1 h in Figure 4F) before 
harvesting. Cells were lysed in RIPA buffer (50 mM Tris, 150 
mM NaCl, 10% Glycerol, 5 mM MgCl2, 0.5% NP40, and Roche 
cocktail protease inhibitor), and incubated with Arrb1 (Abcam, 
ab32097, 1:100) or Notch1 (Abcam, ab65297, 1:100) antibody for 
4 h at 4 °C. Protein A agarose (Invitrogen, 15918014) was added 
next to the mixture which was incubated for another 3-4 h. Beads 
were collected for western blotting using following antibodies: 
β-actin (cell signaling, 4967, 1:2000), Notch1 (Abcam, ab128076, 
1:1 000), Notch1 (Abcam, ab65297, 1:1 000), NICD (Abcam, 
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ab83232, 1:500), Gpr183 (Abcam, ab168744, 1:1 000), Arrb1 
(Abcam, ab32097, 1:5 000), and ubiquitin (Santa Cruz, sc8017, 1:1 
000).

Mass spectrometry
E10.5 mouse AGM was dissected and dissociated into single 

cells, which were cultured for three days in the presence of he-
matopoietic cytokine, before being treated with either DMSO or 
7α-25-OHC for 1 h. Anti-Notch1 (Abcam, ab65297, 1:100) was 
used for the IP. LTQ Orbitrap Elite was used to perform the MS. 
The entire dataset is shown in Supplementary information, Tables 
S2 and S3.

Protein purification
His-Ubc4, His-Ub, RGSH-Flag-NICD, GST-Ub E1, GST-

Nedd4 and other Ub E3 ligases were first affinity purified, then 
fractionated by size exclusion chromatography on Superdex75 and 
Superdex200 column in a reaction buffer containing 50 mM Tris-
HCl, pH 8.0, 150 mM KCl, 5% glycerol and 2 mM MgCl.

In vitro ubiquitination assay
Ubiquitination experiment was carried out as follows: 60 nM 

E1, 300 nM Ubc4 (E2), 300 nM Nedd4 (E3) and 500 nM NICD 
were incubated with 1 µM ubiquitin at 30°C in a reaction buffer 
containing 25 mM Tris-HCl, pH 7.4, 2 mM MgCl/ATP, and 0.2 
mM DTT. Samples were collected 2 h later, and were mixed with 
the Laemmli buffer in the presence of a reducing reagent for west-
ern blotting.

GST Pull-down
Nedd4-GST was incubated with GST beads at 4 °C for 2 h 

(GST protein was used as a negative control). The beads were 
centrifuged and washed in NP40 buffer (50 mM Tris-HCl, pH 8.0, 
150 mM NaCl and 0.5% NP40) three times. RGSH-FLAG-NICD 
was added to the mixture, which was incubated for additional 2 h 
at 4 °C. Following the incubation, the beads were centrifuged and 
washed 3 times in NP40 buffer, before a loading buffer was added. 
The samples were heated at 65 °C for 5 min and analyzed by west-
ern blotting.

AGM explant and CFU-S assay
Mouse AGMs were dissected and cultured as explants for 3 

days as previously described [51]. In brief, AGMs were deposited 
on nylon filters (Millipore) placed on metallic supports and cul-
tured in a medium for myeloid long-term culture (Stem Cell Tech-
nologies) supplemented with 10 µM hydrocortisone (Stem Cell 
Technologies). To this air-liquid interphase culture we added either 
DMSO, or 1 µM 7α-25-OHC, or 10 µM clotrimazole. The AGMs 
after treatment were dissociated by 0.04% collagenase for 40 min 
at 37 °C. Cells were injected intravenously into female C57BL/6J 
mice that had been exposed to a split dose of 9 Gy γ-irradiation 
(60Co, 4.5 + 4.5 Gy with 2 h interval). After 11 days, animals were 
sacrificed and their spleens were removed and fixed in Bouin’s 
fixative. Spleen colonies were counted under a dissecting micro-
scope.

OP9 co-cultures
FACS-sorted CD31+CD41−CD45−Ter119− pan-ECs from E10 

caudal half were cultured on OP9 stromal cells in the presence of 

cytokines (100 ng/ml SCF, 100 ng/ml IL-3, and 100 ng/ml FLT3), 
and were treated with DMSO, 1 µM 7α-25-OHC or 10 µM clotri-
mazole for 2 days. After additional 5 days of co-culture, cells were 
harvested by trituration using a pipet for subsequent flow cytome-
try analysis.

Long-term transplantation assay 
Male C57BL/6J (CD45.2) and female C57BL/6J (CD45.1) 

mice were mated to obtain CD45.1/2 embryos. The AGMs of 
E11 (43-45 sp) embryos were digested in 0.1% collagenase for 
30 min at 37 °C. Individual cells were cultured in the presence 
of DMSO or 10 µM clotrimazole plus hematopoietic cytokines 
(100 ng/ml SCF, 100 ng/ml IL-3, and 100 ng/ml FLT3). After 4 
days of culture, cells were harvested by pipetting and enzymatic 
digestion. These cells, together with 2 × 104 bone marrow carrier 
cells (CD45.2), were injected intravenously into irradiated female 
C57BL/6J mice (CD45.2). Chimerism in peripheral blood and 
bone marrow was measured 16 weeks after the transplantation. To 
examine the self-renewal potential, secondary transplantation was 
performed, in which a total of 3 × 106 cells from the bone marrow 
of a primary recipient were intravenously injected into a secondary 
recipient. Donor-derived chimerism was assessed by flow cytome-
try using anti-CD45.2-PE and anti-CD45.1-APC antibodies (eBio-
science) 12 weeks after transplantation. Mice demonstrating over 
10% donor-derived chimerism (contributing to both myeloid and 
lymphoid lineages) after a minimum of 12 weeks were considered 
to be reconstituted. The contribution of transplanted cells to the 
different lineages was measured by flow cytometry with specific 
antibodies against CD3, B220, Mac1, Gr1, CD4 and CD8 (eBio-
science). For transplantation of 7α-25-OHC-treated cells, 0.3 em-
bryo-equivalent donor cells from actin-GFP transgenic C57BL/6J 
mice were treated with DMSO or 1 µM 7α-25-OHC, mixed with 
2 × 104 bone marrow cells (GFP−), and injected intravenously into 
irradiated female mice (GFP−). Three months later, bone marrow 
cells were analyzed for GFP+ chimerism.

Statistical analysis
All experiments were repeated at least three times, except for 

the long-term transplantation after clotrimazole treatment. Stu-
dent’s two-tailed t-test was used for statistical analysis.
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