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Abstract

Cannabinoids (CB) modulate adult hematopoietic stem and progenitor cell (HSPCs) function, 

however, impact on the production, expansion, or migration of embryonic HSCs is currently 

uncharacterized. Here, using chemical and genetic approaches targeting CB-signaling in zebrafish, 

we show that CB receptor (CNR) 2, but not CNR1, regulates embryonic HSC development. 

During HSC specification in the aorta-gonad-mesonephros (AGM) region, CNR2 stimulation by 

AM1241 increased runx1;cmyb+ HSPCs, through heightened proliferation, whereas CNR2 

antagonism decreased HSPC number; FACS analysis and absolute HSC counts confirmed and 

quantified these effects. Epistatic investigations showed AM1241 significantly upregulated PGE2 

synthesis in a Ptgs2-dependent manner to increase AGM HSCs. During the phases of HSC 

production and colonization of secondary niches, AM1241 accelerated migration to the caudal 

hematopoietic tissue (CHT), the site of embryonic HSC expansion, and the thymus; however these 

effects occurred independently of PGE2. Using a candidate approach for HSC migration and 

retention factors, P-selectin was identified as the functional target of CNR2 regulation. Epistatic 

analyses confirmed migration of HSCs into the CHT and thymus was dependent on CNR2-
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regulated P-selectin activity. Together, these data suggest CNR2-signaling optimizes the 

production, expansion, and migration of embryonic HSCs by modulating multiple downstream 

signaling pathways.
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Introduction

In vertebrates, definitive hematopoietic stem cells (HSCs) give rise to all mature blood cell 

lineages throughout an individual's lifetime. Embryonic and adult HSCs interact with 

specialized microenvironments, or niches, which are required for their function [1]. HSCs 

dynamically respond to environmental cues to expand, differentiate, or inhabit the bone 

marrow (BM) niche. HSC mobilization and homing are tightly regulated by 

chemoattractants and adhesion molecules that are co-opted in therapeutic applications, such 

as HSC transplantation [2]; identifying regulatory components of each HSC niche is critical 

to improve efficiency of HSC therapies.

The transcription factor Runx1 is required for HSC development across vertebrates [3–5], 

where it functions in endothelial-to-hematopoietic transition (EHT) [6]. In zebrafish, runx1-

expressing HSCs emerge from hemogenic endothelium in the aorta-gonad mesonephros 

(AGM) region around 30 hours post-fertilization (hpf) [7, 8], upregulating expression of 

cmyb and cd41 after EHT [9, 10]. At 32–34 hpf, HSCs migrate to the caudal hematopoietic 

tissue (CHT), an intermediate site of hematopoiesis, to expand or differentiate, then migrate 

to seed the kidney marrow (KM) and thymus beginning at 48–60 hpf [9, 10]. Although 

embryonic HSC migration routes are well-described in zebrafish [9–11], the molecular 

mechanisms underlying HSC maturation remain elusive, including the rationale for 

successive niches and functional redundancies ensuring adequate HSC production.

In mammalian embryos, HSCs exhibit a maturation-dependent expression profile of 

adhesion molecules and chemokines thought to reflect their ability to colonize subsequent 

hematopoietic organs [12]. In the mouse, adhesion molecules including Cadherins, Integrins, 

and E-/P-Selectins are associated with migration to the fetal liver (FL) and BM [12], while 

thymic homing is regulated by chemokines [13, 14]. Adhesion molecules physically control 

migration through endothelium and extracellular matrix (ECM) [15], while chemokines and 

cytokines regulate hematopoietic stem and progenitor cell (HSPC) movements by 

establishing directional gradients [15, 16]: for example, CXCR4/CXCL12 (Stromal-Derived 

Factor (SDF)-1) interactions are crucial for HSC transit from FL to the BM and thymus [12, 

13, 17, 18] and BM retention. Shifting hematopoietic niches during ontogeny may enable 

proper HSC maturation via exposure to these differential microenvironmental signals [1]. 

Concomitant with HSC induction and migration, there is a rapid expansion such that 

between E12.5 and E14.5 murine FL HSCs double in number [19]. Zebrafish HSCs 

similarly expand in the CHT [11], although precise proliferation rates are not established 

[20–22]. Hypoxia-Inducible Factor 1-alpha (HIF1α), Insulin-like Growth Factor (IGFs), 
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Wnts, and prostaglandin E2 (PGE2) each influence adult HSC proliferation in vivo and in 

vitro [23], as well as HSC expansion during development [24–28]. Several factors regulating 

BM retention and HSC migration likewise regulate cell proliferation [29–32], but additional 

roles in embryonic HSC production, expansion, or differentiation remain undetermined.

Eicosanoids are a family of lipid modifiers related to arachidonic acid (AA) that includes: 

epoxyeicosatrienoic acids, leukotrienes, prostaglandins, and endocannabinoids (eCBs). 

Several are known modifiers of adult HSC function [33], and their synthesis/signaling 

pathways are highly interconnected. During zebrafish development, PGE2 modulates Wnt-

signaling to control HSC production, while in adult fish or mice, it enhances hematopoietic 

regeneration after injury [25, 28], through increased HSC proliferation and CXCR4-

mediated homing [34, 35]. eCBs 2-arachidonoylglycerol (2-AG) and anandamide (AEA) 

similarly modulate cell proliferation and migration of mammalian hematopoietic cells in 

vitro [36–42]. Endogenous and synthetic CBs bind to G-protein coupled receptors: CNR1, 

CNR2, and GPR55 [43]. While in humans, CNR2 is predominantly expressed on immune 

cells [44], both CNR1 and CNR2 are expressed on murine and human HSCs [33]. In the 

mouse, CNR2-signaling increases recovery after irradiation by modifying HSPC 

proliferation and apoptosis [45]; furthermore, CNR2-agonists can mobilize Colony-Forming 

Unit Granulocyte Macrophage (CFU-GM) into peripheral blood and enhance the effect of 

Granulocyte-Colony Stimulating Factor (G-CSF) [45]. While CNR2-signaling modifies 

multiple aspects of adult HSPC behavior, its impact on embryonic HSC formation, 

expansion, or hematopoietic niche colonization is unknown.

Here, we demonstrate a role for CBs during zebrafish hematopoiesis. Embryonic exposure 

to eCBs or CNR2-selective agonists increases runx1+ HSPCs. Using discrete treatment 

intervals, we show AM1241-mediated CNR2-stimulation during hemogenic niche 

specification (18–24 hpf) enhances AGM HSC development, while treatment during the 

window of HSC production (30–36 hpf) and colonization (30–96 hpf) alters HSPC number 

in subsequent niches, the CHT and thymus. AM1241 exposure increases PGE2 synthesis 

and signaling via prostaglandin endoperoxide synthase 2 (Ptgs2) upregulation. In contrast, 

the impact of CNR2-stimulation on HSPC expansion and niche migration is PGE2-

independent, requiring the P-selectin pathway; loss of P-selectin function disrupts CHT and 

thymic homing and blocks the stimulatory effect of CNR2-signaling. Together, these data 

reveal a novel role for CBs during vertebrate definitive hematopoiesis.

Materials and Methods

Zebrafish Husbandry

Zebrafish were maintained according to IACUC-approved protocols. 

Tg(-6.0itga2b(CD41):eGFP) [46], Tg(kdrl(flk1):eGFP) [47], Tg(CD45:dsRed) [9], 

Tg(kdrl(flk1):dsRed2) [48], Tg(lmo2:dsRed) [49], Tg(cmyb:eGFP) [28], Tg(runx1P2:eGFP) 

[50], and Tg(rag2:GFP) [51] lines were described previously.
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Chemical Treatments and Evaluation

Zebrafish embryos were exposed to compound modifiers (Supporting Information Table 1) 

in E3 water in multiwell plates for durations noted. Whole-mount in situ hybridization 

(WISH) was performed as previously described [26]. Qualitative phenotypes for individual 

embryos (n ≥ 25 embryos per condition, ≥3 replicates) were scored as relatively high/

medium/low in expression compared to sibling controls and graphically depicted as the 

percentage falling into each of the three phenotypic expression bins; “medium” expression 

was set as the most representative phenotype in the normal bell-curve distribution of each 

cohort of control embryos per experiment. For immunohistochemistry (IHC), embryos were 

fixed in 4% paraformaldehyde (PFA) and dehydrated overnight (O/N) in MeOH at −20°C. 

After rehydration and Phosphate Buffered Saline (PBS)/0.1% Tween20 (PBT) washes, 

embryos were incubated in prechilled acetone (−20°C (20 minutes)) and rinsed in dH2O 

before proteinase K digestion (10 μg/mL (6–12 minutes)). Primary antibodies (Supporting 

Information Table 2) were incubated O/N in Block (PBT, 2% Bovine Serum Albumine 

(BSA), 2% sheep serum), before secondary antibody staining (RT (2 hours)). Statistical 

significance was determined by Student's t test, as indicated.

Morpholino Injection

Morpholino (MOs) (Supporting Information Table 3, GeneTools) were injected as described 

previously [52].

Microscopy

Fluorescent embryos were treated as above and imaged as previously described [28]. For 

IHC, embryos were mounted in Fluoromount-G (Southern Biotech) and imaged using Zeiss 

LSM510 Meta 2-Photon or 700 Laser Scanning Confocal Microscopes. Cell counts and 

thymic area were quantified using ImageJ (NIH).

Flow Cytometry and Fluorescence Activated Cell Sorting

Endothelial cells (Flk1:dsRed+;cMyb:GFP−) and HSCs (Flk1: dsRed+;cMyb:GFP+) were 

sorted from flk1:dsRed;cmyb:GFP double positive transgenic embryos at 48 hpf. After cell 

collection, RNA was extracted, treated with DNaseI (RNAqueous-Micro Total RNA 

isolation Kit, Life Technologies, Rockville, MD, http://www.lifetech.com) and amplified 

with Ovation RNA Amplification System V2 (NuGEN). Flow cytometric analysis of HSCs 

was previously detailed [28].

Quantitative Reverse Transcriptase Polymerase Chain Reaction

Quantitative polymerase chain reaction (qPCR) was performed on cDNA isolated from 

pooled embryos and/or fluorescence-activated cell sorted (FACS) isolated subsets at time 

points indicated (n = 25 embryos per variable; primers: Supporting Information Table 4) 

using ABI PRISM 7900HT (Invitrogen, Carlsbad, CA, http://www.invitrogen.com). Ct 

values were determined using PCR Miner [53] and fold-change calculated by the ΔΔCt or 

R0 method with tbp or 18s as the reference gene.

Esain et al. Page 4

Stem Cells. Author manuscript; available in PMC 2016 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.lifetech.com
http://www.invitrogen.com


Western Blot and PGE2 Metabolite Measurements

Western blot analysis (Supporting Information Table 3) was conducted on pooled embryo 

lysates as described [26] (n ≥ 50 embryos per condition), repeated in triplicate and 

quantified using ImageJ (NIH). PGE2 metabolite measurements were performed according 

to manufacturer's protocols (Cayman Chemical) on pooled embryo lysates (n = 30 embryos 

per condition) following compound incubation (5 μM [12–24 hpf]).

Results

CNR2-Signaling Positively Regulates AGM HSC Development

PGE2 modulates HSC development and homeostasis in vertebrates [28]. To determine if 

related eicosanoids similarly impact embryonic HSC production and function, we assessed 

effects of endogenous and synthetic CBs. Embryonic exposure to endogenous ligands 2-AG 

and AEA during the onset of hematopoiesis (12–30 hpf), increased AGM runx1 expression, 

as determined by WISH (Fig. 1A, 1C); O2545, a CNR1/CNR2-agonist, elicited a similar 

response (Fig. 1C; Supporting Information Fig. S1A). Whereas the CNR1-agonist 

arachidonyl-2-chloroethylamide (ACEA) exhibited no effect on runx1 (Fig. 1C; Supporting 

Information Fig. S1A), CNR2-agonists AM1241 (Fig. 1A, 1C) and JWH015 (Supporting 

Information Fig. S1E, S1F) recapitulated the eCB phenotype. The effect of AM1241 was 

quantified by qPCR, revealing significantly increased runx1 and cmyb expression at 36 hpf 

(Supporting Information Fig. S1C). Similarly, absolute cell counts of 

Flk1:dsRed+;cMyb:GFP+ (yellow) AGM HSCs [54] revealed a significant enhancement 

following eCB exposure, due to CNR2-selective stimulation (Fig. 1B, 1D; Supporting 

Information Fig. S1B). cnr2 was expressed throughout the embryo from 18–48 hpf, with 

strong AGM expression at 24 hpf (Fig. 1E and data not shown). qPCR of FACS-sorted 

fractions of flk1:dsRed;cmyb:GFP transgenic embryos confirmed cnr2 expression in the 

Flk1:dsRed+;cMyb:GFP+ double positive HSC population (Supporting Information Fig. 

S1D). To examine functional requirements, cnr1 and cnr2 were knocked-down using 

modified antisense oligonucleotides (MO). While cnr1-MO had no effect, cnr2-morphants 

exhibited reduced runx1 expression at 30 hpf (Fig. 1F, 1G) and significantly decreased 

Flk1:dsRed+;cMyb:GFP+ HSCs at 36 hpf (Fig. 1H, 1I); cnr2-MO also blocked AM1241-

mediated induction of runx1 expression, confirming receptor selectivity (Supporting 

Information Fig. S1G, S1H). Similar inhibitory effects were found for the CNR2-antagonist 

AM630 (Supporting Information Fig. S1I, S1J). These data show CNR2-signaling positively 

modulates HSC number during the onset of embryonic definitive hematopoiesis.

CNR2-Stimulation Regulates HSPC Development in Distinct Hematopoietic Niches

Embryonic HSC development can be divided into four broad, partially overlapping phases: 

(a) hematopoietic niche specification (18–24 hpf); (b) AGM HSC production (30–48 hpf); 

(c) CHT colonization and HSC expansion (34–72 hpf) [10, 11, 55]; and (d) KM and thymus 

colonization (>2.5–5 dpf) [9, 10] (Supporting Information Fig. S2A). AM1241-treatment 

during niche specification (18–24 hpf) increased AGM runx1/cmyb levels at 30 hpf (Fig. 

2A, 2B), which was confirmed by evaluation of Runx1P2:eGFP expression (Supporting 

Information Fig. S2B) and quantified by whole-embryo HSPC FACS using 

cmyb:eGFP;lmo2:dsRed embryos (Supporting Information Fig. S2C). Absolute counts of 
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double positive Flk1:dsRed+;cMyb:GFP+ HSCs within the AGM corroborated the 

expansion observed following CNR2-stimulation (Fig. 2C, 2D). In contrast, exposure to 

AM630 during niche specification significantly decreased, but did not eliminate, runx1 

expression (Fig. 2A, 2B) or Flk1:dsRed+;cMyb:GFP+ HSC production (Fig. 2C, 2D), 

indicating eCBs are not essential for hemogenic induction but actively modulate HSC 

numbers.

Embryos exposed to AM1241 during HSC production (30–38 hpf) had no appreciable 

change in AGM runx1;cmyb expression (Supporting Information Fig. S2D), however, CHT 

localization was strongly increased (Fig. 2E, 2F). This finding was confirmed by 

CD41:GFP+ HSC enumeration in the CHT [26] (Fig. 2G, 2H). 3-hour interval time-course 

analysis documented the transition from HSPC production in the AGM to initiation of CHT 

colonization (27–42 hpf) in the presence and absence of CNR2-modulation (Fig. 2I, 2J; 

Supporting Information Fig. S2E) In wild type (WT) embryos, runx1;cmyb expression was 

present in the CHT starting at 30 hpf; while the onset of colonization was not affected by 

CNR2-stimulation, elevated runx1;cmyb expression was found in the CHT of AM1241-

treated embryos at all times from 30–39 hpf, suggesting CNR2-signaling accelerates 

colonization. AM630-treatment during HSC production likewise caused no alterations in 

runx1;cmyb expression (Fig. 2E, 2F) or CD41:GFP+ HSCs at the onset of CHT colonization 

(Fig. 2G, 2H), however, defects were noted as time progressed, such that by 48 hpf 

significantly fewer CHT HSCs were present (Fig. 2K; Supporting Information Fig. S2F). 

These data suggest CNR2 influences the rate of CHT migration for newly produced HSCs.

To further assess the role of CNR2-signaling in colonization of secondary hematopoietic 

niches, HSPCs were evaluated at 4 dpf when adult hematopoietic organs are actively seeded. 

AM1241-treatment increased total cmyb expression at 4 dpf by qPCR analysis (Fig. 3B); 

however, CHT HSPCs were not grossly altered (Fig. 3A). Whereas, cmyb expression in the 

KM was also indistinguishable from controls, localization of cmyb1 progenitors in the 

thymus was robustly increased by AM1241 (Fig. 3A, 3C), implying CNR2-signaling may 

selectively modulate embryonic thymic homing; markers of T-cell differentiation, rag2 and 

lck, were likewise increased (Fig. 3D–3G). Image analysis revealed significant expansion in 

thymic rag2 expression in AM1241-exposed embryos (Fig. 3H, 3I), and qPCR showed 

increased expression of the lymphoid progenitor marker ikaros (Fig. 3L). To better 

characterize the apparent increase in lymphoid-specific colonization, the dynamics of ikaros 

and rag1 expression in the thymus was examined from 60 to 96 hpf. CNR2-stimulation did 

not alter the onset of ikaros (Fig. 3J; Supporting Information Fig. S3A) or rag1 expression 

(Fig. 3K) but rather increased expression levels per embryo compared to controls at all time 

points. In contrast, following treatment from 30 to 96 hpf, AM630 markedly decreased 

thymic cmyb, rag1, and lck staining (Fig. 3A–3I); however, reduced cmyb+ HSPCs were 

also noted in the CHT, indicating loss of CNR2-signaling may impact HSPC expansion (Fig. 

3A). In sum, CNR2-signaling maintained a role in HSPC production and migration 

throughout embryogenesis.
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CNR2- and PGE2-Signaling Pathways Interact via Ptgs2 to Modulate HSPCs

We have previously shown that moderate elevations in PGE2 increase HSC formation in the 

AGM; as eicosanoid synthesis and signaling pathways are known to be interconnected [56], 

we next explored if CBs and PGE2 coordinately and/or redundantly regulated embryonic 

HSC formation. Consistent with prior observations [28], targeting PGE2 production by 

exposure to Prostaglandin endoperoxide synthase 1 (Ptgs1; SC-560) or Ptgs2 (NS-398) 

selective-inhibitors from 12 to 30 hpf decreased runx1 expression (Fig. 4A, 4B). 

Cotreatment with AM1241 restored runx1 expression to WT levels in SC-560- but not 

NS-398-exposed embryos; this effect was mimicked by MO-mediated knockdown of ptgs1 

and ptgs2 as well as incubation with alternative selective inhibitors (Fig. 4C; Supporting 

Information Fig. S4A). Flk1:dsRed+;cMyb:eGFP+ cell counts in the AGM confirmed that 

coincubation with AM1241 rescued low HSC production in SC-560- but not NS-398-

exposed embryos (Fig. 4D), suggesting Ptgs2-mediated PGE2 production was responsible 

for the effect of AM1241 on HSCs.

Both endogenous and synthetic CBs can modulate the transcription or activity of Ptgs2 [57–

64] to regulate production of PGE2 from available AA, in a context-dependent manner. To 

test whether AM1241 impacted intraembryonic PGE2 levels, we measured PGE2-metabolite 

concentrations. PGE2-treated embryos showed increased PGE2-metabolites (2.66-fold), as 

expected; exposure to AM1241 also significantly (1.35-fold) enriched PGE2-metabolites 

(Fig. 4E). At 24 hpf, ptgs1 was robustly expressed throughout the embryo, including the 

vasculature, consistent with previous reports [65]; in contrast, both ptgs2 isoforms were 

more weakly expressed (Fig. 4F). Following AM1241-treatment, expression of each ptgs 

was visibly increased. qPCR indicated whereas ptgs1 expression was not statistically 

increased over baseline levels, both ptgs2a and ptgs2b were significantly upregulated in 

response to CNR2-stimulation (Fig. 4G); CNR2-modulation also altered Ptgs2 protein levels 

compared to controls as indicated by Western blot (AM1241: 2.86-fold, AM630: 0.43-fold, 

Supporting Information Fig. S4B). To confirm that CNR2-signaling was responsible for 

ptgs2 upregulation and subsequent PGE2-induced increases in HSPC production, modified 

epistasis experiments were performed: in addition to effects on runx1 expression 

(Supporting Information Fig. S1G, S1H), MO-mediated inhibition of CNR2-signaling 

reduced the effect of AM1241 on ptgs2 expression (Fig. 4F). Furthermore, reintroduction of 

ptgs2b mRNA returned runx1 expression to baseline levels in the cnr2 morphants (Fig. 4H, 

4I). Additionally, knockdown of prostaglandin E synthase (ptges) (Supporting Information 

Fig. S4C) or that of the PGE2-receptors: ptger2a/b and 4a/b (Supporting Information Fig. 

S4D) antagonized the effect of AM1241 on runx1 expression, demonstrating PGE2 

production and downstream signaling was necessary for AGM HSPC regulation. Finally, 

combinatorial treatment with AM1241 and PGE2 increased the percentage of embryos with 

high runx1+ expression, particularly at suboptimal doses incapable of affecting HSC 

production alone (Supporting Information Fig. S4E, S4F), which was confirmed by 

CD41:eGFP+;CD45:dsRed+ FACS at 36 hpf (Fig. 4J). Together, these data indicate 

increased PGE2 production resulting from transcriptional upregulation of ptgs2 via 

AM1241-stimulation enhances AGM HSC production.
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AM1241-Mediated Increases in PGE2 Affect Only AGM HSC Expansion

To determine if functional interactions between CNR2- and PGE2-signaling in HSC 

regulation occurred throughout embryogenesis, embryos were exposed to AM1241 with or 

without NS-398 for discrete intervals. AM1241-exposure during hemogenic endothelial 

specification failed to increase AGM runx1 expression with simultaneous NS-398 treatment 

(Fig. 5A, 5B), which was confirmed by enumeration of Flk1:dsRed+;cMyb:GFP+ HSCs at 

36 hpf (Fig. 5E; Supporting Information Fig. S5A). In contrast, during HSC production and 

CHT colonization, NS-398 had no effect on AM1241-mediated increases in runx1;cmyb+ 

localization or expansion (Fig. 5C, 5D), as was corroborated by CD41:GFP+ cell counts in 

the CHT at 38 hpf (Fig. 5F; Supporting Information Fig. S5B). Furthermore, during niche 

specification, H89-treatment, inhibiting Protein Kinase A (PKA) activity downstream of 

PGE2-receptor stimulation [25], diminished runx1 expression, reduced 

Flk1:dsRed+;cMyb:GFP+ AGM HSCs (Fig. 5A, 5B, 5E; Supporting Information Fig. S5A), 

and blocked the effect of AM1241-exposure. In contrast, H89-treatment during HSC 

production and CHT colonization did not disrupt AM1241-mediated increases in 

runx1;cmyb or CD41:GFP+ HSCs in the CHT (Fig. 5C, 5D, 5F; Supporting Information Fig. 

S5B). CNR2 can signal through the modulation of multiple downstream effectors [66]. To 

determine which signaling cascade(s) were impacted by CNR2 modulation, Western blot 

analysis was performed on embryos exposed to AM1241 and AM630 during niche 

specification or HSC production. Following CNR2-modulation from 18 to 24 hpf, phospho-

ERK (pERK) levels were increased 1.55-fold by AM1241 and reduced 0.49-fold with 

AM630 treatment, however phospho-AKT (pAKT) levels were unaffected (Supporting 

Information Fig. S5C and data not shown). In contrast, when treatment occurred during HSC 

production (30–38 hpf), AM1241 and AM630 were observed to modulate pAKT levels 

(AM1241: 1.79-fold, AM630: 0.63-fold), but not pERK signaling (Supporting Information 

Fig. S5D and data not shown), mirroring the differential impact on PGE2 activity occurring 

during HSC formation.

PGE2 affects hemogenic niche development as well as HSC proliferation in zebrafish, mice, 

and humans [25, 28, 34, 65]; CNR2 agonists similarly regulate hematopoietic cell 

proliferation and survival in adult mice [28, 45] and human cell lines [67]. To further 

characterize the mechanism of CNR2-stimulated HSC production, vascular development 

and proliferation were assessed. Neither flk1:GFP expression was impacted by AM1241 nor 

were markers of vessel identity: efnb2a and flt4 (Supporting Information Fig. S5E–S5G). 

Early AM1241 treatment (18–24 hpf) increased proliferation within the Flk1:GFP+ dorsal 

aorta of the AGM region at 30 hpf (Fig. 5G, 5H), as delineated by phospho-histone H3 

(pH3, red) staining; NS-398 decreased pH3+ AGM cells and blocked the effect of AM1241, 

consistent with PGE2-mediated HSC regulation. In contrast, while later AM1241 exposure 

(30–38 hpf) also enhanced the number of proliferating (blue) cMyb:GFP+ HSPCs within 

Flk1:dsRed+ vessels of the CHT (Fig. 5I, 5J) at 38 hpf, Ptgs2 inhibition had no effect on the 

proproliferative response to AM1241. In sum, PGE2 production and downstream activities 

are necessary for AM1241-augmented AGM HSC formation; however, enhanced CHT 

colonization and HSPC expansion are independent of PGE2.
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The Effect of AM1241 on CHT Colonization Is Mediated by P-selectin

PGE2 increases homing of mammalian adult HSCs to the BM [34, 35]; CNR2-signaling also 

modulates adult hematopoietic migration [33, 36–42, 68]. As AM1241-mediated effects on 

CHT colonization were independent of PGE2, we sought to identify hematopoietic adhesion 

and migration factors differentially regulated by each eicosanoid. Although PGE2 and 

CNR2-agonists have opposite effects on CXCL12/CXCR4 expression in vitro [35, 69], both 

cxcr4b and cxcl12b were significantly upregulated following embryonic AM1241- or PGE2-

treatment (Supporting Information Fig. S6A). MMP9 also exhibits opposing responses to 

PGE2- and CNR2-signaling in murine dendritic cells [70, 71]; however, while dmPGE2 

increased embryonic mmp9 expression, it was unchanged by AM1241, making it an unlikely 

candidate for CNR2-stimulated CHT colonization (Supporting Information Fig. S6A). 

Epistatic experiments using AMD3100 (CXCR4 antagonist) and SB-3CT (MMP2/9 

inhibitor), as well as cxcr4/cxcl12 knockdown studies, confirmed the expression analysis 

and eliminated each pathway as causal for the CNR2-mediated colonization phenotype 

(Supporting Information Fig. S6B and data not shown).

We next assessed adhesion factors expressed in the vasculature of the developing zebrafish 

embryo from the Cadherin, Protocadherin, and Integrin families (Supporting Information 

Fig. S6C–S6E): by qPCR, no statistically differential regulation was observed between 

PGE2- or AM1241-treatment. Conversely, while e-selectin (sele) showed no statistical 

difference, both p-selectin (selp) and p-selectin glycoprotein ligand-1 (psgl-1) expression 

were significantly upregulated at 36 hpf by AM1241, but not PGE2 (Fig. 6A). selp and its 

ligand, psgl-1, are expressed in the vasculature from 18 to 72 hpf [72, 73]. qPCR analysis of 

psgl-1, selp, and sele expression on FACS-sorted endothelial cells 

(Flk1:dsRed+;cMyb:GFP−) and HSCs (Flk1:dsRed+;cMyb:GFP+) revealed psgl-1 is 

predominantly expressed on HSCs, selp is only detected in endothelial cells, and sele is in 

both fractions (Fig. 6B; Supporting Information Fig. S6F). At 38 hpf, runx1;cmyb 

expression in the CHT was decreased following selp or psgl-1 knockdown (Fig. 6C, 6D); 

moreover, in morphant embryos, AM1241-exposure no longer impacted CHT colonization 

(Fig. 6C, 6D), as confirmed by CD41:eGFP analysis (Fig. 6E, 6F). To further validate the 

role of P-selectin, embryos were treated with KF38789, a selective inhibitor of P-selectin-

mediated cell adhesion [74]; CD41:eGFP+ cell counts showed that KF38789 also caused 

reduced CHT colonization, particularly in AM1241-treated embryos (Fig. 6G, 6H). These 

data indicated CNR2-signaling modulates HSC colonization of the CHT through 

upregulation of P-selectin activity.

Colonization of the Thymus is Controlled by CNR2/P-Selectin-Signaling

We next sought to determine if P-selectin activity was likewise involved in CNR2-

stimulated thymic colonization. qPCR analysis at 72 hpf indicated AM1241-exposure 

continued to significantly upregulate psgl-1 and selp, but not sele (Fig. 6I). MO-mediated 

knockdown of selp and psgl-1 decreased the appearance of cmyb+ thymic HSPCs, and rag1-

expressing lymphoid progenitors compared to controls (Fig. 7A–7D). Likewise, while total 

cmyb expression increased following CNR2-stimulation from 30 to 96 hpf, AM1241 failed 

to influence thymic colonization, or the appearance of rag1-expressing progenitors in p-

selectin morphants (Fig. 7A–7D). Quantification Rag2:GFP+ expression at 96 hpf confirmed 
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p-selectin knockdown impaired thymic homing in WT embryos and reduced the effect of 

CNR2-stimulation (Fig. 7E, 7F); KF38789 (30–96 hpf) treatment replicated the morphant 

colonization phenotypes, strongly antagonizing the effect of AM1241 (Fig. 7G; Supporting 

Information Fig. S7F). Notably, qPCR analysis indicated p-selectin knockdown did not 

reduce total cmyb expression in AM1241-treated (30–96 hpf) embryos (Supporting 

Information Fig. S7C); WISH analysis confirmed morphant embryos displayed accumulated 

HSPCs in the CHT region (Supporting Information Fig. S7A, S7B) and/or increased cmyb+ 

cells dispersed throughout the circulation (Supporting Information Fig. S7A, S7B); these 

phenotypes were similar, but exaggerated, after AM1241-treatment. However, based on mpo 

expression, elevation in circulating cmyb+ cells was not indicative of biased commitment to 

the myeloid lineage (Supporting Information Fig. S7D). As CHT HSPC numbers were 

reduced by P-selectin antagonism at 38 hpf, but elevated at 96 hpf, time course analysis was 

performed: while CD41:GFP+ cells remained slightly depressed in morphants at 48 hpf, loss 

of P-selectin activity led to significant accumulations in the CHT by 72 hpf, which remained 

present at 96 hpf (Supporting Information Fig. S7E). This data suggested that once HSPCs 

colonize the CHT they can expand normally but fail or delay in their ability to exit the CHT 

and/or colonize the thymus in the absence of P-selectin.

To determine if CNR2-signaling was required for P-selectin function during thymic 

colonization, embryos were exposed to AM630 following the completion of AGM HSC 

production and CHT seeding (48–96 hpf). Exposure to AM630 decreased selp expression at 

96 hpf, but not that of psgl-1, indicating CNR2-signaling predominantly controls the rate-

limiting component of P-selectin function (Fig. 7H). As seen in P-selectin morphants, 

AM630-treated embryos displayed increased numbers of CD41:GFP+ cells in the CHT at 96 

hpf (Fig. 7I; Supporting Information Fig. S7H), and reductions in lymphoid progenitors as 

assessed by thymic ikaros expression (Supporting Information Fig. S7I) and Rag2:GFP+ 

fluorescence (Fig. 7J; Supporting Information Fig. S7G). Altogether, these data indicate 

CNR2-signaling regulates P-selectin activity during hematopoiesis to draw HSPCs to 

appropriate niches for expansion (CHT) and differentiation (thymus) during embryogenesis.

Discussion

HSC specification and production from hemogenic endothelium is a complex and multistep 

process, requiring the combined and sequential action of multiple pathways [75]. The 

mechanisms underlying subsequent colonization movements which allow HSC maturation, 

expansion, and homing to adult hematopoietic sites are less well-characterized, but likely 

require niche-supplied cytokines, ECM-modifiers, and adhesion molecules [1]. These 

processes are exquisitely timed and regulated to ensure sufficient numbers of mature HSCs, 

while simultaneously allowing the onset of differentiation into various effector lineages; as 

such, hematopoiesis must invoke overlapping, even redundant pathways, with mechanisms 

for feedback and cross-regulatory control to achieve appropriate balance. Here, we 

demonstrate CNR2-signaling modifies HSC production and proliferation within the AGM, 

as well as colonization of CHT and thymus; however, we also discovered hematopoiesis 

continues, albeit less effectively, in its absence. Our data indicate CNR2-signaling is a 

biologically relevant modifier of the multistep HSC development process, potentiating 

effects of other known, and perhaps also unknown, primary regulators.
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Eicosanoids have emerged as potent modulators of HSC formation and function in adult 

vertebrates [28, 33, 35, 45]. eCBs are known to modify cell proliferation and migration of 

murine [36, 41, 42] and human [37–40, 67] hematopoietic cells in vitro. In humans, CNR2 is 

predominantly expressed on adult immune cells [44], including immunophenotypically 

defined HSCs [33]. In mice, CNR2-signaling modulates HSC proliferation and survival, as 

well as mobilization from the BM niche [33, 45]. Here, we revealed novel roles for CNR2-

signaling in vivo during embryogenesis, impacting several aspects of HSPC development. 

Interestingly, CNR2-deficient mice have no gross morphologic alterations but exhibit a 

decreased number of specialized B-, T-, and natural killer cells. A similar blood phenotype 

has not been directly reported in CNR2−/− embryos, however our data suggests that inability 

to properly seed the thymus may underlie this adult observation, which warrants additional 

targeted investigation in the developmental setting. In zebrafish, while CNR2-stimulation 

during AGM specification increased HSCs by enhancing PGE2 levels, AM1241-treatment 

during HSC production instead accelerated colonization and expansion of mature HSCs in 

the CHT, and later, thymic progenitors, via the P-selectin pathway. The pleiotropy of effects 

that CNR2-signaling exerts on HSC function is likely to impact different biological 

processes in hematopoietic progenitors and immune effector cells, and as such, may be 

responsible for the presence of both anti-inflammatory and proinflammatory outcomes from 

CNR2 stimulation on murine models of infection and autoimmune disease [76].

In human and mouse, factors regulating BM mobilization and retention, such as CXCR4/

CXCL12 and E-/P-Selectin, can affect cell proliferation [29–32]. Our attempt to determine if 

HSC elevation following CNR2-stimulation was a consequence of earlier arrival of HSCs in 

the CHT, allowing more time to expand, or a direct proproliferative effect on HSCs, was 

complicated by the fact that both functions are contemporaneous. However, observations of 

cmyb+ and CD41:GFP+ cells stranded in the CHT, or scattered throughout the embryo, 

argue in favor of a more significant role for CNR2-signaling in colonization of secondary 

niches, rather than cell proliferation per se, implying proproliferative effects are simply a 

consequence of earlier arrival or late departure of progenitors.

While often considered directly opposing actions, HSC mobilization and homing or 

retention are not mirror images, but different processes involving overlapping and distinct 

mechanisms [77]. Here, we show CNR2-modulation, through P-selectin, affects HSC 

migration from the AGM to CHT, and CHT to thymus, but not to the KM, suggesting its 

role is more complex than simply stimulating egress. In the mouse, P-selectin influences 

homing of adult lymphoid progenitors to the thymus by modulating extravasation from the 

blood vessels [78], consistent with our observations of embryonic selp and psgl-1 expression 

in zebrafish. P-selectin is present on murine thymic endothelium [78], and PSGL-1 

expression is gradually upregulated as HSCs mature [79], however, mechanisms controlling 

seeding of the embryonic thymus, including requirements for P-selectin function, remain to 

be definitively established [13, 14, 17, 80, 81]. CNR1 and CNR2 are highly expressed in 

fetal murine thymus [82]; however, in contrast to our data, perinatal exposure to Δ9-THC 

caused profound thymic atrophy and T-cell apoptosis [82]. This discrepancy may stem from 

the fact that we examined an earlier subpopulation, included within the CD4+/CD8+ 

fraction, but not later thymocytic stages [82]. Alternatively, enhanced colonization in our 
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assays may be specific to direct activation of CNR2, as plant-derived CBs often exhibit a 

higher affinity for CNR1. In vitro, CNR2-stimulation promotes or inhibits T-cell migration 

and proliferation depending on both agonist- and dose-selection [76], perhaps highlighting 

the context-dependent role of CNR2 as a modifier, rather than required, HSPC regulator.

The interplay between bioactive lipids—which can derive from common precursors, 

intraconvert, and transcriptionally activate enzymatic machinery for related pathways—is a 

relatively underappreciated mechanism to modulate individual regulatory outcomes in a 

tissue-specific manner; one might speculate that such interactions could explain the 

pleiotropic effect of CNR2-signaling on HSC development. PGE2 is an established regulator 

of HSCs across vertebrate species and a promising therapeutic candidate [83]; here, we 

show CNR2-signaling directly modulates PGE2 production via Ptgs2 to increase embryonic 

HSCs. Effects of CB-signaling on P-selectin remain controversial, as its ability to modulate 

P-selectin/PSGL-1 expression varies depending on the model [53, 84–88]; these 

discrepancies could also reflect an indirect mechanism of CB regulation. In mouse, thymic 

levels of the bioactive phospholipid S1P vary in parallel to that of P-selectin [89], and S1P 

regulates lymphocyte trafficking [90] as well as HSC mobilization similarly to CNR2 [91]. 

CB- and S1P- signaling interact at multiple levels: AEA increases S1P phosphorylation [92], 

and CNR1-stimulation enhances ceramide biosynthesis, the substrate for S1P [93, 94]; 

further, sphingosine can bind to CNR1 as an antagonist [95], suggesting potential feedback 

regulation. It will be interesting to determine if just as CNR2-signaling modulates AGM 

HSCs through cross-regulatory effects on PGE2; CHT and thymus colonization occurs via 

regulation of S1P or other lipid mediators.

Demand-driven hematopoiesis, initiated by inflammatory feedback loops, is well-

characterized to stimulate HSC mobilization, proliferation, and differentiation to provide an 

adequate response to infection or injury. In the adult, HSCs and more committed 

downstream progenitors, express receptors for most of the proinflammatory molecules [96], 

however, a similar role for these factors during embryogenesis is not as well-established. 

Factors within this class, such as PGE2 [25, 28] and nitric oxide [52], as well as more 

recently type I and II interferons [97, 98], TNFα [99] and TLR4-MyD88-NF-κB pathway 

[100], were shown by our lab and others to be active in the embryo and necessary for the 

proper HSC development; the data presented here reveal a novel role for CNR2-signaling as 

a modifier of HSC production and function during embryogenesis, acting via inflammatory 

modulation.

Conclusion

In summary, this study provides direct evidence that CNR2 signaling regulates HSC 

emergence and movement to the subsequent hematopoietic niches, the CHT and the thymus. 

While in the AGM, CB/CNR2 signaling enhances PGE2 synthesis via the up-regulation of 

Ptgs2 impacting HSC production; in contrast, CNR2 stimulation promotes subsequent niche 

colonization by increasing P-selectin signaling. Our work indicates that CB/CNR2 activity 

acts as a modifier of embryonic HSC formation by fine-tuning signaling pathways essential 

for HSC emergence and colonization of secondary niches.
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Significance Statement

Hematopoietic (blood) stem and progenitor cells (HSPC) form the foundation of our 

immune system; the production and maturation of these cells are carefully controlled in 

the body, beginning during embryogenesis in vertebrates. Here we describe the role of 

cannabinoid receptor 2 (CNR2) signaling, an inflammatory cascade that promotes adult 

HSPC survival after injury, as a physiologically relevant modifier of the birth, migration 

and propagation of embryonic HSPCs. CNR2 activity is utilized to ensure production of 

adequate HSPC numbers and proper seeding of hematopoietic tissues to facilitate 

establishment and maintenance of the blood system to provide lifelong immune function.
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Figure 1. 
CNR2 modulates hematopoietic stem cell (HSC) formation during embryogenesis. (A): 
Embryonic exposure to endogenous (2-AG, 5 μM; AEA, 5 μM) or synthetic (AM1241, 

CNR2-selective agonist, 10 μM) cannabinoids during HSC formation (12–30 hpf) increased 

runx1 expression in the AGM (n≥90 per condition). (B): In vivo imaging of 

flk1:dsRed;cmyb:egfp embryos indicated the number of Flk1:dsRed+;cMyb:GFP+ HSCs 

(arrowheads) was increased in the AGM at 36 hpf following exposure to endogenous and 

synthetic cannabinoid compounds (n≥7 per condition). (C): Qualitative phenotypic 

distribution of embryos from panel (A) and Supporting Information Figure S1A scored with 

low, medium, or high runx1 expression in the AGM (O2545: dual CNR1/2 agonist, 5 μM, 

ACEA: CNR1-selective agonist, 5 μM). (D): Absolute counts of Flk1:dsRed+cMyb:GFP+ 

HSCs in embryos from panel (B) and Supporting Information Figure S1B (DMSO: 5.4±0.5, 

2-AG: 7.3±1.7, AEA: 7.5±2.4, O2545: 7±1.5, ACEA: 6.2±1.2, AM1241: 7.9±1.9; *, p≤.05; 

**, p≤.01; ****, p≤.0001, two-tailed t test). (E): Whole-mount in situ hybridization of wild 

type embryos at 18 and 24 hpf showed cnr2 was expressed throughout the embryo and 

enriched in the AGM region at the time of HSC specification. (F): MO-mediated 

knockdown of cnr1 or cnr2 revealed that CNR2, but not CNR1, was required for normal 

runx1 expression (n≤150 per condition). (G): Qualitative phenotypic distribution of embryos 

from panel (F) scored with low, medium, or high runx1 expression in the AGM. (H): In vivo 

imaging confirming the number of Flk1:dsRed+;cMyb:GFP+ HSCs (arrowheads) was 

decreased in the AGM at 36 hpf following cnr2, but not cnr1, MO-mediated knockdown 

(n≥10 per condition). (I): Absolute counts of Flk1:dsRed+cMyb:GFP+ HSCs from embryos 

in panel (B) (uninjected: 5.3±0.7, cnr1 MO: 5.3±0.3, cnr2 MO: 3.6±0.3; *, p<.05, two-tailed 
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t test). Scale bars: (A, B, F, H)=100 μm, (E) =500 μm. Abbreviations: 2AG, 2-

arachidonoylglycerol; AEA, anandamide; AGM, aorta-gonad-mesonephros; MO, 

morpholino.
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Figure 2. 
CNR2 modulation impacts hematopoietic stem cell (HSC) development in the AGM and 

CHT. (A): Embryos exposed to AM1241 or AM630 (CNR2-selective antagonist, 10 μM 

each) during niche specification (18–24 hpf) exhibited increased or decreased runx1 

expression in the AGM at 30 hpf, respectively (n≥55 per condition). (B): Qualitative 

phenotypic distribution of embryos from panel (A), scored with low, medium, or high runx1 

expression in the AGM. (C): In vivo imaging confirmed the number of 

Flk1:dsRed+;cMyb:GFP+ HSCs (arrowheads) in the AGM was altered at 36 hpf following 

exposure (18–24 hpf) to AM1241 or AM630 (n≥10 per condition). (D): Absolute counts of 

Flk1:dsRed+cMyb:GFP+ HSCs from embryos in panel (C) (DMSO: 5.3±0.7, AM1241: 

7.9±0.8, AM630: 3.6±0.4; *, p≤.05, two-tailed t test). (E): Embryos exposed to CNR-

modifiers during the phase of HSC production (30–38 hpf) exhibited altered runx1;cmyb+ 

expression in the CHT (scored as the vascular region beyond the tip of the yolk sac 

extension) at 38 hpf (n≥55 per condition). (F): Qualitative phenotypic distribution of 

embryos from panel (E), scored with low, medium, or high runx1;cmyb expression in the 

CHT. (G): In vivo imaging of cd41:egfp embryos indicated the number of CD41+ HSCs 

(arrowheads) was increased in the CHT at 38 hpf following exposure to AM1241 but not 

significantly altered in embryos exposed to AM630 (n≥20 per condition). (H): Absolute 

counts of CD41:GFP+ cells from embryos in panel (G) (DMSO: 10.6±0.8, AM1241: 

15.0±1.1, AM630: 11.3±0.9; **, p≤.01, two-tailed t test). (I): Time course analysis of the 

qualitative phenotypic distribution of runx1;cmyb expression in the AGM region of embryos 

exposed to AM1241 during the phase of HSC production (24 hpf until time indicated) (n≥55 

per condition). (J): Time course analysis of the qualitative phenotypic distribution of 

Esain et al. Page 22

Stem Cells. Author manuscript; available in PMC 2016 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



runx1;cmyb expression in the CHT region as described for panel (I), showing increased 

colonization in response to AM1241 compared to wild type sibling controls (see also 

Supporting Information Fig. S2E). (K): Embryos exposed to AM630 during HSC production 

(30–48 hpf) had decreased numbers of CD41+ HSCs at 48 hpf (DMSO: 11.6±0.6, AM630: 

7.2±0.6; ****, p≤.0001, two-tailed t test; see also Supporting Information Fig. S2F). Scale 

bars (A, C, E, G)=100 μm. Abbreviations: AGM, aorta-gonad-mesonephros; CHT, caudal 

hematopoietic tissue.
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Figure 3. 
CNR2 modulation impacts hematopoietic stem and progenitor cell colonization of thymus. 

(A): Exposure to CNR2-modulators (30–96 hpf) during the window of hematopoietic stem 

cell (HSC) expansion and secondary niche colonization affected cmyb+ expression (upper 

row, lateral view; line, caudal hematopoietic tissue (CHT) region; arrowhead, kidney 

marrow; middle row, close up of CHT; lower row, dorsal view; arrowheads, thymi) with 

AM1241 increasing thymic colonization, and AM630 decreasing expression in all 

hematopoietic sites (n>45 per condition). (B): qPCR analysis indicated AM1241-treatment 

(30–96 hpf) increased total cmyb expression at 4 dpf (n=4, AM1241: 1.38±0.07-fold; p≤.01, 

two-tailed t test). (C): Qualitative phenotypic distribution of low, medium, or high thymic 

cmyb expression from embryos exposed to AM1241 and AM630 (30–96 hpf) as in panel 

(A). (D): Embryos exposed to AM1241 and AM630 during HSC expansion as in panel (A) 

showed an altered thymic expression of lck (n>20 per condition). (E): Qualitative 

phenotypic distribution of embryos from panel (D), scored with low, medium, or high lck 

expression in the thymus. (F): Embryos exposed to AM1241 and AM630 as in panel (A) 

showed increased or decreased thymic expression of rag1, respectively (n>45 per 

condition). (G): Qualitative phenotypic distribution of embryos from panel (F), scored with 

low, medium, or high rag1 expression in the thymus. (H): Representative examples of total 

thymic area measurements (outlined in red) in AM1241- or AM630-exposed embryos (30–

96 hpf) following rag1 whole mount in situ hybridization. (I): Bar graph of total thymic area 

from panel (H) (DMSO: 0.224±0.012 a.u., AM1241: 0.347±0.015, AM630: 0.197±0.008; *, 

p≤.05; ***, p≤.001, one-tailed t test, n=5). (J): Time course analysis (60–96 hpf) of the 

qualitative phenotypic distribution of ikaros expression in the thymus as described for panel 
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(A), showing increased colonization in response to AM1241 compared to wild type sibling 

controls (n≥40). (K): Time course analysis (72–120 hpf) of the qualitative phenotypic 

distribution of rag1 expression in the thymus as described for panel (A), indicating 

increased lymphoid commitment in response to AM1241 compared to controls (n≥40). (L): 
qPCR confirmation of increase ikaros expression at 4 dpf in embryos exposed to AM1241 

during HSC expansion and niche colonization (30–96 hpf) (AM1241: 1.30±0.11-fold, p≥.

05; *, p≤.05, two-tailed t test, n=3). Scale bars (A, top)=800 μm, (A, middle)=400 μm, (A, 

bottom), (D, F)=200 μm, (H)=100 μm. Abbreviation: qPCR, quantitative polymerase chain 

reaction.
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Figure 4. 
CNR2-signaling increases PGE2 production via ptgs2 induction. (A): Treatment with 

selective cyclooxygenase (Ptgs)-1 (SC-560, 10 μM) and Ptgs2 (NS-398, 10 μM) inhibitors 

(12–30 hpf) decreased runx1 expression in the AGM; the effect of SC-560 on runx1, but not 

that of NS-398, was ameliorated by addition of AM1241 (n≥90 per condition). (B): 
Qualitative phenotypic distribution of embryos from panel (A), scored with low, medium, or 

high runx1 expression in the AGM. (C): Qualitative phenotypic distribution of embryos 

injected with ptgs1 or ptgs2a/ptgs2b MOs in the presence or absence of AM1241-treatment, 

scored with low, medium, or high runx1 expression; the effect of MO-mediated reduction in 

Ptgs1, but not that of Ptgs2, on runx1 was restored to wild type levels by exposure to 

AM1241 (n≥25 per condition). (D): Quantification of the independent and combined effects 

of selective Ptgs inhibitors and AM1241 by absolute counts of Flk1:dsRed+;cMyb:GFP+ 

hematopoietic stem cells in embryos, treated as in panel (A), indicated AM1241 acts via 

Ptgs2 to impact HSCs (DMSO: 5.8±0.5, AM1241: 7.2±0.4, SC-560, 4.1±0.4, 

AM1241+SC-560: 6.0±0.6, NS-398: 05.8±0.5, AM1241+NS-398: 04.1±0.4; *, p≤.05, two-

tailed t test, n≥10 per condition). (E): Embryos exposed to AM1241 (12–24 hpf) exhibited 

augmented PGE2 production: relative concentration of PGE2 was measured in AM1241- 

and PGE2-treated (positive control) embryos via a biochemical assay for PGE2-metabolites 

(PGE2, 2.66-fold; AM1241, 1.35-fold; **, p<.01, two-tailed t test, n=7). (F): Whole-mount 

in situ hybridization for ptgs1, ptgs2a, and ptgs2b at 24 hpf showed each was upregulated in 

response to AM1241 exposure (12–24 hpf); MO knockdown of cnr2 decreased the 

expression level of ptgs2a and ptgs2b, but not of that of ptgs1, and blocked the 

transcriptional response to AM1241-treatment (n≥25 per condition). (G): qPCR analysis at 
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30 hpf confirmed ptgs2a and ptgs2b were significantly upregulated over baseline following 

AM1241 exposure, whereas ptgs1 expression was not (ptgs1: 1.17-fold, NS; ptgs2a: 1.22-

fold, *, p<.05; ptgs2b: 1.31-fold, **, p≤.01, two-tailed t test, n=25 pooled embryos per 

condition × >10 replicates). (H): Overexpression of ptgs2b normalized runx1 expression in 

the AGM of cnr2 morphants (n≥40 per condition). (I): Qualitative phenotypic distribution of 

embryos from panel (I), scored with low, medium, or high runx1 expression in the AGM. 

(J): The effect of combinatorial AM1241- and dmPGE2-treatment (5 μM each) was 

quantified by FACS using cd41:gfp;cd45:dsRed embryos (dmPGE2: 1.32-fold, AM1241: 

1.66-fold, AM1241+dmPGE2: 1.82-fold; **, p≤.01; ***, p≤.001, two-tailed t test, n=8 per 

condition). Scale bars (A)=100 μm, (F)=800 μm, (H)=125 μm. Abbreviations: AGM, aorta-

gonad-mesonephros; DMSO, Dimethyl Sulfoxide; FACS, fluorescence-activated cell 

sorting; MO, morpholino; PGE2, prostaglandin E2; ptgs, prostaglandin endoperoxide 

synthase; qPCR, quantitative polymerase chain reaction.
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Figure 5. 
AM1241 mediates hematopoietic stem cell (HSC) expansion in the AGM, but not CHT, via 

PGE2-signaling. (A): Treatment with selective inhibitors to Ptgs2 (NS-398) or PKA/cAMP 

(H89, 5 μM) during niche specification (18–24 hpf) decreased runx1 expression and blocked 

AM1241-mediated inductions in hematopoietic stem and progenitor cell (HSPC) expression 

in the AGM (n≥45 per condition).(B): Qualitative phenotypic distribution of embryos from 

panel (A), scored with low, medium, or high runx1 expression in the AGM. (C): Treatment 

with NS-398 or H89 during hematopoietic stem cell (HSC) production (30–38 hpf) failed to 

block AM1241-mediated elevations in runx1;cmyb expression in the CHT (n≥75 per 

condition). (D): Qualitative phenotypic distribution of embryos from panel (C), scored with 

low, medium, or high runx1 expression in the CHT. (E): Absolute counts of 

Flk1:dsRed+;cMyb:GFP+ HSCs confirmed PGE2 production and signaling are required to 

mediate the effects of AM1241 in the AGM (DMSO: 5.8±0.3, AM1241: 9.1±0.5, NS-398: 

4.9±0.3, AM1241+NS-398: 5.4±0.3, H89: 4.9±0.2, AM1241+NS-398: 5.0±0.2; *, p≤.05; 

****, p<.0001, two-tailed t test, n≥10 per condition). (F): Absolute counts of CD41:GFP+ 

HSCs confirmed AM1241-mediated increases in the CHT are independent of PGE2 

production and signaling (DMSO: 8.5±0.6, AM1241: 12.8±1, NS-398: 9.8±0.8, 

AM1241+NS-398: 11.4±1.1, H89: 9.4±1.0, AM1241+NS-398: 12.7±1.9, *, p≤.05; **, p≤.

01, two-tailed t test, n≥9 per condition). (G): Embryos exposed to AM1241 during niche 

specification (18–24 hpf) exhibited an increased number of pH3+ (red) cells in the 

Flk1:GFP+ hemogenic vasculature of the AGM (dorsal aorta marked with white bracket) at 

30 hpf, which was blocked by cotreatment with NS-398 (n≥9 per condition). (H): Absolute 

counts of pH3+ cells in the AGM, as described in panel (G) (DMSO: 5.0±0.27, NS-398: 
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4.22±0.28, AM1241: 7.15±0.45, AM1241+NS-398: 4.09±0.34; *, p≤.05; ***, p≤.001, two-

tailed t test). (I): Embryos exposed to AM1241 during HSC production (30–38 hpf) 

exhibited a higher number of pH3+ (blue) cMyb:GFP+ HSPCs in the Flk1:dsRed vasculature 

of the CHT (CHT width marked with white bracket) at 38 hpf; this effect was independent 

of Ptgs2 activity (n≥9 per condition). (J): Absolute counts of cMyb:GFP+;pH3+ cells in the 

CHT, as described in panel (I) (DMSO: 3.55±0.57, NS-398: 3.78±0.94, AM1241: 

6.67±1.33, AM1241+NS-398: 5.36±0.72; *, p<.05, two-tailed t test). Scale bars (A, C)=80 

μm, (G, I)=100 μm. Abbreviations: AGM, aorta-gonad-mesonephros; CHT, caudal 

hematopoietic tissue; DMSO, Dimethyl Sulfoxide; GFP, green fluorescent protein; PH3, 

phospho-histone 3.
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Figure 6. 
P-selectin mediates the effect of CNR2-stimulation in the caudal hematopoietic tissue 

(CHT). (A): qPCR analysis revealed expression of p-selectin (selp) and its ligand (psgl-1) 

were significantly upregulated by AM1241- but not PGE2-exposure (30–36 hpf) (psgl-1: 

dmPGE2, 1.06-fold; AM1241, 1.29-fold; selp: dmPGE2, 0.96-fold; AM1241, 1.62-fold; 

sele: dmPGE2, 1.34-fold; AM1241, 1.10-fold; *, p≤.05; **, p≤.01, two-tailed t test, n≥7). 

(B): qPCR analysis using FACS-sorted populations from flk1:dsRed;cmyb:GFP embryos 

at48 hpf showed that psgl-1 is expressed at a higher level in HSCs 

(Flk1:dsRed+;cMyb:GFP+: 28.1 a.u.) than in the vasculature (Flk1:dsRed+; cMyb:GFP−: 

1.86 a.u.) (normalized to 18s). (C): Knockdown of psgl-1 and selp by MO injection reduced 

runx1;cmyb expression in the CHT and inhibited the effect of AM1241 (30–38 hpf) on 

hematopoietic stem and progenitor cell production (n≥60 per condition). (D): Qualitative 

phenotypic distribution of embryos from panel (C), scored with low, medium, or high 

runx1;cmyb expression in the CHT at 38 hpf. (E): In vivo imaging of cd41:egfp embryos 

showed that P-selectin knockdown decreased the number of CD41:GFP+ HSCs in the CHT 

(arrowheads) at 38 hpf and prevented AM1241-stimulated expansion (n≥7 per condition). 

(F): Absolute counts of CD41:GFP+ cells confirmed P-selectin activity was required for 

increased hematopoietic stem cell (HSCs) numbers in the CHT mediated by AM1241 

(control/DMSO: 11.9±0.7, psgl-1 MO/DMSO: 8.6±1.1, selp MO/DMSO: 9.9±0.7 control/

AM1241: 15.8±1.2, psgl-1 MO/AM1241: 9.0±1.7, selp MO/AM1241: 10.7±0.8; *, p≤.05, 

two-tailed t test). (G): Exposure (30–38 hpf) to a selective inhibitor of P-selectin-mediated 

cell adhesion (KF38789, 0.5 μM) confirmed the requirement of P-selectin activity for 

normal and AM1241-enhanced CD41:GFP+ HSC numbers in the CHT (n≥18). (H): 
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Absolute counts of CD41:GFP+ HSCs in the CHT after exposure to KF38789 and/or 

AM1241 (DMSO: 12.2±1.0, AM1241: 16.8±1.4, KF38789: 6.2±0.5, AM1241+KF38789: 

6.9±0.7; *, p≤.05; ****, p≤.0001, two-tailed t test). (I): qPCR analysis showed that 

expression of selp and psgl-1 was significantly upregulated during HSC expansion and 

secondary niche colonization (30–72 hpf) (psgl-1: 1.31-fold; selp: 1.40-fold; sele: 1.51-fold; 

*, p≤.05, two-tailed t test, n=4 replicates). Scale bars (C, E, G)=100 μm. Abbreviations: 

DMSO, Dimethyl Sulfoxide; FACS, fluorescence-activated cell sorting; MO, 

morpholino;PGE2, prostaglandin E2; psgl-1, p-selectin glycoprotein ligand-1; qPCR, 

quantitative polymerase chain reaction; selp, p-selectin; sele, e-selectin.
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Figure 7. 
CNR2-signaling promotes thymic colonization via P-selectin activity. (A): MO-mediated 

knockdown of psgl-1 and selp reduced cmyb expression in the thymus and prevented 

AM1241 (30–96 hpf) from increasing thymic colonization (n≥50 per condition). (B): 
Qualitative phenotypic distribution of embryos from panel (A), scored with low, medium, or 

high cmyb expression in the thymus at 96 hpf. (C): MO-mediated knockdown of psgl-1 and 

selp, as described in panel (A), decreased rag1 expression in the thymus in the presence and 

absence of AM1241 (30–120 hpf) (n≥35 per condition). (D): Qualitative phenotypic 

distribution of embryos from panel (C), scored with low, medium, or high rag1 expression 

in the thymus at 96 hpf. (E): In vivo imaging of rag2:egfp embryos confirmed that psgl-1- 

and selp-MOs decreased the number of Rag2:GFP+ lymphoid progenitors in the thymus 

both with and without AM1241-treatment (n≥8 per condition). (F): Relative fluorescent 

intensity of the thymus in morphant embryos, as described in panel (E) (control/DMSO: 

1.00±0.10 a.u., psgl-1 MO/DMSO:0.51±0.08, selp MO/DMSO: 0.64±0.29, Control/

AM1241: 1.79±0.29 a.u., psgl-1 MO/AM1241: 0.91±0.09, selp MO/AM1241: 1.17±0.53; *, 

p≤.05; **, p≤.01, one-tailed t test). (G): Exposure to KF38789 (30–96 hpf) confirmed the 

role of P-selectin in normal and AM1241-enhanced thymic colonization, as indicated by 

Rag2:GFP at 96 hpf (DMSO: 1.00±0.18 a.u., AM1241: 1.76±0.20, KF38789: 0.73±0.20, 

AM1241+KF38789: 0.71±0.26; **, p≤.01; ****, p≤.0001, two-tailed t test, n≥7 per 

condition). (H): qPCR analysis showed that exposure to AM630 after the phase of HSC 

induction (48–96 hpf) altered the expression of psgl-1 and selp (psgl-1: 1.44-fold, selp: 0.72-

fold, **, p≤.01; ****, p≤.0001, two-tailed t test). (I): Absolute counts of CD41:GFP+ cells 

revealed that exposure to AM630, as described in panel (H), increased the number of HSCs 
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remaining in the CHT at 96 hpf (DMSO: 26.4±1.3, AM630: 35.6±1.4; ****, p≤.0001, two-

tailed t test, n≥38,). (J): Relative fluorescent intensity of Rag2:GFP+ cells the thymus 

following exposure to AM630, as described in panel (G), indicated CNR2-signaling was 

required for thymic colonization (DMSO: 1.0±0.06 a.u., AM630: 0.77±0.05 a.u.; *, p≤.05, 

two-tailed t test, n≥14). Scale bars (A, C)=200 μm, (E)=175 μm. Abbreviations: DMSO, 

dimethyl sulfoxide; GFP, green fluorescent protein; MO, morpholino; psgl-1, p-selectin 

glycoprotein ligand-1; qPCR, quantitative polymerase chain reaction; sele, e-selectin.
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