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Abstract 

The ubiquitination or SUMOylation of hematopoietic related factors plays pivotal roles in 

hematopoiesis. RNF111, known as a ubiquitin ligase (Ubl), is a newly discovered SUMO-targeted 

ubiquitin ligase (STUbl) involved in multiple signaling pathways mediated by TGF-β family 

members. However, its role in hematopoiesis remains unclear. Herein, a heritable Rnf111 mutant 

zebrafish line was generated by CRISPR/Cas9-mediated genome editing. Impaired hematopoietic 

stem and progenitor cells (HSPC) of definitive hematopoiesis was found in Rnf111 deficient 

mutants. Ablation of Rnf111 resulted in decreased phosphorylation of Smad2/3 in HSPC. 

Definitive endoderm 2 inducer (IDE2), which specifically activates TGF-β signaling and 

downstream Smad2 phosphorylation, can restore the definitive hematopoiesis in Rnf111-deficient 

embryos. Further molecular mechanism studies revealed that Gcsfr/NO signaling was an 

important target pathway of Smad2/3 involved in Rnf111-mediated HSPC development. In 

conclusion, our study demonstrated that Rnf111 contributes to the development of HSPC by 

maintaining Smad2/3 phosphorylation and the Gcsfr/NO signaling pathway activation. 
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Introduction 

In vertebrates, hematopoiesis occurs in multiple waves.1, 2 The earliest wave, namely 

primitive hematopoiesis, mainly produces erythroid and myeloid cells.2 The second wave of 

hematopoiesis- the intermediate hematopoiesis-occurs in the posterior blood island (PBI) and 

emerges erythromyeloid progenitors (EMP).3 The last wave, also called definitive hematopoiesis, 

generates hematopoietic stem cells (HSC) that are multipotent and can give rise to all lineages of 

blood cells for the whole life span.4 The hematopoietic regulatory network of zebrafish (Danio 

rerio) is highly conserved with that of mammals. Almost all transcription factors and key genes 

involved in hematopoietic regulation in mammals have orthologues in zebrafish.5 In zebrafish, 

definitive hematopoietic stem and progenitor cells (HSPC) emerge from the ventral wall of the 

dorsal aorta (VDA) at approximately 33 to 35 hours post-fertilization (hpf), functionally 

equivalent to mammalian aorta–gonad–mesonephros (AGM),6, 7 then the nascent HSPC migrates 

to the caudal hematopoietic tissue (CHT), which is analogous to the mammalian fetal liver.8 

Beginning at around 4 days post-fertilization (dpf), HSPC migrates through CHT to the adult 

hematopoietic tissue-thymus and kidney marrow, which is similar to the process that HSC 

migrates through fetal liver and homes to bone marrow in mammals.8 

The development of HSC is precisely regulated by a variety of transcription factors and 

signaling pathways. Dysregulation of this process leads to serious developmental defects or 

diseases. And it has been reported that the ubiquitination and SUMOylation of hematopoietic 

related factors play an important role in hematologic system.9-11 Arkadia (also known as RING 

finger 111, RNF111) is a nuclear E3 ubiquitin ligase (UbL) that ubiquitinates intracellular 

effectors and regulators of TGF-β/Nodal-related signaling, leading to their proteasome-dependent 

degradation. The characteristic RING finger domain of RNF111 in its C-terminus is required for 

degradation of the three major negative regulators of TGF-β signaling- Smad7, c-Ski and SnoN- in 

a SUMO-independent manner.12-15 RNF111 specifically regulates induced regulatory T (iTreg) cell 

differentiation through facilitating the degradation of SKI/SnoN proteins.16 Knockdown of 

RNF111 promotes the differentiation of C2C12 myoblasts through reducing Myostatin/TGF-beta 

signaling.17 RNF111 is also involved in atrial fibrillation induced myocardial fibrosis through 

mediating poly-ubiquitination and degradation of Smad7.18 Besides, RNF111 has been recognized 

as a SUMO-targeted ubiquitin ligase (STUbL) in the past several years. STUbL recognizes 



polysumoylated proteins through N-terminal SUMO-interacting motifs (SIM), mediating the 

ubiquitination degradation of target sumoylated substrates.19 RNF111 was shown to ubiquitinate 

polysumoylated promyelocytic leukemia (PML) in a SIM-dependent manner and was required for 

subsequent degradation of the polyubiquitinated PML product in promyelocytic leukemia nuclear 

bodies (PML-NB).20, 21 Meanwhile, RNF111 has been discovered to enhance the ubiquitylation of 

SUMOylated xeroderma pigmentosum C (XPC) protein, a pivotal DNA damage recognition factor 

of nucleotide excision repair (NER), to facilitate the DNA damage response.22 However, the 

physiological function in hematopoiesis of RNF111 currently remains unknown. 

To determine the role of RNF111 in hematopoiesis, we generated a heritable Rnf111 

zebrafish mutant line by CRISPR/Cas9-mediated knockout technology. The Rnf111-deficient 

embryos showed defects in definitive hematopoiesis, manifested by a reduction in HSPC, whereas 

primitive hematopoiesis was unaffected. Mechanistic studies indicated that Rnf111 plays an 

important role in the development of HSPC through maintaining the phosphorylation of Smad2/3 

and activating the Gcsfr/NO signaling pathway.  

 

Methods 

Zebrafish strains maintenance and mutant generation 

Zebrafish were maintained and staged under standard conditions as described before.23 All 

animal related procedures were approved by the Ethics Committee of Ruijin Hospital Affiliated to 

Shanghai Jiao Tong University School of Medicine. The methods for generating Rnf111 knockout 

zebrafish and identifying the genotypes are described in supplementary methods. Heritable fishes 

with 4 bases deletion were preserved and utilized for subsequent phenotypic analysis.  

Whole-mount in situ hybridization (WISH) 

Whole-mount in situ hybridization was carried out with probes including cmyb, scl, mpx, 

hbae1, runx1 and rag1 probes, which were previously used and reported before,24 and the gcsfr, 

rnf111 and gata2b probes, which were newly cloned into pGEM-T Easy vector (promega). Details 

in the procedure are described in supplementary methods. 

Morpholinos (MO) and mRNA microinjection 

The sequences of MO and details about mRNA microinjection are provided in the 

supplementary methods. 



Quantitative real-time PCR 

The procedures of reverse transcription and quantitative PCR are described in supplementary 

methods. Each sample was tested in triplicate. The supplementary table detailed the primers 

employed for real-time quantitative PCR (RT-qPCR). 

Immunofluorescence assay, Bromodeoxyuridine (Brdu) and enhanced green fluorescent 

protein (EGFP) double immunostaining and confocal fluorescent imaging 

The 3 dpf transgenic Tg (cmyb:EGFP)25 embryos were used for immunofluorescence assay. 

Brdu and EGFP double staining was carried out in the 3 dpf Tg (runx1: EGFP)26 and Tg 

(cmyb:EGFP) embryos. Detailed procedures are described in supplementary methods. FV 1000 

confocal microscope (Olympus, Tokyo, Japan) was applied for observation and taking images24.  

Sudan Black B staining 

The embryos were treated with 4% paraformaldehyde (PFA) overnight at 4˚C, followed by 

incubation with Sudan Black (Sigma-Aldrich) solution for 25 minutes. Subsequently, they were 

thoroughly washed in 70% ethanol to facilitate the detection the granules of granulocytes. 

Cell culture and luciferase reporter assay 

HEK293T cells were used for plasmid transfections according to the manufacturer’s 

instructions. Detailed procedures are shown in supplementary methods. 

Immunohistochemistry 

The 3 dpf embryos were used in immunohistochemistry according to procedures in 

supplementary methods. 

Western blot and Chromatin immunoprecipitation PCR (ChIP-PCR) 

The preparation of samples, information about antibodies and other relevant details in 

Western blot analysis and ChIP-PCR are described in supplementary methods. 

Chemical treatment 

The concentration of drugs and duration of treatments are listed in supplementary methods.  

DAF-FM assay 

Embryos at 28 hpf, 2 dpf and 3 dpf were exposed to 5 μM DAF-FM DA (4-amino-5-

methylamino-2′,7′-difluorofluorescein diacetate) for 2 hours in the dark at 28.5 °C, rinsed in fish 

water and then observed under a fluorescence microscope.27 The NO fluorescence intensity was 



quantified by ImageJ software and the relative intensity was calculated and presented by mean ± 

S.D. 

Statistical analysis 

All experiments were independently replicated at least three times. SPSS software (version 

20) was used for statistical analysis. Comparisons between two groups were conducted using 

Student's unpaired two-tailed t-test, while one-way analysis of variance (ANOVA) was employed 

for comparing multiple groups. Significance was established at a threshold of P<0.05.  

 

Results 

Evolutionary conservation of Rnf111 and generation of a heritable Rnf111-mutation 

zebrafish line  

Zebrafish Rnf111 contains all the structural motifs including nuclear localization signals, 

RING finger domain, Small Ubiquitin-like Modifiers (SUMO)-interacting motifs (SIM) and 

Axin1 interaction domain (AID), which are originally described for mouse RNF111.28 Zebrafish 

rnf111 has a highly degree of synteny with the RNF111 locus in human (Supplementary Figure 

S1A) and its protein shares a 53.46% sequence similarity with human RNF111 (Supplementary 

Figure S1B). Subsequently, both antisense and sense probes were used to detect the mRNA 

expression pattern of rnf111 in zebrafish embryos with whole-mount mRNA in situ hybridization 

(WISH) assay. The results showed that rnf111 is a maternal gene that exhibits a ubiquitous 

expression, with high expression in the nervous system and relatively weak expression in 

hematopoietic tissues (Supplementary Figure S1C), consistent with the single-cell gene expression 

data on Daniocell website. 

To address the roles of Rnf111 in hematopoiesis, a Rnf111 mutant line was generated using 

the CRISPR/Cas9 system. The target site was in exon 5 and four nucleotides were deleted (Figure 

1A, B), which led to a frameshift and formed a truncated protein containing only 552 amino acids 

(Figure 1C). The wildtype and mutant coding sequence were cloned to PCS2+ vector and 

transfected to 293T cells respectively, and a shorter protein corresponding to the truncated mutant 

was detected by western blot analysis (Figure 1D). To further confirm the function of the truncated 

protein, the CAGA12-luc transcriptional reporter construct,15, 29 stimulated by TGF-β and activin, 

was used to test whether the truncated protein can promote TGF-β-inducible DNA elements 



activation by dual luciferase reporter assay. As expected, Rnf111 mutants failed to promote the 

luciferase reporter gene expression (Figure 1E), indicating that the rnf111 mutated allele was 

indeed loss-of-function. Meanwhile, we found that the homozygous mutants cannot grow into 

adult fish and died within 8 to 10 days, which was consistent with Rnf111 knockout mice.  

Ablation of Rnf111 impairs the development of definitive HSPC 

We analyzed the hematopoietic phenotypes of Rnf111 mutated embryos. Firstly, a series of 

markers involved in primitive hematopoiesis, such as hematopoietic precursor cell marker scl,30 

mature erythrocyte marker hbae131 and myeloid-specific marker mpx32 were examined at 22 hpf 

(Supplementary Figure S2A) and no overt changes have been observed, suggesting that primitive 

hematopoiesis was not affected in Rnf111 mutants. Then WISH analysis of the definitive wave 

was carried out. The expression of HSPC markers cmyb33 and runx11 were normal at 36 hpf and 

the expression of cmyb was decreased in Rnf111 mutants from 2 dpf (Figure 2A, B), suggesting 

the definitive HSPC was impaired. Moreover, the expression of mature erythrocyte marker hbae1, 

myeloid-specific marker mpx and Sudan Black staining, and lymphoid specific marker rag134 

were all diminished in Rnf111 mutants (Figure 2C), which further indicated that the deficiency of 

HSPC occurred in the Rnf111 mutants. 

To further confirm the phenotype of hematopoiesis, a translation-blocking antisense MO 

oligonucleotide, which can sharply knockdown the Rnf111 protein level (Supplementary Figure 

S2B), was used to inhibit the function of Rnf111. The phenotype of both primitive and definitive 

waves of rnf111 MO injected embryos (rnf111 morphants) were detected by WISH using markers 

for each blood lineage involved in hematopoietic development. In consistence with the results in 

Rnf111 mutants, the markers scl, mpx and hbae1 were normal in primitive hematopoiesis 

(Supplementary Figure S2C). The expression of definitive HSPC markers cmyb33 and runx1 in 

rnf111 morphants was comparable with wild embryos at 33 hpf (Supplementary Figure S3A, B), 

which indicated that deficiency of Rnf111 had no effect on the generation of HSPC. The number 

of HSPC was decreased from 2 dpf until all subsequent developmental stages (Supplementary 

Figure S3A), suggesting the definitive HSPC was impaired. Then we injected MO to Tg 

(cmyb:EGFP) embryos (a stable zebrafish transgenic line expressing EGFP under the control of 

the cmyb promoter).25 As expected, the number of EGFP-positive cells was significantly decreased 

in the CHT at 2 dpf and 3 dpf (Supplementary Figure S3C). Finally, the markers of downstream 



lineages were all diminished in rnf111 morphants (Supplementary Figure S3D). These results 

further confirmed the HSPC was specifically affected in Rnf111 deficient embryos. 

The functional domain of ubiquitin ligase is required for Rnf111 to regulate HSPC 

development  

Rnf111 is a multifunctional protein acting as both ubiquitin ligase (UbL) and SUMO-targeted 

ubiquitin ligase (STUbL). In order to elucidate the functional contribution of Rnf111 in the 

regulation of HSPC development, four vectors-Rnf111 WT, Rnf111 SIM MU, Rnf111 RING MU 

and Rnf111 -4bp MU were constructed and rescue effects of corresponding mRNA on HSPC 

defects were compared in Rnf111 deficient embryos (Figure 3A). The amino acids of the three 

SUMO-interacting motifs (SIM) were all mutated to alanine in Rnf111 SIM mutant (Rnf111 SIM 

MU), which abolishes its binding to SUMO-modified substrates.21 Four cysteine residues within 

the RING domain of the active center of the ubiquitin ligase activity were mutated in Rnf111 

RING mutant (Rnf111 RING MU), which enables it to still bind to but not to degrade the 

substrates.15 The result showed that Rnf111 WT effectively rescued the deficient HSPC in Rnf111 

mutants, while the mRNA, whose sequence was consistent with the sequence of Rnf111 -4bp 

mutant line (-4bp MU), failed (Figure 3B), demonstrating that the phenotype observed in Rnf111 

mutants was indeed Rnf111 dependent. Interestingly, while Rnf111 SIM MU could rescue the 

defect of HSPC, Rnf111 RING MU lost its rescue effect (Figure 3B). The same rescue assays were 

carried out in rnf111 morphants, and the similar results were obtained (Supplementary Figure S4A, 

B, C). All these results suggested that Rnf111 regulates HSPC development depending on its UbL 

function rather than the STUbL one. 

Decreased proliferation capacity of HSPC was observed in rnf111 morphants 

TGF-β signaling, which was the main pathway that Rnf111 regulated,12-15 can affect HSPC 

development by regulating proliferation.35, 36 Therefore, Brdu incorporation assay was carried out 

to detect the proliferation ability of HSPC in Tg (runx1: EGFP) and Tg (cmyb: EGFP) rnf111 

morphants. The results showed that the number of the Brdu+/GFP+ cells in both transgenic lines 

was sharply decreased in the CHT region of rnf111 morphants (Figure 4A, B, Supplementary 

Figure S4D), indicating that the proliferation capacity of HSPC was severely impaired, which may 

be related to impaired TGF-β signaling. 

The decrease of p-Smad2/3 protein leads to HSPC defect in Rnf111 deficient embryos 



In line with our finding that Rnf111 regulated the development of HSPC depending on its 

UbL function, it was reported previously that this function was also required for Rnf111 to 

regulate TGF-β signaling pathway. Rnf111 degrades Smad7, an inhibitory protein of TGF-β 

signaling pathway, in a SUMO-independent manner and promotes the phosphorylation of 

receptor- Smads (Smad2 and Smad3). It is also reported that TGF-β at low doses (picogram levels) 

stimulated the colony formation from CD34+ cells.36 Considering the reduced proliferation 

capacity of HSPC observed in rnf111 morphants, we speculated that Rnf111 may regulate the 

development of HSPC by affecting the phosphorylation of Smad2/3. Therefore, the anti-p-

Smad2/3 and EGFP double immunostaining assay were performed in Tg (cmyb: EGFP) embryos. 

The result showed a basal level of Smad2/3 phosphorylation was detected in HSPC of wild type 

embryos (Figure 5A, A’, A’’), while it was significantly reduced in HSPC of rnf111 morphants 

(Figure 5B, B’, B’’, C). Immunohistochemistry and western blot analysis of whole embryo 

demonstrated the same downward trend of p-Smad2/3 (Figure 5D, E, F) with no obvious changes 

in general Smad2 and Smad3 protein levels. Meanwhile, the protein level of Smad7 was up-

regulated (Figure 5G), which may be responsible for the reduction of p-Smad2/3. Then, to further 

investigate whether the observed Rnf111 ablation caused HSPC defective phenotype was due to 

the decrease of p-Smad2/3, definitive endoderm 2 inducer (IDE2), a drug specifically activates 

TGF-β signaling and downstream Smad2 phosphorylation with no effect on hemogenic 

endothelium (HE) and HSPC emergence (Supplementary Figure S5A, B), was used to treat 

Rnf111 mutants. As expected, IDE2 effectively rescued cmyb expression (Figure 5H). We also 

carried the IDE2 rescue assay in rnf111 morphants, the same result was obtained (Supplementary 

Figure S5C, D). All these results demonstrated that the reduction of p-Smad2/3 was the key cause 

for HSPC defect in Rnf111 deficient embryos. 

Gcsf signaling pathway was the downstream target of Rnf111-Smad2/3 

As an important regulator of classical TGF-β signaling pathway, Rnf111 promotes TGF-β 

signaling by degrading the repressor proteins and facilitates the phosphorylation of receptor-

Smad2/3. It has been reported that TGF-β can regulate the amount of Granulocyte-macrophage 

colony-stimulating factor receptors (GM-CSFR), interleukin-3 receptors (IL-3R), and granulocyte 

colony-stimulating factor receptors (GCSFR) in mouse hematopoietic progenitor cell lines without 

affecting the receptor affinity.37 Gcsf signaling is required for HSPC emergence and expansion in 



zebrafish.38 Based on our results, we hypothesized that Rnf111 regulates phosphorylation of 

Smad2/3 to promote Gcsf signaling in HSPC development. To test this hypothesis, quantitative 

RT-PCR was performed to detect the expression of gcsfr, gcsfa and gcsfb in 3 dpf embryos. All 

these three genes exhibited decreased expression in Rnf111 mutants and rnf111 morphants (Figure 

6A, Supplementary Figure S6A). The WISH results further confirmed that gcsfr expression was 

reduced (Figure 6B). However, the expressions of gcsfr in Rnf111 mutants (36 hpf) and AGM 

region of rnf111 morphants (31 hpf) were unchanged (Supplementary Figure S6B, C). Then, 

cmyb-GPF positive HSPC at 3 dpf were sorted to detect gcsfr expression with quantitative RT-

PCR assay. The result showed that gcsfr expression was reduced in HSPC (Figure 6C). 

Then the -2.5k promotor sequence of gcsfr was cloned into the PGL3-basic vector and 

luciferase activity assay was performed. The results indicated that IDE2, Rnf111 WT and Rnf111 

SIM MU could activate the luciferase expression, while Rnf111 RING MU failed (Figure 6D). 

These results were in line with the in vivo rescue assay (Figure 3). Then, GFP and Smad2-GFP 

RNA were injected in zebrafish embryos respectively and chromatin immunoprecipitation PCR 

(ChIP-PCR) analysis was carried out to detect the binding ability of Smad2 to endogenous gcsfr 

promotor. The results showed that the promoter region of gcsfr could be specifically co-

immunoprecipitated with Smad2-GFP (Figure 6E).  

In order to further confirm the pivotal role of Gcsf signaling in Rnf111 regulation of HSPC 

development, the RNA rescue assay of both ligand (Gcsfb) and receptor (Gcsfr) was implemented. 

As expected, both gcsfb and gcsfr RNA rescued the developmental defects of HSPC in both 

Rnf111 mutants and rnf111 morphants (Figure 6F, Supplementary Figure S6D, F). Moreover, 

when the expression of Gcsfr was knocked down by gcsfr MO, the rescue effect of IDE2 was 

abolished (Supplementary Figure S6E, F), suggesting that Gcsfr was a pivotal target of Smad2. 

Decreased Gcsfr-Nitric Oxide (NO) signaling leads to the defect of HSPC development in 

Rnf111 deficient embryos 

It was reported that infection-induced Gcsfr-NO signaling can enhance the expansion of 

HSPC in zebrafish and Cebpb-Nos2a acts downstream of Gcsf signaling.39 To verify whether 

Cebpb is involved in HSPC defect induced by Rnf111 deficiency, cebpb RNA was injected into 

the Rnf111 mutants. Noticeably, the defect of HSPC could be effectively rescued (Figure 7A). 

Since our RT-qPCR results revealed decreased expression of the downstream gene nos2a (inosa) 



both in Rnf111 mutants (2 dpf and 3 dpf)  and rnf111 morphants (3 dpf) (Figure 7B, 

Supplementary Figure S7A), the cell-permeable 4-amino-5-methylamino-2′,7′-difluororescein 

diacetate (DAF-FM DA) fluorescent NO probe was used to examine the active NO production.40 

The results showed that NO production was decreased in rnf111 morphants at 2 dpf and 3 dpf 

(Figure 7C, D). It is reported that blood flow-induced Klf2a-NO signaling can regulate NO 

production.27 Therefore, we detected the expression of klf2a in Rnf111 deficient embryos by 

WISH assay and quantitative RT-PCR assay. klf2a expression was not decreased in Rnf111 

deficient embryos compared to control ones (Supplementary Figure S7B, C), suggesting that 

Klf2a-NO signaling did not contribute to the defects of HSPC in Rnf111 deficient embryos. In 

addition, we also employed the rescue assay by treating Rnf111 mutants and rnf111 morphants 

with NO agonist, S nitroso N-acetylpenicillamine (SNAP). The WISH results showed that the 

expression of cmyb was partially restored (Figure 7E, Supplementary Figure S7D). And the rescue 

effect of SNAP was also proved in Tg(cmyb:EGFP) line (Supplementary Figure S7F). Next, we 

used the NOS2-specific inhibitor 1400W to block the production of NO and found that the rescue 

effect of gcsfr RNA on HSPC was abolished (Supplementary Figure S7E, F). Taken together, these 

data suggested that Rnf111 regulates HSPC expansion, at least in part, through Gcsfr-Cebpb-NO 

signaling. 

 

Discussion 

RNF111 was a ubiquitin ligase that enhances TGF-β signaling by promoting the degradation 

of repressors (SnoN, Ski and Smad7) that inhibit the expression of target genes.13, 14 RNF111 also 

was the second SUMO-targeting ubiquitin ligase (STUbL) identified, which targets substrates 

with SUMO1-capped SUMO2 chains significantly superior to other identical substrates with 

homogeneous SUMO2 or SUMO1 chains.21 Rnf111 was responsible for induction of the node 

through enhancing the nodal signaling,41, 42 as well as progression of tissue fibrosis and cancer 

through regulating the TGF-β signaling.43-45 In this study, we found the novel biological role of 

Rnf111 in zebrafish hematopoiesis. Both Rnf111 mutants and rnf111 morphants showed impaired 

definitive hematopoiesis without defects in primitive wave, manifested by a decrease of definitive 

HSPC and downstream lineages. Although we could not exclude the possibility that EMP partially 

contributed to decreased mpx expression and Sudan Black staining in mutants at 2 dpf, the number 



of myeloid cells of HSPC origin was indeed reduced, presented by reduced mpx expression and 

Sudan Black staining in Rnf111 mutants and rnf111 morphants at 2 dpf, 3 dpf, and 4 dpf. The 

homozygous mutants died within 8 to 10 days, which was consistent with the recessive lethal 

results in Rnf111 gene-trap insertion mutation mice.42 And the regulatory role of Rnf111 in HSPC 

development depends on its UbL function rather than STUbL one. Our mechanism studies 

unraveled that the decrease of p-Smad2/3 due to stabilization of Smad7 protein caused by Rnf111 

deletion was involved in the developmental defect of HSPC and the decrease of downstream 

Gcsfr/NO signaling results in an attenuated proliferative ability of HSPC (Figure 8).   

The behavior of HSPC such as self-renewal and quiescence is determined by a huge variety 

of factors, including external signaling cues present in the microenvironment of bone marrow. In 

the hematopoietic system, TGF-β signaling controls a wide range of biological processes, from 

immune system homeostasis to hematopoietic stem cell dormancy and self-renewal.46 The effect 

of TGF-β on HSC is bidirectional, with high levels of TGF-β blocking proliferation and low levels 

of TGF-β promoting proliferation.36, 47 It is also reported that TGF-β at the dose of 0.01 ng/ml can 

expand normal HSC, and the phosphorylated  Smad2/3 may contributed to this proliferative 

response of HSC under low concentrations of TGF-β.48 Therefore, during the development of 

normal HSC, appropriate TGF-β concentration is required to maintain the quiescence, self-

renewal and differentiation functions. A suitable phosphorylation level of Smad2/3 in HSC is 

crucial for the maintenance of their normal function in response to the stimulation of low levels of 

TGF-β. Consistently, our results demonstrated that basal levels of Smad2/3 phosphorylation are 

present in the HSPC of wild-type embryos (Figure5 A, A’, A’’, B, B’, B’’). However, the p-

Smad2/3 was down-regulated in HSPC of rnf111 morphants, which may be the main cause leading 

to HSPC defect. The Brdu incorporation assay showed the proliferative ability of HSPC in rnf111 

morphants was decreased compared with WT embryos (Figure 4), indicating that the proliferative 

response of HSPC to normal concentrations of TGF-β was impaired under the absence of Rnf111, 

most likely due to the reduction of downstream effector p-Smad2/3. Rescue assay of IDE2 

confirmed this notion. These data suggested that Rnf111 is present to maintain HSPC in response 

to TGF-β signals at normal concentrations. 

It has been reported that TGF-β can regulate the amount of GM-CSFR, IL-3R, and GCSFR in 

mouse hematopoietic progenitor cell lines without significant changes in receptor affinity37. It is 



also known that Gcsf signaling promotes the expansion of HSPC in zebrafish embryos38. Indeed, 

we did find the expression of gcsfr was down-regulated in Rnf111 mutants and morphants at 3 dpf, 

but unchanged in Rnf111 mutants at 36 hpf and AGM region of rnf111 morphants at 31 hpf 

(Figure S6B, C). This may be responsible for the unaffected generation and impaired proliferation 

of HSPC in Rnf111 deficient embryos. Meanwhile, the HSPC defect could be rescued by gcsfb 

and gcsfr RNA. Luciferase reporter assay and ChIP-qPCR further confirmed the direct binding of 

p-Smad2 on gcsfr promotor. The rescue effect of IDE2 was blocked by gcsfr MO, further 

confirming that Gcsfr was the target of Smad2/3.  

Further experiments confirmed Cebpb/NO pathway was involved in the downstream of Gcsf 

signaling, evidenced by the rescue effect of cebpb RNA and NO donor, and the blocking of the 

rescue effect of gcsfr RNA by NOS2-specific inhibitor 1400W. It was worth noting that NO 

signaling at earlier developmental stage was not decreased, represented by relatively normal DAF-

FM signal intensity at 28 hpf in rnf111 morphants and nos2a expression level at 36 hpf in Rnf111 

mutants. However, both DAF-FM signal intensity and nos2a expression level were significantly 

reduced at 2 dpf and 3 dpf (Figure 7B, C, D, Supplementary Figure S7A), which was consistent 

with the pattern of HSPC reduction in Rnf111-deficient embryos. The proliferation defect of 

HSPC caused by decreased NO in Rnf111 deficient embryos was consistent with the reported 

function of NO on HSPC proliferation at physiological concentration,49 which further confirmed 

the pivotal role of NO in Rnf111 regulation of HSPC development. Taken together, we revealed a 

fine-tuned regulation of HSPC development by ubiquitin ligase.  
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Figure 1. *The generation of Rnf111 mutant line. (A) The Cas9 target site was in the fifth exon 

and 4bp nucleotides were deleted. (B) The sequencing peak maps of wildtype and mutant. (C) 

Schematic representation of wild-type and mutant Rnf111 proteins. (D) Western blot of HA-

tagged wild type and mutant Rnf111 proteins expressed in HEK293T cells. (E) CAGA12-

luciferase transcriptional reporter assay of wildtype and mutant Rnf111. The data are presented as 

mean ± S.D. with **P < 0.01. WT: wildtype; MU: Rnf111 mutants with deletion of 4bp 

nucleotides; SIM: SUMO-interacting motifs; bp: base pair. 

 

Figure 2.* Impairment of definitive hematopoiesis in Rnf111 mutants. (A) WISH analysis of 

cmyb expression from 36 hpf to 8 dpf. (B) WISH assay of runx1 in mutants at 36 hpf. (C) WISH 

analysis of key hematopoietic markers and Sudan Black analysis. All experiments were 

independently replicated at least three times. MU: Rnf111 mutants with deletion of 4bp 

nucleotides; hpf: hours post-fertilization; dpf: days post-fertilization; WISH: whole-mount in situ 

hybridization.  

 

Figure 3.* Schematic representation and rescue assay of the four Rnf111 constructs. (A) 

Schematic diagram of Rnf111 WT, Rnf111 RING mutant, Rnf111 SIM mutant and -4bp mutant 

protein. (B) WISH analysis of rescue efficiency of Rnf111 WT, Rnf111 RING mutant, Rnf111 

SIM mutant and Rnf111 -4bp mutant RNA. Red arrows indicate cmyb-positive HSPC. All 

experiments were independently replicated at least three times. WT: wildtype; RING MU: Rnf111 

RING mutant with the RING domain mutated; SIM MU: Rnf111 SIM mutant with three SUMO-

interacting motifs all mutated; SIM: SUMO-interacting motifs; -4bp MU: Rnf111 -4bp mutant 

with deletion of 4bp nucleotides; dpf: days post-fertilization; MU: Rnf111 mutants with deletion 

of 4bp nucleotides; WISH: whole-mount in situ hybridization.  

 

Figure 4.* Brdu incorporation assay. (A) Double immunostaining of runx1-EGFP and anti-Brdu 

in the CHT of Tg (runx1-EGFP) line at 3 dpf. White arrows indicate Brdu and runx1-EGFP double 

positive cells. (B) Statistics of Brdu and runx1-EGFP double positive cells. The data are presented 



as mean ± S.D. with **P < 0.01. Tg: transgenic; EGFP: enhanced green fluorescent protein; dpf: 

days post-fertilization; WT: wildtype; MO rnf111: rnf111 morphants; GFP: green fluorescent 

protein; Brdu: Bromodeoxyuridine; CHT: caudal hematopoietic tissue. 

 

Figure 5.* Analysis of p-Smad2/3, Smad7 and IDE2 rescue assay in Rnf111 deficient embryos. 

(A, A’, A’’, B, B’, B’’) Double immunostaining of anti-GFP (A, B) and anti-p-Smad2/3 (A’, B’) in 

the CHT of Tg (cmyb-EGFP) line at 3 dpf. The bottom panel shows merged images (A’’, B’’). 

White arrows indicate p-Smad2/3 and cmyb-EGFP double positive cells. (C) Statistics of p-

Smad2/3 and cmyb-EGFP double positive cells. The data are presented as mean ± S.D. with ***P 

< 0.001. (D, E) Immunohistochemistry of p-Smad2/3. (F) Western blot analysis of p-Smad2, 

Smad2, p-Smad3 and Smad3. (G) Western blot analysis of Smad7. (H) WISH analysis of rescue 

efficiency of IDE2. Red arrows indicate cmyb-positive HSPC in the CHT. All experiments were 

independently replicated at least three times. WT: wildtype; MO rnf111: rnf111 morphants; GFP: 

green fluorescent protein; MU: Rnf111 mutants with deletion of 4bp nucleotides; IDE2: definitive 

endoderm 2 inducer; CHT: caudal hematopoietic tissue; Tg: transgenic; EGFP: enhanced green 

fluorescent protein; hpf: hours post-fertilization; WISH: whole-mount in situ hybridization; HSPC: 

hematopoietic stem and progenitor cell. 

 

Figure 6.* Gcsf signaling was the downstream target of Rnf111-Smad2/3. (A) RT-qPCR of 

gcsfa, gcsfb and gcsfr in siblings and mutants at 3 dpf. The data are presented as mean ± S.D. with 

*P < 0.05, **P < 0.01. (B) WISH analysis of gcsfr. (C) RT-qPCR of gcsfr in HSPC of rnf111 

morphants.  The data are presented as mean ± S.D. with ***P < 0.01. (D) Luciferase assay of gcsfr 

promotor in HEK293T cells. The data are presented as mean ± S.D. with *P < 0.05, **P < 0.01, 

***P < 0.001 and n.s.: no significant difference. (E) ChIP-qPCR assay of Smad2-GFP binding to 

gcsfr promotor at 2 dpf. The data are presented as mean ± S.D. with *P < 0.05 and n.s.: no 

significant difference. (F) Rescue assay of gcsfb and gcsfr RNA in Rnf111 mutants. Red arrows 

indicate cmyb-positive HSPC in the CHT. All experiments were independently replicated at least 

three times. WT: wildtype; MO rnf111: rnf111 morphants; HSPC: hematopoietic stem and 

progenitor cell; IDE2: definitive endoderm 2 inducer; RING MU: Rnf111 RING mutant with the 

RING domain mutated; SIM MU: Rnf111 SIM mutant with three SUMO-interacting motifs all 



mutated; GFP: green fluorescent protein; MU: Rnf111 mutants with deletion of 4bp nucleotides; 

RT-qPCR: real-time quantitative polymerase chain reaction; dpf: days post-fertilization; WISH: 

whole-mount in situ hybridization; ChIP-qPCR: chromatin immunoprecipitation quantitative 

polymerase chain reaction; CHT: caudal hematopoietic tissue. 

Figure 7.* Cebpb-Nos2a acts downstream of Gcsf signaling. (A) Rescue assay of cebpb RNA. 

(B) RT-qPCR result of inosa in Rnf111 mutants compared with WT embryos at 36 hpf, 2 dpf and 3 

dpf. The data are presented as mean ± S.D. with **P < 0.01 and n.s.: no significant difference.  (C) 

DAF-FM assay showed the decreased production of NO in rnf111 morphants at 2 dpf and 3 dpf. 

(D) Statistics of NO fluorescence intensity. The data are presented as mean ± S.D. with **P < 0.01, 

***P < 0.001 and n.s.: no significant difference. (E) Rescue effect of NO agonist SNAP on cmyb 

expression was observed in Rnf111 mutants. Red arrows indicate cmyb-positive HSPC in the CHT. 

All experiments were independently replicated at least three times. dpf: days post-fertilization; 

MU: Rnf111 mutants with deletion of 4bp nucleotides; hpf: hours post-fertilization; WT: wildtype; 

MO rnf111: rnf111 morphants; DAF-FM: 4-amino-5-methylamino-2′,7′-difluorofluorescein 

diacetate; SNAP: S nitroso N-acetylpenicillamine; RT-qPCR: real-time quantitative polymerase 

chain reaction; HSPC: hematopoietic stem and progenitor cell; CHT: caudal hematopoietic tissue. 

 

Figure 8.* Schema of Rnf111 regulating the development of hematopoietic stem and 

progenitor cells by maintaining Smad2/3 phosphorylation and activating Gcsfr/NO signaling 

pathway. (left) At physiological concentration of TGF-β, ARK/Rnf111 maintains Smad2/3 

phosphorylation by promoting the degradation of Smad7 and further facilitates the Gcsfr/NO 

signaling pathway activation to ensure the proliferative response of HSPC to TGF-β. (right) 

Deletion of ARK/Rnf111 in HSPC leads to a weakening of TGF-β signaling output, which is 

manifested by a decrease in Gcsfr/NO signal, resulting in an attenuated proliferative response of 

HSPC to TGF-β.  UbL: ubiquitin ligase; HSPC: hematopoietic stem and progenitor cell. 
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Supplementary methods 

Zebrafish mutant generation 

For generating Rnf111 knockout zebrafish by CRISPR/Cas9 technology, guide RNA (gRNA) 

was designed by ZiFiTTargeter software (http://zifit.partners.org/ZiFiT). The sequence of target site 

was as follows: 5’-GGCGGCTGCTGAGCAGCTAC-3’. Cas9 RNA and gRNA were co-injected 

into one-cell stage zebrafish embryos to obtain F0 generation. For identifying the genotypes, 

genomic DNA extracted from adult tail or embryos was amplified and DNA products (262 bp) were 

digested with AluI. Samples from the mutant strand were not digested into two fragments, while 

those from wildtype strand were fully cleaved. The PCR primers were as follows: Forward primer: 

TCCTCTTCCTCCTCCCGTAA; Reverse primer: TCTGCTCTCATCTGATTGGAGA. 

Whole-mount in situ hybridization (WISH) 

Plasmid constructs containing a portion of the coding sequence were firstly linearized by 

certain restriction endonuclease. Then T3 or T7 polymerase (Ambion, Life Technologies, Carlsbad, 

CA, USA) were used for synthesizing digoxigenin (DIG)-labeled RNA probes. Whole-mount 

mRNA in situ hybridization (WISH) was performed according to the procedure described 

previously.1 Alkaline phosphatase-coupled anti-digoxigenin Fab fragment antibody (Roche, Basel, 

Switzerland) was used to recognize the digoxigenin-labeled probes. And then BCIP/NBT staining 

(Vector Laboratories, Burlingame, CA, USA) was carried out to detect the signaling.  

Morpholinos and mRNA microinjection 

Zebrafish embryos at the single-cell stage were utilized for morpholinos (MO) and mRNA 

injection. Morpholino oligonucleotides were designed by and ordered from Gene Tools. The MO 

sequence of rnf111 was 5’-GCCGAAATCTCACTCTTCATGGCGA-3’ and the MO sequence of 

gcsfr was 5’-AAGCACAAGCGAGACGGATGCCAT-3’, which is the same as reported 

previously.2 Transcribing linearized plasmids with mMachine SP6 kit (Invitrogen, Thermo Fisher, 

USA) produced capped mRNA samples, which were subsequently purified and diluted to 100 ng/ul 

(rnf111, rnf111 RING MU, rnf111 SIM MU, gcsfb and gcsfr RNA) or 50 ng/ul (cebpb RNA) for 

injection at one-cell stage of embryos. 

Quantitative real-time PCR 

Reverse transcription was performed using RevertAid First Strand cDNA Synthesis Kit (Life 

Technologies) in accordance with the manufacturer’s instructions. Gene expression levels were 



comparatively assessed using reverse transcription polymerase chain reaction (PCR) (Applied 

Biosystems, Foster City, CA, USA). Each sample was tested in triplicate and housekeeping gene β-

actin was chosen for performing the normalization of gene expression using the ΔΔCt method.3 The 

results were analyzed with GraphPad Prism software. The final results were expressed as the mean 

± S.D. 

Immunofluorescence assay 

Tg (cmyb:EGFP)4 embryos (3 days post-fertilization, dpf) were fixed in 4% paraformaldehyde 

(PFA) overnight at 4C. Following a sequence of dehydration and rehydration steps, the embryos 

underwent treatment with Proteinase K (10 ug/ml; Sigma-Aldrich) for 30 min at room temperature 

(RT) and then acetone treatment for 10 minutes at -20C. Subsequently, the embryos were 

permeabilized through incubation in a solution containing 0.1% Triton X-100 + 0.1% sodium citrate 

in PBS for 15 minutes at RT. After blocking for 1 hour at RT with blocking solution (2 mg/ml BSA+ 

10% FBS + 0.3% Triton-X100 + 1%DMSO in PBST), the embryos were simultaneously stained 

with mouse anti-green fluorescent protein (GFP) (Invitrogen, Carlsbad, CA, USA) and rabbit anti-

p-Smad2 (Ser465/467)/ Smad3 (Ser423/425) (Cell signaling) primary antibodies during an 

overnight incubation at 4°C. The secondary antibodies used for detection included Alexa Fluor 488-

conjugated anti-mouse (Invitrogen) and Alexa Fluor 594-conjugated anti-rabbit (Invitrogen). 

Bromodeoxyuridine (Brdu) and enhanced green fluorescent protein (EGFP) double 

immunostaining.  

The 3 dpf transgenic Tg (runx1: EGFP)5 and Tg (cmyb:EGFP) embryos were firstly incubated 

with 10 mM Bromodeoxyuridine (Brdu) (Sigma) for 30 minutes, followed by a 2-hour incubation 

in egg water. Subsequently, the embryos were fixed in 4% PFA overnight at 4˚C. Then, after 

dehydrated and rehydrated at RT, the embryos were digested with proteinase K (10 ug/ml; Sigma-

Aldrich) at 30°C for 30 min and treated with acetone at -20°C for 30 min. After blocked with 

blocking solution (PBS+ 0.3%TritonX-100 + 1% DMSO + 10 mg/ml bovine serum albumin + 10% 

normal goat serum) for 2 hours, the embryos were sequentially immunostained by rabbit anti-GFP 

primary antibody (1:500; Invitrogen) and Alexa Fluor 488-conjugated anti-rabbit secondary 

antibodies (1:500; Invitrogen). Then, the embryos were treated with 2 N HCl for 1 hour and further 

stained with mouse anti-Brdu (1:50; Roche) and rabbit anti-GFP antibodies simultaneously. Finally, 

Alexa Fluor 594-conjugatedanti-mouse and Alexa Fluor 488-conjugated anti-rabbit (1:500; 



Invitrogen) were used as secondary antibodies.  

Cell culture and luciferase reporter assay 

HEK293T cells were seeded in 24-well plates and cultured in DMEM (Life technologies, 

Grand Island, NY, USA) with10% Fetal Bovine Serum (Life technologies, Grand Island, NY, USA) 

at 37°C with 5% CO2 atmosphere. Effectene Transfection Reagent (QIAGEN) was used for plasmid 

transfections according to the manufacturer’s instructions. For the luciferase reporter assay, cells 

were harvested 36-48 hours following transfection and then detected using the Dual Luciferase 

Reporter Assay Kit (Promega, Maddison, WI, USA). 

Immunohistochemistry 

The 3 dpf embryos were fixed in 4% PFA overnight at 4C. After dehydration and rehydration, 

the embryos were treated with Proteinase K (10 ug/ml; Sigma-Aldrich) for 30 min at RT and then 

treated with acetone for 10 minutes at -20C. Then, the embryos were incubated with the rabbit anti-

p-Smad2 (Ser465/467)/ Smad3 (Ser423/425) primary antibodies and alkaline phosphatase 

conjugated anti-rabbit secondary antibodies at 4°C overnight. BCIP/NBT staining was performed 

to detect the signaling. 

Western blot 

For Western blot analysis, embryos were deyolked and homogenized in lysis buffer containing 

protease inhibitor cocktail (Roche) and phosphatase inhibitor PhosSTOP™ (Roche) as previously 

reported.6 Total proteins were separated by 10% SDS-PAGE (Sigma-Aldrich, St. Louis, MO, USA) 

and transferred onto nitrocellulose membranes (GE Healthcare Life sciences, Pittsburgh, PA, USA). 

The membrane was blocked by 5% non-fat milk at RT for 1 hour, followed by overnight incubation 

with primary antibodies at 4 °C overnight. After incubated with secondary antibody at RT for 2 

hours, SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rochford, IL, USA) 

was used to detect the signal. The antibodies used in western blot analysis were as follows: Rabbit 

anti-p-Smad2 (Ser250) (Beyotime, Shanghai), Rabbit anti-p-Smad3 (Ser423/425) (Beyotime, 

Shanghai), rabbit anti-Smad2 antibody (Abmart, Shanghai), rabbit anti-Smad3 antibody (Abmart, 

Shanghai), mouse anti-Smad7 monoclonal antibody (R&D Systems, USA) and mouse anti-GAPDH 

Monoclonal antibody (Proteintech Group, USA). 

Chromatin immunoprecipitation PCR (ChIP-PCR) 

GFP and Smad2-GFP RNA were injected to embryos at one cell stage and harvested at 48 hpf. 



Following homogenization and fixation, SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling 

Technology) was used for immunoprecipitating cross-linked chromatin with anti-GFP antibody 

(Abcam). The immunoprecipitated samples were analyzed by quantitative PCR using primer pairs 

listed in the supplementary table. 

Chemical treatment 

Embryos were treated with 10 μM S nitroso N-acetylpenicillamine (SNAP) (Sigma-Aldrich) 

at bud stage as previously reported.7 Definitive endoderm 2 inducer (IDE2) (Abcam) at the 

concentration of 1uM was used to activate the phosphorylation of Smad2 from 16 hpf to 3 dpf. 

Nitric oxide synthase 2 (NOS2)-specific inhibitor 1400W (Selleck) was used to treat embryos at a 

concentration of 1mM from 1 dpf to 3 dpf.  
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Figure S1.* Conservation analysis of zebrafish rnf111. (A) Synteny analysis of human RNF111 

and zebrafish rnf111 loci. (B) The alignment of multiple sequences indicates the evolutionary 

conservation of human RNF111 and zebrafish Rnf111 proteins. The sequence in the green box 

represents the SUMO-interacting motifs (SIM). The sequence in the red box represents the RING 

finger domain. (C) WISH result showed that rnf111 is a maternal gene, expressing ubiquitously 

including hematopoietic tissues. SIM: SUMO-interacting motifs; hpf: hours post-fertilization; dpf: 

days post-fertilization; WISH: whole-mount in situ hybridization. 

  



 

Figure S2.* The phenotypes of primitive hematopoiesis in Rnf111 deficient embryos. (A) WISH 

analysis of scl, mpx and hbae1 at 22 hpf in Rnf111 mutants. (B) Western blot of Rnf111 indicated 

the protein level of Rnf111 was sharply decreased at 2 dpf in rnf111 morphants. (C) WISH analysis 

of scl, mpx and hbae1 at 22 hpf in rnf111 morphants. All experiments were independently replicated 

at least three times. MU: Rnf111 mutants with deletion of 4bp nucleotides; hpf: hours post-

fertilization; WT: wildtype; MO rnf111: rnf111 morphants; WISH: whole-mount in situ 

hybridization; dpf: days post-fertilization. 

  



 

Figure S3.* Impairment of definitive hematopoiesis in rnf111 morphants. (A) WISH analysis 

of cmyb expression from 33 hpf to 5 dpf. In rnf111 morphants, cmyb expression was normal at 33 

hpf and decreased from 2 dpf until all subsequent stages of development. Red arrows indicate cmyb-

positive HSPC in the AGM or CHT. (B) WISH analysis of runx1 expression at 33 hpf. Black arrows 

indicate runx1-positive HSPC in the AGM. (C) Fluorescent images of Tg (cmyb: EGFP) embryos. 

White arrows indicate GFP-positive HSPC in the CHT. (D) WISH analysis of key hematopoietic 

markers and Sudan Black B staining in rnf111 morphants and wildtype embryos. Expressions of 

myeloid-specific marker mpx, lymphocyte maker rag1, mature erythrocyte marker hbae1 and Sudan 

Black signal were decreased in rnf111 morphants. All experiments were independently replicated at 

least three times. WT: wildtype; MO rnf111: rnf111 morphants; hpf: hours post-fertilization; dpf: 

days post-fertilization; Tg: transgenic; EGFP: enhanced green fluorescent protein; WISH: whole-

mount in situ hybridization; GFP: green fluorescent protein; HSPC: hematopoietic stem and 

progenitor cell; CHT: caudal hematopoietic tissue; AGM: aorta–gonad–mesonephros.  

  



 

Figure S4.* Analysis of rescue efficiency of different Rnf111 mRNAs in rnf111 morphants and 

Brdu assay in Tg(cmyb:EGFP) embryos at 3 dpf. (A) WISH analysis of rescue efficiency of 

Rnf111 WT, Rnf111 RING mutant and Rnf111 SIM mutant RNA. Red arrows indicate cmyb-

positive HSPC. (B) Fluorescent images of rescue efficiency of Rnf111 RNAs on HSPC in rnf111 

morphants. (C) Statistical analysis of cmyb-GFP+ cell numbers in corresponding groups listed in 

Figure S4B. The data are presented as mean ± S.D. with ***P < 0.001 and n.s.: no significant 

difference. (D) Double immunostaining of cmyb-EGFP and anti-Brdu in the CHT region of Tg 

(cmyb-EGFP) line at 3 dpf. White arrows indicate Brdu and cmyb-EGFP double positive cells. All 

experiments were independently replicated at least three times. dpf: days post-fertilization; Ctr: 

control; MO rnf111: rnf111 morphants; WT: wildtype; RING MU: Rnf111 RING mutant with the 

RING domain mutated; SIM MU: Rnf111 SIM mutant with three SUMO-interacting motifs all 

mutated; SIM: SUMO-interacting motif; HSPC: hematopoietic stem and progenitor cell; GFP: 

green fluorescent protein; Brdu: Bromodeoxyuridine; CHT: caudal hematopoietic tissue.  

  



 

Figure S5.* Rescue efficiency of IDE2 in rnf111 morphants. (A) WISH assay of HE marker 

gata2b and HSPC marker cmyb in IDE2 treated WT embryos from 10 hpf to 33 hpf. (B) Western 

blot analysis of phosphorylation of Smad2 with or without IDE2 treatment in rnf111 morphants. (C) 

WISH analysis of rescue efficiency of IDE2 in rnf111 morphants. Red arrows indicate cmyb-positive 

HSPC in the CHT. (D) Fluorescent images of rescue efficiency of IDE2 on HSPC in rnf111 

morphants and statistical analysis of cmyb-GFP+ cell number in different groups. The data are 

presented as mean ± S.D. with ***P < 0.001. All experiments were independently replicated at least 

three times. hpf: hours post-fertilization; Ctr: control; IDE2: definitive endoderm 2 inducer; WT: 

wildtype; MO rnf111: rnf111 morphants; WISH: whole-mount in situ hybridization; HE: hemogenic 

endothelium; HSPC: hematopoietic stem and progenitor cell; CHT: caudal hematopoietic tissue. 

  



 

Figure S6.* Analysis of the function of Gcsfr involved in Rnf111 regulating HSPC development. 

(A) RT-qPCR of gcsfa, gcsfb and gcsfr at 3 dpf. (B) RT-qPCR of gcsfr in siblings and mutants at 36 

hpf. (C) RT-qPCR of gcsfr in AGM region of WT and rnf111 morphants at 31 hpf. (D) Rescue assay 

of gscfb and gcsfr RNA in rnf111 morphants. (E) Compared with rnf111 MO + IDE2 group, gcsfr 

MO blocked the rescue effect of IDE2 on HSPC in rnf111 morphants. (F) Fluorescent images of 

rescue efficiency of different treatment on HSPC in rnf111 morphants and statistical analysis of 



cmyb-GFP+ cell number in different groups. The data are presented as mean ± S.D. with ***P < 

0.001 and n.s.: no significant difference. All experiments were independently replicated at least 

three times. Red arrows indicate cmyb-positive HSPC in the CHT. WT: wildtype; MO rnf111: rnf111 

morphants; dpf: days post-fertilization; MO: morpholino; IDE2: definitive endoderm 2 inducer; 

WISH: whole-mount in situ hybridization; RT-qPCR: real-time quantitative polymerase chain 

reaction; HSPC: hematopoietic stem and progenitor cell; CHT: caudal hematopoietic tissue. 



 

Figure S7.* Analysis of the function of NO signal involved in Rnf111 regulating HSPC 

development. (A) RT-qPCR result of inosa in rnf111 morphants compared with WT embryos at 3 

dpf. (B) WISH assay of klf2a. (C) RT-qPCR result of klf2a in siblings and mutants. (D) Rescue 

effect of NO agonist SNAP on cmyb expression was observed in rnf111 morphants. (E) In the 

absence of 1400W, gcsfr RNA can rescue the HSPC defect in rnf111 morphants. (F) Fluorescent 

images of rescue efficiency of different treatment on HSPC in rnf111 morphants and statistical 

analysis of cmyb-GFP+ cell number in different groups. The data are presented as mean ± S.D. with 

**P < 0.01, ***P < 0.001 and n.s.: no significant difference. All experiments were independently 



replicated at least three times. In contrast, the rescue effect of gcsfr RNA disappeared after 1400W 

treatment. WT: wildtype; MO rnf111: rnf111 morphants; hpf: hours post-fertilization; dpf: days post-

fertilization; SNAP: S nitroso N-acetylpenicillamine; 1400W: a NOS2-specific inhibitor; WISH: 

whole-mount in situ hybridization; RT-qPCR: real-time quantitative polymerase chain reaction; 

HSPC: hematopoietic stem and progenitor cell. 

  



qPCR primers 

zf-gcsfa-F AACTACATCTGAACCTCCTG 

zf-gcsfa-R GACTGCTCTTCTGATGTCTG 

zf-gcsfb-F GGAGCTCTGCGCACCCAACA 

zf-gcsfb-R GGCAGGGCTCCAGCAGCTTC 

zf-gcsfr-F CGACTACAGACTCACTACAG 

zf-gcsfr-R AGTATCAGCGTGGATGTTC 

zf-nos2a-F CATCTCCCAGAAGACCCCAG 

zf-nos2a-R GGGGCTAATTTGCTGACCTG 

zf-klf2a-F ACCTTAACTGGGACGACTGG 

zf-klf2a-R ATCCTTCCACCTGTTCTCCC 

zf-β-actin-F GCTGTTTTCCCCTCCATTGTT 

zf-β-actin-R TCCCATGCCAACCATCACT 

negative primer-F CGCCAGACAGTGACAAAAGA 

negative primer-R ATCAGCGGCTCACATAAAGG 

positive primer-F TTCGGTTTGTGCTTGTGGTT 

positive primer-R TTGTGTAGTTTGTGCCCAGC 

Table S1.  The sequence of primers used in quantitative polymerase chain reaction. qPCR: 

quantitative polymerase chain reaction; zf: zebrafish; F: forward primer; R: reverse primer. 

 


