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Hematopoietic cell transplantation (HCT), dependent on hematopoietic stem cells (HSC), is 

widely used for treatment of many hematological and non-hematological disorders1. 

Successful clinical outcome of HCT predominantly relies on adequate homing and long-

term engraftment of HSC into the bone marrow (BM). Enhancing the efficacy of HSC 

homing and engraftment could have a relevant impact on improving HCT and patient 

survival, especially when limiting numbers of HSCs are available, as in using umbilical cord 

blood (CB) or poorly mobilized peripheral blood2–4. Although efforts have been devoted to 

developing potential means to enhance HSC engraftment, including boosting HSC 

expansion5, 6, enhancing HSC homing7, 8, mitigating Extra Physiologic Oxygen Shock/

Stress (EPHOSS)9 or generating HSCs by reprogramming10, 11, it is not yet clear which 
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procedures will have the most clinical efficacy, and there is still an urgent need in clinical 

practice for simple and efficacious methods to enhance HSC engraftment.

Nitric oxide (NO) is a gaseous molecule which acts as a signal molecule in mammalian 

cells, and plays important roles in a variety of physiological regulations, such as synaptic 

plasticity, endothelial cell relaxation, and immune responses12, 13. NO can freely diffuse 

across the cellular membrane and activate a cytoplasm enzyme, soluble guanylyl cyclase 

(sGC), to produce cyclic guanosine monophosphate (cGMP) from guanosine triphosphate 

(GTP). cGMP acts as an important secondary messenger and activates cGMP dependent 

protein kinase (PKG) to regulate a broad spectrum of downstream processes. In 

hematopoietic system, NO signaling is necessary for proper differentiation of HSC and 

lineage commitment involving multiple signaling pathways14. Besides, NO signaling is 

required in vascular niche for HSC generation and production during embryogenesis15, 

implicating potential beneficial effects of NO signaling for HSC biology and HCT. However, 

potential roles of NO and cGMP in regulating HSC homing and engraftment remain to be 

determined.

To explore the role of NO signaling in regulating HSC engraftment, effects of NO signaling 

activators on human CB HSC engraftment in NSG (NOD.Cg-PrkdcscidIL2rgtm1Wjl/Sz) mice 

was evaluated, which is the widely accepted golden standard for in vivo determination of 

human HSC functionality. We first used Sodium NitroPrusside (SNP, an NO donor), and 

Riociguat (a sGC stimulator) to activate NO signaling. CD34+ cells were isolated from fresh 

human CB, and treated with SNP or Riociguat for 16 hours in medium containing 100ng/mL 

SCF, TPO and FL cytokines (Figure 1A). Treatment of human CB CD34+ cells with SNP or 

Riociguat resulted in significantly more human cell chimerism in primary NSG mouse 

recipients 16 weeks after transplantation, compared with vehicle control treatment (Figures 

1B, C and S1A). Donor derived lymphoid/myeloid ratio in BM at 16 weeks showed no 

discernible changes between vehicle-treated, SNP-treated or Riociguat-treated groups 

(Figure S1B). In addition, limiting dilution assay (LDA) was conducted to quantitatively 

compare engraftment and calculate frequencies of SCID-repopulating cells (SRCs) in 

vehicle and Riociguat treated CB CD34+ cells (Table S1). Poisson distribution analysis 

revealed an SRC frequency of 1/2977 for the vehicle control treated group and 1/512 for the 

Riociguat treated group (Figure 1D and Table S2). We calculated the presence of 336 SRCs 

in vehicle control group and 1953 SRCs in the Riociguat treated group, resulting in a 5.8-

fold increase in numbers of SRCs (Figures 1E and Tables S2).

To determine long-term repopulation capability of donor human CB CD34+ cells pretreated 

with vehicle control, SNP or Riociguat, BM cells derived from primary transplant recipient 

animals were transplanted into secondary sublethally-irradiated NSG recipient mice. SNP or 

Riociguat treated CB CD34+ cells had significantly increased human cell engraftment in 

secondary NSG recipients 16 weeks after transplantation, compared to the vehicle control 

(Figures 1F and S1D). Donor lymphoid/myeloid ratio remained unchanged among different 

treatment groups (Figure S1C). These data indicate that there is an increased in the 

engraftment of long-term repopulating human CB HSC after activating the NO signaling 

pathway.
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Inside the cell cGMP is degraded by phosphodiesterase 5 (PDE5). PDE5 inhibitor can 

suppress cGMP breakdown and activate cGMP signaling. Therefore, we next conducted a 

transplantation assay with CB CD34+ cells pretreated with Sildenafil, a PDE5 inhibitor. 

Sildenafil treated CB CD34+ cells exhibited significant higher human cell chimerism in both 

primary and secondary NSG recipient mice 16 weeks after transplantation (Figures 1G, H, 

S1E). Donor derived lymphoid/myeloid ratio in BM of NSG recipients showed no 

discernible difference between vehicle control and Sildenafil group (Figures S1F, G). Taken 

together, activation of NO signaling by short term treatment of CB CD34+ cells with SNP, 

Riociguat or Sildenafil enhances human CB HSC long-term engraftment in vivo.

To reveal underlying mechanisms regarding how activation of NO signaling promotes HSC 

engraftment, we performed RNA sequencing analysis, comparing the transcriptome of 

vehicle control and Riociguat treated CB CD34+ cells. A number of differentially expressed 

genes (DEGs) were identified (Figure 2A and Supplementary Table S3). Many Gene 

Ontology (GO) biological processes were significantly over-represented in DEGs 

upregulated by Riociguat treatment, including cell migration, chemotaxis, cell motility 

(Figure 2B). Particularly, expression levels of a number of genes linked with cell migration 

were elevated, including CXCR4 (Figure 2C). These results support the role of NO signaling 

in regulating HSC engraftment through cell migration.

Stromal cell-derived factor-1 (SDF-1/CXCL12)/CXCR4 interactions play a crucial role in 

regulating HSC trafficking and homing, so we next determine whether CXCR4 expression 

on the HSCs can be regulated by NO signaling pathway. Quantitative RT-PCR analysis 

further confirmed that mRNA levels of CXCR4 in SNP, Riociguat and Sildenafil treated CB 

CD34+ cells were notably increased (Figure 2D). Consistently, SNP, Riociguat or Sildenafil 

treatment strongly increased expression of membrane CXCR4 on CB CD34+ cells compared 

to vehicle control (Figures 2E, F). Increase surface CXCR4 expression was also observed in 

rigorously defined HSC (CD34+CD45RA−CD38−CD90+CD49f+), multipotent progenitors 

(CD34+CD45RA−CD38−CD90−CD49f−) and CD34+CD90+ cells (Figures 2G, S2A, B).

In vitro, HSCs and progenitor cells selectively migrate towards CXCL12, a process believed 

to reflect their trafficking and homing capability. To determine whether NO/cGMP 

activation-mediated CXCR4 upregulation enhance HSC migration, we used an in vitro 
transwell migration assay to measure cell motility towards the chemo-attractant CXCL12. 

While there was no significant difference in CD34+ cell migration without SDF-1, 

chemotaxis in the presence of SDF-1 was significantly higher in SNP, Riociguat or 

Sildenafil treated CD34+ cells compared to the vehicle control group (Figure 2H). Of 

interest, enhanced migration towards SDF-1 by SNP and Riociguat was also observed in the 

HSC population, an effect suppressed by the PKG inhibitor KT5823 (Figure 2I). This 

suggests that enhanced HSC migration was mediated through cGMP and PKG.

To directly evaluate in vivo homing, SNP and Riociguat treated CB CD34+ cells were 

transplanted into sublethally irradiated NSG mice and human cells homing to the mouse BM 

were analyzed 24 hours after transplantation. SNP or Riociguat treated CB CD34+ cells 

manifested significantly increased human cell homing compared to vehicle control treatment 

(Figure 2J). To demonstrate that the homed cells contain HSCs, we harvested BM cells from 
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primary NSG recipients used in the homing assay and transplanted them into secondary 

NSG recipients. We observed significant higher human cell engraftment in transplanted 

secondary NSG recipients in the SNP or Riociguat treated groups (Figure 2K), suggesting 

we have increased homing of HSCs by activating the NO signaling pathway.

To test if numbers of HSCs could be ex vivo expanded by activating NO signaling, CB 

CD34+ cells were cultured with vehicle control, SNP, or Riociguat for 4 days. We did not 

observe significant changes in numbers of phenotypic HSCs, indicating that activation of 

NO signaling did not promote expansion of phenotypic populations of HSC (Figures S2C, 

D).

Recent studies have highlighted the importance of homing process during HSC 

transplantation. A major mechanism of HSC homing so far defined has been the interaction 

of CXCR4 on HSC surface and CXCL12 in the BM. Here we define a new regulation of 

HSC homing by activating NO/cGMP signaling, involving upregulation of CXCR4 surface 

expression and facilitation of chemotaxis towards CXCL12. Compounds tested in our study, 

such as SNP, Riociguat, and Sildenafil are FDA approved medications. Therefore, 

evaluations of these drugs in HCT should be practical. Our work offers another unique and 

simple approach to bolster effectiveness of HCT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pharmacological activation of NO signaling pathway promotes CB HSC engraftment.
A. Experimental scheme for evaluating the role of NO signaling in HSC engraftment.

B. Representative flow cytometry plots of human CD45+ cell chimerism in the BM of 

primary NSG recipient mice.

C. Percentage of human CD45+ cell chimerism in the BM of primary NSG recipient mice 16 

weeks after transplantation with 10,000 CB CD34+ cells that have been treated with vehicle 

control, SNP or Riociguat. The data were pooled from three independent experiments (n=15 

for vehicle control group, n=10 for SNP group, n=15 for Riociguat group; One-way 

ANOVA, *p<0.05, **p<0.01).
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D. Poisson statistical analysis of transplantation data from Supplementary Table 1. n=30 

mice in total. Solid lines represent the best-fit linear model for each group, dotted lines 

indicate 95% confidence intervals.

E. HSC frequencies (line in the box) and 95% confidence intervals (box) of vehicle control 

and Riociguat treated groups represent as the numbers of SRCs in one million CD34+ cells. 

Poisson statistical analysis, *p<0.05.

F. Percentage of human CD45+ cell chimerism in the BM of secondary NSG recipient mice 

at 16 weeks. The data were pooled from two independent experiments (n=10 for vehicle 

control, SNP and Riociguat groups; One-way ANOVA, **p<0.01).

G. Percentage of human CD45+ cell chimerism in the BM of primary NSG recipient mice 

16 weeks after transplantation with 10,000 CB CD34+ cells that have been treated with 

vehicle control or Sildenafil. The data were pooled from two independent experiments (n=10 

mice per group; t test, **p<0.01).

H. Percentage of human CD45+ cell chimerism in the BM of secondary NSG recipient mice 

at 16 weeks (n=5 mice per group; t test, **p<0.01).

For all panels, data are shown as mean±s.e.m..
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Figure 2. Activation of NO signaling pathway increases surface CXCR4 expression and HSC 
homing.
A. Volcano plot of differential expressed genes (DEGs) in Riociguat and vehicle control 

treated CB CD34+ cells. The list of DEGs can be found in Supplementary Table 3.

B. Selected GO biological processes significantly enriched in DEGs upregulated by 

Riociguat treatment compared to vehicle control treated group. The number in the box 

represents the number of activated DEGs involved in the biological process.

C. Heat map of Z-scores (see Supplementary Methods for details) of DEGs associated with 

“cell migration” upregulated by Riociguat treatment. Each treatment condition has three 

replicates (r1, r2, r3).
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D. Quantitative RT-PCR analysis of CXCR4 expression in vehicle control, SNP, Riociguat or 

Sildenafil treated CB CD34+ cells. n=3, One-way ANOVA, **p<0.01.

E. Representative histogram of surface CXCR4 expression of human CB CD34+ cells 

treated with vehicle control, SNP, Riociguat or Sildenafil.

F. Quantification of Mean Fluorescence Intensity (MFI) of membrane CXCR4 expression on 

CB CD34+ cells treated with vehicle control, SNP, Riociguat or Sildenafil. n=3 CB samples, 

One-way ANOVA, *p<0.05, **p<0.01.

G. Quantification of Mean Fluorescence Intensity (MFI) of membrane CXCR4 expression 

on HSCs (CD34+CD45RA−CD38−CD90+CD49f+) treated with vehicle control, SNP, 

Riociguat or Sildenafil. n=3 CB samples, One-way ANOVA, *p<0.05, **p<0.01.

H. Percentage of human CB CD34+ cells migrated towards human SDF-1, as quantified by 

flow cytometry. Data pooled from three independent experiments (n=3 CB samples, One-

way ANOVA, **p<0.01, N.S. indicates p>0.05).

I. Percentage of human CB HSCs (CD34+CD45RA−CD38−CD90+CD49f+) migrated 

towards human SDF-1, as quantified by flow cytometry. Data pooled from three independent 

experiments (n=3 CB samples, One-way ANOVA, **p<0.01, N.S. indicates p>0.05).

J. Percentage of human CD45+ cell chimerism in the BM of NSG mice 24 hours after 

transplantation with 500,000 CB CD34+ cells treated with vehicle control, SNP or 

Riociguat. Data pooled from five independent experiments (n=5 mice per group, One-way 

ANOVA, *p<0.05, **p<0.01).

K. Percentage of human CD45+ cell chimerism in the BM of secondary NSG recipient mice 

at 16 weeks. n=5 for vehicle control, SNP and Riociguat groups; One-way ANOVA, 

**p<0.01.

For all panels, data are shown as mean±s.e.m..
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