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Despite considerable effort to determine how hydroxyurea 

(HU) is involved in the induction of fetal hemoglobin (HbF), 

the answer remains elusive. We and others have 

demonstrated that HU activates the cGMP- signaling 

pathway to induce HbF in erythroid cells. Interestingly, a 

recent study suggests that cAMP has a role in HU-

induced HbF expression (see the figure on the right).   
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Here we show that HU induces HbF expression by 

activating the cAMP pathway through two independent 

mechanisms. Although HU increased both cAMP and 

cGMP levels in CD34+-derived erythroblasts, only the 

cAMP pathway was found to be activated. However, HU-

induced HbF expression was affected by the activities of 

both adenylate cyclase (AC) and soluble guanylate 

cyclase (sGC). HU decreased the expression of cGMP-

inhibitable phosphodiesterase (PDE) 3B in a sGC-

dependent manner, resulting in activation of the cAMP 

pathway. Second, HU induced the expression of 

cyclooxygenase-1 (COX-1) and increased the production 

of prostaglandin E2 (PGE2), which resulted in activation of 

the cAMP signaling pathway through AC. HU therapy 

elevated plasma PGE2 levels in sickle cell patients. These 

results demonstrate that HU induces HbF expression by 

activating the cAMP pathway via dual signaling 

mechanisms.   

2. Vasodilator-stimulated phosphoprotein (VASP), a maker 

of the cAMP and cGMP signaling pathways, is expressed in 

primary erythroid cells 
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Fig. 2  VASP expression in human platelets and primary erythroid cells. PKA 

and PKG phosphorylate distinct serine residues of VASP in response to cyclic 

nucleotide-elevating agents such as forskolin and nitric oxide donors (Fig.2A); 

forskolin preferentially phosphorylates Ser157, while Ser 239 is phosphorylated 

strongly by nitric oxide or cGMP in platelets (Fig. 2B). VASP is expressed in 

primary erythroid cells at low, but detectable levels (Fig. 2C lane 4).   
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3. Signal transduction of cyclic nucleotide-dependent 

pathways in erythroid cells treated with HU 

Fig. 3 Signal transduction in erythroid cells treated with hydroxyurea.   

1. Preparation of primary erythroblasts 

Fig. 1  Primary erythroid cells for this study were 

prepared from CD34+ cells. 

Ser157 was phosphorylated in HU-treated cells (left panel), while 

no appreciable phosphorylation was seen with Ser239 (right 

panel), indicating that the cAMP, but not the cGMP signaling 

pathway, is activated in erythroid cells treated with HU (Fig. 3).   

4. HU downregulates PDE3B expression in a sGC-dependent 

manner 
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Arrows indicate the band for PDE3B. Asterisks denote a protein band that 

cross-reacted with PDE3B antibody and is present only in erythroid cells with 

fetal phenotype or those in which the cAMP signaling pathway is activated.     

Fig 4  Downregulation of PDE3B expression by HU 

PDE3B is expressed in adult 

erythroid cells at a level 

comparable to those of other 

non-erythroid cells (heart and 

lung). See Fig. 4A.   
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Fig 4C  Downregulation of PDE3B by hydroxyurea is dependent on sGC 

activity. cGMP signals originating from HU-activated sGC are unlikely to be 

transduced to PKG, as Ser239 of VASP was not phosphorylated in primary 

erythroblasts treated with HU (Fig 3A). A possible that cGMP generated by sGC 

that is activated by HU inhibits cAMP-hydrolyzing PDE3, thus increasing cAMP 

levels and subsequently activating downstream cascades of the cAMP-

dependent pathway. Since PDE3B downregulation was seen in erythroid cells 

treated with the sGC activator SN (Fig 4B), PDE3B downregulation by HU is 

likely mediated by a cGMP-dependent mechanism. To verify, we examined if 

HU-induced PDE3B downregulation is inhibited by the sGC selective inhibitor 

ODQ and found that PDE3B downregulation was abolished by ODQ but not by 

the selective AC inhibitor SQ22536 (Fig 4C). This confirmed that PDE3B 

downregulation by HU is mediated by a sGC-dependent mechanism.  

5. Hydroxyurea activates AC through activation of COX-1 

and Prostaglansin E2 (PGE2) production 

Fig 6. Signaling path-

ways involved in HbF 

expression induced by 

HU. HU activates both 

sGC and COX-1, 

resulting in activation of 

the cAMP signaling 

pathway.  Note that both 

sGC and COX-1 are 

heme proteins.   

We previously showed 

that prostaglandin E2, a 

product of cyclooxygen-

ase (COX), is an HbF 

inducer in primary eryth-

roid cells. We then  

examined if HU induces 

COX expression in 

erythroid cells. COX-1 

expression, a major iso-

zyme expression in 

primary erythroid cells, 

increased markedly in 

response to HU (Fig 5A).   

1) HU induces HbF expression by activating both cAMP and cGMP signaling 

pathways. 2) HU downregulates PDE3B expression and upregulates COX-1 

expression in a time-dependent manner. Our studies demonstrate an 

important role of PGE2 in HU-induced HbF expression. 3) It is known that 

non-erythroid cells such as leukocytes and monocytes produce a large 

amount of PGE2. Previous clinical studies suggest that bone marrow reserve 

plays a role in regulating the response of HbF to HU. The involvement of 

PGE2 in HU-induced HbF expression may account for the important role of 

non-erythroid cells in inducing HbF expression.  
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of Figure 4B 


