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Background: Although erythroid cells prepared from fetal liver, cord blood, or blood from 

β-thalassemia patients are known to express fetal hemoglobin at high levels, the underlying 

mechanisms remain elusive. We previously showed that cyclic nucleotides such as cAMP and 

cGMP induce fetal hemoglobin expression in primary erythroid cells. Here we report that cAMP 

signaling contributes to high-level fetal hemoglobin expression in erythroid cells prepared from 

cord blood and β-thalassemia.

Methods: The status of the cAMP signaling pathway was investigated using primary eryth-

roid cells prepared from cord blood and the mononuclear cells of patients with β-thalassemia; 

erythroid cells from adult bone marrow mononuclear cells served as the control.

Results: We found that intracellular cAMP levels were higher in erythroid cells from cord 

blood and β-thalassemia than from adult bone marrow. Protein kinase A activity levels and 

cAMP-response element binding protein phosphorylation were higher in erythroid cells from 

cord blood or β-thalassemia than in adult bone marrow progenitors. Mitogen-activated protein 

kinase pathways, which play a role in fetal hemoglobin expression, were not consistently 

activated in cord blood or β-thalassemia erythroid cells. When cAMP signaling was activated 

in adult erythroid cells, fetal hemoglobin was induced at high levels and associated with reduced 

expression of BCL11A, a silencer of the β-globin gene.

Conclusion: These results suggest that activated cAMP signaling may be a common mechanism 

among erythroid cells with high fetal hemoglobin levels, in part because of downregulation 

of BCL11A. Activation of the cAMP signaling pathway with cAMP-elevating agents may 

prove to be an important signaling mechanism to reactivate fetal hemoglobin expression in 

erythroid cells.

Keywords: cAMP, signaling, fetal hemoglobin, β-globin disorders, cord blood, 

β-thalassemia

Introduction
Elevated fetal hemoglobin (HbF) expression ameliorates clinical symptoms of β-globin 

disorders such as sickle cell disease and β-thalassemia.1 Chemicals capable of elevating 

HbF synthesis could pave the way toward a treatment for these disorders.2 While there 

remain serious concerns about the long-term toxicity of HbF inducers, it is neverthe-

less of the utmost importance to develop potent and clinically safe HbF inducers for 

three reasons. First, HbF inducers will play a role in treating these disorders at least 

until gene therapy,3 cell therapy using induced pluripotent stem cells,4 and/or bone 

marrow transplantation5 become standard of care. Second, treatment with HbF inducers 
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is more cost-effective than gene therapy or bone marrow 

transplantation, and HbF inducers are particularly beneficial 

for those without access to other treatment modalities. Third, 

treatment with HbF inducers is reversible; if proved inef-

fective, administration can be terminated at any time. Gene 

therapy and bone marrow transplantation, on the other hand, 

are irreversible therapies.

We and others have shown that chemicals or growth fac-

tors that induce HbF expression do so through intracellular 

signaling mechanisms.6–8 Pace et al reported that p38 kinase 

pathways use histone deacetylase inhibitors to induce HbF 

expression,7 while extracellular signal-regulated protein 

kinases, which constitute mitogen-activated protein (MAP) 

kinase pathways, are indispensable for HbF expression by 

growth factors such as stem cell factors.8 We previously 

reported that the soluble guanylate cyclase-cGMP pathway 

has a role in hydroxyurea-induced HbF expression.6,9 Cokic 

et al reached a similar conclusion.10 Our subsequent studies 

found that cAMP also induces HbF expression, and with 

greater potency.11,12

Considerable energy has been expended to determine how 

HbF chemical inducers upregulate HbF expression in eryth-

roid cells13 and has resulted in reams of scholarly work on the 

subject. In contrast, very little is known about how high levels of 

HbF expression are sustained in particular erythroid cells. Using 

primary erythroid cells from cord blood and the mononuclear 

cells (MNCs) of patients with β-thalassemia, we discovered that 

these erythroid cells express high levels of HbF. We then inves-

tigated the phosphorylation status of protein kinases involved 

in intracellular signaling pathways that play a role in regulating 

HbF expression, and found that the cAMP signaling pathway is 

consistently activated in the erythroid cells of cord blood and 

β-thalassemia, while some MAP kinases such as extracellular 

signal-regulated protein kinases are phosphorylated. These 

results indicate that cAMP signaling is an important pathway 

for sustaining high-level HbF in erythroid cells.

Materials and methods
Materials
Bone marrow MNCs from normal subjects were obtained 

from Poietics (Walkersville, MD, USA). Human CD34+ cells 

were provided by the National Heart, Lung and Blood Insti-

tute Programs of Excellence in Gene Therapy Hematopoietic 

Cell Processing Core (Fred Hutchinson Cancer Research 

Center, Seattle, WA, USA). Cord blood was from the 

National Disease Research Interchange (Philadelphia, PA, 

USA). MNCs from patients with β-thalassemia intermedia 

(at least 10 patients or more) were as described6,14 and the 

patients had not been transfused for at least 3 months before 

the blood draw. 8-CTP-cAMP and 8-CTP-cGMP were 

purchased from Enzo (Ann Arbor, MI, USA). Antibodies 

were from Cell Signaling Technology (Beverly, MA, USA) 

unless stated otherwise. Epo was kindly provided by Amgen 

(Thousand Oaks, CA, USA); other cytokines were from 

Peprotech (Rocky Hill, NJ, USA). Informed consent was 

obtained from all patients and normal subjects according to 

the Declaration of Helsinki of 1975 and as revised in 2000. 

This study was approved by the Georgia Regents University 

institutional review board.

Isolation of primary erythroid  
cells from cord blood and patients  
with β-thalassemia
MNCs from cord blood were isolated by density gradient 

centrifugation with Histopaque®-1077 (Sigma-Aldrich, 

St Louis, MO, USA). Primary erythroid cells from cord blood 

were prepared as described.11 Peripheral blood was obtained 

from patients with β-thalassemia intermedia because a high 

proportion of circulating nucleated erythroblasts, represent-

ing between 70% and 90% of MNCs, is typical in this form 

of thalassemia.14 MNCs were isolated from peripheral blood 

and nucleated erythroblast-rich fractions were obtained by 

removing nonerythroid cells either with cell panning using 

anti-human CD45 antibody or with magnetic-activated 

cell sorting LD columns using a MidiMACS separator and 

CD45 microbeads (Miltenyi Biotec Inc, Auburn, CA, USA) 

according to the protocol supplied by the manufacturer, 

as described previously.11 These cell preparations had at 

least 80% or more nucleated erythroblasts by morphology 

after Wright’s staining and benzidine staining using 0.05% 

2,7-diaminofluorene (Sigma-Aldrich).15

Isolation of whole cell extracts  
from erythroblasts and immunoblotting
Whole cellular extracts were prepared from nucleated eryth-

roblasts of β-thalassemic patients as described.14 Briefly, 

nucleated erythroblasts (5–10 × 106 cells) were suspended 

with 1×  lysis buffer (Cell Signaling Technology) supple-

mented with 1  mM phenyl-methyl sulfonyl fluoride and 

0.1% sodium dodecyl sulfate. Whole cellular extracts were 

obtained by centrifugation at 14,000 ×  g for 15  minutes. 

Immunoblotting was performed as previously described.16 

Approximately 20–30  µg of cellular extracts were sepa-

rated on 12% sodium dodecyl sulfate polyacrylamide gels 

and transferred to nitrocellulose membranes (Invitrogen). 

All antibodies used for immunoblotting analyses were 
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purchased from Cell Signaling Technology unless otherwise 

stated. Protein bands were visualized by the Phototope®-HRP 

Western blot detection system (Cell Signaling Technology) 

according to the protocol provided by the supplier.

Analysis of globin mRNA  
by primer extension
Total RNA was extracted from cells as previously described.17 

Ten micrograms of total RNA were subjected to primer 

extension analysis as described.18 Oligonucleotides used as 

primers were 5′-end-labeled with T4 polynucleotide kinase. 

Total RNAs were annealed with P32-labeled oligonucleotides 

in 30 mL of hybridization buffer (80% formamide/40 mM 

Pipes, pH 6.4, 1 mM ethylenediaminetetraacetate, pH 8.0, 

0.4 M NaCl) at 30°C. The extension reaction was performed 

as described.18 The extension products were analyzed on 

8% urea-polyacrylamide gels, and the gels were exposed to 

Kodak X-AR film. The DNA sequences of oligonucleotides 

used as primers were as described.18

Globin chain analysis  
by reverse-phase HPLC
Nucleated erythroblasts were isolated from semisolid cultures 

as described above and washed three times with phosphate-

buffered saline. Red blood cells were isolated by density gradi-

ent centrifugation with Histopaque-1077. Red blood cells were 

lysed by adding 5 mM ethylenediaminetetraacetate solution 

and incubating at 37°C for 30 minutes. The cell suspensions 

were centrifuged at 14,000× g for 15 minutes and the superna-

tants were recovered. Impurities were removed from the super-

natant using a 0.45 µM filter before high-performance liquid 

chromatography (HPLC) analysis. Reverse-phase HPLC was 

performed using an LC-VP series system (Shimadzu, Kyoto, 

Japan) and a Vydac C4 column (250 × 4.6 mm) according to 

the method previously described.11

Measurement of intracellular levels  
of cyclic nucleotides in erythroid cells
Intracellular levels of cyclic nucleotides (cAMP and cGMP) 

in red blood cells from cord blood and β-thalassemic patients 

were determined as described elsewhere.6,19 Briefly, washed red 

blood cells (1 × 108 cells) or nucleated erythroblasts (2 × 106 

cells) were incubated with 1 mM 3-isobutyl-1-methylxanthine 

for 30 minutes at room temperature. Cyclic nucleotides were 

extracted by suspending the cells in 0.5 M perchloric acid. 

The supernatant was removed and the pH neutralized by addi-

tion of 8 M KOH. Intracellular cAMP levels were determined 

by a nonacetylation method using a cAMP enzyme-linked 

immunosorbent assay kit (Cayman Laboratories, Ann Arbor, 

MI, USA). To measure intracellular cGMP levels, the extracted 

cyclic nucleotide samples were acetylated and assayed using 

a cGMP enzyme-linked immunosorbent assay kit (Cayman 

Laboratories). Results were expressed as pmol/mg protein.

PKA assays using cellular extracts  
of primary erythroid cells
Measurements of cAMP-dependent protein kinase (PKA) 

activity in cellular extracts were performed using a SignaTECT 

PKA assay system (Promega, Madison, WI, USA), in which 

biotinylated Kemptide (LRRASLG) was used as the substrate 

for PKA. Briefly, cellular extracts of primary erythroblasts 

were prepared by suspending the cells in extraction buffer 

(25 mM Tris-HCl (pH 7.4), 0.5 mM ethylenediaminetetraac-

etate, 0.5 mM EGTA, 10 mM β-mercaptoethanol, 1 µg/mL 

leupeptin, 1 µg/mL aprotinin). To measure PKA activity in 

the cellular extracts, the following reaction was set up: 5 µL 

of PKA buffer, 200 mM Tris-HCl, pH 7.4, 100 mM MgCl
2
, 

0.5 mg/mL bovine serum albumin, 25 µM cAMP, 0.5 mM 

biotinylated Kemptide, 5 µL of [γ-32P]ATP (3,000 Ci/mmol) 

10 µCi/µL diluted with 0.5 mM ATP, and 5 µL of cellular 

extracts. The reaction was performed at 30°C for 5 minutes, 

then terminated by adding 12.5  µL of termination buffer 

(7.5 M guanidine hydrochloride), and spotted onto SAM2® 

Biotin capture membranes (Promega). After washing, radio-

activity was determined in a liquid scintillation counter and 

PKA activity was calculated according to the instructions 

provided by the supplier.

Microarray analysis for gene expression 
in primary erythroid cells
Microarray analysis was performed as described previ-

ously.20 Briefly, total RNAs (∼10  µg) were isolated from 

primary erythroid cells using an Absolutely RNA Miniprep 

kit (Qiagen, Venlo, the Netherlands). Double-stranded cDNA 

was synthesized from total RNA and in vitro transcription 

reactions were then performed in the presence of biotiny-

lated UTP and CTP to produce biotin-labeled cRNA from 

the double-stranded cDNA using one-cycle target labeling 

and control reagents (Affymetrix, Santa Clara, CA, USA). 

The labeled cRNAs were hybridized to Human Genome 

U133 Plus 2.0 Array (Affymetrix) for 16 hours at 45°C. 

The images were analyzed using Microarray Suite software 

and the comparison analysis was performed according to the 

instructions provided by Affymetrix. Expression levels of 

genes were adjusted by using β-actin as an internal control. 

Assays were performed three times.
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Figure 1 Induction of fetal hemoglobin expression by cyclic nucleotides in adult erythroid cells.
Notes: Adult erythroid cells prepared from bone marrow mononuclear cells were treated with various concentrations (1 µM to 1 mM) of 8-CPT-cGMP or 8-CPT-cAMP for 
4 days. GAPDH was used as an internal control. The results summary is at the bottom of the figure. *P,0.05 and **P,0.01 versus untreated control cells (lane 1).
Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Statistical analysis
Statistical analysis was performed using the two-samples 

Student’s t-test. P-values,0.05 were considered to be sta-

tistically significant.

Results
Both cAMP and cGMP induced HbF 
expression in primary erythroid cells
We previously showed that chemicals stimulating adenylate 

cyclase activity such as forskolin and prostaglandin E2 induce 

β-globin mRNA expression in adult erythroid cells.20 

To confirm that the cAMP and cGMP signaling pathways 

indeed exert positive regulatory effects on HbF expression 

at the protein level, we first performed immunoblotting, 

as described previously,16 to determine whether treatment 

of cyclic nucleotides increased HbF expression levels in 

primary erythroid cells. 8-CPT-cAMP and 8-CPT-cGMP 

are membrane-permeable, resistant to the activities of phos-

phodiesterase, and more potent than 8-Bromo-cAMP and 

8-Bromo-cGMP.21 HbF expression levels in primary eryth-

roid cells treated with 8-CPT-cGMP (Figure 1, lanes 2–5) 

or 8-CPT-cAMP (Figure 1, lanes 6–9) were increased in a 
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Figure 2 Fetal hemoglobin expression in cord blood and β-thalassemia erythroid cells.
Notes: (A) Expression of human globin genes analyzed by primer extension. 
Positions of the extension products for individual globin genes are shown to the 
right of the figure. Lanes: 1, erythroid cells isolated from cord blood; 2, erythroid 
cells isolated from adult bone marrow mononuclear cells; 3, erythroid cells from 
β-thalassemia (genotype of the mutation −848/−848). Globin chain analysis in RBCs 
isolated from cord blood (B) and from β-thalassemia (C) by reverse-phase high-
pressure liquid chromatography. Note that the elution profiles of globin chains in 
both preparations are similar to each other, suggesting that the fetal hemoglobin 
levels are comparable among cell types. 
Abbreviations: RBCs, red blood cells; mRNA, messenger ribonucleic acid; min, 
minutes.
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by more than two-fold (Figure 4B), which is consistent with 

the results in Figure 4A. CREB is a transcription factor and 

a typical substrate of PKA.22 Whereas the phosphorylation 

level of CREB was low in adult erythroid cells (Figure 4C, 

lane 1), it was high in the cord blood and β-thalassemia 

dose-dependent manner. Interestingly, erythroid cells had 

higher HbF levels when treated with cAMP than with cGMP, 

suggesting that cAMP more strongly enhances HbF activity. 

This is consistent with previously reported mRNA studies.11

HbF is highly expressed in cord blood 
and β-thalassemia erythroid cells
Our previous study found that HbF is highly expressed in 

erythroid cells isolated from some types of β-thalassemia 

intermedia.14 To examine the expression levels of β-globin 

in primary erythroid cells prepared from cord blood and 

β-thalassemia, we first examined globin mRNA levels by 

primer extension. The ratio of β-globin mRNA to non-β-globin 

mRNA in cord blood erythroid cells ranged from 60% to 70% 

(Figure 2, lane 1), while those of β-thalassemia intermedia 

erythroid cells were from 50% to 60% (lane 3); β-globin mRNA 

was not expressed in erythroid cells isolated from adult bone 

marrow MNCs (lane 2). This demonstrated that the β-globin 

mRNA expression levels of erythroid cells derived from cord 

blood and β-thalassemia intermedia are comparable. To confirm 

that both erythroid cell types express similar levels of HbF, we 

performed reverse-phase HPLC. The elution patterns of both 

erythroid cell types were quite similar to each other, suggesting 

that HbF expression of cord blood and β-thalassemia erythroid 

cells are comparable (Figure 2B and C).

cAMP signaling pathway is activated  
in erythroid cells prepared from cord 
blood and β-thalassemia
In the cAMP signaling pathway, adenylate cyclase, a mem-

brane protein, converts ATP to cAMP (Figure  3). After 

cAMP binds to the regulatory subunits of PKA, PKA releases 

the catalytic subunits. The catalytic subunits move to the 

nucleus and phosphorylate the cAMP-response element 

binding (CREB) protein.22 Our finding that cAMP is more 

potent than cGMP in inducing HbF activity (Figure 1) led 

us to investigate the status of the cAMP signaling pathway. 

First, we determined the intracellular cAMP levels in cord 

blood-derived and β-thalassemic erythroid cells (Figure 4A). 

The intracellular cAMP levels in erythroid cells isolated from 

cord blood and β-thalassemia were much higher than those 

prepared from bone marrow MNCs (Figure 4A), suggesting 

that adenylate cyclase is activated at higher levels in erythroid 

cells from cord blood and β-thalassemia. We then studied the 

PKA activity of these erythroid cells. Although the baseline 

activity of PKA in cord blood and β-thalassemia erythroid 

cells was a little higher than that of adult erythroid cells, the 

addition of cAMP to the reaction mixture raised PKA activity 
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Figure 3 cAMP signaling pathway.
Notes: Adenylate cyclase, which is a key enzyme located in the cell membrane, 
generates cAMP. When cAMP binds to regulatory subunits of PKA, catalytic 
subunits are released. Catalytic subunits move to the nucleus and phosphorylate 
the CREB protein. 
Abbreviations: AC, adenylate cyclase; PKA, protein kinase; CREB, cAMP-response 
element binding.
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Abbreviations: ECs, erythroid cells; PKA, protein kinase; CREB, cAMP-response 
element binding.
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erythroid cells (lanes 2 and 3). These results indicate that the 

cAMP signaling pathway is highly activated in erythroid cells 

prepared from both cord blood and β-thalassemia.

Status of MAP kinase pathways in 
erythroid cells with high HbF expression
Several studies have shown that MAP kinase pathways 

are involved in the induction of HbF expression by growth 

factors and chemicals.7,8,23,24 We examined the phosphoryla-

tion status of MAP kinase pathways including extracellular 

signal-regulated protein kinases, p38, and c-JUN NH2-

terminal protein kinase/stress-activated protein kinase 

(JNK/SAPK) by investigating the phosphorylation levels of 

the kinases. These MAP kinases were expressed at variable 

levels in the cord blood and β-thalassemia erythroid cells. 

Phosphorylation levels were likewise inconsistent with HbF 

levels (Figure 5). This suggests that MAP kinases are not 

likely to be involved in high-level expression of HbF in cord 

blood and β-thalassemia erythroid cells.

Effect of cAMP signaling  
on BCL11A expression
Recent studies have shown that BCL11A silences β-globin 

gene expression both in vivo and in vitro.25,26 We examined 

whether BCL11A mRNA expression in primary erythroid 

cells was affected by activation of the cAMP signaling 

pathway. Primary erythroid cells prepared from adult bone 

marrow were treated with 10 µM forskolin, which activates 

adenylate cyclase.27 This brought about a three-fold induc-

tion of β-globin mRNA expression, but suppressed β-globin 
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mRNA expression by ∼30%, demonstrating that activating 

cAMP signaling will reactivate the β-globin gene (Fig-

ure 6A). This result is consistent with our previous study.11 

By performing microarray analyses using mRNAs from 

adult erythroid cells, we next determined the genes for which 

expression was affected by forskolin treatment. Interest-

ingly, the mRNA level of BCL11A in forskolin-treated adult 

erythroid cells was reduced by more than 55% compared 

with untreated control cells (Figure 6B), indicating that the 

cAMP signaling pathway may negatively regulate BCL11A 

expression.

Discussion
The regulation of HbF expression has been extensively stud-

ied because HbF ameliorates the clinical severity of β-globin 

disorders. Several studies have identified transcription factors 

involved in upregulating β-globin gene transcription, among 

them KLF128 and BCL11A.29 However, transcription factors 

do not have catalytic domains and are therefore not ideal 

molecular targets around which to develop therapeutics.30

We hypothesized that HbF chemicals take advantage of 

the intracellular signaling pathway to induce HbF in erythroid 

cells.9 Our previous studies attempted to determine which 

signaling mechanisms are needed for HbF-inducing chemi-

cals, such as hydroxyurea, to induce HbF. Such knowledge 

would propel the development of efficacious HbF inducers.6 

We subsequently found that both cAMP and cGMP signaling 

pathways are involved in upregulation of HbF expression in 

primary erythroid cells.11,20

In this study, we showed that high HbF expression levels 

activate cAMP signaling in erythroid cells. First, we showed 

that, in addition to adenylate cyclase activators such as forsko-

lin and prostaglandin E2,11 the membrane-permeable cAMP 

analog 8-PCT-cAMP upregulated HbF expression in adult 

erythroid cells by more than five-fold (Figure 1). This suggests 

that activating cAMP signaling induces high HbF expression 

levels in adult erythroid cells; such cells have low-level HbF 

expression. Second, using HPLC analysis, we showed that 

HbF is highly expressed in erythroid cells isolated from cord 

blood and β-thalassemia (Figure 2). More importantly, the 

cAMP signaling pathway, which includes adenylate cyclase, 

PKA, and CREB (Figure 3), was activated in both erythroid 

cell types (Figure 4). More specifically, the intracellular cAMP 

levels were elevated (Figure 4A), and the PKA activity (Fig-

ure 4B) and CREB phosphorylation levels were much higher 

compared with those of adult erythroid cells with low-level 

HbF. On the other hand, MAP kinases, such as extracellular 

signal-regulated protein kinases, were phosphorylated in cord 

blood erythroid cells, while the phosphorylation levels of other 

MAP kinases, including p38 kinases and JNKs/SAPKs, were 

highly variable. These results indicate that MAP kinases are 

unlikely to contribute to high-level HbF expression in these 

erythroid cells. Furthermore, we showed that using forsko-

lin to activate the cAMP signaling pathway downregulates 
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Figure 5 Status of MAP kinase pathways in erythroid cells from cord blood and from β-thalassemia.
Note: Phosphorylation of MAP kinases in cellular extracts was assayed by immunoblotting. β-actin was used as loading control. 
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BCL11A gene expression (Figure  6); this gene silences 

the β-globin gene.25 Thus, it is likely that cAMP signaling 

upregulates HbF expression in adult erythroid cells in part 

by inhibiting BCL11A expression.

It is important to clarify how the cAMP signaling pathway 

is activated in both cord blood and β-thalassemia erythroid 

cells. It is known that cord blood contains elevated levels of 

cytokines including erythropoietin.31 Galanello et al reported 

that plasma erythropoietin levels correlate with HbF levels 

in β-thalassemia intermedia.32 Our previous study also found 

increases in cytokines including erythropoietin, stem cell 

factor, and tumor growth factor-β in β-thalassemic patients;11 

both stem cell factor and tumor growth factor-β strongly 

enhance HbF activity in primary erythroid cells.33 However, 

the erythropoietin levels in cord blood are much lower than 

those in β-thalassemia intermedia. Thus, it is likely that the 

HbF expression levels in cord blood erythroid cells may be 

sustained by other cytokines or mechanisms. For instance, 

interleukin-3, which we have shown to stimulate HbF 

expression,19 may contribute in part to high-level expression 

of HbF in cord blood erythroid cells.

An important objective in investigating the signaling mecha-

nisms by which HbF is expressed at high levels in erythroid cells 

is to determine whether cAMP-elevating agents could be used to 

treat β-globin disorders. Although previous studies had shown 

that the above cytokines enhance HbF, a clinical trial of eryth-
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ropoietin in patients with sickle cell disease was not successful, 

and the clinical application of other cytokines such as stem cell 

factor and tumor growth factor-β may not be feasible because 

of undesirable adverse effects.33 Another possible approach to 

reactivating the cAMP signaling pathway may involve cAMP-

dependent phosphodiesterases (PDEs). We found that PDE3, a 

cAMP-dependent PDE, is expressed at a significantly high level 

in primary erythroid cells.34 Nitric oxide may also be capable 

of inducing HbF expression in erythroid cells. Our recent study 

found that nitric oxide, a potent soluble guanylate cyclase activa-

tor, demonstrates strong HbF-inducing activity in adult erythroid 

cells in vitro (Ikuta, unpublished observation). Nitric oxide 

activates the cGMP signaling pathway35 and thereby increases 

cGMP levels in erythroid cells;6 however, this activation may 

be occurring through either cross-talk between the cGMP and 

cAMP signaling pathways or activation of cyclo-oxygenases, 

which are linked to G protein-coupled receptors.36,37

In regard to the signaling effects of cyclic nucleotides on 

HbF expression, an important question is: Does hydroxyurea 

utilize the cAMP signaling pathway to induce HbF? 

Hydroxyurea is the only therapeutic approved to treat sickle 

cell disease and its HbF-enhancing effects have been tested 

in clinical trials of β-thalassemia.38,39 Although Keefer et al 

reported that hydroxyurea-induced HbF is downregulated 

by an adenylate cyclase inhibitor,40 it is unclear whether 

hydroxyurea activates cAMP-dependent pathways in vivo. 

Further studies are required to clarify this.

Although the current study has shown that activation of 

the cAMP signaling pathway is associated with a significant 

reduction of BCL11A, which is a strong silencer of β-globin 

gene expression,41 it is not certain whether BCL11A inhibi-

tors, if available, are capable of inducing HbF expression in 

patients with the β-globin disorders. A recent study showed 

that BCL11A is essential for the development of lymphoid 

cells42 and it is possible that administering BCL11A inhibi-

tors as HbF inducers to patients with β-globin disorders may 

impair the functioning of T-cells and B-cells.

With regard to the ability of cyclic nucleotides to enhance 

HbF activity, we initially demonstrated that activating the 

cGMP signaling pathway leads to elevated HbF expression 

in erythroid cells.6 Our subsequent studies found that both 

cGMP and cAMP likely exert positive regulatory effects 

on HbF expression.11 It has been shown that erythroid and 

megakaryocytic cells share a number of cellular and molecu-

lar characteristics.43,44 For instance, in megakaryocytes, 

both cAMP and cGMP inhibit platelet activation.45 Thus, it 

would be expected that both cAMP and cGMP have similar 

molecular roles in HbF expression.

In conclusion, the current study has shown that the cAMP 

signaling pathway is commonly activated in primary eryth-

roid cells with high-level HbF expression, which are isolated 

from cord blood and β-thalassemic patients. Activation of 

the cAMP signaling pathway may prove to be an important 

signaling mechanism with which to reactivate HbF expres-

sion in erythroid cells. If so, this will open up a novel avenue 

to develop therapeutics for the β-globin disorders. Recently, 

Lowrey et al showed that HbF expression can be regulated 

by post-transcriptional mechanisms.46 It would be interesting 

to study whether the cAMP signaling pathway induces HbF 

expression through such mechanisms.
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