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Abstract

The β thalassemias are one of a few medical conditions in which reactivation of a gene product 

that is expressed during fetal life can functionally replace a deficiency of essential proteins 

expressed at a later developmental stage. The fetal globin genes are present and normally 

integrated in hematopoietic stem cells, and at least one fetal gene appears accessible for 

reactivation, particularly in β° thalassemia. However, rapid cellular apoptosis from α globin chain 

precipitation, and relatively low levels of endogenous erythropoietin (EPO) in some β+ 

thalassemia patients contribute to the anemia in β thalassemia syndromes.

In clinical trials, three classes of therapeutics have demonstrated proof-of-principle of this 

approach by raising total hemoglobin levels by 1–4 g/dL above baseline in thalassemia patients: 

EPO preparations, short chain fatty acid derivatives (SCFADs), and chemotherapeutic agents. 

Although thalassemic erythrocytes survive only for a few days, the magnitude of these responses 

is similar to those induced by rhu-EPO in anemic conditions of normal erythrocyte survival. New 

oral therapeutic candidates, which stimulate both fetal globin gene expression and erythropoiesis, 

and combinations of therapeutics with complementary molecular actions now make this gene-

reactivation approach feasible to produce transfusion independence in many patients. 

Development of the candidate therapeutics is hindered largely by costs of drug development for an 

orphan patient population.

The Appeal of Therapeutic Fetal Globin Gene Reactivation

The β thalassemia syndromes are caused by more than 175 molecular mutations affecting 

the β globin gene complex, which result in decreased synthetic ratios of non-α to α globin 

chains, precipitation of excess unbalanced α globin chains, and programmed cell death of 

erythroblasts early in their development (review1). It is well-established that affected 

patients do not become anemic until the fetal (γ) globin genes are developmentally silenced, 

and that patients with persistent high levels of fetal globin typically have less severe anemia, 

have milder clinical syndromes, and are often transfusion-independent.2 The β thalassemias 

are thus one of a few clinical conditions in which a gene that is transiently expressed during 

fetal life can functionally replace a mutant gene normally expressed later in development.1 

Reactivation of fetal γ globin expression is appealing as a therapeutic approach to the β 

thalassemias, as the fetal globin genes are universally present and appropriately contextually 

integrated in the β-globin locus in hematopoietic stem cells in virtually all humans.
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Several mechanisms for optimal correction of β thalassemia at the molecular and cellular 

levels are established, as illustrated in Figure 1. Three classes of potential therapeutic agents 

have been investigated in β thalassemia syndromes: chemotherapeutic agents, short-chain 

fatty acid derivatives (SCFADs) (of which some are histone deacetylase [HDAC] 

inhibitors), and the recombinant growth factor erythropoietin (EPO). Fetal globin gene 

expression has been induced by chemotherapy and SCFADs in animal models, and proof-of-

principle has been demonstrated in small clinical trials of these agents. Perhaps due to the 

molecular and clinical diversity of the β thalassemia syndromes, and the need for 

therapeutics that are tolerable long-term, large collaborative trials of agents to reactivate 

fetal globin gene expression to high levels have not yet been undertaken in thalassemia, 

unlike sickle cell disease. Nonetheless, although the clinical trials have been small, patients 

with diverse thalassemia syndromes have been included, and significant hematologic 

responses have been observed, as shown in Table 1. In combination with preclinical 

molecular, cellular, and animal studies, the data from these trials now provide a critical base 

of information with which to design rational strategies for inducing γ globin gene expression 

and enhancing survival of thalassemic erythroblasts to an extent sufficient to render many 

subjects transfusion-independent.

Pathophysiologic Features of β Thalassemia That Must Be Overcome

It has been generally assumed that reduction of the globin chain imbalance and resulting α 

globin excess by increasing expression of fetal or β globin, or by decreasing α globin, are all 

that is necessary to improve red cell survival and blood counts in β thalassemia. Recent 

studies, however, indicate that a number of factors collectively contribute to the 

anemia.15,22–27 For example, EPO levels in thalassemia subjects are surprisingly often not 

elevated to a degree appropriate for the degree of hypoxia.22,23 This lack of a compensatory 

EPO response may be especially problematic in the β thalassemia syndromes with vastly 

accelerated apoptosis of erythroblasts.22,25–28 In addition to stimulating proliferation of 

erythroid cells, EPO decreases apoptosis and prolongs erythroid cell survival through 

induction of the Bcl-2 family proteins, Bcl-xL and Mcl-1.28,29 A red cell survival advantage 

of increased endogenous EPO in β thalassemia that may facilitate effective γ globin 

induction was suggested by the intriguing observation of Collins and colleagues that 

hematologic responses to the fetal globin inducer sodium phenylbutyrate occurred only in 

those subjects who had high endogenous EPO levels (> 160 mU/ mL), and was unrelated to 

any particular pattern of globin gene mutation.11 A subset of subjects with inappropriately 

low levels of endogenous EPO has responded to combined therapy with butyrate plus EPO, 

whereas each agent alone had a lesser or minimal effect in the same time-frame.24 These 

findings together strongly suggest that the exogenously administered EPO might be acting 

as a survival factor, in addition to an erythropoietic stimulant. Prolonging erythroid 

precursor cell survival for a sufficient interval may allow a fetal globin inducer to be able to 

act to correct the proapoptotic chain imbalance.
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Defining a Therapeutic Effect in the β Thalassemias, and Efficacy of 

Experimental Agents

The functional clinical endpoint necessary for a therapeutic effect of fetal globin induction 

in the β thalassemias is abolishing or substantially decreasing requirements for regular 

transfusion of red blood cells. A total hemoglobin level of 7.0 g/dL is generally adequate, 

and regular red cell transfusions are not required unless there are clinical complications such 

as poor growth or facial disfigurement from marrow expansion. However, hemoglobin 

levels ≥ 8 g/dL provide more exercise tolerance, and levels ≥ 9 g/dL typically render the 

patient asymptomatic, as in β thalassemia trait. Achieving these functional endpoints 

obviously requires different magnitudes of therapeutic effect for different thalassemia 

patients. In thalassemia intermedia patients with basal total hemoglobin levels between 6–8 

g/dL, a 1–2 g/dL increase in hemoglobin levels would be quite adequate to prevent the need 

for a regular transfusion program and would be highly beneficial, while subjects with 

thalassemia major and baseline hemoglobin levels below 5 g/dL would require higher levels 

of fetal globin induction, sufficient to increase hemoglobin levels by 4–5 g/dL above 

baseline. Investigators in this area are increasingly coming to the realization that this latter 

type of patient will likely require combination therapy, with more than one agent acting at 

different molecular levels, to achieve an adequately potent and therapeutic response.

The clinical endpoints for which the efficacy of EPO was established in the treatment of 

anemia related to renal failure or cancer chemotherapy provide a significant point of 

reference. Erythropoietin raised total hemoglobin (Hb) by 1–2 g/dL and hematocrit (Hct) by 

3%–6% (absolute values), within 6 weeks of treatment in individuals with normal red cell 

survival. Clinical trials of 5-azacytidine, the short chain fatty acids, sodium phenylbutyrate 

(SPB) and arginine butyrate, and EPO preparations have already demonstrated responses of 

similar magnitude in thalassemia patients (review1). Increases in total hemoglobin levels of 

1–5 g/dL above baseline have been achieved by these agents when administered for at least 

3–6 months’ duration, as shown in Table 1. This is particularly remarkable since thalassemic 

cells survive for only a few days or even hours, compared to normal red cell survival of 120 

days. Of the chemotherapeutic agents, hydroxyurea (HU) treatment has increased total 

hemoglobin (Hb) by 0.6–0.8 g/dL in HbE/β thalassemia patients, which was statistically 

significant.6,8 Hajjar and Pearson reported that fetal globin increased rapidly with HU 

treatment, but a 6-week time-frame was required for a peak hemoglobin response, and then 

was followed by a decline in total Hb, suggesting cellular growth inhibition.6 5-azacytidine 

administration has increased total Hb levels by an average of 2.5 g/dL (range 1–4 g/dL), 

even in end-stage patients with life-threateningly severe anemia.3–5 Of the SCFADs and 

HDAC-inhibitors, SPB increased hemoglobin levels by 2.1 g/dL in 50% of untransfused 

subjects.11 Arginine butyrate, administered first intensively and then intermittently, has 

increased total Hb levels by 1–5 g/dL (mean 2.6 g/dL) when administered for at least 3 

months.12,24,30 Responses to arginine butyrate have rendered patients transfusion-

independent for several years with home therapy, given on an intermittent dose schedule, but 

was difficult to titrate and required prolonged evaluation to develop a schedule to optimize 

fetal globin induction while avoiding the anti-proliferative effects common to HDAC 

inhibitors. Isobutyramide administered briefly for 4 weeks to thalassemia intermedia patients 
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has increased HbF and has decreased transfusion requirements in thalassemia major.14,31 

EPO preparations, in several doses and regimens, have increased Hb levels by 1–3 g/dL 

above baseline in thalassemia intermedia patients, with highest responses in children, and 

have decreased transfusion requirements in thalassemia major.1,15–20 Thus, multiple trials 

have already shown proof-of-principle of the utility of therapeutic induction of fetal globin 

in the β thalassemias. These studies are particularly promising as both chemotherapeutic 

agents and HDAC inhibitors suppress cell growth, and this adverse activity would be 

particularly counter-productive in the setting of thalassemia.

Combinations of agents with complementary actions have produced higher responses than 

either agent alone: in β+ thalassemia patients with relatively low HbF (< 30%) and low EPO 

levels (< 140 mU/mL), 3 of 4 subjects responded to butyrate + EPO significantly more than 

to either agent alone, and in Hb Lepore, where 2 subjects responded additively to HU + 

sodium phenylbutyrate.21 Striking synergistic effects have been found in animal models, 

where combined butyrate and 5-azacytidine produced a 3-fold increase in fetal globin 

expression above the significant levels induced by each agent alone.32 These findings 

strongly suggest that combinations of agents with complementary, yet distinct, molecular 

mechanisms of action in inducing fetal globin expression should produce significantly 

higher levels of HbF than single agents. However, each therapeutic candidate must first be 

investigated and approved alone in β thalassemia.

Novel Fetal Globin-inducing Candidate Agents: Compounds with a 

Combination of Therapeutic Actions

Recent studies demonstrate that select novel SCFADs and select hydroxamic acids offer 

strong potential for inducing fetal globin gene expression, stimulating erythroid 

proliferation,13,33–36 and prolonging erythroblast survival.13,33–35 Furthermore, some of 

these agents are active at oral doses that should be significantly more tolerable than those 

required for SPB or arginine butyrate.13,35 These agents activate the Aγ globin gene 

promoter in reporter assays, in cells cultured from β thalassemia subjects, and do not inhibit 

erythroid cell growth, as the HDAC inhibitors do.13,33–35 The SCFADs sodium 2,2-

dimethylbutyrate and α-methylhydrocinnamate stimulate erythroid colony formation beyond 

optimal hematopoietic growth factors alone, and signal through phosphorylation of STAT-5, 

the same downstream signaling pathway as EPO and IL-3, as shown in Figure 2; such 

compounds have been designated Hemokines.33 Treatment with sodium 2,2-

dimethylbutyrate or α-methylhydrocinnamate has increased fetal globin, total Hgb, and 

hematocrits in anemic baboons undergoing daily phlebotomy, and reticulocytes and 

hematocrits in transgenic and normal mice.33,35 Butyric-and propionic-hydroxamic acids 

have also increased red cell production in mice.36 These third-generation SCFADs should 

provide two therapeutic effects in one tolerable agent.

One molecular question to resolve is whether inhibition of HDAC is necessary for efficient 

upregulation of γ globin gene promoter activity. HDAC-inhibitory activity is associated with 

strong induction of the cellular growth suppressors p21 and p27, actions that are counter-

productive in β thalassemia (review 37,38). Interestingly, HDAC-inhibitory activity is not 

present with most of the erythropoietic SCFADs discussed above, and the potency of HDAC 
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inhibitory activity does not correlate directly with HbF inducibility.39 A complementary 

question to resolve is whether histone acetylation and hypomethylation are required at 

upstream regulatory sequences for high-level γ globin gene induction, in view of the recent 

report that the Aγ globin gene promoter is hypomethylated in adult marrow to a degree 

similar to fetal liver cells.40 Most experimental reporter gene assays by which compounds 

are screened have utilized the Aγ globin gene promoter. It is possible that higher expression 

may be achieved with induction of the Gγ globin gene promoter in addition, perhaps using 

the hypomethylating agent 5-azacytidine, which has produced high-level responses in 

patients and synergistic responses in combination with butyrate in animal models. 

Decitabine, a metabolic product of 5-azacytidine, is another hypomethylating agent that is 

easier to administer, although still carcinogenic.41 It will be interesting to determine if these 

agents induce hypomethylation of the Gγ-globin gene promoter as a mechanism for additive 

or synergistic HbF responses.

Another potential method for inducing fetal globin expression was suggested by studies 

utilizing combinations of the growth factors EPO and stem cell factor (SCF), to stimulate 

proliferation, and transforming growth factor (TGF)-β, to induce premature differentiation 

(an action that hydroxyurea could theoretically provide).42 Such combinations could be 

considered in the more severe thalassemia phenotypes, although pricing issues may be 

problematic for long-term use of recombinant growth factors.

Supportive measures may affect the activity or clinical efficacy of fetal globin inducers. 

First, folic acid should be given and iron supplementation used in subjects with ferritin 

levels < 1000 ng/mL. Endogenous iron stores appear to not be readily mobilizable to support 

new erythropoiesis, as reflected by the loss of drug effect when ferritin levels decline by 

50% on butyrate treatment. Second, patients do not respond to fetal globin inducers for 3–4 

months following blood transfusions. Apparently, these agents cannot act efficiently when 

the erythroid marrow is suppressed by transfusion, and a period of anemia may be necessary 

to restore drug susceptibility. Third, removal of imperfect thalassemic red cells by the spleen 

can confound responses, as only splenectomized patients responded to EPO in some 

trials.1,15 Fluxes in hemoglobin levels are broader in thalassemia subjects than in normal 

subjects with normal red blood cell survival, and should be anticipated. Endogenous EPO 

levels typically decline when total Hb levels increase by 1–2 g/dL above baseline with 

butyrate therapy. Additional iron supplements or changes in dosing regimens can restore 

hematologic responses.

Obstacles of New Therapeutics

Proof-of-principle of fetal globin reactivation has already been demonstrated for several 

experimental fetal globin-inducing agents in β thalassemia: EPO preparations, SPB, arginine 

butyrate, and 5-azacytidine have increased total hemoglobin levels by ≥ 2 g/dL above 

baseline. Hydroxyurea has produced lesser, but statistically significant, increases in 

hemoglobin levels in HbE/β thalassemia, and thalassemia intermedia. Yet, there are several 

factors contributing to the lack of development of any of these agents for FDA approval, or 

drug registration in other countries, for β thalassemia.
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Therapeutics for fetal globin induction as long-term (life-long) treatment ideally should have 

the following characteristics: 1) be orally active at tolerable doses; 2) not inhibit erythroid 

cell proliferation; and 3) not be mutagenic. Therapeutic candidates must be evaluated and 

developed individually for approval in β thalassemia. Major obstacles to development of 

HbF-inducing agents for thalassemia include: 1) costs of new drug development, including 

the challenges of pharmaceutical companies weighing the potential market and academic 

investigators securing financing for drug development; and 2) perceptions regarding the 

ultimate efficacy (and competitiveness) of this therapeutic approach compared to other 

approaches. For example, many thalassemia patients are managed with blood transfusions 

and iron chelators, and the oral chelators are demonstrating therapeutic effects. Therefore, 

only a fraction of the thalassemia population might initially utilize a HbF-inducing type of 

therapeutic, even though such drugs would improve the underlying condition.

Factors mitigating these obstacles to development of HbF-inducing agents include: 1) 

orphan drug development requires smaller pivotal clinical trials than drug candidates for 

larger populations; 2) chronic blood transfusions have significant risks that chelation cannot 

abrogate; and, 3) thalassemia patients will require long-term treatment. Although more than 

one therapeutic will likely be necessary for severely affected patients, subsets of patients 

with β thalassemia have already been identified who respond well to individual agents (and 

can be identified by basal HbF and EPO levels), and clinical trials can be focused on these 

patients (Table 2).

Certain barriers to development are agent-specific. For example, both standard and long-

acting preparations of EPO can be given to β thalassemia patients on a weekly basis, but 

differences in pricing for acute and chronic therapies may be an issue to pharmaceutical 

companies. For 5-azacytidine and decitabine, parenteral administration and their 

mutagenicity are barriers to long-term use. These considerations would not apply, however, 

for subjects with endstage disease, allo-antibodies precluding transfusion, and no other 

therapeutic strategies as options. The first generation SCFAs, arginine butyrate and SPB, are 

rapidly metabolized and thus require IV infusion or large numbers of oral tablets, 

respectively. However, new SCFADs persist for several hours and will require markedly 

lower doses, similar to hydroxyurea. An additional advantage is that these agents have two 

therapeutic actions, both in experimental models and in non-human primates.

Outlook for Development of New Therapeutics

A number of steps could be undertaken to advance the rate of clinical progress and drug 

development for β thalassemia in academia. It would be useful to establish guidelines or 

consensus on those issues that frequently delay the funding of grant applications for 

prolonged periods. First, a consensus on suitable study endpoints would set uniform and 

reasonable goals and allow comparison of different agents. For example, an endpoint of total 

Hb responses of 1 g/dL over baseline (the target endpoint on which EPO was approved) 

represents a level of increase which would benefit many patients, although higher responses 

and combinations of agents would be required in more severe subjects. Second, the β 

thalassemia syndromes represent clinically and molecularly diverse disorders, albeit 

frequently fatal ones. Accordingly, what response rate in the population must be achieved 
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for a therapeutic approach to be recognized as successful? In the treatment of cancer, a 

comparably lethal family of diseases, therapeutic efficacy is often recognized at response 

rates below 20%, and most major drugs in other conditions are effective in 25%–60% of 

patients due differences in drug metabolism.43 Therefore, in the highly diverse thalassemia 

syndromes, responses to any one agent should not be expected to be higher than 40%–50%. 

Moreover, each type of therapeutic may provide incremental efficacy alone, but more 

significant effects in combination, as occurs in cancer therapy. Third, it should be 

recognized that a sufficient duration of time is required on a trial for hematologic responses 

to occur following induction of fetal globin; thus, short-term studies may be prematurely 

pessimistic. Fourth, decline in total Hb levels over time should be anticipated, such as when 

endogenous EPO levels decline as total Hb rises and when iron stores are utilized. These 

physiologic “secondary” responses should not be misinterpreted as loss of drug effect. Fifth, 

chemotherapy and HDAC inhibitors suppress erythropoiesis, perhaps cumulatively. Changes 

in dosing regimen and replacement of iron may restore responses. Sixth, for inclusion in 

clinical trials to evaluate a new drug, patients should not have received transfusions within 

3–4 months and ideally should be splenectomized. Seventh, the opportunity to conduct 

combination studies, where the impact on the disease is likely to be high, will not be 

possible until novel drug candidates are individually approved. Therefore, evaluating agents 

that are already FDA-approved for other uses, with safety profiles established, can be 

undertaken more rapidly (e.g., an EPO product and a hypomethylating agent).

Development of an entirely new chemical entity into a medicinal preparation that can be 

tested in clinical trials is a costly undertaking. Several candidates identified in academic 

laboratories could become the mainstay of treatment, including erythropoietic SCFADs that 

are orally active at low concentrations, and possibly butyric and propionic hydroxamic 

acids, which are HDAC inhibitors. Studies required for an Investigational New Drug 

Application to initiate clinical trials include:

• Synthesis of an ultra-pure compound, with identification of impurities, and 

validation of all methods of detection

• Mutagenicity testing, by three methods

• Formulation of the compound into a medicinal preparation

• Stability testing to determine shelf life and breakdown products

• Formal toxicology testing with dose-ranging and 28-day dosing in 2 species

• Cardiac toxicity screening, metabolism and distribution, and other system-specific 

safety pharmacology tests

Such studies are typically performed at contract laboratories, at a usual cost of > $1.5–$2 M, 

and such expenditures are not funded by basic research grants. Obtaining financing for these 

FDA-required studies has been an almost impossible obstacle to translation of promising 

bench research into clinical trials. New NIH programs designed to facilitate translational 

research may provide mechanisms to accomplish some of these tasks.
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Summary

The β thalassemia syndromes are among the few molecularly defined conditions in which an 

endogenous fetal gene can functionally replace a defective adult gene. Several candidate 

therapeutics have demonstrated proof-of-principle in these disorders by inducing fetal globin 

expression and subsequently raising hemoglobin levels in β thalassemia patients. The 

magnitude of responses to individual agents is similar to those induced by rhu-EPO in 

anemic conditions with normal red cell survival, and additive responses occur with drug 

combinations. New oral candidate therapeutic agents, which both induce fetal globin gene 

expression and stimulate erythropoiesis, and combinations of therapeutic agents with 

complementary molecular actions, now make this gene-reactivation approach feasible for 

many patients. Development of these agents is now hindered largely by costs.

References

1. Steinberg MH, Rodgers GP. Pharmacologic modulation of fetal hemoglobin. Medicine. 2001; 
80:328–344. [PubMed: 11552087] 

2. Gallo E, Massero P, Miniero R, David D, Tarella C. The importance of the clinical picture and 
globin synthesis in determining the clinical and hematological features of thalassemia intermedia. 
Blood. 1979; 41:211–221.

3. Ley TJ, DeSimone J, Anagou NP, et al. 5-Azacytidine selectively increases g globin synthesis in a 
patient with beta+-thalassemia. N Eng J Med. 1982; 307:1469–1475.

4. Dunbar C, Travis W, Kan YW, Nienhuis AW. 5-Azacytidine treatment in a beta (0)-thalassemic 
patient unable to be transfused due to multiple allo-antibodies. Br J Haematol. 1989; 72:467–468. 
[PubMed: 2475157] 

5. Lowrey CH, Nienhuis AW. Brief report: treatment with azacitidine of patients with end-state β-
thalassemia. N Eng J Med. 1993; 329:945.

6. Hajjar FM, Pearson HA. Pharmacologic treatment of thalassemia intermedia with hydroxyurea. J 
Pediatr. 1994; 125:490–492. [PubMed: 7520935] 

7. Zeng Y-T, Huang S-Z, Ren Z-R, et al. Hydroxyurea therapy in beta thalassemia intermedia: 
improvement in hematological parameters due to enhanced beta globin synthesis. Brit J Haematol. 
1995; 90:557–563. [PubMed: 7646994] 

8. Fucharoen S, Siritanaratkul N, Winichagoon P, et al. Hydroxyurea increases Hb F levels and 
improves the effectiveness of erythropoiesis in beta thalassemia/Hb E disease. Blood. 1996; 
87:887–892. [PubMed: 8562958] 

9. Loukopoulos D, Voskaridou E, Stamoulakatou A, et al. Hydroxyurea therapy in thalassemia. Ann N 
Y Acad Sci. 1998; 850:120–128. [PubMed: 9668534] 

10. Singer ST, Kuypers FA, Coates TD, et al. The effect of single and combination drug therapy on 
previously transfused E/ beta-thalassemia patients: Implications on decision-making for therapy. 
Blood. 2002; 100:119a–120a.

11. Collins AF, Pearson HA, Giardina P, McDonagh KT, Brusilow SW, Dover GJ. Oral sodium 
phenylbutyrate therapy in homozygous beta thalassemia: a clinical trial. Blood. 1995; 85:39–43.

12. Perrine SP, Ginder G, Faller DV, et al. A short-term trial of butyrate to stimulate fetal-globin-gene 
expression in the β-globin disorders. N Eng J Med. 1993; 328:129–131.

13. Perrine SP, Boosalis MS, Emery DW, Castaneda SA, Bohacek RA. A pharmacophore model for 
screening Hb-F-inducing agents [abstract]. Blood. 2003; 102:122a.

14. Reich S, Buhrer C, Henze G, et al. Oral isobutyramide reduces transfusion requirements in some 
patients with homozygous beta-thalassemia. Blood. 2000; 96:3357–3363. [PubMed: 11071627] 

15. Rachmilewitz EA, Aker M. The role of recombinant human erythropoietin in the treatment of 
thalassemia. Ann N Y Acad Sci. 1998; 850:129–138. [PubMed: 9668535] 

Perrine Page 8

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2014 December 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



16. Bourantas K, Economou G, Georgiou J. Administration of high doses of recombinant human 
erythropoietin to patients with beta-thalassemia intermedia: a preliminary trial. Eur J Haematol. 
1997; 58:22–25. [PubMed: 9020369] 

17. Nisli G, Kavakli K, Vergin C, Oztop S, Cetingul N. Recombinant human erythropoietin trial in 
thalassemia intermedia. J Trop Pediatr. 1996; 42:330–334. [PubMed: 9009557] 

18. Nisli G, Kavakli A, Aydinok Y, Oztop S, Cetingul N, Basak N. Recombinant erythropoietin trial in 
children with transfusion-dependent homozygous beta thalassemia. Acta Haematol. 1997; 98:199–
203. [PubMed: 9401497] 

19. Chaidos A, Makis A, Hatzimichael E, et al. Treatment of beta thalassemia patients with 
recombinant human erythropoietin: effect on transfusion requirements and soluble adhesion 
molecules. Acta Hematol. 2004; 111:189–195.

20. Singer ST, Sweeters N, Vichinsky E, Wagner AJ, Rachmilewitz EA. A dose-finding and safety 
study of darbepoetin alfa (erythropoiesis stimulating protein) for the treatment of anemia in 
patients with thalassemia intermedia [abstract]. Blood. 2003; 102:268a.

21. Olivieri NF, Rees DC, Ginder GD, et al. Treatment of thalassaemia major with phenylbutyrate and 
hydroxyurea. Lancet. 1997; 350:491–492. [PubMed: 9274590] 

22. Schrier SL. Pathobiology of thalassemic erythrocytes. Curr Opin Hematol. 1997; 4:75–78. 
[PubMed: 9107522] 

23. Galanello R, Barella S, Turco MP, et al. Serum erythropoietin levels and erythropoiesis in high and 
low-fetal hemoglobin beta thalassemia intermedia patients. Blood. 1994; 83:561–565. [PubMed: 
7506955] 

24. Perrine SP, Yang YM, Piga A, et al. Butyrate + EPO in beta thalassemia intermedia: interim 
findings of a phase II trial [abstract]. Blood. 2002; 100:47a.

25. Yuan J, Angelucci E, Lucarelli G, et al. Accelerated programmed cell death (apoptosis) in 
erythroid precursors of patients with severe beta-thalassemia. Blood. 1993; 82:374–377. [PubMed: 
8329696] 

26. Centis F, Tabellini L, Lucarelli G, et al. The importance of erythroid expansion in determining the 
extent of apoptosis in erythroid precursors in patients with beta-thalassemia major. Blood. 2000; 
96:3624–3629. [PubMed: 11071663] 

27. Pootrakul P, Sirankapracha P, Hemsorach S, et al. A correlation of erythrokinetics, ineffective 
erythropoiesis, and erythroid precursor apoptosis in Thai patients with thalassemia. Blood. 2000; 
96:2606–2612. [PubMed: 11001918] 

28. Silva M, Grillot D, Benito A, Richard C, Nunez G, Fernandez-Luna JL. Erythropoietin can 
promote erythroid progenitor survival by repressing apoptosis through Bcl-XL and Bcl-2. Blood. 
1996; 88:1576–1582. [PubMed: 8781412] 

29. Koury MJ, Sawyer ST, Brandt SJ. New insights into erythropoiesis. Curr Opin Hematol. 2002; 
9:93–100. [PubMed: 11844990] 

30. Ikuta T, Kan YW, Swerdlow PS, Faller DV, Perrine SP. Alterations in protein-DNA interactions in 
the gamma-globin gene promoter in response to butyrate therapy. Blood. 1998; 92:2924–2933. 
[PubMed: 9763579] 

31. Cappellini MD, Graziadei G, Ciceri L, et al. Oral isobutyramide therapy in patients with 
thalassemia intermedia: Results of a phase II open study. Blood Cells Mol Dis. 2000; 26:105–111. 
[PubMed: 10772882] 

32. Constantoulakis P, Knitter G, Stamatoyannopoulos G. On the induction of fetal hemoglobin by 
butyrates: in vivo and in vitro studies with sodium butyrate and comparison of combination 
treatments with 5-AzaC and AraC. Blood. 1989; 74:1963–1971. [PubMed: 2478217] 

33. Boosalis MS, Bandyopadhyay R, Bresnick EH, et al. Short-chain fatty acid derivatives stimulate 
cell proliferation and induce STAT-5 activation. Blood. 2001; 97:3259–3267. [PubMed: 
11342457] 

34. Boosalis MS, Castaneda SA, Faller DV, Perrine SP. Expression of Bcl-family proteins in beta-
thalassemia [abstract]. Blood. 2003; 102:517a. [PubMed: 12663456] 

35. Pace BS, White GL, Dover GJ, Boosalis MS, Faller DV, Perrine SP. Short-chain fatty acid 
derivatives induce fetal globin expression and erythropoiesis in vivo. Blood. 2002; 100:4640–
4648. [PubMed: 12393583] 

Perrine Page 9

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2014 December 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



36. Cao H, Jung M, Stamatoyannopoulos G. Hydroxamic acid derivatives induce γ globin gene 
expression in vivo [abstract]. Blood Cells Mol Dis. 2005; 34:80.

37. Mork CN, Faller DV, Spanjaard RA. A mechanistic approach to anticancer therapy: targeting the 
cell cycle with histone deacetylase inhibitors. Curr Pharm Des. 2005; 11:1091–1104. [PubMed: 
15853658] 

38. Wittich S, Scherf H, Xie C, et al. Structure-activity relationships on phenylalanine-containing 
inhibitors of histone deacetylase: in vitro enzyme inhibition, induction of differentiation, and 
inhibition of proliferation in Friend leukemic cells. J Med Chem. 2002; 45:3296–3309. [PubMed: 
12109913] 

39. Cao H, Stamatoyannopoulos G, Jung M. Induction of human gamma globin gene expression by 
histone deacetylase inhibitors. Blood. 2004; 103:701–709. [PubMed: 12920038] 

40. Lowrey C. Epigenetic modifications of the human β-globin LCR core elements and γ-globin gene 
promoters [abstract]. Blood Cells Mol Dis. 2005; 34:104–105.

41. Das PM, Singal R. DNA methylation and cancer. J Clin Oncol. 2004; 22:4632–4642. [PubMed: 
15542813] 

42. Bhanu NV, Trice TA, Lee YT, Miller JL. A signaling mechanism for growth-related fetal 
hemoglobin. Blood. 2004; 103:1929–1933. [PubMed: 14592835] 

43. Wilkinson GR. Drug metabolism and variability among patients in drug response. N Engl J Med. 
2005; 352:2211–2221. [PubMed: 15917386] 

Perrine Page 10

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2014 December 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Therapeutic actions for γ-globin gene induction in the β-thalassemias
Abbreviations: EPO, erythropoietin: SCFAD, short chain fatty acid derivative, HDACi, 

histone deacetylase inhibitor; AC, acetyl group; R, repressor; SSP, stage selector protein(s)
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Figure 2. Hemokine (HK) signaling
A few short chain fatty acid derivatives, referred to as “Hemokines” (HK), stimulate 

erythroid proliferation and prolong erythroid cell survival through the same signaling 

pathways utilized by erythropoietin (EPO) and interleukin-3.
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Table 2

Potential therapeutics for γ-globin gene induction in the β-thalassemia syndromes.

Patient Characteristics Therapeutic Classes

Thalassemia intermedia Low HbF (< 30%) and
Low EPO (< 100 mU/mL)
Total Hb > 5 g/dL

• EPO

• Fetal globin gene activator

Thalassemia intermedia/major High HbF (> 60%) and
High EPO (> 160 mU/mL)
Total Hb > 4–5 g/dL

• Fetal globin gene activator or

• Hydroxyurea

Thalassemia major
Total Hb < 5 g/dL

• EPO

• Fetal globin gene activator

• Hypomethylating agent/HDACi (?)

Abbreviations: EPO, erythropoietin; HDACi, histone deacetylase inhibitor
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