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Abstract 
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Clinical studies have shown that induction of fetal hemoglobin (HbF, 22) 
expression in adult erythroid cells can ameliorate the severity of -thalassemia and 
sickle cell disease. Pomalidomide, an FDA-approved immunomodulatory drug with anti-
tumor activity for the treatment of multiple myeloma, has been shown to induce HbF 
expression in erythroid progenitor cells from normal individuals and sickle cell patients 
through unknown mechanisms, but at least in part by downregulating factors involved in 
-globin repression. Here we repurposed pomalidomide as a potential HbF inducer for 
treatment of -thalassemia where HbF becomes expressed at very high levels. We 
found that treatment of 0-thalassemia/HbE erythroid progenitor cells with pomalidomide 
led to significant increases in HbF expression without any significant cytotoxicity. To 
achieve higher levels of HbF induction, we combined pomalidomide with hydroxyurea, 
decitabine, and RN-1. The combination of pomalidomide and decitabine showed the 
greatest additive effects on HbF induction. High levels of HbF induction achieved by 
these treatments were shown to be partly associated with downregulation of 
transcription factors and corepressors involved in -globin repression. These findings 
demonstrate that if shown to be safe, pomalidomide alone or in combination with 
decitabine could be repurposed as a potential therapeutic HbF inducer to treat -
thalassemia.  
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 การศึกษาและการวจิยัทางคลนิิกแสดงให้เห็นว่าการกระตุ้นการสรา้งฮโีมโกลบนิเอฟ 
(HbF, 22) ในเม็ดเลือดแดงสามารถที่จะลดความรุนแรงของโรคเบต้าธาลสัซีเมียและโรค
โลหติจางแบบซกิเคลิเซลล์ (Sickle cell anemia) ได้ โพมาลโิดไมด์เป็นยาปรบัระบบภูมคิุ้มกนั 
(immunomodulatory drug) ที่ได้รบัการรบัรองจากองค์การอาหารและยาสหรฐัอเมรกิาส าหรบั
การรกัษาโรคมลัติเพลิ มยัอิโลม่า (Multiple Myeloma) ซึ่งมกีารรายงานว่ามคีวามสามารถใน
การกระตุ้นการสรา้งฮโีมโกลบนิเอฟได้ในเมด็เลอืดแดงตวัอ่อนของคนปกตแิละคนไขโ้รคโลหติ
จางแบบซกิเคลิเซลล์โดยยงัไม่ทราบกลไกที่แน่ชดั แต่อาจจะกระตุ้นการสรา้งฮโีมโกลบนิเอฟ
ผ่านการกดการแสดงออกของโปรตนีทีย่บัยัง้การสรา้งแกมม่าโกลบนิ การศกึษานี้ ไดน้ ายาโพมา
ลโิดไมด์ซึ่งเป็นยารกัษาโรคมลัติเพลิ มยัอโิลม่ามาศกึษาประสทิธภิาพในการกระตุ้นการสรา้ง
ฮโีมโกลบนิเอฟเพื่อใชใ้นการรกัษาโรคเบต้าธาลสัซเีมยี พบว่าโพมาลโิดไมดส์ามารถกระตุน้การ
สรา้งฮโีมโกลบนิเอฟไดส้งูขึน้อยา่งมนียัส าคญัในเมด็เลอืดแดงตวัอ่อนจากคนไขโ้รคเบตา้ธาลสัซี
เมยี/ฮโีมโกลบนิอี โดยไม่มคีวามเป็นพิษต่อเซลล์ นอกจากนัน้ยงัมกีารเพิ่มประสทิธภิาพการ
กระตุ้นการสรา้งฮโีมโกลบนิเอฟโดยการใชโ้พมาลโิดไมดร์่วมกบัสารกระตุ้นการสรา้งฮโีมโกลบนิ
เอฟอื่นๆ ไดแ้ก่ ไฮดรอกซยีเูรยี (hydroxyurea) ดไีซทาบนี (decitabine) และอารเ์อน็วนั (RN-1) 
โดยพบว่าโพมาลโิดไมดร์ว่มกบัดไีซทาบนีสามารถกระตุ้นการสรา้งฮโีมโกลบนิเอฟไดส้งูสุด และ
พบว่าการกระตุ้นการสร้างฮโีมโกลบนิเอฟโดยโพมาลโิดไมด์มผีลบางส่วนมาจากการกดการ
แสดงออกของโปรตนีทีย่บัยัง้การแสดงออกของแกมมา่โกลบนิ ดงันัน้การศกึษานี้แสดงใหเ้หน็ว่า
มคีวามเป็นไปได้ที่จะน าโพมาลไิมด์มาใช้ในการกระตุ้นการสรา้งฮโีมโกลบนิเอฟเพื่อใช้ในการ
รกัษาโรคเบตา้ธาลสัซเีมยีโดยอาจจะใชเ้ดีย่วหรอืรว่มกบัดไีซทาบนี  
 
 
ค าหลกั : การกระตุ้นการสรา้งฮโีมโกลบนิเอฟ โรคเบตา้ธาลสัซเีมยี โพมาลโิดไมด ์การน ายาทีม่ ี
การใชใ้นการรกัษาโรคมาใชร้กัษาโรคอื่น 
 



Executive Summary 
 

-Thalassemia and sickle cell disease (SCD) are the two most common 
monogenic inherited disorders in man, leading to lifelong, severe medical consequences 
and early death. While both can be cured by hematopoietic stem cell transplantation, 
the demographics of both diseases indicates that this is not an accessible therapeutic 
option for more than 95% of affected individuals. The best currently approved 
medication for treatment is hydroxyurea, a drug discovered more than 30 years ago, 
which is ineffective in approximately 50% of treated patients, and has no effect on 
diminished longevity. In this report we discovered a potentially new treatment for -
thalassemia. We found that treatment of -thalassemic erythroid progenitor cells 
with pomalidomide leads to massive upregulation of -globin mRNA and fetal 
hemoglobin, which can fully replace the mutant or missing adult -globin chains in -
thalassemia. We believe that pomalidomide or structural refinements thereof may lead 
to future fully effective and widely accessible therapies for these disorders.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Final Report 
 

Objective 
 The ultimate goal of this work to investigate the therapeutic potential of 
pomalidomide as a HbF inducer in erythroid progenitor cells from 0-thalassemia/HbE 
patients 
 
Results 
 

Pomalidomide induces HbF expression in erythroid progenitor cells from 0-
thalassemia/HbE patients in a time- and dose-dependent manner 

We investigated the effects of the recently-identified HbF inducer, pomalidomide, 
on the induction of HbF expression in erythroid progenitor cells from 0-
thalassemia/HbE patients using a 3-phase liquid culture system that supports terminal 
maturation of erythroid cells. In phase I (days 0-4) and phase II (days 4-8) of the 
culture, CD34+ hematopoietic stem/progenitor cells commit to erythroid lineage 
progenitors and expand to generate >80% erythroid progenitor cells as characterized by 
the expression levels of two cell surface markers, transferrin receptor (CD71) and 
glycophorin A (GPA/CD235a): CD71high/GPAlow and CD71high/GPAhigh at day 8 of culture 
(Figure 1). Erythroid progenitor cells further differentiate during phase III (days 8-14) to 
generate up to 50% CD71low/GPAhigh erythroid cells by day 14. We observed a delay in 
erythroid differentiation in erythroblasts from 0-thalassemia/HbE patients when 
compared to normal controls (Figure 1).  

We first assessed the optimal period of pomalidomide treatment in 0-
thalassemia/HbE erythroid progenitors. Cells were treated with pomalidomide at a 
concentration of 1.0 M for 3 different treatment durations: days 4-8, days 8-14, or 
days 4-14. Using high performance liquid chromatography (HPLC) to determine HbF 
expression at day 14, we found that the highest increase in HbF percentage from 
baseline level in DMSO control-treated cells (%HbF) was achieved when 
pomalidomide was exposed to the cell cultures from days 4-14 (Figure 2A) without any 
significant effects on cell proliferation (Figure 4A) or viability (Figure 4B). There was a 
small increase in HbF expression in cells treated with pomalidomide from days 8-14, 
suggesting that the response to pomalidomide treatment was more pronounced when 
cells exposed to pomalidomide during early stages of erythroid development. Based on 



the optimal period of pomalidomide treatment, we then performed a dose titration study 
of pomalidomide in 0-thalassemia/HbE erythroid progenitors with concentrations of 0.5 
and 4.0 M. We found that pomalidomide increased HbF synthesis in a dose-
dependent manner (Figure 2B). The strongest induction of HbF was achieved at 4.0 
M with a 27.0 ± 4.0% HbF increase. Therefore, 4.0 M pomalidomide treatment 
during days 4-14 of erythroid culture was chosen for subsequent investigations. 

 
 

 
Figure 1. Delayed erythroid differentiation is observed in 0-thalassemia/HbE 
comparing to normal erythroblast culture. Representative flow cytometry dot plots for 
erythroid differentiation analysis during a 3-phase ex vivo erythroid cell culture from 
normal individual and 0-thalassemia/HbE patient. Erythroid cells were gated into R1 to 
R4 populations according to the expression levels of transferrin receptor (CD71) and 
glycophorin A (GPA/CD235a). 
 
 
 
 
 
 



 
Figure 2. Time- and dose-dependent inducing effects of pomalidomide on HbF 

induction in erythroid cells from 0-thalassemia/HbE patients. (A) 0-

Thalassemia/HbE erythroblasts were treated with 1.0 M pomalidomide for 3 different 
treatment durations: days 4-8, days 8-14, days 4-14. The percentage of HbF relative to 
total Hb (%HbF + %HbE) determined by HPLC at day 14 of erythroid differentiation. The 
increase in HbF percentage after treatment from the baseline level (DMSO control) was 
expressed as %HbF (%HbF [compound treatment] - %HbF [DMSO control]).  (n = 2). 
(B) 0-Thalassemia/HbE erythroblasts were treated with different concentrations of 
pomalidomide during days 4-14 of culture.  The increase of the HbF percentage in 
pomalidomide-treated cells from the baseline level in DMSO control was expressed as 
%HbF. (n = 4).  
 
 
Pomalidomide plus decitabine potently and additively induces HbF  

To probe the therapeutic potential of pomalidomide for treatment of -
thalassemia, we investigated the efficacy of pomalidomide in erythroid progenitor cells 
from 12 different cases of compound heterozygous 0-thalassemia/HbE (Table 1). We 
also compared the efficacy of pomalidomide to other pharmacological HbF inducers that 
have been previously reported, including hydroxyurea, decitabine and RN-1. Based on 
our previous studies, hydroxyurea, decitabine and RN-1 showed maximum HbF-inducing 
activities without significant cytotoxic effects at concentrations of 1.0, 0.1 and 0.02 M, 
respectively, when added during days 8-14 of 0-thalassemia/HbE erythroid culture 
(data not shown). Comparison results using the optimal conditions of each compound in 
0-thalassemia/HbE erythroid culture revealed that pomalidomide was much more 
effective in inducing HbF expression than hydroxyurea, decitabine or RN-1 (Figure 3A-



B). The greatest increase in HbF percentage from baseline level (DMSO control) was 
observed in pomalidomide-treated cells, achieving 24.5 ± 1.2% as determined by HPLC 
(Figure 3A-B). Using quantitative RT-PCR to assess the quantity of -globin mRNA at 
day 12 of culture, we found that pomalidomide significantly increased -globin (HBG) 
mRNA expression, achieving a 2.3 ± 0.3-fold increase compared with DMSO-treated 
cells, with a concomitant decrease of -globin (HBB) mRNA expression (Figure 3C). 
There was no significant change in -globin (HBA) mRNA expression. These results 
strongly support that pomalidomide is a more effective HbF inducer than hydroxyurea, 
decitabine or RN-1. 

To enhance the level of HbF induction, we investigated the effects of 
combinatorial treatment of pomalidomide with other pharmacological HbF inducers. The 
combination of pomalidomide and decitabine had an additive effect on HbF induction as 
shown by increased HbF expression level when compared to treatment with any single 
compound (Figure 3A-B). Hydroxyurea did not generate any additional increase in HbF 
when combined with pomalidomide. The combination of pomalidomide and RN-1 did 
increase the percentage of HbF (Figure 3A-B) and at the same time decreased HBA, 
HBB, and HBG mRNA expression (Figure 3C) compared to single treatments, 
suggesting that this combination negatively affected total globin mRNA expression. 
Taken together, these results suggest that pomalidomide and decitabine act through 
independent mechanisms to additively induce high level HbF expression, implying 
cooperative therapeutic potential for the treatment of -thalassemia. 

 
 
 
 
 
 
 
 
 
 
 
 



Table 1 Hematological parameters of 0-thalassemia/HbE patients participated in this 
study. 

Sample 

name HBB alleles 

Hb* 

(g/dL) 

HbF 

%* 

HbE 

%* 

 

Hct 

(%) 

MCV 

(fL) 

MCH 

(pg) 

MCHC 

(g/dL) 

RDW

-CV 

(%) 

BE1 IVSI-1 (G>T):CD26(G>A) 7.2 49.0 51.0 

 

25 78.4 23 28.8 24.4 

BE2 

Codon41/42(-TTCT) 

:CD26(G>A) 5.7 34.8 65.2 

 

18 62.8 20 31.5 29.6 

BE3 
Codon17(A>T):CD26(G>A) 6.2 47.3 54.1 

 
20 58.3 18.3 31.5 28.4 

BE4 

Initiation codon (T>G) 

:CD26(G>A) 6.7 19.4 21.9 

 

23 68.8 20.5 29.8 ND 

BE5 
Codon17(A>T):CD26(G>A) 7.1 57.7 36.7 

 
22 57.7 18.8 32.6 

ND 

BE6 

Codon41/42(-TTCT) 

:CD26(G>A) 6.3 26.6 51.6 

 

21 60.6 18.3 30.1 ND 

BE7 
Codon17(A>T):CD26(G>A) 7.5 31 42.6 

 
23 56.8 18.4 32.5 32.2 

BE8 

Codon41/42(-TTCT) 

:CD26(G>A) 8.9 57.3 42.7 

 

27 75.4 25 33.3 ND 

BE9 

 Codon41/42(-TTCT) 

:CD26(G>A) 6.6 44.4 55.6 

 

20 56 18 32.4 ND 

BE10 IVSI-1(G>T):CD26(G>A) 8.3 62.6 37.4 

 

25.6 72.8 24 32.7 22.3 

BE11 Codon17(A>T):CD26(G>A) 7.1 27.6 72.4 

 

22 66.2 21 31.8 UD 

BE12 Codon17(A>T):CD26(G>A) 6.7 36.8 63.2 

 

20 63 21 33.7 ND 

Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCH, mean cell 
hemoglobin; MCHC, mean cell hemoglobin concentration; RDW, red cell distribution 
width; ND, not determined  
 
 
 
 
 
 
 
 



 

 
Figure 3. High level of HbF induction in 0-thalassemia/HbE erythroid cells by 

pomalidomide alone or in combination with other HbF inducers. 0-

Thalassemia/HbE erythroblasts were treated with 4.0 M pomalidomide only (Pom, 
from day 4 to 14), 1.0 M hydroxyurea only (HU, from day 8 to 14), 0.1 M decitabine 
only (DAC, from day 8 to 14), 0.02 M RN-1 (from day 8 to 14), the combination of 
pomalidomide with hydroxyurea, the combination of pomalidomide with decitabine, or 
the combination of pomalidomide with RN-1. (A) Representative HPLC chromatograms 
showing hemoglobin composition at day 14 of erythroid differentiation. (B) The 
percentage of HbF relative to total Hb (%HbF + %HbE) determined by HPLC at day 14 
of erythroid differentiation. The increase in HbF percentage after treatment from the 
baseline level (DMSO control) was expressed as %HbF (%HbF [compound treatment] 
- %HbF [DMSO control]). (mean ± standard error of the mean [SEM], n = 7 for HU, 
DAC and RN-1, n = 12 for Pom, Pom+HU and Pom+DAC, n = 11 for Pom+RN-1). (C) 
Quantitative RT-PCR analysis showing relative HBA, HBB and HBG mRNA expression 
levels normalized to -actin (ACTB) at day 12 of erythroid differentiation. Data are 
presented as the mean of relative fold change of DMSO ± SEM. (n = 5) P < 0.05; P 
< 0.005; P < 0.0005; P < 0.0001. 
 



Pomalidomide does not affect erythroid proliferation, viability, or terminal 
differentiation 

To assess the cytotoxicity of pomalidomide or its combinations with other HbF 
inducers, erythroid cell proliferation, viability, differentiation, and morphology were 
investigated. We found that pomalidomide did not significantly affect erythroid cell 
proliferation (Figure 4A) or viability (Figure 4B) under our culture conditions. However, 
pomalidomide plus decitabine showed a reduction of cell proliferation at day 12 of the 
culture without affecting cell viability. 

Erythroid cell proliferation and viability were reduced in cells exposed to 
pomalidomide plus RN-1 (Figure 4A-B), suggesting toxicity of this combination. Analysis 
of erythroid differentiation at day 12 of culture by flow cytometry revealed that the 
erythroid differentiation pattern of cells treated with pomalidomide or its combinations 
with hydroxyurea or decitabine was similar to that of DMSO-treated cells (Figure 4C-D), 
suggesting that these treatments did not cause defects in the erythroid terminal 
differentiation. However, significantly delayed erythroid differentiation was observed in 
RN-1 combined with pomalidomide as evidenced by an increased proportion in the flow-
evaluated R1 population (CD71high/GPAlow) at day 12 of culture (Figure 4C-D). Similarly, 
modified Giemsa-stained cytospins showed an increased number of early-stage 
erythroblasts in cells exposed to the combination of pomalidomide and RN-1 when 
compared to DMSO-treated cells (Figure 4E). The morphology of erythroid cells treated 
with pomalidomide or its combinations with hydroxyurea or decitabine was similar to that 
of DMSO control cells, confirming the absence of any toxic effects of these treatments. 
 
 
 
 
 



 

 
Figure 4. Effect of pomalidomide and its combinations on cell proliferation, 

viability, and differentiation of cultured erythroid cells from 0-thalassemia/HbE 

patients. 0-Thalassemia/HbE erythroblasts were treated with 4.0 M pomalidomide 

only (Pom, from day 4 to 14), 1.0 M hydroxyurea only (HU, from day 8 to 14), 0.1 M 
decitabine only (DAC, from day 8 to 14), 0.02 M RN-1 (from day 8 to 14), the 
combination of pomalidomide with hydroxyurea, the combination of pomalidomide with 
decitabine, or the combination of pomalidomide with RN-1. (A) Erythroid proliferation 
and (B) viability during differentiation assessed by trypan blue staining. The fold change 
of cell proliferation represents the ratio of cell number at the indicated time points 
versus day 4. (mean ± SEM, n = 7 for HU, DAC and RN-1, n = 12 for Pom, Pom+HU, 
Pom+DAC and Pom+RN-1). P < 0.05; P < 0.005; P < 0.0005, relative to DMSO 
control. (C) Representative flow cytometry dot plots for erythroid differentiation analysis 
on day 12 of culture. Erythroid cells were gated into R1 to R4 populations according to 
the expression levels of transferrin receptor (CD71) and glycophorin A (GPA/CD235a). 
(D) The histogram represents the quantitation of erythroid subpopulations analyzed by 
flow cytometry. (mean ± SEM, n = 5). P < 0.05, relative to DMSO control. (E) 
Representative modified Giemsa-stained cytospins at day 12 of culture showing 
erythroid morphology after DMSO and compound treatments. Scale bar = 10 m.  
 



Effects of pomalidomide on HbF regulators in -thalassemia erythroid cell culture 
It has been shown that fetal to adult hemoglobin switching is highly regulated by 

transcriptional repressors and their corepressors. Recently, pomalidomide has been 
shown to induce fetal hemoglobin expression in erythroid progenitor cells from normal 
individuals and SCD patients partly through decreasing BCL11A and SOX6, two major 
repressors of -globin expression. To investigate the effects of pomalidomide and its 
combinations on transcriptional regulation in -thalassemic erythroid progenitor cells, 
we determined mRNA expression levels of 14 known HbF-modifying transcription factors 
including BCL11A, SOX6, KLF1, LRF, GATA1, GATA2, FOXO3, NRF2, ID2, LSD1, 
DNMT1, CHD4, HBS1L, and MYB on day 12 of erythroid culture. The quantitative RT-
PCR analyses revealed that the key -globin repressor BCL11A was slightly reduced by 
treatments of pomalidomide and the combination of pomalidomide and hydroxyurea. 
BCL11A was significantly downregulated (by 1.8- and 5.6-fold) after treatment with the 
combinations of pomalidomide with decitabine or pomalidomide with RN-1, respectively 
(Figure 5). Moreover, the expression of SOX6, LRF, GATA1, and HBS1L was modestly 
but significantly downregulated by pomalidomide, whereas the others were unaffected. 
In addition to the treatment of pomalidomide alone, combined pomalidomide and 
decitabine treatment, which showed an additive effect on HbF induction, decreased the 
expression of KLF1, LSD1, and CHD4, among which the two latter factors are 
epigenetic modifying enzymes. The combination of pomalidomide and RN-1 significantly 
and remarkably affected the expression of several key regulators including SOX6, KLF1, 
GATA1, FOXO3, NRF2, ID2, LSD1, DNMT1, CHD4, HBS1L, and MYB (Figure 5), 
consistent with the result that combined pomalidomide and RN-1 significantly reduced 
cell proliferation and viability and delayed erythroid differentiation (Figure 4). However, 
GATA2, a potential activator of -globin expression, was unaffected by any of these 
treatments. Taken together, these results indicated that the mechanisms of action of 
pomalidomide and its combinations in induction of HbF expression partly involve 
transcriptional regulation of key HbF repressors and/or corepressors.  
 
 
 
 
 



 
 
 

  
 
 
 

  
 

 
Figure 5. Treatment of pomalidomide and its combinations alter the expression of 

HbF regulators in 0-thalassemia/HbE erythroid cells. Relative mRNA abundance of 

known HbF regulators normalized to -actin (ACTB) determined by quantitative RT-
PCR at day 12 of erythroid culture. Gene names are shown at the top of each 
histogram. Data are presented as the mean of relative fold change of DMSO ± SEM. (n 
= 5) P < 0.05; P < 0.005; P < 0.0005; P < 0.0001. 
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doses).11 This adds weight to the argument of starting chela-

tion with deferasirox early in the course of MDS when lower

doses may suffice and improve compliance.
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High-level induction of fetal haemoglobin by pomalidomide in
b-thalassaemia/HbE erythroid progenitor cells

Studies have shown that increased expression of fetal haemo-

globin (HbF; a2c2) can ameliorate red blood cell deficiencies

in patients with b-thalassaemia and sickle cell disease (SCD).1–3

Pharmacological induction of HbF expression in b-thalas-
saemia has been investigated using several classes of small

molecules,4 including 5-azacytidine,5 decitabine,6 hydrox-

yurea,7 LSD1 inhibitors (tranylcypromine and RN-1),8,9 and

short chain fatty acid derivatives.10,11 Among these molecules,

hydroxyurea is the only U.S. Food and Drug Administration

(FDA) currently approved drug for the treatment of SCD and/

or b-thalassaemia. However, hydroxyurea has shown modest

and variable responses with potential myelosuppression in b-
thalassaemia patients. Therefore, more robust and safer HbF

therapeutics are highly desired.

Pomalidomide, an FDA-approved immunomodulatory

drug for the treatment of multiple myeloma,12,13 stimulates

c-globin mRNA and HbF expression in erythroid progenitor

cells by downregulating factors involved in c-globin repres-

sion, including BCL11A, SOX6, GATA1, KLF1 and LSD1.14–16

In addition, treatment of a humanized mouse model of SCD

with pomalidomide induced comparable HbF expression to

hydroxyurea, but without myelosuppressive effects.15
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Here, we investigated the therapeutic potential of poma-

lidomide and its combined effects with other HbF inducers,

including hydroxyurea, decitabine and RN-1, in erythroid

progenitor cells from compound heterozygous b0-thalas-
saemia/HbE (HBB:c.79G>A) patients (Table SI) using a

three-phase liquid culture system that supports terminal mat-

uration of erythroid cells (Data S1 and Fig S1). Comparison

of results using optimal conditions for each compound (Figs

S2 and S3) revealed that pomalidomide was much more

effective in inducing HbF expression than hydroxyurea, deci-

tabine or RN-1 (Fig 1A,B). The greatest increase in HbF per-

centage from the baseline level was observed in

pomalidomide-treated cells, achieving 25�6 � 1�1% as deter-

mined by high-performance liquid chromatography (HPLC)

(Fig 1A,B). b0-thalassaemia/HbE precursors from patients of

different b0-thalassemic mutations (Table SI) showed simi-

larly increased levels of HbF induction in response to poma-

lidomide treatment. This result suggested that deficient

progenitors, regardless of specific b0-thalassemic mutation or

baseline HbF level, are all susceptible to strong induction

with pomalidomide (Fig 1A,B and Tables SI and SII). The

percentage of cells expressing HbF (F cells) increased from

49�8 � 4�7% for dimethyl sulfoxide (DMSO) controls to

60�6 � 2�5% after pomalidomide treatment (Fig S4). By

quantitative reverse transcription polymerase chain reaction

(RT-PCR), we found that pomalidomide significantly

increased c-globin (HBG) mRNA expression, achieving a

2�3 � 0�3-fold increase over control cells, with coincidentally

diminished b-globin (HBB) expression, without significant

change in a-globin (HBA) expression (Fig 1C).

To enhance the level of HbF induction, we investigated the

effects of combined treatment of pomalidomide either with or

without other pharmacological HbF inducers. The combination

of pomalidomide and decitabine had an additive effect on

induction, as shown by the differential HbF level (D%
HbF = 36�7 � 1�3) when compared to treatment with any sin-

gle agent (Fig 1A,B). Hydroxyurea did not generate any addi-

tional increase in HbF when combined with pomalidomide. The

Fig 1. Robust HbF induction in b0-thalassaemia/HbE erythroid cells by pomalidomide alone or in combination with other HbF inducers. b0-Tha-
lassaemia/HbE erythroblasts were treated with 4�0 lmol/l pomalidomide only (Pom, from day 4–14), 1�0 lmol/l hydroxyurea only (HU, from

day 8–14), 0�1 lmol/l decitabine only (DAC, from day 8–14), 0�02 lmol/l RN-1 only (from day 8–14), or in combination of Pom with HU, with

DAC, or with RN-1. (A) Representative high-performance liquid chromatograms (HPLC) showing haemoglobin composition at day 14 of ery-

throid differentiation. (B) The percentage of HbF relative to total Hb (%HbF + %HbE) determined by HPLC at day 14 of erythroid differentia-

tion. The increase in HbF percentage after treatment from the baseline level in dimethyl sulfoxide (DMSO) control was expressed as D%HbF (%

HbF [compound treatment] – %HbF [DMSO control]). Mean � standard error of the mean [SEM], n = 10 for HU, DAC and RN-1; n = 15 for

Pom, Pom + HU and Pom + DAC; and n = 13 for Pom + RN-1. (C) Quantitative reverse transcription polymerase chain reaction analysis show-

ing relative HBA, HBB and HBG mRNA expression levels normalised to b-actin (ACTB) at day 12 of erythroid differentiation. Data are presented

as the mean (� SEM) of relative fold change of DMSO (n = 5) *P < 0�05; **P < 0�005; ***P < 0�0005; ****P < 0�0001.
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combination of pomalidomide and RN-1 did increase the per-

centage of HbF (Fig 1A,B) and at the same time reduced HBA,

HBB and HBG mRNA expression (Fig 1C), suggesting that this

combination negatively affected total globin mRNA expression.

Taken together, these results suggest that pomalidomide and

decitabine act through independent pathways to induce, addi-

tively, high-level HbF expression, implying a cooperative thera-

peutic potential for the treatment of b-thalassaemia.

We next determined the cytotoxicity of treatments and

found that pomalidomide did not significantly affect ery-

throid cell proliferation (Fig S5A) or viability (Fig S5B).

However, pomalidomide plus decitabine showed a reduction

in cell proliferation on day 12 of culture without affecting

cell viability. Erythroid cell proliferation and viability were

significantly reduced in cells exposed to pomalidomide plus

RN-1 (Fig S5A,B), suggesting toxicity of the latter combina-

tion. Analysis of erythroid differentiation of cells treated with

hydroxyurea or pomalidomide plus hydroxyurea was similar

to that of DMSO-treated cells (Fig 2A,B), suggesting that

these treatments did not affect erythroid terminal differentia-

tion. We noted a trend towards increased differentiation of

cells treated with pomalidomide, RN-1 and pomalidomide

plus RN-1, compared with the controls. Interestingly, signifi-

cantly accelerated erythroid differentiation was observed in

decitabine alone and pomalidomide plus decitabine, as evi-

denced by elevated transferrin receptor (CD71)medium/(gly-

cophorin A (GPA)high population and decreased CD71high/

GPAhigh cells (Fig 2A,B). Similarly, modified Giemsa-stained

cytospins showed an increased number of late-stage ery-

throblasts in cells exposed to decitabine alone and pomalido-

mide plus decitabine when compared to control cells,

indicating a shift towards normal erythroid cell maturation

(Fig 2C and Fig S1). These results suggested that the differ-

entiation of b0-thalassaemia/HbE progenitor cells signifi-

cantly improved after treatment with either decitabine alone

or pomalidomide plus decitabine.

To investigate the effects of pomalidomide plus or minus

these effectors on transcriptional regulation in b-thalassaemic

erythroid progenitor cells, quantitative RT-PCR analyses

revealed that one key c-globin repressor mRNA, BCL11A, was

only slightly reduced after treatment with pomalidomide or

pomalidomide plus hydroxyurea. BCL11A was significantly

downregulated (by 1�8- and 5�6-fold) after treatment with

pomalidomide plus decitabine or pomalidomide plus RN-1

respectively (Fig 2D). Moreover, the expression of SOX6,

GATA1, HBS1L and LRF were modestly but significantly

downregulated by pomalidomide, whereas other erythroid

regulators were unaffected (Fig 2D and Fig S6). In addition,

combined pomalidomide and decitabine treatment, which

showed additive effects on HbF induction, reduced the expres-

sion of KLF1, LSD1 and CHD4. The combination of poma-

lidomide plus RN-1 significantly affected the expression of

several key regulators, including KLF1, SOX6, GATA1, HBS1L,

DNMT1, LSD1, ID2, CHD4, FOXO3, NRF2 and MYB (Fig 2D

and Fig S6), consistent with the fact that this same combina-

tion significantly reduced cell proliferation and viability (Fig

S5). Taken together, these results indicate that the mecha-

nisms of action of pomalidomide and several co-effectors in

induction of HbF expression partly involve transcriptional

regulation of key HbF repressors and/or co-repressors.

In summary, the present data show that pomalidomide is

a potent HbF inducer and is more potent than hydroxyurea.

The combination of pomalidomide and decitabine provide

additive effects in inducing HbF expression in erythroid cells

from b0-thalassaemia/HbE patients. Despite these promising

results, it must be emphasized that the potential risks associ-

ated with the use of pomalidomide include developmental

defects (if taken during pregnancy), thrombosis and pancy-

topenia,17 which are similar to the toxicities of the parental

drugs, lenalidomide and thalidomide. Development of poma-

lidomide structural refinements or analogues with similar

biological effects may lead to future, fully effective, reduced

adverse effects and possible clinical application.
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Fig 2. Effect of pomalidomide and its combinations on erythroid differentiation and mRNA expression of HbF regulators in cultured erythroid

cells from b0-thalassaemia/HbE patients. b0-Thalassaemia/HbE erythroblasts were treated with 4�0 lmol/l pomalidomide only (Pom, from day 4

–14), 1�0 lmol/l hydroxyurea only (HU, from day 8–14), 0�1 lmol/l decitabine only (DAC, from day 8– 14), 0�02 lmol/l RN-1 only (from day

8–14), the combination of Pom with HU, with DAC, or with RN-1. (A) Representative flow cytometry dot plots for erythroid differentiation

analysis on day 12 of culture. Erythroid cells were gated into R1 to R4 populations according to the expression levels of transferrin receptor

(CD71) and glycophorin A (GPA/CD235a). (B) The histogram represents the quantitation of erythroid subpopulations analysed by flow cytome-

try. (mean � SEM, n = 3). *P < 0�05; **P < 0�005, relative to dimethyl sulfoxide (DMSO) control. (C) Representative modified Giemsa-stained

cytospins at day 12 of culture showing erythroid morphology after DMSO or compound treatments. Scale bar = 10 lm. (D) Relative mRNA

abundance of known HbF regulators normalized to b-actin (ACTB) determined by quantitative reverse transcription polymerase chain reaction at

day 12 of erythroid cell culture. Gene names are shown at the top of each histogram. Data are presented as the mean (� SEM) of relative fold

change of DMSO . (n = 5) *P < 0�05; **P < 0�005; ****P < 0�0001.
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Clinical and biological correlates of the expression of select
Polycomb complex genes in Brazilian children with acute
promyelocytic leukaemia

De novo acute promyelocytic leukaemia (APL) is an aggres-

sive subtype that accounts for 5–10% of all childhood acute

myeloid leukaemia (AML). In some Latin American and

European populations, APL is more frequent than in other

geographic populations. Approximately 97% of patients with

APL present t(15;17)(q22;q21.1)/promyelocytic leukaemia

(PML)-retinoic acid receptor alpha (RARA) fusion protein

and nearly all of the affected patients respond to therapy

with all-trans retinoic acid (ATRA) combined with arsenic

trioxide (ATO).1 Additionally, studies in transgenic mice

revealed that this transcript is necessary, but not sufficient,

for APL development, suggesting that additional genetic or

epigenetic changes are also required for the APL establish-

ment.2

The FMS-like tyrosine kinase 3-internal tandem duplica-

tion (FLT3-ITD) has been frequently reported in patients

with APL presenting a more aggressive disease course, with

lower overall and disease-free survival rates. These mutations

are known to co-operate with other initiating events to

advance disease progression, but they do not initiate leukae-

mia independently.3 Regarding paediatric APL, genomic

studies reported that APL cells have fewer genetic alterations

than those from other AML subtypes.4 These data indicate

that childhood APL development may require more than just

genetic alterations to manifest the disease phenotype.

In this context, there are several reports on the epigenetic

alterations implicated in AML development, and they are

mainly presented in APL. For instance, patients with APL are

characterised by a specific DNA methylation pattern, which

may be due to relatively late events in APL leukaemogenesis,

contributing to APL maintenance rather than leukaemia ini-

tiation.5

Besides, PML/RARA induces a multitude of alterations in

chromatin architecture, including the recruitment of crucial

epigenetic-modifying factors, such as histone deacetylase

complexes and DNA methyltransferases. Moreover, pieces of

evidence have revealed that the Polycomb repressor complex

(PRC) could contribute to the alterations observed in the

typical APL epigenetic landscape.6

Polycomb group (PcG) proteins are histone modifiers in

two multiprotein complexes: Polycomb repressive complexes

1 and 2 (PRC1 and PRC2). Radulovic et al.6 highlighted the

emerging implications of these genes in haematopoietic neo-

plasms, including myeloid neoplasia. Therefore, changes in

the expression profile of individual PcG genes might yield

novel information about APL pathogenesis.

We evaluated the PcG gene levels, namely, enhancer of

zeste homologue 2 (EZH2), Yin and Yang 1 protein (YY1),

BMI1 proto-oncogene, Polycomb ring finger (BMI1) and

suppressor of zeste 12 protein homologue (SUZ12), in a

cohort of 25 Brazilian children with APL, with and without

a FLT3-ITD mutation. In addition, we compared them to

those found in patients with other AML subtypes, with

and without the FLT3 mutation, to verify whether this

mutation status could be associated with the APL epige-

netic landscape.

Amongst the 25 patients with APL, eight had additional

chromosome abnormalities that mostly involved chromo-

somes 6, 8, 20 and 21. In the AML group, 39 patients had

their karyotype evaluated and the abnormalities detected

were as follows: 15 (38�5%) presented with lysine methyl-

transferase 2A (KMT2A) gene abnormalities; eight (20�5%)

presented with non-recurrent chromosome abnormalities;

four (10�3%) presented with RUNX1 translocation partner 1

(RUNX1)/RUNXT1 fusion genes; four (10�3%) presented

with core binding factor subunit beta (CBFB)/myosin heavy

chain 11 (MYH11) fusion genes; four (10�3%) presented with

normal karyotypes; three (7�7%) presented with abnormali-

ties in chromosomes 5 and 7; and one (2�4%) presented with

no mitosis. In relation to FLT3 status, 21 (30�9%) patients

had FLT3-ITD mutations, 13 (61�9%) were patients with

APL and eight (38�1%) were patients with AML [AML-M5

(five patients), AML-M2 (two) and AML-M6 (one)] (Clinical

data are in Table S1).
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Abstract
Increased expression of fetal hemoglobin (HbF) improves the clinical severity of β-thalassemia patients. EHMT1/2 histone
methyltransferases are epigenetic modifying enzymes that are responsible for catalyzing addition of the repressive histone mark
H3K9me2 at silenced genes, including the γ-globin genes. UNC0638, a chemical inhibitor of EHMT1/2, has been shown to
induce HbF expression in human erythroid progenitor cell cultures. Here, we report the HbF-inducing activity of UNC0638 in
erythroid progenitor cells from β-thalassemia/HbE patients. UNC0638 treatment led to significant increases in γ-globin mRNA,
HbF expression, and HbF-containing cells in the absence of significant cytotoxicity. Moreover, UNC0638 showed additive
effects on HbF induction in combination with the immunomodulatory drug pomalidomide and the DNMT1 inhibitor decitabine.
These studies provide a scientific proof of concept that a small molecule targeting EHMT1/2 epigenetic enzymes, used alone or in
combination with pomalidomide or decitabine, is a potential therapeutic approach for HbF induction. Further development of
structural analogs of UNC0638 with similar biological effects but improved pharmacokinetic properties may lead to promising
therapies and possible clinical application for the treatment of β-thalassemia.

Keywords Fetal hemoglobin induction .β-Thalassemia/HbE . UNC0638 . Pomalidomide . Decitabine

Introduction

β-Thalassemia is one of the most common genetic blood dis-
orders and is designated as a global health burden by the
World Health Organization [1]. It is caused by multiple mu-
tations in theβ-globin locus, resulting in the complete absence
or a reduction in the expression of the β-globin gene and
reduced adult hemoglobin (HbA; α2β2) production in ery-
throid cells. This results in excess unmatched α-globin chains
that precipitate and damage erythroid cell membranes, causing
ineffective erythropoiesis, hemolysis, anemia, and
extramedullary erythropoiesis [2, 3]. Coinheritance of the β-
thalassemia allele and the structural variant hemoglobin E
(HbE, HBB:c.79G >A), resulting in β-thalassemia/HbE dis-
ease, is one of the most common severeβ-thalassemias world-
wide [4, 5]. Current treatments forβ-thalassemia are primarily
based on supportive therapies including regular, lifelong
blood transfusions combined with iron chelators.
Hematopoietic stem cell transplantation remains the only cu-
rative treatment; however, it is accessible to only a small frac-
tion of patients. More recently, gene therapy forβ-thalassemia
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appears to be more promising [6], but it is unlikely to be
widely applied, again due to clinical accessibility.

Patients with β-thalassemia/HbE show remarkable vari-
ability in clinical severity, ranging from nearly asymptomatic
to severe, transfusion-dependent thalassemia [7–9]. It is
known that increased levels of HbF expression is an important
modifying factor that can ameliorate the clinical severity ofβ-
thalassemia/HbE patients due to improved α/β-globin chain
imbalance [7, 9].

Hydroxyurea was the first US Food and Drug
Administration (FDA)-approved HbF inducer for sickle cell
disease (SCD) and/or β-thalassemia [10]. However, the re-
sponse to hydroxyurea treatments is highly variable in SCD
patients [10] and limited in β-thalassemia patients [11–14].
Moreover, hydroxyurea poses undesirable side effects includ-
ing myelosuppression and possible long-term carcinogenesis
[15]. L-glutamine has more recently been approved by the
FDA for treatment of SCD by reducing oxidative stress [16],
exhibiting quite modest clinical benefit. More effective and
less toxic HbF-inducing agents are thus warranted.

γ-Globin gene repression requires several epigenetic mod-
ifying enzymes, including DNA methyl transferase 1
(DNMT1), histone deacetylases (HDAC), lysine-specific
demethylase 1 (LSD1), euchromatin histone lysine methyl-
transferases 1/2 (EHMT1/2), and protein arginine N-methyl-
transferase 5 (PRMT5), which have each been investigated as
potential therapeutic targets for HbF induction [17–19]. A
number of pharmacological agents such as the DNMT1 inhib-
itor decitabine [20], HDAC inhibitors (e.g., HQK-1001 [21]),
LSD1 inhibitors (e.g., tranylcypromine [22] and RN-1 [23]),
and EHMT1/2 inhibitors (e.g., UNC0638 [24, 25]) have been
shown to induce HbF expression. Moreover, the immuno-
modulatory drug pomalidomide has been reported to be a
potent HbF inducer partly by downregulation of the key γ-
globin repressors, BCL11A and SOX6 [26–28].

It has been demonstrated that γ-globin gene repression is
associated with accumulation of the repressive chromatin
mark histone H3 dimethyl-lysine 9 (H3K9me2) at the γ-
globin loci [29]. Addition of H3K9me2 is mediated by the
EHMT1 (GLP) and EHMT2 (G9a) histone methyltransferases
[30]. Selective inhibition of EHMT1/2 by the small chemical
molecule UNC0638 has been shown to induce γ-globin
mRNA and HbF expression in erythroid progenitor cells from
normal individuals [24, 25, 31]. The stimulation of HbF ex-
pression by UNC0638 treatment was associated with dimin-
ished accumulation of H3K9me2 near the γ-globin loci and
with increased loop formation between the locus control re-
gion (LCR) and the γ-globin promoters through recruitment
of the LDB1 complex to the γ-globin promoters [24, 25].

In this study, the HbF-inducing activity of UNC0638, ei-
ther alone or in combination with other pharmacological HbF
inducers, was investigated in erythroid progenitor cells isolat-
ed from β0-thalassemia/HbE patients. These data confirm

earlier studies examiningHBG induction in tissue culture cells
and demonstrate that UNC0638, alone or in combination with
pomalidomide or decitabine, potently induces elevated HbF
expression, suggesting that inhibition of EHMT1/2 holds ther-
apeutic potential for β-thalassemia treatment.

Materials and methods

Ex vivo differentiation of human CD34+ cells

Studies of human erythroid progenitor cell culture were ap-
proved by Institutional ReviewBoards ofMahidol University;
written informed consent was obtained from all participants in
accordance with the Declaration of Helsinki. CD34+ hemato-
poietic stem/progenitor cells (HSPC) were isolated from the
peripheral blood of β0-thalassemia/HbE patients.
Hematological parameters and the percentages of HbF in the
peripheral blood of these patients are shown in Supplementary
Table S1. Briefly, peripheral blood mononuclear cells were
isolated using Lymphoprep (Axis-Shield, Oslo, Norway),
and CD34+ cells were purified using the CD34 microbead
kit with cell separation columns according to the manufac-
turer’s instructions (Miltenyi Biotec, Gladbach, Germany).
CD34+ cells were differentiated toward the erythroid lineage
using a 3-phase liquid culture system employing three differ-
ent erythroid differentiation culture media. The composition
of the basal medium is Iscove’s modified Dulbecco medium
(Biochrom GmbH, Berlin, Germany) supplemented with 20%
fetal bovine serum (Merck, Temecula, CA, USA), 300 μg/mL
holo-transferrin (ProSpec, Rehovot, Israel), and 1% penicillin/
streptomycin (Gibco, Grand Island, NY, USA). CD34+ cells
were cultured in the basal medium supplemented with either
10 ng/mL human interleukin-3 (Miltenyi Biotec), 50 ng/mL
human stem cell factor (SCF; Miltenyi Biotec), and 2 U/mL
erythropoietin (EPO; Janssen-Cilag, Bangkok, Thailand) dur-
ing phase I (days 0–4) or 10 ng/mL SCF and 2 U/mL EPO
during phase II (days 4–8) or 4 U/mL EPO during phase III
(days 8–14). Cell concentration was maintained at 1–2 ×
106 cells/mL during phase III of culture. Cells were incubated
at 37 °C, 5% CO2 in a 100% humidified atmosphere.

Chemical treatment of primary human erythroid
progenitor cells

All compounds were purchased from Sigma-Aldrich.
UNC0638 (U4885), pomalidomide (P0018), and decitabine
(A3656) were dissolved in dimethylsulfoxide (DMSO;
Sigma-Aldrich). Compounds were freshly diluted and added
to cells at the designated concentrations and durations. Culture
medium containing 0.1% v/v of DMSO served as a
concentration-matched vehicle control.
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Hemoglobin analysis by HPLC

The proportion of HbF (%HbF) was determined by the Bio-
Rad Variant II Hemoglobin Testing System (Bio-Rad) withβ-
Thalassemia Short Program. At least one million differentiat-
ing erythroid cells were subjected to HPLC analysis. The
Lyphochek Hemoglobin A2 control (Bio-Rad) was used for
normalization. The percentage of HbF was reported relative to
total Hb (HbF +HbE) in β0-thalassemia/HbE erythroid cells.
The increase in HbF percentage after treatment from the base-
line level (DMSO control) was expressed asΔ%HbF (%HbF
[compound treatment] −%HbF [DMSO control]).

Cell proliferation, viability, and morphology

Cell number and viability of erythroid cells were analyzed by
trypan blue staining and counted with a hemocytometer.
Erythroid cell morphology was examined by modified
Giemsa staining (Sigma-Aldrich) of cytospins.

Flow cytometry analysis

To assess erythroid differentiation, erythroid cells at day 12 of
culture were stained with antibodies against erythroid surface
markers, including a phycoerythrin (PE)-conjugated anti-
human CD71 (clone CY1G4; Biolegend, San Diego, CA,
USA) and an allophycocyanin (APC)-conjugated anti-human
CD235a (clone GA-R2; BD Biosciences, San Jose, CA, USA)
and analyzed on BD Accuri C6 Plus cytometer (BD
Biosciences). To assess HbF-containing cells (F-cells), ery-
throid cells at day 14 of culture were fixed with 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100. Cells were
then stained with either a fluorescein isothiocyanate (FITC)-
conjugated anti-human fetal hemoglobin antibody (clone
2D12; BD Biosciences) or a FITC-conjugated mouse IgG1, κ
isotype control (cloneMOPC-21, BDBiosciences). The stained
cells were analyzed on the Accuri C6 Plus cytometer. Data
analysis was performed using FlowJo version 10.3.0 (FlowJo
LLC, Ashland, OR, USA) software.

RNA isolation and gene expression analysis

Total RNA was isolated from erythroid cells at day 12 of
culture using TRIzol Reagent (Ambion, Carlsbad, CA,
USA) according to the manufacturer’s instructions. RNA
samples were treated with DNase I (ThermoFisher
Scientific, Waltham, MA, USA) and subsequently subjected
to cDNA synthesis using RevertAid First-Strand cDNA
Synthesis Kit (ThermoFisher Scientific) according to the man-
ufacturer’s instruction. Quantitative real-time PCR was car-
ried out in CFX96 Real-Time System (Bio-Rad, Hercules,
CA, USA) using FastStart Essential DNA Green Master
(Roche , Mannheim, Germany) according to the

manufacturer’s instruction. Relative expression was calculat-
ed using the ΔΔCTmethod by normalizing to β-actin (ACTB)
expression. Primer sequences are provided in Supplementary
Table S2.

Statistical analysis

Data are presented as mean ± standard deviation (SD). All
statistical analyses were performed using unpaired Student’s
t test by GraphPad Prism version 8.2.0 (GraphPad Software,
San Diego, CA, USA). Statistical significance was assumed at
a P value less than 0.05 (P < 0.05).

Results

UNC0638-mediated induction of HbF in β0-
thalassemia/HbE erythroid cell culture

To determine the therapeutic potential of UNC0638 as a HbF
inducer, we employed a 3-phase liquid culture system to pro-
mote erythroid differentiation of primary human CD34+ he-
matopoietic stem/progenitor cells (HSPC) isolated from pe-
ripheral blood of β0-thalassemia/HbE patients. During phase
I (days 0–4) and phase II (days 4–8) of culture, CD34+ cells
differentiate into erythroid lineage progenitors. By day 8 of
differentiation, the majority of cells are basophilic erythro-
blasts as evidenced by high expression levels of transferrin
receptor (CD71) and glycophorin A (GPA/CD235a)
(Supplementary Fig. S1). During phase III (days 8–14) of
differentiation, cells undergo terminal erythroid maturation.

We initially determined the time-dependent effect of
UNC0638 on HbF induction in β0-thalassemia/HbE erythroid
progenitor cells. UNC0638 at a concentration of 1.0 μM (pre-
viously determined [24]) was added to cells during days 4–14
or days 8–14 of culture. Because of the normally highly vari-
able HbF baseline levels inβ0-thalassemia/HbE erythroid cells,
the effects of UNC0638 on HbF induction are presented as
increases in HbF percentage from the baseline level in
DMSO-treated cells from the same donor (Δ%HbF).We found
that addition of UNC0638 during days 4–14 induced a higher
increase in HbF percentage (Δ%HbF = 36.5 ± 3.4) compared
with when the addition was performed during days 8–14
(Δ%HbF = 9.3 ± 1.6) (Fig. 1a). This suggested that in order to
achieve the maximal effect on HbF induction, UNC0638
should be added during early stages of erythroid differentiation.
The addition of 1.0 μM UNC0638 to cells during days 4–14
did not affect cell viability (Fig. 1b); however, it was associated
with a significant reduction of erythroid proliferation (Fig. 1c).
We next assessed the effects of varying the concentrations of
UNC0638, when added during days 4–14, on the induction of
HbF in β0-thalassemia/HbE erythroid progenitor cells. We
found that UNC0638 induced HbF production in a dose-
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dependent fashion without affecting erythroid cell viability at
any tested dose (Fig. 1d, e). However, a significant reduction in
cell proliferation during erythroid differentiation was quite ev-
ident at 1.0 and 0.5 μM of UNC0638 (Fig. 1f). We thus chose
to treat cells with 0.25 μM UNC0638 during days 4–14 of
erythroid culture in the subsequent investigations.

We next determined the therapeutic potential of UNC0638
in erythroid progenitor cells derived from 6 individual com-
pound heterozygous β0-thalassemia/HbE patients carrying
different β0-thalassemia mutations, including 4 cases of
βcodon17(A > T)/βE and 2 cases of βcodon41/42(-TCTT)/βE

(Supplementary Table S1). Based on the optimal concentra-
tion and duration of treatment, we found that UNC0638 in-
creased HbF significantly and reproducibly inβ0-thalassemia/
HbE erythroid progenitor cells. Although the %HbF baseline
levels in individual cases varied from 15 to 50%, all of them
responded to virtually the same extent upon UNC0638 addi-
tion (Fig. 2a, b and Supplementary Table S3). The increase of
HbF (Δ%HbF) achieved by UNC0638 treatments was 25.5 ±
4.2% above the DMSO control baseline levels (Fig. 2b).
These results demonstrated thatβ0-thalassemia/HbE erythroid
progenitor cells bearing a variety of different β0-thalassemia
mutations with divergent HbF baseline levels were all

susceptible to significantly elevated HbF induction upon
UNC0638 treatment. Moreover, the significant increase in
HbF levels analyzed by HPLC paralleled the increase in the
percentage of cells expressing HbF (F cells) analyzed by flow
cytometry. The average percentage of F-cells was elevated
from 50.2 ± 7.3% in DMSO-treated cells to 76.0 ± 10.4% in
UNC0638-treated cells (Fig. 2c). HbF expression induced
by UNC0638 correlated with the increase in γ-globin
mRNA analyzed by quantitative RT-PCR. The results re-
vealed that UNC0638 significantly induced γ-globin
(HBG) mRNA accumulation, resulting in a 2.1 ± 0.6-fold
increase compared with DMSO-treated cells (Fig. 2d).
The increase in γ-globin mRNA was coordinated with re-
duced β-globin (HBB) transcription without a significant
change in α-globin (HBA) expression. Erythroid cell via-
bility and proliferation were not significantly altered after
UNC0638 treatments (Fig. 2e, f), suggesting that there are
no significant cytotoxic effects of UNC0638 under these
culture conditions.

The erythroid differentiation pattern and morphology
were also analyzed by flow cytometry and modified
Giemsa-stained cytospins, respectively, in the absence or
presence of UNC0638. The results showed that erythroid
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Fig. 1 UNC0638 induces HbF expression in a time- and dose-dependent
manner in erythroid progenitor cells from β0-thalassemia/HbE patients.
a–c β0-Thalassemia/HbE erythroid progenitor cells recovered from the
peripheral blood of random patients (n = 6) were cultured in the presence
of 1.0 μM UNC0638 for the indicated length of time. a The increase in
HbF percentage analyzed by HPLC at day 14 was expressed asΔ%HbF
(%HbF [compound treatment] −%HbF [DMSO control]). bCell viability
and c proliferation during erythroid differentiation. The cell proliferation

was expressed as a fold change relative to DMSO control. d–f β0-
Thalassemia/HbE erythroid progenitor cells (n = 3) were cultured in the
presence of UNC0638 at the indicated concentrations during 4–14 days
of culture. d The increase in HbF percentage analyzed byHPLC at day 14
(Δ%HbF). e Cell viability and f proliferation during erythroid differenti-
ation. Data are presented as mean ± standard deviation (SD). *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001
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cells in the presence or absence of UNC0638 exhibited a
comparable differentiation pattern and morphology by
12 days of culture (Fig. 2g, h). However, we noted a trend
toward accelerated erythroid differentiation for cells treat-
ed with UNC0638 as evidenced by the higher number of
polychromatophilic erythroblasts. These results suggest
that UNC0638 is a potent inducer of γ-globin mRNA
expression and HbF production, in the absence of signif-
icant cytotoxicity, in β0-thalassemia/HbE erythroid pro-
genitor cells.

UNC0638 treatment reveals additive effects with
pomalidomide and decitabine

To investigate the possibility for evenmore robust HbF induc-
tion for therapeutic purposes, the combined use of UNC0638
with two other potentially therapeutic HbF agents,
pomalidomide and decitabine, was evaluated in β0-thalasse-
mia/HbE erythroid progenitor cells. Based on preliminary da-
ta, the maximum HbF-inducing activities for pomalidomide
and decitabine were observed when 4.0 μM pomalidomide
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Fig. 2 UNC0638 potently increases γ-globin gene expression and HbF
production in erythroid progenitor cells from β0-thalassemia/HbE pa-
tients. β0-Thalassemia/HbE erythroid progenitor cells were treated with
0.25 μM UNC0638 during days 4–14 of culture. a The percentage of
HbF analyzed by HPLC at day 14 of culture. b The increase in HbF
percentage (Δ%HbF) in UNC0638-treated cells from the baseline level
in DMSO-treated cells. c Representative flow cytometry dot plots and
quantitative analysis of the percentage of F-cells. d Quantitative RT-PCR
showing the relative fold change ofHBA,HBB, andHBGmRNA expres-
sion levels normalized to β-actin (ACTB) after 12 days of culture. e Cell

viability and f proliferation during erythroid differentiation. The fold
change of erythroid proliferation represents the cell number in
UNC0638-treated samples versus DMSO controls. g Representative flow
cytometry dot plots and quantitative analysis of erythroid subpopulations
assessed by the expression levels of CD71 and CD235a surface markers
at day 12 of culture. BasoE, basophilic erythroblasts; PolyE, polychro-
matophilic erythroblasts. (h) Representative images of modified Giemsa-
stained cytospins at day 12 of culture. Scale bar = 10 μm. Data are pre-
sented as mean ± SD (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001
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and 0.1 μM decitabine were added to erythroid progenitor
cells during days 4–14 and 8–14 of culture, respectively.

Under these conditions, 4.0 μM pomalidomide and 0.25 μM
UNC0638 induced comparable levels of HbF while 0.1 μM
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Fig. 3 UNC0638 plus pomalidomide or decitabine additively induces
HbF production in erythroid progenitor cells from β0-thalassemia/HbE
patients. β0-Thalassemia/HbE erythroid progenitor cells were treated
with UNC0638 alone (UNC, from days 4–14), pomalidomide alone
(POM, from days 4–14), decitabine alone (DAC, from days 8–14),
UNC0638 + POM, or UNC0638 +DAC at the indicated concentrations.
a Representative HPLC chromatograms depicting hemoglobin
composition at day 14 of culture. b The increase in HbF percentage
(Δ%HbF) in compound-treated cells from the baseline level in DMSO-
treated cells. (mean ± SD, n = 4 for 4.0 μM POM and n = 6 for other
treatments). c Quantitative RT-PCR showing relative fold change of

HBA, HBB, and HBG mRNA expression levels normalized to β-actin
(ACTB) at day 12 of culture. (mean ± SD, n = 4). d Cell viability and e
proliferation of erythroid cells at day 10 of culture. The fold change of
erythroid proliferation represents the cell number in compound-treated
samples versus DMSO controls. f The histogram represents the quantita-
tive analysis of erythroid subpopulations assessed by the expression
levels of CD71 and CD235a surface markers at day 12 of culture.
BasoE, basophilic erythroblasts; PolyE, polychromatophilic erythro-
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*P < 0.05; **P < 0.01; ***P < 0.001
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decitabine showed less effective HbF-inducing activity
(Fig. 3a, b). We used half of these doses for all compounds
in the combination treatments to minimize cytotoxicity. We
found that the combination of 0.1 μM UNC0638 with either
2.0 μM pomalidomide or 0.05 μM decitabine additively in-
creased HbF levels in all samples. In particular, the strongest
response was observed when 0.1 μM UNC0638 was com-
bined with 2.0 μM pomalidomide, resulting in a 38.8 ± 5.0%
HbF increase (Fig. 3a, b and Supplementary Table S3). This
increase was significantly higher than that observed with any
single compound at both full and partial doses. We found that
0.1 μM UNC0638 plus 2.0 μM pomalidomide significantly
induced a 3.8-fold increase in γ-globin mRNA above baseline
in DMSO control with a coincident decrease in β-globin
mRNA level (Fig. 3c) in the absence of α-globin mRNA
change. To a lesser extent, we observed a similar result for
the combination of 0.1 μM UNC0638 and 0.05 μM
decitabine. The Δ%HbF increased from 18.5 ± 4.9% for
0.1 μM UNC0638 and 12.0 ± 4.4% for 0.05 μM decitabine
to 28.9 ± 6.3% in combination.

Erythroid cell viability and proliferation in the combination
treatment of 0.1 μM UNC0638 and 2.0 μM pomalidomide
was significantly but modestly reduced when compared to that
of single-molecule treatments (Fig. 3d, e), suggesting minimal
cytotoxic effects of this combinatorial regimen. Additionally,
the combination of 0.1μMUNC0638 and 0.05μMdecitabine
slightly decreased proliferation but not viability of erythroid
cells. We next determined erythroid differentiation after
12 days of culture by flow cytometry. We found that treatment
with UNC0638 or in combination with pomalidomide did not
change the erythroid differentiation pattern compared with
DMSO treatment (Fig. 3f). Interestingly, cells treated with
decitabine alone or decitabine plus UNC0638 exhibited a sig-
nificant increase in erythroid differentiation as shown by an
increase in polychromatophilic erythroblasts with a dimin-
ished number of basophilic erythroblasts (Fig. 3f). This result
suggested that decitabine may accelerate the differentiation of
β0-thalassemia/HbE erythroid progenitor cells.

Taken together, these results strongly suggest that
UNC0638 is a potent HbF inducer without cytotoxicity under
these tested conditions. UNC0638 exhibits additive effects
with pomalidomide and decitabine, implying that it induces
γ-globin mRNA and HbF expression through a mechanism of
action that differs from either pomalidomide or decitabine.
Further analyses of UNC0638 alone or in combination with
pomalidomide or decitabine may lead to improved treatments
for β-thalassemia.

Discussion

The induction of γ-globin and increase in HbF expression has
been shown to ameliorate the pathophysiology and severity of

β-thalassemia patients by reducing excess unmatchedα-globin
chains in red blood cells [9, 32, 33]. A current FDA-approved
HbF inducer, hydroxyurea, is not effective in more than 50% of
β-thalassemia patients [14], and therefore, more effective HbF
inducers are sorely needed. Several epigenetic modifying en-
zymes involved in γ-globin repression, including DNMT1,
LSD1, and EHMT1/2 histone methyltransferases, are attractive
therapeutic targets for induction of HbF [19]. Inhibition of
EHMT1 (GLP) and EHMT2 (G9a) histone methyltransferases
by the small chemical compound UNC0638 has shown to po-
tently induce γ-globin and HbF expression in erythroid pro-
genitor cells from normal adult donors by decreasing the re-
pressive histoneH3K9Me2mark at theγ-globin promoters and
by facilitating loop formation between the LCR and the γ-
globin promoters [24, 25, 31]. Moreover, UNC0638 treatment
does not affect the expression of key erythroid transcription
factors (GATA1, KLF1, andNFE2), or keyγ-globin repressors
(BCL11A and MYB) [25], suggesting that it does not induce
HbF expression via an effect on delayed erythroid differentia-
tion or downregulation of γ-globin repressors.

In this report, we further evaluated the effects of UNC0638
on HbF induction in β0-thalassemia/HbE erythroid progenitor
cells; as is well appreciated, these cells have very high HbF
baseline levels. We found that UNC0638 robustly increased γ-
globin mRNA, HbF, and F-cells in β0-thalassemia/HbE ery-
throid progenitor cell cultures. The HbF induction achieved by
UNC0638 treatment was 25.5 ± 4.2% above baseline levels,
which is comparable to previous reports in normal erythroid
progenitor cells [24, 25]. Moreover, UNC0638 exhibited HbF-
inducing activity similar to pomalidomide, while exhibiting
even stronger induction than decitabine under these culture
conditions. Interestingly, erythroid precursor cells from differ-
ent β0-thalassemia/HbE patients with varying HbF baseline
levels all exhibited a similar degree of HbF induction in re-
sponse to UNC0638 treatment. These data demonstrated that
UNC0638 potently induced HbF expression inβ0-thalassemia/
HbE erythroid progenitor cells regardless of specific β0-thalas-
semia mutations or HbF baseline levels.

In agreement with a previous study [24], the level of HbF
induction was more pronounced when UNC0638 was added
at an early stage (day 4) than when added in a late stage (day
8) of erythroid differentiation. Since the pattern of globin gene
expression is highly regulated and still reversible during early
erythroid differentiation stages, UNC0638 was shown to act
more effectively during this period. Thus, the time of addition
of UNC0638 in erythroid cell culture was critical for
inhibiting EHMT1/2 and reactivating HbF expression.

Combinatorial therapy bymultiple HbF inducers is a prom-
ising therapeutic strategy to achieve clinical improvement in
patients. Given that the major limitation of combination ther-
apy is the increase in toxicity, we therefore used half the
amount determined to be the most effective concentration of
each compound in combination to achieve greater HbF
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induction and avoid adverse effects in comparison to single-
drug treatment. Pomalidomide, an FDA-approved immuno-
modulatory drug for the treatment of multiple myeloma, has
been shown to induce γ-globin and HbF expression, at least
partially through the downregulation of BCL11A and SOX6
[26–28, 34]. Decitabine, a DNMT1 inhibitor, has been shown
to induce γ-globin and HbF expression in patients with SCD
[35, 36] and β-thalassemia [20]. Here, we found that the com-
bination of UNC0638 with pomalidomide or with decitabine
increased HbF expression more than any of the three individ-
ually. Although, we observed a statistically significant reduc-
tion in viability and proliferation of cells treated with
UNC0638 plus pomalidomide, these reductions were modest
when compared to treatment with any single agent (full or half
doses) or DMSO alone. Further studies examining precise
dose titration of these compounds in a combination regimen
would reduce the negative effect on cell viability and prolif-
eration while potentially maintaining the high level of HbF
induction. Interestingly, the differential HbF generated by
the combination of UNC0638 and pomalidomide was greater
than 30% of total hemoglobin, which is the level that has been
demonstrated to achieve a significant clinical improvement of
patients with SCD [37–40] and β-thalassemia [14]. These
results suggest that the combination of compounds that have
different mechanisms of action has the potential to additively
increase HbF expression.

Although UNC0638 has demonstrated a strong HbF-
inducing activity in ex vivo erythroid cell culture systems,
its in vivo pharmacokinetic properties are poor due to a lack
of drug-like properties [41]. Further development of EHMT1/
2 inhibitors with higher potency and improved in vivo phar-
macokinetic properties should reveal novel HbF inducers that
would be suitable for clinical applications.

In summary, the present study confirms that inhibition of
EHMT1/2 histone methyltransferases by a small molecule,
UNC0638, exhibits strongly elevated HbF induction in β-
thalassemia/HbE erythroid progenitor cells. Furthermore,
UNC0638 was shown to have additive effects on HbF induc-
tion when combined with either pomalidomide or decitabine.
Therefore, searching for novel potent and selective EHMT1/2
inhibitors with improved drug-like properties may lead to clin-
ical application in the treatment of β-thalassemia.
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ความส าคญั / ความเป็นมา  

          โรค -thalassemia เป็นโรคทางพนัธุกรรมทีพ่บบ่อยในประเทศไทย เกดิจากการกลายพนัธุข์องยนี -globin ท าใหม้กีารสรา้ง
สาย -globin ลดลงหรอืสรา้งไมไ่ดเ้ลย ท าใหก้ารสรา้งฮโีมโกลบนิ (HbA, 22) ไดล้ดลง และเกดิความไมส่มดลุของสายโกลบนิซึง่สง่ผล
ใหก้ระบวนการสรา้งเมด็เลอืดแดงไมม่ปีระสทิธภิาพ เมด็เลอืดแดงมีรปูรา่งผดิปกต ิ ขาดความยดืหยุน่ มอีายสุ ัน้และแตกท าลายงา่ย ผู้
ป่วยธาลสัซเีมยีจงึมภีาวะซดีเรือ้รงัและมอีาการอื่น ๆ ตามมา การรกัษาผูป่้วยโรค -thalassemia โดยการกระตุ้นการสรา้ง HbF (22) 
ทีท่ดแทนการขาดหายไปของ HbA (22) เป็นวธิกีารรกัษาทีม่ปีระสทิธภิาพและผูป่้วยส่วนใหญ่สามารถเขา้ถงึการรกัษาไดซ้ึง่แตกต่าง
จากการรกัษาแบบหายขาดดว้ยการปลูกถ่ายเซลล์เมด็เลอืดตน้ก าเนิด (Hematopoietic stem cell transplantation) ทีม่รีาคาคอ่นขา้งสงู
และมากกวา่ 95% ของผูป่้วยไมส่ามารถเขา้ถงึการรกัษาได ้โดยปัจจบุนั hydroxyurea เป็นยาเพยีงชนิดเดยีวทีไ่ดร้บัการรบัรองจาก U.S. 
Food and Drug Administration (FDA) เพื่อใชใ้นการกระตุ้นการสรา้ง HbF เพื่อการรกัษาโรค sickle cell disease และมกีารใชเ้ป็น
ทางเลอืกส าหรบัการรกัษาโรค -thalassemia แต่พบว่ามากกวา่ 50% ของผูป่้วย sickle cell disease และ -thalassemia ไมต่อบสนอง
ต่อการรกัษาดว้ย hydroxyurea และยงัม ี side effect ไดแ้ก่ myelosuppression ดงันัน้จงึมคีวามจ าเป็นทีจ่ะตอ้งมกีารศกึษาคน้หายา
กระตุน้การสรา้ง HbF ชนิดใหมท่ีม่ปีระสทิธภิาพสงูขึน้และมคีวามเป็นพษิลดลง 
          จากการรายงานในวารสารทางวชิาการพบวา่ Pomalidomide ซึง่เป็นยาในกลุ่ม immunomodulatory drug (IMiD) ที่ไดร้บัการ
รบัรองจาก FDA ส าหรบัการรกัษาโรค multiple myeloma มคีวามสามารถในการกระตุ้นการสรา้ง HbF ไดใ้นปรมิาณทีส่งูในเซลลเ์มด็เลอืด
แดงตวัอ่อนทีแ่ยกมาจากคนปกต ิคนทีเ่ป็นโรค sickle cell disease โดยยงัไมท่ราบกลไกทีแ่น่ชดั แต่อาจจะกระตุน้การสรา้ง HbF ผา่นการ
กดการแสดงออกของโปรตนีทีย่บัยัง้การสรา้ง -globin ดงันัน้การศกึษาน้ีจงึไดน้ ายา pomalidomide ซึง่เป็นยารกัษาโรค multiple 
myeloma มาศกึษาประสทิธภิาพในการกระตุน้การสรา้ง HbF เพื่อใช้ในการรกัษาโรค -thalassemia 
 

 

วตัถปุระสงคข์องโครงการ 

          เพื่อศกึษาประสทิธภิาพของ pomalidomide ในการกระตุ้นการสรา้ง HbF ในเมด็เลอืดแดงตวัอ่อนทีแ่ยกมาจากคนไข ้0-
thalassemia/HbE เพื่อน าไปเป็นต้นแบบหรอืพฒันาต่อเป็นยาทีส่ามารถใชใ้นการรกัษาโรค -thalassemia 

 

ผลการวิจยั  

1. Pomalidomide สามารถกระตุ้นการสรา้ง HbF ไดส้งูขึน้อยา่งมนียัส าคญัในเมด็เลอืดแดงตวัอ่อนจากคนไขโ้รค 0-thalassemia/HbE 
โดยไมม่คีวามเป็นพษิต่อเซลล ์ และมปีระสทิธภิาพดกีวา่ hydroxyurea, decitabine และ RN-1 ซึง่เป็นสารทีเ่คยมรีายงานมาว่าสามารถ
กระตุน้การสรา้ง HbF ได ้
2. การใช ้pomalidomide ร่วมกบั decitabine สามารถกระตุ้นการสรา้ง HbF ไดส้งูสดุ และมากกวา่เมื่อใชร้ว่มกบั hydroxyurea หรอื RN-1 
3. การกระตุน้การสรา้ง HbF โดย pomalidomide มผีลบางสว่นมาจากการกดการแสดงออกของโปรตนีทีย่บัยัง้การแสดงออกของ -globin  
4. การศกึษาน้ีแสดงใหเ้หน็วา่มคีวามเป็นไปไดท้ี่จะน า pomalidomide มาใชใ้นการกระตุน้การสรา้ง HbF เพื่อใช้ในการรกัษาโรค -
thalassemia โดยอาจจะใชเ้ดีย่วหรอืรว่มกบั decitabine 
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Abstract
Increased expression of fetal hemoglobin (HbF) improves the clinical severity of β-thalassemia patients. EHMT1/2 histone
methyltransferases are epigenetic modifying enzymes that are responsible for catalyzing addition of the repressive histone mark
H3K9me2 at silenced genes, including the γ-globin genes. UNC0638, a chemical inhibitor of EHMT1/2, has been shown to
induce HbF expression in human erythroid progenitor cell cultures. Here, we report the HbF-inducing activity of UNC0638 in
erythroid progenitor cells from β-thalassemia/HbE patients. UNC0638 treatment led to significant increases in γ-globin mRNA,
HbF expression, and HbF-containing cells in the absence of significant cytotoxicity. Moreover, UNC0638 showed additive
effects on HbF induction in combination with the immunomodulatory drug pomalidomide and the DNMT1 inhibitor decitabine.
These studies provide a scientific proof of concept that a small molecule targeting EHMT1/2 epigenetic enzymes, used alone or in
combination with pomalidomide or decitabine, is a potential therapeutic approach for HbF induction. Further development of
structural analogs of UNC0638 with similar biological effects but improved pharmacokinetic properties may lead to promising
therapies and possible clinical application for the treatment of β-thalassemia.

Keywords Fetal hemoglobin induction .β-Thalassemia/HbE . UNC0638 . Pomalidomide . Decitabine

Introduction

β-Thalassemia is one of the most common genetic blood dis-
orders and is designated as a global health burden by the
World Health Organization [1]. It is caused by multiple mu-
tations in theβ-globin locus, resulting in the complete absence
or a reduction in the expression of the β-globin gene and
reduced adult hemoglobin (HbA; α2β2) production in ery-
throid cells. This results in excess unmatched α-globin chains
that precipitate and damage erythroid cell membranes, causing
ineffective erythropoiesis, hemolysis, anemia, and
extramedullary erythropoiesis [2, 3]. Coinheritance of the β-
thalassemia allele and the structural variant hemoglobin E
(HbE, HBB:c.79G >A), resulting in β-thalassemia/HbE dis-
ease, is one of the most common severeβ-thalassemias world-
wide [4, 5]. Current treatments forβ-thalassemia are primarily
based on supportive therapies including regular, lifelong
blood transfusions combined with iron chelators.
Hematopoietic stem cell transplantation remains the only cu-
rative treatment; however, it is accessible to only a small frac-
tion of patients. More recently, gene therapy forβ-thalassemia
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appears to be more promising [6], but it is unlikely to be
widely applied, again due to clinical accessibility.

Patients with β-thalassemia/HbE show remarkable vari-
ability in clinical severity, ranging from nearly asymptomatic
to severe, transfusion-dependent thalassemia [7–9]. It is
known that increased levels of HbF expression is an important
modifying factor that can ameliorate the clinical severity ofβ-
thalassemia/HbE patients due to improved α/β-globin chain
imbalance [7, 9].

Hydroxyurea was the first US Food and Drug
Administration (FDA)-approved HbF inducer for sickle cell
disease (SCD) and/or β-thalassemia [10]. However, the re-
sponse to hydroxyurea treatments is highly variable in SCD
patients [10] and limited in β-thalassemia patients [11–14].
Moreover, hydroxyurea poses undesirable side effects includ-
ing myelosuppression and possible long-term carcinogenesis
[15]. L-glutamine has more recently been approved by the
FDA for treatment of SCD by reducing oxidative stress [16],
exhibiting quite modest clinical benefit. More effective and
less toxic HbF-inducing agents are thus warranted.

γ-Globin gene repression requires several epigenetic mod-
ifying enzymes, including DNA methyl transferase 1
(DNMT1), histone deacetylases (HDAC), lysine-specific
demethylase 1 (LSD1), euchromatin histone lysine methyl-
transferases 1/2 (EHMT1/2), and protein arginine N-methyl-
transferase 5 (PRMT5), which have each been investigated as
potential therapeutic targets for HbF induction [17–19]. A
number of pharmacological agents such as the DNMT1 inhib-
itor decitabine [20], HDAC inhibitors (e.g., HQK-1001 [21]),
LSD1 inhibitors (e.g., tranylcypromine [22] and RN-1 [23]),
and EHMT1/2 inhibitors (e.g., UNC0638 [24, 25]) have been
shown to induce HbF expression. Moreover, the immuno-
modulatory drug pomalidomide has been reported to be a
potent HbF inducer partly by downregulation of the key γ-
globin repressors, BCL11A and SOX6 [26–28].

It has been demonstrated that γ-globin gene repression is
associated with accumulation of the repressive chromatin
mark histone H3 dimethyl-lysine 9 (H3K9me2) at the γ-
globin loci [29]. Addition of H3K9me2 is mediated by the
EHMT1 (GLP) and EHMT2 (G9a) histone methyltransferases
[30]. Selective inhibition of EHMT1/2 by the small chemical
molecule UNC0638 has been shown to induce γ-globin
mRNA and HbF expression in erythroid progenitor cells from
normal individuals [24, 25, 31]. The stimulation of HbF ex-
pression by UNC0638 treatment was associated with dimin-
ished accumulation of H3K9me2 near the γ-globin loci and
with increased loop formation between the locus control re-
gion (LCR) and the γ-globin promoters through recruitment
of the LDB1 complex to the γ-globin promoters [24, 25].

In this study, the HbF-inducing activity of UNC0638, ei-
ther alone or in combination with other pharmacological HbF
inducers, was investigated in erythroid progenitor cells isolat-
ed from β0-thalassemia/HbE patients. These data confirm

earlier studies examiningHBG induction in tissue culture cells
and demonstrate that UNC0638, alone or in combination with
pomalidomide or decitabine, potently induces elevated HbF
expression, suggesting that inhibition of EHMT1/2 holds ther-
apeutic potential for β-thalassemia treatment.

Materials and methods

Ex vivo differentiation of human CD34+ cells

Studies of human erythroid progenitor cell culture were ap-
proved by Institutional ReviewBoards ofMahidol University;
written informed consent was obtained from all participants in
accordance with the Declaration of Helsinki. CD34+ hemato-
poietic stem/progenitor cells (HSPC) were isolated from the
peripheral blood of β0-thalassemia/HbE patients.
Hematological parameters and the percentages of HbF in the
peripheral blood of these patients are shown in Supplementary
Table S1. Briefly, peripheral blood mononuclear cells were
isolated using Lymphoprep (Axis-Shield, Oslo, Norway),
and CD34+ cells were purified using the CD34 microbead
kit with cell separation columns according to the manufac-
turer’s instructions (Miltenyi Biotec, Gladbach, Germany).
CD34+ cells were differentiated toward the erythroid lineage
using a 3-phase liquid culture system employing three differ-
ent erythroid differentiation culture media. The composition
of the basal medium is Iscove’s modified Dulbecco medium
(Biochrom GmbH, Berlin, Germany) supplemented with 20%
fetal bovine serum (Merck, Temecula, CA, USA), 300 μg/mL
holo-transferrin (ProSpec, Rehovot, Israel), and 1% penicillin/
streptomycin (Gibco, Grand Island, NY, USA). CD34+ cells
were cultured in the basal medium supplemented with either
10 ng/mL human interleukin-3 (Miltenyi Biotec), 50 ng/mL
human stem cell factor (SCF; Miltenyi Biotec), and 2 U/mL
erythropoietin (EPO; Janssen-Cilag, Bangkok, Thailand) dur-
ing phase I (days 0–4) or 10 ng/mL SCF and 2 U/mL EPO
during phase II (days 4–8) or 4 U/mL EPO during phase III
(days 8–14). Cell concentration was maintained at 1–2 ×
106 cells/mL during phase III of culture. Cells were incubated
at 37 °C, 5% CO2 in a 100% humidified atmosphere.

Chemical treatment of primary human erythroid
progenitor cells

All compounds were purchased from Sigma-Aldrich.
UNC0638 (U4885), pomalidomide (P0018), and decitabine
(A3656) were dissolved in dimethylsulfoxide (DMSO;
Sigma-Aldrich). Compounds were freshly diluted and added
to cells at the designated concentrations and durations. Culture
medium containing 0.1% v/v of DMSO served as a
concentration-matched vehicle control.

2028 Ann Hematol (2020) 99:2027–2036



Hemoglobin analysis by HPLC

The proportion of HbF (%HbF) was determined by the Bio-
Rad Variant II Hemoglobin Testing System (Bio-Rad) withβ-
Thalassemia Short Program. At least one million differentiat-
ing erythroid cells were subjected to HPLC analysis. The
Lyphochek Hemoglobin A2 control (Bio-Rad) was used for
normalization. The percentage of HbF was reported relative to
total Hb (HbF +HbE) in β0-thalassemia/HbE erythroid cells.
The increase in HbF percentage after treatment from the base-
line level (DMSO control) was expressed asΔ%HbF (%HbF
[compound treatment] −%HbF [DMSO control]).

Cell proliferation, viability, and morphology

Cell number and viability of erythroid cells were analyzed by
trypan blue staining and counted with a hemocytometer.
Erythroid cell morphology was examined by modified
Giemsa staining (Sigma-Aldrich) of cytospins.

Flow cytometry analysis

To assess erythroid differentiation, erythroid cells at day 12 of
culture were stained with antibodies against erythroid surface
markers, including a phycoerythrin (PE)-conjugated anti-
human CD71 (clone CY1G4; Biolegend, San Diego, CA,
USA) and an allophycocyanin (APC)-conjugated anti-human
CD235a (clone GA-R2; BD Biosciences, San Jose, CA, USA)
and analyzed on BD Accuri C6 Plus cytometer (BD
Biosciences). To assess HbF-containing cells (F-cells), ery-
throid cells at day 14 of culture were fixed with 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100. Cells were
then stained with either a fluorescein isothiocyanate (FITC)-
conjugated anti-human fetal hemoglobin antibody (clone
2D12; BD Biosciences) or a FITC-conjugated mouse IgG1, κ
isotype control (cloneMOPC-21, BDBiosciences). The stained
cells were analyzed on the Accuri C6 Plus cytometer. Data
analysis was performed using FlowJo version 10.3.0 (FlowJo
LLC, Ashland, OR, USA) software.

RNA isolation and gene expression analysis

Total RNA was isolated from erythroid cells at day 12 of
culture using TRIzol Reagent (Ambion, Carlsbad, CA,
USA) according to the manufacturer’s instructions. RNA
samples were treated with DNase I (ThermoFisher
Scientific, Waltham, MA, USA) and subsequently subjected
to cDNA synthesis using RevertAid First-Strand cDNA
Synthesis Kit (ThermoFisher Scientific) according to the man-
ufacturer’s instruction. Quantitative real-time PCR was car-
ried out in CFX96 Real-Time System (Bio-Rad, Hercules,
CA, USA) using FastStart Essential DNA Green Master
(Roche , Mannheim, Germany) according to the

manufacturer’s instruction. Relative expression was calculat-
ed using the ΔΔCTmethod by normalizing to β-actin (ACTB)
expression. Primer sequences are provided in Supplementary
Table S2.

Statistical analysis

Data are presented as mean ± standard deviation (SD). All
statistical analyses were performed using unpaired Student’s
t test by GraphPad Prism version 8.2.0 (GraphPad Software,
San Diego, CA, USA). Statistical significance was assumed at
a P value less than 0.05 (P < 0.05).

Results

UNC0638-mediated induction of HbF in β0-
thalassemia/HbE erythroid cell culture

To determine the therapeutic potential of UNC0638 as a HbF
inducer, we employed a 3-phase liquid culture system to pro-
mote erythroid differentiation of primary human CD34+ he-
matopoietic stem/progenitor cells (HSPC) isolated from pe-
ripheral blood of β0-thalassemia/HbE patients. During phase
I (days 0–4) and phase II (days 4–8) of culture, CD34+ cells
differentiate into erythroid lineage progenitors. By day 8 of
differentiation, the majority of cells are basophilic erythro-
blasts as evidenced by high expression levels of transferrin
receptor (CD71) and glycophorin A (GPA/CD235a)
(Supplementary Fig. S1). During phase III (days 8–14) of
differentiation, cells undergo terminal erythroid maturation.

We initially determined the time-dependent effect of
UNC0638 on HbF induction in β0-thalassemia/HbE erythroid
progenitor cells. UNC0638 at a concentration of 1.0 μM (pre-
viously determined [24]) was added to cells during days 4–14
or days 8–14 of culture. Because of the normally highly vari-
able HbF baseline levels inβ0-thalassemia/HbE erythroid cells,
the effects of UNC0638 on HbF induction are presented as
increases in HbF percentage from the baseline level in
DMSO-treated cells from the same donor (Δ%HbF).We found
that addition of UNC0638 during days 4–14 induced a higher
increase in HbF percentage (Δ%HbF = 36.5 ± 3.4) compared
with when the addition was performed during days 8–14
(Δ%HbF = 9.3 ± 1.6) (Fig. 1a). This suggested that in order to
achieve the maximal effect on HbF induction, UNC0638
should be added during early stages of erythroid differentiation.
The addition of 1.0 μM UNC0638 to cells during days 4–14
did not affect cell viability (Fig. 1b); however, it was associated
with a significant reduction of erythroid proliferation (Fig. 1c).
We next assessed the effects of varying the concentrations of
UNC0638, when added during days 4–14, on the induction of
HbF in β0-thalassemia/HbE erythroid progenitor cells. We
found that UNC0638 induced HbF production in a dose-
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dependent fashion without affecting erythroid cell viability at
any tested dose (Fig. 1d, e). However, a significant reduction in
cell proliferation during erythroid differentiation was quite ev-
ident at 1.0 and 0.5 μM of UNC0638 (Fig. 1f). We thus chose
to treat cells with 0.25 μM UNC0638 during days 4–14 of
erythroid culture in the subsequent investigations.

We next determined the therapeutic potential of UNC0638
in erythroid progenitor cells derived from 6 individual com-
pound heterozygous β0-thalassemia/HbE patients carrying
different β0-thalassemia mutations, including 4 cases of
βcodon17(A > T)/βE and 2 cases of βcodon41/42(-TCTT)/βE

(Supplementary Table S1). Based on the optimal concentra-
tion and duration of treatment, we found that UNC0638 in-
creased HbF significantly and reproducibly inβ0-thalassemia/
HbE erythroid progenitor cells. Although the %HbF baseline
levels in individual cases varied from 15 to 50%, all of them
responded to virtually the same extent upon UNC0638 addi-
tion (Fig. 2a, b and Supplementary Table S3). The increase of
HbF (Δ%HbF) achieved by UNC0638 treatments was 25.5 ±
4.2% above the DMSO control baseline levels (Fig. 2b).
These results demonstrated thatβ0-thalassemia/HbE erythroid
progenitor cells bearing a variety of different β0-thalassemia
mutations with divergent HbF baseline levels were all

susceptible to significantly elevated HbF induction upon
UNC0638 treatment. Moreover, the significant increase in
HbF levels analyzed by HPLC paralleled the increase in the
percentage of cells expressing HbF (F cells) analyzed by flow
cytometry. The average percentage of F-cells was elevated
from 50.2 ± 7.3% in DMSO-treated cells to 76.0 ± 10.4% in
UNC0638-treated cells (Fig. 2c). HbF expression induced
by UNC0638 correlated with the increase in γ-globin
mRNA analyzed by quantitative RT-PCR. The results re-
vealed that UNC0638 significantly induced γ-globin
(HBG) mRNA accumulation, resulting in a 2.1 ± 0.6-fold
increase compared with DMSO-treated cells (Fig. 2d).
The increase in γ-globin mRNA was coordinated with re-
duced β-globin (HBB) transcription without a significant
change in α-globin (HBA) expression. Erythroid cell via-
bility and proliferation were not significantly altered after
UNC0638 treatments (Fig. 2e, f), suggesting that there are
no significant cytotoxic effects of UNC0638 under these
culture conditions.

The erythroid differentiation pattern and morphology
were also analyzed by flow cytometry and modified
Giemsa-stained cytospins, respectively, in the absence or
presence of UNC0638. The results showed that erythroid
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Fig. 1 UNC0638 induces HbF expression in a time- and dose-dependent
manner in erythroid progenitor cells from β0-thalassemia/HbE patients.
a–c β0-Thalassemia/HbE erythroid progenitor cells recovered from the
peripheral blood of random patients (n = 6) were cultured in the presence
of 1.0 μM UNC0638 for the indicated length of time. a The increase in
HbF percentage analyzed by HPLC at day 14 was expressed asΔ%HbF
(%HbF [compound treatment] −%HbF [DMSO control]). bCell viability
and c proliferation during erythroid differentiation. The cell proliferation

was expressed as a fold change relative to DMSO control. d–f β0-
Thalassemia/HbE erythroid progenitor cells (n = 3) were cultured in the
presence of UNC0638 at the indicated concentrations during 4–14 days
of culture. d The increase in HbF percentage analyzed byHPLC at day 14
(Δ%HbF). e Cell viability and f proliferation during erythroid differenti-
ation. Data are presented as mean ± standard deviation (SD). *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001
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cells in the presence or absence of UNC0638 exhibited a
comparable differentiation pattern and morphology by
12 days of culture (Fig. 2g, h). However, we noted a trend
toward accelerated erythroid differentiation for cells treat-
ed with UNC0638 as evidenced by the higher number of
polychromatophilic erythroblasts. These results suggest
that UNC0638 is a potent inducer of γ-globin mRNA
expression and HbF production, in the absence of signif-
icant cytotoxicity, in β0-thalassemia/HbE erythroid pro-
genitor cells.

UNC0638 treatment reveals additive effects with
pomalidomide and decitabine

To investigate the possibility for evenmore robust HbF induc-
tion for therapeutic purposes, the combined use of UNC0638
with two other potentially therapeutic HbF agents,
pomalidomide and decitabine, was evaluated in β0-thalasse-
mia/HbE erythroid progenitor cells. Based on preliminary da-
ta, the maximum HbF-inducing activities for pomalidomide
and decitabine were observed when 4.0 μM pomalidomide
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Fig. 2 UNC0638 potently increases γ-globin gene expression and HbF
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0.25 μM UNC0638 during days 4–14 of culture. a The percentage of
HbF analyzed by HPLC at day 14 of culture. b The increase in HbF
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and 0.1 μM decitabine were added to erythroid progenitor
cells during days 4–14 and 8–14 of culture, respectively.

Under these conditions, 4.0 μM pomalidomide and 0.25 μM
UNC0638 induced comparable levels of HbF while 0.1 μM
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decitabine showed less effective HbF-inducing activity
(Fig. 3a, b). We used half of these doses for all compounds
in the combination treatments to minimize cytotoxicity. We
found that the combination of 0.1 μM UNC0638 with either
2.0 μM pomalidomide or 0.05 μM decitabine additively in-
creased HbF levels in all samples. In particular, the strongest
response was observed when 0.1 μM UNC0638 was com-
bined with 2.0 μM pomalidomide, resulting in a 38.8 ± 5.0%
HbF increase (Fig. 3a, b and Supplementary Table S3). This
increase was significantly higher than that observed with any
single compound at both full and partial doses. We found that
0.1 μM UNC0638 plus 2.0 μM pomalidomide significantly
induced a 3.8-fold increase in γ-globin mRNA above baseline
in DMSO control with a coincident decrease in β-globin
mRNA level (Fig. 3c) in the absence of α-globin mRNA
change. To a lesser extent, we observed a similar result for
the combination of 0.1 μM UNC0638 and 0.05 μM
decitabine. The Δ%HbF increased from 18.5 ± 4.9% for
0.1 μM UNC0638 and 12.0 ± 4.4% for 0.05 μM decitabine
to 28.9 ± 6.3% in combination.

Erythroid cell viability and proliferation in the combination
treatment of 0.1 μM UNC0638 and 2.0 μM pomalidomide
was significantly but modestly reduced when compared to that
of single-molecule treatments (Fig. 3d, e), suggesting minimal
cytotoxic effects of this combinatorial regimen. Additionally,
the combination of 0.1μMUNC0638 and 0.05μMdecitabine
slightly decreased proliferation but not viability of erythroid
cells. We next determined erythroid differentiation after
12 days of culture by flow cytometry. We found that treatment
with UNC0638 or in combination with pomalidomide did not
change the erythroid differentiation pattern compared with
DMSO treatment (Fig. 3f). Interestingly, cells treated with
decitabine alone or decitabine plus UNC0638 exhibited a sig-
nificant increase in erythroid differentiation as shown by an
increase in polychromatophilic erythroblasts with a dimin-
ished number of basophilic erythroblasts (Fig. 3f). This result
suggested that decitabine may accelerate the differentiation of
β0-thalassemia/HbE erythroid progenitor cells.

Taken together, these results strongly suggest that
UNC0638 is a potent HbF inducer without cytotoxicity under
these tested conditions. UNC0638 exhibits additive effects
with pomalidomide and decitabine, implying that it induces
γ-globin mRNA and HbF expression through a mechanism of
action that differs from either pomalidomide or decitabine.
Further analyses of UNC0638 alone or in combination with
pomalidomide or decitabine may lead to improved treatments
for β-thalassemia.

Discussion

The induction of γ-globin and increase in HbF expression has
been shown to ameliorate the pathophysiology and severity of

β-thalassemia patients by reducing excess unmatchedα-globin
chains in red blood cells [9, 32, 33]. A current FDA-approved
HbF inducer, hydroxyurea, is not effective in more than 50% of
β-thalassemia patients [14], and therefore, more effective HbF
inducers are sorely needed. Several epigenetic modifying en-
zymes involved in γ-globin repression, including DNMT1,
LSD1, and EHMT1/2 histone methyltransferases, are attractive
therapeutic targets for induction of HbF [19]. Inhibition of
EHMT1 (GLP) and EHMT2 (G9a) histone methyltransferases
by the small chemical compound UNC0638 has shown to po-
tently induce γ-globin and HbF expression in erythroid pro-
genitor cells from normal adult donors by decreasing the re-
pressive histoneH3K9Me2mark at theγ-globin promoters and
by facilitating loop formation between the LCR and the γ-
globin promoters [24, 25, 31]. Moreover, UNC0638 treatment
does not affect the expression of key erythroid transcription
factors (GATA1, KLF1, andNFE2), or keyγ-globin repressors
(BCL11A and MYB) [25], suggesting that it does not induce
HbF expression via an effect on delayed erythroid differentia-
tion or downregulation of γ-globin repressors.

In this report, we further evaluated the effects of UNC0638
on HbF induction in β0-thalassemia/HbE erythroid progenitor
cells; as is well appreciated, these cells have very high HbF
baseline levels. We found that UNC0638 robustly increased γ-
globin mRNA, HbF, and F-cells in β0-thalassemia/HbE ery-
throid progenitor cell cultures. The HbF induction achieved by
UNC0638 treatment was 25.5 ± 4.2% above baseline levels,
which is comparable to previous reports in normal erythroid
progenitor cells [24, 25]. Moreover, UNC0638 exhibited HbF-
inducing activity similar to pomalidomide, while exhibiting
even stronger induction than decitabine under these culture
conditions. Interestingly, erythroid precursor cells from differ-
ent β0-thalassemia/HbE patients with varying HbF baseline
levels all exhibited a similar degree of HbF induction in re-
sponse to UNC0638 treatment. These data demonstrated that
UNC0638 potently induced HbF expression inβ0-thalassemia/
HbE erythroid progenitor cells regardless of specific β0-thalas-
semia mutations or HbF baseline levels.

In agreement with a previous study [24], the level of HbF
induction was more pronounced when UNC0638 was added
at an early stage (day 4) than when added in a late stage (day
8) of erythroid differentiation. Since the pattern of globin gene
expression is highly regulated and still reversible during early
erythroid differentiation stages, UNC0638 was shown to act
more effectively during this period. Thus, the time of addition
of UNC0638 in erythroid cell culture was critical for
inhibiting EHMT1/2 and reactivating HbF expression.

Combinatorial therapy bymultiple HbF inducers is a prom-
ising therapeutic strategy to achieve clinical improvement in
patients. Given that the major limitation of combination ther-
apy is the increase in toxicity, we therefore used half the
amount determined to be the most effective concentration of
each compound in combination to achieve greater HbF
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induction and avoid adverse effects in comparison to single-
drug treatment. Pomalidomide, an FDA-approved immuno-
modulatory drug for the treatment of multiple myeloma, has
been shown to induce γ-globin and HbF expression, at least
partially through the downregulation of BCL11A and SOX6
[26–28, 34]. Decitabine, a DNMT1 inhibitor, has been shown
to induce γ-globin and HbF expression in patients with SCD
[35, 36] and β-thalassemia [20]. Here, we found that the com-
bination of UNC0638 with pomalidomide or with decitabine
increased HbF expression more than any of the three individ-
ually. Although, we observed a statistically significant reduc-
tion in viability and proliferation of cells treated with
UNC0638 plus pomalidomide, these reductions were modest
when compared to treatment with any single agent (full or half
doses) or DMSO alone. Further studies examining precise
dose titration of these compounds in a combination regimen
would reduce the negative effect on cell viability and prolif-
eration while potentially maintaining the high level of HbF
induction. Interestingly, the differential HbF generated by
the combination of UNC0638 and pomalidomide was greater
than 30% of total hemoglobin, which is the level that has been
demonstrated to achieve a significant clinical improvement of
patients with SCD [37–40] and β-thalassemia [14]. These
results suggest that the combination of compounds that have
different mechanisms of action has the potential to additively
increase HbF expression.

Although UNC0638 has demonstrated a strong HbF-
inducing activity in ex vivo erythroid cell culture systems,
its in vivo pharmacokinetic properties are poor due to a lack
of drug-like properties [41]. Further development of EHMT1/
2 inhibitors with higher potency and improved in vivo phar-
macokinetic properties should reveal novel HbF inducers that
would be suitable for clinical applications.

In summary, the present study confirms that inhibition of
EHMT1/2 histone methyltransferases by a small molecule,
UNC0638, exhibits strongly elevated HbF induction in β-
thalassemia/HbE erythroid progenitor cells. Furthermore,
UNC0638 was shown to have additive effects on HbF induc-
tion when combined with either pomalidomide or decitabine.
Therefore, searching for novel potent and selective EHMT1/2
inhibitors with improved drug-like properties may lead to clin-
ical application in the treatment of β-thalassemia.

Acknowledgments The authors would like to thank the patients and their
families for their contributions to this study, and Thongperm
Munkongdee, Nattrika Buasuwan, and Nurmeeha Hinna for their assis-
tance with the DNA diagnosis for thalassemia and hemoglobin analysis.
The technical assistance of GreggoryMyers and the editorial assistance of
Kim-Chew Lim (all at the University of Michigan) is greatly appreciated.

Authors’ contributions Contribution: T.N., P.K., and N.J. designed the
research; T.N., P.K., P.P., and W.K. performed the experiments; T.N.,
P.K., and N.J. analyzed the data; D.S., K.P., S.H., and S.F. provided the
samples and resources; T.N., J.D.E., and N.J. wrote the manuscript; O.S.,

J.D.E., S.H., S.F., and N.J. conceptualized the idea and supervised the
project; and all the authors read and approved the final manuscript.

Funding information This work was supported by grants from Mahidol
University; the Thailand Research Fund (MRG5680092); the Office of
the Higher Education Commission; and the Program Management Unit
for Human resources & Institutional Development, Research and
Innovation to N.J. P.P was supported by the Siriraj Graduate Scholarship.

Compliance with ethical standards

Competing interests The authors declare that they have no competing
interests.

Ethics approval The study was approved by Institutional Review
Boards of Mahidol University and was conducted in accordance with
the 1964 Helsinki declaration and its later amendments or comparable
ethical standards. Written informed consent was obtained from all partic-
ipants before being included in the study.

References

1. Weatherall DJ (2010) The inherited diseases of hemoglobin are an
emerging global health burden. Blood 115(22):4331–4336. https://
doi.org/10.1182/blood-2010-01-251348

2. Galanello R, Origa R (2010) Beta-thalassemia. Orphanet J Rare Dis
5:11. https://doi.org/10.1186/1750-1172-5-11

3. Rund D, Rachmilewitz E (2005) Beta-thalassemia. N Engl J Med
353(11):1135–1146. https://doi.org/10.1056/NEJMra050436

4. Olivieri NF, Pakbaz Z, Vichinsky E (2011) Hb E/beta-thalassae-
mia: a common & clinically diverse disorder. Indian J Med Res
134:522–531

5. Fucharoen S, Weatherall DJ (2012) The hemoglobin E thalasse-
mias. Cold Spring Harb Perspect Med 2(8). https://doi.org/10.
1101/cshperspect.a011734

6. Thompson AA,WaltersMC, Kwiatkowski J, Rasko JEJ, Ribeil JA,
Hongeng S,Magrin E, Schiller GJ, Payen E, SemeraroM,Moshous
D, Lefrere F, Puy H, Bourget P, Magnani A, Caccavelli L, Diana
JS, Suarez F, Monpoux F, Brousse V, Poirot C, Brouzes C, Meritet
JF, Pondarre C, Beuzard Y, Chretien S, Lefebvre T, Teachey DT,
Anurathapan U, Ho PJ, von Kalle C, Kletzel M, Vichinsky E, Soni
S, Veres G, Negre O, Ross RW, Davidson D, Petrusich A, Sandler
L, Asmal M, Hermine O, De Montalembert M, Hacein-Bey-Abina
S, Blanche S, Leboulch P, Cavazzana M (2018) Gene therapy in
patients with transfusion-dependent beta-Thalassemia. N Engl J
Med 378 (16 ) :1479–1493 . h t t p s : / / do i .o rg /10 .1056 /
NEJMoa1705342

7. Winichagoon P, Fucharoen S, Chen P, Wasi P (2000) Genetic fac-
tors affecting clinical severity in beta-thalassemia syndromes. J
Pediatr Hematol Oncol 22(6):573–580. https://doi.org/10.1097/
00043426-200011000-00026

8. Sripichai O, Munkongdee T, Kumkhaek C, Svasti S, Winichagoon
P, Fucharoen S (2008) Coinheritance of the different copy numbers
of alpha-globin gene modifies severity of beta-thalassemia/Hb E
disease. Ann Hematol 87(5):375–379. https://doi.org/10.1007/
s00277-007-0407-2

9. Nuinoon M, Makarasara W, Mushiroda T, Setianingsih I,
Wahidiyat PA, Sripichai O, Kumasaka N, Takahashi A, Svasti S,
Munkongdee T, Mahasirimongkol S, Peerapittayamongkol C,
Viprakasit V, Kamatani N, Winichagoon P, Kubo M, Nakamura
Y, Fucharoen S (2010) A genome-wide association identified the
common genetic variants influence disease severity in beta0-

2034 Ann Hematol (2020) 99:2027–2036

https://doi.org/10.1182/blood-2010-01-251348
https://doi.org/10.1182/blood-2010-01-251348
https://doi.org/10.1186/1750-1172-5-11
https://doi.org/10.1056/NEJMra050436
https://doi.org/10.1101/cshperspect.a011734
https://doi.org/10.1101/cshperspect.a011734
https://doi.org/10.1056/NEJMoa1705342
https://doi.org/10.1056/NEJMoa1705342
https://doi.org/10.1097/00043426-200011000-00026
https://doi.org/10.1097/00043426-200011000-00026
https://doi.org/10.1007/s00277-007-0407-2
https://doi.org/10.1007/s00277-007-0407-2


thalassemia/hemoglobin E. Hum Genet 127(3):303–314. https://
doi.org/10.1007/s00439-009-0770-2

10. Charache S, Terrin ML, Moore RD, Dover GJ, Barton FB, Eckert
SV, McMahon RP, Bonds DR (1995) Effect of hydroxyurea on the
frequency of painful crises in sickle cell anemia. Investigators of the
multicenter study of hydroxyurea in sickle cell anemia. N Engl J
Med 332(20 ) :1317–1322 . h t t p s : / / do i . o rg / 10 .1056 /
NEJM199505183322001

11. Fucharoen S, Siritanaratkul N, Winichagoon P, Chowthaworn J,
Siriboon W, Muangsup W, Chaicharoen S, Poolsup N,
Chindavijak B, Pootrakul P, Piankijagum A, Schechter AN,
Rodgers GP (1996) Hydroxyurea increases hemoglobin F levels
and improves the effectiveness of erythropoiesis in beta-thalasse-
mia/hemoglobin E disease. Blood 87(3):887–892

12. Loukopoulos D, Voskaridou E, Stamoulakatou A, Papassotiriou Y,
Kalotychou V, Loutradi A, Cozma G, Tsiarta H, Pavlides N (1998)
Hydroxyurea therapy in thalassemia. Ann N Y Acad Sci 850:120–
128. https://doi.org/10.1111/j.1749-6632.1998.tb10469.x

13. Fathallah H, Sutton M, Atweh GF (2005) Pharmacological induc-
tion of fetal hemoglobin: why haven't we been more successful in
thalassemia? Ann N Y Acad Sci 1054:228–237. https://doi.org/10.
1196/annals.1345.029

14. Musallam KM, Taher AT, Cappellini MD, Sankaran VG (2013)
Clinical experience with fetal hemoglobin induction therapy in pa-
tients with beta-thalassemia. Blood 121(12):2199–2212; quiz
2372. https://doi.org/10.1182/blood-2012-10-408021

15. Platt OS (2008) Hydroxyurea for the treatment of sickle cell ane-
mia. N Engl J Med 358(13):1362–1369. https://doi.org/10.1056/
NEJMct0708272

16. Niihara Y, Miller ST, Kanter J, Lanzkron S, Smith WR, Hsu LL,
Gordeuk VR, Viswanathan K, Sarnaik S, Osunkwo I, Guillaume E,
Sadanandan S, Sieger L, Lasky JL, Panosyan EH, Blake OA, New
TN, Bellevue R, Tran LT, Razon RL, Stark CW, Neumayr LD,
Vichinsky EP, Investigators of the Phase 3 Trial of l-Glutamine in
Sickle Cell D (2018) A phase 3 trial of l-glutamine in sickle cell
disease. N Engl J Med 379(3):226–235. https://doi.org/10.1056/
NEJMoa1715971

17. Cui S, Kolodziej KE, Obara N, Amaral-Psarris A, Demmers J, Shi
L, Engel JD, Grosveld F, Strouboulis J, Tanabe O (2011) Nuclear
receptors TR2 and TR4 recruit multiple epigenetic transcriptional
corepressors that associate specifically with the embryonic beta-
type globin promoters in differentiated adult erythroid cells. Mol
Cell Biol 31(16):3298–3311. https://doi.org/10.1128/MCB.05310-
11

18. Xu J, Bauer DE, Kerenyi MA, Vo TD, Hou S, Hsu YJ, Yao H,
Trowbridge JJ, Mandel G, Orkin SH (2013) Corepressor-dependent
silencing of fetal hemoglobin expression by BCL11A. Proc Natl
Acad Sci U S A 110(16):6518–6523. https://doi.org/10.1073/pnas.
1303976110

19. Lavelle D, Engel JD, Saunthararajah Y (2018) Fetal hemoglobin
induction by epigenetic drugs. Semin Hematol 55(2):60–67. https://
doi.org/10.1053/j.seminhematol.2018.04.008

20. Olivieri NF, Saunthararajah Y, Thayalasuthan V, Kwiatkowski J,
Ware RE, Kuypers FA, Kim HY, Trachtenberg FL, Vichinsky EP,
Thalassemia Clinical Research N (2011) A pilot study of subcuta-
neous decitabine in beta-thalassemia intermedia. Blood 118(10):
2708–2711. https://doi.org/10.1182/blood-2011-03-341909

21. Fucharoen S, Inati A, Siritanaratku N, Thein SL, Wargin WC,
Koussa S, Taher A, Chaneim N, Boosalis M, Berenson R, Perrine
SP (2013) A randomized phase I/II trial of HQK-1001, an oral fetal
globin gene inducer, in beta-thalassaemia intermedia and HbE/beta-
thalassaemia. Br J Haematol 161(4):587–593. https://doi.org/10.
1111/bjh.12304

22. Shi L, Cui S, Engel JD, Tanabe O (2013) Lysine-specific
demethylase 1 is a therapeutic target for fetal hemoglobin induc-
tion. Nat Med 19(3):291–294. https://doi.org/10.1038/nm.3101

23. Cui S, Lim KC, Shi L, Lee M, Jearawiriyapaisarn N, Myers G,
Campbell A, Harro D, Iwase S, Trievel RC, Rivers A, DeSimone
J, Lavelle D, Saunthararajah Y, Engel JD (2015) The LSD1 inhib-
itor RN-1 induces fetal hemoglobin synthesis and reduces disease
pathology in sickle cell mice. Blood 126(3):386–396. https://doi.
org/10.1182/blood-2015-02-626259

24. Krivega I, Byrnes C, de Vasconcellos JF, Lee YT, Kaushal M,
Dean A, Miller JL (2015) Inhibition of G9a methyltransferase stim-
ulates fetal hemoglobin production by facilitating LCR/gamma-
globin looping. Blood 126(5):665–672. https://doi.org/10.1182/
blood-2015-02-629972

25. Renneville A, Van Galen P, Canver MC, McConkey M, Krill-
Burger JM, Dorfman DM, Holson EB, Bernstein BE, Orkin SH,
Bauer DE, Ebert BL (2015) EHMT1 and EHMT2 inhibition in-
duces fetal hemoglobin expression. Blood 126(16):1930–1939.
https://doi.org/10.1182/blood-2015-06-649087

26. Moutouh-de Parseval LA, Verhelle D, Glezer E, Jensen-Pergakes
K, Ferguson GD, Corral LG, Morris CL, Muller G, Brady H, Chan
K (2008) Pomalidomide and lenalidomide regulate erythropoiesis
and fetal hemoglobin production in human CD34+ cells. J Clin
Invest 118(1):248–258. https://doi.org/10.1172/JCI32322

27. Dulmovits BM, Appiah-Kubi AO, Papoin J, Hale J, He M, Al-
Abed Y, Didier S, Gould M, Husain-Krautter S, Singh SA, Chan
KW, Vlachos A, Allen SL, Taylor N, Marambaud P, An X,
Gallagher PG, Mohandas N, Lipton JM, Liu JM, Blanc L (2016)
Pomalidomide reverses gamma-globin silencing through the tran-
scriptional reprogramming of adult hematopoietic progenitors.
Blood 127(11):1481–1492. https://doi.org/10.1182/blood-2015-
09-667923

28. Khamphikham P, Nualkaew T, Pongpaksupas in P ,
Kaewsakulthong W, Songdej D, Paiboonsukwong K, Engel JD,
Hongeng S, Fucharoen S, Sripichai O, Jearawiriyapaisarn N
(2020) High-level induction of fetal haemoglobin by
pomalidomide in beta-thalassaemia/HbE erythroid progenitor
cells. Br J Haematol. https://doi.org/10.1111/bjh.16670

29. Sripichai O, Kiefer CM, Bhanu NV, Tanno T, Noh SJ, Goh SH,
Russell JE, Rognerud CL, OuCN, Oneal PA,Meier ER, Gantt NM,
Byrnes C, Lee YT, Dean A, Miller JL (2009) Cytokine-mediated
increases in fetal hemoglobin are associated with globin gene his-
tone modification and transcription factor reprogramming. Blood
114(11):2299–2306. https://doi.org/10.1182/blood-2009-05-
219386

30. Shinkai Y, Tachibana M (2011) H3K9 methyltransferase G9a and
the related molecule GLP. Genes Dev 25(8):781–788. https://doi.
org/10.1101/gad.2027411

31. Chen X, Skutt-Kakaria K, Davison J, Ou YL, Choi E, Malik P,
Loeb K, Wood B, Georges G, Torok-Storb B, Paddison PJ (2012)
G9a/GLP-dependent histone H3K9me2 patterning during human
hematopoietic stem cell lineage commitment. Genes Dev 26(22):
2499–2511. https://doi.org/10.1101/gad.200329.112

32. Uda M, Galanello R, Sanna S, Lettre G, Sankaran VG, Chen W,
Usala G, Busonero F, Maschio A, Albai G, Piras MG, Sestu N, Lai
S, Dei M, Mulas A, Crisponi L, Naitza S, Asunis I, Deiana M,
Nagaraja R, Perseu L, Satta S, Cipollina MD, Sollaino C, Moi P,
Hirschhorn JN, Orkin SH, Abecasis GR, Schlessinger D, Cao A
(2008) Genome-wide association study shows BCL11A associated
with persistent fetal hemoglobin and amelioration of the phenotype
of beta-thalassemia. Proc Natl Acad Sci U S A 105(5):1620–1625.
https://doi.org/10.1073/pnas.0711566105

33. MusallamKM, SankaranVG, CappelliniMD, Duca L, NathanDG,
Taher AT (2012) Fetal hemoglobin levels and morbidity in
untransfused patients with beta-thalassemia intermedia. Blood
119(2):364–367. https://doi.org/10.1182/blood-2011-09-382408

34. Meiler SE,WadeM, Kutlar F, Yerigenahally SD, XueY,Moutouh-
de Parseval LA, Corral LG, Swerdlow PS, Kutlar A (2011)
Pomalidomide augments fetal hemoglobin production without the

2035Ann Hematol (2020) 99:2027–2036

https://doi.org/10.1007/s00439-009-0770-2
https://doi.org/10.1007/s00439-009-0770-2
https://doi.org/10.1056/NEJM199505183322001
https://doi.org/10.1056/NEJM199505183322001
https://doi.org/10.1111/j.1749-6632.1998.tb10469.x
https://doi.org/10.1196/annals.1345.029
https://doi.org/10.1196/annals.1345.029
https://doi.org/10.1182/blood-2012-10-408021
https://doi.org/10.1056/NEJMct0708272
https://doi.org/10.1056/NEJMct0708272
https://doi.org/10.1056/NEJMoa1715971
https://doi.org/10.1056/NEJMoa1715971
https://doi.org/10.1128/MCB.05310-11
https://doi.org/10.1128/MCB.05310-11
https://doi.org/10.1073/pnas.1303976110
https://doi.org/10.1073/pnas.1303976110
https://doi.org/10.1053/j.seminhematol.2018.04.008
https://doi.org/10.1053/j.seminhematol.2018.04.008
https://doi.org/10.1182/blood-2011-03-341909
https://doi.org/10.1111/bjh.12304
https://doi.org/10.1111/bjh.12304
https://doi.org/10.1038/nm.3101
https://doi.org/10.1182/blood-2015-02-626259
https://doi.org/10.1182/blood-2015-02-626259
https://doi.org/10.1182/blood-2015-02-629972
https://doi.org/10.1182/blood-2015-02-629972
https://doi.org/10.1182/blood-2015-06-649087
https://doi.org/10.1172/JCI32322
https://doi.org/10.1182/blood-2015-09-667923
https://doi.org/10.1182/blood-2015-09-667923
https://doi.org/10.1111/bjh.16670
https://doi.org/10.1182/blood-2009-05-219386
https://doi.org/10.1182/blood-2009-05-219386
https://doi.org/10.1101/gad.2027411
https://doi.org/10.1101/gad.2027411
https://doi.org/10.1101/gad.200329.112
https://doi.org/10.1073/pnas.0711566105
https://doi.org/10.1182/blood-2011-09-382408


myelosuppressive effects of hydroxyurea in transgenic sickle cell
mice. Blood 118(4):1109–1112. https://doi.org/10.1182/blood-
2010-11-319137

35. DeSimone J, Koshy M, Dorn L, Lavelle D, Bressler L, Molokie R,
Talischy N (2002) Maintenance of elevated fetal hemoglobin levels
by decitabine during dose interval treatment of sickle cell anemia.
Blood 99(11):3905–3908. https://doi.org/10.1182/blood.v99.11.
3905

36. Saunthararajah Y, Hillery CA, Lavelle D, Molokie R, Dorn L,
Bressler L, Gavazova S, Chen YH, Hoffman R, DeSimone J
(2003) Effects of 5-aza-2′-deoxycytidine on fetal hemoglobin
levels, red cell adhesion, and hematopoietic differentiation in pa-
tients with sickle cell disease. Blood 102(12):3865–3870. https://
doi.org/10.1182/blood-2003-05-1738

37. Noguchi CT, Rodgers GP, Serjeant G, Schechter AN (1988) Levels
of fetal hemoglobin necessary for treatment of sickle cell disease. N
Engl J Med 318(2) :96–99. h t tps : / /do i .o rg /10 .1056/
NEJM198801143180207

38. Charache S, Dover GJ, Moore RD, Eckert S, Ballas SK, Koshy M,
Milner PF, Orringer EP, Phillips G Jr, Platt OS et al (1992)
Hydroxyurea: effects on hemoglobin F production in patients with
sickle cell anemia. Blood 79(10):2555–2565

39. Voskaridou E, Christoulas D, Bilalis A, Plata E, Varvagiannis K,
Stamatopoulos G, Sinopoulou K, Balassopoulou A, Loukopoulos
D, Terpos E (2010) The effect of prolonged administration of hy-
droxyurea on morbidity and mortality in adult patients with sickle
cell syndromes: results of a 17-year, single-center trial (LaSHS).
Blood 115(12):2354–2363. https://doi.org/10.1182/blood-2009-
05-221333

40. Steinberg MH, Chui DH, Dover GJ, Sebastiani P, Alsultan A
(2014) Fetal hemoglobin in sickle cell anemia: a glass half full?
Blood 123(4):481–485. https://doi.org/10.1182/blood-2013-09-
528067

41. Liu F, Barsyte-Lovejoy D, Li F, Xiong Y, Korboukh V, Huang XP,
Allali-Hassani A, Janzen WP, Roth BL, Frye SV, Arrowsmith CH,
Brown PJ, VedadiM, Jin J (2013) Discovery of an in vivo chemical
probe of the lysine methyltransferases G9a and GLP. J Med Chem
56(21):8931–8942. https://doi.org/10.1021/jm401480r

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

2036 Ann Hematol (2020) 99:2027–2036

https://doi.org/10.1182/blood-2010-11-319137
https://doi.org/10.1182/blood-2010-11-319137
https://doi.org/10.1182/blood.v99.11.3905
https://doi.org/10.1182/blood.v99.11.3905
https://doi.org/10.1182/blood-2003-05-1738
https://doi.org/10.1182/blood-2003-05-1738
https://doi.org/10.1056/NEJM198801143180207
https://doi.org/10.1056/NEJM198801143180207
https://doi.org/10.1182/blood-2009-05-221333
https://doi.org/10.1182/blood-2009-05-221333
https://doi.org/10.1182/blood-2013-09-528067
https://doi.org/10.1182/blood-2013-09-528067
https://doi.org/10.1021/jm401480r


doses).11 This adds weight to the argument of starting chela-

tion with deferasirox early in the course of MDS when lower

doses may suffice and improve compliance.
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High-level induction of fetal haemoglobin by pomalidomide in
b-thalassaemia/HbE erythroid progenitor cells

Studies have shown that increased expression of fetal haemo-

globin (HbF; a2c2) can ameliorate red blood cell deficiencies

in patients with b-thalassaemia and sickle cell disease (SCD).1–3

Pharmacological induction of HbF expression in b-thalas-
saemia has been investigated using several classes of small

molecules,4 including 5-azacytidine,5 decitabine,6 hydrox-

yurea,7 LSD1 inhibitors (tranylcypromine and RN-1),8,9 and

short chain fatty acid derivatives.10,11 Among these molecules,

hydroxyurea is the only U.S. Food and Drug Administration

(FDA) currently approved drug for the treatment of SCD and/

or b-thalassaemia. However, hydroxyurea has shown modest

and variable responses with potential myelosuppression in b-
thalassaemia patients. Therefore, more robust and safer HbF

therapeutics are highly desired.

Pomalidomide, an FDA-approved immunomodulatory

drug for the treatment of multiple myeloma,12,13 stimulates

c-globin mRNA and HbF expression in erythroid progenitor

cells by downregulating factors involved in c-globin repres-

sion, including BCL11A, SOX6, GATA1, KLF1 and LSD1.14–16

In addition, treatment of a humanized mouse model of SCD

with pomalidomide induced comparable HbF expression to

hydroxyurea, but without myelosuppressive effects.15
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Here, we investigated the therapeutic potential of poma-

lidomide and its combined effects with other HbF inducers,

including hydroxyurea, decitabine and RN-1, in erythroid

progenitor cells from compound heterozygous b0-thalas-
saemia/HbE (HBB:c.79G>A) patients (Table SI) using a

three-phase liquid culture system that supports terminal mat-

uration of erythroid cells (Data S1 and Fig S1). Comparison

of results using optimal conditions for each compound (Figs

S2 and S3) revealed that pomalidomide was much more

effective in inducing HbF expression than hydroxyurea, deci-

tabine or RN-1 (Fig 1A,B). The greatest increase in HbF per-

centage from the baseline level was observed in

pomalidomide-treated cells, achieving 25�6 � 1�1% as deter-

mined by high-performance liquid chromatography (HPLC)

(Fig 1A,B). b0-thalassaemia/HbE precursors from patients of

different b0-thalassemic mutations (Table SI) showed simi-

larly increased levels of HbF induction in response to poma-

lidomide treatment. This result suggested that deficient

progenitors, regardless of specific b0-thalassemic mutation or

baseline HbF level, are all susceptible to strong induction

with pomalidomide (Fig 1A,B and Tables SI and SII). The

percentage of cells expressing HbF (F cells) increased from

49�8 � 4�7% for dimethyl sulfoxide (DMSO) controls to

60�6 � 2�5% after pomalidomide treatment (Fig S4). By

quantitative reverse transcription polymerase chain reaction

(RT-PCR), we found that pomalidomide significantly

increased c-globin (HBG) mRNA expression, achieving a

2�3 � 0�3-fold increase over control cells, with coincidentally

diminished b-globin (HBB) expression, without significant

change in a-globin (HBA) expression (Fig 1C).

To enhance the level of HbF induction, we investigated the

effects of combined treatment of pomalidomide either with or

without other pharmacological HbF inducers. The combination

of pomalidomide and decitabine had an additive effect on

induction, as shown by the differential HbF level (D%
HbF = 36�7 � 1�3) when compared to treatment with any sin-

gle agent (Fig 1A,B). Hydroxyurea did not generate any addi-

tional increase in HbF when combined with pomalidomide. The

Fig 1. Robust HbF induction in b0-thalassaemia/HbE erythroid cells by pomalidomide alone or in combination with other HbF inducers. b0-Tha-
lassaemia/HbE erythroblasts were treated with 4�0 lmol/l pomalidomide only (Pom, from day 4–14), 1�0 lmol/l hydroxyurea only (HU, from

day 8–14), 0�1 lmol/l decitabine only (DAC, from day 8–14), 0�02 lmol/l RN-1 only (from day 8–14), or in combination of Pom with HU, with

DAC, or with RN-1. (A) Representative high-performance liquid chromatograms (HPLC) showing haemoglobin composition at day 14 of ery-

throid differentiation. (B) The percentage of HbF relative to total Hb (%HbF + %HbE) determined by HPLC at day 14 of erythroid differentia-

tion. The increase in HbF percentage after treatment from the baseline level in dimethyl sulfoxide (DMSO) control was expressed as D%HbF (%

HbF [compound treatment] – %HbF [DMSO control]). Mean � standard error of the mean [SEM], n = 10 for HU, DAC and RN-1; n = 15 for

Pom, Pom + HU and Pom + DAC; and n = 13 for Pom + RN-1. (C) Quantitative reverse transcription polymerase chain reaction analysis show-

ing relative HBA, HBB and HBG mRNA expression levels normalised to b-actin (ACTB) at day 12 of erythroid differentiation. Data are presented

as the mean (� SEM) of relative fold change of DMSO (n = 5) *P < 0�05; **P < 0�005; ***P < 0�0005; ****P < 0�0001.
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combination of pomalidomide and RN-1 did increase the per-

centage of HbF (Fig 1A,B) and at the same time reduced HBA,

HBB and HBG mRNA expression (Fig 1C), suggesting that this

combination negatively affected total globin mRNA expression.

Taken together, these results suggest that pomalidomide and

decitabine act through independent pathways to induce, addi-

tively, high-level HbF expression, implying a cooperative thera-

peutic potential for the treatment of b-thalassaemia.

We next determined the cytotoxicity of treatments and

found that pomalidomide did not significantly affect ery-

throid cell proliferation (Fig S5A) or viability (Fig S5B).

However, pomalidomide plus decitabine showed a reduction

in cell proliferation on day 12 of culture without affecting

cell viability. Erythroid cell proliferation and viability were

significantly reduced in cells exposed to pomalidomide plus

RN-1 (Fig S5A,B), suggesting toxicity of the latter combina-

tion. Analysis of erythroid differentiation of cells treated with

hydroxyurea or pomalidomide plus hydroxyurea was similar

to that of DMSO-treated cells (Fig 2A,B), suggesting that

these treatments did not affect erythroid terminal differentia-

tion. We noted a trend towards increased differentiation of

cells treated with pomalidomide, RN-1 and pomalidomide

plus RN-1, compared with the controls. Interestingly, signifi-

cantly accelerated erythroid differentiation was observed in

decitabine alone and pomalidomide plus decitabine, as evi-

denced by elevated transferrin receptor (CD71)medium/(gly-

cophorin A (GPA)high population and decreased CD71high/

GPAhigh cells (Fig 2A,B). Similarly, modified Giemsa-stained

cytospins showed an increased number of late-stage ery-

throblasts in cells exposed to decitabine alone and pomalido-

mide plus decitabine when compared to control cells,

indicating a shift towards normal erythroid cell maturation

(Fig 2C and Fig S1). These results suggested that the differ-

entiation of b0-thalassaemia/HbE progenitor cells signifi-

cantly improved after treatment with either decitabine alone

or pomalidomide plus decitabine.

To investigate the effects of pomalidomide plus or minus

these effectors on transcriptional regulation in b-thalassaemic

erythroid progenitor cells, quantitative RT-PCR analyses

revealed that one key c-globin repressor mRNA, BCL11A, was

only slightly reduced after treatment with pomalidomide or

pomalidomide plus hydroxyurea. BCL11A was significantly

downregulated (by 1�8- and 5�6-fold) after treatment with

pomalidomide plus decitabine or pomalidomide plus RN-1

respectively (Fig 2D). Moreover, the expression of SOX6,

GATA1, HBS1L and LRF were modestly but significantly

downregulated by pomalidomide, whereas other erythroid

regulators were unaffected (Fig 2D and Fig S6). In addition,

combined pomalidomide and decitabine treatment, which

showed additive effects on HbF induction, reduced the expres-

sion of KLF1, LSD1 and CHD4. The combination of poma-

lidomide plus RN-1 significantly affected the expression of

several key regulators, including KLF1, SOX6, GATA1, HBS1L,

DNMT1, LSD1, ID2, CHD4, FOXO3, NRF2 and MYB (Fig 2D

and Fig S6), consistent with the fact that this same combina-

tion significantly reduced cell proliferation and viability (Fig

S5). Taken together, these results indicate that the mecha-

nisms of action of pomalidomide and several co-effectors in

induction of HbF expression partly involve transcriptional

regulation of key HbF repressors and/or co-repressors.

In summary, the present data show that pomalidomide is

a potent HbF inducer and is more potent than hydroxyurea.

The combination of pomalidomide and decitabine provide

additive effects in inducing HbF expression in erythroid cells

from b0-thalassaemia/HbE patients. Despite these promising

results, it must be emphasized that the potential risks associ-

ated with the use of pomalidomide include developmental

defects (if taken during pregnancy), thrombosis and pancy-

topenia,17 which are similar to the toxicities of the parental

drugs, lenalidomide and thalidomide. Development of poma-

lidomide structural refinements or analogues with similar

biological effects may lead to future, fully effective, reduced

adverse effects and possible clinical application.
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Fig 2. Effect of pomalidomide and its combinations on erythroid differentiation and mRNA expression of HbF regulators in cultured erythroid

cells from b0-thalassaemia/HbE patients. b0-Thalassaemia/HbE erythroblasts were treated with 4�0 lmol/l pomalidomide only (Pom, from day 4

–14), 1�0 lmol/l hydroxyurea only (HU, from day 8–14), 0�1 lmol/l decitabine only (DAC, from day 8– 14), 0�02 lmol/l RN-1 only (from day

8–14), the combination of Pom with HU, with DAC, or with RN-1. (A) Representative flow cytometry dot plots for erythroid differentiation

analysis on day 12 of culture. Erythroid cells were gated into R1 to R4 populations according to the expression levels of transferrin receptor

(CD71) and glycophorin A (GPA/CD235a). (B) The histogram represents the quantitation of erythroid subpopulations analysed by flow cytome-

try. (mean � SEM, n = 3). *P < 0�05; **P < 0�005, relative to dimethyl sulfoxide (DMSO) control. (C) Representative modified Giemsa-stained

cytospins at day 12 of culture showing erythroid morphology after DMSO or compound treatments. Scale bar = 10 lm. (D) Relative mRNA

abundance of known HbF regulators normalized to b-actin (ACTB) determined by quantitative reverse transcription polymerase chain reaction at

day 12 of erythroid cell culture. Gene names are shown at the top of each histogram. Data are presented as the mean (� SEM) of relative fold

change of DMSO . (n = 5) *P < 0�05; **P < 0�005; ****P < 0�0001.
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Fig S2. Time- and dose-dependent inducing effects of

pomalidomide on HbF induction in erythroid cells from b0-
thalassaemia/HbE patients.

Fig S3. HbF-inducing effects of hydroxyurea (HU), decita-

bine (DAC), and RN-1 in erythroid cells from b0-thalas-
saemia/HbE patients.

Fig S4. Pomalidomide and its combinations increase ery-

throid cells expressing HbF (F-cells).

Fig S5. Effect of pomalidomide and its combinations on

cell proliferation, viability of cultured erythroid cells from

b0-thalassaemia/HbE patients.

Fig S6. Treatment of pomalidomide and its combinations

alter the expression of HbF regulators in b0-thalassaemia/

HbE erythroid cells.
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Clinical and biological correlates of the expression of select
Polycomb complex genes in Brazilian children with acute
promyelocytic leukaemia

De novo acute promyelocytic leukaemia (APL) is an aggres-

sive subtype that accounts for 5–10% of all childhood acute

myeloid leukaemia (AML). In some Latin American and

European populations, APL is more frequent than in other

geographic populations. Approximately 97% of patients with

APL present t(15;17)(q22;q21.1)/promyelocytic leukaemia

(PML)-retinoic acid receptor alpha (RARA) fusion protein

and nearly all of the affected patients respond to therapy

with all-trans retinoic acid (ATRA) combined with arsenic

trioxide (ATO).1 Additionally, studies in transgenic mice

revealed that this transcript is necessary, but not sufficient,

for APL development, suggesting that additional genetic or

epigenetic changes are also required for the APL establish-

ment.2

The FMS-like tyrosine kinase 3-internal tandem duplica-

tion (FLT3-ITD) has been frequently reported in patients

with APL presenting a more aggressive disease course, with

lower overall and disease-free survival rates. These mutations

are known to co-operate with other initiating events to

advance disease progression, but they do not initiate leukae-

mia independently.3 Regarding paediatric APL, genomic

studies reported that APL cells have fewer genetic alterations

than those from other AML subtypes.4 These data indicate

that childhood APL development may require more than just

genetic alterations to manifest the disease phenotype.

In this context, there are several reports on the epigenetic

alterations implicated in AML development, and they are

mainly presented in APL. For instance, patients with APL are

characterised by a specific DNA methylation pattern, which

may be due to relatively late events in APL leukaemogenesis,

contributing to APL maintenance rather than leukaemia ini-

tiation.5

Besides, PML/RARA induces a multitude of alterations in

chromatin architecture, including the recruitment of crucial

epigenetic-modifying factors, such as histone deacetylase

complexes and DNA methyltransferases. Moreover, pieces of

evidence have revealed that the Polycomb repressor complex

(PRC) could contribute to the alterations observed in the

typical APL epigenetic landscape.6

Polycomb group (PcG) proteins are histone modifiers in

two multiprotein complexes: Polycomb repressive complexes

1 and 2 (PRC1 and PRC2). Radulovic et al.6 highlighted the

emerging implications of these genes in haematopoietic neo-

plasms, including myeloid neoplasia. Therefore, changes in

the expression profile of individual PcG genes might yield

novel information about APL pathogenesis.

We evaluated the PcG gene levels, namely, enhancer of

zeste homologue 2 (EZH2), Yin and Yang 1 protein (YY1),

BMI1 proto-oncogene, Polycomb ring finger (BMI1) and

suppressor of zeste 12 protein homologue (SUZ12), in a

cohort of 25 Brazilian children with APL, with and without

a FLT3-ITD mutation. In addition, we compared them to

those found in patients with other AML subtypes, with

and without the FLT3 mutation, to verify whether this

mutation status could be associated with the APL epige-

netic landscape.

Amongst the 25 patients with APL, eight had additional

chromosome abnormalities that mostly involved chromo-

somes 6, 8, 20 and 21. In the AML group, 39 patients had

their karyotype evaluated and the abnormalities detected

were as follows: 15 (38�5%) presented with lysine methyl-

transferase 2A (KMT2A) gene abnormalities; eight (20�5%)

presented with non-recurrent chromosome abnormalities;

four (10�3%) presented with RUNX1 translocation partner 1

(RUNX1)/RUNXT1 fusion genes; four (10�3%) presented

with core binding factor subunit beta (CBFB)/myosin heavy

chain 11 (MYH11) fusion genes; four (10�3%) presented with

normal karyotypes; three (7�7%) presented with abnormali-

ties in chromosomes 5 and 7; and one (2�4%) presented with

no mitosis. In relation to FLT3 status, 21 (30�9%) patients

had FLT3-ITD mutations, 13 (61�9%) were patients with

APL and eight (38�1%) were patients with AML [AML-M5

(five patients), AML-M2 (two) and AML-M6 (one)] (Clinical

data are in Table S1).
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