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Pharmacological Induction of Human Fetal Globin Gene in
Hydroxyurea-Resistant Primary Adult Erythroid Cells

Yu-Chi Chou,a Ruei-Lin Chen,a Zheng-Sheng Lai,a Jen-Shin Song,b Yu-Sheng Chao,b Che-Kun James Shena

Institute of Molecular Biology, Academia Sinica, Taipei, Taiwana; Institute of Biotechnology and Pharmaceutical Research, National Health Research Institutes, Miaoli,
Taiwanb

Pharmacological induction of the fetal � globin gene and the consequent formation of HbF (�2/�2) in adult erythroid cells are
one feasible therapeutic strategy for sickle cell disease (SCD) and severe �-thalassemias. Hydroxyurea (HU) is the current drug
of choice for SCD, but serious side effects limit its clinical use. Moreover, 30 to 50% of patients are irresponsive to HU treatment.
We have used high-throughput screening to identify benzo[de]benzo[4,5]imidazo[2,1-a]isoquinolin-7-one and its derivatives
(compounds I to VI) as potent � globin inducers. Of the compounds, I to V exert superior � globin induction and have better
therapeutic potential than HU, likely because of their activation of the p38 mitogen-activated protein kinase (MAPK) signaling
pathway and modulation of expression levels and/or chromosome binding of � globin gene regulators, including BCL11A, and
chromatin structure over the � globin promoter. Unlike sodium butyrate (NaB), the global levels of acetylated histones H3 and
H4 are not changed by compound II treatment. Remarkably, compound II induces the � globin gene in HU-resistant primary
human adult erythroid cells, the p38 signaling pathway of which appears to be irresponsive to HU and NaB as well as compound
II. This study provides a new framework for the development of new and superior compounds for treating SCD and severe
�-thalassemias.

The expression of �-like globin chains (� [embryonic] and �
[fetal/adult]) and �-like globin chains (ε [embryonic], � [fe-

tal], and � [adult]) is under temporal control during human de-
velopment. Genetic defects such as deletions or mutations inside
the globin gene loci result in abnormal expression of the hemo-
globins and consequent hemoglobinopathies (1). �-Thalassemia
and sickle cell disease (SCD) are the two most common hemoglo-
binopathies (2). Patients with severe �-thalassemia are defective
in generation of the adult � globin chain and become profoundly
anemic when the hemoglobin switch is completed from HbF (�2/
�2) to HbA (�2/�2). With the generation of functional HbA im-
paired, patients with �-thalassemia major require regular blood
transfusion to replenish their HbA for survival. On the other
hand, patients with SCD produce mutated sickle hemoglobin HbS
(�2/�s

2), which polymerizes under low-oxygen conditions and
distorts the red blood cells into the characteristic sickle shape (3).

Pharmacologic induction of HbF expression has been sug-
gested to be a useful strategy for modulation of anemia and related
symptoms in severely hemoglobinopathic patients (4–6). The el-
evation of fetal � globin chain synthesis balances the excess of �
globin chain by formation of HbF, thus modulating severe anemia
in �-thalassemia major patients and directly inhibiting the polym-
erization of HbS in SCD patients (7, 8). So far, several chemother-
apeutic agents, such as the histone deacetylase inhibitors
(HDACi), e.g., trichostatin A (TSA), apicidin, sodium butyrate
(NaB), etc.; short-chain fatty acid (SCFA) derivatives, e.g., 2,2-
dimethylbutyrate (HQK-1001), NaB, etc.; DNA methyltrans-
ferase inhibitors, e.g., 5=-azacytidine; and ribonucleotide reduc-
tase inhibitors, e.g., hydroxyurea (HU), have been shown to be
able to stimulate HbF production (9–15). Among them, HU is the
only U.S. FDA-approved therapeutic drug for the treatment of
SCD despite its side effects, including leucopenia, thrombocyto-
penia, myelosuppression, and potential reproductive toxicity (16,
17). However, a notable proportion of hemoglobinopathic pa-
tients have poor outcomes or no response to HU treatment (18,

19). A search for new � globin-inducing agents for treating the
hemoglobinopathies, including �-thalassemia major and SCD, is
thus warranted.

In this study, we used a simple dual-fluorescence reporter to
screen for potential HbF-inducing compounds and investigated
the possible mechanisms underlying the reactivation of the � glo-
bin gene. Benzo[de]benzo[4,5]imidazo[2,1-a]isoquinolin-7-one
as well as several of its derivatives was identified to potently in-
crease the fetal � globin gene expression in the adult erythroid
cells. These heterocyclic compounds modulate the expression of
several � globin regulators as well as the activation of p38 mito-
gen-activated protein kinase (MAPK) signaling, both of which are
known to contribute to � globin gene activation in adult erythroid
cells (20–24). Significantly, this series of compounds, as exempli-
fied by compound II, could induce � globin gene expression in
HU-resistant as well as HU-responsive human adult erythroid
cells. Therefore, these compounds can be considered highly
promising for development into a new generation of therapeutic
drugs for SCD and �-thalassemia major.

MATERIALS AND METHODS
Ethics statement. This study was conducted with the approval of the
Human Subject Research Ethics Committee/IRB, Academia Sinica
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(AS-IRB01-10039). Written informed consent was obtained from all
blood donors.

Chemical compounds. A chemical library used for the screening in
this study was from the National Health Research Institutes (NHRI) at
Taiwan and contains 10,000 heterocyclic compounds with drug-like
structures. Compound II was purchased from ChemDiv.

Reporter constructs. The reporter plasmid pmLAR-Gp-DsRed-Bp-
d2EGFP was constructed by multiple steps of a subcloning process. In
brief, an 8,003-bp mini-LAR (mLAR) excised from pLAR-� (25) and a
1,622-bp � globin promoter (Bp) generated by PCR amplification were

cloned into pd2EGFP-1 to generate pmLAR-Bp-d2EGFP. A 1,377-bp �
globin promoter (Gp) was subcloned into pDsRed-Monomer-C1 to gen-
erate pGp-DsRed-C1. The Gp-DsRed fragment was then excised from the
pGp-DsRed-C1 plasmid and reinserted between the mLAR and Bp-
d2EGFP of pmLAR-Bp-d2EGFP. A 759-bp enhancer-containing frag-
ment 3= to the A� globin gene (26) was generated by PCR and inserted
downstream of the DsRed gene.

Cell culture. Mouse erythroleukemic MEL cells (27) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented
with 20% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin.
Human erythroleukemic K562 cells (28) were maintained in RPMI 1640
medium (Gibco) supplemented with 10% FBS, 1% penicillin, and 1%
streptomycin. All cells were incubated in a 37°C chamber under a 5% CO2

humidified atmosphere. For establishment of the stable cell lines, MEL
cells or K562 cells were transfected with the reporter pmLAR-Gp-DsRed-
Bp-d2EGFP and selected with 700 �g/ml of neomycin. Preparation of the
primary human adult erythroid cells followed the standard procedure of
the two-phase liquid culture method (20). The peripheral blood from
healthy blood donors was provided by the Taipei Blood Center. In brief,
the culture was initiated by maintaining the purified peripheral blood
mononuclear cells in the first-phase culture medium, the serum-free ex-
pansion medium (SFEM) with 1� cc100 cytokine mix (100 ng/ml Flt-3
ligand, 100 ng/ml stem cell factor [SCF], 20 ng/ml interleukin-3 [IL-3], 20
ng/ml IL-6) (StemSpan), for 7 days. In the phase II culture, cells were kept
in the differentiation medium (SFEM with 20 ng/ml SCF, 1 U/ml eryth-
ropoietin [EPO], 5 ng/ml IL-3, 2 �M dexamethasone) for another 7 days

FIG 1 High-throughput screening to find compounds capable of inducing the
fetal globin gene. (A) Physical map of the dual-fluorescence reporter. (B)
Phase-contrast and DsRed florescence images of cells stably transfected with
the dual-fluorescence reporter plasmid. Top row, K562 cells; second row, MEL
cells; third row, MEL cells treated with NaB; bottom row, MEL cells treated
with compound I for 3 days.

FIG 2 Experimental procedures for the high-throughput screening. In step 1,
�10,000 heterocyclic compounds were tested for their ability to activate the �
globin promoter in MEL cells cultured on 96-well plates. In steps 2 and 3,
elevation of DsRed fluorescence was detected by a fluorescence reader and
further confirmed by a digital image detector. In step 4, the activation of the
endogenous mouse embryonic and/or fetal globin genes as induced by the
compound(s) was verified by RT-qPCR analysis. HU and NaB were used as
reference compounds.

FIG 3 Induction of � globin gene expression by six heterocyclic compounds with a common core structure. (A) Six heterocyclic compounds with identical core
structures (benzo[de]benzo[4,5]imidazo[2,1-a]isoquinolin-7-one) were examined with respect to their effects on the induction of � globin gene expression and
survival rates of the primary human adult erythroid cells. The relative fold induction of the � globin gene (bars) by these compounds was analyzed by RT-qPCR
(the mock control was set as 1). The relative rates of cell survival (the curves) were derived from use of the alamarBlue reagent (with the mock control set as 100%).
(B) Flow cytometry and morphological analyses of compound II-treated cells. (Left panel) Differentiated primary human adult erythroid cells were treated with
compound II for 3 days and then labeled with FITC-conjugated anti-CD71 and PE-conjugated anti-CD235a monoclonal antibodies. The percentage of cells in
the Q3 region (CD71low CD235ahigh) representing late orthochromatophilic erythroblasts and reticulocytes was determined by flow cytometry. (Right panel) The
morphology of compound II-treated cells was analyzed by a Liu staining assay.

Chou et al.

2542 mcb.asm.org July 2015 Volume 35 Number 14Molecular and Cellular Biology

http://mcb.asm.org


HbF Induction in Primary Adult Erythroid Cells

July 2015 Volume 35 Number 14 mcb.asm.org 2543Molecular and Cellular Biology

http://mcb.asm.org


at a density of 0.1 � 106 to 1 � 106 cells/ml. The differentiated primary
erythroid cells were then treated with the indicated chemical com-
pound(s) in the differentiation medium for 3 days and harvested for fur-
ther analysis. The morphology of the compound-treated primary ery-
throid cells was analyzed by the Liu staining assay, a rapid and simple
histologic stain modified from the Romanowsky stain (29). The culture
medium and compound(s) were refreshed every 2 or 3 days. To pretest the
responsiveness of a primary erythroid culture to HU treatment, one-half
of each peripheral blood sample was differentiated into primary erythroid

cells and then treated with HU (147 �M) for 3 days. Total mRNA was then
harvested for analysis of the � globin gene induction by reverse transcrip-
tion-quantitative PCR (RT-qPCR). For high-performance liquid chro-
matography (HPLC) analysis, the cells were treated with 10 �M compound
II at the beginning of phase II culture and continuously cultured for 10 days.
The hemolysates were prepared from cells using osmotic lysis in water with
three freeze-thaw cycles, and debris was removed by centrifugation. HPLC
was carried out in the clinical laboratories of National Taiwan University
Hospital using clinically calibrated standards for the human hemoglobins.

FIG 4 Comparison of the � and � globin levels in the primary human adult erythroid cells treated with different � globin-inducing agents. (A) The cells
were treated with different compounds at the their CC50s, HU (147 �M), NaB (222 �M), and heterocyclic compounds I (0.2 �M), II (22 �M), and III (75
�M), respectively, for 3 days. The total mRNAs were extracted, and the relative fold inductions of the � and � globin mRNAs were determined by relative
RT-qPCR analysis. (B) For calculation of the ratio of �/(� 	 �) globin mRNAs in the compound-treated primary human adult erythroid cells, the
amounts of � and � globin mRNAs were estimated by using an absolute RT-qPCR method. All data are presented as means 
 SEM (n � 3) (*, P � 0.05;
**, P � 0.01, by t test). (C) Hemolysates were prepared from mock control primary erythroid cells (left panel) or compound II-treated cells (right panel)
on day 10 of differentiation, and the presence of HbF and HbA was revealed by hemoglobin HPLC. Hemoglobins and proteins in hemolysates were
separated by HPLC, and the proportions of each peak are shown. The position of the HbF peak is labeled with an arrow in the chromatogram. The table
below the chromatogram shows the raw data for the retention time, height, area, and area percentage of each peak: F (hemoglobin F/HbF), LA1c/CHb-1
(labile A1c), A1c (glycated hemoglobin), A0 (hemoglobin A0/HbA0), and A2 (hemoglobin A2/HbA2).

Chou et al.

2544 mcb.asm.org July 2015 Volume 35 Number 14Molecular and Cellular Biology

http://mcb.asm.org


Robotic screening of chemical compounds. MEL cells carrying the
dual-fluorescence reporter were treated with 10 �M individual com-
pounds for 3 days and primarily scanned for DsRed intensity using a
Wallac Victor3 1420 multilabel counter (excitation, 550/9; emission,
620). The coefficient of variation (% CV) value of 8% and a z-factor value
of 0.6 confirmed the quality of the screening. NaB and 0.1% dimethyl
sulfoxide (DMSO) were used as positive and negative controls, respec-
tively. The secondary screening was performed using a digital image de-
tector, the Cellomics Arrayscan 3.0 system. The expression levels of the
endogenous globin genes in the positive hits from the high-throughput
screening were subsequently analyzed by RT-qPCR analysis. HU and NaB
were used as reference compounds.

RT-qPCR analysis. Total RNAs were isolated from the cells by using
the RNAspin minikit (GE Healthcare). cDNA synthesis was carried out
using SuperScript II reverse transcriptase (Invitrogen). Real-time PCR
was then performed using SYBR green PCR master mix (Applied Biosys-
tems) and the ABI 7500 real-time system. All data were analyzed after
normalization to the expression level of the human �-actin gene. All
primer sequences used for RT-qPCR are as follows: ε globin forward
primer, 5=-GCAAGAAGGTGCTGACTTC-3=; ε globin reverse primer,
5=-CCTTGCCAAAGTGAGTAGC-3=; � globin forward primer, 5=-CTTC
CTTGGGAGATGCCAT-3=; � globin reverse primer, 5=-GAATTCTTTG
CCGAAATGGAT-3=;  globin forward primer, 5=-CTTTAGTGATGGC
CTGGCT-3=;  globin reverse primer, 5=-GATAGGCAGCCTGCATTT
G-3=; � globin forward primer, 5=-CTTTAGTGATGGCCTGGCT-3=; �
globin reverse primer, 5=-CACTGGTGGGGTGAATTCT-3=; BCL11A
forward primer, 5=-TGGTATCCCTTCAGGACTAGGT-3=; BCL11A re-
verse primer, 5=-TCCAAGTGATGTCTCGGTGGT-3=; c-Myb forward
primer, 5=-ACAGAAATACGGTCCGAAACG-3=; c-Myb reverse primer,
5=-CCAATTCTCCCCTTTAAGTGC-3=; NFE4 forward primer, 5=-CCA
GAAAGCAGGCCACAGCA-3=; NFE4 reverse primer, 5=-AGGGCCCCA
GTAGGTGAGAT-3=; CP2 forward primer, 5=-ACAAACTTCTCAGGGG
CAGA-3=; CP2 reverse primer, 5=-GTTAACCTTGGACGCACCAT-3=;
�-actin forward primer, 5=-CCTGAACCCCAAGGCCAACC-3=; �-actin
reverse primer, 5=-CAGGGATAGCACAGCCTGGA-3=.

Flow cytometry analysis. Primary human adult erythroid cells were
labeled with fluorescein isothiocyanate (FITC)-conjugated anti-CD71
(BD Biosciences; catalog no. 555536) and phycoerythrin (PE)-conjugated
anti-CD235a (BD Biosciences; catalog no. 555570) in phosphate-buff-
ered saline (PBS) with 0.1% bovine serum albumin (BSA) at 25°C for
20 min in the dark. Then, the cells were washed twice in PBS with 0.1%
BSA, followed by resuspension with 1 ml PBS with 0.1% BSA and
filtration by cell strainer. The cells were analyzed on a BD LSRII-18P
flow cytometer within 1 h after staining. Unstained cells were used as a
negative control.

Western blot analysis and antibodies. For whole-cell extract prepa-
ration, the cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer containing a complete protease inhibitor cocktail (Roche) for 30
min on ice. For isolation of the total cellular histones, the primary human
adult erythroid cells were lysed in histone extraction buffer (10 mM
HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT], 1.5
mM phenylmethylsulfonyl fluoride [PMSF], and 0.2 N HCl) at 4°C over-
night and then neutralized by adding 0.375 M Tris-HCl (pH 8.0). Twenty
micrograms of the whole-cell extract or histone extract was separated on
SDS-PAGE gels, transferred onto nitrocellulose paper, and incubated
with different primary antibodies. Anti-histone H3 (catalog no. 05-499),
anti-acetylated histone H3 (catalog no. 16-599), anti-histone H4 (catalog
no. 05-858), anti-acetylated histone H4 (catalog no. 06-866), anti-di-
methyl-histone H3 (Lys4) (catalog no. 07-030), anti-dimethyl-histone H3
(Lys9) (catalog no. 17-681), and anti-trimethyl-histone H3 (Lys9) (cata-
log no. 07-442) were from Millipore. The mouse anti-BCL11A monoclo-
nal antibody (ab-19487) was from Abcam. Rabbit anti-p38 MAPK anti-
body (catalog no. 9212s) and rabbit anti-phospho-p38 MAPK (T180/
Y182) antibody (catalog no. 92118) were from Cell Signaling. Anti-�

globin chain antibody (sc-21757) and anti-� globin chain antibody (sc-
21756) were purchased from Santa Cruz.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay fol-
lowed the general protocol (30). The cell extracts from cross-linked pri-
mary human adult erythroid cells were immunoprecipitated with the ad-
dition of purified rabbit IgG and antibodies against BCL11A, H3K4me2,
H3K9me2 and H3K9me3, respectively. The immunocomplexes were sub-
jected to a reversal of cross-links at 67°C for 4 h and treated with protei-
nase K at 45°C overnight. The DNA samples recovered were analyzed by
quantitative PCR (qPCR) in the ABI 7500 real-time system. All experi-
ments were performed in triplicate. The primer sequences used in the
ChIP assay are as follows: HS3 forward primer,5=-ATAGACCATGAGTA
GAGGGCAGAC-3=; HS3 reverse primer, 5=-TGATCCTGAAAACATAG
GAGTCAA-3=; A� promoter forward primer, 5=-TTACTGCGCTGAAAC
TGTGG-3=; A� promoter reverse primer, 5=-CAGTGGTTTCTAAGGAA
AAAGTGC-3=; A� (	3)kb forward primer, 5=-GAACAGAGCAGCACA
CTT-3=; A� (	3)kb reverse primer, 5=-TGAACAATAGTCCATGTCAAA
TCCT-3=;  (�1)kb forward primer, 5=-GCAACAGAAGCCCAGCTAT
T-3=;  (�1)kb reverse primer, 5=-GTGGCATGGTTTGATTTGTG-3=; �
promoter forward primer, 5=-TGGTATGGGGCCAAGAGATA-3=; �
promoter reverse primer, 5=-TGCTCCTGGGAGTAGATTGG-3=.

Statistical analysis. All data are from 3 to 7 independent experiments,
and they are presented as means 
 standard errors of the means (SEM).
Statistical significance of the difference between experimental and control
groups was determined by the two-tailed Student t test.

RESULTS
Setup of a high-throughput screening system to survey embry-
onic/fetal globin gene expression-inducing chemical com-
pounds. To identify novel compounds capable of inducing the
expression of the fetal � globin gene, we constructed a dual-fluo-
rescence reporter as a screening tool for high-throughput screen-
ing (Fig. 1A). Consistent with previous findings (31, 32), the ex-
pression of the � globin promoter-directed DsRed fluorescence
was detectable only in the human fetal/embryonic erythroid K562
cells but not in mouse adult erythroid MEL cells (top two rows of
panels, Fig. 1B). Moreover, reactivation of the � globin promoter,
as revealed by the induction of DsRed fluorescence, could be
achieved by treating MEL cells with the HbF-inducing agent NaB
(third row of panels, Fig. 1B). These data suggest that MEL cells
carrying the dual-fluorescence reporter could be used to screen for
novel HbF-inducing compounds. A total of 10,000 compounds
were tested for their ability to induce � globin promoter-directed
DsRed fluorescence in MEL cells by following the high-through-
put screening flow chart in Fig. 2. Six heterocyclic compounds,
compounds I to VI (Fig. 3A), induced DsRed fluorescence in MEL
cells, as exemplified by compound I (bottom row of panels, Fig.
1B). Consistent with the reporter assay, RT-qPCR analysis showed
that the levels of the endogenous mouse embryonic/fetal globin
genes (�h1 and �y) were induced by 7-fold and 50-fold, respec-
tively, in compound I-treated MEL cells (data not shown).

Induction of endogenous � globin gene expression and mod-
ulation of globin gene regulators in primary human adult ery-
throid cells by heterocyclic compounds. We set up primary hu-
man erythroid cultures from adult normal donors and confirmed
the globin gene expression pattern over time throughout the dif-
ferentiation process (data not shown). The data are consistent
with the profiles reported by Xu et al. (33). The dosage depen-
dence of the heterocyclic compounds I to VI on � globin gene
activation in the primary human erythroid cells and their inhibi-
tory effects on cell survival are shown in Fig. 3A. Interestingly,
these heterocyclic compounds shared an identical core structure,
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i.e., that of compound II (benzo[de]benzo[4,5]imidazo[2,1-a]iso-
quinolin-7-one). As shown in Fig. 3B, 90% of the compound II-
treated primary erythroid cells remained orthochromatic erythro-
blasts, as validated by flow cytometry and Liu staining analyses.
Relative fold inductions of the � and � globin genes in the primary
human adult erythroid cells by compounds I, II, and III at their
half-maximal inhibitory concentrations (CC50), as estimated by
RT-qPCR analysis, were compared to those by HU and NaB. As
seen in Fig. 4A, compounds I, II, and III were more potent � globin
inducers than either HU or NaB. The ratios of �/(� 	 �) globin
mRNAs were calculated from the absolute quantification and are
shown in Fig. 4B. HU and compound I to III treatment signifi-
cantly increased the ratio of �/(� 	 �) globin mRNAs in compar-
ison to that of the mock control. Although compound II had the
highest � globin gene induction among the tested compounds, it
could only modestly increase the ratio of �/(� 	 �) globin mRNAs
due to the nonspecific activation of the � globin mRNA expres-
sion. Notably, although NaB treatment failed to increase the �
globin mRNA expression at its CC50 (222 �M) (Fig. 4A), it could
elevate the level of the � globin mRNA at a higher concentration,
e.g., 500 �M (data not shown). Finally, while cells treated with a
combination of 22 �M compound II and 147 �M HU did not
show better � globin gene induction than the cells treated with
compound II or HU alone, combination treatment with 22 �M
compound II and 500 �M NaB resulted in additive elevation of
the � globin mRNA expression (data not shown).

The induction level of HbF in compound II-treated primary
erythroid culture was also analyzed by hemoglobin high-perfor-
mance liquid chromatography (HPLC). As seen in Fig. 4C, a sub-
stantially elevated fraction representing HbF (increasing from
2.5% to 11.8%) was detected, indicating that the induction of �
globin mRNA was accompanied by an increase in HbF level. The
proportion of hemoglobin A2 (HbA2 [A2]) was also increased
(from 3% to 7.9%), whereas the proportion of the adult hemoglo-
bin (HbA0 [A0]) was significantly decreased from 80% to 64%
upon compound II treatment (Fig. 4C).

A number of transcription factors have been identified to serve
as either activators or repressors of globin gene transcription, in-
cluding GATA1 (34), NF-E2 (35), EKLF (36), YY1 (37), TR2/TR4
(38), NF-E4 (39), RREB1 (40), and BCL11A (20). Among these
factors, BCL11A has been suggested to be a critical repressor of �
globin gene expression, and its downregulation in primary adult
erythroid cells has been suggested to lead to the activation of HbF
expression (20). Moreover, inactivation of BCL11A in SCD trans-
genic mice was shown to correct the pathological defects of SCD
through inducing a high level of HbF (41). As shown in Fig. 5A,
the mRNA levels of BCL11A and c-Myb were diminished, while
that of NF-E4 was upregulated in a dosage-dependent manner

upon treatment of the primary erythroid culture with compound
I, II, or III. On the other hand, in NaB-treated erythroid cells, there
was a decrease in only the BCL11A mRNA level. Furthermore, HU
treatment did not cause a change in the mRNA level of BCL11A,
c-Myb, or NF-E4 (top 3 panels, Fig. 5A). No significant change in
the mRNA level of CP2 (bottom panel of Fig. 5A), TR2, TR4, or
GATA-1 (data not shown) could be observed upon treatment by
any of the heterocyclic compounds tested.

Western blotting of BCL11A in the different compound-
treated erythroid cultures (Fig. 5B) was consistent with the RNA
data in Fig. 5A. In particular, the amount of the BCL11A protein
was drastically reduced in the primary human adult erythroid cells
treated with compounds I to III and, to a lesser extent, NaB (Fig.
5B). In interesting contrast, similar to the RT-qPCR analysis in
Fig. 5A, no obvious reduction in the level of the BCL11A protein
could be detected in the primary human adult erythroid cells upon
HU treatment (Fig. 5B).

Regarding the NaB effect, downregulation of BCL11A by RNA
interference (RNAi) (20) or NaB (42) was shown to elevate the
level of � globin mRNA. However, we did not see a significant
change of the � globin mRNA level upon treatment with NaB at its
CC50 (Fig. 4A), despite downregulation of the level of BCL11A
protein (Fig. 5B). This inconsistency could be due to the differ-
ences of the assay conditions, e.g., the different amounts of the
chemicals used, the different cell types, the different time points
and lengths of the NaB treatment, etc. In particular, 600 �M NaB
was used to treat K562 cells by Chen et al. (42), while we used 222
�M NaB in the analyses described for Fig. 4A and 5B. Notably
though, as mentioned above, the level of � globin mRNA in the
primary erythroid culture could be elevated by a higher concen-
tration, i.e., 500 �M, of NaB (data not shown).

Also, NaB did not change the level of � globin mRNA at its
CC50 (222 �M), but it elevated the level of the � globin chain
(compare Fig. 4A and 5B). This observation was consistent with a
previous report that NaB could increase the efficiency of � globin
chain translation without change of the � globin mRNA level (43).

Decreased binding of BCL11A in the human � globin gene
locus in compound II-treated primary human adult erythroid
cells. The binding profile of the BCL11A factor within the human
�-like globin gene locus was studied previously (20, 33). As seen
in Fig. 5C, the chromatin immunoprecipitation (ChIP) assay
showed that BCL11A indeed bound to 5= HS3, a region 3 kb
downstream of the A� globin gene, and a region 1 kb upstream of
the  globin gene of the human �-like globin gene locus in the
primary human adult erythroid cells (white bars, Fig. 5C). How-
ever, BCL11A binding at these regions was significantly reduced
upon compound II treatment (black bars, Fig. 5C). These data
suggest that a lower level of BCL11A in the compound II-treated

FIG 5 Changes in the levels of � globin gene regulators in primary human adult erythroid cells treated with compound I, II, or III in comparison to HU and NaB.
(A) Dosage dependence of the effects of HU, NaB, and compounds I to III on the mRNA levels of different � globin gene regulators. The primary human adult
erythroid cells were treated with different dosages of the indicated compounds for 3 days. The relative fold inductions of BCL11A, c-Myb, NF-E4, and CP2
mRNAs were then determined by relative RT-qPCR analysis. The expression levels of these genes in the mock control cells were set as 1. (B) Western blotting of
BCL11A, � globin, � globin, and �-actin in primary human adult erythroid cells. The total proteins were extracted from the cells, and the expression patterns of
BCL11A, the � globin chain, and the � globin chain were determined by Western blotting (upper panels). The expression of �-actin was used as a loading control.
The intensities of the Western blot signals of the BCL11A, � globin chain, and � globin chain of different samples were quantified using densitometry analysis
software and compared in the bar graph. (C) ChIP analysis of BCL11A binding on the human �-like globin locus in primary human adult erythroid cells before
(Mock) and after (II) treatment with compound II. ChIP of the primary human adult erythroid cells was carried out using the BCL11A antibody. IgG was used
as the control. The PCR-assayed regions of the �-like globin locus included HS3, the A� globin promoter, a region at 3 kb downstream of A�, a region at 1 kb
upstream of the  globin gene, and the � globin promoter. All data are presented as means 
 SEM (n � 3) (*, P � 0.05; **, P � 0.01, by t test).
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erythroid cells also results in inefficient recruitment of this � glo-
bin repressor to the �-like globin locus, thus relieving the � globin
gene from transcriptional repression.

No change in the global acetylation levels of histones H3 and
H4 in primary human adult erythroid cells treated with com-
pound I or II. Treatment of cells with TSA or NaB leads to global
changes in the histone modifications, in particular in acetylation,
and subsequently induces � globin gene expression (12). We thus
next examined and compared the acetylation status of histones
H3/H4 in the primary human adult erythroid cells treated with
compound I or II or NaB, which is a class I and II HDACi. The
global levels of acetylated histone H3 (acH3) and acetylated his-
tone H4 (acH4) were significantly enhanced in the NaB-treated
cells but not upon treatment with compounds I and II (Fig. 6A) or
HU (data not shown), suggesting that compounds I and II and HU
are not HDACi and do not globally change the acetylation status
of histones H3 and H4. Possible changes of the methylation sta-
tuses of lysine 4 on histone H3 (H3K4) and lysine 9 on histone H3
(H3K9) around the A� globin promoter were also examined. As
expected, the level of H3K4me2 was enriched on the A� globin
promoter upon activation of the � globin gene by compound II.
On the other hand, the level of histone H3 with dimethylated
lysine 9 (H3K9me2) was significantly decreased after compound
II treatment (Fig. 6B).

Therapeutic potential of compounds I to VI in comparison
with NaB and HU. To evaluate the therapeutic potential of com-
pounds I to VI in comparison with other HbF inducers, we deter-

mined the half-maximal inhibitory concentration (CC50) and the
effective concentration (EC) of each compound. The CC50 value is
the concentration of a compound at which the cell survival rate is
reduced by 50%. The EC value was defined as the concentration of
a compound that induced the � globin gene expression by 1.9-
fold, the fold of the � globin gene induction by HU at its CC50. The
CC50/EC ratio was used to determine whether the compound
tested has better therapeutic potential than that of HU, the
CC50/EC ratio of which was set as 1. As shown in Table 1, com-
pounds I to V exhibited better therapeutic potentials (CC50/EC)
than HU. It should be noted that compounds I to V also induced
� globin gene expression to higher levels than HU at their CC50

(Table 1). Among all the compounds, compound II had superior
therapeutic potential, with a CC50/EC ratio of 9.7 and a relatively
higher � globin fold induction (3.0) at its CC50 (Table 1).

To evaluate the specificities of globin gene activation by com-
pounds I to III, the amounts of the individual �-like globin
mRNAs were measured by absolute RT-qPCR. As shown in Table
2, the proportions of the ε and � globin mRNAs were both signif-
icantly increased by these compounds. On the other hand, the
proportions of the � globin mRNA were notably reduced after
drug treatment. In comparison to HU and NaB, compounds I to
III were more effective � globin inducers, increasing the propor-
tions of the � globin mRNA from 8.0% to between 10.7% and
19.6% in the drug-treated primary human adult erythroid cells
while reducing the � globin mRNA proportions from 87.2% to
between 75.2% and 81.4% (Table 2).

FIG 6 Global acetylation patterns of histones H3 and H4 in primary human adult erythroid cells treated with compound I or II or NaB. (A) Primary human adult
erythroid cells were treated with compound I or II or NaB at its CC50 for 3 days, and the total cellular histones were prepared by the acid extraction method. The
acetylation patterns of the histones were analyzed by Western blotting using antibodies against histone H3, histone H4, acetylated histone H3 (acH3), and
acetylated histone H4 (acH4) (left panels). The changes of the acetylation of H3 and H4 are shown on the right. (B) Methylation statuses of H3K4 and H3K9
around the A� globin promoter. ChIP analysis with use of anti-H3K4me2, anti-H3K9me2, or anti-H3K9me3 was carried out to examine the distributions of
H3K4me2, H3K9me2, and H3K9me3 on the human A� globin promoter in the primary human adult erythroid cells before (Mock) and after (II) compound II
treatment. IgG was used as the control. All data are presented as means 
 SEM (n � 3) (*, P � 0.05; **, P � 0.01, by t test).
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Induction of � globin gene expression in HU-resistant ery-
throid cells by compound II. Previous studies have suggested that
the increase in HbF levels in primary erythroid cultures treated
with HU was comparable to the HU responsiveness of patients
who received HU treatment (44). To evaluate whether compound
II could induce the � globin gene in HU-resistant cells, we estab-
lished primary human erythroid cell cultures from the peripheral
blood samples of 10 different normal blood donors and divided
them into two groups according to their HU responsiveness based
on pretested culture response. The dose responses of the two
groups of primary human erythroid cells to HU were compared in
Fig. 7A. Out of the 10 cultures, the � globin gene expression in 7 of
them, including those shown already in Fig. 3 to 5, could be up-
regulated by HU (Fig. 7B, HU-responsive). However, the other 3
erythroid cultures were resistant to HU induction of the � globin
gene (Fig. 7B, HU-resistant). Remarkably, compound II could
induce � globin gene transcription in all of these 10 primary hu-
man erythroid cell cultures (Fig. 7B). Notably, similarly to the
HU-responsive erythroid cultures (Fig. 5A), the mRNA levels of
BCL11A and NF-E4 in the HU-resistant primary human ery-
throid cultures were decreased and increased, respectively, upon
treatment with compound II, and they were unaltered by HU (Fig.
7C).

The activation of the p38 MAPK signaling pathway has been
suggested to mediate the fetal � globin gene expression in response
to NaB or TSA treatment (23, 24). To see whether the p38 MAPK
signaling pathway was involved in the reactivation of the � globin
gene expression by the compounds described above, we examined
the phosphorylation status of p38 MAPK in the primary human
adult erythroid cells. HU, NaB, and compound II all significantly
increased the phosphorylation level of p38 MAPK in the HU-
responsive erythroid cells (left panel of Fig. 7D). In interesting
contrast, the phosphorylation level of p38 MAPK was not notably
changed in the HU-resistant erythroid cells upon treatment with
these compounds (right panel of Fig. 7D). To further explore the

possible role of p38 MAPK activation in relation to the HU re-
sponsiveness of the erythroid cells, the HU-responsive erythroid
cells were pretreated with a selective p38 MAPK inhibitor,
SB203580 (SB), and then the fold induction of � globin by HU,
NaB, and compound II, respectively, was analyzed. As shown in
Fig. 7E, after inactivation of the p38 MAPK signaling by
SB203580, HU failed to elevate the � globin mRNA level whereas
compound II could still induce � globin expression (compare the
right 4 bars of Fig. 7E). Similar results were observed in the HU-
resistant cells upon pretreatment with SB203580 (data not
shown). Taken together, the data in Fig. 7 show that the HU resis-
tance of erythroid cells with respect to � globin gene activation is
associated with a lack of activation of p38 MAPK. Since treatment
with compound II but not HU leads to significant decrease of
BCL11A and increase of NF-E4 in all of the primary human ery-
throid cultures (Fig. 5A and 7C), the former agent could still in-
duce the � globin gene in the HU-resistant erythroid cells.

DISCUSSION

Several fluorescence-based (or luciferase-based) reporter systems
have been used previously for the assessment of the activation of �
globin promoter as affected by HbF-inducing agents to explore
new therapeutic agents for treating severe �-thalassemia and SCD
(31, 32, 45–47). Several short-chain fatty acid (SCFA) derivatives
that are able to induce � globin have been identified by one of
these studies (48). Also, the capability of SCFAs to induce � globin
gene expression and F-reticulocytes has been evaluated in trans-
genic mice and baboons (48–50). Among them, 2,2-dimethylbu-
tyrate (HQK-1001) has been found to be the most potent oral �
globin gene inducer and is now being tested for use in SCD,
�-thalassemia intermedia, and HbE/�-thalassemia in phase II
clinical trials (15, 51–54). However, the therapeutic effects of
HQK-1001 in patients who are irresponsive to HU treatment are
presently unknown. In the present study, we have used a simple
MEL cell-based dual-fluorescence reporter system (Fig. 1) to
carry out high-throughput screening for novel � globin-induc-
ing compounds (Fig. 2). Six asymmetrical heterocyclic
benzo[de]benzo[4,5]imidazo[2,1-a]isoquinolin-7-one deriva-
tives (compounds I to VI) capable of inducing the � globin
gene have been identified (Fig. 3A). Taking compound II (core
structure of the six) as an example, we have investigated the
mode of action of this series of compounds on � globin gene
activation by using primary human erythroid cultures. HPLC

TABLE 2 Relative expression levels of individual �-like globin genes in
primary human erythroid cells treated with different compoundsa

Compound

% expression of gene (mean 
 SEM) (n � 3) for:

ε globin � globin  globin � globin

Mock 0.1 
 0.0 8.0 
 0.7 4.7 
 0.2 87.2 
 1.0
HU 0.2 
 0.0 9.9 
 0.8 6.8 
 0.4 83.1 
 1.3
NaB 0.3 
 0.0 8.8 
 1.1 3.2 
 0.2 87.8 
 1.2
Compound I 0.6 
 0.2 19.6 
 1.3 4.7 
 0.1 75.2 
 0.9
Compound II 0.3 
 0.0 10.7 
 1.0 7.6 
 0.6 81.4 
 1.2
Compound III 0.3 
 0.1 15.6 
 1.2 7.6 
 0.4 76.5 
 1.0
a Primary human erythroid cells were treated with HU (147 �M), NaB (222 �M),
compound I (0.2 �M), compound II (22 �M), or compound III (75 �M), respectively,
for 3 days, and the expression level of each globin mRNA was estimated by absolute
RT-qPCR. The proportions of the individual �-like globin mRNAs among the total
�-like globin mRNAs are shown.

TABLE 1 Comparison of CC50 and � globin gene-inducing abilities of
different compoundsc

Compound CC50 (�M)a EC (�M)b CC50/EC

� globin induction
fold (CC50)
(mean 
 SEM)

I 0.17 0.12 1.4 2.7 
 0.4*
II 22 2.3 9.7 3.0 
 0.2**
III 75 9.3 8.1 2.6 
 0.8*
IV 3.6 1.9 1.9 2.2 
 0.7
V 135 25.8 5.2 3.4 
 1.4
VI 103 106 1.0 1.9 
 0.4
Butyric acid 222 NAd NA 1.3 
 0.2
Hydroxyurea 147 147 1.0 1.9 
 0.3*
a CC50, half-maximal inhibitory concentration; the concentration of a compound at
which the cell survival rate was reduced by 50%.
b EC, effective concentration; the concentration of a compound that induces the �
globin gene expression by 1.9-fold (the fold induction of the � globin gene by HU at its
CC50).
c The primary human erythroid cells were treated with NaB, HU, or compounds I to VI
individually. The CC50, the EC, and the ratio of CC50 to EC (CC50/EC) of compounds I
to VI were calculated and compared together with those of NaB and HU. Data are
presented as the means from three independent experiments. Statistical significance of
the difference between experimental and control groups was determined by the two-
tailed Student t test (*, P � 0.05; **, P � 0.01).
d NA, not available.
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FIG 7 Molecular basis of inducibility of � globin gene activation in HU-responsive and HU-resistant erythroid cells. (A) HU dosage responses of the HU-
responsive and HU-resistant primary human erythroid cells. HU responses of the primary human adult erythroid cells from different normal blood donors were
pretested first as described in Materials and Methods, and the cells were divided into HU-responsive and the HU-resistant groups. The 2 groups of the primary
human adult erythroid cells were then treated with different dosages of HU for 3 days. After the HU treatment, the total mRNAs were extracted for RT-qPCR
analysis and the relative induction levels of the � globin genes in the 2 groups of cells were calculated and compared. The expression level of the � globin gene in
the mock control cells was set as 1. All data are presented as means 
 SEM (n � 3). (B) Average fold induction of the � globin mRNA in 7 independent
HU-responsive and 3 independent HU-resistant primary human erythroid cell cultures treated with HU, NaB, or compound II. Note that the level of � globin
mRNA in the HU-resistant erythroid cells could be enhanced by treatment with compound II but not HU or NaB. Mock, no treatment. (C) Relative levels of
BCL11A and NF-E4 mRNAs in HU-responsive and HU-resistant primary erythroid cells with or without drug treatment. The primary erythroid cells were
treated with HU or compound II for 3 days, and the expression levels of BCL11A and NF-E4 mRNAs were determined by relative RT-qPCR. The expression levels
of these genes in the mock control cells were set as 1. (D) Phosphorylation status of p38 MAPK in HU-responsive and HU-resistant primary erythroid cells with
or without drug treatment. Upper panels, Western blot patterns of phosphorylated p38 MAPK (P-p38) and total p38. Bottom panels, effects of HU, NaB, and
compound II on the relative levels of P-p38. Mock, no treatment. (E) Inducibility of the � globin gene activation in HU-responsive primary human adult
erythroid cell cultures treated with the p38 MAPK inhibitor SB (SB203580). The cultured erythroid cells were preincubated with or without SB (10 �M) for 1 h
before treatment with HU, NaB, or compound II at its CC50 for 3 days. The fold induction of � globin mRNAs was then analyzed by relative RT-qPCR. Each bar
is the average of data from 3 independent HU-responsive primary human erythroid cell cultures. All data are presented as means 
 SEM (n � 3 or 7) (**, P �
0.01, by t test).
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analysis shows that compound II is very stable after 3 days of
culture (data not shown). Most interestingly, we have found
that compound II is able to activate � globin gene expression
even in HU-resistant cells.

Several experiments have provided interesting insights into the
possible underlying mechanisms of � globin gene induction by
the heterocyclic compounds in relation to the modulation of the
phosphorylation status of p38 MAPK and the expression levels of
� globin transcription regulators (Fig. 5A and 7D). First, we have
found that the phosphorylation level of p38 MAPK is significantly
increased by compound II as well as HU and NaB in the primary
human erythroid cells that are HU responsive (left panel of Fig.
7D). Previous studies have suggested that HU induces � globin
transcription through elevation of the level of circulating nitric
oxide (NO), which stimulates p38 MAPK activation (55–57). Fur-
thermore, inhibition of p38 MAPK activation prevents HU-in-
duced � globin gene expression in K562 cells (58). Interestingly,
NaB and TSA also increase the � globin synthesis through activa-
tion of p38 MAPK signaling (59). Since many HbF-inducing
agents stimulate the stress-activated p38 MAPK, a cell stress sig-
naling model for fetal globin induction has been proposed (60).
Compound II thus may induce the � globin gene in part through
this cell stress signaling pathway as well.

Second, as shown in Fig. 5A, in addition to p38 MAPK, the
induction of � globin gene expression by the currently identified
compounds is also accompanied by a significant increase of the
activator NF-E4 and decreases of the repressors BCL11A and c-
Myb, respectively. The levels of these � globin regulators have
been previously demonstrated by others to modulate � globin
gene expression in either K562 cells or primary human erythroid
cells (20–22, 41). Among them, BCL11A appears to be the primary
repressor of the � globin gene, and its downregulation elevates the
fetal � globin gene expression in vitro in primary human adult
erythroid cell culture and in vivo in genetically engineered mice
(20, 61). The requirement for BCL11A in chromatin loop forma-
tion and modulation of � globin gene silencing has been studied
by chromosome conformation capture (3C) assay (33). Several
erythroid regulators, including GATA1, FOG1, and SOX6, and
the nucleosome remodeling/deacetylase complex (NuRD) have
been found to interact with BCL11A and may be involved in reg-
ulation of the hemoglobin switch (20, 33). In addition, KLF1 reg-
ulates the expression of BCL11A and modulates the � to � globin
gene switching (62). Interestingly, compound II decreases the lev-
els of BCL11A mRNA and BCL11A protein in the primary human
erythroid cells (Fig. 5A and B). Significantly, the decrease of
BCL11A upon compound II treatment is associated with the lower
binding of the repressor at several regions of the human �-like
globin locus (Fig. 5C), which has been suggested to play an impor-
tant role in � globin gene regulation (20). Thus, reactivation of the
� globin gene expression in adult erythroid cells by compound II
appears to involve the modulations of two different pathways, i.e.,
regulation of the mRNA levels of � globin transcription regulators
and activation of the cellular p38 MAPK signaling to phosphory-
late p38. Notably, decrease of BCL11A gene expression upon com-
pound II treatment does not decrease the level of � globin gene
expression (Fig. 5), which is consistent with a previous report that
the promoter activity of the � globin gene remains unchanged in
cells with RNAi-mediated knockdown of BCL11A (32). Thus,
transient knockdown of BCL11A expression appears to affect the
expression of only the �, but not the �, globin gene.

The beneficial effects of HU treatment, including reductions in
the rate of pain crisis and acute chest syndrome, seem to be attrib-
utable to the increase in HbF levels in patients (63–65). The re-
quirement for HbF induction for clinical benefits during HU ther-
apy is also supported by studies of the sickle cell mouse model
(66). However, many hemoglobinopathic patients are poorly re-
sponsive or unresponsive to HU therapy, but the molecular mech-
anisms underlying this resistance to HU have been unclear. In
particular, HU can increase HbF in only approximately half of
SCD patients (18). In addition, around 30% of �-thalassemia pa-
tients are found to be nonresponders to HU treatment (19). Al-
though multiple single nucleotide polymorphisms (SNPs) have
been found to be associated with the HbF response to HU, the
regulatory pathway(s) responsible for the HU-resistance of � glo-
bin gene activation has remained unknown. We have investigated
the activation of p38 MAPK signaling and its correlation with HU
responsiveness of the primary erythroid cells (Fig. 7D). It appears
that either of two intracellular changes contributes to the reacti-
vation of the � globin gene in compound-treated adult erythroid
cells: (i) activation of p38 MAPK and (ii) alterations in the
amounts of the � globin gene regulators, i.e., reduction of the
repressor BCL11A and increase of the activator NF-E4 (Fig. 5 and
7C). In HU-responsive erythroid cells, HU induces the first
change but not the second. On the other hand, compound II in-
duces both changes (Fig. 7C and D). Thus, the level of the � globin
gene expression in adult erythroid cells treated with compound II
is higher than that in HU-treated cells (Fig. 7B). In HU-resistant
erythroid cells, HU does not induce either of the two changes (Fig.
7C and D). Although compound II is not able to activate the p38
MAPK pathway in HU-resistant cells either (right panel of Fig.
7D), it can still induce alterations of the amounts of the � globin
regulators (Fig. 7C) and consequently reactivate the � globin gene
in these cells (right panel of Fig. 7B), albeit to a lesser extent than
in the HU-responsive cells (compare the 2 panels of Fig. 7B).
However, whether the lower sensitivity of p38 MAPK signaling to
stress plays a causative role in the irresponsiveness of HU-resistant
erythroid cells to � globin gene induction needs to be further
investigated.

In summary, our high-throughput screening and the following
analyses have identified a series of new compounds that can in-
duce � globin gene expression in the primary human erythroid
cells derived from normal adult blood donors. These compounds
appear to be excellent lead compounds for further development of
universal drugs for treating SCD and severe �-thalassemias. First,
compound II shows a better therapeutic potential (CC50/EC) as
well as a higher � globin-inducing capability at its CC50 than the
other HbF-inducing agents tested (Table 1). Second, this series of
compounds displays a higher activity of the � globin gene induc-
tion than the other compounds tested (Table 2). Third, com-
pound II does not change the global acetylation status of histones
H3 and H4 (Fig. 6A), while it modulates the levels of H3K4me2
and H3K9me2 on the � globin promoter (Fig. 6B). Fourth, com-
pound II induces the � globin gene transcription in HU-resistant
as well as HU-responsive primary human erythroid cells through
their capability to modulate the expression levels of several � glo-
bin regulators, including the repressor BCL11A. Finally, com-
bined use of compound II or its derivatives with a reagent(s) ca-
pable of activating the p38 MAPK pathway in HU-resistant
erythroid cells would be of great therapeutic potential for treat-
ment of SCD and severe �-thalassemias. However, further studies
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are warranted to evaluate the therapeutic effects of compound II
and its derivatives in patients with SCD and severe �-thalassemias.
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