
NRF2 mediates γ-globin gene regulation and fetal
hemoglobin induction in human erythroid progenitors

Sickle cell disease (SCD) is an inherited blood disorder
resulting from an A to T mutation in codon 6 of the β-glo-
bin gene leading to hemoglobin S synthesis which under-
goes polymerization under low oxygen conditions.
Among different treatment strategies investigated in the
field, reactivation of γ-globin gene transcription and fetal
hemoglobin (HbF) synthesis remains the most effective
strategy to ameliorate the clinical symptoms of SCD.
These observations provide the impetus for extensive
investigations to define mechanisms of γ-globin regula-
tion.1 Previously, the transcription factor NRF2 associated
with erythroid differentiation was shown to bind the
locus control region (LCR) DNase I hypersensitive site 2
(HS2) of the human β-globin locus (HBB).2 Drugs such as
tert-butylhydroquione3 and dimethyl fumarate (DMF)4

have the ability to activate NRF2 and HbF expression in
human primary erythroid progenitors. However, the
molecular mechanisms of γ-globin activation by NRF2
remain unknown. Here we present data to show  NRF2

can form heterodimers with small MAF proteins and
mediate chromatin looping between the LCR and γ-globin
promoters to activate transcription. 
To define molecular mechanisms involved in γ-globin

regulation by NRF2, we performed studies using erythroid
progenitors generated from human CD34+ stem cells in a
liquid culture system (Online Supplementary Methods and
Online Supplementary Figure S1A-C). Cell morphology
examination by Giemsa staining confirmed erythroid lin-
eage commitment by day 6 followed by the appearance of
mature red blood cells by day 14. In our system, the syn-
thesis of HbF was gradually increased, although at a lower
rate than adult hemoglobin A during late erythropoiesis.
Based on the pattern of globin gene expression, erythroid
progenitors were treated with DMF on day 8 to activate
NRF2 expression. It was seen that DMF treatment
decreased erythroid progenitor viability and growth
(Online Supplementary Figure S1D), similar to other
reports.5 However, additional studies to determine the
effects of DMF on progenitor maturation were conducted.
We observed a 40-50% reduction in mRNA levels of the
erythroid differentiation genes CD71 and CD235a; how-
ever,  flow cytometry showed 93.8% of erythroid progen-
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Figure 1. DMF and shNRF2 modulates γ-globin gene expression in human normal erythroid progenitors. (A) Erythroid progenitors generated in liquid culture
system from CD34+ stem cells were treated at day 8 with 200 mM dimethyl fumarate (DMF) for 48 hours. Reverse transcription-quantitative PCR (RT-qPCR) was
conducted for untreated erythroid progenitors (white bars) or cells treated with DMF (black bars) to determine the mRNA levels for the genes shown. The expres-
sion of gene in untreated erythroid progenitors was set to one after being normalized to the internal control glyceraldehyde phosphate dehydrogenase (GAPDH)
mRNA levels. The quantitative data are shown as the mean ± standard error of the mean (SEM) of 3-5 independent experiments; *P<0.05. (B) Western blot
analysis was conducted for the protein shown with total protein isolated from UT- and DMF-treated erythroid progenitors. The relative protein expression was
quantified by densitometry with β-actin as the loading control. (C) Flow cytometry analysis was conducted to determine the %HbF positive cells (%F-cells) for UT-
and DMF-treated erythroid progenitors stained with fluorescein isothiocyanate (FITC) labeled anti-HbF antibody. Representative dot plots for F-cell distribution
are shown on the left and quantitative data in the graph on the right. (D) To test the effects of gene silencing, erythroid progenitors were treated on day 4 with
scramble (shScr) or shNRF2 lentiviral particles; after 48 hours cells were selected with puromycin (0.8 mg/mL) until analysis on day 10. Western blot analysis
for NRF2 was conducted; the lower band represents non-specific antibody binding. Shown in the middle is RT-qPCR data for the shNRF2 stable lines; the relative
mRNA levels expressed as the γ/γ+β ratio is shown in the graph on the right. (E) Flow cytometry analysis was conducted to determine the %F-cells in erythroid
progenitors after stable shNRF2 expression using methods described in (C). Representative dot plots for F-cell distribution are shown on the left and quantitative
data in the graph on the right. 
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itors remained CD71 and CD235a positive compared to
96% for untreated cells (Online Supplementary Figure S1E
and F). Although prolonged treatment with DMF could
alter erythroid differentiation,6 we restricted our culture
period to 48 hours to achieve NRF2 activation without
significantly changing erythroid marker protein expres-
sion. 
After establishing our primary culture system, we next

confirmed the ability of DMF to increase NRF2 levels and
activate its downstream target gene NQO1. Reverse tran-
scription-quantitative PCR (RT-qPCR) data were generat-
ed with gene specific primers (summarized in the Online
Supplementary Table S1). Treatment with DMF produced
no significant change in mRNA levels of NRF2 (Figure 1A)
or its known cytoplasmic binding partner, Kelch-like
ECH-associated protein 1 (KEAP1). However, NQO1
transcription increased dramatically (P<0.05), suggesting
NRF2 activation at the protein level. To support this inter-
pretation, we observed a 4.6-fold increase in NRF2 and a
simultaneous decrease in KEAP1 protein by western blot
analysis (Figure 1B). Of note, parallel with NRF2 accumu-

lation, ε-globin and γ-globin mRNA levels increased 2.2-
fold and 2.7-fold, respectively, without a significant
change in β-globin transcription (Figure 1A). Furthermore,
enhanced γ-globin transcription was associated with an
increase in HbF protein (Figure 1B) and the percentage of
HbF positive cells (%F-cells) increased from 17.1% to
22.5% (P<0.05) by flow cytometry analysis (Figure 1C). 
To investigate whether NRF2 is directly involved in 

γ-globin transcription, we performed studies with shNRF2
lentiviral particles which produced an 80% knockdown of
NRF2 gene expression in erythroid progenitors (Figure
1D). Analysis of e-globin and γ-globin transcription
showed a 50% and 75% decrease in mRNA, respectively,
without any significant change in β-globin. Moreover, we
observed a decrease in the γ/γ+β ratio from 8.9% to 1.8%.
Silencing NRF2 significantly decreased the %F-cells from
16.9% to 13.9% (Figure 1E), suggesting NRF2 plays a
direct role in γ-globin gene transcription in erythroid pro-
genitors.
Under normal oxidative stress conditions NRF2 is

sequestered in the cytoplasm by KEAP1; by contrast,
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Figure 2. NRF2/MAF heterodimers mediate γ-globin gene regulation. (A) ChIP assay was conducted with NRF2 and TATA binding protein (TBP) antibodies to
determine in vivo binding in the γ-globin and HS2 ARE for untreated (white bars) and DMF treated (black bars) primary erythroid cells. The Gγ-globin cAMP
response element (G-CRE) devoid of an ARE motif was used as a control region. The data are shown as the mean ± SEM of 3 independent experiments; *P<0.05.
(B) Co-immunoprecipitation studies were completed to determine the interactions between NRF2 and MAF in whole cell protein lysates from KU812 leukemia
cells treated with DMF (200 mM) for 48 hours. Immunoprecipitation (IP) with anti-NRF2 or IgG antibody was followed by western blot with anti-MAF antibody. (C)
Cellular localization of NRF2 and MAF proteins was determined by immunofluorescence staining with rabbit anti-NRF2 and mouse anti-MAF antibodies followed
by anti-rabbit secondary FITC antibody (green) and anti-mouse secondary phycoerythrine (PE) antibody (red) (Online Supplementary Methods). Localization of
NRF2 and MAF in the nucleus was identified in the merged images; color code: MAF>NRF2, pink; NRF2>MAF, purple and NRF2=MAF, white. (D) Sequential-ChIP
was conducted (Online Supplementary Methods) to determine if NRF2 and MAF co-localize at the regions shown in KU812 cells treated with DMF to stimulate
NRF2 translocation to the nucleus. The G-CRE was used as a control region. Sequential immunoprecipitations with the first antibody (First IP) and second anti-
body (Second IP) were conducted; **P<0.01. 
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when reactive oxygen species levels increase, KEAP1 is
inactivated allowing NRF2 accumulation and nuclear
translocation to activate cytoprotective genes such as,
among others, NQO1 and HMOX1.7 To define molecular
mechanisms of γ-globin regulation, we performed chro-
matin immunoprecipitation (ChIP) assay to quantify in
vivo NRF2 binding to the antioxidant response element
(ARE) consensus sequence (5’-TGACnnnGC-3’) located
100bp upstream of the γ-globin transcription start site and
the HS2 ARE motif predicted by in silico JASPAR analysis
(Online Supplementary Table S2). Using day 10 erythroid
progenitors, we detected significant NRF2 binding to the
γ-globin and HS2 ARE motifs compared to IgG control
reactions. After DMF treatment, NRF2 binding increased
2.2-fold and 4.1-fold in the γ-globin and HS2 ARE, respec-
tively (Figure 2A), whereas NRF2 did not bind the Gγ-glo-
bin cAMP response element known to regulate γ-globin
expression but that does not, however,  contain an ARE.8

It is known that NRF2 requires heterodimerization with
small MAF proteins to bind the ARE motif and regulate

gene expression.9 To determine if this mechanism is
involved in γ-globin regulation, we analyzed genome-
wide ChIP-seq data generated by the ENCODE project
where MAF was shown to bind across the HBB locus in
K562 cells but not in HepG2 liver cancer cells (Online
Supplementary Figure S2). Interestingly, MAF binding sur-
rounding the e-globin and γ-globin genes was associated
with the active histone marks H3K4Me3 and H3K27Ac
and low repressive marks H3K9Me3 and H3K27Me3.
Therefore, we next investigated whether protein-protein
interactions occur between NRF2 and MAF in KU812
leukemia cells in which the γ-globin and β-globin genes
are actively transcribed.10 Co-immunoprecipitation exper-
iments demonstrated NRF2/MAF interactions (Figure 2B)
and NRF2 translocation into the nucleus by immunofluo-
rescence staining after DMF treatment (Figure 2C). To
determine whether NRF2 and MAF co-localize at the 
γ-globin ARE, we conducted sequential-ChIP assay with
anti-MAF antibody followed by a second immunoprecip-
itation with anti-NRF2 antibody. We observed 11-36.6%
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Figure 3. NRF2 facilitates chromatin looping in the HBB locus of primary erythroid progenitors. (A) KU812 stable cell lines were produced with shScr and
shNRF2 lentiviral particles to determine the effects on HbF and NRF2 protein levels by western blot analysis (left graph); β-actin was used as loading control.
ChIP assay (right graph) was completed to quantify NRF2 and TBP binding to the regions shown with IgG as an antibody control. (B) A third KU812 cell line was
produced with shMAF lentiviral particles; western blot analysis (left) and ChIP assay (right) were conducted as described in (A). (C) Chromatin looping in the HBB
locus was analyzed by the chromosome conformation capture (3C) assay for UT and DMF treatment primary erythroid cells (Online Supplementary Methods).
The positions of the EcoRI restriction sites are shown by the open red triangles above the x-axis and the relative position of the five HBB locus globin genes by
the red arrows. The position of the β-globin locus transcript 3 (BGLT3, B3), long non-coding RNA is indicated by the black box; HS5-1, DNase I hypersensitive
sites. The relative distance of individual globin genes to the anchor encompassing HS4, HS3 and HS2 (black line) is indicated in kb. The relative crosslinking
frequency between the anchor and other EcoRI fragments was determined by qPCR analysis. The data are shown as the mean ± standard error of the mean of
3 independent experiments. (D) The 3C assay was conducted for the shScr () and shNRF2 (■) lentiviral particle transduced erythroid progenitors. The relative
crosslinking frequency of the anchor with the downstream sites is shown.
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chromatin enrichment supporting NRF2/MAF co-localiza-
tion in the γ-globin, HS2 and NQO1 ARE motifs (Figure
2D). 
To provide additional evidence for a functional role of

NRF2/MAF interactions in the mechanism of γ-globin reg-
ulation, we established KU812 stable lines using shNRF2
and shMAF lentiviral particles under puromycin selection.
Stable expression of shNRF2 silenced target gene expres-
sion by 80% with a concomitant decrease in HbF levels
(Figure 3A). In addition, ChIP assay demonstrated a
decline in NRF2 and TATA binding protein (TBP) binding
to the γ-globin and HS2 ARE motifs. For the shMAF
KU812 stable line, we observed a 70% decrease in MAF
protein accompanied by an 80% and 60% decrease in
NRF2 binding to the γ-globin and HS2 AREs, respectively
(Figure 3B). In contrast to findings in the shNRF2 stable
line, in vivo TBP binding was not affected by shMAF stable
expression and HbF levels were increased (Figure 3B). A
possible explanation for HbF induction is supported by
observations in mouse fetal liver erythroid cells where
MAFG up-regulated KLF1 and BCL11A expression,11 two
major negative regulators of 
γ-globin gene expression.12,13 The ability of small MAF
homodimers to silence antioxidant genes has also been
previously reported.9 Together these data suggest a dual
role of MAF as an NRF2 binding partner and possible
repressor of γ-globin. 
Finally, we examined the ability of NRF2 to mediate

chromatin structure changes as part of its mechanism of γ-
globin regulation. It is known that an active chromatin
hub is formed through sequential long-range interactions
between the LCR and individual globin gene promoters to
accomplish developmentally-regulated gene expression.14

Since we demonstrated NRF2 binding to the HS2 and γ-
globin gene AREs (Figure 2A), we investigated whether
NRF2 mediates chromatin looping using chromosome
conformation capture (3C) assay (Online Supplementary
Methods). Using day 10 human primary erythroid progen-
itors, we detected interactions between the anchor frag-
ment (encompassing HS2, HS3 and HS4) and e-globin, γ-
globin, d-globin and β-globin intergenic region, and
BGLT3 (β-globin locus transcript 3) sequence (Figure 3C),
containing predicted ARE motifs (Online Supplementary
Table S2). Subsequent 3C assay completed after DMF
treatment to induce NRF2 nuclear translocation showed
increased chromatin looping, except in the β-globin pro-
moter where no ARE exists. As further evidence of NRF2
involvement in HBB locus chromatin structure, we per-
formed 3C assay after shNRF2-mediated gene silencing.
We observed a decrease in chromatin looping between
the anchor and e-, γ- and d-globin genes and BGLT3
sequence, without observing any effect on 
β-globin interactions (Figure 3D). Interestingly, the BGLT3
region has been associated with γ-globin gene silencing
through the recruitment of repressors and co-repressors
by LDB1/NL115 and BCL11A.16 Therefore, the ability of
NRF2 to activate γ-globin transcription may occur through
modulation of repressor complexes; however, additional
experimental data are required to demonstrate this mech-
anism. Nevertheless, our data support 
in vivoNRF2 binding to the γ-globin ARE to promote long-
range chromatin looping.
In summary, DMF-mediated NRF2 activation and

nuclear translocation produced γ-globin gene activation
and HbF induction. Here, we present evidence for a direct
role of NRF2 in globin gene regulation including in vivo
binding to the ARE motifs in the γ-globin promoter and
HS2. Moreover, heterodimerization between NRF2 and
MAF facilitated chromatin looping in the HBB locus to

preferentially activate γ-globin expression.
Pharmacological NRF2 activators represent a class of
promising agents as HbF inducers for the treatment of
SCD, and this approach should be the object of future
development.
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