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Impact statement

Sickle cell disease is an inherited hemo-
globin disorder that affects over 100,000
people in the United States causing high
morbidity and early mortality. Although
new treatments were recently approved by
the FDA, only one drug Hydroxyurea indu-
ces fetal hemoglobin expression to inhibit
sickle hemoglobin polymerization in red
blood cells. Our laboratory previously
demonstrated the ability of the NRF2 acti-
vator, dimethyl fumarate to induce fetal
hemoglobin in the sickle cell mouse model.
In this study, we investigated molecular
mechanisms of y-globin gene activation by
NRF2. We observed the ability of NRF2 to
modulate chromatin structure in the human
B-like globin gene locus of B-YAC trans-
genic mice during development.
Furthermore, an NRF2/TET3 interaction
regulates y-globin gene DNA methylation.
These findings provide potential new
molecular targets for small molecule drug
developed for treating sickle cell disease.

Abstract

NRF2 is the master regulator for the cellular oxidative stress response and regulates
v-globin gene expression in human erythroid progenitors and sickle cell disease mice.
To explore NRF2 function, we established a human B-globin locus yeast artificial chromo-
some transgenic/NRF2 knockout (B-YAC/NRF2~~) mouse model. NRF2 loss reduced
v-globin gene expression during erythropoiesis and abolished the ability of dimethyl fuma-
rate, an NRF2 activator, to enhance y-globin transcription. We observed decreased
H3K4Me1 and H3K4Me3 chromatin marks and association of TATA-binding protein and
RNA polymerase |l at the B-locus control region (LCR) and y-globin gene promoters in
B-YAC/NRF2~~ mice. As a result, long-range chromatin interaction between the LCR
DNase | hypersensitive sites and y-globin gene was decreased, while interaction with
the B-globin was not affected. Further, NRF2 loss silenced the expression of DNA methyl-
cytosine dioxygenases TET1, TET2, and TET3 and inhibited y-globin gene DNA hydroxy-
methylation. Subsequently, protein-protein interaction between NRF2 and TET3 was
demonstrated. These data support the ability of NRF2 to mediate y-globin gene regulation
through epigenetic DNA and histone modifications.
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Introduction

LCR and proximal globin gene promoters in concert with
chromatin regulatory molecules such as BRG1, LSD1, G9a,

The human f-like globin gene locus (HBB) on chromosome
11 contains five developmentally expressed globin genes
including &-“y-"*y-3-B, which are regulated by a distant
locus control region (LCR) enhancer through chromatin
loop formation." This process is modulated by ubiquitous
and stage-specific erythroid transcription factors such as
KLF1, BCL11A, FOG1, GATA1, GATA2, TR2/TR4, TALL,
and LDB1/NL1 among others.? These factors bind the

ISSN 1535-3702
Copyright © 2020 by the Society for Experimental Biology and Medicine

MBD2, HDAC1, and DNMTT1 to alter chromatin structure
and facilitate hemoglobin switching during development.
Understanding the mechanisms involved in this process
has been investigated extensively to develop treatments
for sickle cell disease (SCD) and B-Thalassemia.**
Significant advances contributed to developing strate-
gies of fetal hemoglobin (HbF) induction to inhibit
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hemoglobin S polymerization, the main pathophysiology of
SCD; compounds such as cancer chemotherapy agents and
inhibitors of DNA methyltransferases or histone deacety-
lases have proven effective in people.” However, these
agents are cytotoxic, damage DNA, or suppress erythropoi-
esis, which limits their clinical utilization. Recently, hema-
topoietic stem cell transplantation®” and gene editing
approaches using zinc finger nucleases™® or Crispr/Cas9
technology” "' show great promise for treatment of SCD
and p-thalassemia, but safety, efficacy, and health-care
cost remain major concerns. Therefore, discovery of addi-
tional cellular proteins regulated by small molecules to acti-
vate HbF is desirable.

NREF2 as the master regulator of cellular oxidative stress
response controls the expression of a wide variety of anti-
oxidant genes.'? Oxidative stress is generated by multiple
mechanisms including inflammation, hypoxia/reperfusion
injury, and chronic hemolysis leading to stress erythropoi-
esis.”>® Previous studies demonstrated NRF2 knockout
increased susceptibility to a broad range of chemical toxi-
cants and was associated with disease conditions involving
oxidative pathology.’” Genome-wide chromatin immuno-
precipitation (ChIP)-seq demonstrated that NRF2 binds a
consensus motif, TGACnnnGC, known as the antioxidant
response element (ARE) to regulate downstream antioxi-
dant genes.'®"

In addition to controlling the antioxidant stress
response, NRF2 regulates human y-globin gene expression.
Drugs that activate NRF2, such as tert-butylhydroquione®
and simvastatin,” induce HbF expression in human prima-
ry erythroid progenitors through NRF2 binding to y-globin
gene promoter ARE. We also demonstrated that dimethyl
fumarate (DMF), an FDA approved drug for the treatment
of multiple sclerosis mediated HbF induction through
NRF2 activation in human erythroid progenitors* and
SCD mice.” Subsequently, we established a SCD/NRF2
knockout mouse where exacerbated SCD phenotype with
reduced y-globin gene expression and increased expression
of inflammatory factors was observed.** In addition,
microRNA-144, which silences NRF2 expression, has been
shown to be involved in erythroid differentiation®>® and
associated with the severity of anemia in SCD.*” Recently,
we completed genome-wide miRNA analysis in SCD
patients, demonstrating higher microRNA-144 levels are
associated with lower HbF expression.”® These studies sup-
port an important role for NRF2 in erythropoiesis and
globin gene regulation.

To investigate the function of NRF2 during in vivo eryth-
ropoiesis and hemoglobin switching, we crossbred NRF2
knockout mice'” with B-globin locus-yeast artificial chro-
mosome (B-YAC) transgenic mouse™ to produce B-YAC/
NRF2 knockout mouse (B-YAC/NRF2™/7). Using this
novel model, we demonstrated that NRF2 is required for
normal y-globin gene expression during erythropoiesis.
Furthermore, NRF2 mediated HBB locus DNA hydroxyme-
thylation to facilitate long-range chromatin interactions
between LCR and y-globin genes as part of its mechanism
on gene activation. These findings provide the rationale to
develop small chemical drugs to activate NRF2 and induce
HDF for the treatment of B-hemoglobinopathies.

NRF2/TET3 complex regulates y-globin gene chromatin

Materials and methods

Animal models and drug treatment

The C57BL/6] NRF2 knockout (NRF2™/7)" and B-YAC®
mice were crossbred to generate B-YAC/NRF2 /™ transgen-
ic/knockout mice (Supplemental Figure S1A). Mouse geno-
typing and copy-number determination for the HBB locus
were determined by quantitative polymerase chain reaction
(qPCR) with gene specific primers (Supplementary Table S1).
The 2- to 3-month-old mouse blood samples were analyzed
for hematological indices using Micros 60 CS/CT from
HORIBA Medical/ ABX Diagnostics (Irvine, CA) and reticu-
locyte counting was performed using Retic-Count reagent
(BD Biosciences) and analyzed by flow cytometry. For drug
treatments, 2- to 3-month-old male and female wild-type
B-YAC and B-YAC/NRF2 /~ mice were treated by intraper-
itoneal injection 5days a week, for 4weeks with vehicle
0.08% hydroxypropyl methyl cellulose or 100 mg/kg DMF
(Sigma, St. Louis, MO). All animal experiments were
approved by the Institutional Animal Care and Use
Committee at Augusta University.

RNA and protein analysis

Reverse transcription-quantitative PCR (RT-qPCR) and
protein immunoblot analyses were performed as previous-
ly published.*

DNA dot-blot, DNA immunoprecipitation and epimark
assays

DNA dot blot analysis of 5-methylcytosine (5mC) and
5-hydroxymethylcytosine (5hmC) levels using mouse
embryonic day E13.5 fetal liver genomic DNA was per-
formed with a Bio-Dot microfiltration apparatus (Bio-Rad,
Hercules, CA). Methylated DNA (MeDIP) and hydroxyme-
thylated DNA (hMeDIP) immunoprecipitations were per-
formed with kits from Active Motif (Carlsbad, CA)
according to the manufacturer’s instruction. Signals for
5mC and 5hmC in HBB locus were determined by qPCR
with gene specific primers (Supplemental Table S1) after
normalization to input DNA. EpiMark 5hmC and 5mC
Analysis Kit (New England Biolabs) was used for the detec-
tion of 5hmC, 5mC, and cytosine at the y-globin gene pro-
moter -53 CCGG site.

ChIP and sequential ChIP

ChIP and sequential ChIP were performed with anti-
NRF2, anti-TET3, anti-TATA binding protein (TBP),
anti-RNA polymerase II (Polll), and anti-histone antibod-
ies (Supplemental Table S2); pulldown DNA was quanti-
fied by qPCR with gene specific primers (Supplemental
Table S1).%

Chromosome conformation capture (3C) assay

Long-range chromatin interaction was studied using 3C
assay with EcoRI restriction digestion as previously pub-
lished.***® The relative interaction frequency was deter-
mined by qPCR.
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Protein co-immunoprecipitation analysis

HEK?293 cells were transient transfected with NRF2, DNA
methyltransferase (DNMT1, DNMT3A, DNMT3B, and
DNMT3L), and DNA methylcytosine dioxygenase (TET1,
TET2, and TET3) expression constructs, followed by immu-
noprecipitation.” For endogenous protein immunoprecip-
itation, nuclear extracts from mouse E13.5 fetal livers
were prepared using NE-PER Nuclear and Cytoplasmic
Extraction Kit (Thermo Fisher, Waltham, MA) and
immunoprecipitation conducted with various antibodies,
followed by immunoblot analysis.

Flow cytometry analysis

To measure the percentage of y-globin expressing positive
cells (F-cells), mouse peripheral blood and fetal liver cells
were fixed and permeabilized before staining with follow-
ing antibodies: isotype control, FITC conjugated anti-
y-globin antibody or PE conjugated anti-CD71 antibody,
and FITC conjugated anti-Terl19 antibody for globin
expression and erythropoiesis analysis by flow cytometry
on a LSR II analyzer (BD Biosciences).”***

Statistical analysis

Data from at least three different samples (fetal liver or
blood) were reported as the mean =+ standard deviation
(SD). The unpaired Student’s t-test was performed to deter-
mine significance and P < 0.05 was considered statistically
significant. For chronic drug treatments, at least five age-
matched mice were used in each treatment group. The
paired t-test was performed to compare before and after
drug treatment effects and for comparison among groups,
one-way analysis of variance was performed.
See Supplemental Document for detailed methods.

Results

NRF2 loss produced mild changes in erythropoiesis in
p-YAC mice

The B-YAC/NRF2 ™/~ mice were generated by crossbreeding
B-YAC mice with NRF2/~ knockout mice (Supplemental
Figure S1A). This novel mouse model consisting the entire
213 kb HBB locus in normal chromatin configuration allowed
us to test physiologic changes produced by NRF2 knockout.
Initially, we determined copy number using qPCR
(Supplemental Figure S1B) and only mice with a single
copy were used for analyses. In contrast to our previous
NRF2 knockout SCD mouse model where high mortality
was observed,* B-YAC/NRF2 ™/~ mice appeared healthy
and showed no change in fertilization or survival rates
(Supplemental Figure S1C and D).

Recent findings showed that NRF2 deficiency caused an
expansion of hematopoietic stem and progenitor cell com-
partments due to cell-intrinsic hyperproliferation, which
was accomplished at the expense of hematopoietic stem
cell quiescence and self-renewal/survival.®> To determine
whether NRF2 affected adult erythropoiesis, we compared
the hematologic parameters of B-YAC/NRF2 /™ mice with
NRF2 wild-type B-YAC (B-YAC/NRF2™/*) mice at 2 to

3 months of age. Automated complete blood counts includ-
ing red blood cell count, hemoglobin, hematocrit, and
platelet count were not chan}ged in B-YAC/NRF2~/~ mice
compared to B-YAC/NRF2"/" mice (Supplemental Figure
S2A). Interestingly, the levels of lymphocytes and mono-
cytes were decreased significantly in B-YAC/NRF2 ™/~
mice (P <0.05), but the total white blood cell count was
not affected.

Next, we performed flow cytometry to analyze erythroid
maturation in B-YAC/NRF2/~ mice. The transferrin
receptor (CD71) is expressed by erythroid precursors com-
mitted to differentiation and decreases during terminal
maturation; therefore, we quantified CD71 expression in
peripheral blood (Supplemental Figure S2B). We observed
an increased CD71 expression of 2.6% £0.7% in B-YAC/
NRF2~/~ mice compared with 1.7% £0.2% in B-YAC/
NRF2"/" mice (P < 0.05). Furthermore, the percentage of
reticulocytes was increased to 4.4% in B-YAC/ NRF2~/~
mice compared to 2.3% in B-YAC/NRF2"™/* (P <0.05), an
observation supported by the mild increase in hemoglobin
and hematocrit (Supplemental Figure S2A). Together, these
data suggest that NRF2 played a minor role in erythroid
differentiation under non-oxidative stressed physiological
conditions.

NRF2 modulates y-globin gene expression during
erythroid development

To investigate the role of NRF2 in regulating gene expres-
sion in normal human HBB locus, we determined globin
mRNA levels during development. During erythropoiesis
in B-YAC mice, in E13.5 and E18.5 fetal livers and periph-
eral red blood cells, NRF2 loss reduced y-globin gene
transcription by 42.7%, 44.0%, and 30.5%, respectively
(P <0.05), whereas no effect on B-globin gene transcription
was detected (Figure 1(a)). Moreover, the transcription of
mouse endogenous €y and B-major globin genes were not
changed by NRF2 loss (Supplemental Figure S3).

To ascertain the level of protein expression, we deter-
mined HbF expression in E13.5 fetal livers by Western
blot analysis. As shown in Figure 1(b), we observed a
52.8% decrease of HbF in f-YAC/NRF2/~ mice compared
to B-YAC/NRF2"/" mice (P < 0.05), with no differences in
HbA expression. We also quantified the percentage of
erythrocytes containing HbF (F-cells) in peripheral blood
samples. In agreement with the y-globin mRNA levels,
the number of F-cells in B-YAC/NRF2™/~ mice was
decreased by 40% compared to that in B-YAC/NRF2™/ "
mice (Supplemental Figure 54).

DMF is a known NRF2 activator that induces y-globin
gene transcription in human erythroid progenitors® in vitro
and SCD mice.”® To demonstrate the presence of NRF2 is
required for y-globin induction by DME, we treated
wild type and NRF2 knockout B-YAC mice, with DMF
(100mg/kg, M-F) by intraperitoneal injections for
4weeks. In B-YAC/NRF2*/* mice, DMF increased the
v/v+P mRNA ratio by 1.6-fold (P <0.05); however, in
B-YAC/NRF2~/~ mice, the levels of v-globin gene tran-
scription were not changed significantly (Figure 1(c)).
Moreover, F-cell levels increased from 0.6% to 1.5% in
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Figure 1. NRF2 loss affected y-globin expression during erythropoiesis. (a) mMRNA levels of human fetal y-globin and adult B-globin genes were monitored by RT-
gPCRin E13.5 and E18.5 fetal livers and peripheral blood of adult (-3 months old) B-YAC/NRF2*/* and -YAC/NRF2~'~ mice (n = 8-9); the v/(y -+ p) mRNA ratios were
calculated with the mRNA level of mouse GAPDH as an internal control. (b) Protein expression levels of NRF2, HbF and HbA were determined for the whole cell extract
of [S-YAC/NF{FZHJr and B-YAC/NRFQ”’ mice E13.5 fetal livers (n = 3). B-actin was used as a protein loading control and relative protein levels quantitated (below) for
B-YAC/NRF2*/* (white bars) and -YAC/NRF2~/~ (black bars) mice. (c and d) B-YAC/NRF2*/* and p-YAC/NRF2~/~ mice (2-3 months old) were treated by intra-
peritoneal injection with 100 mg/kg DMF in 0.08% hydroxypropyl methyl cellulose or vehicle control for 4 weeks. At week 0 and week 4, mouse blood samples were
analyzed for human globin gene expression by RT-gPCR (c), and the percentage of the HbF expressing cells (F-cell) was determined by flow cytometry (d). Shown are
representative flow cytometry dot plots used for quantifications. Data are presented as mean + SD (n=5). *P< 0.05. Symbols: blue circle (O), B-YAC/NRF2*+ mice;
red triangle (A), B-YAC/NRF2~/~ mice. DMF: dimethyl fumarate. (A color version of this figure is available in the online journal.)

B-YAC/NRF2™/* mice, whereas no significant change in
F-cells occurred in B-YAC/NRF2™/~ mice after DMF treat-
ment (Figure 1(d)). These data demonstrated NRF2 modu-
lated y-globin expression in f-YAC mice and is essential for
y-globin gene induction by DMF.

NRF2 modulated HBB locus chromatin structure and
long-range interaction

To investigate whether NRF2 mediated chromatin modifi-
cations in the HBB locus, we determined the level of active

histone marks H3K4Mel and H3K4Me3 in the LCR and
globin gene promoters by ChIP assay. In E13.5 and E18.5
fetal livers of B-YAC/NRF2~/~ mice, no detectable binding
of NREF2 to either y-globin gene promoters or LCR-HS2 was
observed (Figure 2(a) and (b)), while H3K4Mel and
H3K4Me3 levels were low. In late erythroid developmental
stage E18.5 fetal livers, TBP and RNA Polll binding to
the y-globin promoter was lower than E13.5 fetal livers
(Figure 2(a)). In contrast, in the p-globin gene promoter,
where no NRF2 binding site was identified, NRF2 loss
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Figure 2. NRF2 loss alters chromatin structure in HBB locus. Chromatin
immunoprecipitation (ChIP) assay was performed to determine the association
of NRF2, TATA binding protein (TBP), RNA polymerase Il (RNA Polll), histone
marks H3K4Me1 and H3K4Me3 in HBB locus y-globin gene promoter (a), LCR-
HS2 (b), and B-globin gene promoter (c) for E13.5 and E18.5 fetal livers of 3-YAC/
NRF2+* and -YAC/NRF2~'~ mice. Normal rabbit IgG was used as an antibody
control. Primers target NRF2 consensus binding sites in individual gene loci
(Supplemental Table S1). Symbols: B-YAC/NRF2"/*, white bars; p-YAC/NRF2~/~
mice, black bars. Data after normalized to the input are presented as mean + SD
(n=5-6); “P< 0.05.

had no effect on in vivo binding (Figure 2(c)). In the mouse
NQOT1 gene promoter regulated by NRF2, the associations
of protein binding and active histone marks were decreased
after NRF2 loss (Supplemental Figure S5). Collectively,
these data support HBB locus histone modifications in the
mechanism of NRF2-mediated y-globin gene regulation.
Long-range chromatin interactions between the LCR
and globin gene promoters are required to accomplish
developmentally regulated hemoglobin switching." To
investigate whether NRF2 mediates long-range chromatin
interaction, chromosome conformation capture (3C) assay
was performed, since the entire 213 kb HBB locus and the
surrounding regions remained in normal chromatin

configuration. Using LCR containing 5HS4/3/2 as the
anchor, 3C assay in E13.5 fetal livers showed interactions
between the LCR and y-globin genes were significantly
decreased in the absence of NRF2 (Figure 3(a)). In fetal
definitive erythroid day E18.5 liver, where the y-globin
genes are expressed at low levels, the interaction between
LCR and y-globin gene was decreased further (Figure 3(b)).
However, the interaction between B-globin gene and LCR
was not affected at either erythroid stage (Figure 3(a)
and (b)). We also performed 3C assay with the “y-globin
gene promoter as an anchor. Similarly, we detected
decreased interaction between y-globin and LCR in the
absence of NRF2 (Figure 3(c) and (d)) supporting NRF2-
mediated HBB locus long-range chromatin interactions
are part of its mechanism on y-globin gene regulation.

NRF2 loss altered global DNA modifications

DNA epigenetic modifications, such as 5mC and 5hmC, are
typically associated with inactive and active gene transcrip-
tion, respectively. Recent findings support an emerging role
for NRF2 in rewiring the metabolism of a-ketoglutarate, a
Krebs cycle metabolite in normal and pathological condi-
tions such as cancer. a-Ketoglutarate is a rate limiting sub-
strate for dioxygenases such as histone demethylases,
prolyl hydroxylases, and ten-eleven translocation (TET)
enzymes that modulate epigenetic histone and DNA mod-
ifications.>*®> Thus, to evaluate an effect of NRF2 loss on
5mC and 5hmC levels in B-YAC mice, we performed DNA
dot-blot assay with genomic DNA isolated from E13.5 fetal
livers. Interestingly, global DNA 5hmC levels were signifi-
cantly decreased in fetal livers of B-YAC/ NRF2~/~ mice;
however, DNA 5mC levels were not changed (Figure 4(a)).
To further determine whether 5hmC DNA modifications
occurred locally in the HBB locus to affect globin gene
expression, we performed MeDIP and hMeDIP assays.
MeDIP results showed there was no significant change in
5mC levels in the HBB locus in E13.5 fetal liver. However,
the levels of 5hmC were decreased for LCR-HS2 and
y-globin gene promoters, but not for the B-globin gene pro-
moter (Figure 4(b)).

The effect of NRF2 loss on y-globin gene expression was
further analyzed for the levels of 5hmC, 5mC, and unmodi-
fied cytosine at a CCGG Mspl site located at -53 within
the 5 y-globin promoter region with Epimark assays.
This CCGG site has been demonstrated to regulate
y-globin promoter activity®® and undergoes demethylation
rapidly at early stage of erythroid differentiation in fetal
liver compared to adult bone marrow in baboon.””
Significantly, levels of 5hmC in the E13.5 fetal livers of
B-YAC/NRF2 /"~ mice (3.9 +1.3%) were lower than com-
pared to B-YAC/NRF2™/* (5.5+1.1%), while 5mC levels
were comparable for both models (Supplemental Figure
S6).

Subsequently, we tested whether NRF2 loss in E13.5 fetal
livers affected the expression of DNA 5hmC modifier meth-
yleytosine dioxygenases, TET1, TET2, and TET3. We found
that the expression of all three TET enzymes at mRNA
(Supplemental Figure S7) and protein levels in NRF2 knock-
out mice were decreased by 55.0% £16.4%, 46.1% +15.0%,
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Figure 3. NRF2 enhances HBB locus chromatin interactions with the y-globin genes. Chromatin looping in the HBB locus was analyzed by the chromosome
conformation capture (3C) assay using HBB LCR encompassing 5’HS4, HS3, and HS2 (a and b) or y-globin gene promoter as anchors (c and d) for E13.5 (a and c) and
E18.5 (b and d) fetal livers of -YAC/NRF2** and B-YAC/NRF2~'~ mice (n=3); B-YAC/NRF2"/* mice (@); B-YAC/NRF2~'~ mice (). The positions of the EcoRI
restriction sites are shown ( /) above the X-axis and the relative position of the five HBB locus globin genes by the red arrows (mp ). The position of the B-globin locus
transcript 3 (BGLT3, B3), a long non-coding RNA is indicated by the black box (l); HS5-1, DNase | 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 cross-linking frequency between the anchor and other EcoRI fragments was
determined by gPCR analysis and shown in a logarithmic scale. The data are shown as the mean + SD of three different fetuses. (A color version of this figure is

available in the online journal.)

and 39.3% +12.5%, respectively (P <0.05) (Figure 4(c)).
Thus, NRF2 might influence global and HBB locus DNA
5hmC modifications for gene regulation.

Interaction between NRF2 and TET3 modulated HBB
locus DNA methylation status

TET methylcytosine dioxygenases associate with site-
specific transcription factors to bind methylated CpG
regions to oxidize 5mC, reverse DNA methylation and
activate gene expression. We asked whether NREF2
recruits TET proteins to gene targets, HA-tagged NRF2
and FLAG-tagged TET1, TET2 or TET3 were transiently
expressed in HEK293 cells and subjected to immunopre-
cipitation with anti-FLAG antibody followed by immu-
noblot with anti-HA antibody. We observed FLAG-

tagged TET3 in the HA immunoprecipitation assay, indi-
cating the presence of both NRF2 and TET3 in the same
protein complex (Figure 5(a)). To detect whether NRF2
also interacts with DNA methyltransferases in regulating
DNA 5mC modifications, we determined the interaction
between NRF2 and known DNA methyltransferases
DNMT3A, DNMT3B or DNMT3L after overexpressed in
HEK?293 cells similarly. However, there was no interaction
between NRF2 and DNMT3A, DNMT3B or DNMT3L
(Figure 5(b) and (c)). To further determine whether
endogenous interactions between NRF2 and TET3 exist,
we performed immunoprecipitation assays with nuclear
extracts of E13.5 fetal liver and observed an interaction
between NRF2 and TET3, but not with TET1 or TET2
(Figure 5(d), Supplemental Figure S8).
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NRF2~/~ (black bars). (B) DNA 5mC and 5hmC levels in the LCR-HS2, v-globin gene promoter and f-globin gene promoter regions were determined by methylated
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methylcytosine dioxygenases TET1, TET2, and TET3 were determined for the whole cell extract of both transgenic lines using E13.5 fetal livers (n = 3). B-actin was used
as a protein loading control and the relative protein levels were quantitated (below). *P< 0.05; ns, not significant.

Next, we asked whether NRF2 interacts with TET3 at the
HBB locus in mediating gene regulation. Sequential ChIP
assay in E13.5 fetal liver was performed with anti-NRF2
antibody followed by anti-TET3 antibody. As shown in
Figure 5(e), an enrichment signal for TET3 was observed
in y-globin gene promoter and LCR-HS2 without signifi-
cant change in the B-globin promoter. As a negative control,
in the “y-globin cAMP response element, where no NRF2
binding site exists, we did not detect chromatin enrichment
for either NRF2 or TET3. Together, these data support the
ability of NRF2 to modulate HBB locus chromatin structure
in preferentially regulating y-globin gene expression
through interactions with TET3.

Discussion

Currently, there are four FDA-approved drugs for the
treatment of SCD including Hydroxyurea, Endari

(L-glutamine), Adakveo® (crizanlizumab), and Oxbryta®.
Endari improves clinical symptoms of SCD by suppressing
oxidative stress and reducing the adhesion of sickle
erythrocytes to endothelial cells.”® Oxbryta® is the first
FDA-approved drug that directly inhibits hemoglobin S
polymerization and improves total hemoglobin levels.*
Adakveo® (crizanlizumab) is a targeted monoclonal anti-
body that binds to P-selectin on the surface of activated
endothelial cells and platelets40; blocking interactions
among endothelial cells, platelets, red blood cells, and
white blood cells decreased vaso-occlusive episodes. By
contrast, Hydroxyurea ameliorates SCD complications
mainly by HbF induction; moreover, this agent restores
nitric oxide levels, suppresses the inflammatory response,
and inhibits expression of adhesion molecules. Therefore,
discovery of additional molecular targets for drug-
mediated HbF induction to develop novel effective thera-
pies for B-hemoglobinopathies is desirable.
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Figure 5. Interaction between NRF2 and TET3. (a) HEK293 cells were co-transfected with HA-NRF2 and FLAG tagged TET1, TET2, or TET3. The NRF2-TET
complexes in HEK293 WCE were immunoprecipitated with FLAG antibody and analyzed by immunoblot with HA antibody. <, indicated the NRF2 band; *, indicated the
1gG heavy chain. (b and c) HEK293 cells were co-transfected with HA-NRF2 and FLAG tagged DNMT3A, DNMT3B (b) or YFP tagged DNMT3L (c). The NRF2-DNMT
complexes in HEK293 whole cell lysate were immunoprecipitated with either FLAG (b) or YFP (c) antibody and analyzed by immunoblot with HA antibody. (d)
Endogenous NRF2 was immunoprecipitated from nuclear extract of B-YAC/NRF2*/* and $-YAC/NRF2~/~ mice E13.5 fetal livers with TET3 antibody and analyzed by
immunoblot with NRF2 antibody. (e) Sequential ChIP was conducted to determine co-localization of NRF2 and TET3 on the y-globin gene promoter, LCR-HS2 and
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Recently, we established an NRF2 knockout SCD mouse
model to study globin gene expression under chronic hemo-
lysis and oxidant stress conditions.?* Here, we established an
NRF2 knockout B-YAC transgenic mouse model with
normal ROS levels to investigate y-globin regulation
during normal erythropoiesis. The human f-like globin

transgene in SCD mouse is a mini-HBB construct, comprised
of 22 kb extracted from the normal 81 kb HBB locus consist-
ing the LCR linked to the 5.5 kb “y-globin and 4.1 kb B-globin
genes. Accordingly, the SCD mouse model lacks multiple
binding sites for critical globin gene regulatory transcription
factors including BCL11A, NuRD, Sox6, and LRE#!
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Moreover, our SCD/NRF2 knockout model produced more
severe phenotypes with lower survival and fertility which
limited its application.24 Therefore, as an alternative, we
chose the B-YAC mouse model to ascertain the role of
NREF?2 in globin gene regulation through long-range chroma-
tin interactions that exist in the full-length HBB locus under
more physiologic oxidative stress conditions.

In this report, we identified a mild effect of NRF2 loss on
erythropoiesis based on CD71 expression in adult mouse
peripheral blood. Importantly, NRF2 was previously
shown to affect erythropoiesis by modulating ROS stress
through glutathione peroxidase family proteins since accu-
mulation of ROS is particularly deleterious to red blood
cells leading to hemolysis.***> By contrast, activation of
glutathione peroxidase and other selenoprotein genes as
efficient ROS scavengers***® is capable of affecting both
iron homeostasis and erythrocyte health***” thus may pre-
vent hemolytic anemia.”® Moreover, other than regulating
redox stress during hematopoietic cell development, NRF2
also plays a role in hematopoietic stem cell (HPSC) mainte-
nance.* In fact, NRF2 loss causes increased apoptosis and
alters to balance HPSC proliferation, self-renewal, and bone
marrow localization.>**° Moreover, using KEAP1-deficient
mice, Murakami et al. demonstrated NRF2 mediated HPSC
fate with enhanced granulocyte-monocyte differentiation
and a compensatory decrease in erythroid and Iymphoid
differentiation. On the other hand, combined NRF2/
KEAP1 knockout restored lineage commitment,®’ while
NREF2 loss produces immune-mediated hemolytic anemia
in mice.”® Other lines of evidence support a role of NRF2
in the regulation of erythropoiesis. For example, NRF2 bind-
ing is enriched in regions with hypomethylated CpG dinu-
cleotides in human adult erythroid cells.”® NRF2 also
regulates genes involved in iron homeostasis and heme
metabolism, such as ferritin light and heavy chain and fer-
rochelatase, among others.”®> Moreover, NRF2 silencing was
recently shown to interrupt the pentose phosphate pathway
and alter cellular levels of o-ketoglutarate,™ a metabolic
intermediate of the Krebs cycle and an essential cofactor
for a-ketoglutarate-dependent dioxygenases containing pro-
teins such as hypoxia inducible factor 1a. Thus, NRF2 might
mediate genome-wide DNA and histone epigenetic modifi-
cations and hypoxia sensing,”* in addition to its major role in
regulating cellular oxidative stress response.

Our data demonstrate that NRF2-mediated global and
localized HBB locus DNA hydroxymethylation affects
target gene expression by regulating the expression of
TET1, TET2, and TET3. We further demonstrated the ability
of NRF2 to recruit TET3 to y-globin promoter and LCR
regions in modulating DNA methylation. These data sug-
gest a role of NRF2 in gene regulation through direct DNA
binding and indirect DNA epigenetic modifications. Using
Epimark assay, we can only demonstrated the methylation
status for -53 CCGG, one of six CpG dinucleotides in the
y-globin proximal promoter critical for gene transcription.
Whether DNA 5mC and 5ShmC modifications on numerous
other CpG dinucleotides along the HBB locus are affected
by NRF2 and/or TET3 loss is not known.

Previously, NRF2 loss did not affect the expression of
mouse o- or B-globin genes at embryonic E13.5 and E15.5

stages.” In transgenic mouse models carrying the human
HBB in a mini construct or entire 213 kb locus, neither NRF2
activation nor knockout affected human p-globin gene
expressior1.22’23 However, in both transgenic mouse
models, the expression of y-globin gene was increased
after NRF2 induction and NRF2 loss abolished activation.
Moreover, in human normal and sickle erythroid progeni-
tors, NRF2 activators such as tert-butylhydroquione,®
Simvastatin,?! and DMF?? induced v-globin expression,
but not B-globin gene expression. In contrast, small inter-
ference RNA,° lentiviral ShRNA,%? or microRNA mimics?®
mediated NRF2 silencing and reduced y-globin expression
without an effect on B-globin expression. These studies
demonstrated that NRF2 does not regulate B-globin gene
expression but preferentially activates y-globin.

Collectively, our data from SCD* and $-YAC NRF2 knock-
out mice suggest a regulatory role of NRF2 on y-globin gene.
Therefore, pharmacologic activators of NRF2 expression
might improve the clinical phenotype of SCD patients.
Recently, NRF2 activator sulforaphane in the form of broccoli
sprouts was tested for SCD treatment. HbF induction was not
observed in SCD patients; however, the lack of response
might be due to low concentrations of sulforaphane admin-
istered.”® Small chemicals that directly inhibit KEAP1 to acti-
vate NRF2 such as DMF, a FDA-approved agent for multiple
sclerosis, might be more efficacious. Testing small chemical
compounds that activate NRF2 and y-globin expression in
B-YAC and SCD mice will identify potential novel agents
for treating f-hemoglobinopathies.
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