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The mechanism responsible for developmental stage-specific regulation of g-globin gene expression involves DNA
methylation. Previous results have shown that the g-globin promoter is nearly fully demethylated during fetal liver
erythroid differentiation and partially demethylated during adult bone marrow erythroid differentiation. The hypothesis
that 5-hydroxymethylcytosine (5hmC), a known intermediate in DNA demethylation pathways, is involved
in demethylation of the g-globin gene promoter during erythroid differentiation was investigated by analyzing levels of
5-methylcytosine (5mC) and 5hmC at a CCGG site within the 50 g-globin gene promoter region in FACS-purified cells
from baboon bone marrow and fetal liver enriched for different stages of erythroid differentiation. Our results show
that 5mC and 5hmC levels at the g-globin promoter are dynamically modulated during erythroid differentiation with
peak levels of 5hmC preceding and/or coinciding with demethylation. The Tet2 and Tet3 dioxygenases that catalyze
formation of 5hmC are expressed during early stages of erythroid differentiation and Tet3 expression increases as
differentiation proceeds. In baboon CD34C bone marrow-derived erythroid progenitor cell cultures, g-globin expression
was positively correlated with 5hmC and negatively correlated with 5mC at the g-globin promoter. Supplementation of
culture media with Vitamin C, a cofactor of the Tet dioxygenases, reduced g-globin promoter DNA methylation and
increased g-globin expression when added alone and in an additive manner in combination with either DNA
methyltransferase or LSD1 inhibitors. These results strongly support the hypothesis that the Tet-mediated 5hmC
pathway is involved in developmental stage-specific regulation of g-globin expression by mediating demethylation of
the g-globin promoter.

Introduction

The human b-globin gene complex spans approximately
70 kb on the long arm of chromosome 11 and includes 5 dis-
tinct genes, e-, Gg-, Ag-, d-, and b-, that are activated sequen-
tially in a highly regulated manner during development.
Increased understanding of the mechanism(s) that regulate
developmental expression of this cohort of genes, particularly
the duplicated g-globin genes, is of critical importance in the
development of new therapeutic interventions for sickle cell dis-
ease and b-thalassemia because increased levels of fetal hemoglo-
bin (HbF; a2g2) inhibit polymerization of deoxygenated sickle

hemoglobin and are associated with decreased risk of pain crises
and death in patients with sickle cell disease.1,2 Current evidence
suggests that the mechanism of developmental globin gene regu-
lation involves the targeting of repressive epigenetic modifica-
tions to critical regulatory elements by recruitment of co-
repressor complexes.3-5

A mechanistic role for DNA methylation in developmental
stage-specific repression of the g-globin gene has long been sup-
ported by experimental studies. Previous analysis of the DNA
methylation status of the g-globin promoter by Southern blot fol-
lowing digestion of DNA with methylation sensitive restriction
enzymes established a strong negative correlation between the
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level of DNA methylation of the g-globin promoter and g-globin
expression during development.6,7 Studies in the experimental
non-human primate baboon model showed that pharmacological
inhibitors of DNA methyltransferase (DNMT) induced high lev-
els of HbF.8 Subsequent clinical trials in patients with sickle cell
disease and b-thalassemia confirmed that administration of
DNMT inhibitors increased HbF to therapeutic levels in patients
with sickle cell disease and b-thalassemia.9-13 Phylogenetic foot-
printing studies showing that CpG residues within the 50 g-glo-
bin promoter region were acquired during the evolutionary
transition from prosimians to simian primates that coincided
with recruitment of the g-globin gene to fetal stage-specific
expression suggested that DNA methylation was critically
involved in developmental regulation of g-globin expression.14

More recent studies have shown that the DRED and Bcl11A-
Nurd co-repressor complexes, both containing the DNMT1
protein, repress the g-globin gene in adult erythroid cells.15,16

Inhibition of the histone demethylase LSD1, another component
of these co-repressor complexes, using the pharmacological agent
tranylcypromine increased g-globin expression in cultured
human erythroid progenitors and human b-globin YAC mice,17

thus demonstrating that other epigenetic modifications, in addi-
tion to DNA methylation, are involved in g-globin repression.

The mechanism responsible for the dramatic differences in
DNA methylation of the g-globin promoter between fetal and
adult erythroid cells is unknown. Previous studies from our labo-
ratory analyzing changes in DNA methylation of the g-globin
promoter in FACS-purified cells of adult baboon bone marrow
(BM) and early gestational age fetal liver (FL) enriched for differ-
ent stages of erythroid differentiation showed that the g-globin
gene promoter was demethylated in a progressive manner during
erythroid differentiation in FL and to a lesser extent in adult
BM.18 The loss of DNA methylation observed during differenti-
ation of the murine erythroleukemia cell line,19 during differenti-
ation of mouse fetal liver erythroblasts in vivo20 and during
erythroid differentiation of cultured human CD34C cells21 sug-
gests that modulation of DNA demethylation plays a critical role
in erythroid differentiation. Mechanistic pathways responsible
for DNA demethylation have been described that involve cova-
lent modification of 5-methylcytosine (5mC) into 5-hydroxyme-
thylcytosine (5hmC), 5-formylcytosine, and 5-carboxylcytosine
by activity of the Tet oxygenases and its subsequent demethyla-
tion by active mechanisms involving enzymatic base excision
repair pathways and passive DNA replication-dependent mecha-
nisms.22 The role of Tet genes and 5hmC in normal and malig-
nant hematopoiesis has been the subject of a number of recent
reviews.23-26 Dynamic changes in hydroxymethylcytosine levels,
both globally and at gene-specific regulatory regions, including
the g-globin promoter, during differentiation of cultured human
erythroid progenitors and in FACS-purified subpopulations of
erythroid cells from baboon BM cells have recently been
described.27 Disruption of erythroid differentiation and 5hmC
patterning in patient-derived Tet2 mutant CD34C early progen-
itor/stem cells supports a functional role for 5hmC in erythroid
differentiation.28 A recent report shows that active demethylation
of the avian adult a (D)-globin promoter occurs during

differentiation of the avian HD3 erythroblast cell. The timing of
this event coincides with incorporation of 5hmC at the promoter
and is consistent with a mechanistic role for hydroxymethylation
and demethylation in globin gene switching in chickens.29

The hypothesis that 5hmC mediates demethylation of the
g-globin promoter during erythroid differentiation was investi-
gated by analyzing levels of 5hmC, 5mC, and unmodified cyto-
sine (Cyt) at the ¡54 CCGG site within the 50 g-globin
promoter region in FACS-purified subpopulation enriched for
different stages of erythroid differentiation from adult baboon
BM and early gestational age baboon FL derived from timed
matings. Experiments have been performed to determine the
relationship between g-globin promoter 5mC and 5hmC and
g-globin expression in cultured baboon BM erythroid progenitor
cells grown in conditions resulting in either high or low levels of
g-globin expression. Because recent reports have shown that
Vitamin C stimulates DNA demethylation by acting as a Tet
cofactor to increase Tet-mediated conversion of 5mC to
5hmC30-34 the effect of Vitamin C, alone and in combination
with known pharmacological inducers of HbF, on DNA methyl-
ation of the g-globin promoter and g-globin expression, has also
been investigated. Our results strongly support a role for the Tet-
mediated 5hmC pathway in regulation of g-globin expression
through demethylation of the g-globin promoter.

Results

Analysis of g-globin promoter 5hmC during adult BM
erythroid differentiation

Subpopulations of adult baboon BM cells were isolated using
a combination of immunomagnetic column separation and
FACS. Baboons were phlebotomized for 4 days immediately
prior to the day of BM aspiration to increase the number of ery-
throid precursors and CFUe in the marrow in order to maximize
cell numbers for purification and analysis. Previous data from
our laboratory has shown that increases in HbF to 5–10% of
total hemoglobin are associated with phlebotomy in baboons. A
subpopulation consisting of terminal erythroid precursors, reticu-
locytes, and erythrocytes was isolated by immunomagnetic col-
umn separation using an antibody specific for baboon RBCs.
The negative flow-through cells were then separated by FACS
using antibodies to CD117 and CD36, an early erythroid
marker, to obtain subpopulations consisting of CD117C
CD36¡, CD117CCD36C, and CD117-CD36C cells (Figs.
1A and B). Colony assays showed that the terminal erythroid
precursors and CD117-CD36C subpopulations did not contain
colony-forming cells. The CD117CCD36C subpopulation was
enriched in erythroid colony-forming cells (15.9 § 9.3%),
CFUe and small BFUe, and was devoid of non-erythroid colony
forming cells, while large BFUe, mixed, and granulocytic colo-
nies were found in the CD117CCD36¡ subpopulation. DNA
isolated from these subpopulations was used to determine the lev-
els of 5hmC, 5mC, and Cyt at a CCGGMspI site located at ¡54
within the 50 g-globin promoter region by Epimark assays. Levels
of 5hmC in the terminal erythroid precursor cells (2.34 §
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0.82%) were enriched >12-fold compared to peripheral blood
WBC (0.18 § 0.19%; P < 0.0001) demonstrating that 5hmC
levels associated with the g-globin promoter are significantly
higher than in non-erythroid lineage cells (peripheral blood
WBC). The highest levels of 5hmC were observed in the CFUe-
enriched CD117CCD36C population (7.15 § 1.34%), while
significantly reduced levels were observed in the
CD117CCD36¡ subpopulation (2.87 § 1.85%; P < 0.01), the
CD117-CD36C subpopulation (3.85 § 0.93; P < 0.01), and
terminal erythroid precursors (2.34§ 0.82; P< 0.001; Fig. 1C).
Thus the level of g-globin promoter 5hmC was approximately
2.5-fold higher in the CD117CCD36C fraction enriched in
CFUe than in the CD117CCD36¡ subpopulation, 3-fold
higher than in the terminal erythroid subpopulation, and
36¡fold higher than in peripheral WBC. Similar levels of 5mC
at the ¡54 site were observed in peripheral blood WBC
(83.46 § 6.30%) and the CD117CCD36¡ subpopulation
(83.40 § 5.77%), which were significantly higher (P < 0.01)

than levels observed in the CD117CCD36C (66.31 § 7.03%),
CD117-CD36C (63.77 § 9.65%) and the terminal eythroid
precursor subpopulations (63.70§ 7.67%; Fig. 1C). In contrast,
the level of unmodified Cyt at the ¡54 position was similar in
the terminal erythroid precursors (33.23 § 7.22%) and the
CD117-CD36C subpopulation (31.37 § 8.4%); the level in the
terminal erythroid precursors was significantly higher compared
to both the CD117CCD36¡ (10.44 § 5.44%; P < 0.02) and
the CD117CCD36C (23.31 § 7.33; P < 0.03; Fig. 1C) subpo-
pulations. These results show that demethylation of the ¡54 site
occurs as erythroid differentiation proceeds from the
CD117CCD36C CFUe-enriched subpopulation to the terminal
erythroid precursors. Reduction in the level of 5hmC with no
difference in the level of 5mC between the CD117CCD36C
CFUe-enriched population and the terminal erythroid precursors
suggests that the limited demethylation of the ¡54 site during
erythroid differentiation of adult baboon BM cells proceeds
through a 5hmC intermediate.

Figure 1. (A) FACS profile of baboon BM cells separated by PE-labeled CD117 and FITC-labeled CD36. (B) Wright’s stained cytospin preparations showing
morphology of FACS-sorted CD117CCD36¡, CD117CCD36C, and CD117-CD36C and immunomagnetic column purified bRBCC (terminal erythroid pre-
cursor) cell subpopulations. (C) Analysis of 5hmC, 5mC, and Cyt present at the g-globin promoter ¡54 CCGG site in purified subpopulations of baboon
BM cells. CD36CCD117¡ (checkerboard), CD117CCD36C (black bars), CD117-CD36C (diagonal bars), terminal erythroid subpopulation (white bars) (D)
Analysis of 5hmC, 5mC, and Cyt present at the g-globin promoter ¡54 CCGG site in purified subpopulations of baboon fetal liver cells. CD36CCD117¡
(checkerboard), CD117CCD36C (black bars), CD117-CD36C (diagonal bars), terminal erythroid subpopulation (white bars).
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Analysis of globin mRNA levels within these subpopulations
showed that levels of g- and b-globin transcripts were 1000-fold
higher in the terminal erythroid precursors compared to more
primitive CD117CCD36¡ subpopulation and 50-fold higher
compared to the CFUe-enriched CD117CCD36C subpopula-
tion (Fig. S1A). The proportion of g-globin mRNA relative to
b-globin mRNA did not differ significantly between these subpo-
pulations (Fig. S1B). Levels of globin transcripts were 20 fold
higher in the CD117CCD36C subpopulation compared to the
more primitive CD117CCD36¡ subpopulation, showing that a
significant increase in globin gene transcription coincides with
increased levels of 5hmC at the g-globin promoter during ery-
throid differentiation.

Bisulfite sequence analysis was performed to compare the
DNA methylation at 5 CpG sites within the 50 g-globin promoter
region in DNA samples isolated from the CD117CCD36C sub-
population (n D 4) and the terminal erythroid precursor subpop-
ulation (n D 4) to determine to what extent demethylation of the
¡54 site during erythroid differentiation reflected more wide-
spread changes in the level of DNA methylation at other g-globin
promoter CpG sites. Analysis of 5 CpG sites (¡54, ¡51, C5,
C16, C48) showed that the level of DNA methylation in the
CD117CCD36C subpopulation (87.7 § 5.7%) was signifi-
cantly higher (P < 0.05) the in the terminal erythroid precursors
(73.9 § 8.1%; Fig. S2A). Comparison of CpG methylation at
the ¡54, C5, and C48 sites showed that the level at the ¡54
CpG site (73.0 § 8.1%) was lower than the C5 site (90.5; P <

0.06) and the C48 site (98%; P< 0.02) in the CD117CCD36C
subpopulation (Fig. S2B). Due to polymorphisms that eliminate
the CpG residues at ¡51 and C16 these sites were not included
in our analysis. This pattern persisted in terminal erythroid pre-
cursors as DNA methylation of the ¡54 site (55 § 12%) was
lower than the C5 site (91 § 6.6%; P < 0.01) and also the C48
site (76.3 § 14.4%; P < 0.07; Fig. S2B).

Analysis of g-globin promoter 5hmC during fetal liver
erythroid differentiation

Analysis of changes in 5hmC, 5mC, and Cyt at the ¡54 site
was also performed in subpopulations enriched for different
stages of erythroid differentiation purified from early gestational
age baboon FL with high levels of HbF expression (>90%) in
contrast to adults that express predominantly HbA. FL cells were
purified from 2 early gestational age (54 d, 62 d) baboon fetuses
obtained through timed matings. FL cells were separated in an
identical manner as the adult-derived BM cells by a combination
of immunomagnetic column selection of the terminal erythroid
precursors followed by FACS-purification of the
CD117CCD36¡, CD117CCD36C, and CD117-CD36C
populations (Fig. S3). High levels of 5hmC were observed in the
most primitive CD117CCD36¡ subpopulation and were
greatly reduced in the CD117CCD36C subpopulation
(Fig. 1D). Rapid demethylation was observed as the level of
5mC in the CD117CCD36¡ subpopulation was reduced to
<5% in the CD117CCD36C cells while the level of Cyt in the
CD117CCD36¡ subpopulation increased to >95% in
CD117CCD36C subpopulation (Fig. 1D). Thus,

demethylation of the ¡54 site occurs to a greater extent and pro-
gresses with greater rapidity at an earlier stage of erythroid differ-
entiation in FL compared to adult BM.

Relationship betweeng-globin promoter 5hmC, 5mC
and g-globin expression

The relationship between the level of g-globin expression and
g-globin promoter 5hmC, was investigated by comparing levels
of 5hmC, 5mC, and Cyt at the g-globin promoter ¡54 CCGG
site in adult baboon CD34C BM-derived erythroid cells express-
ing high levels of g-globin when grown in liquid culture to those
expressing low levels of g-globin when grown in a stromal cell
derived co-culture system. Expression of g-globin in cultured
cells was measured by HPLC analysis of globin chains (g/gCb)
on d14. Analysis of paired cultures (liquid vs. co-culture) derived
from BM aspirates from 6 different individual baboons showed
that globin synthesis (g/gCb) was significantly greater (mean dif-
ference D 0.44 g/gCb; P < 0.001; Fig. 2A) in cells cultured in
liquid media compared to the stromal cell line co-culture system.
Levels of 5hmC in d14 purified erythroid cells were significantly
higher in liquid cultures compared to stromal cell line co-cultures
(mean difference 4.93%; P < 0.005; Fig. 2B) while levels of
5mC were significantly lower (mean difference ¡26.0%; P <

0.01; Fig. 2C). Cyt levels were higher in cells from liquid cul-
tures compared to stromal cell co-cultures (mean difference D
16.5%; P < 0.001; Fig. 2D). Combined analysis of data from all
cultures showed that g-globin expression was negatively corre-
lated with 5mC (r D 0.854; P < 0.001; Fig. S4A) and positively
correlated with both Cyt (r D 0.758; P < 0.01; Fig. S4B) and
5hmC levels (r D 0.729; P < 0.01; Fig. S4C).

Effect of Vitamin C
Experiments were performed to test the effect of Vitamin C, a

cofactor of the Tet dioxygenases, on g-globin expression and
g-globin promoter DNA methylation. CD34C BM cells were
isolated from 4 different baboons and cultured in both liquid
media and stromal cell line co-cultures for 14d in the presence
and absence of Vitamin C (100 mM). HPLC analysis showed
that g-globin expression was significantly higher in cultures
treated with Vitamin C compared to untreated controls (mean
difference 0.12 g/gCb; P < 0.01; Figs. 3A, D). A representative
HPLC chromatogram of globin chain expression shows the
increased levels of g-globin chain expression in liquid and stro-
mal cell co-cultures treated with Vitamin C compared to the
untreated controls (Fig. S5A). Epimark assays showed that levels
of 5mC at the ¡54 CCGG site of the g-globin promoter were
significantly lower in Vitamin C-treated cultures (mean differ-
ence ¡29.0%; P < 0.001; Fig. 3B) compared to untreated con-
trols, while Cyt levels were higher (mean difference 31.9%; P <

0.001; Fig. 3C). Bisulfite sequence analysis showed that DNA
methylation at 5 CpG sites within the 50 g-globin promoter
region was significantly lower in cultures supplemented with
Vitamin C (45.1 § 20.3%) compared to untreated controls
(74.4 § 10.3%; P < 0.01; Fig. 4). Site-specific analysis showed
that reduced 5mC was observed at all 3 non-polymorphic CpG
sites (¡54, C16, C48) in Vitamin C-treated cultures compared
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to untreated controls (Fig. S2C). Lev-
els of 5mC at the ¡54 site were nega-
tively correlated (r D 0.732; P <

0.001) and Cyt levels were positively
correlated (r D 0.633; P < 0.01)
with g-globin expression (Fig. S6).
No significant difference in 5hmC
levels was observed between Vitamin
C-treated and untreated control cul-
tures. A positive correlation was
observed between the difference in
5hmC levels in Vitamin C and
untreated control cultures and the
5mC levels in both Vitamin C treated
cultures (r2 D 0.63) and the untreated
control cultures (r2 D 0.57; Fig. S7).

Combinatorial effects of vitamin
C with decitabine, hydroxyurea, or
tranylcypromine

Experiments were then performed
to test the effect of Vitamin C in com-
bination with the known HbF-induc-
ing drugs decitabine, hydroxyurea, and
tranylcypromine on g-globin expres-
sion in cultured baboon erythroid pro-
genitors. Triplicate stromal cell line
co-cultures of CD34C baboon BM
cells grown in the presence and
absence of Vitamin C were treated on d7 with decitabine (1 £
10¡7 M), hydroxyurea (100 mM) or tranylcypromine (5 mM).
Results showed that g-globin expression on d14 was significantly
higher in cultures treated with Vitamin C (0.32 § 0.02 g/gCb),
decitabine (0.33 § 0.02 g/gCb), hydroxyurea (0.33 § 0.08
g/gCb), and tranylcypromine (0.33 § 0.02 g/gCb) compared to
untreated controls (0.18 g/gCb; P < 0.001; Fig. 5A). Expression
of g-globin was increased in cultures treated with a combination
of Vitamin C with either decitabine (0.49 § 0.02 g/gCb) or tra-
nylcypromine (TC) (0.54 § 0.02 g/gCb) to higher levels than
any of these agents alone (P < 0.001; Fig. 5A, B). A representative
HPLC chromatogram shows (Fig. S5B) shows increased g-globin
chain expression in a culture treated with the combination of deci-
tabine and Vitamin C compared to cultures treated with either
agent alone and the untreated control. In contrast, in cultures
treated with the combination of Vitamin C and hydroxyurea,
g-globin expression (0.33 § 0.04 g/gCb) was similar to cultures
treated with hydroxyurea or Vitamin C alone. The effect of DNA
methylation of 5 CpG sites within the 50 g-globin promoter was
assessed by bisulfite sequence analysis of pooled DNA isolated
from terminal erythroid precursors purified on d14 by immuno-
magnetic column purification from pooled triplicate cultures
(Fig. 5C). The level of DNA methylation of 5 CpG sites within
the 50 g-globin promoter region was reduced in cultures treated
with Vitamin C (52.6%) and decitabine (73.1%) but not with
TC (85.1%) compared to the untreated control (87.0%). The
modest effect on DNA methylation levels in the decitabine-treated

sample likely reflects the low dose (1 £ 10¡7 M) used. The level
of DNA methylation in cells treated with a combination of Vita-
min C and decitabine (52.6%) or TC and decitabine (55.7%) was
similar to that in cultures with Vitamin C alone (52.8%).

Tet expression during erythroid differentiation
Expression of the 3 Tet genes, Tet1, Tet2, and Tet3 was ana-

lyzed by RT-PCR. Primers that distinguished the Tet2A and
Tet2B alternatively spliced transcripts that encode 2 different iso-
forms of Tet2 that differ at the C-terminal end encoding most of
the catalytic domain were included in the analysis. Tet gene
expression was determined relative to GAPDH in RNA isolated
from purified CD117CCD36¡ (n D 3), CD117CCD36C
(n D 4), CD117-CD36C (n D 3), the terminal erythroid precur-
sors from BM (n D 4), and fetal liver (n D 1), CD34C BM-
derived d14 cultures (n D 3), and human CD34C cord blood
-derived d14 FACS purified glycophorin AC cells (n D 3;
Fig. 6). Expression of Tet1 was not detected in these samples.
Within the CD117CCD36¡ subpopulation the relative expres-
sion of Tet2A was 2.8-fold higher than Tet3 (P < 0.05). Within
the CD117CCD36C subpopulation Tet2A expression (0.002 §
0.001) appeared lower than Tet3 (0.008 § 0.005) but the differ-
ence was not significant. Within the CD117-CD36C subpopula-
tion, Tet3 expression (0.015 § 0.001) was 3-fold higher (P <

0.001) than Tet2A (0.005 § 0.001), while in the terminal BM
erythroid precursors subpopulation Tet3 expression (0.025 §
0.008) was 6.7-fold higher (P < 0.01) than Tet2A (0.004 §

Figure 2. Comparison of (A) g-globin expression (g/gCb), (B) 5hmC, (C) 5mC, and (D) Cyt at the g-glo-
bin promoter ¡54 CCGG site between CD34C baboon BM erythroid progenitor cells grown in liquid
cultures and co-cultures with the AFT024 stromal cell line.
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0.001) in BM terminal erythroid precursors and 10-fold higher
in-terminal erythroid cells from d14 CD34C BM-derived ery-
throid progenitor cultures. Levels of Tet3 (0.030 § 0.015) were

nearly tenfold (P < 0.05) higher than
Tet2A (0.0031 § 0.0026) in terminal
erythroid cells isolated from d14
CD34C BM-derived erythroid progeni-
tor cultures, and higher levels of Tet3
relative to Tet2A were also observed in
FL terminal erythroid precursors and
glyAC cells from CD34C human cord
blood-derived cultures. Expression of
the Tet2B alternatively spliced tran-
script lacking the C-terminal region
encoding the catalytic domain appeared
to be increased in-terminal erythroid
cells to levels equivalent to Tet3
although this was not observed in cells
isolated from d14 CD34C BM-derived
erythroid progenitor cultures. This data
demonstrates that expression of both
Tet2 and Tet3 is modulated during ery-
throid differentiation.

Discussion

Analysis of FACS-purified cells from
baboon BM and FL showed elevated
levels 5hmC at the ¡54 CpG site
within the g-globin gene promoter at
stages of differentiation immediately

preceding and/or coinciding with the timing of demethylation of
this site. Bisulfite sequence analysis showed reduced levels of

DNA methylation at the ¡54 site com-
pared to CpG residues at C5 and C48 in
the adult BM CD117CCD36C subpop-
ulation enriched in CFUe suggesting
preferential demethylation of this site
during erythroid differentiation. Prefer-
ential loss of methylation at this site dur-
ing differentiation of human erythroid
progenitors in vitro was previously
reported.35 The extent of demethylation
is more rapid and markedly more com-
plete in FL compared to BM. In FL cells,
the highest levels of 5hmC are observed
within the CD117CCD36¡ primitive
cell subpopulation and the demethylation
of the g-globin promoter is essentially
complete by transition to the
CD117CCD36C stage. In adult BM,
the highest levels of 5hmC are observed
in the CD117CCD36¡ population that
is enriched in erythroid colony-forming
cells although levels of 5hmC within the
most primitive erythroid progenitors
within the CD117CCD36¡subpopula-
tion may be underestimated due the pres-
ence of non-erythroid granulocytic

Figure 3. Effect of Vitamin C on (A) g-globin expression (g/gCb), (B) 5mC, and (C) Cyt, at the g-globin
promoter ¡54 CCGG site in baboon BM erythroid progenitors grown in liquid and stromal cell line
co-cultures.

Figure 4. Bisulfite sequence analysis showing the effect of Vitamin C on DNA methylation of 5 CpG
sites located in the 50 g-globin promoter region. Methylated CpG (gray boxes), unmethylated CpG
(white boxes), polymorphic sites that do not contain CpG (black boxes).
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progenitors in this population. Previous
results have shown that differences in
5hmC at the g-globin promoter within
these subpopulations reflect differences
in genomic 5hmC and therefore are
part of global changes in DNA methyla-
tion occurring in the early stages of ery-
throid differentiation.27 Due to the
nature of the assay used in our current
studies, 5hmC data is limited to a single
site. Although it would likely be more
informative to have more sequence
information across larger genomic
regions, such methods for large-scale
analysis are not optimized for the rare
cell types utilized in our studies.36 Anal-
ysis of Tet gene expression clearly shows
that both Tet2 and Tet3 transcripts are
readily detectable in all erythroid subpo-
pulations isolated from both primary
BM and fetal liver and also from cul-
tured CD34C erythroid progenitors.
Expression of Tet2 decreases while Tet3
increases as erythroid differentiation
proceeds. High levels of Tet3 were
observed in all subpopulations of termi-
nal erythroid precursors, including
FACS-purified gly AC cells from cul-
tured human cord blood CD34C cells.
A role for Tet3 in maintenance and ter-
minal differentiation of neural progeni-
tor cells has recently been
demonstrated.37 Analysis of hemato-
poiesis in Tet3 conditional knockout
mice showed that 5hmC levels were
decreased in the absence of any signifi-
cant effect on numbers of terminally
differentiated cells. Further analysis of
these mice showed Tet3 deficiency aug-
mented the repopulation capacity of
primitive haematopoietic stem cells
and it has been suggested that Tet2 and
Tet3 may be functionally redundant.25

Interestingly, Xenopus Tet3, shown to
regulate the expression of a key set of
developmental genes important in eye
and neural development is targeted to
specific sequences through the binding
activity of a CXXC domain in the N
terminus that exhibits strong in vitro
binding to the CmCGG sequence
(homologous to the g-globin promoter
¡54 site).38 Although our data show-
ing that Tet3 expression and g-globin
promoter 5hmC levels during erythroid
differentiation are inversely related

Figure 5. (A) Effect of decitabine, TC, and HU alone and in combination with Vitamin C on g-globin
expression. (B) Bisulfite sequence analysis showing effect of decitabine, TCP alone, and in combina-
tion with Vitamin C on DNA methylation of 5 CpG sites within the 50 g-globin promoter region. Meth-
ylated CpG (gray boxes), unmethylated CpG (white boxes), and polymorphic sites that do not
contain CpG (black boxes) are shown.

Figure 6. RT-PCR analysis of Tet2A, Tet2B, and Tet3 expression. Expression was measured relative to
GADH for each based on standard curves derived from each amplicon.
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would appear to preclude a functional role for Tet3 in catalyzing
the formation of 5hmC at the g-globin promoter, it is probable
that repressive chromatin modifications established during ery-
throid differentiation block access of the g-globin promoter to
modification by action of the Tet proteins and that hydroxyme-
thylation/demethylation is restricted to a specific stage of ery-
throid differentiation. Future experiments will be performed to
test the roles of Tet2 and Tet3 in hydroxymethylation/demethyl-
ation of the g-globin promoter.

Our in vitro culture results comparing 5hmC and 5mC levels
at the g-globin promoter with levels of g-globin expression show
that higher levels of 5hmC and lower levels of 5mC are observed
in the terminally differentiated erythroid precursors derived from
liquid cultures that express increased levels of g-globin. Addition
of Vitamin C, a cofactor of the Tet dioxygenases, clearly
decreased 5mC levels and increased g-globin expression, consis-
tent with a role for the Tet dioxygenase in demethylation of the
g-globin gene promoter. The negative correlation between the
difference in 5hmC levels between Vitamin C and untreated con-
trols with the level of 5mC (Fig. S7) suggests that the final meth-
ylation state may be influenced by multiple factors that affect the
efficiency of demethylation of the 5hmC site and may be variable
between individuals. Recent studies have demonstrated that Vita-
min C stimulation of Tet activity increases DNA demethyla-
tion30-34 and the effect of Vitamin C on g-globin promoter DNA
methylation are clearly consistent with these studies. However,
Vitamin C is also a cofactor for other Fe (II) 2-oxoglutarate
dependent dioxygenase including the histone demethylases of the
Jumonji family that are capable of removing repressive methyla-
tion from lys9 of Histone H3.34 A recent study showed Vitamin
C enhanced neural differentiation in the developing midbrain in
a Tet1 and Jmjd3-dependendent manner.39 Thus, a role for addi-
tional other Fe (II) 2-oxoglutarate-dependent enzymes in mediat-
ing increased g-globin expression cannot be excluded. Notably,
we have observed that Vitamin C increases g-globin expression
in an additive manner when combined with 2 drugs, the DNMT
inhibitor decitabine and the LSD1 inhibitor tranylcypromine,
that target enzymes that establish and maintain repressive epige-
netic modifications at the g-globin promoter that repress g-glo-
bin expression. It is possible that the failure of the combination
of Vitamin C and hydroyxurea to elicit additive effects on g-glo-
bin expression could be due to inhibition of DNA synthesis by
hydroxyurea. Previous studies have shown that DNA demethyla-
tion in differentiating mouse fetal liver erythroblasts requires
DNA synthesis20 and hydroxyurea blocks the ability of 5-azacyti-
dine to increase HbF in baboons.8

A high frequency of Vitamin C deficiency has been observed
in patients with sickle cell disease.40 Interestingly, one study
reported a small but significant increase in HbF following Vita-
min C supplementation in children with sickle cell disease.41

The low levels of Vitamin C in patients could limit the HbF
response to these drugs, one of which (decitabine) is currently in
clinical trials. Thus, these results could have important clinical
implications for drug therapies targeting epigenetic modifications
designed to increase HbF in patients with sickle cell disease who
exhibit a high frequency of Vitamin C deficiency.

Materials and Methods

Baboons
Adult baboons (P. anubis) were housed at the University of

Illinois Biologic Resources Laboratory. Baboons were phlebo-
tomized to increase erythroid cell numbers in the bone marrow
by daily removal of 17% of the blood volume for 4 consecutive
days. Aspiration of bone marrow (30–40 ml) from the hips or
shoulders was performed on the fifth day.

Livers were obtained from baboon fetuses (n D 2) produced
through timed matings. Fetuses were delivered by Caesarian sec-
tion and euthanized by injection with euthobarb prior to removal
of tissue.

All procedures were approved by the IACUC of the Univer-
sity of Illinois at Chicago.

Purification of subpopulations of erythroid cells from
baboon BM and fetal liver

Low-density mononuclear cells were isolated from BM aspi-
rates by centrifugation (1500 RPM; 15 min) in pre-formed 70%
Percoll gradients. The mononuclear cell population was incu-
bated with a baboon-specific anti-red blood cell antibody (BD
Bioscience, #551299) for 15 min at 4�C. Cells were washed
3 times by centrifugation (1500 RPM; 10 min) in phosphate-
buffered saline (PBS) containing 0.5% bovine serum albumin
and 2 mM EDTA followed by incubation (20 min; 4�C) in:
immunomagnetic anti-mouse IgG microbeads (Miltenyi #130-
047-101) according to the instructions of the manufacturer. Cells
were washed an additional 3 times in PBS followed by separation
of terminal erythroid precursors (anti-RBC positive cells) using
LS columns (Miltenyi #130-042-401). The anti-RBC negative
population was suspended in Iscove’s media containing 10% fetal
bovine serum and incubated in T75 tissue culture flasks from
45–60 min at 37�C in a CO2 incubator to allow adherent cells
to attach. The nonadherent cells were removed and incubated
30–60 min at 4�C with fluorescein-labeled anti-CD36 (Beck-
man Coulter #IM0766U, clone FA6.152) and phycoerythrin-
labeled CD117 (Biolegend #313240, clone 104D2) and appro-
priate isotype controls. Following incubation, cells were washed
in PBS containing 0.5% bovine serum albumin. Cell purification
of CD117CCD36¡, CD117CCD36C, and CD117-CD36C
subpopulations was performed using a Beckman Coulter Mo-Flo
at the UIC Research Resources Center Flow Cytometry Service.

Epimark site-specific quantitative analysis of 5hmC, 5mC,
and Cyt

The levels of 5hmC, 5mC and Cyt at the ¡54 CCGG site 50

to the g-globin gene were quantitated by Epimark assays.42,43

DNA was purified from cell pellets using QIAamp DNA blood
Minikits (Qiagen #51104). In a 1.5-ml reaction tube, 2–5 mg of
genomic DNA was added with 80 mM UDP-Glucose and 1X
NEBuffer4 to a total volume of 200 ml. The reaction was divided
into 2 tubes. Twenty units of T4 b-glucosyltransferase (T4-
BGT) was added to one tube and nuclease-free water to the other
(control). Both tubes were incubated at 37�C overnight. Each
tube was then equally aliquoted into 3 separate tubes. The
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addition of the enzymes into each tube was as follows: Tube 1
(T4-BGT): 100 units MspI; Tube 2 (T4-BGT); 50 units HpaII;
Tube 3 (T4-BGT) no enzyme; Tube 4 (control): 100 unitsMspI;
Tube 5 (control): 50 units HpaII; and Tube 6 (control): no
enzyme. The tubes were incubated at 37�C overnight. Proteinase
K was added (1 ml; 20 mg/ml) and reactions were incubated at
40�C for 30 min. Proteinase K was inactivated at 95�C for
10 min. DNA was then analyzed by real-time PCR using primers
specified below that targeted the g-globin promoter and spanned
the ¡54 CCGG site. The copy number of each reaction was cal-
culated from a standard curve derived from cloned amplicons.
Copy numbers of all reactions were normalized by the copy num-
ber of Tube 6 (control). Normalized copy numbers were used to
calculate 5hmC, 5mC and Cyt values. Primers: g 5hmc F-
50TCTTGCCTTGACCAATAGCC and g 5hmc
R- 50AGCCTTGTCCTCCTCTGTGA.

CD34C erythroid progenitor cultures
CD34C cells were purified from baboon BM aspirates by

immunomagnetic column purification using the anti-CD34
monoclonal antibody (clone 12.8; Dr. Ira Bernstein, Fred
Hutchinson Cancer Research Center) and rat anti-mouse IgM
microbeads (Miltenyi #130-047-302). For liquid cultures, cells
were grown in Iscove’s media containing 30% fetal bovine serum,
3 U/ml erythropoietin, 200 ng/ml stem cell factor, and 1 £
10¡6 M dexamethasone. On days 1–3 culture media was also
supplemented with IL-3 (10 ng/ml). For co-cultures, 2–3 £ 105

CD34C cells were seeded onto monolayers of the ATF024
murine fetal liver stromal cell line (ATCC) and grown in the
same media as for liquid cultures as previously described.44 In
experiments designed to test the effect of Vitamin C, cells were
cultured in media with and without Vitamin C (100 mM, L-
ascorbic acid, Fisher #A61-25), a dose that showed maximum
effect in dose-response experiments. A complete change of the
media was performed every 2–3 days for both Vitamin C-supple-
mented and control cultures to maintain Vitamin C levels.

HLPC analysis of globin chains
Analysis of globin chain expression was performed by

HPLC.45 Washed cell pellets (5 £ 106 cells) were suspended in
5mM EDTA and lysed by 5 freeze-thaw cycles in a dry ice-meth-
anol bath. Lysates were clarified using 0.2 mM cellulose acetate
filters (Nalgene #171-0020) and globin chains separated with a
LiCart 250–4 LiChrospher 100 RP-8 column (EMD Chemicals)
column using a gradient of acetonitrile-methanol and a Spectra
HPLC system (ThermoFinnegan). Globin chain peaks were
quantitated by absorbance at 215l.

Bisulfite sequence analysis
For bisulfite sequence analysis, DNA was purified from

washed cell pellets using QIAamp Blood DNAMinikits. Bisulfite
modification was performed using Epitect Bisulfite kits (Qiagen

#59104) according to the instructions of the manufacturer.
Amplification of bisulfite modified DNA was performed with
using the BG2 50- AATAACCTTATCCTCCTCTATAAAA-
TAACC and BG5 50- GGTTGGTTAGTTTTGTTTTGAT-
TAATAG primers.46 Amplicons from 3 separate PCR reactions
were pooled and the amplicons cloned using Topo TA cloning
kits (Life Technologies #K4575-01SC). DNA was isolated from
individual clones and sequence analysis performed at the Univer-
sity of Illinois DNA Sequence Laboratory.

RNA Analysis

For analysis of Tet1, Tet2, and Tet3 expression, RNA was iso-
lated using the RNeasy Minikit (Qiagen #74104) and treated
with RNase-free DNase I (Ambion #AM1906)) according to the
manufacturer’s instructions. Purified RNA was used for the syn-
thesis of cDNA using RevertAid First Strand cDNA Synthesis
Kits (Thermo Scientific #K1622). Real time PCR was performed
using SYBR green reagent. Primers47,48 were: Hum Tet1F-
50CCGAATCAAGCGGAAGAATA, Hum Tet1 R- 50C
CTGGAGATGCCTCTTTCAC; Bab Tet1 F- 50CGAGT
CAAGCGGAAGAGTAA; Bab Tet 1R- 50AGATGCCTCTTT
CACTGGATG; Tet2 F- 50AATTTATTGGAT ACACCTGT-
CAAGACTC; Tet2A R- 50ACCTGCTCCTAGATGG GTA-
TAAAAAG; Tet2B R-50GATAAACGCCATGTGTCTCAG
TACA; Tet3 F- 50GCACTCCGGAGAAGATCAAG; Tet3 R-
50GGAGTACACGCTGTTCATGC. As indicated, human Tet1
primers were used for Tet1 analysis of human samples but were
modified for the analysis of baboon samples due to sequence dif-
ferences; human primers were used for Tet2 and Tet3 amplifica-
tions. Control amplifications of cDNA reactions incubated
without reverse transcriptase were performed for all reactions.
PCR reactions yielded single bands in gel electrophoresis. Ampli-
cons were cloned and sequenced to ensure amplification of the
correct sequences in all cases. Standard curves were constructed
by amplification of the cloned amplicons. The level of expression
measured was relative to GAPDH.
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