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Abstract
Objective—The aim of the present study has been to establish serum free culture conditions for
the ex vivo expansion and differentiation of human CD34+ cells into erythroid lineage and to
study the chromatin structure, gene expression and transcription factor recruitment at the α–globin
locus in the developing erythron.

Methods—A basal IMDM cell culture medium with 1% bovine serum albumin as a serum
replacement and a combination of cytokines and growth factors was used for the expansion and
differentiation of the CD34+ cells. Expression patterns of the alpha and beta like genes at various
stages of erythropoiesis was studied by Reverse transcriptase (RT)-qPCR analysis, profile of key
erythroid transcription factors was investigated by western blotting, and the chromatin structure
and transcription factor recruitment at the alpha globin locus was investigated by ChIP-qPCR
analysis.

Results—Human CD34+ cells in the serum free medium undergo near synchronous erythroid
differentiation to yield large amount of cells at different differentiation stages. We observe distinct
patterns of the histone modifications and transcription factor binding at the α-globin locus during
erythroid differentiation of CD34+ cells. NF-E2 was present at upstream activator sites even
before addition of erythropoietin (Epo), while bound GATA-1 was only detectable after Epo
treatment. After seven days of erythropoietin treatment, H3K4Me2 modification uniformly
increases throughout the α–globin locus. Acetylation at H3K9 and binding of Pol II, NF-E2 and
GATA-1 were restricted to certain HS sites of the enhancer and theta gene, and were
conspicuously low at the α-like globin promoters. Rearrangement of the insulator binding factor
CTCF took place at and around the α-globin locus as CD34+ cells differentiated into erythroid
pathway.

Conclusion—Our results indicate that remodeling of the upstream elements may be the primary
event in activation of α–globin gene expression. Activation of α-globin genes upon Epo treatment
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involves initial binding of Pol II, down-regulation of pre-existing factors like NF-E2, removal of
CTCF from the locus, then rebinding of CTCF in an altered pattern, and concurrent or subsequent
binding of transcription factors like GATA-1.

INTRODUCTION
Erythropoiesis is one of the most established cell differentiation systems and is amenable to
the study of chromatin structure and gene transcription in health and disease. During normal
erythropoiesis, there is a burst of erythroid specific gene expression followed by gradual
silencing of the transcriptome. EKLF and GATA1 are among the critical lineage restricted
transcription factors responsible for the erythropoiesis as well as globin gene
expression[1,2].

Erythropoiesis in healthy individuals involves balanced high levels of transcription of alpha
and beta like globin genes. In disease states, mutations in the alpha and beta like globin
genes and their regulatory sequences may lead to the imbalance in the production of these
gene products causing disorders such as thalassemia. The human alpha and beta like globin
genes are situated not only on different chromosomes, but also in different chromatin
environments. On chromosome 11, the β-globin locus is surrounded by olfactory receptor
genes situated in a transcriptionally repressive environment in most cell types including
erythroid cells[3]. On the other hand, on chromosome 16, the α-globin locus is surrounded
by several house keeping genes in a transcriptionally active region in most cell types
including erythroid cells[4].

The arrangement of the genes on the alpha globin locus is 5′-zeta(ζ) pseudozeta(ψζ) Mu,
pseudoalpha (ψα)-alpha-2(α-2)-alpha-1(α-1) theta (θ)-3′. The ζ, α-1 and α-2 are the major
alpha like genes (For recent review see Higgs et al [4]). The ζ gene is expressed in embryos,
while the α-1 and α-2 genes are expressed throughout fetal and adult life. These genes are
controlled by erythroid specific DNase hypersensitive sites (HS) HS-10, HS-33, HS-40 and
HS-48 situated upstream of the 5′ end of the ζ gene located in the introns of the C16orf35
gene. The C16ORF35 gene itself is broadly expressed in non-erythroid as well as in
erythroid cells. Among these hypersensitive sites, HS-40 functions as a strong erythroid
specific enhancer of the α-like genes[5,6]. The enhancer function of HS-40 in the α–like
globin expression was established by measuring the α–globin promoter activity in the
presence and absence of HS-40[7]. A naturally occurring deletion in the HS-40 and HS-33
region caused α-thalassemia trait [8]. In another case, a patient with α–thalassemia had a
deletion of HS-40 and HS-48 sequences with the rest of the locus intact [9] and in transgenic
mice deletion of HS-48 did not have a significant effect on the expression of the α-globin
genes [10]. These data indicate that HS-40 is the major enhancer of the α-globin genes. In
erythroid cells, both DNase hypersensitive sites (HS sites) and the α-globin gene promoters
are bound by specific combinations of hematopoietic and other transcription factors such as
GATA-1, NF-E2, EKLF, SCL and NFY [4,11]. The acetylation and methylation patterns of
histones, intergenic transcription, and nucleosome remodeling activity of the β-globin locus
have been studied in some detail in leukemic cell lines and in transgenic mice [12,13]. In
vivo association of transcription factors, methylation of histone H3 at Lysine 4 and
acetylation of histones H3 and H4 at the α–globin locus have been reported in murine
primary erythroid cells and in erythroid cells derived from peripheral blood monouclear
cells in culture [11,14]. However, there are few studies on the chromatin structure and
regulation of transcription including α-globin locus during differentiation of human CD34+

cells into the erythroid lineage.

The molecular mechanisms of primitive and definitive erythropoiesis and globin gene
switching have been studied in erythroleukemic cell lines, in vitro culture of erythroid
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precursor cells and transgenic mice[3,15–20]. In recent years breakthroughs were made in
converting embryonic stem cells and adult hematopoietic CD34+ cells into erythroid
cells[21–27]. However, these in vitro stem cell systems use serum-based media and/or co-
culturing with stromal cells or macrophages that may have unspecific and varying effects on
the progression of erythropoiesis. CD34+ cells derived from cord blood were expanded in
serum free and Epo free medium[28]. However, upon Epo induction and growth in serum
free medium, few cells could get past the basophilic erythroblast stage. Moreover, these
cultures yield low amounts of cells at early stages of erythroid differentiation that hampers
the biochemical and genome wide functional genomic and proteomic investigations. So far,
to our knowledge, expansion of bone marrow CD34+ cells in serum-free medium followed
by their terminal differentiation into erythroid lineage by Epo treatment has not been
described. Keeping these issues in mind, in this study, we have developed an in vitro serum
free human adult CD34+ cell expansion and erythroid differentiation system that yields large
amount of cells from very early to late stages of differentiation. Using this cell system, we
demonstrate the structural and functional properties of the α-globin locus, and pattern of
gene expression during early to late erythropoiesis.

Materials and Methods
1. Cell culture and antibodies

The human CD34+ cells, isolated from the peripheral blood of G-CSF mobilized healthy
volunteers, were obtained from the Yale Center of Excellence in Molecular Hematology.
These CD34+ cells were expanded in StemSpan medium containing IMDM medium and 1%
BSA, 10μg/ml human recombinant insulin, 200 μg/ml human transferrin, 0.1 mM β–
mercaptoethanol and 2mM L-glutamine (Stem cell Technologies, Cat # 09650)
supplemented with 100 ng/ml Flt-3, 100ng/ml Stem Cell Factor (SCF), 20ng/ml IL3 and
20ng/ml IL6 (StemSpan Cytokine Cocktail, Stem Cell Technologies Cat # 02690). For
erythroid differentiation, the expanded CD34+ cells were grown in StemSpan medium
supplemented with 20 ng/ml SCF, 5ng/ml IL3, 2μM dexamethasone, 0.2 μM estradiol and 1
unit/ml Epo (Amgen Inc. Catalogue # 606-10-432-4) in a CO2 incubator at 37°C.
Throughout the CD34+ cell expansion and during their erythroid differentiation, the cell
concentration was maintained at 0.5–0.65×106 cells/ml culture medium. As needed,
appropriate numbers of cells were withdrawn for further studies at different time points.

The following antibodies were used in this study: H3K9Me3 (Abcam Inc., Cat # ab8898),
H3K4Me2 (Upstate, Cat # 07-030), H3K9Ac (Upstate, Cat # 07-352), Pol II (Covance, Cat
# 8WG 16), Pol II S2 (AbCam Cat # an-5095, Pol II S5 (AbCam Cat # ab-5131), CTCF
(Santa Cruz Inc., Cat # sc15914). The fluorescent dye conjugated antibodies were from BD
Biosciences: PE-conjugated-CD34+(Cat # 555822), FITC-conjugated CD14 (Cat # 555937),
FITC-conjugated human CD71 (Cat # 555536) and PE-conjugated glycophorin-A (Cat #
555570). The rabbit polyclonal GATA-1 and NF-E2 antibodies were generous gifts from Dr.
Emery Bresnick (Department of Pharmacology, University of Wisconsin Medical School,
Madison, WI, USA.).

2. Chromatin immunoprecipitation (ChIP)
The ChIP protocol was adapted from a previously described procedure[29]. Briefly, the
hCD34+ cells and their erythroid derivatives were crosslinked with 1% formaldehyde for 10
minutes at room temperature and nuclei were isolated after Dounce homogenization using a
B type pestle. The crosslinked nuclei were sonicated to obtain chromatin containing ~500 bp
average size DNA fragments. For each ChIP 5 μg of antibody and appropriate control IgG
species were used. The antigen-antibody complex was captured on protein-G beads, washed
four times with RIPA buffer and finally with PBS. The DNA-protein complex from the
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protein-G beads was eluted by incubating with 1% SDS for 20 minutes at 65°C. The
formaldehyde cross linking of the eluted DNA-protein adducts was reversed by overnight
incubation at 65°C. After proteinase K and RNase digestion of the sample, the DNA was
extracted with phenol:chloroform, precipitated with ethanol, suspended in 50 μl of 10 mM
TE pH8.0 and used for the quantitative polymerase chain reaction (qPCR). The primer sets
used in the ChIP-qPCR are listed in sTable-1.

3. RNA, Reverse transcription and PCR
RNA from CD34+ cells and their erythroid derivatives were isolated with an RNeasy kit
(Qiagen Inc) that included in-column DNase digestion. The cDNA was prepared from 2 μg
of total RNA in a 20 μl reaction mixture using the superscript II (Invitrogen Inc) reverse
transcriptase protocol provided by the manufacturer. The cDNA was then digested with
DNase free RNase (Roche Inc) and phenol:chloroform extracted, ethanol precipitated and
subjected to qPCR analysis. Equal amounts of cDNA from each sample were used for
qPCR, and sample values were normalized with actin as an internal control. The qPCR was
carried out on a BioRad iCycler machine with the CYBR-green PCR mix (Cat # 170-8882).
The protocol was followed as per the manufacturer’s instructions. The primer sets used in
the RT-qPCR are listed in sTable-2.

4. Protein extraction and western blots
Total protein from expanded and Epo treated CD34+ cells was extracted with RIPA buffer
(10mM Tris-HCl pH 8.0, 140 mM NaCl, 1% Triton X100, 0.1% SDS, 1% deoxycholic acid,
1 mM DTT, Complete Protease Inhibitor cocktail from Roche diagnostics and 0.1mM
Diisopropyl fluorophosphate from Sigma-Aldrich). For western blots, 50 μg protein extract
per lane was resolved on 4–15% SDS-polyacrylamide gradient gels (Bio-Rad Cat #
161-1158) and transferred onto Immobilon transfer membranes (Millipore, Catalog Number
IPVH15150). After protein transfer, membranes were blocked with 5% non-fat milk and
probed with primary and corresponding secondary antibodies at appropriate concentrations.
The blots were developed with the Super Signal West Pico kit supplied by Pierce (Catalog
Number 34080).

Results
1. Expansion and differentiation of human CD34+ cells

In the present study, we report establishment of a two-step process for large scale production
of erythroid cells in culture. In the first step the CD34+ cells were expanded before treatment
with erythropoietin (Epo). In the presence of IL3, IL6, SCF, Flt-3 and Insulin in IMDM
medium containing 1% BSA, the number of CD34+ cells increased ~200 fold in two weeks
(Fig 1A). We monitored for the retention of the CD34+ marker and appearance of
glycophorin-A (GYPA) marker in these expanding cells by FACS analysis. We found that
during expansion, CD34+ expression declines and from day-13 onwards less than 5 % of the
cells were CD34+. With concomitant reduction of CD34+ mark, we observed appearance of
the GYPA+ mark on a maximum of 60% of cells at day-8 in expansion culture, after which
it declined rapidly and disappeared from day-13 onwards (Fig 1B). Even after disappearance
of CD34 and GYPA surface markers these cells divided rapidly up to 15 days, after which
their growth started declining. We estimated the mean fluorescence intensity (MFI) of PE
labeled anti GYPA antibody coated cells expanded for days 6–11 in culture (Fig 1C), and
found that it was markedly less than in the same cells treated with Epo for 5 days and more.
Thus, the CD34+ cells expanded to day 6–11 in culture are GYPA(low) and Epo treated cells
at day-5 in culture and beyond are GYPA(high). Although NF-E2 was expressed in the
GYPA(low) cells (Fig 4), we could not detect α and β like globin transcripts, nor the
erythroid specific ALAS2 enzyme which is a rate limiting enzyme in heme biosynthesis (Fig
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3). Similarly, GATA-1 was present at a very low level as determined by western blotting
(Fig 4). In the second step, when these cells at day-6 to day-11 in expansion medium were
shifted to erythroid differentiation medium consisting of Epo, SCF, IL3, dexamethasone,
insulin, transferrin and estradiol in IMDM medium containing 1% BSA, they become
GYPA(high) at day 5 (Fig 1C) and beyond in culture. More than 85% of the total cells were
GYPA(high) at day 5 of Epo treatment and this persisted until the late stages of
differentiation (Fig 2B). The differentiating cells proliferated rapidly until day-10 of Epo
treatment, beyond which we observed a gradual decline in the growth curve (Fig 2A). The
morphology of the cells and FACS analysis by treating the cells with fluorescent dye labeled
CD71 and GYPA antibodies at various stages of differentiation suggested that from day 5
onwards the differentiation followed fairly synchronous stages (Fig 2C and Supplemental
sFig 1). As early as at day-2 of Epo treatment, the ε-globin from the β-locus and Mu globin
from the αlocus were expressed, and were replaced by γ and ζ globin peaks at day-5 of Epo
treatment (Fig 3). Subsequently, expression of these fetal genes decreased rapidly to basal
level with concomitant increase in the expression of adult type α and β globin genes.
Interestingly, in this cell system we find high amounts of θ-globin transcripts that peak along
with the α–globin transcript and persist at late stages of differentiation. We further tested if
the production of high levels of θ-globin transcripts is unique to this cell system. We
hybridized the Epo treated peripheral blood mononuclear cell cDNA on a tiling ENCODE
array (supplemental sFig 3). These peripheral blood mononuclear cells were grown for 8
days in the presence of Epo in a serum based medium described previously[26]. We found
high levels of θ-globin message in these cells suggesting that the transcription of θ-globin
gene may generally occur in cultured erythroid cells. We also confirmed the presence of full
length θ-globin transcript in these cells by RT-PCR analysis (data not shown).

The transcript of ALAS2, an erythroid specific enzyme necessary for heme biosynthesis is
synthesized rapidly upon Epo treatment and peaks at day-9 before the peak of globin
transcription. We observed a sharp decline of ALAS2 message at later stages of
erythropoiesis (Fig 3C). Cells expanded for 6 to 11 days in culture without Epo had the
ability to differentiate into the erythroid lineage with equal efficiency. We have not tested
the ability of CD34+ cells expanded beyond Day-11 to differentiate into erythroid cells. In
all the experiments described in this study, we have used the CD34+ cells expanded up to
day-6 in culture and their subsequent differentiation into the erythroid lineage.

2. Chromatin structure at the α–globin locus during erythropoiesis
2.1 Methylation of Histone H3 at lysine 4—H3K4 methylation is associated with
transcriptionally active and/or poised genes in euchromatic regions of the genome[30]. As
the α-globin lies in the neighborhood of constitutively expressing housekeeping genes, we
investigated the status of H3K4Me2 at the α-globin locus before and during erythropoiesis
(Fig 4). We observed significant amounts of H3K4Me2 modification at the HS-48 and
HS-46 enhancer sites and at the Mu and θ globin genes in expanded CD34+ cells in which
the α-globin locus is transcriptionally silent. This confirms earlier observations that the α-
globin locus is not in a heterochromatic structure in non-erythroid cells[31]. Upon
differentiation into the erythroid pathway, there was an overall increase in the dimethylation
of H3K4 across the α-globin locus, except at the α and ζ promoters and at HS-46 and HS-40.
There was complete absence of H3K4Me2 modification at the transcriptionally inactive ζ
globin promoter before and after Epo treatment of the cells (Fig 4). We did not detect any
change in the H3 methylation level at the HS-40 sequences upon erythroid differentiation,
while there was a marginal decrease of H3K4Me2 levels at the HS-46 region. Thus, among
the α-globin regulatory sequences that participate in active transcription, HS-40 was
conspicuous by basal level of H3K4Me2 modification that remained static after Epo
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treatment, while the α-promoter had modest levels of increase of dimethylated H3K4 (Fig
4).

2.2 Modification of Histone H3 lysine 9—Acetylation and methylation of H3K9 are
generally associated with transcriptionally active and inactive genes, respectively[30,32,33].
However, the transcriptionally active β–globin promoter was shown to exhibit H3K9Me3
modification[34]. Therefore, we examined the acetylation and methylation status of the
H3K9 across α-globin locus. We found that the entire α-globin was devoid of any
acetylation at the H3K9 site before Epo treatment (Fig 5B). However, upon erythroid
differentiation by Epo treatment, H3K9 acetylation was exclusively associated with the α-
globin enhancer sequences HS-48, HS-46 and HS-33. Among the α-like globin promoters
we detected small amounts of acetylation only at the θ-globin promoter.

In contrast to the acetylation of H3K9, H3K9Me3 in expanded CD34+ cells was present
across the α-globin locus except at the α and ζ promoters, and at the HS-33 and HS-46
regions of the enhancer (Fig 5A). Upon erythroid differentiation, there was a marked
decrease in the H3K9Me3 status at the HS-48 and HS-10 regions of the enhancer, while
HS-46 and HS-48 were unaffected. On the other hand we detected a marked increase in
H3K9Me3 at the Mu globin promoter and moderate increase over the α-globin prompter
upon erythroid differentiation and marginal decrease over θ globin promoter. These data
suggest that H3K9Me3 modification is dynamic and undergoes rearrangement upon
erythroid differentiation of the expanded CD34+ cells. Further, a characteristic feature of the
H3K9 modification upon Epo treatment is the increasing H3K9Me3 modification at the α-
like globin promoter sequences and increasing H3K9Ac modification at the enhancer HS
sites (Fig 5A & B).

3. Pattern of transcription factor appearance at various stages of erythropoiesis and their
recruitment at the alpha globin locus

GATA-1 is an essential transcription factor for erythropoiesis as well as for the enhancement
of globin gene transcription. It is reported to be present on promoter as well as enhancer
sequences of the globin genes[2,35,36]. NF-E2 was shown to selectively bind to the HS2
site of the β-globin LCR and remotely load Pol II on its cognate β-globin promoter[37–39].
CTCF is a zinc finger containing sequence specific DNA binding factor that can act both as
a transcription factor and as an essential component of boundary elements that block the
activity of upstream enhancers on downstream promoters that include β–globin
locus[40,41]. During CD34+ erythroid differentiation in culture, we examined the
appearance of these transcription factors at various stages of erythropoiesis and their
distribution across the α-globin locus in CD34+ cells before and at day-7 after the addition
of Epo.

3.1 Transcription factor profile during erythropoiesis—We found low but
significant levels of NF-E2 and CTCF, and basal levels of GATA-1 in the extracts of
expanded CD34+ cells (Fig 6). However, upon Epo treatment high levels of GATA-1 protein
started appearing at day-4 and persisted until late stages of differentiation. NF-E2 protein
levels declined initially until day-2 of Epo treatment, and from day-3 onwards reappeared in
high amounts and, like GATA-1, persisted until late stages of differentiation. On the other
hand, we did not see significant changes in CTCF levels until day-3 of Epo treatment. From
day-4 onwards the CTCF levels increased to significantly higher levels and persisted. Thus,
the pattern of appearance of these transcription factors in the initial stages of Epo treatment
is distinct from their near uniform pattern of increase from day 4 of Epo treatment onwards
(Fig 6).
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3.2 Recruitment of GATA-1 and NF-E2—In expanded CD34+ cells, there was no
GATA-1 binding anywhere on the α-globin locus. However upon erythroid differentiation,
we detected GATA-1 recruitment at the HS-10 and HS-46 sites of the α–globin enhancer
(Fig 7A). There was little or no GATA-1 at the transcriptionally silent ζ and Mu genes.
Interestingly, the transcriptionally active α and θ genes were also devoid of GATA-1. In
these erythroid cells, at the time points examined, GATA-1 seems to be primarily associated
with the enhancer HS-10 and HS-46 sequences of the α-globin locus.

On the other hand we detected robust presence of NF-E2 at several HS sites of the α-globin
enhancer sequences in the expanded CD34+ cells in which the α-globin genes are
transcriptionally silent (Fig 7B). Upon erythroid differentiation of these cells, we did not
detect any redistribution of NF-E2 on these enhancer HS sites, although there were
differences in the ChIP signals at various HS sites. We did not see NF-E2 occupancy either
at the actively transcribing α and θ genes promoters, or at the silent ζ promoter either before
or after erythroid differentiation (Fig 7B). However, in the case of the Mu gene we see a
substantial increase in NF-E2 occupancy of the promoter even though this gene is
transcriptionally inactive at day-7 of differentiation (Fig 3).

3.3 Recruitment of Pol II—We further analyzed for the binding of the dephosphorylated
form of pol II at carboxy terminal domain of the large subunit (CTD) that is generally
associated with transcriptionally active or poised promoters[42]. In the expanded CD34+

cells we did not observe any Pol II binding at the α-globin locus suggesting that the locus in
these cells is transcriptionally silent (Fig 8). Upon induction of erythropoiesis, we observed
appearance of Pol II at the HS-40 enhancer site as early as day-2 of Epo treatment. At day-7,
Pol II occupied other HS sites, namely HS-46 and HS-48. Interestingly we did not observe
any Pol II at the α–promoter either in expanded CD34+ cells or in their erythroid
derivatives. However we see a strong signal of Pol II at the θ globin promoter, suggesting
that transcription of α and θ globin genes are differently regulated (Fig 8). Among the
elongating forms of Pol II phosphorylated at serine-5 (Pol II S5) and serine-2 (Pol II S2) of
the C-terminal domain repeat region, we detected Pol II S5 specifically at the α-globin
promoter. Pol II S2 was present at HS-46 and at the body of the α and θ globin genes
(Supplemental sFig 2).

3.4 Rearrangement of CTCF—The erythroid specific α–globin locus is positioned
between transcriptionally active housekeeping genes in the majority of cell types including
erythroid cells. Hence, insulation of α–globin locus from the surrounding transcriptional
activity may be required in erythroid as well as non-erythroid environments. Therefore, we
investigated the positioning of the CTCF across the α-globin locus during erythropoiesis of
CD34+ cells (Fig 8). In expanded CD34+ cells we found robust association of CTCF at
HS-33 and HS-46 surrounding the core HS-40 enhancer site and at HS-55, which is a
constitutive DNase hypersensitive site in various cell types including erythroid cells. In
these cells, CTCF was also present at θ globin gene situated at the 3′ end of the locus. Thus,
prior to erythropoiesis, the α–globin locus is flanked by CTCF binding at the 5′ end
enhancer HS sites and at 3′ end of the locus at θ globin gene. Remarkably, at day-2 of
differentiation there was almost complete disappearance of CTCF from the binding sites in
the α–globin cluster, even though there was little or no change in binding to another
chromosomal imprinting region between MRPL23 and IGF2 genes (Fig. 8). At day 2 of Epo
treatment, we find mixture of CD71+ & GPA+; CD71+; GPA+; and CD71− & GPA−

populations (supplemental sFig 1). However, the disappearance of CTCF from the HS-40
region is complete, and therefore must occur in all these cell populations. It will also be
interesting to find out if the removal of CTCF binding precedes the appearance of erythroid
surface marks. By Day-7, CTCF binding had been restored although there were some
differences from the pattern seen at expanded CD34+ cells (Fig 8). Most notably, there was a
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severe reduction in binding at the HS-46 site at the 5′ end and at the θ globin gene at the 3′
end of the cluster.

Discussion
The system for in vitro expansion and differentiation of human CD34+ cells described in this
study has several advantages including the generation of sufficient numbers of
untransformed cells for various biochemical studies, and the relatively synchronous nature
of the differentiation that makes it possible to determine the sequence of events during very
early to late stages of erythroid differentiation (Fig 1 & 2 and sFig 1). The serum free culture
conditions described in our protocol provides good control over the growth and
differentiation of CD34+ cells and eliminates unknown effects associated with serum and
co-culture based cultures. Induction of erythropoiesis of the expanded CD34+ cells converts
more than 85% of the cells into GYPA+ cells by day-5 of Epo treatment, and these cells
progressively differentiate in a relatively synchronous manner to produce large number of
cells at different stages of erythropoiesis (Fig 2 and sFig 1). One caveat is that the conditions
for differentiation are not fully physiologic, both with respect to the types of cytokines and
cell to cell signaling, and environmental differences such as ambient rather than physiologic
oxygen concentrations. Nevertheless, our data on the chromatin structure and transcription
factor recruitment at the α–globin locus and the pattern of appearance of key erythroid
transcription factors such as GATA1 and NF-E2 during erythropoiesis suggest that the
system reflects many aspects of normal in vivo differentiation.

Although the expanded CD34+ cells express low levels of glycophorin-A until Day-11 in
culture, they lack erythroid properties as evidenced by the silent α-globin locus and very low
levels of GATA-1 and absence of other key erythroid specific genes such as β-globin and
ALAS2 (Fig 3). These are still uncommitted multipotent cells that can be differentiated into
either erythroid (Fig 1 & 2) or myeloid lineages (data not shown). The order of peak
appearance of the α and β like globin gene mRNAs during erythroid development of
expanded CD34+ cells in our experiments follows the same temporal pattern as does their
appearance during ontogeny (Fig 3). Previously, expression of γ globin genes in erythroid
precursor cells has been reported that is consistent with our observation in this study[18–20].
However, we see early appearance of Mu globin, which peaks at day 2 of Epo treatments.
This timing of Mu expression is different from the previous report wherein it was observed
to peak at day-10 of Epo induction[43]. In addition, we also detected unusually high
amounts of θ globin message that persists at late stages of erythropoiesis (Fig 3 and sFig 3).
Earlier studies have reported that θ globin is expressed in fetal/adult stage and its expression
is about 50 fold less than alpha message in the fetal erythroid stage[44]. However, in bone
marrow cells of patients with thalassemia and sickle cell disease, significantly higher
amounts of θ-globin transcripts were detected[45]. This increase was attributed to the
accelerated erythropoiesis in the bone marrow of these patients. In this in vitro cell culture
system, cells are stimulated with non-physiological doses of cytokines at ambient oxygen
levels, which may mimic accelerated erythropoiesis under stress, leading to the high levels
of θ-globin transcript (Fig 3). Further insights into possible functions of the θ-gene must
await identification and characterization of its presumptive protein product.

Our observation of the absence of NF-E2 in very early stages of induced erythropoiesis and
its subsequent steep induction until late stages (Fig 6) is consistent with the earlier
studies[18,46,47]. However, we detected significant levels of NF-E2 protein in
uncommitted, multipotent, expanded CD34+ cells in culture. Interestingly, upon Epo
treatment NF-E2 disappears initially to again reappear from day-3 onwards. Further studies
are needed to understand the role of down regulation of NF-E2 in early erythropoiesis. ChIP
experiments show recruitment of NF-E2 prior to erythropoiesis and at day-7 of epo
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treatment that suggest role of NF-E2 in α-globin gene regulation in erythroid as well as in
non-erythroid cells (Fig 7). Previously, presence of NF-E2 was demonstrated at the HS-26
sequence of the α–globin locus and at the HS2 sequence of the β-globin locus in murine
FDCP-mix cells and NF-E2 expressing HeLa cells, respectively[31,48]. Forced expression
of NF-E2 in HeLa cells was observed to generate DNase hypersensitive regions at the β-
globin HS2 sequences that suggest the role of NF-E2 in chromatin modification[49]. Indeed,
in erythroid cells NF-E2 was shown to mediate trimethylation of H3K4 by its association
with MLL2 methyltransferase[50]. The prior presence of NF-E2 at the α–globin locus in
expanded CD34+ cells and its continued presence at the same sites, albeit at different levels,
suggests that NF-E2 may keep the α-globin enhancer in a poised state prior to erythroid
differentiation. Further studies are needed to understand the role of NF-E2 in chromatin
modification and α-globin transcription before and after the onset of erythroid differentiation
of CD34+ cells. Identification of all the NF-E2 interacting proteins in expanded CD34+ cells
and their erythroid derivatives will be helpful in understanding the differential role of NF-E2
at the α-globin locus. Curiously, we have seen high levels of NF-E2 recruitment at the
transcriptionally inactive Mu globin promoter and absence of detectable NF-E2 at ζ, α and θ
promoter regions.

Basal levels of GATA-1 protein in expanded CD34+ cells and their exponential increase
from day-4 of Epo treatment co-insides with the lack of GATA-1 binding at the α-globin
locus prior to onset of erythropoiesis and its subsequent binding at day-7 of Epo treatment
(Fig 6 & 7). Association of GATA-1 at HS-10 and HS-46 in erythroid cells is consistent
with earlier observations in murine CFUe cells[31]. However, in humanized mouse
erythroid cells GATA-1 was shown to be present primarily at HS-40 [14]. Interestingly, like
NF-E2, significant level of GATA-1 was present at the transcriptionally inactive Mu globin
promoter (Fig 7). It remains to be seen if the presence of GATA-1 and NF-E2 at Mu globin
promoter has any influence on the activity of surrounding α–like globin genes.

The initiating form of Pol II (recognized by monoclonal antibody 8WG16) is associated with
transcriptionally active as well as poised promoters[42]. The transcriptionally silent α-globin
locus prior to erythropoietin seems to be devoid of Pol II binding (Fig 8). At the onset of
erythropoiesis, as early as day-2, when GATA-1 and NF-E2 are not at detectable levels and
CTCF is stripped off the locus, Pol II appears on the HS-40, then spreads to other regions at
the later stages of erythropoiesis (Fig 8). Thus HS-40 seems to be the earliest recruitment
site for Pol II. At Day-2 of Epo treatment we find a mixture of CD71+ and GYPA+, CD71+

and CD71− cells (sFig 1). It will be interesting to find out which of these cell populations
show the appearance of Pol II at HS-40. The presence of the initiating form of Pol II at the
enhancer region (Fig 8) and of phospho-S5 Pol II at the α-globin promoter (sFig 2) suggests
that the α-globin enhancer may be a nucleus for formation of the initiation complex. In
addition, presence of Pol II-phospho S2 at the HS-46 region (sFig 2) of the enhancer
suggests the participation of the α-globin enhancer in the elongation of transcription also.
Similarly, a transcription elongation function was suggested for the β-globin LCR[51].
However, De Gobbi et al and Anguita et al found Pol II prominently at the α-globin
promoters in the peripheral blood mononuclear cell derived erythroid cells and murine
TER119+ cells using antibodies against the N-terminal region of the large subunit of the Pol
II[14,31]. The antibodies raised against the N-terminal region of the Pol II would not
distinguish between the initiating and elongating forms. Thus, the discrepancy in the Pol II
binding could be related to the cell type, or choice of antibody used. Interestingly, we
detected high levels of Pol II at the θ globin promoter in erythroid cells, which may reflect a
difference in the regulation of α and θ promoters.

CTCF is a multifunctional protein that associates with insulators, causes looping of the
chromatin, regulates noncoding RNA transcription and establishes local chromatin structure
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at the repetitive elements in the mammalian genome[52]. CTCF is also reported to activate
transcription by directly interacting with large subunit of the Pol II complex[40]. Many
binding sites for CTCF are constitutive, and the sites found in the α–globin cluster of
undifferentiated CD34+ cells closely resemble those seen, for example, in non-erythroid
HeLa cells (data not shown). The pattern of CTCF recruitment at the 5′ and 3′ ends of the α-
globin locus and its subsequent rearrangement during erythropoiesis suggests dual roles of
CTCF as an insulator prior to erythropoiesis and as a facilitator of transcription in erythroid
cells (Fig 8). Prior to erythropoiesis, CTCF may insulate the α-globin locus from the activity
of surrounding genes. Upon erythropoiesis, the insulator CTCF is stripped off of the α-
globin locus and is rearranged on the erythroid specific HS-33 site, perhaps acting as a
positive transcription factor or changing the looping structure of the local chromatin. Further
detailed studies are needed to understand the roles of CTCF as an insulator and facilitator of
α-globin gene transcription during erythroid development.

Dimethylation of H3K4 (H3K4Me2) is broadly associated with transcriptionally active
genes as wells as their enhancers[53]. The H3K4Me2 modification pattern described in this
study (Fig 4) is consistent with the earlier observations[14,31]. However, our result for the
H3K9Ac modification pattern at the α-globin locus differs from the earlier reports that show
H3 histone H3 acetylation predominantly at the α-globin genes[14,31]. This discrepancy
could be due to the choice of antibodies. The antibody used in the pervious studies
recognizes acetylation of histone H3 at K9 as well as K14 positions, where as in this study
we have used the antibody that is specific to the H3K9Ac modification (Fig 5). Although
doubly acetylated histone H3 at K9 and K14 [53,54] as well as the acetylation at the single
K9 site[55] are generally associated with the transcriptionally active promoters, not all
transcriptionally active genes have H3K9Ac modification[56]. This is in conformity with
lack of this modification at transcriptionally active α-globin promoters in the erythroid
derivatives of CD34+ cells (Fig 5). Instead, we detected H3K9 specific acetylation at HS-33,
HS-46 and HS-48 enhancer sites and elevated levels of H3K9Me3 at the α–like gene
promoters (Fig 5). These site-specific H3K9 acetylations and methylations may be a way to
modulate the correct recruitment of transcription factors (Fig 7 & 8) and promote enhancer-
promoter interactions. We also observe high levels of H3K9Me3 modification at the
transcriptionally inactive Mu globin promoter, consistent with the general association of this
modification with inactive genes[55]. Overall, our data shows that when CD34+ cells are
differentiated into erythroid lineage, the α-like globin promoters are trimethylated at H3K9
and the H3K9Ac modification is associated with upstream enhancer sequences. The extent
of H3K9Me3 modification may vary between transcriptionally active and inactive genes as
in case of α–globin and Mu globin gene promoters.

Taken together, our results indicate that there is a prominent change in the status of the
upstream activator elements and less at the promoters of the α–globin genes themselves
during the stages of erythroid differentiation that we have studied. Remodeling of the
upstream elements may be the primary event in activation of α–globin gene expression at
endogenous loci. Activation of α-globin genes upon Epo treatment involves initial binding
of Pol II and removal of pre-existing factors like NF-E2 and CTCF, then rearrangements of
CTCF and concurrent or subsequent binding of transcription factors like GATA-1 and NF-
E2. The ζ-Globin gene was conspicuously devoid of chromatin modifications and
transcription factor recruitment. A unique set of chromatin remodeling and transcription
factor binding may be playing the role of inhibition of ζ-globin transcription in adult
erythroid cells.

Perhaps the most unexpected result in the present studies was the finding that CTCF
disappears from the α–globin locus after stimulation by erythropoietin, without a significant
change in total cellular CTCF levels or in binding at a non-erythroid site (Fig 8).
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Subsequently, with the progression of erythropoiesis, CTCF is rebound to these regions with
a different distribution than seen in non-erythroid cells. This would be consistent with a
rearrangement of higher order chromatin structure in this region early in erythropoiesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expansion of CD34+ cells and changes in lineage marks. The conditions of CD34+ cell
expansion are described in Materials and Methods. (A) Growth curve of CD34+ cells in
expansion medium. The plot depicts total number of cells at different days of culture. The
starting cell number is 1 million. (B) Status of CD34, GYPA and CD14 cell surface markers
during expansion of CD34+ cells. Percentage of cells stained with fluorescent labeled
antibodies against CD34 (PE labeled), GYPA (PE labeled) and CD14 (FITC labeled) were
determined by FACS analysis. Note that throughout expansion there was no appreciable
elevation in CD14 cell surface mark that is mainly associated with monocytes. (C) Mean
Fluorescence Intensity (MFI) of PE-conjugated anti Glycophorin A (GYPA) antibody bound
to expanding CD34+ cells and Epo treated cells after 6 days in expansion culture. The MFI
was calculated by FACS analysis at different days of expansion and Epo induced erythroid
differentiation. The data in all the graphs are the averages of two independent biological
replicates.
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Figure 2.
Erythroid differentiation of expanded CD34+ cells. (A) Growth curve of expanded CD34+

cells during erythroid differentiation upon Epo treatment. The X-axis shows the days after
shifting day-6 expanded CD34+ cells in Epo containing erythroid differentiation medium.
(B) Status of cell surface marker proteins during erythroid differentiation. Unexpanded cells
were 100% CD34+ that did not have any lineage markers such as GYPA and CD14. These
CD34+ cells were expanded for 6 days before treating them with Epo (see Materials and
Methods). The percentage of cells expressing CD34, GYPA and CD14 was calculated by
FACS analysis of the fluorescence labeled cells with antibodies against CD14 (FITC
conjugated), CD34 (PE conjugated) and GYPA (PE conjugated). (C) Giemsa staining of
day-6 expanded CD34+ cells and during different stages of their differentiation into
erythroid lineage. The images were captured using Olympus BX51 microscope with 60X/
0.90 Objective lens, Olympus Q-Color5 camera (Olympus America, Center Valley, PA) and
QCapturePro software (QImaging, Surrey, BC). The stages of depicted erythropoiesis are
CFUe (Day-2), basophilic erythroblasts (Day-6), polychromatic erythroblasts (Day-11),
orthochromatic erythroblasts (Day-16) and mixture of orthochromatic erythroblasts and
orthochromatic erythrocytes (Day-19).
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Figure 3.
Reverse transcriptase-quantitative PCR (RT-qPCR) analysis for transcription status of genes
from alpha (A) and beta (B) globin loci and erythroid specific delta aminolaevulinic acid
synthase-2 (ALAS2) enzyme (C) involved in heme biosynthesis. The unexpanded CD34+

cells that lacked erythroid specific GYPA cell surface marker was used as a reference to
measure the relative increase in the messenger RNA during expansion and erythroid
differentiation by Epo treatment. Ten nanograms each of reverse transcribed cDNA (see
Materials and Methods) from unexpanded CD34+ cells, day-6 expanded CD34+ cells and at
various days of Epo treatment was used for qPCR. The data are the averages of two
independent biological replicates. The γ globin qPCR primers are common for Aγ and Gγ
genes to give rise to identical PCR products, and α–globin qPCR primer set is common for
alpha-1 and alpha-2 genes that produce identical PCR products.
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Figure 4.
Dimethyl Lysine 4 modification of Histone H3 (H3K4Me2) at α–globin locus. Chromatin
immunoprecipitations (ChIP) using anti H3K4Me2 antibody were performed with sonicated
formaldehyde cross linked chromatin prepared from Day-6 expanded CD34+ cells and after
their erythroid differentiation for 7 days. Each ChIP-qPCR set contained equal amounts (10
nanograms) of ChIP DNA and IgG control DNA. The α-promoter qPCR primer set is
common for alpha-1 and alpha-2 genes to yield identical PCR products. The data presented
in the bar diagrams is the average of two independent biological replicates done in duplicate.
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Figure 5.
ChIP-qPCR analysis for the modification of H3K9 at α-globin locus. ChIP were carried out
using antibodies against H3K9Me3 (A) and H3K9Ac (B) and sonicated formaldehyde cross
linked chromatin from Day-6 expanded CD34+ cells (CD34+) and upon their differentiation
into erythroid lineage for 7 days (Epo-Day7). 10 nanograms each of ChIP DNA and IgG
control DNA was used in qPCR. The qPCR primer set for α-promoter is common for
alpha-1 and alpha-2 genes that give rise to identical PCR product. The data is the average of
two independent biological replicates in duplicate.
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Figure 6.
Western blot profile of transcription factor appearance during erythroid differentiation of
expanded CD34+ cells. Aliquots of CD34+ cells expanded in culture for day 6 and shifted to
Epo containing erythroid differentiation medium were taken for total protein extraction on
each day. 50 μg of total protein from each sample was resolved on 4–15% SDS-PAGE gel to
transfer on nylon membrane for western blotting. The Day-6 expanded CD34+ cells and
their erythroid derivative at successive days are depicted at the top of the figure. β-actin
served as a control as its expression was not significantly effected throughout the
differentiation.
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Figure 7.
Recruitment of GATA1 (A) and NF-E2 (B) at the α–globin locus. ChIPs were carried out
using sonicated crosslinked chromatin prepared from Day-6 expanded CD34+ cells (CD34+)
and after their differentiation into erythroid lineage for 7 days (Epo-Day7), and antibodies
against GATA-1 and NF-E2. 10 nanograms of each of ChIP DNA and control IgG DNA
was used for qPCR. The α-promoter qPCR primer set is common for alpha-1 and alpha -2
gene promoters that produce identical PCR products. Each of the ChIP-qPCR values in the
figure is the average of two independent biological replicates done in duplicate.
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Figure 8.
Pol II and CTCF recruitment profile on the α–globin locus during erythroid differentiation.
Sonicated crosslinked chromatin isolated from 6 days-expanded CD34+ cells and after 2
days (Epo-Day2) and 7 days (Epo-Day7) into erythroid differentiation medium were used in
ChIP-qPCR experiments along antibodies against Pol II and CTCF. 10 nanograms of each
ChIP DNA and control IgG DNA was used for qPCR. Due to the extensive homology
between alpha-1 and alpha-2 genes a common promoter qPCR primer set is designed to
produce one identical PCR product. Control-1 and Control-2 are the two qPCR primer sets
from the imprinted region upstream of IGF2 that served as positive control for CTCF ChIP-
qPCR.
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