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Abstract
Objective—DNA methylation has long been implicated in developmental β-globin gene
regulation. However, the mechanism underlying this regulation is unclear, especially since these
genes do not contain CpG islands. This has led us to propose and test the hypothesis that, just as
for histone modifications, developmentally-specific changes in human β-like globin gene
expression are associated with long-range changes in DNA methylation.

Methods—Bisulfite sequencing was used to determine the methylation state of individual CpG
dinucleotides across the β-globin locus in uncultured primary human erythroblasts from fetal liver
and bone marrow, and in primitive-like erythroid cells derived from human embryonic stem cells.

Results—β-globin locus CpGs are generally highly methylated but domains of DNA
hypomethylation spanning thousands of base pairs are established around the most highly
expressed genes during each developmental stage. These large domains of DNA hypomethylation
are found within domains of histone modifications associated with gene expression. We also find
hypomethylation of a small proportion of γ-globin promoters in adult erythroid cells, suggesting a
mechanism by which adult erythroid cells produce fetal hemoglobin.

Conclusion—This is one of the first reports to show that changes in DNA methylation patterns
across large domains around non-CpG island genes correspond with changes in developmentally-
regulated histone modifications and gene expression. This data supports a new model in which
extended domains of DNA hypomethylation and active histone marks are coordinately established
to achieve developmentally-specific gene expression of non-CpG island genes.
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Introduction
The human β-globin gene locus is an important, clinically-relevant model of tissue-specific,
developmentally-regulated gene expression. The five β-like genes are positioned within the
locus in the order of their expression (Figure 1) and are activated and repressed at specific
time points during development in a process referred to as β-globin “switching”. ε-globin is
the predominant gene expressed by primitive erythroid cells generated in the yolk sac. As
the site of hematopoiesis moves to fetal liver (FL) where definitive erythrocytes are initially
generated, expression switches to the γG- and γA-globin genes, with β-globin expressed at
lower but clearly discernible levels. Near the time of birth, the site of hematopoiesis moves
to the bone marrow (BM) where β-globin expression predominates with much lower levels
of δ-globin and sporadic γ-globin expression (Reviewed in [1]). Understanding the
regulation of these genes is a high priority since reactivation of fetal globin gene expression
has the potential to produce significant clinical benefits for people with P-thalassemia and
sickle cell disease (Reviewed in [2]).

DNA methylation is among the mechanisms thought to be critical for appropriate β-globin
locus regulation [3, 4]. Evidence supporting a role for methylation in this process dates to
studies using methylation-sensitive restriction endonucleases that identified correlations
between changes in methylation of promoter CpGs and developmental gene expression
[5-7]. These results led to clinical trials demonstrating the ability of the DNA
methyltransferase inhibitors 5-azacytidine (5-Aza) and decitabine to induce
hypomethylation of a specific γ-globin promoter CpG and to increase γ-globin gene
expression [8-11]. More recently, research has shown that developmental changes in γ-
globin promoter methylation are transient and inducible by 5-Aza stimulation in adult
erythroid cells [12, 13], and that pharmacological stimulation of erythroblasts which results
in increased active histone marks, correlates with increased γ-globin expression [3, 14].
While these experiments strongly support a role for DNA methylation in β-like globin gene
regulation, the precise mechanisms linking DNA hypomethylation and globin gene
expression is still not clear (Reviewed in [4]).

Studies of DNA methylation and gene expression have primarily focused on genes with
CpG islands, 200-500bp regions of high CpG content found in the promoters of 72% of
human genes, including many ubiquitously expressed housekeeping genes [15-18].
Methylation of CpG islands is associated with gene silencing [19-21], a situation that has
been extensively studied in cancer cells [22-26]. The role DNA methylation plays in the
mechanism of CpG island gene silencing is well characterized [4, 27], while the role CpG
methylation plays in the regulation of non-CpG island genes, like those of the β-globin locus
is less clear. In mammals roughly 80% of CpG dinucleotides are methylated [19, 21, 28].
CpGs in non-CpG island promoters are usually methylated, and transcription generally
occurs at these genes whether methylation is present or absent [18, 29, 30]. As discussed
above, methylation plays a role in γ-globin regulation, but these promoters do not contain
CpG islands, which suggests that a more complex mechanism is used to regulate globin gene
expression.

Studies of histone modification across the β-globin locus in human primary cells have
demonstrated extended domains of transcription-associated histone modifications [31] (Hsu
et al, accompanying manuscript). Recently, we have demonstrated that large domains of
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DNA hypomethylation are present in the mouse β-globin locus [32], and that developmental
changes in γ- and β-globin gene methylation extend beyond the promoter cores [12]. These
factors led us to consider whether DNA methylation may influence β-globin locus gene
expression through a combinatorial mechanism involving domains of DNA hypomethylation
and domains of histone modifications. To determine whether extended domains of DNA
hypomethylation occur in the human β-globin locus, we have evaluated DNA methylation in
uncultured primary human FL and BM erythroid cells and in cells expressing embryonic
globin genes derived from human embryonic stem (ES) cells. We have found that
developmentally-specific domains of DNA hypomethylation are present. This led us to
propose a new model that integrates long-range changes in DNA methylation and histone
modification to explain developmental globin gene regulation.

Methods
All human samples were obtained using Institutional Review Board approved protocols. All
donors gave informed consent. Adult bone marrow samples were obtained from normal
donors at Dartmouth-Hitchcock Medical Center. FL samples were provided by the Birth
Defects Research Laboratory of the University of Washington Medical School. Nucleated
erythroid cells were purified from FL and BM by ficol gradient separation followed by
separation with anti-glycophorin A antibody conjugated to magnetic beads (Miltenyi
Biotech, Auburn CA) as previously described [12]. Five BM samples and seven FL samples
were used to assay the locus. Human ES cells were co-cultured with FH-B-hTERT feeder
cells, a fetal hepatocyte cell line, for 14 days followed by 14 days of liquid culture
(huES14:14), or for 35 days in co-culture with FH-B-hTERT cells followed by 14 days in
liquid culture (huES35:14) as described [33]. Hematopoietic progenitors produced in these
co-cultures are then enriched by selection for CD34 expression and placed in a multi-step
serum free liquid culture system for 14 days where they differentiate into mature erythroid
cells. β-globin locus chromatin structure was evaluated in these cells without further
purification. Data from Figure 3 is combined with data from other studies that used the same
methods to purify the erythroblasts.

Bisulfite conversion of DNA isolated from erythroid cells was performed as previously
described [12], using the CpGenometm Fast DNA Modification Kit (Chemicon International,
Temecula, CA, USA). Polymerase chain reaction (PCR) of each amplicon used 33ng
converted DNA, nested or semi-nested PCR primers and Platinum Taq (Invitrogen,
Carlsbad, CA, USA). The web-based program NetPrimer (Premier Biosoft International,
Palo Alto, CA, USA) was used to design primers. PCR conditions for primer pairs were
individually optimized. The complete primer list is presented in Supplemental Table 1.
Purification of PCR amplified DNA was performed with Gel Extraction Kit (Qiagen,
Valencia, CA, USA). PCR product was ligated into pGEM®-T Easy Vector System I
(Promega, Madison, WI, USA). Inserts were sequenced by the Dartmouth Molecular
Biology Core.

Results
To characterize the developmentally-specific changes in long-range DNA methylation of the
β-globin locus the state of CpG methylation for 31 PCR amplicons which span the locus was
assessed in primary erythroblasts from BM, FL, and human ES cell derived primitive-like
erythroid cells. The total region examined spanned 50kb, from 2kb 5′ of the ε-globin gene to
3.3kb 3′ of the β-globin gene coding region. Excluding repetitive elements larger than
700bp, this region contains 252 CpGs. Of these, a total of 158 CpGs (63%) were evaluated
in FL and BM cells and 77 CpGs (31%) were evaluated in ES-derived erythroid cells. For
each PCR amplicon a median of 8 individual sequences were analyzed (with a range of 3-72
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sequences for a given amplicon). FL and BM analysis included analysis of multiple tissue
samples for amplicons which were differentially methylated between developmental stages.
Data in Figure 1 represents the methylation percentage of each CpG which was analyzed in
each tissue. Levels of methylation were divided into three categories for our discussion:
hypermethylated (66-100% methylation of a specific CpG), moderately methylated
(33-65%) and hypomethylated (0-32%).

β-globin locus DNA methylation in primary definitive erythroid cells
We first evaluated β-globin locus methylation in FL and BM erythroid cells. Analysis of FL
reveals an approximately 9kb domain of mixed moderate methylation and hypomethylation
that encompasses both γ-globin genes and their flanking regions (Figure 1A). The γG-globin
gene is hypomethylated at sites in the promoter region, within the gene and 3′ of the
transcribed region. The γA-globin gene is hypomethylated at the promoter and into the
intergenic region, while the more 3′ region of the gene shows levels of methylation higher
than the corresponding γG-globin regions, but not as high as seen in BM erythroid cells
(Figure 1B). This developmentally-specific area of relative hypomethylation extends to the
region upstream of a repetitive element 5′ of the Ψβ-globin gene. A region 5′ of each gamma
gene promoter is hypermethylated. Outside of the domain surrounding the γ-globin genes,
the remainder of the locus, including the β-globin gene, was hypermethylated.

β-globin locus DNA derived from adult BM cells has a very different DNA methylation
pattern (Figure 1B). The region around the highly expressed β-globin gene is
hypomethylated over a region of approximately 5.5kb in these cells. However, within the
hypomethylation domain, and upstream to the β-globin promoter a group of three adjacent
CpGs are hypermethylated. The region of the γ-globin genes is generally highly methylated
in adult BM cells, although a small number of CpGs remain hypomethylated. In both FL and
BM cells the region of the s-globin gene is hypermethylated, consistent with its lack of
expression in these cells.

DNA methylation in primitive-like erythroid cells cultured from human ES cells
Based on our identification of domains of differentiation-specific DNA methylation patterns
in FL and BM erythroid cells, we next wanted to determine whether characteristic changes
in DNA methylation were also present in primitive human erythroid cells. Human ES cells
differentiated along the hematopoietic lineage for either 14 days (huES14:14) or 35 days
(huES35:14) reflect progression in erythroid development at the early and mid-gestation
stages, respectively. The huES14:14 cells express s-globin (40%), γ-globin (60%) and little
or no β-globin mRNA, while huES35:14 cells express predominantly γG- and γA-globin
mRNA (98%) with low s-globin (2%) and negligible β-globin [33, 34].

In huES14:14 cells, domains of hypomethylation include the s-, γG- and γA-globin genes
and surrounding DNA (Figure 1C). The promoter region of the ε gene is moderately
methylated, while the gene body and area 3′ to the coding region are hypomethylated.
Because we are unable to evaluate methylation of the 13.6kb LINE element between the ε
and γG-globin genes, we cannot determine whether this represents a single large
hypomethylated domain or two separate domains. The hypomethylated region does not
extend 5′ of ε-globin into the region between the locus control region (LCR) and epsilon,
indicating that hypomethylation is not “spreading” from the LCR. The promoter of the β-
globin gene is hypermethylated in these cells.

In huES35:14 cells, where the ε-globin expression is silenced the region around the gene has
become hypermethylated (Figure 1D). The hypomethylation region around the γ-globin
genes is maintained. This roughly 9kb region is similar in all γ-globin expressing cells.
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γ-Globin promoter DNA methylation patterns are heterogeneous in bone marrow cells
Transcription of the γ-globin genes in BM erythroblasts is heterocellular with most mature
cells containing no fetal hemoglobin (HbF) and a few percent of cells, known as F-cells
[35], that contain relatively high levels of HbF (14-28% of total cellular hemoglobin) [36,
37]. One possible explanation for this observation is that DNA methylation of the γ-globin
promoters is also heterogeneous. By combining data from this study and a previous paper
[12], we have analyzed 96 bisulfite converted γ-globin promoter sequences from the BM of
five different normal adult donors. Analysis of clones from γG- and γA-globin promoter
regions reveals that 5% of alleles are hypomethylated (corresponding to methylation of 0, 1
or 2 of the 7 CpGs between -250 and +50 of the γ-globin promoters) (Figure 2). This degree
of hypomethylation is similar to the methylation pattern of the active γ-globin promoters in
primary FL cells demonstrated here and reported previously [12]. The remaining 95% of
promoter sequences were moderate to hypermethylated.

Other features of globin locus methylation
There are several repetitive elements in the β-globin locus including the large LINE element
upstream of the γ-globin genes. Because of the high copy number of these elements
throughout the human genome, it was not possible to determine the methylation status of
this element. However, three smaller repetitive elements were included in the assay of FL
and BM erythroblasts (Figures 1A and B). The CpGs within the repetitive elements 5′ of Ψβ-
globin and 3′ of β-globin are consistently hypermethylated, while CpGs in non-repetitive
regions close to these repeats are differentially methylated (hypomethylated 5′ of Ψβ,
hypermethylated 3′ of β). All of the CpGs of the small repetitive fragment 5′ of δ-globin
were completely unmethylated in FL and hypermethylated in BM. This element is adjacent
to the intragenic promoter identified by Gribnau et al [38]. We also found that there are
domains of relatively closely spaced CpGs that are constitutively hypermethylated (Figure
1). These include the CpGs upstream of the s-globin gene and downstream of the β-globin
gene. Each globin gene has a region ~1kb 5′ of the promoter that is moderate to
hypermethylated at all developmental stages, irrespective of the transcription level of the
genes. Additional features include several sites that are consistently hypermethylated or
hypomethylated regardless of developmental stage and other CpGs that standout as being in
the opposite methylation state compared to several near-by CpGs.

Discussion
This study has determined the differentiation-specific long-range methylation patterns of the
human β-globin gene locus in primary cells. This work was prompted by recognizing that
although the genes do not fit the common model of DNA methylation dependant regulation
since they lack CpG island promoters, there is evidence implicating DNA methylation as an
important regulatory mechanism for the locus (reviewed in [4]).

The locus has large domains of DNA hypomethylation that change in association with
changes in gene expression and changes in coincident histone modifications. While very few
examples of extended domains of DNA hypomethylation in any situation have been
reported, the IL-4 gene, also a non-CpG island gene, exhibits a differentiation-specific
domain similar to the β-globin locus that develops as T cells go from low to high levels of
IL-4 expression [29, 39]. The formation of extended domains of DNA hypomethylation may
be an important component of gene regulation for these and other highly-expressed, tissue
specific genes lacking CpG islands. Possible mechanistic functions of the large
hypomethylated domain include permitting the binding of regulatory factors or facilitating
chromatin looping for long range chromatin interactions [40].
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We have characterized the histone modifications of the β-globin locus in primary erythroid
cells (accompanying paper). Combining the data from these two studies reveals the presence
of complex chromatin domains that encompass the slightly smaller hypomethylation
domains (Figure 3). These data (summarized in Table I) suggest a model of how composite
chromatin patterns of DNA methylation and histone modifications correlate with specific
changes in gene expression. Highly expressed genes (such as γ-globin in FL or β-globin in
BM cells) are surrounded by domains of combined DNA hypomethylation and active
histone marks and an absence of any negative histone marks. In contrast, completely silent
genes (ε-globin in BM cells and β-globin in primitive cells) are characterized by extended
domains of DNA hypermethylation and silent histone marks, with a lack of any active
marks. Between these two extremes of expression is the lower-level pancellular expression
of β-globin in FL cells [41, 42] and low-level heterocellular expression of γ-globin in BM
cells [35, 37]. The pancellular expression of β-globin in FL correlates with a mix of active
and silent histone marks at the promoter while the surrounding DNA is hypermethylated.
The heterocellular expression of γ-globin in BM erythroid cells exhibits either a silent or an
active pattern of DNA methylation marks at the promoter and the absence of active histone
marks. A small proportion of γ-globin promoters are hypomethylated, similar to those in FL
and it is possible that these hypomethylated alleles are the γ expressing alleles in F cells.
Overall, high-level expression is associated with extended domains of DNA
hypomethylation and active histone marks and silent genes have the opposite, while low
levels of expression are associated with a combination of active and silencing marks which
are not found in extended domains. These data support but do not prove a functional role for
these chromatin patterns in globin gene regulation.

This study focuses on the domains of hypomethylation, but also observes variation of
methylation within individual amplicons. Site-specific CpG methylation has been shown to
affect transcription factor binding [43, 44] and increase the presence of methyl-C binding
proteins [19, 45-47], leading to gene silencing. An interesting pattern observed in this
extended methylation analysis is that within each extended domain of hypomethylation are
groups of CpGs roughly 1kb 5′ of the transcriptional start site that are hypermethylated. This
is similar to a pattern of many CpG island genes that have hypermethylation in the 5′ region
of the promoter [48]. Observing the detailed methylation patterns over greater expanses of
DNA may identify individual CpGs which are functionally significant though distant from
the promoters.

Our study of β-globin locus methylation also illuminates the previous observation that in
fetal erythroid cells there is a 3:1 ratio of γG-globin to γA-globin mRNA [49]. The γG-globin
gene is hypomethylated at a greater number of sites compared to γA-globin in fetal liver
(Figure 1). Lorincz et al have previously shown that intragenic methylation can inhibit
transcription elongation [50], and this mechanism could explain the differential levels of γA-
globin compared to γG-globin expression. Experimental induction of site specific DNA
hypomethylation at the Aγ gene of human β-YAC transgenic mice led to a 20 fold increase
of Aγ transcription in adult mice [51], demonstrating a functional role for demethylation of
these CpGs in regulation of γ-globin gene expression levels in this model system.

Our results raise further questions concerning the regulation of the β -like globin genes. How
are extended domains of DNA hypomethylation created in a developmentally-regulated
fashion? How can individual CpGs that are close to each other have very different
methylation states and what is the significance of these differences when they occur outside
of known regulatory elements? Although it is now nearly 30 years since methylation of
globin genes was first described [5], the exact mechanisms of how this chromatin
modification regulates globin gene expression is still poorly understood. Our results suggest
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that at least part of this complex mechanism involves extensive domains of DNA
methylation and histone modification.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domains of hypomethylation occur at the highly expressed globin genes
The percentage of methylation (Y axis) at individual CpG's across the human globin locus.
Each CpG analyzed is represented by a black bar. CpGs analyzed that are 0% methylated are
represented with a bar below 0%. The map of the human globin locus is shown at the bottom
is to scale and provides the location of the analyzed CpGs (other than the slightly expanded
areas around the γ genes due to the high numbers of CpGs). Striped bars in the map are
repetitive elements, dark gray striped bars have been analyzed; light grey striped bars have
not been analyzed. A) FL cells sorted for glycophorin A expressing primarily γ-globin. B)
BM cells sorted for glycophorin A expressing primarily β-globin. C) huES14:14 cells
expressing ε- and γ-globin. D) huES35:14 cells expressing primarily γ-globin. Black and
white striped bars under the data sections indicate hypomethylation domains.
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Figure 2. Heterogeneous methylation of the γ-globin promoters potentially identifies F-cells in
bone marrow
Data is the percentage of γ-globin promoters in bone marrow that are hypomethylated
(<33% of promoter CpGs methylated), moderately methylated (33-66% methylated) or
hypermethylated (>66% methylated).
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Figure 3. Domains of DNA hypomethylation are found within extended domains of histone
acetylation and marks genes with extremely high transcription levels
DNA hypomethylation domains are indicated by dark grey boxes above the maps. Domains
of active histone acetylation (AcH3) are represented by pale grey boxes above the maps.
Transcription level is approximated by the size of the arrows below the genes in the maps,
solid arrows indicate pancellular expression, intermittent arrows represent heterocellular
expression. Boxes in the maps are as in Figure 1.
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Table 1

Composite chromatin patterns across a large region correlate with specific changes in gene expression.

Expression Level gene (cells) * Active Histone Marks Silent Histone Marks DNA Methylation

High + − Hypomethylated

ε-globin (huES14:14) γ-globin (FL) β-globin (BM) Extended Domain Extended Domain

Low-Heterocellular − + Heterogeneous

γ-globin (BM) Localized to Promoter/gene

Low-Pancellular + + Hypermethylated

β-globin (FL) Localized to Promoter/gene Localized to Promoter/gene

Silent − + Hypermethylated

ε-globin (BM) β-globin (huES14:14) Extended Domain

*
Examples of each expression level category are indicated below as ‘expressed gene (cell type)’

+
: presence of the modification, the extent of the mark is described

−
: absence of the modification
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