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Abstract

Previous studies have generated controversial findings regarding the correlation between DNA
methylation in the human genome and gene expression. Some reports have indicated that pro-
moter methylation is negatively correlated with gene expression levels; however, in some cases,
a poor or positive correlation was reported. Most previous findings were based on general
trends observed with whole-genome data analysis. Here, we present a novel chromosome-spe-
cific statistical analysis design of empirical Bayes differential tests for five phases of erythroid
development. To better understand the common methylation patterns of differentially methy-
lated regions (DMRs) during specific stages, we defined differential phases for each CpG locus,
based on a maximum log2 fold change. Analyzing hypermethylated and hypomethylated CpG
loci separately showed variations in methylation patterns during erythropoiesis in the gene
body, promoter and enhancer regions. Hypomethylated DMRs showed stronger associations
with erythroid-specific enhancers at the differentiation start phase and with exons in the inter-
mediate phase. To investigate the hypomethylated DMRs further, transcription factor binding
site-enrichment analysis was conducted. This analysis highlighted novel transcription factors
during each differentiation stage that were not detected by previous differential methylation
data analysis. In contrast, hypermethylated DMRs showed a consistent methylation pattern
over the different genomic regions. Thus, a closer examination of DNA methylation patterns
in a single chromosome during each developmental stage can contribute to verify the associ-
ation nature between gene expression and DNA methylation.

1. Introduction

Stem cell differentiation is derived by gene expression changes that are regulated by epigenetic
changes that take place prior or during transcription (Bernstein et al., 2006). In eukaryotes,
DNA methylation is the addition of the methyl group to the fifth carbon on the pyrimidine
or the purine ring by DNA methyltransferases, usually within CpG dinucleotides (Bird, 2002).

During stem cell commitment transcription factors (TFs) and DNA methylation play cru-
cial regulatory roles where TFs help activate or suppress lineage-specific genes during stem cell
commitment and demethylation of proximal promoter regions initiate transcription. At the
early phase of blood cell development, promoter regions of genes lose methylation (hypo-
methylated) allowing direct binding of TFs to their recognized motifs. DNA methylation
changes at intergenic regions, regulate transcription by affecting TF binding to enhancers
(Yu et al., 2013).

Studies show a gradual decrease in DNA demethylation during erythroid differentiation
(erythropoiesis). They found hypomethylation of CpG islands (CGI) tend to correlate with
gene expression (Shearstone, et al., 2011; Hogart et al., 2012); however, data also confirmed
the importance of non-CGI methylation (Irizarry et al., 2009). Although previous erythropoi-
esis whole-genome methylation data analyses were able to detect general methylation patterns,
their findings were controversial regarding the nature of correlation between DNA methylation
and gene expression (Lou et al., 2014).

Distinct TF binding patterns have been found to be associated with the different stages of
cell differentiation (Sandmann et al., 2006). Thus, designing differential analysis to detect com-
mon methylation patterns of different time points during erythroid development is expected to
contribute in resolving such uncertainty. A previous differential methylation study had split
data samples into two phases only: early and late (Yu et al., 2013). In our differential analysis,
the differential test for each phase included all samples grouped accordingly to test for five dif-
ferent phases. The CpG loci lgFC of each phase shows maximum absolute value at only a spe-
cific stage of erythropoiesis with regard to all other stages. Considering the time factor between
gene expression and CpG loci, differential methylation might help to avoid correlating a late
hypomethylation loci to the promoter of early expressed genes.
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Chromosomes are natural partitions of the genome that can
represent the whole genome with fewer outliers and less genomic
variation of DNA methylation, gene expression levels and
gene regulation elements than whole-genome data. Whole-
chromosome data are expected to include the regulatory
sequence elements of genes located in the specific chromosome.
Chromosome-specific methylation that involves large chromo-
somal domains of tissue-specific differentially methylated regions
(DMRs) was detected in chromosomes 5 and 22 (Zhang et al.,
2013). In addition, chromosome-specific DNA methylation was
identified as a major factor in chromosome X inactivation
(Zhang et al., 2013). Thus, DNA methylation of each chromo-
some is expected to show a distinct, tissue-specific pattern.

DNA methylation is known for its tissue and cell-type specifi-
city, thus, we selected chromosome 16 for our analysis which
includes the well-studied erythroid-specific alpha-globin genes
cluster. Despite the availability of biological and genomic knowl-
edge of this cluster, we expected to establish biological relevance
to our findings. The alpha-globin gene cluster consists of five
functional genes on the positive strand (HBA1, HBA2, HBM,
HBQ1 and HBZ) and two pseudogenes (O’Leary et al., 2016).

Our chromosome 16 analysis involved all loci at the different
genomic regions (not only for differentially expressed genes)
since parts of non-differentially expressed genes can hold a regu-
latory element for distal genes that are differentially expressed. As
an example of this indirect correlation, a master regulator of the
alpha-globin cluster is known to be located at a distal upstream
region of the cluster genes at an intron of a different gene
(Vernimmen, 2014).

In this study, we analyzed the only human DNA methylation
raw data available for all six stages of erythropoiesis (Yu et al.,
2013). Differential analysis of the DNA methylation pattern of
chromosome 16 has not been studied previously for erythroid-
differentiating cells. Understanding the tissue-, cell type- and
stage-specific methylation patterns of select genomic regions
could enhance the predictive power of crucial, yet unknown
sites in the genome.

2. Materials and methods

(i) Datasets

All data were from previous studies and were deposited in the
public GEO database. To perform our differential analysis, we
used three datasets.

(a) GSE44054 (Yu et al., 2013)
Methylation profiling was carried out by a genome-tiling array of
samples related to human erythropoiesis. The dataset contained
12 adult bone marrow samples that were collected at six-time
points during differentiation: days 0, 3, 7, 10, 13 and 16.

(b) GSE36994 (Xu et al., 2012)
Gene expression was analyzed during erythropoiesis using the
Affymetrix GeneChip Human Genome U133 Plus 2.0 Array.
Twelve human adult bone marrow samples were collected on
days 0, 3, 5 and 7 of erythroid differentiation.

(c) GSE40243 (Madzo et al., 2014)
Gene expression was analyzed during human erythropoiesis by
high-throughput sequencing. RNA-Seq data were derived from

five human adult bone marrow samples, collected on days 0, 3,
7, 10 and 13 of erythroid differentiation.

(ii) Data processing, filtering and normalization

In our analysis, all genomic data were filtered to include the gen-
omic positions in the positive strand of chromosome 16 and
related genes prior to normalization. We identified 422 genes
from chromosome 16 out of 2095 total genes in RefGene mapped
to the positive strand of chromosome 16 (indicated in the NCBI
Gene database).

Methylation raw-intensity files were imported, assessed, fil-
tered, normalized and combined as HpaII and MspI log2 ratios
using the ‘HELP Microarray Analytical Tools’ bioconductor pack-
age. The total number of CpG loci included in our analysis was
55,561. Raw gene expression. CEL files from the Affymetrix
array were read and normalized using the ‘affy’ bioconductor
package.

(iii) Differential analysis design

(a) Differential methylation
Statistical analysis was performed using the empirical Bayes (EB)
method implemented in the ‘limma’ bioconductor package
(Ritchie et al., 2015). We identified five phases, they were, the
start, early, intermediate, late and last phase, and performed sep-
arate EB tests for each phase. To identify DMRs, we grouped the
12 sets of methylation data as follows: start phase (day 0 versus
days 3, 7, 10, 13 and 16), early phase (days 0 and 3 vs. days 7,
10, 13 and 16), intermediate phase (days 0, 3 and 7 vs. days 10,
13 and 16), late phase (days 0, 3, 7 and 10 vs. days 13 and 16)
and last phase (days 0, 3, 7, 10 and 13 vs. day 16). As a second
parameter for differential selection, –log2 fold-change (–lgFC)
values for CpG loci were calculated for each phase as the mean
difference of the log2 ratio between groups, as follows:

− LgFC = mean group 1 log2 ratio
( )

−mean group 2 log2 ratio
( ) (1)

where a negative –lgFC value indicates hypomethylation and a
positive –lgFC value indicates hypermethylation.

(b) Differential gene expression datasets
After filtering and normalizing the data, we were left with 401
genes in chromosome 16 to test for differential expression (DE),
using the EB method implemented in the ‘limma’ package. The
five samples were grouped as follows to test for the DE in the
four phases: start phase (day 0 vs. days 3, 7, 10 and 13), early
phase (days 0 and 3 vs. days 7, 10 and 13), intermediate phase
(days 0, 3 and 7 vs. days 10 and 13) and late phase (days 0, 3,
7 and 10 vs. day 13). lgFC values were also calculated by the
EB procedure, where a negative lgFC value indicated downregula-
tion and a positive lgFC indicated upregulation.

For our analysis, we used RNA-Seq gene expression data
because these data covered more phases of differentiation than
Affymetrix data. The latter data were used for missing genes in
the RNA-Seq data.

2 Najyah A. Garoot and Byung Guk Kim

https://doi.org/10.1017/S0016672318000022 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672318000022


(iv) Building a CpG loci annotation table

The annotation table comprised all information needed for our
analysis. All gathered genomic information from different public
databases or published studies were mapped to the human gen-
ome (hg18), with position ranges for each CpG fragment in the
processed methylation data. To prepare the table, specific data fil-
tration was applied to the imported information. In the following
section, we will describe the information shown in each column of
the table (Table S1).

(a) Basic gene annotations
Entrez Gene IDs, common names, transcription start sites (TSSs)
and transcription end positions were imported from USCS. The
source table was filtered to include only RefSeq genes with unique
gene names that were located on the positive strand of chromo-
some 16. In total, 440 genes were mapped using the transcription
start and end positions and the ‘IRange’ bioconductor package.

(b) Promoters and gene bodies
The ‘Offset’ column shows the distance from each TSS to the start
location of each CpG loci, such that negative offset values indicate
promoter regions. We defined the promoter region as the region
from the TSS to 1500 bp upstream. Any interval located within
the gene body, but not within an exon was defined as an intron.
An additional ‘Exon Overlap’ column was added to include the
exon/locus overlap as follows:

Nonoverlapping sequence

= absolute value exon start–CpG start locus
( )

+ absolute value exon end–CpG end locus
( )

(2)

Exon overlap = exon length+ loci length
[ ](

−non-overlapping sequence
)
/2

(3)

where any region of exon that overlaps by less than 30% of its
length with CpG loci is defined as an intron.

(c) Enhancers
The genomic positions of erythroid-specific enhancers were
reported in a previous study of erythropoiesis in adult humans
(Xu et al., 2012). The study defined an enhancer as any motif
that consisted of H3k4me1, H3k9ac, and H3k27ac and could
bind acetyltransferase p300 (Xu et al., 2012). If an enhancer
range spanned to the next CpG loci, both loci were reported as
having the ‘Enh@H3’ enhancer.

(d) Gene expression
The differential EB test results for the gene expression data are
summarized in the following three columns in the annotation
table: Min p-value (the minimum p-value of the differential EB
tests), Differentially expressed (DE) stage (reports the differenti-
ation phase of the greatest absolute lgFC value for each gene
[i.e., ‘start,’ ‘early,’ ‘intermediate’ or ‘late’]), and Gene expression
(reports gene regulation as either ‘UP’ or ‘DOWN,’ based on
the sign of greatest absolute lgFC value for the gene).

For any DE gene, we noticed that all phases of a single gene
followed the same expression status, either being upregulated
or downregulated during the differentiation phases. In the

annotation table, the expression data of each gene were repeated
for all CpG probes located within gene promoter and body.

(e) DNA methylation
Differential methylation results are also summarized in three col-
umns. The Min p-value contains the minimum EB differential test
values for each CpG locus. The Differentially methylated (DM)
stage column reports the phase that shows the greatest change
in methylation intensity (i.e., the greatest absolute lgFC, for
each CpG locus). The cs contains the entries ‘start,’ ‘early,’ ‘inter-
mediate,’ ‘late’ and ‘last.’ The Methylation column shows the
methylation status based on the sign of greatest absolute value
of –lgFC, where negative values indicate hypomethylation and
positive values indicate hypermethylation. For all differentially
methylated CpG loci, we noticed that the methylation status dur-
ing erythroid developmental phases was either all hypomethylated
or all hypermethylated.

DE genes and differentially methylated loci were selected inde-
pendently since parts of non-DE genes may contain a regulatory
element for distal genes that are DE. As an example of this indir-
ect correlation, a master regulator of the alpha-globin cluster is
located at a distal region upstream of the gene cluster in an intron
of a different gene (Vernimmen, 2014). Our thresholds for defin-
ing DE and methylation were chosen to only include values in the
fourth quartile.

(f) Enrichment analysis of transcription factor binding sites
Motif discovery within our CpG locus ranges was performed
using the Hypergeometric Optimization of Motif EnRichment
(HOMER) suite. We used the ‘findMotifsGenome.pl’ program
to search for known transcription factor binding sites (TFBSs)
enriched during each phase. DMRs were grouped based on
their differential phase into five different (.bed) files. The starting
and ending genomic positions of our DMRs were used as inputs,
with the following restrictions: (a) Hg18: the genome studied for
the DNA methylation data, (b) -norevopp: search only in the
positive strand, (c) -size: 200 bp up and down stream of our
CpG loci (peaks), and (d) known motifs: a HOMER file that
included 332 known motif matrices.

3. Results

We designed an annotation table (Table S1) that combined all
filtered and normalized information for all 55,561 CpG loci stud-
ied. For each CpG locus, the table defines the genomic region
(intergenic, exon, intron or promoter), erythroid-specific enhan-
cers, and multiple-TFBS overlap with CpG locus sequences.
Data related to DNA methylation, methylation at different stages,
p-values and –lgFC values were included. For each gene in the
table, we provided the gene name, gene ID, stage where differen-
tial gene expression was observed (start, early, intermediate or
late), the DE p-value and the lgFC value.

(i) Differential methylation

We combined five EB tests in to the annotation table where each
CpG loci has a differential phase based on its maximum logFC
among the five EB tests. CpG loci with an EB p-value of less
than 0.002 (less than 0.02 after FDR adjustment) and a –lgFC
fold change of more than 1 were considered differentially
methylated.
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Within coding-related regions (promoters and gene bodies),
we identified 1449 DMRs out of 17,063 CpG loci. At intergenic
regions, 5601 DMRs were found in 38,498 intergenic CpG loci.
All DMRs showed loss of methylation, except for 11 DMRs that
were hypermethylated. A summary of the results is shown in
Table 1. As expected, our chromosome-specific differential ana-
lysis and method to define the differential phase of each CpG
locus is representative of previous whole-genome findings in
general.

Differentiation during the intermediate phase (days 7–10)
seems to represent the major differentiation phase, as ∼43% of
all DMRs showed maximum methylation changes between these
days. This finding confirmed previous data showing that CD34
expression reflected erythroid commitment on day 7.

(ii) DE genes

We identified 34 DE genes (out of 422) using the RefGene data-
base in the positive strand of chromosome 16. We found more
DMRs in downregulated genes (lgFC < –3) than in upregulated
genes (lgFC > 3) during all phases.

The logFC values of the DE EB test showed consistent gene
expression patterns for genes that were either upregulated or
downregulated through all erythroid differentiation phases.
Most erythroid-specific genes, including HBA1, HBA2, HBM,
HBQ1 and AHSP (alpha-globin-related genes), were DE during
the start phase (between days 0 and 3) and the early phase
(days 3 to 7). The intermediate phase (between days 7 and 10)
showed the least number of DE genes (Table S2). However, differ-
ential methylation results revealed the most DMRs during the
intermediate phase, suggesting an indirect negative correlation
between gene expression and DNA methylation during the inter-
mediate phase.

(iii) Erythroid-specific enhancers

It has always been challenging to define enhancers because they
are cell-type specific. A previous study showed that adult erythro-
blasts contained 362 erythroid-specific enhancers in chromosome

16 (Xu et al., 2012). We found 50 enhancers in coding regions
(i.e., either located within a gene body or 1.5 kbp upstream of a
TSS) and 44 enhancers in intergenic regions that overlapped
with DMRs (Table 2). When comparing the distribution of
DMRs in the genome, we found that all DMRs in enhancers
showed differential hypomethylation before day 7 of differenti-
ation, except for two DMRs.

Methylation of CpG loci in exons was distinguishably high
during the intermediate stage (between days 7 and 10) (Fig. 1).
We also found a lower number of DE genes in the intermediate
phase. By considering the phases of differentiation, we noticed
that enhancers had the highest number of hypomethylated loci
at the start phase, when 15 out of 34 genes were DE. Our results
showed that both the highest number of DE genes (Table 3) and
the highest number of hypomethylated DMRs at enhancers
(Fig. 1) occurred during the start phase. When comparing differ-
ential gene expression with differential DMRs at enhancers, we
found consistent results only for enhancers within upregulated
genes. Promoters and introns with differential methylation
showed no significant correlations with gene expression. Our
analysis did not show that CpG loci hypomethylation correlated
directly with gene expression. Next, we tested whether hyper-
methylated loci were associated with gene expression.

(iv) Differentially hypermethylated regions

We noticed that differences in the hypomethylation intensity vs.
hypermethylation were more significant, meaning that hyper-
methylated loci p-values and FC would not show significance if
compared with differential values of hypomethylation loci
(Fig. 2).

Other previous analyses (Zhang et al., 2013) have also been
conducted to study hypermethylated and hypomethylated CpG
loci separately, due to differences in their behaviours. After defin-
ing new lower-stringency criteria for DMRs (based on the p-value
and FC distribution, and selecting the top quartile for both
values), we selected hyper-DMRs with IgFC values of at least
0.4 and a maximum p-value of 0.1. Using these criteria, we
found 1212 DMRs that showed increased methylation out of
10,817 studied DMRs.

The most hypermethylated DMRs were found during the inter-
mediate phase (395 CpG loci) and late phase (400 CpG loci) of
erythroid differentiation. Whereas, we found 225 and 124 DMRs
in the start phase and early phase, respectively. The last phase
had the lowest number of DMRs (86 CpG loci), as observed during
the analysis of differentially hypomethylated regions. In general,
we noticed a consistent pattern of differential hypermethylation
during erythropoiesis (Fig. 3); however, CpG loci that lost methy-
lation did not show such a consistent pattern (Fig. 1).

We found that hypermethylated DMRs occurred within pro-
moter regions (1.5 kbp before the TSS) more frequently (165

Table 1. Number of differentially methylated regions that were differentially methylated during each stage of differentiation.

Genomic region Start Early Intermediate Late Last Total

Gene body + promoter 194 372 562 307 14 1449

Intergenic 282 1678 2447 1123 71 5601

Total 476 2050 3009 1430 85 7050

The first row presents the distribution of gene body and promoter differentially methylated regions, and second row presents the intergenic differentially methylated region distribution
during erythroid differentiation.

Table 2. Number of differentially regulated genes during each phase of
erythropoiesis, based on their maximum differential lgFC value of the
empirical Bayes differential expression test.

Gene expression Start Early Intermediate Late

Upregulated 7 2 1 5

Downregulated 8 1 2 3

Note that expression data for day 16 were not available to test for differentially expressed
genes during the last phase (days 13–16).
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loci, 13.5%) than did differentially hypomethylated loci (69
DMRs, 1%). We also found that 7% (85 DMRs) of differentially
hypermethylated CpG loci overlapped with erythroid-specific
enhancers, although only 1.3% of the differentially hypomethy-
lated CpG loci were enhancers.

The hypermethylated regions overlapped with CGIs at 83% of
the promoters and first-exon regions of DE genes. Fig. 3 shows a
peak of hypermethylation during the intermediate and late
phases. We found that 69% of all CpG loci at intragenic and
promoter CGIs were hypermethylated, suggesting a positive

correlation between the number of hypermethylated DMRs and
the total length of intragenic CGI sequences.

(v) Transcription factor-enrichment analysis

It is unclear whether certain motifs affect the pattern of DNA
methylation and whether hypomethylation is associated with a
more frequent occurrence of certain TFBSs. We were also inter-
ested in determining whether the occurrence of certain TFBSs
was responsible for positive or negative correlations between
gene expression and methylation at CpG loci.

We performed TFBS-enrichment analysis to compare TFBSs
enriched during each phase with previous biological findings.
To study the possible enrichment of TFBSs, we used HOMER
to perform separate enrichment analyses of coding regions and
all DM regions.

For coding regions, we divided the DMRs into two groups,
namely hypomethylated/downregulated DMRs (843) and hypo-
methylated/upregulated DMRs (545), to test for transcription
factor-binding motifs enriched in each group. All TFBS enrich-
ments were identified based on a p-value of less than 1 × 10−3

and a q-value of less than 0.1, for both groups. Chromosome-spe-
cific DMRs at promoters and gene body regions did not corres-
pond to TFBS enrichment at differentially methylated loci.
These findings supported our earlier findings of differential
gene expression, demonstrating that hypomethylated DMRs
were not directly associated with gene transcription during
differentiation.

Next, we assessed the enrichment of all DMRs in chromosome
16 during the different phases of erythropoiesis. Data from previ-
ous studies (Yu et al., 2013; Zhang et al., 2013, Lessard et al.,
2015) showed an enrichment of differentially hypomethylated
CpGs during erythropoiesis in general, and we were interested
in determining whether such enrichment was stage specific.
Notably, our enrichment analysis only included hypomethylated
DMRs, since hypermethylated regions showed differences in dis-
tribution (Figs 1 and 3).

Using the HOMER motif-finding program, we identified
known TFBSs that occurred more frequently in hypomethylated
DMR sequences in each phase, compared with human genome
background sequences. We found that TFBS results with a
p-value of less than 1 × 10−3 were stable in all runs and showed
mutually exclusive TFBSs for each phase. Thus, we presented
only the most enriched TFBSs in differentially hypomethylated
CpG loci in chromosome 16.

(a) TFBS enrichment results for hypomethylated DMRs during
the start phase of differentiation
We found GATA-binding sites with strong enrichment during the
start phase of erythropoiesis. Many reports have shown that
GATA2 and GATA1 are master regulators during the early
stage of hematopoietic cell differentiation (Yu et al., 2013;
Vernimmen, 2014; Lessard et al., 2015). However, the enrichment

Table 3. Number of differentially hypo/hyper methylated CpG loci at promoters (1.5 kbp upstream of transcription start sites) and gene body of chromosome 16
genes.

Differentially methylated region Exon Introns Promoters Enhancers

Hypomethylated 1248 128 69 94

Hypermethylated 4 0 0 1

Fig. 1. Number of differentially hypomethylated CpG loci in different regions of
chromosome 16 during the five developmental phases of erythrocytes.

Fig. 2. Volcano plot of chromosome 16 CpG loci. Loci subjected to the empirical
Bayes differential methylation test with p values < 0.002 and absolute –lgFC values
> 1 are coloured red. Green, loci that were differentially hypermethylated. Red, loci
that were differentially hypomethylated. Black, CpG loci that were not differentially
methylated.
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of GATA3- and GATA4-regulation behaviour during the early
stages of erythropoiesis remains unclear (Table 4).

(b) TFBS enrichment results for hypomethylated DMRs during
the early phase of differentiation
The most enriched TFBS during the early phase was TF zinc fin-
ger protein 322 (ZNF322, also known as ZNF322A), which poten-
tially maintains stem cell pluripotency in humans (Jen & Wang,
2016). The second- and third-most enriched TFBSs identified
during the early phase (between days 3 and 7) were for TF retinoic
acid receptors (RARs) and retinoid X receptors (RXRs), which are
known for their regulatory activities in normal myeloid and eryth-
roid progenitor cells (Kinoshita et al., 2000) (Table 5).

(c) TFBS enrichment results for hypomethylated DMRs during the
intermediate phase of differentiation
During the intermediate phase, we the identified NANOG
strong-enrichment ( p-value 1 × 10−6), androgen receptor-half
site, and stem cell leukemia proteins, which have been found to
be enriched in previous differential methylation studies (Yu
et al., 2013; Lessard et al., 2015), with no mention of the expected
phase of differentiation (Table 6).

(d) TFBS enrichment results for hypomethylated DMRs during
late phase of differentiation
During the late phase (between days 10 and 13), we found the
most enriched TFBS to be the farnesoid X receptor (FXR, also

known as NR1H4). This TF is known to maintain the balance
of cholesterol and bile acids. FXR has not been reported to con-
tribute to stem cell pluripotency or differentiation. Rather, it con-
tributes to red blood cell functions, as expected from mature
erythroblasts during the late phase of differentiation (Table 7).

No significant enrichment of TFBSs was found for hypo-
methylated DMRs with maximum hypomethylation during the
last phase (between days 13 and 16). Enrichment results are
expected to be not only cell-type specific and stage-specific, but
also chromosome-specific, which cannot be emphasized by
whole-genome enrichment results.

4. Discussion

We presented a novel chromosome-specific statistical analysis to
test for DMRs at five different phases of erythroid differentiation.
We also defined a differential phase for each CpG loci to better
understand the common methylation pattern of DMRs with max-
imum log2 fold change during specific stages.

Our focused assessment of chromosome 16 allowed us to iden-
tify region-specific TFBS enrichment during each independent
phase of differentiation. Some of the most enriched TFBSs, such
as GATA3, ZNF322 and FXR, were not identified in similar stud-
ies (Yu et al., 2013; Zhang et al., 2013, Lessard et al., 2015). Even
though, their functional significances in erythroblast development
and functions are well established, which highlights the signifi-
cance of chromosome and stage specific DM analysis.

Our stage-specific analysis was able to identify significantly
enriched (q-value < 0.01) hypomethylated DMRs specific to
GATA factors (1, 2, 3 and 4) binding sites. GATA3 binding site
was stably the top enriched during the start phase of differenti-
ation (days 0 to 3). GATA3 gene has been reported to be expressed
before hematopoietic stem cell (HSC) commitment to T cells,
which explain its enrichment in the start phase of our analysis.
However, GATA3 overexpression in mouse HSCs results in eryth-
roid and megakaryocytic lineages (Ho et al., 2009). This finding
also suggests that hypomethylation of the GATA3 TFBS (and pos-
sibly GATA3-binding sites) is essential for early HSC commit-
ment to the erythrocyte lineage.

During the early phase (days 3 to 7), ZNF322 and RAR–RXR
were enriched. Data from a more recent study showed that the
RAR–RXR heterodimer-response pathway promotes cell growth
and differentiation, rather than inhibiting it (Kinoshita et al.,
2000). The reported influence of RAR–RXR on progenitor cells
indicates an early differentiation phase-specificity for enrichment.

Table 4. Enrichment analysis results of 470 differentially methylated regions during the start phase versus background sequences, using the HOMER software.

Rank Motif Name p-value Log p-value q-value (Benjamini)

1 GATA3 1.00E-06 −1.59E+01 0

2 GATA2 1.00E-05 −1.31E+01 0.0003

3 GATA1 1.00E-05 −1.26E+01 0.0004

4 GATA4 1.00E-05 −1.19E+01 0.0005

Fig. 3. Number of differentially hypermethylated CpG loci in different regions of
chromosome 16 during the five developmental phases of erythrocytes.
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During the intermediate phase, we found that NANOG was
stably enriched. NANOG is a principle pluripotency regulator,
and increasing evidence supports its influence on cell-fate com-
mitments. NANOG has been extensively used to promote stem
cell differentiation in vivo and specifically for erythroid differen-
tiation (Fouse et al., 2007). The need for this gene transcription
explains its TFBS enrichment and hypomethylation before day
10 of differentiation when erythroblasts are getting ready for
fate commitment.

We also found the B-cell CLL/lymphoma 6 (BCL6) binding
site significantly enriched during the intermediate phase but it
has not been reported to be enriched in previous studies, although
an experiment in BCL6-deficient mice resulted in abnormal
erythroid differentiation (Asari et al., 2005).

SCL factors that were also enriched in the intermediate phase
had been known for their co-regulation with GATA2 at GATA2

sites and other times with GATA1 at its sites. With mutant SCL
binding domains in mice, mice were found to not die as early
as knockouts, which led to the idea that the SCL binding site is
not crucial for HSC differentiation. In further studies, the import-
ance of GATA1 and SCL mutual binding at SCL sites for tran-
scriptional activation of erythroid was confirmed (Dore &
Crispino, 2011). Our results resolved previous confusion, as
SCL site importance seems to show later during erythropoiesis
compared to GATA1 and GATA2 binding sites that were differen-
tially hypomethylated earlier during the start phase. Our analysis
could confirm the stage specificity of GATA1 and SCL binding
sites although these erythroid regulators were reported to present
poor stage specificity (Xu et al., 2012).

The most enriched TFBSs were not the top TFBSs identified in
whole-genome analysis, using the same data (Yu et al., 2013);
because we expected our selected DMRs to be both stage and

Table 5. Enrichment analysis results for 2041 differentially methylated regions during the early differentiation phase versus 48,124 background sequences, identified
using the HOMER software.

Rank Motif Name p-value Log p-value q-value (Benjamini)

1 RAR:RXR 1.00E-05 −1.21E+01 0.0018

2 Zfp809 1.00E-03 −8.77E+00 0.0249

3 ZNF322 1.00E-03 −8.54E+00 0.0249

Table 6. Enrichment analysis results for 3009 differentially methylated regions during the intermediate phase versus 46,889 background sequences, as identified
using the HOMER software.

Rank Motif Name p-value Log p-value q-value (Benjamini)

1 Bcl6 1.00E-05 −1.25E+01 0.0012

2 Nanog 1.00E-05 −1.23E+01 0.0012

3 AR-halfsite 1.00E-05 −1.21E+01 0.0012

4 SCL 1.00E-04 −9.62E+00 0.0053

Table 7. Enrichment analysis results for 1429 differentially methylated regions during the late phase versus 48,587 background sequences, as identified using the
HOMER software.

Rank Motif Name p-value Log p-value q-value (Benjamini)

1 FXR 1.00E-03 −8.51E+00 0.0645

2 ISL1 1.00E-03 −7.09E+00 0.1332

3 Sox9 1.00E-03 −6.96E+00 0.1332
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chromosome specific. We successfully verified that grouping
chromosome 16 DMRs regardless of the developmental stage
(Table 8), failed to show significant enrichments for most of the
predicted stage-specific enriched TFBSs (Tables 4–7). Also, differ-
ent enrichment results are expected when analyzing the DMRs of
another chromosome. This possibility can be verified in the future
by applying our analysis to whole-genome data or another
chromosome and by grouping the DMRs based on the differential
stage.

Analyzing hypermethylated and hypomethylated CpG loci
separately was crucial for finding stage-specific DMRs. We
found that hypermethylation was strongly associated with the
length of promoter and gene body, rather than gene expression
levels. They possess more stable levels of methylation than hypo-
methylated regions during differentiation. Fig. 3 shows a consist-
ent pattern of hypermethylation distribution, based on the
number of DMRs during each phase of differentiation. This
might indicate their critical role in activating and suppressing
genes rather than regulating the amount of expression that
might be associated with hypomethylated regions at gene body.

When defining hypermethylated DMRs, we selected CpG loci
that gained methylation the most (have the largest logFC), conse-
quently, no stage-specific enrichment of TFBS was found. We
expect the selected most hypermethylated DMRs to also be the
most preserved sites.

When interpreting results, it is important to consider data lim-
itations. First, the methylation data only covered genes on the
positive strand of the genome. In addition, the CpG data coverage
of each gene may include exons, introns and/or promoter regions,
which are not always recovered after filtering the data. However,
the data could still be used to successfully monitor the general
behaviours of gene methylation during the differentiation process.
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Supplementary Table S1. Sample of the annotation table created for
chromosome 16 CpG loci. The table shows CpG loci in the alpha-globin
gene cluster. The table includes 20 columns. Note that the first exons some-
times overlap with the promoter region. Also, erythroid-specific enhancers
are not present within the sample region of chromosome 16. Label definitions:
pro, promoter region; enh enhancers; DE, differential expression; DM, differ-
ential methylation.

Supplementary Table S2. p-values and log2 fold change of empirical
Bayes test of differentially expressed genes ( p-value < 0.015 and logFC >
3) during erythroid differentiation phases. Note: RNA-seq samples were col-
lected at five-time points of erythropoiesis, whereas Affymetrix samples
were collected at four-time points only. No expression data was available
for day 16 to test for differentially expressed genes at the last phase (day
13–day 16).
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