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Abstract

remain controversial.

unidirectional correlation with GE.

Objective: Despite whole-genome data analysis for understanding the implications of differential DNA
methylation patterns and the nature of their correlation with gene expression (GE) regulation, the observations

Methods: Unlike the usual methods of selecting differentially methylated regions (DMR) by hypothesis statistical
testing, we clustered CpG sites by their actual log,FC over time. Each cluster is represented by a 5-digit binary code.

Results: We identified novel stage-specific TFBS during erythropoiesis. Our stage-specific differential methylation
clusters have the ability to determine TFBS of co-regulators such as GATA1 and PU.1 at hypermethylated CpG loci.

Conclusion: Hypomethylated CpG loci clusters that are associated with GE upregulation are independent
of hypermethylated sites associated with downregulation. The analy-sis confirms that DNA methylation has

Keywords: Binary transition pattern; Erythropoietic DNA; Methylation
data

Introduction

Several recent studies have analyzed DNA methylation as ratio of
intensities, methylation percentage, p-value, or M-value to determine
possible regulatory regions called differentially methylated regions
(DMR) using statistical methods. An alternative approach to differential
methylation (DM) analysis is loci-based analysis, where variability in
loci methylation is measured instead of testing hypothesis of mean
difference [1].

DNA methylation profiling and clustering methods were developed
for detecting meaningful patterns. Hierarchical and non-hierarchical
clustering methods are the most commonly used methods.

Usually, non-parametric approaches do not consider the time
sequence of samples. We developed a time-sensitive clustering method
that uses actual methylation measures free of statistical estimates and
has no sample-size requirement. The method develops stage-specific
binary transition patterns (BTP) to profile methylation data based on
its fold change (FC) values.

Instead of using clustering to provide initial profiling, our BTP
presents flexibly divided clusters further based on the pattern itself,
genomic regions of interest, or methylation status (hypo/hyper). BTP
introduced a summarized view of methylation changes over time
regardless of sample size.

An initial analysis of raw DNA methylation data of chromosome
16 had defined a list of DMRs with adjusted p value <0.02 and
presented CpG clusters that were enriched with biologically significant
transcription factor binding site (TFBS) for erythroid development [2].
The analysis relied on the maximum logFC for the five empirical Bayes
(EB) tests of DM (start, early, intermediate, late, and last), ignoring the
logFC of the other differentiation phases. Our study illustrated how
consideration of the methylation status of all stages could form specific
and meaningful clusters of CpG loci.

We compared the selection of stage-specific DMRs by statistical
threshold alone and by statistical threshold and methylation pattern
combined. Then, we showed the power of pattern-specific analysis of all

CpG sites without excluding any site below a statistical threshold. The
analysis included promoter, gene body, intergenic regions, CpG islands
(CGIs), and erythroid-specific enhancers.

Methods

We studied chromosome 16 DNA methylation dataset of 12 samples
from adult bone marrow which were collected at six-time points of
erythroid differentiation: day 0, 3, 7, 10, 13, and 16 [GSE44054] [3].
Data was previously processed and normalized for stage-specific DM
analysis [2].

In this study, we considered the methylation pattern of each
CpG fragment regardless of their DM threshold. Each CpG fragment
of a differentiating erythroid cell is assign a 5-digit binary code that
represented the five log FC of development stages.

To define the methylation pattern, the transition summary between
six stages of erythroid development was represented in five binary
bits. First, maximum |-log,FC| was selected. If the value of the selected
-log FC is negative, we assigned 0 for the first binary bit of the BTP bits
and 1 if it was positive. Therefore, if the leading bit of a BTP is 0, the loci
will be hypomethylated at a certain stage and 1 if it is hypermethylated.
Each of the remaining four bits in a BTP was assigned 0 if there is loss
of methylation during inter-stage transition, and 1 otherwise (Figure 1).
An example of pattern conversion is provided in Table 1.

Results

Initiall, CpG loci were assigned to differential stages based
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on their maximum absolute -log,FC. By assessing distribution of
hypomethylated (hypo) DMR based on their BTP, in addition to their
differential stage, we observed that CpG loci that peak at a specific
stage are likely to lose and gain methylation following a specific pattern
(Figure 1). We noted that not all BTPs are found in hypo-DMR. The
majority of hypo DMR follows the methylation pattern of single switch
between ‘0’ to ‘1 which indicates stage specificity.

We verified whether the TFBS enrichment results of stage-
specific hypo DMR results was due to stage specificity alone or
certain methylation patterns by comparing our results with previously
published TFBS enrichment results of stage-specific DMR regardless of
their pattern of methylation [2].

TFBS enrichment analysis (EA) of each start phase pattern (‘01110°
and ‘01111’ did not yield any significant results. We thus considered
‘0111X* where X can be either 0 or 1. The enrichment result of BTP
‘0111X Table 1 showed stronger enrichment of the GATA family TFBS
compared to the EA of all hypo-DMR that have maximum log FC
during the start phase regardless of their pattern.

Next, we analyzed the early phase DMRs with pattern ‘0011X
regardless of the last BTP bit and were able to obtain more significant
TFBS enrichment results than those obtained by analyzing all hypo
DMR that have maximum log,FC during the early phase, in addition to
the enrichment of Zfp809 (Table 2).

One of the most stage-specific methylation patterns is ‘00011’
as it is the largest cluster and is exclusive to the intermediate phase
(day 7 to day 10). More significant EA results were achieved when
we ignored the last bit (i.e., pattern “0001X”) compared to EA for all
intermediate DMRs. Furthermore, the pattern “00011” by itself had
three significantly enriched TFBS (Table 2), whereas pattern “0001X”
showed five TFBS with q-value < 0.01 (Table 3).

The “00001” BTP DMR clusters of the late stage showed no
significant TFBS enrichment. Hence, we assessed BTP “00101”, where
31% DMR peaks were in the late stage and 69% DMR peaks were in the
early stage (Figure 1), although no significant enrichment was observed.

Generally, when comparing two similar patterns with different last
digits, we noticed that the number of hypo DMRs ending with ‘0’ were
more than the number of hypo DMRs ending with ‘1’ (i.e., more DMRs
tended to lose methylation at the last phase).

In addition, the switch in methylation pattern between 0 and
1 (when -log FC increases or decreases) occurs when -log FC is
maximum. Consequently, patterns with single switch between 0 and
1, such as 01111, 00111, 00011, and 00001 were exclusive to a specific
stage (the differentiated stage).

Figure 1: Number of stage-specific hypo DMR for each BTP.

While comparing hypo DMR genomic distribution, we noticed that
hypo-DMR erythroid-specific enhancers have higher number of hypo
DMR with pattern ‘0111X’ (Figure 2), which is specific to the initial
phase of differentiation. Successive hypomethylation of enhancers,
promoters, and CGI, followed by gene body regions, is expected during
cell development.

Whole-Chromosome Analysis of Hypomethylated BTP

To evaluate if BTP can improve specificity, we included all CpG loci
of chromosome 16 regardless of their statistical significance.

Regions of hypomethylated CpG loci patterns 00001, 00011, 00111,
and 01111 (pattern of single switch from 0 to 1) were still specific to
a single stage (Figure 2). The rest of the patterns represent CpG loci
that have more than one peak of hypomethylation, such as BTP ‘00101,
which loses methylation twice during erythroid differentiation. In
other words, the CpG loci of this pattern gained methylation after day
7 and regained it back after day 13. The more delayed is the first switch
of methylation, higher are the numbers of hypomethylated regions. In
addition, the earlier the switch from 0 to 1 in the pattern, the more is the
enrichment of TFBS as shown in Table 4.

Pattern ‘00001” shows that TFBS of poor cell-type specificity are
enriched during the late stage. For example, HRE, and AR-half sites
are enriched in the preceding stages as well. Similarly, ZICI, is a TF
known for its role in the development and maturation of many tissues
(not specific for hematopoietic development) [4]. This poor specificity
of TFBS also may indicate minimum transcription activation of cell-
type specific genes during the late stage of differentiation, as increase
in termination of gene body transcription is expected during this stage.

Figure 2: Whole chromosome BTP for all hypomethylated CpG loci on
chromosome 16.

Figure 3: Whole chromosome BTP for all hypermethylated CpG loci on
chromosome 16.
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Whole-Chromosome Analysis of Hypermethylated BTP

It is also important to examine the patterns of hyper BTP (CpG loci
with maximum positive -log FC) to understand if they have different
pattern distribution as they had different log,FC levels compared to
hypomethylated CpG loci. A comparison of Figures 2 and 3 shows that
hypo BTPs, but not hyper BTPs, show a gradual increase in CpG loci
frequency with progress in differentiation.

In addition, hypo BTPs that end with 0 have more CpG loci (Figure
2) than patterns that end with 1, whereas hyper BTPs show no such
consistent behavior (Figure 3). This can emphasize the importance of
analyzing hypo- and hyper methylated sites independently.

Unlike hypo BTP, we were not able to detect a pattern-specific
TFBS enrichment in majority of hyper BTP. However, by excluding
hypermethylated CpG loci at CGI regions, we were able to detect
a single BTP with strong pattern-specific TFBS enrichment; 11110
(Table 5).

We noticed that CGI site counts are maximum during the
intermediate and late phase BTPs (Figure 3). This trend of
hypermethylation is expected toward the maturation phase of erythroid
development but was difficult to observe without pattern-specific
clusters.

Rank TF Name P value log P value q value
1 GATA3 1.00E-07 -1.69E+01 0
2 GATA2 1.00E-06 -1.42E+01 0.0001
3 GATA1 1.00E-05 -1.32E+01 0.0002
4 GATA4 1.00E-05 -1.28E+01 0.0002

Table 1: TFBS enrichment analysis results for start DMR of hypo BTP ‘0111X".

Rank TF Name P value log P value q value
1 ZNF322 1.00E-04 -1.11E+01 0.0051
2 ZFP809 1.00E-04 -1.00E+01 0.007
3 RAR:RXR | 1.00E-04 -9.89E+00 0.007

Table 2: TFBS enrichment analysis results for early DMR of hypo BTP ‘0011X".

Rank TF Name P value log P value q value
1 NANOG 1.00E-05 -1.11E+01 0.0003
2 BCL6 1.00E-04 -1.00E+01 0.0017
3 SCL le-4 -1.06E+01 0.0028
4 AR-half site 1.00E-04 -9.89E+00 0.0031
5 NF1-half site 1.00E-03 -8.78E+00 0.0098

Table 3: TFBS enrichment analysis results for intermediate DMR of hypo BTP
‘0001X.

Methylation Total CpG =~ TFBS TFBS enrichment (g-value < 0.01)
pattern loci Count
1 10,899 3 HRE, AR-halfsite, Zic
1 7,971 4 HRE, Six1, ZNF322, AR-halfsite
RAR:RXR, AR-halfsite, ZNF322, PR,
m 4,267 7 Zfp809, ZFX, SCL
ZNF711, HRE, FOXM1, FOXA, ZFX,
101 4,893 8 EBF1, FOXA1, AP-2gamma
GATA4, GATA3, STAT3+il21, SCL,
011X 2,296 10 GATA2, HRE, GATA1, HOXB4, STAT4,

EBF1

‘01111 by itself did not show enrichment with g-value <0.01
Table 4: TFBS enrichment results for hypo BTP clusters.

Even though, pattern ‘11110’ is not the most frequent BTP (Figures 2
and 3), it has the maximum number of significantly enriched erythroid-
specific TFBS of all BTPs after excluding CGI. In the hypo BTP 0111X°
cluster, GATA1 binding sites were significantly enriched during the
start phase (Table 4), indicating that DNA methylation changes for
transcription activation and termination occurs at independent CpG
sites.

Discussion

Application of BTP to hypomethylated stage-specific DMRs
revealed methylation patterns of high stage specificity. In particular, the
major switch of log,FC value from hypo- to hypermethylation across
differentiation stages was successfully represented by the BTP switch
between 0 and 1. Furthermore, BTP analysis of DNA methylation data
had the power to consider crucial but not statistically significant CpG
sites.

Smaller clusters of pattern-specific DMRs were able to show
stronger enrichments of TFBS than stage-specific clusters of DMR
regardless of the methylation pattern. We observed that DMRs with
patterns 0111X, 0011X, and 0001X have better TFBS enrichment than
patterns with a constant fifth digit. A comparison of Figures 1 and 3
revealed that selection of DMR based on its statistical significance was
able to filter out non-pattern-specific last phase peaks.

GATAI1, GATA2 and, GATA3 are well known erythropoietic
factors, whereas GATA4, along with GATA5 and GATAS6, are
endodermal factors. We observed GATAL, 2, 3, and 4 TFBS specifically
enriched with 0111X, but GATA1 and GATA4 had the same q-value
(Table 1). Although GATA4 expression in not known to be associated
with erythroid development, a study demonstrated GATA4’s ability to
induce globin gene expression (GE) when the gene was introduced in
GATAI-null embryonic bodies [5].

We also identified a ‘00011’ cluster that was enriched with BCL6
and NANOG TFBS. Silencing of NANOG was reported to downregulate
BCL6 and other genes in the cell-cycle signaling pathway [6,7]. The
hypomethylation of their binding sites during the intermediate phase of
erythroid differentiation can further justify their possible co-regulation
of other genes.

Our methylation patterns analysis of all CpGloci on chromosome 16
(not only DMRs) revealed a general trend of erythroid differentiation-
related methylation. We observed gradual increase in hypomethylation
with progress in differentiation, which might be due to the increase
in the number of active regulatory regions (Figure 2) as the cell
approaches maturity. This can partially explain the presence of fewer
enriched TFBS as differentiation progresses, which might be due to
the decreasing specificity of hypomethylated regions (Table 4). On the
contrary, hyper BTP (Figure 3) did not show the same gradual change
of methylation as hypo BTP (Figure 2).

CpG

BTP X
loci

Count TFBS enrichment (g-value<0.01)

10110 449 2 SCL, Ascl1

11010 221 2 Ets1-distal, Elk4

AR-half site, EWS:ERG, SCL, ETV2, ERG, EHF, ETS1,

1110 275 13 FLI1, ELF5, PU.1, GATA1, EWS:FLI1, ETS1-distal

Table 5: TFBS enrichment results for hyper BTP clusters (after excluding CGI
regions).
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Hyper BTP showed super significant enrichment to a single late
stage pattern, which is ‘11110. It was the smallest pattern-specific
cluster with the highest TFBS enrichment when CGI were excluded
(Table 5).

The significant enrichment of GATA1 TFBS with hypo BTP 01111’
of the start stage and the hyper BTP ‘11110’ of the late stage suggest that
DNA methylation is negatively correlated to GE in a single direction. In
other words, TFBS hypomethylation activates or/and upregulates GE
but they are not responsible for downregulating the same genes.
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