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ABSTRACT

Although the mechanism of DNA demethylating drugs has been understood for many years, the
direct effect of these drugs on methylation of the complementary strands of DNA has not been
formally demonstrated. By using hairpin-bisulphite sequencing, we describe the kinetics and
pattern of DNA methylation following treatment of cells by the DNA methyltransferase 1
(DNMT1) inhibitor, decitabine. As expected, we demonstrate complete loss of methylation on
the daughter strand following S-phase in selected densely methylated genes in synchronized
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Jurkat cells. Thereafter, cells showed a heterogeneous pattern of methylation reflecting replication

of the unmethylated strand and restoration of methylation.

Introduction

Decitabine and azacytidine are synthetic nucleoside
analogues of cytosine used as demethylating anti-
cancer drugs in the treatment of acute myeloid leu-
kaemia and myelodysplastic syndrome [1-5]. These
demethylating drugs are incorporated into DNA
during DNA replication or S-phase of the cell cycle,
and irreversibly bind and inactivate DNA methyl-
transferase 1 (DNMT1) thereby preventing methyla-
tion of the newly synthesized strand [6-8].

Although there is compelling evidence for this
mechanism of decitabine and azacytidine-induced
demethylation, it has not been directly observed
through sequencing of the complementary DNA
strands at the time of replication. Hairpin-bisul-
phite sequencing, in which complementary DNA
strands are linked together prior to sodium bisul-
phite treatment, provides a method by which the
demethylation and re-methylation of DNA can be
observed and monitored following exposure of
cells to demethylating agents [9-11].

Our hairpin protocol incorporated a random ‘bar-
code’ composed of 14 G, A, or T nucleotides within
the loop of the hairpin linker, giving 4.8 million
possible combinations. By using high throughput

barcoded hairpin-bisulphite sequencing we gener-
ated thousands of unique barcoded sequences to
examine the pattern and kinetics of methylation at
two densely methylated gene promoters.

Methods
Treatment of synchronized cells with decitabine

Jurkat and MOLT4 (T lymphoblastic leukaemia) and
NALM6 (B lymphoblastic leukaemia) cell line cells
were grown to 1 x 10°/mL in RPMI-Glutamax media
(Gibco, ThermoFisher) supplemented with 10% heat
inactivated foetal calf serum, then incubated with
2 mM thymidine for 18 h to arrest the cell cycle at
the G1/S boundary. Following the thymidine block,
DNA synthesis was reinitiated (designated as time 0
h) by replacement with media containing 50 uM
deoxycytidine [12]. Decitabine was added to the
media at time 0 h; Jurkat cells were incubated with
5 uM decitabine, whereas MOLT4 and NALM6 were
incubated with 1 uM decitabine. Cells were collected
at 0, 2, 4, 6, 8, 24, 48 and 72 h for DNA extraction
(Qiagen QIAamp DNA Blood Minikit™) and flow
cytometric cell cycle analysis. To assess cell cycle
progression, cells were fixed with 70% ethanol,
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stained with FxCycle"™ PI/RNase (Thermo Fisher
Scientific) kit, and ploidy was measured by flow
cytometry. Flow cytometry data were analysed with
Flow]Jo® 10.4.2 software (FlowJo, LLC). For the 120 h
culture, media was replaced with non-decitabine-
containing media at 48 h and at 96 h.

Low coverage bisulphite sequencing (post-
bisulphite adapter tagging)

Global 5-mC levels were determined using post-
bisulphite adapter tagging (PBAT) sequencing as
previously described [13](Ortega, Peat and Hore,
2020 in press). Briefly, 100 ng of purified DNA
was bisulphite converted and first strand synthesis
was performed with a biotin-labelled adapter
sequence possessing seven random nucleotides at
its 3¥ end (BioP5N7, Table 1) followed by purifi-
cation using streptavidin-coated Dynabeads
(Thermo Fisher Scientific, 11205D) and magnetic
immobilization. Immobilized first strand was used
as the template for second strand synthesis using
an adapter with seven random nucleotides at the
3K end (P7N7, Table 1), to create double-stranded
DNA. Finally, a unique molecular barcode and the
INlumina adapter sequences were added by PCR
(98°C for 5 min; 13 cycles of 98°C for 80 sec, 65°
C 30 sec and 72°C 30 sec), using the KAPA HiFi
Uracil Plus system. Libraries were sequenced on a
MiSeq instrument (Illumina), the first 10 bp of
each read was trimmed along with adapter and
poor quality sequences using TrimGalore, and
remaining reads were mapped to the human gen-
ome (NCBI build 37) using Bismark [14]. The
resulting CG methylation calls were extracted
from the Bismark mapping report, and the margin
of error calculated from this sample using a stan-
dard asymptotic estimator [13] (Ortega, Peat and
Hore, 2020 in press).

Table 1. Primers and linkers.

Generation of bisulphite converted DNA hairpin
molecules

Two genes, RASSF1 and PCDHGA 12, whose promo-
ters were reported to be densely methylated in Jurkat
cells [15-17] were studied. The dense methylation of
these promoters was confirmed by targeted bisul-
phite sequencing. The hairpin-bisulphite technique
[10] was modified to document methylation of the
complementary strands simultaneously. A random
14-bp molecular barcode sequence (G, A, and T) was
included in the hairpin loop. To ligate the hairpins,
Jurkat cell DNA was digested with either Sacl (for
RASSFI) or BamHI (for PCDHGA12) and 400 ng
was ligated to 5 uM hairpin linkers (Table 1) using
T4 DNA ligase (ThermoFisher Scientific). Hairpin-
ligated DNA was bisulphite-converted using EZ
DNA  Methylation-Gold™  (Zymo Research).
Following conversion, hairpins were PCR-amplified
using primers complementary to the bisulphite-con-
verted forward and reverse strands (Table 1). First
round primers were tagged to enable addition of
indexed Illumina adaptor sequences in a second
round of PCR (Figure 1). Samples were pooled,
cleaned to remove primer-dimer and short non-spe-
cific amplification products using Ampure XP beads,
diluted to 1 ng/uL and assessed using a Bioanalyzer
(Agilent Technology, Germany).

Sequencing of hairpin libraries

The pooled PCR products were sequenced on an
[lumina MiSeq System using Nano kit V2 500 bp to
generate 2 x 250 bp paired-end reads [18]. Based on
index sequences the paired-end sequence files were
demultiplexed and saved as two sequence files (fastq.
gz format) for each sample (read 1 and read 2). MiSeq
sequence output files were uploaded to Galaxy online
platform (usegalaxy.org). Paired-end sequence files

PBAT primers

BioP5N7

P7N7

Hairpin linkers and primers
RASSF1 forward

RASSF1 reverse

RASSF1 linker

PCDHGA12 forward
PCDHGA12 reverse
PCDHGA12 linker

biotin-ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNN

ACGACGCTCTTCCGATCTTATAGTTTTTGTATTTAGGTTTTTATTG
CGTGTGCTCTTCCGATCTCCTACACCCAAATTTCCATTAC
pCGCGATGC (D);4 GCATCGCGAGCT
ACGACGCTCTTCCGATCTGTAAGGATTAGGTGGTGAGTAGTTT
CGTGTGCTCTTCCGATCTACCAAATAATAAACAACCTTTTCTT
pGATCCAGCGATGC (D)4 GCATCGCTG
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Figure 1. Hairpin amplification, sequencing and processing. A. Following bisulphite conversion, the region of interest was amplified
using tagged specific primers. A second round of PCR was used to label the samples with indexed lllumina primers. B. Summary of
the analysis of methylation data. The methylation of each CpG is displayed and the status of each hairpin is interpreted after ‘folding’

the complimentary strands.

were joined with PEAR and FASTQC was used to
check the quality of the joined sequence, with poor-
quality sequences (average Phred quality score <30)
being removed. The ‘Barcode collapser’ program was
used to identify and remove reads containing dupli-
cate barcodes, so that only unique reads were retained.
These unique reads were then imported to ‘BiQ
Analyzer HT’ [19] for analysis and visualization.

Processing and ‘folding’ hairpin sequences

To calculate the percentages of hemi-methylated hair-
pin reads, the binary methylation data (1, 0 or x) were
extracted from the BiQ Analyzer HT output ‘methyla-
tion.tsv’ result files. Using R (www.r-project.org), the
data were analysed after ‘folding’ the hairpin reads to
calculate the methylation proportion of each hairpin
read (Figure 1b). The hairpin reads were classified
based on the methylation pattern of the complemen-
tary CpGs sites. Sequence reads were classified as
‘methylated’ when the proportion of methylated com-
plementary CpGs 20.51; ‘hemi-methylated” if the

proportion of hemi-methylated CpGs 20.51 and
‘unmethylated’” if the proportion of unmethylated
CpGs 20.51. A small proportion of reads (<1%)
remained unclassified.

Results
Effect of decitabine on cell cycle progression

To study the effect of decitabine on DNA methy-
lation, Jurkat cells were first synchronized using a
single thymidine block. Asynchronous Jurkat cells
showed a predominance of cells in G1/GO phase,
along with some S-phase and G2 phase cells
(Figure 2). Thymidine-blocked Jurkat cells showed
a larger proportion of cells in G1, with a signifi-
cant reduction in G2 cells consistent with cell cycle
block at G1/S (Figure 2, 0 h), as expected.
Following release, the majority of synchronized
cells progressed through S-phase (4 h) and into
S/G2 phase (6 h).

To determine the effect of decitabine on cell
growth and cell cycle progression, synchronized


http://www.r-project.org

1254 I. M. MAYYAS ET AL.
TR U PV O T T
= [

Figure 2. DNA ploidy analysis of Jurkat cells following release
from thymidine block. The upper series shows untreated Jurkat
cells whereas the lower series shows cells treated with 5 uM
decitabine. DNA content of cells was measured by propidium
iodine staining.
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Jurkat cells were treated with a single dose of
decitabine (5 pM) at release and incubated for
72 h. These results demonstrate that decitabine
had little to no effect on cell cycle kinetics,
although we did observe a small difference in cell
distribution in S phase at 24 h suggesting mild
retardation of cell division in decitabine-treated
cells, but this difference was no longer apparent
at 48 h (Figure 2).

Impact of decitabine on global genomic DNA
methylation in Jurkat cells

The genome-wide DNA methylation of the
Jurkat cells treated with 5 uM decitabine was
determined by using low-coverage bisulphite
sequencing [13](Ortega, Peat and Hore, 2020 in
press). Samples had mapping efficiencies of 53-
67%, and the number of analysable CpGs ranged
from 4000 to 31 000. Apparent methylation at
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non-CpG sites was less than 1%, indicating that
the bisulphite conversion was at least 99%
efficient.

The levels of CpG methylation were the same in
non-blocked (67%) and synchronized Jurkat cells
(68%). As expected, there was a gradual loss of
CpG methylation in Jurkat cells treated with dec-
itabine in a time-dependent manner following
release from cell cycle arrest (from 68% in arrested
Jurkat cells to 30% in decitabine-treated cells at
72 h) (Figure 3).

Decitabine-induced hemi-methylation in the
PCDHGA12 promoter.

Methylation of the PCDHGA 12 promoter was inves-
tigated in synchronized Jurkat cells treated with dec-
itabine for 12 h. Decitabine induced a gradual
increase in  hemi-methylated DNA in the
PCDHGI12 promoter as early as 2 h after release
from synchronization (Figure 4a). Hemi-methyla-
tion of reads, where one side of the hairpin is methy-
lated and the other side is unmethylated, was clearly
observed (Figure 4b shows a magnification of the
12 h timepoint from Figure 4a). The percentage of
fully methylated, hemi-methylated and unmethy-
lated CpGs sites for each sample was determined.
By 12 h the percentage of hemi-methylated reads was
65% (Figure 4c).
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Figure 3. Global CpG methylation levels of decitabine-treated and untreated Jurkat cells measured by low-coverage bisulphite
sequencing. The error bars indicate the theoretical 99.5% confidence intervals of the methylation value (see methods).
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Figure 4. Example of decitabine-induced hemi-methylation in Jurkat cells. A. The left panel shows the almost fully methylated
PCDHGA12 promoter at time 0 h. The right panels show the development of hemi-methylation of the PCDHGA12 promoter in
decitabine-treated cells 2 to 12 h after initiation of DNA replication. Each line is a unique sequence read; the number of unique
sequences is shown at the bottom of each heatmap. B. Enlargement of the lower portion of the heatmap of the decitabine-treated
cells at 12 h to show the hemi-methylated reads. The dotted line indicates the location of the hairpin barcode. The heatmaps in A
and B are outputs from BiQ Analyzer HT. Red = methylated CpG, blue = unmethylated CpG, white = non-aligned sequence. C.
Percentage of hemi-methylated sequences in the PCDHGA12 promoter in decitabine-treated Jurkat cells following initiation of DNA
replication. The data presented are means of three replicates = SEM. The level of hemi-methylation in the untreated controls was

<1% at all time points.

Kinetics of methylation up to 120 h after
decitabine

To investigate the effects of a single decitabine
treatment (at time 0 h) on long-term methylation,
we repeated the experiment and collected cells at
0, 2, 4, 6, 8 and 12, 24, 48, 72, 96 and 120 h post-
release from the thymidine block. Media was

replaced with non-decitabine containing media at
48 h and at 96 h.

As before, we observed a decrease in methyla-
tion of the PCDHGAI12 promoter in decitabine-
treated cells and this was associated with an
increase in the proportion of hemi-methylated
reads (Figure 5). The amount of hemi-methylation
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reached 65% at 12 h. From 24 h, we observed
increasing levels of methylation and loss of hemi-
methylation, consistent with re-methylation of the
PCDHGA12 promoter.

Decitabine-induced hemi-methylation in the
RASSF1 promoter

To confirm the changes seen in PCDHGAI2,
the methylation of the RASSFI promoter was

a

Control

Decitabine

b Control
100%

similarly examined in Jurkat cells following
decitabine treatment. Similar to PCDHGAI2,
the RASSFI promoter was shown to be densely
methylated in untreated cells. Jurkat cells
showed increasing decitabine-induced hemi-
methylation of the RASSFI1 promoter with
time, whereas controls remained fully methy-
lated (Figure 6). The extent of hemi-methyla-
tion was usually less than that seen for the
PCDHGA12.
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Figure 5. Demethylation and re-methylation of the PCDHGA12 promoter in Jurkat cells. A. Methylation pattern of hairpin sequence
reads from untreated and decitabine-treated cells for up to 120 h after initiation of DNA replication. The heatmaps are outputs from
BiQ Analyzer HT. Red = methylated CpG, blue = unmethylated CpG, white = missing sequence. B. Distribution of methylation, hemi-
methylation and unmethylation in untreated and decitabine-treated cells as a function of time.
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Figure 6. Methylation of RASSF1 promoter in Jurkat cells treated with decitabine compared to untreated cells. Heatmap output of
BiQ Analyzer HT.

Impact of decitabine on methylation in MOLT4
and NALM6 cell lines

To confirm that the observations from Jurkat cells
occur similarly in other cell lines we examined the
effect of decitabine on MOLT4 and NALMS6 cells. The
PCDHGAI2 promoter was densely methylated in
untreated MOLT4 and NALMBG cell lines, with overall
>95% mean methylation (Figure 7). As seen with
Jurkat cells, synchronized MOLT4 and NALM6 cells
treated with 1 pM decitabine also showed an increase
in the proportion of hemi-methylated sequences at
increasing timepoints whereas untreated cells did not
show hemi-methylation (Figure 7).

Discussion

The mechanism of the demethylating drugs, as speci-
fic inhibitors of DNMT1, was demonstrated many
years ago [6-8,20,21]. Here, with the use of hairpin-
bisulphite sequencing, we have directly observed the
pattern and kinetics of methylation following
DNMT1 inhibitor treatment. Using two genes that
are highly methylated in Jurkat cells, we demonstrate
decitabine-induced DNA hemi-methylation in den-
sely methylated loci within 2 h of release from G1-
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arrest, with increasing levels of hemi-methylation as
DNA replication proceeds. In most hemi-methylated
sequences the newly synthesized DNA strand was
completely devoid of methylation. Even though
these results were predicted by previous studies, dec-
itabine-induced hemi-methylation has not been
documented in such detail.

Since low coverage global bisulphite sequencing
demonstrated a similar degree of demethylation on a
global scale, we conclude that hemi-methylation
demonstrated at these two genes is recapitulated
throughout the genome.

We predicted that nearly all cells would show
hemi-methylated DNA sequences 6-12 h after
exposure to decitabine, as nearly all cells were
initiated into the S phase by then. We observed,
however, 15 ~ 20% fully methylated hairpin reads
at 12 h, representing cells that either did not
undergo demethylation, or did not divide.
Incomplete demethylation might be due to repli-
cation of DNA prior to depletion of available
DNMT1 activity, immediate repair of demethy-
lated strands by de novo methylases, or the pre-
sence of dead or non-replicating cells. It is unclear
how long the effect of a single addition of decita-
bine will last since this reflects the effects of
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Figure 7. Methylation of PCDHGA12 promoter in decitabine-treated MOLT4 and NALM6 cells. Biological replicates (R1 and R2) are

shown for each condition.

degradation of decitabine and cellular uptake. In
RPMI 1640 media (pH 7.2) containing calf serum,
the half-life of decitabine at 37°C was reported to
be 3.5 h [22]. However, intracellular decitabine
levels continued to rise for at least 9 hours and
incorporation into DNA reached a maximum at
about 72 h [23]. We observed maximal demethyla-
tion 12-16 h after a single addition of decitabine to
the media. By 24 h many cells will have entered S
phase for the second time giving rise to the hetero-
geneous pattern of DNA methylation observed;
some cells had lost methylation of the remaining
strand leading to unmethylated hairpins, whereas
others appeared to have acquired methylation,
presumably through re-methylation of the pre-
viously demethylated strand.

With the power of our hairpin-bisulphite
sequencing technique, our results describe in detail
the kinetics and pattern of DNA demethylation
induced by a single exposure of decitabine in leu-
kaemia cell lines. These results show that decita-
bine induced DNA hemi-methylation in

PCDHGA12 and RASSFI promoters as early as
2 h after treatment, that DNA hemi-methylation
levels increased as DNA replication proceeded, but
that by 24 h methylation levels begin to return to
pre-exposure levels.
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