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Tissue-specific DNA methylation plays an important role in the regulation of many functional pro-
cesses. The methylation level in single cells can be assessed using the comet assay (single-cell gel electropho-
resis), a simple and cost-effective technique. The methyl-sensitive comet assay approach has been widely used 
under the assumption that methylation in the context of CpG dinucleotides is the only type of this modification. 
However, although CpG is the main methylation target, non-CpG methylation is also widespread. We used the 
methyl-sensitive comet assay to demonstrate that, in human lymphocytes, non-CpG methylation significantly 
contributes to the global methylation level. The activation of lymphocyte proliferation results in an increase 
in non-CpG methylation, and the methyl-sensitive comet assay can be used to assess the ratio between CpG 
and non-CpG methylation levels.
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Methylated cytosine base in DNA is a major 
epigenetic mark in vertebrates [1]. DNA 
methylation, among other consequences 

of this modification, directly affects the mechani-
cal properties and stability of the double helix [2].  
Cell-type-specific methylation profiles [3] and their 
changes play an important role in gene regulation, 
chromatin condensation [4], cell differentiation [5], 
tumorigenesis [6], and other processes.

The main targets of methylation, which have 
been the focus of research in this field for a long 
time, are cytosine bases in the context of CpG di-
nucleotides. However, cytosine methylation also oc-
curs in other sequence contexts, and such non-CpG 
methylation, whose role is still not well understood, 
has been attracting increasing attention recently 
[7‑9]. This type of methylation in mammals de-
pends on the de novo methyltransferases DNMT3a 
and DNMT3b and not on the maintenance methyl-
transferase DNMT1 [10, 11]. Non-CpG methylation 
has been found to be tissue-specific and, in particu-
lar, enriched in embryonic stem cells and neurons 
[12, 13]. Associations of non-CpG methylation with 

diabetes [14], Alzheimer’s disease [15] and cancer 
[8] have been reported. 

Alongside other methods, single-cell gel elec-
trophoresis (the comet assay) can be used to assess 
the global DNA methylation level in single cells. To 
perform the assay, cells are embedded in a thin layer 
of agarose on a microscope slide and then lysed to 
obtain nucleoids. Under an electric field, the nucleoid 
DNA migrates towards the anode, forming an elec-
trophoretic track, which resembles a comet tail [16]. 
The migration parameters help reveal features of 
chromatin loop organization [17], although the main 
common application of the comet assay is to as-
sess the level of single- and double-stranded breaks 
in DNA [16, 18-20]: an accumulation of breaks re-
sults in a significant increase in the migration rate 
[16, 18‑22]. 

In the methylation-sensitive comet assay 
(sometimes called “methy-sens”), the rationale for 
evaluating the methylation level is to digest the nu-
cleoids with methyl-sensitive restriction endonu-
cleases to induce breaks. In one of the commonly 
used techniques, the isoschizomeric enzymes HpaII 
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and MspI are used [23-25]. The two enzymes recog-
nize the same tetranucleotide site CCGG and cleave 
it in the non-methylated form but display different 
sensitivity to the methylation pattern. MspI cleaves 
the CCGG sites if the second, but not the first, C is 
methylated or hemimethylated [26, 27]. HpaII was 
initially thought to cut the CCGG sites if the first, 
but not the second, C is methylated [26, 28]. Howe
ver, it was later established that this enzyme could 
cleave only the sites hemimethylated at the first C 
introducing nicks [27, 29], i.e., HpaII cleavage re-
flects non-CpG methylation anyway. If, as is usually 
assumed, non-CpG methylation is negligible, then 
the difference in the relative amounts of DNA in 
the comet tails between HpaII- and MspI-digested 
nucleoids will give an estimate of CpG methylation 
level [23-25]. 

In fact, non-CpG methylation is not taken into 
account in the commonly applied methyl-sensitive 
comet assay:  usually, it is performed in alkaline 
conditions when single-stranded DNA fragments, 
which appeared after DNA breaks, give the major 
contribution to the tail formation [21, 22]. Hence, 
nicks introduced by HpaII in hemimethylated non-
CpG sites may be just invisible in the alkaline comet 
assay. In contrast, when the assay is performed at 
neutral pH, the tail is mainly formed by relaxed (as 
a consequence of nicks) DNA loops [30]. In other 
words, the neutral comet assay may help to discrimi-
nate between CpG and non-CpG methylation. 

In this paper, we apply the HpaII/MspI diges-
tion technique, using the comet assay at neutral pH, 
to investigate DNA methylation in human lympho-
cytes and lymphoblasts obtained through lympho-
cyte activation. Our results show that non-CpG 
methylation is far from negligible in lymphocytes, 
and increases considerably upon activation. When 
non-CpG methylation is significant, the methyl-sen-
sitive comet assay at neutral pH can reveal the ratio 
between CpG and non-CpG methylation levels.  

Materials and Methods

Cell isolation, cultivation and sample prepa-
ration. Human blood (finger-prick samples) was 
obtained from healthy donors between the ages of 
25–35 (males and females, non-smokers). All proce-
dures were performed in compliance with relevant 
laws and institutional guidelines. This has been ap-
proved by the Ethic Committee of Taras Shevchenko 
National University of Kyiv. Lymphocytes were iso-
lated by centrifugation in a Histopaque-1077 density 

gradient (Sigma, USA) according to the manufac-
turer’s recommendations and then washed in RPMI 
1640 culture medium (Gibco, USA). To transform 
the lymphocytes, isolated cells were cultivated for 24 
or 44 h at 37°C in the same medium supplemented 
with antibiotics and 10% fetal bovine serum (Gibco, 
USA). Phytohemagglutinin P (Sigma, USA) was 
added to the cell culture at a final concentration of 
10 µg/ml to induce lymphocyte activation and pro-
liferation (so-called blast transformation). After that, 
the cells were washed in Hanks’ salt solution, and 
aliquots of the 24- or 44-hour cell culture were used 
to assess the efficiency of blast transformation as de-
scribed earlier [31].

50 µl of cell suspension (lymphocytes or trans-
formed lymphocytes) was mixed with 100 µl of 1% 
low-melting-point agarose (Sigma, USA) at 37°C. 
20 µl of the mixture was applied to a microscope 
slide and covered with a coverslip. After agarose 
polymerization, slides were treated with an ice-cold 
lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM 
Tris-HCl (pH 8.0), 1% Triton X-100 (Ferak, Ger-
many)) for several hours. After the lysis slides were 
washed twice with TBE buffer (89 мМ Tris-borat, 
2 mМ EDTA, рН 7.5).

Restriction. Two isoschizomeric restriction en-
donucleases, HpaII or MspI, were used for nucleoid 
DNA digestion. For this, slides were incubated for 
10 min at 4°C in TNE buffer (5 mM Tris-HCl, 5 mM 
NaCl, 0.5 mM β-mercaptoethanol, 1 mM EDTA, 
pH 7.5) and then placed in a humid chamber.

100 µl (1.5 units) of HpaII or MspI solution in 
ONE restriction buffer (EURX, Poland) was applied 
to the slides, covered with a cover glass and incu-
bated for 20 min at 37°C. To stop the digestion, the 
slides were washed in TBE buffer and immediately 
electrophoresed.

Electrophoresis, microscopy and statistical 
analysis. Slides (treated or not treated with the re-
striction enzymes) were electrophoresed in TBE 
buffer at 4°C for 5 min (1 V/cm, 300 mA). After 
electrophoresis, the slides were stained with 1.3 µg/
ml of DAPI (4′,6-diamidino-2-phenylindole, Sigma, 
USA) and immediately analyzed with a fluorescent 
microscope connected with a camera Canon EOS 
1000 D. Over 100 randomly selected nucleoids per 
slide were examined using image processing pro-
gram ImageJ (imagej.net) with OpenComet plugin 
to assess the relative amount of DNA in the tails. 
Five to ten replicates were performed for each ex-
periment. The mean values and standard errors for 
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all independent experiments were then calculated. 
Student’s t-test was used to assess the P-values for 
pairwise comparisons.

Results and Discussion

We have measured the average relative amounts 
of DNA in the comet tails after electrophoresis at 
neutral pH of lysed lymphocytes and lymphoblasts 
before and after the treatment of the nucleoids with 
MspI or HpaII, the restriction enzymes, which are 
sensitive to different methylation patterns of CCGG 
sites. Several representative comet images are shown 
in Fig. 1, A. The changes in the percentage of DNA 
in the tails after the treatments (Fig. 1, B) highlight 
two observations: (i) the total methylation level de-
creases during lymphocyte transformation; and (ii) 
the different possible methylation patterns essential-
ly contribute to this level.

Both restriction enzymes cleave non-
methylated CCGG sites. Additionally, HpaII cleaves 
CCGG hemimethylated at the first C, while MspI 
cleaves the sites methylated or hemimethylated at 
the second C, i.e., in the CpG context [26, 27, 29]. 
In other words, HpaII and MspI are sensitive to non-
CpG and CpG methyations, respectively. It follows 
that the DNA amount in the tails after HpaII diges-
tion (designated as hpa) can be used to estimate the 
sum of the fractions N and M1, where N is the frac-
tion of CCGG sites in the non-methylated form and 
M1 is the fraction of the sites hemimethylated at the 
first C. Then, N + M2, where M2 is the fraction of 
sites methylated or hemimethylated at the second C, 
should be proportional to the DNA amount in the 
tails after MspI digestion (designated as msp). Since,  
by definition, N + M1 + M2 = 1, the hpa fraction is 
proportional to 1 ‒ M2 while the msp fraction is 
proportional to 1 ‒ M1. Hence, the simple equation 
M2/M1 = (1 – hpa)/(1 – msp) can be used to estimate 
the ratio of CpG to non-CpG methylation levels.

If the non-CpG methylation level is low (or ab-
sent, as it is often assumed) the ratio M2/M1 would 
obviously be very large. Fig. 2 shows that this is not 
the case: in lymphocytes, the two methylation levels 
are comparable, although the level of CpG methyla-
tion is approximately twice that of non-CpG methyl-
ation, as expected for terminally differentiated cells. 
Typically, in the methyl-sensitive comet assay, the 
global methylation level is assessed using the value 
1 ‒ hpa/msp, which is valid provided that the global 
methylation level equals the CpG methylation level 

Fig. 1. Representative examples of comet images 
for (from left to right) control nucleoids and nucle-
oids treated with HpaII or MspI (A, bars: 10 μm) 
and the percentages of the average relative DNA 
amounts in the tails (B) for nucleoids obtained from 
lymphocytes and lymphoblasts cultured for 24 and 
44  h, non-treated (control) and treated with MspI 
or HpaII
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(i.e., non-CpG methylation is negligible and hsp 
is proportional to N). This approach works also if 
non-CpG methylation is considerable but invisible, 
since the comet assay is performed at alkaline pH. 
In lymphocytes, non-CpG methylation contributes 
significantly, and can be registered at neutral pH. It 
can be concluded that the possibility for the HpaII 
digestion reflecting non-CpG methylation should be 
considered for other cell types as well.

The relative contribution of non-CpG methyla-
tion more than doubles in lymphoblasts cultured for 
24 h (Fig. 2). Our observations are consistent with 
the significant role of non-CpG methylation and its 
dependence on functional status, as shown for B 
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Тканино-специфічне метилування ДНК 
відіграє важливу роль у регуляції багатьох 
функціональних процесів. Рівень метилуван-
ня в індивідуальних клітинах може бути оці-
нений за допомогою кометного електрофорезу 
(електрофорезу ізольованих клітин) ‒ простої 
та дешевої техніки. Метил-чутливий кометний 
електрофорез широко застосовується на основі 
припущення, що метилування в контексті дину-
клеотидів CpG є єдиним типом цієї модифікації. 
Проте, хоча CpG є головною мішенню метилу-
вання, метилування в інших контекстах (“non-
CpG”) також є поширеним явищем. У цьому 
дослідженні ми застосовували метил-чутливий 
кометний електрофорез для демонстрації того, 
що в лімфоцитах людини метилування non-CpG 
робить суттєвий внесок у загальний рівень ме-
тилування ДНК. Крім того,  активація пролі-
ферації лімфоцитів приводить до підвищення 
такого метилування. Отже, метил-чутливий ко-
метний електрофорез може бути використаний 
для оцінки співвідношення між рівнями мети-
лування CpG і non-CpG.

К л ю ч о в і  с л о в а: метилування ДНК, 
метилування non-CpG, кометний електрофорез, 
лімфоцити, лімфобласти. 

M
2/M

1

2

1

Lymphocytes
Lymphoblasts

24 h                 44 h

P = 0.010
P = 0.054

P = 0.024

Fig. 2. The ratios of CpG (M2) to non-CpG (M1) 
methylation levels in lymphocytes and lymphoblasts 
cultured for 24 and 44 h

lymphocytes [32]. After 44 h of cultivation, there is 
a tendency for the M2/M1 ratio to become closer to 
that of non-activated lymphocytes (Fig. 2).

Conclusions. Our findings can be summa-
rized as follows. In human lymphocytes, non-CpG 
methylation significantly contributes to the global 
methylation level, approximately half of the CpG 
methylation level. The activation of lymphocyte 
proliferation results in an increase in non-CpG 
methylation, so that the two types of DNA methyla-
tion become approximately equal. Our main conclu-
sion is that the methyl-sensitive comet assay at neu-
tral pH can be used to assess the ratio between CpG 
and non-CpG methylation levels.
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