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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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ethylated cytosine base in DNA is a major
M 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
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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 Hpall
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and Mspl 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. Mspl cleaves
the CCGGQ sites if the second, but not the first, C is
methylated or hemimethylated [26, 27]. Hpall 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., Hpall 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 Hpall- and Mspl-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 Hpall 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 Hpall/Mspl 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 pg/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 pl of cell suspension (lymphocytes or trans-
formed lymphocytes) was mixed with 100 pl of 1%
low-melting-point agarose (Sigma, USA) at 37°C.
20 pl 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-HCI (pH 8.0), 1% Triton X-100 (Ferak, Ger-
many)) for several hours. After the lysis slides were
washed twice with TBE buffer (89 MM Tris-borat,
2 mM EDTA, pH 7.5).

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

100 pl (1.5 units) of Hpall or Mspl 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 pg/
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
Mspl or Hpall, 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, Hpall cleaves
CCGG hemimethylated at the first C, while Mspl
cleaves the sites methylated or hemimethylated at
the second C, i.e., in the CpG context [26, 27, 29].
In other words, Hpall and Mspl are sensitive to non-
CpG and CpG methyations, respectively. It follows
that the DNA amount in the tails after Hpall diges-
tion (designated as hpa) can be used to estimate the
sum of the fractions N and M,, where N is the frac-
tion of CCGG sites in the non-methylated form and
M, is the fraction of the sites hemimethylated at the
first C. Then, N + M,, where M, is the fraction of
sites methylated or hemimethylated at the second C,
should be proportional to the DNA amount in the
tails after Mspl digestion (designated as msp). Since,
by definition, N + M, + M, = 1, the hpa fraction is
proportional to 1 — M, while the msp fraction is
proportional to 1 — M,. Hence, the simple equation
M./M, = (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 M,/M, 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
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Fig. 1. Representative examples of comet images
for (from left to right) control nucleoids and nucle-
oids treated with Hpall or Mspl (A, bars: 10 um)
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 Mspl
or Hpall

(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 Hpall
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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Fig. 2. The ratios of CpG (M,) to non-CpG (M)
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 M,/M, 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.

Conflict of interest. The authors have complet-
ed the Unified Conflicts of Interest form at http:/
ukrbiochemjournal.org/wpcontent/uploads/2018/12/
coi_disclosure.pdf and declare no conflict of interest.

Funding. This study was conducted without fi-
nancial support.

Acknowledgements. We are grateful to Liubov
Stoliar, Biocorp LLC, for her support in providing
some materials for our research work.

CHIBBIJIHOIIEHH I MIK
METUJYBAHHSM JHK CPG I NON-
CPG Y JIM®OILUTAX JIOJINHH,
OLIIHEHE 3A JJOITOMOT OIO
KOMETHOT'O EJJEKTPO®OPE3Y

M. Yoneii, A. lligenv, K. Agpanacwvesa,
A. Cusono6™

HHII «IlacTuTyT Oioorii Ta MEAUITTHUY
KuiBChKOT0 HAIlIOHAJIEHOTO YHIBEPCUTETY
imeni Tapaca IlleBuenka, YkpaiHna;
*e-mail: sivolob@knu.ua

Txanuno-cienudiune wmetunyBanas J[HK
Bi/lirpa€ BaXKJIMBY pOJb Yy PETyIsiii 0OaraThox
(yHKmioHampHUX TIporeciB. PiBeHh MeTHIyBaH-
HsS B IHAWBIAyaJIbHUX KJIITHHaX MOXe OyTH OIli-
HEHHMH 3a JOIOMOI'OI0 KOMETHOTO eJeKTpodopesy
(enexTpodopesy i30IbOBaHMX KIITHH) — TPOCTOL
Ta JIeNIeBOl TeXHIKW. MeTHI-4yTIIMBII KOMETHHUI
eslekTpoopes MUPOKO 3aCTOCOBYETHCS HA OCHOBI
MPUITYLICHHS, 1110 METHJIyBaHHS B KOHTEKCTI AUHY-
kineotuiB CpG € eTMHUM THTIOM ITi€T Moaudikarrii.
[Ipote, xoua CpG € TOIIOBHOIO MIMIEHHIO METHITY-
BaHHs, METHJIYBAaHHS B 1HIIMX KOHTEKcTax (‘non-
CpG”) TakoX € TONIMPEHUM SBHUIIEM. Y IbOMY
JOCIIIKeHHI MM 3aCTOCOBYBaJIM METUJI-UyTIHBHH
KOMETHHUH enekTpodopes3 sl AeMOHCTpawii Toro,
10 B JiM(onuTax JIOIUHI MeTHIyBanH non-CpG
POOHUTH CyTTEBHM BHECOK y 3arajbHHH pPiBEHb Me-
tunyBanas JIHK. Kpim toro, akrtuBaris mpouri-
(hepartii miMQOIUTIB MPUBOIUTH IO TiIBUIICHHS
Takoro MetuiyBaHHs. OTxe, METUI-UyTIUBUI KO-
MeTHHUH enekTpodope3 Moxke OyTH BUKOPHUCTaHHUH
JUISl OIIHKH CITiBBIAHOIICHHSI MK PIBHSIMH METH-
nyBanHsg CpG i non-CpG.

KnwouoBi cnopa: mermnyBanHs JIHK,
MeTmiryBaHHs non-CpG, KoMeTHUH enekTpodopes,
aiMporuTH, aTiMpoodIacTu.
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