Biogerontology (2007) 8:673-678
DOI 10.1007/s10522-007-9109-3

METHOD

TLC-based detection of methylated cytosine: application

to aging epigenetics

Mirostawa Z. Barciszewska -
Anna Maria Barciszewska - Suresh I. S. Rattan

Received: 29 June 2007/ Accepted: 28 August 2007 / Published online: 21 September 2007

© Springer Science+Business Media B.V. 2007

Abstract 5-Methylcytosine (m°C) has a plethora of
functions and roles in various biological processes
including human diseases and aging. A TLC-based
fast and simple method for quantitative determination
of total genomic levels of m°C in DNA is described,
which can be applicable to aging research with
respect to rapid and high throughput screening and
comparison. Using this method, an example of the
analysis of global alternations of m>C in serially
passaged human skin fibroblasts is provided, which
shows age-related global hypomethylation during
cellular aging in vitro. This method can be useful
for screening potential modulators of aging at the
level of epigenetic alterations.
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Introduction

In addition to the four major nucleosides, DNA from
various sources has been shown to also contain the
methylated bases, 6-methyladenine (m°®A), 4-methyl-
cytosine (m4C) and 5-methylcytosine (mSC), (Ehrlich
2002, 2003; Shiraishi et al. 2002). These methylated
bases are natural components of DNA, and distinguish
them from a large variety of chemically modified
bases that can be formed by alkylation or oxidative
damage of the DNA. Specific DNA methylation is
catalysed by different DNA methyltransferases
(DNMTs) which use S-adenosylmethionine (SAM)
as the substrate. The methyl group binds to a base
through C-N bond (m°A and m*C) and with C-C
bond in m°C. Although SAM is a very effective donor
for methyl groups, methylation of cytosine residues at
position 5 is not a simple reaction. This is because
cytosine is an electron-poor heterocyclic aromatic
ring system and position 5 of cytosine is not capable
of making a nucleophilic attack on the methyl group
of SAM. The enzyme DNMT facilitates the nucleo-
phylic attack on the C6 atom by transient protonation
of the cytosine ring at the endocyclic nitrogen atom
N3 and therefore position 5 of cytosine is strongly
activated what facilitates an attack of the methyl
group. The covalent enzyme-DNA complex is
resolved by deprotonation at position 5, which leads
to the elimination of cysteine SH group and reestab-
lishes aromaticity of the base.
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In metazoa only mSC, but not other methylated
cytosines, has been found in DNA. It is a rare but
normal component of cellular DNA (Ehrlich et al.
1982; Szyf et al. 2004). It always, but not only,
occurs in the dinucleotide sequence CpG. That
modification occurs only in cytosines in which 3’
carbon is linked by a phosphodiester bond to 5
carbon atom of a guanine (CpG dinucleotide). Most
of CpG dinucleotides are clustered in small stretches
of DNA known as CpG islands and those are
protected from methylation in normal cells by
mechanisms that are unclear at present. CpG islands
are found at promotor regions where lack of meth-
ylation is essential to switch the genes on. However,
about 70% of CpG dinucleotides located elsewhere in
the genome are methylated. Few CpG sequences are
found within the coding region of transcribed genes
(Shiraishi et al. 2002; Cox 2003; Giles et al. 2003). It
is assumed that 3—8% of all cytosine residues in DNA
are methylated (Pfeifer 2000).

Usually, m°C elicits transcriptional repression by
blocking the binding of transcriptional activators or
stimulates the binding of sequence-specific proteins
to DNA. m°C forms a complementary base pair with
guanine. It is rather easily deaminated to thymine,
which is a source for CG — TA transition. Because
thymine is a normal DNA base, the spontaneous
deamination of m>C is not so easily detected by a
cell’s DNA repair system. Thus, m°C residue consti-
tutes mutational hotspot, which occurs within a
sequence of a structural gene or in regulatory regions
(Cao and Wang 2007).

Modified bases along with basic components of
DNA are the targets for DNA oxidative damage
processes which result in the appearance of new
nucleotide derivatives. Macromolecules, including
nucleic acids are targets for reactive oxygen species
(ROS), which are formed within cells as by-products
of normal cellular metabolism or by external sources
such as ionising radiation, redox-active drugs and
sensitising dyes. ROS react with DNA and RNA bases
to form various genotoxic lesions. Furthermore many
products of m>C reaction with hydroxyl radical have
been identified (Kamiya et al. 2002; Hori et al. 2003).

Although the pattern of DNA (m°C) methylation is
stable over cell divisions it can be edited either by
de novo methylation or by demethylation. It makes
DNA methylation a unique way to encode information
and control cellular differentiation and development
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processes. So, DNA methylation is a central mecha-
nism in epigenetic inheritance (Holliday 2005; Aas
et al. 2003; Jeltsch 2002). Cells which have accumu-
lated m’°C in promoter regions of genes needed for
adequate response to carcinogenic signals are prone to
become tumor cells. Once CpG sequences are meth-
ylated, they are inherently mutagenic.

The amount of m°C in the genomic DNA can be
measured by a wide range of methods designed to
yield quantitative and qualitative information on
genomic DNA methylation. The first approaches
were concentrated on the study of global level of
m°C, but recent studies have focused on the study of
methylation of specific DNA sequences (Fraga and
Esteller 2002; Kok et al. 2007; Oakeley 1999; Oakes
et al. 2003).

All methods for detection of m°C in DNA can be
divided into two groups: HPLC analysis and PCR-
based identification (Dahl and Guldberg 2003; Esteller
2007; Wojdacz and Hansen 2006). HPLC technique is
one dimensional column chromatography, which
needs a substantial amount of tissue for DNA isolation.
Furthermore, DNA has to be RNA free because
5-methylribocytosine with very similar column reten-
tion time to deoxy counterpart can increase the content
of that modified nucleoside. Although the PCR-based
methods are very sensitive and precise, and they
provide a high resolution information on methylation
sites of DNA, specific primer sequences for a gene of
interest are required.

The method described here combines advantages
of both approaches: a high sensitivity, and a genomic
scale methylation level determination. This method
can also be used as a quality and purity control of
DNA samples. We have used cellulose thin layer
chromatography (TLC) for separation of m>C and
other nucleotides labelled with [*’PJATP and T4
polynucleotide kinase. The amount of m’C was
calculated as spot intensities ratio of [m°C/m°C +
C + T] x 100 and expressed as R coefficient which
gives a quantitative measurement.

Materials and methods

Isolation of DNA

DNA was isolated from different cells with the
method described by Miller et al. (1988) or with a



Biogerontology (2007) 8:673-678

675

commercial kit (A&A Biotechnology, Gdynia,
Poland). The key issue here is to avoid random
oxidation of DNA during extraction e.g., phenol
presence of divalent metal ions, such as Fe, Zn.

DNA hydrolysis and [y-**P]ATP labelling

DNA (dried, 1 pg) was dissolved in 20 mM succinate
buffer pH 6 containing 10 mM CaCl, and digested
with 0.001 U spleen phosphodiesterase II and 0.02 U
micrococcal nuclease in the total volume of 3.5 pl for
5 h at 37°C. DNA digest was (0.17 pg) labelled with
2 uCi [y-**P]JATP (4,500 Ci/mmol, ICN) and 1.5 U
T4 polynucleotide kinase in 3 pl of 10 mM bicine-
NaOH pH 9.7 buffer containing 10 mM MgCl,,
10 mM dithiothreitol and 1 mM spermidine. After
incubation for 35 min at 37°C, 3 ul of apyrase in
10 mM bicine-NaOH, pH 9.7 buffer (10 U/ml) was
added and incubation was continued for 35 min. 3’
phosphate was cleaved off with 0.2 ng RNase P1 in
500 mM ammonium acetate buffer pH 4.5.

TLC chromatography of 5’ [y**P] labelled
nucleotides

Separation and identification of [y**P] m°dC was
performed with two directional chromatography on
cellulose TLC plates (Merck) using isobutyric acid:
NH4OH: H,O (66:1:17 vol/vol) in the first dimension
and 0.1 M sodium phosphate pH 6.8—ammonium
sulfate—n-propanol (100 ml/60 g/1.5 ml) in the sec-
ond dimension. Analysis was made on Phosphoimager
Typhoon (Pharmacia) with Image Quant Software
(Zukiel et al. 2004). The analysis was repeated five
times and data were evaluated with Statistica Annova
Test (University of Medical Sciences) or are repre-
sented as mean (SD).

Results and discussion

We have applied two-dimensional TLC separation
method of 5’ labelled nucleotides from enzymatic
hydrolysate of DNA. Spots of m°C, C and T which
also include products of m°C damage with very
similar chromatographic mobility were quantified
(Fig. 1). Using these data we have calculated the R

coefficient, which is equal to the ratio of [mSC/
m°C + C + T] x 100. It is very important to take
care about the quality of DNA isolated from cells. It
should be RNA free and intact. While pure DNA
provides only 4 (A, G, T, C) +1 (mSC) spots
(Fig. 1A), sample contaminated with RNA shows
also ribonucleotides (Fig. 1B).

We measured the amount of m°C in relation to
pyrimidines C and T (Fig. 1). Demethylation of m°C
to C can be done by enzymatic hydroxylation or the
hydroxyl radical damage of the methyl group. The
oxidized m°C derivatives are unstable and release
formaldehyde, which results in the removal of the
methyl group from m>C. On the other hand deami-
nation of m°C forms T, which as a naturally
occurring DNA base is difficult to detect and repair
with DNA repairing enzyme. Therefore, thymine is
included in calculation as a direct m’C deamination
product as well as cytosine. Chromatographic mobil-
ity of the last two compounds on TLC are very
similar and overlap with that of thymine.

Although our approach has some similarity to
other methods (Oakeley 1999; Kok et al. 2007), it
also differs significantly. DNA was purified with the
isolation kit which provides DNA of the highest
quality. Apyrase application removes excess of ATP
after post labelling. The R parameter used in this
paper is very reliable because it includes not only
m>C and C as the parent nucleoside, but also some of
m°C decomposition products e.g., thymine. Although
their amounts in DNA are relatively small in
comparison to basic nucleotides, it is a high enough
to see differences. It is evident that small chemical
changes in DNA are summed up and provide better
global information on DNA quality. So, these
improvements make this method very reliable and
applicable to a very small amount of tissue.

Currently global methylation analysis can be done
with HPLC method. However there are some limi-
tations: it requires substantial amount of the starting
material. DNA has to be RNA free, because it is
difficult to differentiate with the column chromatog-
raphy ribo and deoxy nucleoside of 5-methylcytosine.
That approach is focused only on measuring of m°C
but products of its damage (m°C modified in aged
cells) are not visible on a column.

All other methods employ bisulfite-mediated
deamination of DNA. They require information on
a gene which is involved in particular process as well
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Fig. 1 Two-dimensional
cellulose thin layer A
chromatography (TLC)
analysis of [5'-3?P] labelled
deoxynucleotides obtained
by enzymatic hydrolysis of
DNA from different types
of cells. Hydrolysate of pure
DNA sample (A) and DNA
sample contaminated with
RNA (B)

as a proper primer sequence in promoter or a
structural gene. Bisulfite induced deamination intro-
duces a basic sites that generate a significant number
of single-strand breaks in DNA.

To summarize our method of analysis of genomic
cytosine methylation has several advantages. It is
two-dimensional chromatography, is very sensitive
and suitable for analysis of limited amount of sample,
it monitors not only ratio of m°C but it is a quality
control of sample to be analysed. A contamination of
DNA with ribonucleotide counterparts makes results
not clear. It relates actual amount of m>C with its
oxidative damage products. No other method can do
it. Slight changes in level methylation can be
monitored.

We have applied this method to compare the
global methylation levels of DNA extracted from
serially passaged human adult skin fibroblasts at
various stages in their replicative lifespan. The life
history and culturing method details of the cells used
in this study were similar to those published previ-
ously (Beedholm et al. 2004; Fonager et al. 2002). In
this series of experiments, human adult skin fibro-
blasts reached a final cumulative population doubling
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level of 59, which is considered as 100% replicative
lifespan completed. Figure 2 shows that there is a
significant decrease in DNA methylation during
cellular aging in vitro. The results are presented in
three age groups: early passage young cells with less
than 15% lifespan completed; middle-aged cells with
50-80% lifespan completed; and late passage senes-
cent cells with more than 98% lifespan completed.
The highest levels of m°C were detected in young
cells, followed by about 50% reduced levels in
middle-aged cells, and with another 20% reduction in
the senescent cells. These data are similar to the
results published before showing that there is a global
decrease in m°C content during ageing (for cross-
references, see: Holliday 2004, 2005; Lu et al. 2006;
Finkel et al. 2007; Fraga et al. 2007; Fraga and
Esteller 2007).

Finally, the method described in this paper is
simple, reliable and easy to apply, using a limited
amount of the starting material. A quick determina-
tion of global levels of methylation can be very useful
for screening the beneficial or harmful effects of
natural and synthetic molecules with respect to
modulation of aging at the epigenetic level.
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Fig. 2 A comparison of
amount m°C in DNA
samples from three age
groups of serially passaged
human skin fibroblasts:
young (less than 15%
lifespan completed), middle
aged (between 50 and 80%
lifespan completed) and
senescent (more than 98%
lifespan completed). R is
the coefficient, which is
equal to the ratio of [m’C/
m’C + C + T] x 100

Acknowledgements This work was supported within the
project of MNISZW to M.B. Laboratory of Cellular Ageing at
the University of Aarhus, Denmark is supported by research
grants from the Danish Medical Research Council (FSS).

References

Aas PA, Otterlei M, Falnes PQ, Vagbe CB, Skorpen F, Akbari
M, Sundheim O, Bjoras M, Slupphaug G, Seeberg E,
Krokan HE (2003) Human and bacterial oxidative de-
methylases repair alkylation damage in both RNA and
DNA. Nature 421:859-863

Beedholm R, Clark BFC, Rattan SIS (2004) Mild heat stress
stimulates 20S proteasome and its 11S activator in human
fibroblasts undergoing aging in vitro. Cell Stress Chap-
erones 9:49-57

Cao H, Wang Y (2007) Quantification of oxidative single-base
and intrastrand cross-link lesions in unmethylated and
CpG-methylated DNA induced by Fenton-type reagents.
Nucleic Acids Res 35:4833-4844

Cox MM (2003) Better chemistry for better survival through
regulation. Cell 112:286-287

Dahl C, Guldberg P (2003) DNA methylation analysis tech-
niques. Biogerontology 4:233-250

Ehrlich M, Gama-Sosa MA, Huang LH, Midgett RM, Kuo KC,
McCune RA, Gehrke C (1982) Amount and distribution of
5-methylcytosine in human DNA from different types of
tissues of cells. Nucleic Acids Res 10:2709-2721

Ehrlich M (2002) DNA methylation in cancer: too much, but
also too little. Oncogene 21:5400-5413

Ehrlich M (2003) Expression of various genes is controlled by
DNA methylation during mammalian development. J Cell
Biochem 88:899-910

Esteller M (2007) Cancer epigenomics: DNA methylomes and
histone-modification maps. Nat Rev Genet 8:286-298

Finkel T, Serrano M, Blasco MA (2007) The common biology
of cancer and ageing. Nature 448:767-774

Fonager J, Beedholm R, Clark BFC, Rattan SIS (2002) Mild
stress-induced stimulation of heat-shock protein synthesis
and improved functional ability of human fibroblasts
undergoing aging in vitro. Exp Gerontol 37:1223-1228

[R]

A

—t—

——

young cells middle aged cells senescent cells

Fraga MF, Agrelo R, Esteller M (2007) Cross-talk between
aging and cancer: the epigenetic language. Ann NY Acad
Sci 100:60-74

Fraga MF, Esteller M (2002) DNA methylation: a profile of
methods and applications. Biotechniques 33:632-649

Fraga MF, Esteller M (2007) Epigenetics and aging: the targets
and the marks. Trends Genet 23:413—418

Giles NM, Gutowski NJ, Giles GI, Jacob C (2003) Redox
catalysts as sensitisers towards oxidative stress. FEBS Lett
535:179-182

Holliday R (2004) The multiple and irreversible causes of
aging. J Gerontol 59A:568-572

Holliday R (2005) DNA methylation and epigenotypes. Bio-
chemistry (Mosc) 70:500-504

Hori M, Yonei S, Sugiyama H, Kino K, Yamamoto K, Zhang
Q-M (2003) Identification of high expression capacity for
5-hydroxymethyluracil mispaired with guanine in DNA of
E. coli MutM, Nei and Nth DNA glycosylases. Nucleic
Acids Res 31:1191-1196

Jeltsch A (2002) Beyond Watson and Crick: DNA methylation
and molecular enzymology of DNA methyltransferases.
Chembiochem 3:274-293

Kamiya H, Tsuchiya H, Karino N, Veno Y, Matsuda A,
Harashima H (2002) Mutagenicity of 5-formylcytosine, an
oxidation product of 5-methylcytosine in DNA in mam-
malian cells. J Biochem 132:551-555

Kok RM, Smith DE, Barto R, Spijkerman AM, Teerlink T,
Gellekink HJ, Jakobs C, Smulders YM (2007) Global
DNA methylation measured by liquid chromatography-
tandem mass spectrometry: analytical technique, refer-
ence values and determinants in healthy subjects. Clin
Chem Lab Med 45:903-911

Lu Q, Qiu X, Hu N, Wen H, Su Y, Richardon BC (2006)
Epigenetic, disease, and therapeutic interventions. Ageing
Res Rev 5:449-467

Miller SA, Dykes DD, Polesky HF (1988) A simple salting out
procedure for extracting DNA from nucleated cells.
Nucleic Acids Res 16:1215

Oakeley EJ (1999) DNA methylation analysis: a review of
current methodologies. Pharmacol Ther 84:389-400

Oakes CC, Smiraglia DJ, Plass C, Trasler JM, Robaire B
(2003) Aging results in hypermethylation of ribosomal

@ Springer



678

Biogerontology (2007) 8:673-678

DNA in sperm and liver of male rats. Proc Natl Acad Sci
USA 100:1775-1780

Pfeifer GP (2000) p53 mutational spectra and the role of
methylated CpG sequences. Mutat Res 450:155-166

Szyf M, Pakneshan P, Rabbani SA (2004) DNA demethylation
and cancer: therapeutic implications. Cancer Lett
211:133-143

Shiraishi M, Oates AJ, Sekiya T (2002) An overview of the
analysis of DNA methylation in mammalian genomes.
Biol Chem 383:893-906

@ Springer

Wojdacz TK, Hansen LL (2006) Techniques used in studies of
age-related DNA methylation changes. Ann NY Acad Sci
1067:479-487

Zukiel R, Nowak S, Barciszewska A-M, Gawronska I, Keith G,
Barciszewska M (2004) A simple epigenetic method for
the diagnosis and classification of brain tumors. Mol
Cancer Res 2:196-202



	TLC-based detection of methylated cytosine: application �to aging epigenetics
	Abstract
	Introduction
	Materials and methods
	Isolation of DNA
	DNA hydrolysis and [&ggr;-32P]ATP labelling
	TLC chromatography of 5&vprime; [&ggr;32P] labelled nucleotides

	Results and discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


