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Abstract DNA methylation is the major epigenetic mod-

ification and it is involved in the negative regulation of

gene expression. Its alteration can lead to neoplastic

transformation. Several biomolecular approaches are

nowadays used to study this modification on DNA, but also

on RNA molecules, which are known to play a role in

different biological processes. RNA methylation is one of

the most common RNA modifications and 5-methylcy-

tosine presence has recently been suggested in mRNA.

However, an analysis of nucleic acid methylation at elec-

tron microscope is still lacking. Therefore, we visualized

DNA methylation status and RNA methylation sites in the

interphase nucleus of HeLa cells and rat hepatocytes by

ultrastructural immunocytochemistry and cytochemical

staining. This approach represents an efficient alternative to

study nucleic acid methylation. In particular, this ultra-

structural method makes the visualization of this epigenetic

modification on a single RNA molecule possible, thus

overcoming the technical limitations for a (pre-)mRNA

methylation analysis.

Keywords 5mC � mRNA methylation �
Methylation gradient � Epigenetics � EM immunolabelling �
Electron microscopy

Introduction

In eukaryotes DNA methylation is the major epigenetic

modification. It is mediated by DNA-methyltransferases

(DNMTs) at position 5 of cytosine followed by guanosine

(CpG island) and induces transcriptional gene silencing.

This modification is involved in regulation of gene

expression, X-chromosome inactivation, genomic imprint-

ing and chromosome stability [1, 2]. It also plays an

essential role in mammalian embryonic development [3].

Alterations of DNA methylation are known to occur in

several diseases [2], especially in cancer [4].

Different methods have been developed for the dis-

crimination of CpG methylation status [5]. Current

approaches can be essentially divided in separation tech-

niques [6] and restriction endonuclease-based [7] or

bisulfite conversion-based methods [8]. Moreover, DNA

microarray technology [9–11] and sequencing-based

approaches [12, 13] allow to obtain a complete epigenetic

profile. Global DNA methylation levels can also be

detected at fluorescence microscopy [14, 15]. Recently,

methylation-specific fluorescence in situ hybridization

(MeFISH) was developed for the visualization of DNA

methylation at specific sequences [16]. Although an elec-

tron microscope (EM) determination of DNA methylation

was carried out on plant programmed cell death (PCD)

process [17], an EM analysis of DNA methylation

dynamics and distribution is still lacking.

Several methods for DNA methylation analysis have

been adapted to detect modified nucleotides on RNAs

[18] and, to our knowledge, no data are available at EM

about RNA methylation. The role of RNAs as important

factors in different biological processes has become even

clearer [19]. About 100 post-transcriptional modifications

were found [20] among which RNA methylation is one of
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the most commonly, occurring in different types of RNAs

[21]. In particular, 5-methylcytosine (5mC) is widely

studied: placed in the variable region and in the anticodon

loop, it stabilizes tRNA secondary structure affecting

Mg2? binding and is involved in codon recognition [22];

in rRNA it seems to be implicated in tRNA identification

and peptidyl-transferase activity [23]. 5mC has only been

recently suggested to be localized in the untranslated

regions of mRNA [22]. Its function is still unknown: due

to the proximity of mRNA methylation sites to the

binding ones of Argonaute protein (the central component

of miRNA/RISC complex), mRNA 5mC could be

involved in miRNA degradation pathway [24] but there is

no evidence about methylation involvement in mRNA

stability [22].

Here, we propose an analysis of nucleic acid methyla-

tion at transmission electron microscope (TEM) to

visualize DNA methylation status and RNA methylation

sites in cell interphase nuclei at the ultrastructural level.

This study has been carried out on different tissue and cell

models. Particularly, in liver samples the peripheral con-

densed chromatin regions are generally evident allowing to

better analyse DNA 5mC distribution. For the analysis of

RNA methylation, proliferating HeLa cells were also

chosen for their high transcription level.

Materials and methods

Cells, tissues and treatments

Cells in vitro

HeLa cells were grown in Dulbecco’s Minimal Essen-

tial Medium (DMEM) supplemented with 10% foetal

bovine serum, 1% glutamine, 100 U/mL penicillin and

streptomycin at 37 �C in a 5% CO2 humidified

atmosphere.

For electron microscopy, the cells were grown in

25 cm2 plastic flasks, detached by a mild trypsinization

and fixed with 4% paraformaldehyde in the culture

medium for 2 h at 4 �C to allow for a good preservation

of antigen integrity. The cells were then centrifuged at

2000 rpm for 10 min and rinsed thoroughly with phos-

phate buffered saline (PBS). They were incubated in

0.5 M NH4Cl in PBS for 30 min at room temperature

(RT) to block free aldehyde groups and rinsed again with

several changes of PBS. The cell pellets were pre-em-

bedded in 2% Agar in H2O, dehydrated in graded ethanol

and embedded in LRWhite resin. Thin sections of

70–80 nm were obtained with a Reichert OM3 ultrami-

crotome and collected on formvar-carbon-coated nickel

grids (200 mesh).

Tissues

Samples from rat liver were fixed with 4% paraformalde-

hyde in Sörensen phosphate buffer pH 7.2 for 2 h at 4 �C
and then processed for ultrastructural histochemistry, as

described above.

Treatments

To label transcribedRNA, some cell sampleswere incubated

with 5 mM Fluoro-Uridine (FU; Sigma-Aldrich) for 15 min

at 37 �C [25, 26]. These samples were then processed for

ultrastructural cytochemistry, as previously described.

EM ultrastructural analysis

EM immunocytochemistry

The grids were floated on normal goat serum (NGS) diluted

1:50 in PBS for 5 min at RT and incubated with mouse

monoclonal or rabbit polyclonal anti-5mC antibody (Gen-

eTex, GT4111; GeneTex, GTX128455) overnight at 4 �C.
The primary antibody was diluted 1:500 in PBS containing

0.1% Bovine Serum Albumin (BSA) and 0.05% Tween 20.

The samples were rinsed with PBS-Tween two times for

5 min and equally with PBS. After incubation in NGS, the

grids were treated with the specific secondary antibody

(Jackson ImmunoResearch) coupled with colloidal gold of

12 nm diluted 1:20 in PBS for 30 min at RT. The sections

were rinsed with PBS for 5 min twice and then with H2O.

Some sections were double labelled. In addition to anti-

5mC labelling, a rat anti-FU antibody (Techno Genetics)

and a chicken anti-hnRNPs antibody (courtesy of Dr.

T. Martin) binding to hnRNP core proteins [27] were used.

The primary antibodies were diluted 1:10 and 1:500,

respectively, in PBS/BSA/TWEEN20. Moreover, a mouse

anti-7 methylguanosine (7mG; courtesy of Dr.

R. Lührmann) [28] was used to recognize the 50 cap of

mRNA: it was diluted 1:200 in PBS/BSA/TWEEN20. For

this double labelling a rabbit anti-5mC antibody diluted

1:500 in PBS/BSA/TWEEN20 was used. The anti-5mC

was recognized by the specific secondary antibody coupled

with colloidal gold of 6 nm (Jackson ImmunoResearch)

while other antigens were revealed with 12 nm specific

secondary antibodies (Jackson ImmunoResearch).

As a control of the specificity, some grids were incu-

bated in parallel in PBS/BSA/Tween20 mixture from

which the primary antibody was excluded and then pro-

cessed as above.

As a further control, some grids were incubated with

both DNase (500 U/mL) and RNase (1 mg/mL) or RNase

alone (1 mg/mL) for 2 h at 37 �C and Proteinase K (PK;

1 mg/mL) for 15 min at 37 �C.
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EM in situ hybridization

Electron microscope in situ hybridization (EMISH) was

performed to recognize the poly(A) tail of mRNA. The

sections were incubated with a pre-hybridization solution

containing 20% baker RNA, 20% dextran and 49 saline

sodium citrate (SSC) for 15 min at RT to allow the fol-

lowing hybridization for 3 h at 37 �C. The hybridization

mixture was prepared by adding biotin-labelled poly-

d(T) probe (Sigma-Aldrich) to the pre-hybridization solu-

tion to give a final concentration of 1 lM of the

oligonucleotide. The grids were floated onto 49 SSC for

5 min two times at 37 �C; stringency washings were done

in 49 SSC, 29 SSC and 19 SSC at RT. The incubation

with NGS (1:100 in PBS) for 3 min was followed by the

anti-biotin antibody coupled with 10-nm colloidal gold

(Aurion) for 30 min at RT (1:10 in PBS). The samples

were rinsed with PBS and H2O several times.

Immuno-labelling using anti-5mC antibody was per-

formed on these samples, as described above, identifying

the 5mC by a 6 nm gold secondary antibody.

Staining procedures

Sections were stained for ribonucleoproteins (RNPs) or

nucleic acids with one of the following procedures:

(a) regressive EDTA technique for RNPs [29]: the grids

were incubated in uranyl acetate for 2 min, in EDTA

for 30 s to remove uranyl from DNA and finally in

lead citrate for other 2 min;

(b) terbium citrate for RNA [30, 31]: the specimens were

floated on terbium citrate drops for 30 min and

quickly washed in H2O for 10 and then 5 s—this

staining method gives a very low contrast despite its

accuracy;

(c) osmium ammine for DNA [32, 33]: the sections were

hydrolyzed with 5 N HCl for 30 min, washed with

H2O several times, incubated in osmium ammine

(Polysciences, Inc.) for 1 h and rinsed thoroughly

with H2O.

After the enzymatic digestion the specimens were stained

with uranyl acetate (2 min) and lead citrate (2 min) only.

All the samples were observed on a Zeiss EM900

electron microscope operating at 80 kV.

Statistical analysis

The statistical analysis was performed to confirm the

results of enzymatic digestions. Ten nuclei were selected

showing similarities in size and condensed chromatin

areas. The operator counted the gold grains on the con-

densed chromatin regions in hepatocyte nuclei without any

treatment and after PK digestion or DNase and RNase

digestion.

The data were organized and analyzed in Excel; a t test

was carried out between the untreated sample and each

sample after enzymatic digestion.

Results

DNA methylation analysis

EM immuno-gold labelling of thin sections from rat liver

showed the localization of 5mC on the condensed chro-

matin. The areas of condensed chromatin near the nuclear

envelope are bleached by the EDTA staining technique.

The labelling is mainly present near the surface of chro-

matin, facing the inner part of the nucleus (Fig. 1a). An

abundant 5mC labelling is also detectable on the nucleolus

associated chromatin (Fig. 1b). Few gold grains are visible

on the nucleolus itself. After specific DNA staining with

osmium ammine and 5mC labelling, the signal was more

clearly visible on chromatin areas both at the periphery of

the nucleus (Fig. 1c) and surrounding the nucleolus

(Fig. 1d). The scanty labelling on the nucleolus can be

referred to methylated DNA fibres (arrow) or possibly to

methylated rRNA, in the cases where no DNA is visible

nearby.

To further confirm the localization of the 5mC

immunolabelling on DNA, the results of enzymatic

digestions were considered. The signal continued to be

present after PK digestion (Fig. 2a), thus demonstrating

that proteins did not contribute to the labelling but their

removal seemed to increase the yield. This could be due to

the unmasking of epitopes before covered by proteins. The

labelling pattern, however, remained the same, i.e., more

present at the chromatin surface. The immunopositivity, on

the contrary, drastically decreased from chromatin areas

after digestion of both DNA and RNA (Fig. 2b). The sta-

tistical analysis confirmed the significant immuno-gold

labelling increase after PK digestion and reduction after

DNase and RNase treatment (Fig. 3).

When considering the EM feature of a cell nucleus,

according to the data in literature [34], one can arbitrarily

subdivide the condensed chromatin areas in three regions

(Fig. 4): zone 1_peripheral region near the nuclear envel-

ope; zone 2_a central region; zone 3_inner peripheral

region toward the interchromatin space. The analysis of

hepatocyte nuclei seemed to reveal a particular distribution

of 5mC labelling, changing from the surface of condensed

chromatin to the nuclear envelope. The 5mC labelling was

generally abundant on the zone 3 while its density gradu-

ally decreased towards the nuclear envelope (zone 1),

where the signal was often absent (Fig. 5).
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Fig. 1 a, b The samples are

stained with EDTA regressive

technique for RNPs. 5mC

labelling is localized on

condensed chromatin region,

delimited by the hatching, near

the nuclear envelope (a) and
around the nucleolus (b). A
constant 5mC labelling is also

present in the perichromatin

region where transcription

normally occurs. Rat liver; 150

and 250 nm, respectively. c,
d After the specific DNA

staining with osmium ammine,

5mC labelling is observed more

clearly on condensed DNA

nearby the nuclear envelope

(c) and around the nucleolus (d).
In d, some gold grains inside the

nucleolus and lying on thin

DNA fibres (arrow) have been

detected. Rat liver; 200 and

150 nm, respectively

Fig. 2 a Digestion by proteinase K was carried out to demonstrate

that proteins did not contribute to the labelling: in fact, the 5mC signal

continues to be present after the removal of proteins, reproducing the

distribution also in the perichromatin regions. Heterochromatin

appears unstained. Rat liver; 200 nm. b After removal of both DNA

and RNA, the labelling is significantly decreased on chromatin and in

the perichromatin region, confirming that the signal depends on DNA

but also on nascent RNA molecules confined in the sites of active

transcription. Mouse liver; 200 nm
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5mC detection on RNA fibrils and RNA-containing
granules

Interestingly, we found a constant and not negligible 5mC

signal at the border of heterochromatin areas (Fig. 1a), in

the so called perichromatin region where transcription by

RNA polymerase II (Pol II) normally occurs [35]. 5mC

labelling in the perichromatin region was difficult to detect

after a RNase treatment alone (not shown) and in combi-

nation with DNase (Fig. 2b).

After EDTA staining, RNPs were preferentially con-

trasted. In Fig. 6a, the gold labelling for 5mC was present

over RNA fibrils. When terbium staining was used, only

RNA is contrasted in the specimen. 5mC can be labelled on

the stained RNA fibril (Fig. 6b). To further confirm the

presence of 5mC on nascent RNA fibrils, we performed an

immunolabelling after an RNA precursor incorporation. In

Fig. 6c, a double labelling for 5mC and FU is shown.

Several double labelled PF were found, thus showing that

RNA methylation can occur precociously. Moreover,

double labelling for 5mC and hnRNP core proteins was

found to be present on PF (Fig. 6d): hnRNPs are consid-

ered markers of PF as in situ forms of nascent transcripts

[36]. Despite the presence of 5mC on nascent RNA fibrils,

the modified nucleotide was also detected on perichromatin

granules (PG; Fig. 6e). To corroborate our finding, double

labelled PG for 5mC and hnRNPs were also found several

times (Fig. 6f). PG are considered to be a form of stored

mRNA leaving the nucleus later [37]. We found labelled

PF both near the nuclear pore and in the cytoplasm close to

ribosomes (not shown). These data could suggest that this

modification is not only an early event, but it remains

during the RNA fibril lifespan.

RNA perichromatin fibrils were double labelled for 5mC

and 7-methylguanosine (Fig. 6g). Even if this capping is

present on other RNA products of Pol II, it is considered

specific for mRNA. Finally, the poly(A) tail was

Fig. 3 The statistical analysis of the number of gold grains of the

5mC immuno-gold labelling on condensed chromatin areas reveals a

significant difference in the hepatocyte nuclei before and after the

specific enzymatic digestion. The PK digestion significantly increases

the immuno-gold labelling thus demonstrating not only that proteins

do not contribute to the signal but also that the yield of the immuno-

reaction could be increased removing chromatin associated pro-

teins (p\ 0.01). After the removal of both DNA and RNA the gold

grains are significantly reduced on the condensed chromatin regions

confirming that the signal depends on DNA (p\ 0.01)

Fig. 4 The condensed chromatin areas are arbitrarily subdivided in

three regions according to EM feature of a cell nucleus. Zone 1: it is

the peripheral region nearby the nuclear envelope. Zone 2: this is the

central region of condensed chromatin area, changing the zone 1 in

the last region. Zone 3: the inner region toward the interchromatin

space represents the superficial part of the condensed chromatin area;

it is surrounded by the perichromatin region. The artwork was

realized by Paint Shop Pro 7

Fig. 5 5mC labelling on the condensed chromatin changes moving

towards the nuclear envelope. The chromatin appears less stained

after EDTA technique. At the surface of the heterochromatin (zone 3),

the gold grains (12 nm) are abundant gradually decreasing in the zone

2; nearby the nuclear envelope (zone 1) they are almost absent. Rat

liver; 250 nm
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recognized by in situ hybridization while 5mC was labelled

immunocytochemically: the poly(A) tail and 5mC fre-

quently colocalized (Fig. 6h). As well as 7mG, poly(A) tail

is one of mRNA marker despite its presence on other Pol II

products. Taken together, 7mG and poly(A) labelling

strongly suggest (pre-)mRNA as the target.

Discussion

This paper describes a different approach for the analysis

of nucleic acid methylation. So far, to our knowledge, no

data are available on the detection at electron microscope

of DNA methylation and especially of RNA modification.

Fig. 6 a 6 nm gold labels 5mC on RNA fibril stained with EDTA

technique (12 nm gold grains label FU): PF are indicated by arrows.

HeLa cell; 50 nm. b After terbium staining, 5mC is revealed by a

12 nm secondary antibody on PF (arrows). HeLa cell; 50 nm. c After
EDTA staining, FU (12 nm) and 5mC (6 nm) colocalize on a nascent

RNA fibril, indicated by arrows, suggesting methylation as an early

modification on a nascent transcript. HeLa cell; 50 nm. d Terbium

stained PF (arrows) are labelled both by anti-hnRNPs antibody

(12 nm) and anti-5mC antibody (6 nm). HeLa cell; 50 nm. e The

arrowheads show the 6 nm 5mC signal on PG, stained specifically

with terbium citrate. As forms of (pre-)mRNA, labelled PG confirm

the methylation of this subset of RNA. HeLa cell; 50 nm. f PG double

labelled for both 5mC and hnRNPs were found. Rat liver; 50 nm. g A

perichromatin fibril (arrows) is detected in the perichromatin region

near the nuclear pore by EDTA staining: it is labelled both by anti-

5mC (6 nm) and anti-7mG (12 nm) demonstrating that (pre-)mRNA

could be methylated. Rat liver; 50 nm. h 5mC immunopositivity is

detected on poly-adenylated RNA fibrils: in the squares 5mC is

labelled by 6 nm gold while poly(A) tail by 12 nm grain. This

colocalization seems to confirm mRNA methylation. HeLa cell;

50 nm
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The EM analysis of DNA methylation represents an

effective method for characterizing 5mC distribution on

DNA. This analysis also allows its localization in the dif-

ferent regions of condensed chromatin. Since the latter are

characterized by a different functionality in terms of tran-

scription, 5mC detection could be of interest in correlating

DNA modifications, chromatin structure and chro-

matin functionality. Although until now this modification

was considered to directly silence genes involving DNA-

binding proteins [38, 39] and to lead to a more compact

chromatin structure [40], recent works have revealed that

5mC increases DNA stiffness through the restriction of the

conformational fluctuations caused by the methyl group.

This fact explains the suppression of DNA looping by 5mC

and the consequent loosening of DNA ends around a

nucleosome [41]. Moreover, other works have excluded that

this modification is the predominant pathway for gene

silencing [42]. Here, we showed that the more peripheral

condensed regions of chromatin, transcriptionally inactive,

are almost unlabelled for 5mC. The more superficial region,

on the contrary, is the most labelled. This EM gradient dis-

tribution could be the starting point for elucidating the role of

5mC in chromatin condensation/functionality in the new

light of what previously cited in the literature.

Finally, EM immunolabelling could be used to detect

different level of DNA methylation through a semi-quan-

titative analysis. In this view, a DNA methylation analysis

at TEM could be conducted in tumour cell lines to verify

the possible effect of a specific treatment.

As for RNA, we have found 5mC labelled and terbium

stained fibrils in the perichromatin region, in close prox-

imity to the condensed chromatin area where transcription

occurs [35]. This prompted us to hypothesize that 5mC

modification could be an early event. To confirm this, we

used FU incorporation to label nascent RNA and hnRNP

core proteins labelling as a marker of PF. The identification

of double labelled and RNA-specifically stained PF sup-

ports that RNA methylation is not only an early event but

probably occurs cotranscriptionally.

Since in this thin perichromatin region the RNAs are

synthesized by Pol II [35], we decided to verify if it could

be possible to detect 5mC presence on (pre-)mRNA by

TEM because this modified nucleotide was recently

detected on mRNA [24]. Nascent PF were co-labelled for

5mC and 7mG and poly-adenylated RNA fibrils were also

methylated. The spatial localization of PF, the double

labelling and the relative abundance of each Pol II product

strongly suggest that the majority of the 5mC-labelled PF

pertain to (pre-)mRNA.

Moreover, we found 5mC labelling on PG which are

known as forms of (pre-)mRNA [37] and to contain poly-

adenylated RNAs [43]. They are present in all cells and

most probably represent a storage form of (pre-)mRNA

which will leave the nucleus at a later time [37]. In this

view, RNA methylation is also a long-lasting RNA modi-

fication. This data is supported by the finding of labelled PF

in close proximity of the nuclear pore or ribosomes in the

cytoplasm which might indicate that methylated RNAs

could be exported from the nucleus whereby this modifi-

cation remains present during the total RNA lifespan.

In conclusion, this TEM study allows the detailed

visualization of a single RNA molecule verifying its pos-

sible epigenetic modification via ultrastructural

immunocytochemistry. This approach represents an in situ

biomolecular characterization of RNA methylation at high

resolution level which could have several applications in

epigenetic research.
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