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Abstract In a survey of several mammalian genomes, namely
humans, rodents and bovines, the differences in the 5-methylcy-
tosine (m>C) content show that repeated DNA sequences from
sperm were undermethylated and from various somatic tissues
were heavily methylated. This report shows a pattern of
methylation in male newt (Amphibia, Urodela) Triturus cristatus
carnifex (T. c. c.) unlike that so far described by other authors in
mammals. Using methylation sensitive and insensitive enzymes
(Hpall and Mspl) and successive 3’ terminal labelling (fill-in),
we found a greater degree of DNA methylation in premeiotic
germ and sperm cells compared to somatic tissue such as
hepatocytes. Furthermore the degree of total DNA methylation
in spermatozoa appears somewhere between premeiotic germ
cells and somatic tissue. Blot hybridization shows that two highly
conserved repetitive sequences in amphibian 7. c. c., pTvml and
pTvm8, contribute significantly to the degree of DNA methyla-
tion, suggesting a function for these sequences, such as a role in
transcriptional regulation.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

A large number of studies have documented the patterns of
methylation in individual genes and repeated sequences from
different tissues of various higher eukaryotes, particularly
mammals.

Tissue-specific gene sequences in sperm are known to be
more methylated, while CpG island sequences are unmodified
[1,2]. Reported experiments have demonstrated that a number
of repeated sequences in the mouse genome are undermethyl-
ated in premeiotic germ cells [3,4]. Overall, sperm shows a
lower proportion of 5-methylcytosine (m®C) than any adult
somatic tissue [5] and this is reflected in the hypomethylated
state of non-island CpG sites of major and minor satellite
sequences [6,7]. In the mouse genome, other repetitive se-
quence families, such as MUP, TAP [8] and L1 [3] are under-
methylated in male foetal germ cells while in mature sperma-
tozoa, spermatids and pachytene spermatocytes these
sequences are highly methylated. However, many unique
gene sequences are highly methylated in mouse sperm inde-
pendently of their expression [3,9].

Likewise, in bovines various reports have shown that sperm
DNA contains much less m°C than DNA from a variety of
somatic tissues [10,11].

The undermethylation of highly repeated sequences in
sperm DNA and the difference in the methylation level be-
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tween sperm and somatic cell total DNA are borne out by
studies of human satellite sequence Alul, particularly rich
(9%) in CpG region [12]. Hypermethylation of human Alu
elements has been reported for spleen and Kochanek et al.
[24] show that Alu elements in the DNA of spermatozoa are
much less methylated than in somatic cells. In particular, Alu
subset was found to be enriched in young repeats and was
almost entirely unmethylated in sperm DNA [13,14]. The un-
methylated state of Alu sequences in the male germ line cells
may be caused by sperm Alu binding proteins [15].

Most DNA methylation analyses from premeiotic germ
cells have been so far limited to mammals. The lack of data
regarding amphibians, the ease in obtaining premeiotic tissue,
the large number of highly repetitive DNA (up to 60%) within
constitutive heterochromatic regions [16] have suggested stud-
ies on the methylation degree in total and in repeated highly
representative sequences of germ and somatic tissue DNA in
T. c c.

In the genomes of different newt species, highly repetitive
DNA is organized into families of several sequences that show
a large degree of conservation across species. These families
are made either of small clusters of many repeats spread over
the whole genome or of many tandem repeats clustered in
regions of constitutive heterochromatin [16]. Within some
newt species, the satellite SatG comprises a highly repetitive
sequence HindIII family, whose repeat units are about 330 bp
long (pTvml) [17]. The most conserved BamHI family,
pTvm8, consists of tandemly arranged arrays with basic re-
peats around 398 bp long [18]. In this study we investigated
the methylation level in total DNA, as well as highly con-
served pTvml and pTvm8 repetitive sequences in premeiotic
germ cells, mature sperm and in the hepatocytes from newt,
T. c c.

The patterns of methylation in total DNA revealed un-
equivocally that germ line DNA is substantially fully methyl-
ated compared to liver DNA. They also showed that mature
sperm DNA is slightly undermethylated compared to premei-
otic germ cell DNA. These findings are unlike those so far
described in higher organisms.

Blot hybridization experiments revealed that the repeated
sequences pTvml and pTvm8 contribute to the tissue-specific
differences in estimated end-label DNA analysis. Our study
could contribute to the understanding of eukaryotic DNA
methylation.

2. Materials and methods

2.1. Animals

The male gonad of Triturus has such an anatomical shape that
during meiotic standstill (November—March) premeiotic germ cells
and mature sperm are both present in different compartments.

In all experiments DNA was extracted from premeiotic germ cells,
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mature sperm and somatic tissue (liver) in 7. ¢. ¢. male. Animals were
collected during meiotic standstill from Southern Italy.

2.2. DNA preparation

The fraction of premeiotic germ cells was purified according to
Erickson et al. (1993). In all experiments DNA was standardly ex-
tracted from premeiotic germ cells and somatic tissue (liver) in 7. ¢. ¢
male. These tissues were digested by proteinase K in the presence of
SDS and the DNA was purified by the phenol/chloroform method
according to Sambrook et al. [19].

Mature sperm DNA was prepared according to the method of
Shiurba and Nandi [20].

2.3. Analysis of DNA methylation by end-labelling

DNA preparations were digested overnight with Mspl and Hpall
isoschizomers. Completeness of digestion was assured by excess en-
zyme (about 100-fold) on the minute quantities of DNA involved.
Completeness of digestion and lack of degradation were supported
by the reproducibility of the results from replicate experiments with
independent DNA preparation. The digests were end-labelled with
[0-32P]-dCTP [19] using the Klenow fragment of DNA polymerase 1
eso-free.

This procedure is used to fill and label recessed 3’ ends of double-
stranded DNA following cleavage with Hpall and Mspl enzymes.

As control, uncut DNA was end-labelled in each experiment to
ensure the high molecular weight of the starting DNA preparation
and verify the absence of degradation. The end-labelled DNA was
subjected to electrophoresis (2 h, 80 V) on a 1.7% agarose gel. The
fragment size distribution could be observed by direct exposure of the
previously dried gel to X-ray film.

2.4. Hybridization

Mspl and Hpall digestions of 6 pug of DNA were subjected to
electrophoresis (1.5 h, 80 V) on 1% agarose gels. Afterwards gels
were blotted on nylon filters. Oligonucleotide I, which spans positions
120-200 of the pTVmlI satellite (Fig. 1) and oligonucleotide II (Fig.
2), which spans positions 66-145 of the pTVmS satellite, were termi-
nal transferase labelled with digoxigenin-11-dUTP (Boehringer-
Mannheim) and used as specific hybridization probes [19].

2.5. Stringency of hybridization conditions

High stringency hybridization: 2X SSC, 0.02% SDS, 1% blocking
reagent, 0.1% N-laurylsarcosine, 7=65°C. High stringency washing:
2% SSC, 0.1% SDS, 2 washes at room temperature (RT) for 5 min
each; 0.5X SSC, 0.1% SDS, 2 washes at 65°C for 15 min each.
Immunological detection after hybridization was performed using an
antibody conjugate (anti-digoxigenin alkaline phosphatase conjugate,
anti-Dig-AP).

A subsequent enzyme-catalysed color reaction with 5-bromo-4-
chloro-3-indolyl phosphate (X-phosphate) and nitro blue tetrazolium
salt (NBT) produces an insoluble blue precipitate, which visualizes the
hybrid molecules (Boehringer-Mannheim) [21].
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3. Results

Results were confirmed by repeated experiments and by
independent DNA preparations.

DNA methylation status of the 5'-CCGG-3' restriction site
of T. ¢. ¢. DNA from various sources (premeiotic germ cells,
mature sperm and somatic tissue, liver) was investigated
whether in total DNA or in the region of unit repeat
pTvml (satellite SatG component, comprising a highly repet-
itive sequence HindIII family) recognized by oligonucleotide I
and in the region of unit repeat pTvm8 (interspersed repetitive
sequence BamHI family) recognized by oligonucleotide II,
both washed under stringent conditions.

3.1. Analysis of DNA methylation by end-labelling

T. c¢. c. male DNA extracted from premeiotic germ cells,
mature sperm and hepatic tissue was digested with isoschizo-
meric enzymes Mspl and Hpall, end-labelled and subse-
quently size analyzed by gel electrophoresis (Fig. 3).

An indication of the extent of methylation of the three
DNAs may be observed by comparing Hpall digests. Premei-
otic germ cells are over-methylated compared to liver DNA,
and sperm methylation is somewhere between somatic tissue
and premeiotic germ cells.

Since the relevant proportion of repetitive DNA in the T. c.
c. genome derives from the highly representative satellites
pTvml and pTvm8, we investigated the contribution of these
sequences to the total DNA methylation by Southern blot and
hybridization.

3.2. Hybridization to pTvml

Digestion of DNAs from all sources with a methylation
insensitive enzyme (Mspl) revealed a multimeric hybridization
pattern with a repeat unit of 330 bp (Fig. 4). This reflects the
tandem repetition of satellite pTvml in the genome when
probed with correspondent oligonucleotide I.

The absence of the multimeric pattern in Hpall digests of
DNA from premeiotic germ cells and sperm reflects the in-
ability of the enzyme to cut when the internal cytosine in the
recognition sequence is methylated. It indicates the extensive
methylation of the recognition sequence 5'-CCGG-3’ within
satellite DNA. In contrast, Hpall digest of DNA from liver
produces multimeric bands comparable to the Mspl ones, in-
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220 230 240
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290 300 310
GCCATTTTTA CAGAGTTTTG CTTACTCAAA

Fig. 1. Sequence of the pTmvl unit repeat. The position of oligonucleotide probe I is indicated by underlining of the corresponding pTmvl se-

quence. Restriction sites for Mspl, Hpall are marked by arrows.
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GGATCCCCCA ACATTTTCGT ACCCAGAATC CCTTGCAAAC CTCAAATTTA GCTAAAAAAA TCATTTTCCA
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CACATTTITG TGTGGGAAAG TTGTGGCATC ACCGGGCTGA CACTAATTTC CTACCACCCA GCGTTCCTCC

150 160 170 180 190 200 210

AAGTCTCTCA ATAAAATTGG TGCATCACTC ATGTAGGAGG CCCAAGTACC CGCAACAGGC AAGGGCCCAA

250 260 270 280

AACGTAATAA GTCGACAATA AAATTGZCCC ATCACAAAAC AACCTGGTIT TGCAAGGGGG AGGGGGGGTC

320 330 340 350

GGGGGGGGTC ACCTGGGTTIT TTGGCCCCGT GCTCAGCTGC CAGCTAGGGa AACCTACCAA GCCCACACAT

390 400

220 280 240
. d
290 300 310
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360 ¥ 370 380
TTCTGAAAAC TAGACACCCG GGGGATTTCA GGGAGGTATG GCTTGTGT. .
4
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Fig. 2. Nucleotide sequence of pTvmS8. The position of oligonucleotide probe II is indicated by underlining of the corresponding pTmv8 se-
quence. Restriction sites for Mspl, Hpall, Smal, Xmal are marked by arrows. The sequence between positions 203 and 213, underlined with
parentheses, is frequently inverted; in this event the sequence shows the site for Hpall and Smal.

dicating an undermethylation, vs. the other tissues, of the
repeat sequence pTvml in the hepatic tissue (Fig. 4).

3.3. Hybridization to pTvin8

Fig. 5 shows hybridization of oligonucleotide II which
matches site 5'-CCGG-3’" at nucleotide 103 of interspersed
repetitive unit pTvm8 in DNA preparation of the three differ-
ent tissues. DNA was digested with BamHI enzyme, which
defines repeat unit pTvm8, with Hpall and Mspl and
Hpall/BamHI.

Digestions of DNAs from all sources with the enzyme Bam-
HI yielded a series of multimers of 400 bp in unit length (Fig.
5). The Mspl lanes show, as expected, 130 and 270 hybrid-
ization bands and multimers (Fig. 5). Hpall digests of DNAs
from somatic tissue show high and medium molecular weight
bands with no less than 400 bp. This indicates a partial under-
methylation of the two CpG sites present (Fig. 5).

On the other hand, Hpall digests from germinal tissue show
high molecular weight bands, 400-bp band absent, and a
smear of hybridization extending down to the bottom of the
lanes. Therefore, liver DNA is undermethylated compared to
DNA from germinal tissue. In turn DNA from premeiotic
germ cells is lightly undermethylated compared to mature
sperm.

To determine which of the two CpG sites occurring in unit
repeat pTvm8 are implicated in the methylation we carried
out further analysis.

The CpG site at 370 nt of the repeated pTvm8 is also the
site of methylation insensitive and sensitive isoschizomers
Xmal and Smal (Fig. 2). The results from Smal and Smal/
BamHI digestion show that all three tissues present an iden-
tical pattern of undermethylation at that site, therefore, the
difference in methylation obtained with Hpall among the
three tissues cannot be linked to that site (Fig. 6).

The undermethylation of the first site in liver DNA was
revealed after BamHI/Hpall digestion, by 300 and 100 bands.
These are almost completely absent in mature sperm. There is
an intermediate situation in premeiotic germ cells. These re-

sults account for the difference of methylation in the three
tissues revealed by Hpall digestion (Fig. 5).

4. Discussion

A comparison of gene methylation in various tissues re-
vealed that active genes are undermethylated in the tissue of
expression [22] but are heavily methylated where they are not
expressed.

Based on these findings it would be expected that germinal
tissue DNA, with few active genes, is heavily methylated. In

Fig. 3. Autoradiograph of end-labelled Hpall (H) and Mspl (M)
from liver (lanes 1), mature sperm (lanes 2) and premeiotic germ
cell (lanes 3) DNAs.
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Fig. 4. Southern blot hybridization with oligonucleotide I. Lane 1:
Mspl digests; lane 2: Hpall digest from liver; lane 3: Hpall digest
from mature sperm; lane 4: Hpall digest from premeiotic germ cell
DNAs. Marker lengths (M-Dig II) in base pairs are indicated on
the left.

almost all cases, satellite sequences were shown to be more
methylated in certain somatic tissues than in sperm [14,23,24];
the demethylation of repeated sequences is especially remark-
able when contrasted to the increased level of methylation of
many individual genes in human and mouse sperm DNA
[3,13,14,25,26].

These repeats, which are less methylated in sperm DNA,
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Fig. 5. Southern blot hybridization with oligonucleotide II. Lanes
A-C represent, respectively, digestion from premeiotic germ cell,
mature sperm and liver DNAs. Genomic DNA digests are: lanes 1,
5, 9: BamHI; lanes 2, 6, 10: BamHI/Hpall; lanes 3, 7, 11: Hpall;
lanes 4, 8, 12: Mspl. Marker lengths (M) in base pairs are indicated
on the right.
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can be either tandemly organized in satellite sequences [5-7]
or interspersed repeats [8]. It was found that the Alu CpGs in
sperm total DNA are highly undermethylated [24] and this is
sufficient to account for the observed differences in the 5-
methylcytosine content of sperm DNA and more highly meth-
ylated tissues such as brain [27].

The relevant proportion, up to 60%, of repetitive DNA in
the Triturus (Amphibia, Urodela) sparks interest in highly
repetitive DNA and methylation satellite studies.

The highly repeated DNA of Triturus is organized in two
ways [16]. In the first case a satellite is made of clustered
sequences associated with heterochromatin and found on spe-
cific sites along the chromosome [28]. In the second, a satellite
is made of sequences scattered throughout the entire set of
chromosomes [29], as the Alu family in humans [30] and the
two correlated MIF-1 families in the mouse and L1 in humans
[31]. The pTVMI repeat [16] is a clustered sequence in the
pericentric zone of the chromosome (the only clustered family
conserved in the Triturus genus and abundant in the 7. ¢ c.
genome) presenting a 5'-CCGG-3’ site. On the other hand,
the pTvmS8 satellite [18] is a scattered sequence largely con-
served with two 5'-CCGG-3’ sites and representing 1% of the
T. c. c. genome.

We studied methylation levels in premeiotic germ cells, ma-
ture sperm and hepatocytes of 7. ¢. ¢. from total DNA and
repeat DNA sequences (pTvm1 and pTvmS8), where we found
a situation unlike that described in mammals. Total DNA
analysis showed that somatic tissue DNA was undermethy-
lated vs. germinal tissue DNA. The results obtained by the
analysis of repeated sequences of pTvml and pTvmS§ ac-
counted for the prior analysis.

In other words, the only cut site 5'-CCGG-3" occurring in
the pTvml sequence was undermethylated in somatic tissue
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Fig. 6. Southern blot hybridization with oligonucleotide II. Lanes
A-C represent, respectively, digestion from premeiotic germ cell,
mature sperm and liver DNAs. Genomic digests are: lanes 1, 4, 7:
Xmal; lanes 2, 5, 8: Smal; lanes 3, 6, 9: Smal/BamHI. Marker
lengths (M) in base pairs are indicated on the right.
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compared to germ tissues. There were no significant differ-
ences between DNAs from two germinal tissues. On the other
hand, the 5'-CCGG-3’ sites in pTvm8 sequence were more
undermethylated in somatic tissues than in germinal tissue.
Moreover, the DNA from premeiotic germ cells was more
demethylated than DNA from mature sperm. Our findings,
supported by other authors [16], showing the pTvml sequence
transcription on lampbrush chromosome from oocytes, sug-
gest that the CpG sites from these satellites can play a role in
transcriptional regulation. This is likely because these sequen-
ces can interact with non-histone protein, as previously de-
scribed for other satellite sequences [32,33].

Hence, we are studying the role of repeated pTvml and
pTvm8 sequences in transcriptional regulation.

The transcription patterns in the highly repeated DNA fam-
ilies vary and some have peculiar transcriptional patterns
[34,35]. Others report that these transcripts come from pro-
moters that control the expression of structural gene sites up-
stream to the satellite sequences [36,37]. In contrast, Hell-
mann-Blumberg et al. [14] reported that there is no evident
relationship between Alu repeat demethylation and transcrip-
tional activation of neighboring genes, because of their ubig-
uity and abundancy. The sequence-specific differences between
the methylation pattern of Alu repeat in sperm DNA and
those in DNAs from other tissues make them candidates for
genomic imprinting [14].

Studies on both endogenous and exogenous imprinted
genes in the mouse have shown that these loci are character-
ized by regions of allele-specific methylation, which suggests
that DNA modification may play a role in the regulation of
genomic imprinting [38]. It is worth noting that our findings
may be correlated with imprinting in that the pTvml sequen-
ces are transcribed on oocytes lampbrush [16]. In fact, meth-
ylation of these sequences in male germ tissue from 7. ¢ c.
may indicate a turn-off of transcription.

Our findings could make a small contribution to the occur-
rence of methylation and demethylation events in amphibian
newts. The functional significance of our results, however,
remains largely elusive.
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