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ABSTRACT

Certain human DNA sequences are much less methylated at CpG sites in
sperm than in various adult somatic tissues. The DNA of term placenta
displays intermediate levels of methylation at these sequences (Sp~0.3
sequences). We report here that pluripotent embryonal carcinoma (EC) cells
derived from testicular germ cell tumors are hypermethylated at the three
previously cloned Sp-0.3 sequences and seven newly isolated sequences that
exhibit sperm-specific hypomethylation. In contrast to their hypermethylation
in EC cells, the Sp-0.3 sequences are hypomethylated in a line of yolk sac
carcinoma cells, which 1like placenta, represent an extraembryonic 1lineage.
These DNA sequences, therefore, appear to be subject to coordinate changes in
their methylation during differentiation, probably early in embryogenesis,
despite their diversity in copy number (1 to 10*) and primary structure. Two
of these Sp-0.3 sequences are highly homologous to DNA sequences in human
chromosomal regions that might be recombination hotspots, namely, a cryptic
satellite DNA sequence at a fragile site and the downstream region of the
g~globin gene cluster.

INTRODUCTION

DNA methylation appears to affect the expression of certain genes in
vertebrate cells (1 - 3) and might also influence chromatin structure (4, 5),
DNA conformation (6), chromosomal recombination (7, 8), DNA replication (9),
and DNA repair (10). Overall levels of 5-methylcytosine (mSC) 1in vertebrate
genomes (11 - 13) and patterns of methylation of many individual genes (1)
vary from tissue to tissue. Genes in sperm are often, but not always, more
highly methylated at the examined CpG sites than in one or more somatic DNAs
(14 - 20). This observation and the reports of decreases in DNA methylation
(demethylation) in early rabbit trophoblast (21) and in murine embryonal
carcinoma cells induced to differentiate (22, 23) indicate that demethylation
of DNA occurs at very many sites during vertebrate development. In contrast,
several murine and human satellite sequences are much less methylated in sperm
than in various somatic DNAs (24 - 28). The hypomethylation of these sperm DNA

sequences implies that increases in DNA methylation (de novo methylation; 3)
are also part of the developmental program for these vertebrates.
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Previously, we cloned three human DNA sequences that are much less
methylated in sperm DNA than in a wide variety of somatic DNAs (29). Here we
show that these sequences as well as seven newly cloned human DNA sequences
displaying sperm-specific hypomethylation are highly methylated in undiffer-
entiated embryonal carcinoma cells. In contrast, all of these sequences have
low to moderately low methylation levels in placenta and in a line of yolk sac
carcinoma cells, both of which represent extrasomatic cell lineages (29, 30).
Despite the variety of primary structures and copy numbers of these sequences,
they appear to be part of a large group of sequences whose methylation levels

change coordinately during differentiation.

MATERIALS AND METHODS

Sources of DNA. High-molecular-weight DNA was isolated from sperm and
postnatal human tissues as previously described (11). Unless otherwise
specified, these human tissues were from adult male autopsy samples. Term
placenta and amnion were also isolated and used for DNA extraction (29).
Cultured WISH (31) and HeLa cells were propagated for DNA extraction as above
in Minimal Essential Medium (GIBCO) supplemented with 107 fetal calf serum.
The cloned cell 1line, NTERA-2 cl1l.Dl1 (NT2/Dl), its mother line TERA-2, and
three other human embryonal carcinoma (EC) cell lines 833KE, 1156QE, and a
cloned derivative of 2102 Ep called 2102Ep c¢1.4D3 were maintained under
conditions favoring retention of their undifferentiated character (32, 33).
NT2/D1 and 2102Ep are cloned lines that express many of the properties iden-
tified as characteristic of human EC cells, e.g., Surface Antigen phenotype
SSEA-3"/8SEA-47/TRA-1-60"/SSEA-1" (34, 35). 1156QE and 833KE are uncloned
lines that resemble human EC cells in many respects except that 833KE ex-
presses relatively high levels of SSEA-1. All the above EC cell lines were
derived from testicular germ cell tumors. The 1411H cell line, although
similarly derived, exhibits a yolk sac carcinoma phenotype and does not
express the surface antigen phenotype typical of human EC cells (30, unpub-
lished observations). JAR is an uncloned cell line derived from a gestational
choriocarcinoma (36), which has a phenotype distinct from that of human EC
cells. One batch of NT2/D1 cells was induced to differentiate by a modifi-
cation of a previously described procedure (37). Confluent cultures were split
1:2 and incubated with medium containing 1075 M retinoic acid. One week
later, the culture was split again 1:6 and incubated for another week in
retinoic acid-containing medium followed by incubation in drug-free medium for

various lengths of time.
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The cloned human DNA used as hybridization probes and for sequence
analysis were derived from from 0.3 to 1 kb fragments of a Hpall digest of
human sperm DNA cloned in MI13mp8 DNA (29). Three of these sequences
(Sp-0.3-12, ~15, and -16) had been previously cloned (29). The other seven
Sp-0.3 sequences described in Table 1 were newly cloned by the same methods.

DNA blot hybridization. For characterization of genomic methylation

patterns, human DNA inserts (Sp-0.3 sequences) were radiolabeled by a method
which gave much stronger hybridization signals than those obtained from these
M13 recombinants in a previous study (29). Recombinant viral DNA (1 ug) was
used as a template with a pentadecamer primer (Sequencing Primer; New England
Biolabs) in a reaction catalyzed by the large (Klenow) fragment of Escherichia
coli DNA polymerase I (Bethesda Research Labs). The reaction was performed
under standard conditions (38) except that the amount of [a-32P]dATP was
limiting (100 pmol) and incubation was for 90 min at 24°C. After extraction
with organic solvents, precipitation with ethanol, digestion with HindIII and
BamHI or EcoRI, and electrophoresis in a 5% polyacrylamide gel, the insert-
containing band (usually 0.3-0.5 kilobase-pairs; kb) was excised, electro-
eluted, purified and used as a probe for blot hybridization (29). As pre-
viously, an aliquot of each restriction digest was checked for the absence of
inhibitors of digestion using A [32P]DNA as an internal control (29). The
cloned probes showing sperm-specific hypomethylation were also used to de-
termine their genomic copy number by dot-blot hybridization to different
amounts of human placental DNA. These probes and a standard, single-copy probe
from the 5' region (V515 base-pairs; bp) of the human thymidine kinase gene
that was cloned in M13mp8 (39) were prepared identically.

DNA sequence analysis and the determination of the m5C content. Nine DNA

inserts were sequenced by standard methods (40) using [3SS]deoxyadenosine
triphosphate as the source of radiolabel and the above-mentioned pentadecamer
primer. For sequencing the two strands, the insert was sequenced in M13mp8
and in the reverse orientation in M13mpl9. For inserts longer than 350 bp,
synthetic oligonucleotides complementary to part of the sequenced insert were
used as primers to allow sequencing of the entire insert. Comparison of
Sp-0.3 sequences to sequences in GENBANK was done with the assistance of a
computer program (MicroGenie; Beckman).

The m5C content of DNA from cultured cells was determined by high per-
formance liquid chromatography (HPLC) analysis of DNA digested to deoxy-
nucleosides as previously described (11, 41). All determinations were done in
duplicate.
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Fig, 1. Analysis of sperm-specific hypomethylation of the cloned sequence
Sp-0.3-23 at HpaIl (CCGG) and Cfol (GCGC) sites. Digests of 10 ug of genomic
DNA were prepared, electrophoresed, and subjected to blot hybridization and
autoradiography using the cloned, sperm-derived sequence Sp-0.3-23 as a probe
(see Materials and Methods). The genomic DNAs used for this analysis were
human lung (Lu), heart (Ht), liver (Li), brain (Bn), sperm (Sp), and term
placenta (Pl). Each of the first four tissues was from a different adult
male. Sperm was from semen pooled from four individuals. Placenta refers to
placenta stripped of the chorionic plate, amnion, and smooth chorion, and the
brain DNA was isolated from the cerebellum.

RESULTS

Specific methylation patterns in somatic tissues versus in sperm. We

studied three previously described cloned DNA inserts, Sp-0.3-12, -15 and -16,
(29) and seven newly isolated ones (Sp-0.3-4, -5, -7, -8, =10, -23, =40)
showing sperm-specific hypomethylation (Table 1). When each of these was used
as a probe for blot hybridization, a much lower-molecular-weight distribution
of hybridizing bands was obtained from sperm DNA digested with the CpG me-
thylation-sensitive enzyme Hpall than from analogous digests of adult somatic
DNAs (Figs. 1-3; Table 1). Generally, various different adult somatic DNAs
gave very similar patterns of hypermethylated DNA fragments with a given probe
(29; Table 1). However, some of the cloned sequences had a percentage of their
genomic copies which were equally hypomethylated in all these cells (Fig. 2B
and 3A; Table 1). The seven newly isolated Sp-0.3 DNA clones were also used
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as probes for DNA from an extraembryonic organ, term placenta. In each case,
hybridizing placental DNA sequences were more Hpall-sensitive than those of
adult somatic tissues but less Hpall-sensitive than those of sperm DNA (Figs.
1 & 3; Table 1). In contrast, DNA from term ammion was hypermethylated like
adult somatic DNAs (Fig. 4A; Table 1).

The extent of methylation of sperm's CCGG sites within and neighboring
the cloned sequences was determined by a comparison of an Mspl digest and a
Hpall digest of sperm DNA using the above cloned sequences as probes. At most
CCGG sites (42), CpG methylation has no effect on Mspl digestion, whereas all
such methylation inhibits its isoschizomer HpaII. HpaIl digests of humar sperm
DNA probed with Sp-0.3-4, -5, -7, -8, -10, -15, or -40 gave patterns of
hybridizing fragments similar to those of MspI digests of human DNA (Fig. 2A &
B and data not shown) although, in most cases a small amount of hybridizing
high-molecular-weight DNA was seen only in the Hpall digest. In contrast,
genomic copies of Sp-0.3-23 sequences in the sperm HpaIl digests were approxi-
mately equally divided between fragments that were <0.6 kb and those that were
>2 kb (Fig. 1). This heterogeneity was shown to be largely due to residual
DNA methylation because only one major band of 0.5 kb was seen in an MspI
digest of human (placental) DNA.

The seven new Sp-0.3 probes (Table 1) were also used for hybridization to
adult somatic DNAs and sperm DNA digested with CfoI, which is inhibited by CpG
methylation at GCGC sites. Sperm DNA still gave the lowest-molecular-weight
distribution of hybridizing bands (Figs. 1 & 3 and data not shown). As in the
Hpall digests, adult somatic DNAs had much of the hybridizing material as
high-molecular-weight fragments. Several human DNA samples tested for
methylation at other CpG-containing restriction sites gave results similar to
those with Cfol and HpaIIl. For example, many more copies of the genomic
Sp-0.3-5 and -23 sequences were hypomethylated at nearby Aval sites in sperm
compared to in heart and liver (Fig. 3C and data not shown). Furthermore, a
partial Hpall digest of human sperm DNA which was hybridized to Sp-0.3-23 as a
probe, gave some hybridizing bands of only slightly higher molecular-weight
than those seen in a complete digest (data not shown). This suggests that
many Hpall sites in the vicinity of the Sp-0.3-23 sequences in sperm DNA are
unmethylated.

Methylation in embryonal carcinoma cells. A cloned, pluripotent EC cell

line NT2/D1 (37) was used as a source of human cells resembling early embryon-
ic cells. The DNA from these cells in the undifferentiated state was digested
with HpaIl and subjected to blot hybridization with the above Sp-0.3 DNA
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Fig. 2. Hypermethylation of the cloned sequences Sp-0.3-40, -10, and -12 in
embryonal carcinoma cells and in several other human cell lines. Hpall, MspI,
and €fol digests of DNA were prepared and subjected to blot hybridization as
described in Fig. 1. The DNAs used were from human brain (Bn) and sperm (Sp)
as in Fig. 1 and from six types of human cell cultures, undifferentiated
NT2/D1 embryonal carcinoma cells (EC), undifferentiated 2102EP and 833KE
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embryonal carcinoma cells (2102 and 833), 1411H yolk sac carcinoma cells
(YCS), HeLa cells (HL), and WISH cells (Ws). Also, an established murine cell
line, L cells (L), was used. The positions of HindIII-digested A [32P]DNA
markers are shown in panels A and C. Panel A, Sp-0.3-40 as the probe; B,
Sp-0.3-10 as the probe; C, Sp-0.3-12 as the probe. The YSC and 2102 samples
in panel B and YSC and 833 samples in panel C were run separately from the
others so that equivalent bands are seen at somewhat different positions.
When Sp-0.3-10 or -40 was used as the probe for HpalI digests of heart, liver,
or lung DNAs, similar results were obtained as from the analogous brain digest
except that, with Sp-0.3-40 as a probe, lung DNA gave hybridizing bands in the
moderate-molecular-weight region and a trace of hybridizing material in the
low-molecular-weight region 1in addition to the high-molecular-weight
hybridizing sequences (data not shown). The hypermethylation of Sp-0.3-12
sequences in lung, liver, and heart was previously described (29).

clones. The genomic copies of these sequences, which are hypermethylated at
Hpall sites in adult somatic tissues, were also hypermethylated at these sites
in this EC DNA (Figs. 2 - 5; Table 1). In many cases, these DNA sequences
appeared even more highly methylated in EC cells than in adult tissues (Figs.
3B & 4A; Table 1). Cfol digests of this genomic DNA gave similar results
(Figs. 2C & 3C). Also, DNA from the parent EC cell line TERA-2, and from
three other EC cell lines 2102EP, 1156QE, and 833KE, was highly methylated in
all of these Sp-0.3 sequences (Figs. 2B, 2C, & 5; Table 1). The Sp-0.3-7 and
-10 DNA sequences and, to a lesser extent, Sp-0.3-5, which appear in two
fractions in somatic cells, a hypermethylated fraction and a fraction with the
low methylation level of sperm DNA, similarly appeared in both a highly
methylated fraction and an undermethylated fraction in EC DNA (Figs. 2B, 3B,
3C & 4A). 1In contrast to EC cells, two other established human cell 1lines,
HeLa and WISH, did not show this extreme hypermethylation of DNA sequences
that are undermethylated in sperm (Fig. 2). No significant homology to mouse
L cell DNA was observed using any of these sequences as hybridization probes.
Because of the high degree of methylation (HpalIl-resistance) in EC cells
at each examined DNA sequence exhibiting sperm-specific hypomethylation, we
determined the total mC content of EC cell DNA by HPLC (11, 41). The EC
cells had rather high genomic mSC contents as follows: NT2/Dl, 1.06 molZ
(Table 2); TERA-2, 1.01 molZ; 2102EP, 1.12 molZ; 1156QE, 1.0l molZ; and 833KE,
1.03 molZ. The m°C level in the DNA of EC cells should be compared to those
of various adult human tissues, which range from 0.87 to 1.00 molZ depending
upon the type of tissue (11). These EC cell lines have a similar or slightly
higher genomic m5C content than brain (1.00 molZ; 11) and much higher than
that of sperm (0.84 molZ; 11) although all the teratocarcinomas from which

they were derived were testicular in origin (33). Also, the genomic mS¢C
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Fig. 3. Analysis of sperm-specific hypomethylation of the cloned sequences
Sp-0.3-7 and -5 and their hypermethylation in embryonal carcinoma cells.
HpaIl, Cfol, and Aval digests of human brain (Bn), placenta (Pl), sperm (Sp),
lung (fu), 1liver (Li), heart (Ht), or undifferentiated NT2/Dl embryonal
carcinoma cell (EC) DNA were prepared and analyzed by blot hybridization as
described in the previous figures. The probe for panels A and B was Sp-0.3-7
and for panel C was Sp-0.3-5. In panel B, Lu 1, Lu 2, and Lu 3 represent DNA
from a 4-year-old female, a 33-year-old male, and a 4l-year-old male,
respectively. With Sp-0.3-5 as a probe, Hpall digests of various adult
somatic tissue DNAs gave indistinguishable patterns of hybridizing bands
ranging in size from “0.8-15 kb; only a very small percentage of the hybridi-
zation signal was in a 0.6-kb fragment. An analogous HpaIl digest of NT2/Dl
DNA had even higher-molecular-weight bands in addition to the persisting
lower-molecular-weight bands. In contrast, almost all the hybridizing DNA
from a sperm Hpall digest was in the 0.6-kb band (data not shown).

contents of other analyzed established human cell lines was much lower than
those of the EC lines, namely, HeLa, WISH, JAR, and 1411H had 0.79, 0.73,
0.82, and 0.74 molZ m5C, respectively. Although the yolk sac carcinoma cell
line 1411H had a similar amount of genomic m3C as in Hela (a cervical carci-
noma derivative) and WISH (amnion derivative) cells, it was the only cell line
found to be hypomethylated in all tested Sp-0.3 sequences as compared with
those from adult somatic tissues (Figs. 2B, 2C, & 5; Table 1).

The EC cell 1line NT2/D1, which of all the tested EC lines is capable of

the greatest extent of in vitro differentiation, was induced to differentiate
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Fig. 4. Effects of in vitro differentiation of NT2/D1 embryonal carcinoma
cells on methylation of Sp-0.3-5 and alphoid satellite DNA. Cells were
harvested before (EC.) or 4, 6, or 8 weeks after induction of differentiation
with retinoic acid d%c s EC EC ) Heart, brain, amnion, and sperm DNA (Ht,
Bn, Am, Sp) were included ?or comparison. The probes used were Sp-0.3-5 in
panel A and the EcoRI-dimer, a tandem alphoid satellite DNA repeat (58) in
panel B and the genomic DNA was digested with HpaIl or Cfol, as indicated, for
this blot hybridization analysis. The arrows in panel B show the two bands
whose relative intensity was most obviously changed in the differentiated EC
cell population compared to in the analogous undifferentiated cell population.
As discussed previously, the Cfol or Hhal digest gives an underestimate of the
hypomethylation of this satellite DNA (25).

by treatment with retinoic acid. By four weeks after the addition of retinoic
acid, most of the cells have undergone differentiation into a variety of cell
types including neuronal-type cells and giant cells; very few EC cells persist
in such cultures (33, 37). When DNA from cells obtained four to eight weeks
after retinoic acid addition was digested with HpaIIl and hybridized to probes
Sp-0.3-4, -5, -7, =~-12, 13, -23, or =40, similar patterns of hybridizing
fragments were seen as with the analogous DNA digests from undifferentiated EC
cells (Fig. 4A; data not shown). However, by HPLC analysis, a decrease in the
total m5C content of the NT2/Dl cell DNA was detectable at eight weeks after
the addition of retinoic acid (Table 2). The average genomic m3C content of
that differentiated culture was approximately 10Z lower (about 107 fewer m°C
residues per diploid genome) than that of the undifferentiated cells.
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Fig. 5. Methylation patterns of the Sp-0.3-23 repeat in embryonal carcinoma
cells, choriocarcinoma cells and yolk sac carcinoma cells. DNA from five
embryonal carcinoma cell lines (NT2/D1, 2102Ep, 833KE, 1156QE, and TERA-2), a
choriocarcinoma (CC) cell line (JAR), and a yolk sac carcinoma (YSC) cell line
(1411H) was digested with HpaIl and subject to blot hybridization with the
Sp-0.3-23 probe. This blot can be compared to those of Fig. 1, which also
involved Sp-0.3-23 as a probe. No differences were observed between these
different DNA samples in the analogous Mspl digests (data not shown).

Furthermore, by blot hybridization analysis, the human alphoid satellite DNA
(EcoRI~dimer), which was more methylated in adult somatic tissues (25) and
undifferentiated EC cells (Fig. 4B) than in sperm DNA, became slightly
hypomethylated in NT2/D1 cells eight weeks after the initiation of retinoic
acid treatment (Fig. 4B). The small degree of demethylation of this
EcoRI-dimer upon differentiation of the EC cells might be related to small
differences in the extent of methylation of several of the Sp-0.3 sequences in
different tissues (Fig. 1 & legend to Fig. 2).
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Table 2. Total genomic m5C content of differentiating EC cells

Time after retinoic
acid addition m5C content

(days) (mol?)

0 1.07

1.04

2 1.03

1.02

7 1,05

1.02

28 1.06

1.06

40 1.01
0.99

56 0.95
0.94

%The undifferentiated embryonal carcinoma cells were treated with retinoic
acid to induce differentiation and the total m5C content of their DNA
determined as described in Materials and Methods. The m>C content of
duplicate DNA samples is shown.

Sequence analysis of Sp-0.3 inserts. Nine of the Sp-0.3 inserts were
sequenced (Figs. 6 & 7). Only Sp-0.3-15, -16, and -23 had significant homo-

logy with previously determined DNA sequences. The entire Sp-0.3-15 sequence,
which has a copy number of ~103, is V957 homologous to part of a newly dis-
covered, cryptic complex satellite DNA (Sst I repeat; 43) with a repeat length
of ~2.5 kb (Fig. 7). Consistent with a satellite DNA organization, genomic
sequences hybridizing with Sp-0.3-15 gave distinct bands in PstI, KpnI, CfoI,
or Taql digests, which were sometimes multimers of a 2.5-kb repeat length.

In contrast, the Sp~0.3-16 probe gave only smears of hybridizing material
in BamHI, MboI, TaqIl, BglI or PstI genomic digests with very light bands
superimposed on the smears in some of these digests (data not shown and ref.
29). This suggests that Sp-0.3-16, which has a copy number of ~10% is part of
a dispersed repeat. Furthermore, Sp-0.3-16 is 877 homologous over a 65-bp
region to an internally repetitious interspersed repeat previously found in
¢lone pl6 from human DNA by Yang et al. (44). In clone pl6 are eight tandem
copies of a 66-bp sequence, the first 25 bp of which are almost the same as
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AGACCAGGCAGACATCAGGGCGAGATGGAGTGCTCACCTCAGGGATTCGGGTAAGCCTTCCCTGCCTCACTTAAGGCCACCAGAGAGGAGGTGIGGAGIT 300
GAGTAAAGGCCTCTGTGGGTCTGICTGCTCCATCCTCTCTTCTCACCATTCAACGTGCATTGCAGATTACCGAAGAACCG 380
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ATAGGCTGTGCGGCTGGTTCCCGCCCTGGCAAGGCATCCAGCCATGGAATCTGCACTGCTGTTGGGGGCAGGCAAGGTCGGGGGATGGGGGTGTGGTTIC 300

ACACTTGCTAACGGGCGCCACCTGGCATCOGTAGCTGCAGCTGAGAGCATGGCAGAGGCTGGCAGGGCTGGTCCAGACACCTGAGGTCGCTGAGTGCACC 400
GCCCTACCACCCTAGAGTCTCCTGTTCCTTAGACTGCTCCCAGGACGTGGTCTGCGAGCGCTAGACACTGAGCAGCCTCCAGGATGGGGCTGAGCGGCCG 500
ATTCCCGCCTTGCCACAGCTACAGTGTGAATTGAGGCGCCACCGCATTAGTCTGGCCCTGGGGTTCGTGCTACTGGTGGCATGGACAGAGATGGGGGTCG 600

CCACAGCTGCTATGGGCTGAGCAGCCGATTCCCGCCCTCTTGCGCTATGGGACCG 655

Sp-0.3-8 . .
OGGCCAGAKTTTCACGGANGGACATGGGCAGAGAGAGGTOGGAGGGCTCCCCTGCACCTCAGCCOGCCTCTGCACTGAGGAATGTGCAGCCAGAAGGGCT. 100

TCCCGGACAGCCAGCCAGCGGTTCTTATAAAGGCCCACAGGCAGGCAGGCTCCACCACTTCATGAATGGCGGTGAGCCCTGGGACAGCTCGCCCCACCAC 200
AGAAGGGTACCAGGGCGTCGAGTCCTGCGGCCGEGCTCTCETOEICIGTGGG0GGACGCCCTGGTGATGGTGGTGGTGGGACCGGAGAGATGAAGAGGAA 300

GGGTGCTAGGGGGAAGGGGTGAGGGTGGCCTGTTTCGGGGGCTGGCTCTCCGCAACTCCCTAGGAATCCCGTGGGAACTGGAAGAGGCTCTCAGGGCTICC 400

Sp-0.3-10. . .
GGCTCTCACTGCACGTTGAGAGAGTCACAAMAGCGCTAGTICACAACAGGAAAAACGGCAGCTAACGTGTCTTOOGGAAAATAGACGTCTICCTGAA 100

ACTGGGGATTTCTACTTCACCTGAAAAGAAAGACATACGAGAAAGGAAAAACACGAACAAAACAAAACAGAACGAAACAAAACAAGCCAACAAACACGGG 200

CCAAGGCGCCGTCCCTGGAAATCTTAAGTGAGCAAAGTTATTAGTTTTCAGAAAGCGTTTTCTATTTGGGCCAAGTACTGAGAAGGCCCAGACTAGAGCC 300
GIGGCGCCCTCGCCAYTGTGAAACTCTGCTGGCCG 335

Fig. 6. Sequences of four human DNA clones showing sperm-specific hypomethylation. The 5' to 3!
sequence of only one strand is given. Some directly repeated oligonucleotide sequences that are present
in tandem or in tight clusters are overlined. A 27-bp sequence which is present in three copies in
Sp-0.3-5 showing 78-89% homology to one another (allowing a l-bp insert in ome copy) is doubly underlined
and another 40-bp sequence repeated once within Sp-0.3-5 with 82% homology between the copies (including

a 1-bp insert in one of them) is underlined, Also, three sequences resembling the GC box (45) in Sp-0.3-5
are overlined. In Sp-0.3-4, three unusually long polypurine or polypyrimidine tracts are underlined.

that of the next 25 bp and the last 16 bp of which are distinct (44). The
similar region in Sp-0.3-16 contains more than 802 homology to one of the
25-bp units (positions 16 to 40; Fig. 7) followed by the 16-bp unit (positions
41 to 56; Fig. 7) described in clone pl6. In Sp-0.3-16, these 41 bp are
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$p-0,3-12, . . . . .
CGGCGAGACTGGCCTIGTCTTCTAGGACAAGTGCATTTCOCCTGCGCTTCCTCTCTCACTCTTGAGGGACATCCTCTCCTCCGCTCACAGGTOGACAGAS 100
TCCCTGGATCTTTTGGCTGTAACGAATGTCAGGAAACAAAGGGACTGCGCTGGGACTGGGGCTGGGGCTCCGTGCAGGEGAGGTIGCGTCAGGGCTAGCT 200

GGGTGGTGGAGGGTTGGGGGTGGGGTGACTCTTGCAGAAACCTCTGTGGTCCTCTGGCAGGCATTTCAACATGTGGCTTGGCTGAGGCACAAGCCCCGIC 300

CAGGTTCCCAGGTCTTCTTTGTGTTCCCTTGGCACTCAGGGAAAGGCCATTGATCCCCTTTCGACCG 367

Sp-0. 3-15
mmmmmmmmmmmcmmmm 100

. . . . . ., . . .

GCTGCGACCCTTTAAAAAATGGCGGCGACGCEGO0GCTG006EGCCTOR0GCGECEGTCCTCGAGGTTGCGGOG0GGCCRCGAAGGCGAGCOGAGECE 200

(CGGGTGGGAAGAGGACTGCCAGAGGGGCCTGCGGGAGACCCAGGGTCGGACCCATAGAGTCCTGTGTGAGACCTCCTTGATCGCTCTCTGCTCGGTICCA 300

CTAAGAGAGCTTCGGGGTGCCG 322

Sp-0.3-16. b . . . 2 . . . . .
Sp-0.3-16 CGGGAGCAGCTAGATACAGAGTGTCCATTGGTGCATTCACAAACCTTGAGCTAAACACAGGGTGCTGATTCGTGTATTTACAATCCCTGAGCTAGACATA 100
g-3' CTG T G: A A---C T-T: C-
P16 CTG: G-~T T: G: A G

Sp=0.3-16 AAGACTCTCCACGTCCCCACCAGACTCAGGAGCCCAGCTGGCTTCACCCAGTCGATCCCACAGCGGGGTCACAGGIGGAGCTCCCTGCCAGTGCIGIGES 200
-3’ -=AGT---=-~ Ammmmmmee T---

Sp=0.3-16 ATGCGCTAGCACTCCTCAGCCCTTGGGCGTCGATGGGACTGGGCCCGTGGAGCAAGGGGOGGCATTCGTTGGGGAGGCTCGGGCTGCACAGAAACCACGG 300

Sp=0.3-16 AGGCGGAGGAAGGCTAGGCATGGCGGGCTGCAGTCCCGAGGCCTGCCCGCTGGAAGGCAGCTACAACCCG 370

Sp~0.3-23 CGGGCTGGICTCGAACTCCTGACCTCGGGATGACAGACGTGAGCCACTGCGTTCAGTGTACAGTACCATTTCTTAGAAATCACTCCTCACGGGAACACAC 100
Alu =A--C A

$p=0.3-23 ACTTATGGGTGACGIGTAGAGATTTTAGTTAGTIAGTTAGTIAGTTAGTTATTATGTGCGCGGGGAGGTGGGGEGACGGAGTITGGCTCITGCIGCCCAG 200
Al . . . . . . . =TeeeaCeCrmm=)e-Tmmmnenn

Sp=0.3-23 GCTACAGTGCAATGGCCTAGGGGACTCAAGGAGTCAACCTATGGCAGAGAGGACACGTCATTCTGAGCGTAAGGGCCGCAGCGAAAGGTGGCAGGGCCCG 300
Alu PR T ———

Sp~0.3-23 CGCTTTTAAAGGCTGAAATCCCG 323

Sp=0.3-40. . . . . . . . . .
(CGGTTAATACGGCCTCATGGTCCCACTTTATGCGTGTAACTCACTTAAAGACAATAGATTCTCTAAACAGAAGACATGGGCCTGGAGGAGGTTGGCTCAT 100
ATTCGCGTGTAAAACACTAAACTCCATTCCIGGTTCATGCCCCTTGTGGAATATCCTAGGAGAGGTGAACTGATCAAGACGTATCCCAGAATTIGIGTIT 200

. . . . . . . . . .

CCTGAAACAAATTCCATTCTTTCCAAGCATTTTGGTCAGAAAAATACTGAGTGGAAGTGCAAAAAGAAAAACAAACAAATAAACTAAGACTGAGCCTGAAA 300

. . . . . . . . . .

AATCTATTCCCGTTGAAGGTTGCAAACTGTATCGCTACAAACTTCTGGTTTCATTTCCCTTAAAATTGAACCACGGTCTGCATGCCG 387

Fig. 7. Sequences of five human DNA clones showing sperm-specific hypomethylation. Tandem or clustered oligonucleo-
tide sequences, including an A-rich region with imperfect repeats in Sp-0.3-40 and (C/T)GG in Sp-0.3-15, are
overlined as in Fig. 6. All of Sp-0.3-15 is 95% homologous to the tandem, cryptic satellite Sst I repeat from
positions 864 to 1185 (43). Part of the DNA sequences for the 3' region of the human B-globin cluster (B-3',
positions 478-370 on the reverse complement of the reported strand; ref. 46) and the human DNA repeat clone pl6
(positions 612-676; ref. 43) are aligned beneath Sp-0.3-16 for maximum homology; the nonidentical bases are
indicated. The numbers on top of sequence Sp-0.3-16 indicate the start of its two tandem copies of a 41-bp repeat.
The pl to the seq CCAAT and the sequence GGGCGG (the minimal consensus sequence of the GC box) are
overlined for Sp-0.3-16. Beneath the Sp-0.3-23 sequence are shown two parts of the consensus sequence for the Alu
repeat (positions 87-58, which includes the overlapping B box and t: iption directing element
for RNA polymerase III, and positions 279-239; ref. 48). A 1-bp gap (X) for maximizing homology is indicated.

repeated once, in tandem, with 787 homology between the copies (Fig. 7). Each
copy of the 41-bp repeated element contains the sequence CCAAT and in another
part of this cloned insert there is the sequence GGGCGG (Fig. 7); these oligo-
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(A) (B)
__Hpall =~ Cfol Mspl ____ Hpall  Mspl
Bn Pl SP Bn Pl SP Pl AmHt Lu EC HL SP Bn_

Fig. 8. Analysis of hypermethylation of the cloned sequence Sp-0.3-13 in
human placenta. Blot hybridization analysis of DNA from sperm and various
human tissues or cultured cell lines was conducted as described in Figs. 1 and
2 except that DNA from term amnion (Am) was included.

nucleotide sequences are associated with many vertebrate promoters (45). One
other human sequence homologous to this 66-bp repeat of pl6é has been reported
and is found 30 kb downstream or the human B-globin gene cluster (46). This
sequence has seven copies of a tandem repeat comprised mostly of the 41-bp
unit seen in Sp-0.3-16 rather than the longer 66-bp unit of plé6 (44, 46).
Furthermore, a single copy of a 24-bp sequence 1is present within this 3°'
B-globin region repeat, which shows no homology to pl6's 66-bp repeat (46) but
which is 797 homologous to positions 101 to 124 of Sp-0.3-16 (Fig. 7). This
24-bp sequence of Sp-0.3-16 follows almost immediately after its second 41-bp
repeat and 1is part of a 109-bp region shared with 857 homology between
Sp-0.3-16 and the 3' B-globin gene cluster region (Fig. 7).

In Sp-0.3-23, two sequences (30 bp and 41 bp) are 87Z% or 817 homologous
(Fig. 7) to two separate parts of the consensus sequence of the “300-bp Alu
repeat (47), an interspersed repeat which constitutes V7% of the human genome.
Within the 30-bp sequence, Sp-0.3-23 has a 17-bp subsequence (positions
7 - 23; Fig. 7) that is almost completely homologous to the overlapping B box
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consensus sequence for RNA polymerase III and the Alu repeat-associated tran-
scription-directing element, which appears to be essential and sufficient for
transcription from the Alu repeat family (48).

The other sequences did not exhibit considerable homology (>80% over at
least 50 bp) to previously reported vertebrate sequences. These sequences were
also not significantly homologous to each other. Although most had a higher
C + G content than total human DNA (42%Z; 11), they varied in their extent of
underrepresentation of CpG dinucleotides (Table 1). Mammalian DNA generally
has approximately 4-fold underrepresentation of CpG (49).

Most of these Sp-0.3 sequences had short, tandemly repeated or highly
clustered oligonucleotide motifs (Figs. 6 & 7). Among the tandemly repeated
oligonucleotide motifs were the following: T(G)2_4 in Sp-0.3-8 and -12; Y(G)2
in Sp-0.3-15; A(G)2_4 in Sp-0.3-8; C(A)2_4 in Sp-0.3-10 and -40; and AGTT in
Sp-0.3-23. The most striking longer repeats seen within the Sp-0.3 sequences,
in addition to those in Sp-0.3-16, are two non-adjacent sets of triply or
doubly repeated sequences in Sp-0.3-5, one 27 bp long and the other 40 bp long
(Fig. 6).

Hypermethylation of sequences in placental DNA. Two of the sequences

cloned from the 0.3 to 1 kb fraction of Hpall-digested sperm DNA, Sp-0.3-13
and -31, were more methylated at Hpall and Cfol sites in placental DNA than
were most of the copies of these sequences in a variety of adult somatic DNAs
or sperm DNA (Fig. 8). Although heart DNA contained some hypermethylated
copies of sequence Sp-0.3-13, most of its copies were completely unmethylated
at its two adjacent Hpall sites in contrast to placental DNA, which contained
no detectable unmethylated copies of this sequence (Fig. 8). This is the first
description of DNA sequences hypermethylated in placenta and contrasts with
the large extent of hypomethylation that generally characterizes human placen-
tal DNAs (11). Undifferentiated NT2/D1 EC cells, but not Hela cells, were
also hypomethylated at these sites (Fig. 8B).

DISCUSSION

Evidence for DNA methylation being involved in germ line-associated,
differential genetic imprinting of paternal and maternal genomes has recently
been reported (50-52). Another germ line-associated DNA methylation pattern
is that murine (26, 27), bovine (28), and human (24, 25) DNAs exhibit under-
methylation of certain satellite sequences in sperm but not in the respective
somatic tissue DNAs. Here, we demonstrate that several single-copy human DNA

sequences as well as a variety of repetitive DNA sequences display sperm-
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specific hypomethylation and that, in contrast, three human embryonal carcin-
oma cell lines are hypermethylated in all these sequences (Table 1). That
seven cloned sequences in this study and three in a previous study (29) show
generally similar hypermethylation in adult tissues representing derivatives
of all three primary germ layers suggests that de novo methylation of these
sequences (Sp-0.3 sequences) occurs before formation of the primary germ
layers. This hypothesis is consistent with the hypermethylation of these
sequences seen in amnion, which, like the three primary germ layers, derives
from the embryoblast (see below). Support for this hypothesis is also observed
in the de novo methylation of retroviral DNA in pre-implantation mouse embryos
but not in post-implantation embryos (53). The mammalian female germ line is
subject to X chromosome inactivation, which has been linked to DNA methyla-
tion, followed by reactivation, which may involve DNA demethylation (54 - 56).
Because of the above and because the mammalian germ line arises from the
embryoblast, we propose that the Sp-0.3 sequences in the male germ line, and
possibly also in the female germ line, undergo early de novo methylation
together with the rest of the embryoblast followed by demethylation specifi-
cally in the germ line.

The EC cell lines that were used in the present study originated from
testicular germ cell tumors and are thought to resemble early embryonic cells.
One of them, NT2/D1, can differentiate into a variety of somatic, but appar-
ently not trophoblastic cell types (37). The Sp-0.3 DNA sequences (Figs. 2-5;
Table 1) and the alphoid satellite DNA (Fig. 4) in these EC cells may be
hypermethylated as a result of de novo methylation early in their conversion
to teratocarcinoma cells from germ cells. Such methylation might resemble de
novo methylation very early in embryogenesis if the EC cells truly mimic their
embryonic counterparts. Alternatively, these cells may have never undergone
the demethylation associated with sperm formation and so may have retained the
hypermethylation characteristic of these sequences in somatic cell DNA.

The earliest event in mammalian differentiation is the formation of the
trophoblast lineage, which yields most of the tissues of term placenta. This
is distinct from the embryoblast (inner cell mass) lineage, which is the
precursor of the embryo proper plus certain extraembryonic tissues, such as
the amnion. The above Sp-0.3 sequences displayed a methylation level in
placenta intermediate to those in sperm and adult somatic tissues (Table 1;
29). Placental DNA has an m®C content markedly lower than those of sperm and
adult tissues (11) and shows an overall genomic hypomethylation even early in

embryogenesis (21). Also, the cell 1line 1411H, a model for yolk sac
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components, another extrasomatic cell lineage (30), was hypomethylated at
Sp-0.3 sequences (Figs. 2 & 5; Table 1). This may be the result of very early
de novo methylation followed by much demethylation of these sequences as these
extrasomatic lineages form. Alternatively, de novo methylation may occur to a
lesser extent in the trophoblast and yolk sac lineages. In contrast to the
hypomethylation in placenta of the Sp~0.3 sequences described in Table 1, two
sequences that we cloned were hypermethylated in placenta relative to all the
other studied cell populations (Fig. 8). This illustrates how intricate are
the patterns of changes in DNA methylation that accompany vertebrate differ-
entiation.

For the sequences displaying sperm-specific hypomethylation, a comparison
of various restriction digests suggests that the region of hypermethylation in
the adult somatic DNA is moderately long (>2 kb) and generally includes a high
degree of methylation at GCGC sites as well as at CCGG sites and at other CpG
sites (Figs. 1-3 and Results). Therefore, it is likely that the de novo
methylation during embryogenesis, which 1s responsible for this somatic
hypermethylation is a regional, rather than a localized, phenomenon. Local
primary structure is probably not a sufficient signal for embryonic de novo
methylation of adult somatic tissues because several sequences were found in
both methylated and unmethylated DNA fractions (Figs. 2B & 3; Table 1) and
because the sequences of the Sp-0.3 clones were quite diverse (Figs. 6 & 7).
The determinants of which chromosomal regions are subject to de novo methyl-
ation are unclear. Interspersed repeats (Sp-0.3-16) as well as tandem repeats
(Sp-0.3-15; Fig. 7) and single-copy sequences (Sp-0.3-4 and ~7; Fig. 6) are
included in this class of sequences showing sperm-specific hypomethylation.
Oligonucleotide sequences resembling RNA polymerase II promoter-associated
elements (CCAAT and GC boxes; 45) were seen in Sp-0.3-16 and Sp-0.3-5 and RNA
polymerase III promoter-associated sequences (the B box and the transcription
directing element; 48) in a 30-bp region of Sp-0.3-23 homologous to the Alu
repeat family (Figs. 6 & 7). Short tandem oligonucleotide repeats, especially
those with adjacent G or A residues on one strand were common (Figs. 6 & 7)
but are of unknown significance. Whatever the determinants for de novo methyl-
ation of the Sp-0.3 sequences (Table 1) and alphoid satellite DNA (Fig. 4; 25)
during embryogenesis, other regions of human DNA, such as ribosomal RNA genes
and CpG-rich regions of certain genes transcribed by RNA polymerase II (49,
57) are undermethylated in somatic as well as germ cells and, therefore,

escape this methylation.
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Although the physiological importance of these Sp-0.3 sequences is
unclear, the evidence for regional de novo methylation in a large number and
variety of sequences during early mammalian embryogenesis and, possibly, for
the corresponding demethylation in the germ line suggests an important func-
tional significance. The differentiation-associated de novo methylation of
these sequences and their demethylation or maintenance in a hypomethylated
state in the germ line should have been easily lost during evolution if it
served no selective advantage. That rodents, cows, and humans all contain DNA
sequences exhibiting this phenomenon (24-29; this paper) argues for essential
role(s) for this differential methylation. These might include influencing
chromatin structure because a number of satellite DNAs (24 - 28) and other
types of DNA repeats (29; this paper) exhibit sperm-specific hypomethylation.
Analysis of methylation of a variety of human DNA repeats in sperm and somatic
tissues 1is necessary to determine how frequently. sperm-specific hypo~
methylation is associated with repeated DNA sequences. This sperm-specific
hypomethylation might also affect recombination because the tandem Sst I
repeat (2.5 kb), of which Sp-0.3-15 (0.32 kb) is a part (Fig. 7) 1s present at
only two chromosomal locations, chromosome 19 (ql3.1-ql13.3) and 4 (4q31), one
which 18 a constitutive fragile site (43). Furthermore, Sp-0.3-16 has 85Z
homology to a 109-bp region downstream of the human B-globin gene cluster and
localized to a part of the genome that appears to have a high frequency of
nonhomologous, intramolecular recombination resulting in deletions (46).
Chromosomal localization of other Sp-0.3 sequences exhibiting sperm-specific
hypomethylation and isolation and characterization of 1larger, homologous
inserts from DNA libraries may provide further evidence for association of
these sequences with functionally important chromosomal structures. Such
analyses may also elucidate determinants for de novo methylation, a phenomenon

which can have a large influence on the expression of cloned genes (1 - 3;
49).
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