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Chromatin Structure and de Novo
Methylation of Sperm DNA:
Implications for Activation of the

Paternal Genome

Mark Groudine and Kathleen F. Conkin

The paternal genome is, according to
recent reports, somehow marked for se-
lective expression during early develop-
ment. For example, the male pronucleus
is essential for the formation of the ex-
traembryonic layers during embryogene-
sis of the mouse (/). In addition, the
paternal X chromosome is selectively
inactivated in the extraembryonic tissues
of various species (2). Thus, while it is
formally possible that paternal DNA is
completely reprogrammed on fertiliza-
tion by components of the egg, there is
evidence for the templating of informa-
tion for differential gene expression by
some component of sperm. We have
initiated a series of experiments to deter-
mine whether, as is the case in other
systems (see below), the structure of
sperm chromatin or the pattern of meth-
ylation of sperm DNA (or both) might
provide a basis for the templating of
information important in the selective
expression of paternal genes early in
development.

Changes in chromatin structure are
associated with the transcriptional acti-
vation of eukaryotic genes. For example,
active genes are preferentially sensitive
to digestion with deoxyribonuclease I
(DNase I) (3) and contain sites hypersen-
sitive to digestion with several nucleases
including DNase I, nuclease S1 (S1), and
restriction endonucleases (4). Hypersen-
sitive sites are also present within or
near several hormone binding sites and
sequences associated with enhancers (4).
In some cases, these sites appear when
the associated gene is transcriptionally
activated; in other cases, their appear-
ance precedes the onset of transcription
(4). In attempting to understand the de-
velopmental significance of the appear-
ance of changes in chromatin structure
during embryogenesis, we previously re-
ported that sites hypersensitive to DN-
ase I could be propagated continuously
through more than 20 cell divisions in the
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absence of the activity that was initially
responsible for generating the altered
chromatin structure (5). These experi-
ments suggested that at least some hy-
persensitive sites might serve as struc-
tural analogs for the transmission of ear-
ly developmental signals to progeny
cells, perhaps through a mechanism in-
volving protein bound to the DNA se-
quences comprising the hypersensitive
site (5, 6). :

ed by hypersensitive sites or undermeth-
ylation of specific regions of DNA are
important in providing information for
gene expression, how is this information
maintained in the hypermethylated, hy-
percondensed sperm chromatin in a form
that might be important in permitting the
expression of specific genes on the pater-
nal chromosomes during early develop-
ment?

As an initial approach to investigate
the possibility that information impor-
tant in determining the developmental
activation of specific paternal genes
might be encoded in some aspect of
sperm chromatin, we analyzed the chro-
matin structure and methylated state in
sperm DNA of constitutively expressed,
tissue-specific, and inactive genes of the
chicken. We thought that, if chromatin
structural elements are involved in the
propagation of information from sperm
to developing embryo, then housekeep-
ing genes like thymidine kinase (TK),
which are transcribed early in spermato-
genesis (that is, in spermatogonial cells),
would maintain the hypersensitive sites
associated with the expression of these
genes in the transcriptionally inert ma-

Abstract. The chromatin structure characteristic of constitutively expressed
genes, tissue-specific genes, and inactive genes is absent in chicken sperm chroma-
tin. However, point sites of undermethylation in sperm DNA within constitutively
expressed genes, but not within globin genes or an inactive gene, correspond to the
location of regions of altered chromatin structure (hypersensitive sites) in somatic
tissue and spermatogonial cells. A de novo methylation process whereby regions
within and flanking these genes become methylated, but which excludes the
methylation of sequences within hypersensitive sites, occurs between the spermato-
gonial stage and the first meiotic prophase. These undermethylated regions may play
a role in the activation of the paternal genome during embryogenesis.

In addition to the structural features of
chromatin revealed by nucleases, active-
ly transcribed genes are relatively under-
methylated compared to inactive genes
(7). The idea that DNA methylation
might also play a role in the propagation
of structural or transcriptional informa-
tion has been discussed (7).

Several groups of investigators have
shown that significant changes in struc-
ture and expression of chromatin occur
during vertebrate spermatogenesis. For
example, prior to the condensation of the
nucleoprotein complex in mature sperm
of various species, protamines replace
some classes of histones and transcrip-
tional activity ceases (8). In addition,
changes in the level of methylation of
sperm DNA as compared to somatic
DNA have been found for a number of
genes in most vertebrates thus far exam-
ined (7). Thus, these phenomena present
an interesting problem. If signals provid-

ture sperm chromatin, whereas inactive
genes such as the avian endogenous vi-
rus ev-1 and tissue-specific genes like the
globin gene, which are not active in
spermatogonia, would be propagated in
an inactive chromatin structure in sperm
nuclei. Our experimental results reveal
that the chromatin structure of all genes
examined is different in sperm from that
in various somatic tissues and spermato-
gonia. Hence, the maintenance in sperm
chromatin of structural features associat-
ed with active genes is not involved in
templating the paternal genome. Howev-
er, our results do reveal an unusual dif-
ference in the pattern of methylation of
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genes in sperm DNA; constitutively ex-
pressed genes, but not inactive or tissue-
specific genes, contain undermethylated
point sites that correspond to the loca-
tions of nuclease hypersensitive sites de-
tected in active copies of these genes in
spermatogonial and somatic cells. We
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Fig. 1. Hypersensitive sites in sperm chromatin resemble
those observed in supercoiled plasmid DNA, rather than
those characteristic of active chromatin. Nuclei from
designated tissues were digested under previously de-
scribed conditions (//, 20) with increasing concentrations
(as designated by the direction of the arrow) of DNase I or
S1. DNA was isolated, digested with Hind III (A, B) or
Hind III + Eco RI (C), and subjected to blot hybridiza-
tion (21) with **P-labeled nick-translated probe after elec-
trophoresis in 1 or 1.5 percent agarose gels. Plasmid DNA
was digested with S1 (/1), and processed similarly. Mark-
ers consisted of a combination of *?P-labeled Hind III
digests of ADNA and Hae III digested $X DNA; the
weight average molecular weights of the relevant markers
are indicated. Sub-bands indicative of hypersensitive sites
are indicated by arrows and labeled with letters a through
e. The locations of the corresponding hypersensitive sites
are shown on the line drawings; H, Hind III; R, Eco RI.
(A) Analysis of hypersensitive sites of the thymidine
kinase (TK) gene. Results were obtained with a probe
spanning the 675-bp region between the H and R sites
indicated on the line drawing, where the bold area indi-
cates the coding portion of the TK gene, and the arrow
represents the direction of transcription. (B) B*-globin |
hypersensitive sites. The end-labeled probe is indicated H
on the line drawing and consists of a 500-bp Hind III-

Bgl 11 fragment. In the analysis of the plasmid S1 sites, O

also find that a de novo methylation
process occurs between the spermatogo-
nial and primary spermatocyte stages of
spermatogenesis. Since this observed
wave of methylation specifically ex-
cludes DNA sequences included within
nuclease hypersensitive sites in sper-
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is the undigested plasmid DNA, S1 is S1-digested plasmid or nuclear DNA. The two 5’ Hind III
sites shown on the line drawing, HP and HN, correspond to a sequence polymorphism in the
plasmid (HP) compared to genomic/nuclear (HN) DNA. (C) ev-1 hypersensitive sites. The end-
labeled probe indicated on the line drawing consists of a 1-kbp Hind II1I-Pvu II fragment. The
bold line in the drawing represents proviral sequences, filled-in boxes represent the viral LTR’s,
the thin line indicates host DNA flanking ev-1. The plasmid used for the S1 analysis is defined
by the Hind III (H) and Eco RI (R) sites on the line drawing.
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matogonial cells, these results are com-
patible with a model whereby de novo
methylation operant during spermato-
genesis could play a role in the templat-
ing of information in sperm DNA.

Chromatin structure in sperm. In or-
der to determine whether an active chro-
matin structure in genes destined to be
expressed in the early embryo is main-
tained in mature sperm chromatin, we
compared the chromatin structure, as
assayed by the pattern of nuclease hy-
persensitive sites, of the chicken thymi-
dine kinase gene, the adult B“-globin
gene, and an inactive endogenous avian
retrovirus, ev-1 (9), in mature sperm to
the structure of these genes in somatic
tissues and in the testes of 4-week-old
chickens. By histological studies, these
early testes contain a minimum of 40
percent replicating spermatogonial cells,
but few more mature spermatogenic
cells. For all three genes examined (Fig.
1), the pattern of nuclease hypersensitive
sites detected in sperm chromatin is dis-
tinctly different from those patterns
found in chromatin analyzed from cells
which express these genes, or from cells |
in which these genes are inactive. For
example, no hypersensitive site is pres-
ent at the 5’ end of the TK gene in sperm
chromatin, whereas in other tissues, in-
cluding red blood cells (RBC) and the
early testes, the 5’ hypersensitive site is
the dominant site (Fig. 1A) (10). Similar-
ly, our analysis of the location of the
hypersensitive sites of the adult BA-glo-
bin gene reveals that in sperm chromatin
the dominant site near the 5’ end of g4
(Fig. 1B, site ¢) is different from the
dominant hypersensitive site in the red
blood cells in which this gene is ex-
pressed (Fig. 1B, site a) (11). Our analy-
sis also reveals that the inactive ev-1
provirus displays several nuclease hy-
persensitive sites in sperm chromatin,
whereas no such sites are typically evi-
dent in any other somatic tissue exam-
ined (Fig. 1C) (12). It has been shown
previously that expression of this inert
retrovirus can be induced by treatment
of ev-1-containing cells with 5-azacyti-
dine; under these conditions, the provi-
rus exhibits hypersensitive sites in posi-
tions analogous to those normally found
in active proviral DNA’s (12). Compari-
son of these azacytidine-induced hyper-
sensitive sites to the sperm-specific
hypersensitive sites of ev-1 also re-
veals that the pattern of sperm hyper-
sensitive sites is different from those
found in the activated proviral chromatin
(12).

In attempting to understand the basis
of these different hypersensitive sites in
sperm chromatin, we considered that
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such sites might result from the strain
induced by the extreme packaging of
DNA during spermatogenesis. It has
been shown that supercoiled, but not
relaxed, DNA will relieve some of the
supercoil-induced strain by forming al-
ternative DNA conformations that are
preferentially sensitive to S1 (11, 13).
Thus, we compared the locations of hy-
persensitive sites in sperm chromatin to
the location of S1 sites in supercoiled
plasmid DNA containing genomic inserts
of identical sequence. As shown in Fig.
1A, S1 digestion of supercoiled plasmid
DNA that contains the chicken TK gene
reveals a number of hypersensitive sites,
none of which map to the 5’ end of the
gene, although several correspond to
those sites observed in mature sperm
DNA (sites b, ¢, and d). Similarly, the
prominent S1 site in the supercoiled plas-
mid containing the adult B*-globin gene
is the most 3’ of the cluster of sites at the
5’ end of this gene (Fig. 1B, site c) (13),
the same site that is dominant in sperm
but not RBC chromatin. The difference
in location between the major RBC and
plasmid or sperm sites is shown in Fig.
1B. In addition, several minor sites are
coincident in sperm and plasmid, but are
absent in RBC nuclei (Fig. 1B). In the
case of ev-1, at least three of the nucle-
ase hypersensitive sites in sperm chro-
matin (Fig. 1C, sites a, b, and c) are
coincident with those in plasmid DNA’s
that contain a portion of this provirus.
Thus, the similar plasmid and sperm
S1 sites suggest that the hypersensitive
sites that can be assayed in sperm chro-
matin may be the consequence of the
fashion in which DNA is packaged dur-
ing spermatogenesis. In addition, these
results suggest that when sperm nuclei
enter the egg, the chromatin structural
characteristics of inactive and active
genes are not present and therefore can-
not provide the proposed structural cues
necessary to signal differential gene
expression early in embryogenesis.
Methylation of sperm DNA. In order
to determine whether genes destined to
be active in the early embryo might
display a characteristic pattern of meth-
ylation of CpG dinucleotides relative to
inactive genes or to tissue-specific genes
activated later in development, we ana-
lyzed the methylated state in sperm
DNA of two endogenous avian retrovir-
uses ev-1 and ev-3 (9), the chicken TK
gene, and the chicken B-globin gene clus-
ter. The assay for DNA methylation con-
sists of digesting DNA with the restric-
tion enzymes Msp I or Hpa II, both of
which cleave at the sequence CCGG.
Hpa II will not cut DNA that is methylat-
ed at either C (cytosine) residue, where-
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as Msp I will cleave this sequence
regardless of the state of methylation of
the C in the CpG (guanine) dinucleotide
(14). Our former analyses of ev-1 and ev-
3 in somatic tissue revealed that, while
the inactive ev-1 provirus is highly meth-
ylated in all somatic tissues, the active
ev-3 provirus, which contains more than
20 Hpa II sites detectable by Southern
blotting, displays no CpG methylation at
any of these Hpa II sites (/2). As shown
in Fig. 2A, Hpa II digestion of DNA
obtained from the sperm of an ev-1-
containing rooster reveals that this pro-
virus is also highly methylated in sperm
DNA. However, analyses of proviral
DNA in sperm obtained from a rooster
containing both ev-1 and ev-3 reveals a
prominent viral related band of 3.7 kilo-
base pairs (kbp) (Fig. 2, A and B), which
is not detected after Hpa II digestion of
RBC DNA from the same rooster (Fig.
2B). This 3.7-kbp Hpa II fragment has
been observed in the sperm DNA of ev-
3—containing roosters from several inde-
pendently derived flocks (15). In addi-
tion, no such band is observed upon the
digestion of either sperm (Fig. 2, A and
B) or RBC DNA (Fig. 2B) from any ev-1
only roosters, indicating that the 3.7-kbp
band is ev-3-specific. The 10-kbp frag-
ment (Fig. 2) is also specific to ev-3
sperm DNA, but is variably observed,

and represents partial cutting at site D
shown in the line drawing in Fig. 2. A
faint but reproducible 0.25-kbp band is
also observed in the ev-3 containing
DNA from sperm (Fig. 2A). Mapping of
these ev-3 sperm-specific Hpa II bands
by redigestion of the Hpa II samples with
either Eco RI, Sst I, or Bam HI (Fig.
2C) reveals that these sites of under-
methylation correspond to sites B, C,
and D illustrated on line drawing in Fig.
2; the hatched region corresponds to
approximately 16 Hpa II sites present in
ev-3 (12). Whereas all of these sites are
undermethylated in somatic tissue, only
site D is undermethylated in sperm
DNA. These results show that the active
ev-3 provirus, in contrast to the inactive
ev-1 provirus, displays at least three sites
that are undermethylated in sperm.

The possible significance of these un-
dermethylated point sites in ev-3 proviral
DNA of sperm became apparent when
their locations were compared to the
location of nuclease hypersensitive sites
in these same regions in chromatin of
somatic origin. We previously reported
that ev-3 contained two hypersensitive
sites, one in each of the two long termi-
nal repeats (LTR’s) of the provirus (12);
further mapping of the chromatin struc-
ture of this active provirus has revealed
the presence of three additional hyper-
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Fig. 2. Undermethylated Hpa II sites in sperm DNA of the active avian endogenous retrovirus
ev-3. (A and B) DNA from mature sperm and RBC of ev-1 or ev-1 and ev-3 roosters harboring
ev-3 was isolated, digested with the restriction endonuclease Msp I or Hpa II, and hybridized to
the probe shown in D. The arrows indicate Hpa II generated fragments specific to ev-3—
containing DNA. (C) The same DNA samples described in 2A above were digested with Eco RI
(RI), Sst I (S), Bam HI (Ba), Hpa II, or combinations of the above to map the locations of the
undermethylated Hpa II sites in sperm DNA. As shown in the drawing, those combinations of
digestions reveal sites B, C, and D to be hypomethylated in sperm DNA. The cross-hatched
area refers to a region of ev-3 containing 16 Hpa II sites. All 16 are undermethylated in somatic
tissues (15), whereas only site D is undermethylated in sperm DNA. The straight lines on the
top of the drawing indicate known Hpa II sites in ev-3, all of which are undermethylated in
somatic DNA. Derivation of the locations of undermethylated sites B, C, and D in sperm DNA

is shown below the line drawing.
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sensitive sites. As shown in Fig. 3A, Sst
I digestion of DNA from cells that con-
tain ev-1 and ev-3 reveals bands of 10 and
6.5 kbp corresponding to ev-1 and ev-3,
respectively. Analysis of Sst I digested
DNA derived from DNase I or S1 treated
nuclei reveals two additional bands of
5.8 and 4.5 kbp. The DNase I or S1
cleavage sites that generate these sub-
bands map to the locations indicated on
the line drawing at the bottom of the
figure, and are derived from ev-3 since
digestion of nuclei containing only ev-1
reveals no such sub-bands (Fig. 1C) (12).
Additional sub-bands revealed by
Eco RI digestion of DNA isolated from
DNase I or S1 treated nuclei correspond
to hypersensitive sites A, B, and C (Fig.
2, line drawing). Although the data in
Fig. 3 are derived from an analysis of
RBC nuclei, these hypersensitive sites
are detectable in the nuclei of every
somatic tissue analyzed thus far, as well
as in nuclei from the testes of 4-week-old
roosters (15). Incubation of intact nuclei
with restriction endonucleases has
shown that DNA sequences within S1 or
DNase I hypersensitive sites are often
preferentially accessible to digestion
with these nucleases as well (16). Using
this assay, we have observed that even
though all detectable Hpa II sites in
DNA purified from ev-3-containing cells
are undermethylated in RBC, only those

sites associated with sequences in the
DNase I and S1 hypersensitive regions
are accessible to Msp I on digestion of
intact nuclei (Fig. 3A).

Comparison of the location of ev-3-
associated hypersensitive sites in somat-
ic tissue and immature testes and sites of
Hpa II undermethylation in sperm DNA
reveals that the three undermethylated
Hpa II sites in sperm DNA (Fig. 3, sites
B, C, and D in the line drawing) are
located within regions defined by hyper-
sensitivity to DNase I and S1 and acces-
sibility to Msp I in these other tissues.
Because of the lack of CpG’s in methyl-
ation-sensitive restriction enzyme sites
in the LTR’s of this endogenous provirus
(I7), we are unable to determine the
methylated state of DNA in the regions
corresponding to hypersensitive sites A
and E located within the LTR’s (Fig.
3A). The coincidence of hypersensitive
sites B, C, and D (Fig. 3, line drawing)
with the undermethylated point sites in
sperm DNA is substantiated by the re-
sults in Fig. 3B. As shown in Fig. 3B,
sperm DNA digested with Hpa II has
been redigested with either Eco RI or
Bam HI and run on the same gel as DNA
isolated from DNase I treated nuclei and
digested with the same restriction en-
zymes. Blotting and hybridization to the
viral probe (Figs. 2 and 3A) indicates
that the Hpa II-Eco RI generated 3.5-
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kbp band derived from sperm DNA co-
migrates with the similarly sized sub-
band generated by Eco RI digestion of
DNA isolated from DNase I treated RBC
nuclei. The larger sub-band detected
with Eco RI digestion of the DNase I
samples is a hypersensitive site located
in the LTR (site A); since no Hpa II site
is present in the LTR, no Hpa II frag-
ment corresponding to cleavage at site A
is observed. Similarly, Bam HI digestion
of the same samples reveals the comigra-
tion of the Hpa II generated band from
sperm DNA and the smaller of the two
DNase I sub-bands which is generated
by DNase I cleavage at site C. Both
products are seen with DNase I since the
probability of DNase I cleavage at two
hypersensitive sites on the same mole-
cule is low (5, 18). The absence of a Hpa
II digestion product corresponding to
cleavage at site B is explained by the fact
that Hpa Il cleaves at sites B and C in the
same DNA molecule, resulting in the
0.25-kbp band described in Fig. 3.
Similar analyses were carried out on
the chicken TK gene. A summary of our
previous analysis of Hpa II site methyl-
ation associated with this gene in somat-
ic tissue and sperm DNA (10) is shown in
Fig. 4A. Of the multiple Hpa II sites
associated with the TK gene, only 1 (site
h) is methylated in somatic tissue. In
contrast, sites f, g, h, and i are methylat-
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Fig. 3. Location of hypersensitive sites within the
active avian endogenous retrovirus ev-3 correspond to
the location of undermethylated sites in sperm DNA.
D (A) The mapping of hypersensitive sites was per-
formed as in Fig. 1. After Msp I or S1 digestion of RBC

nuclei, the resultant DNA was restricted with either
Sst I or Eco RI, and blot hybridized to a 1.35-kb Bam fragment (bold region on the line drawing). The sizes of parent bands are indicated by
straight lines, and sub-bands are designated by arrows and corresponding sizes. The locations of hypersensitive sites A through E are indicated
on the line drawing, and examples of the mapping of these sites are shown under the line drawing. The open squares indicate the location of the
LTR’s of ev-3; R, Eco RI; S, Sst I; Ba, Bam HI. (B) The identity of the undermethylated point sites in sperm with hypersensitive regions in so-
matic tissue is confirmed by the comigration of Hpa II generated fragments in sperm DNA with sub-bands generated by DNase I in RBC nuclei.
Sperm DN A was digested with either Eco RI or Bam HI and then redigested with Hpa II, revealing the characteristic Hpa II fragments mapped in
Fig. 2C. On the same blots, a DNase I digested DNA obtained from DNase I treated RBC nuclei was cleaved with Eco RI or Bam HI, revealing
the characteristic sub-bands described in Fig. 3A.
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ed in sperm DNA (10). If the hypothesis
that undermethylated sites in sperm
DNA correspond to regions of altered
chromatin structure in somatic tissue or
spermatogonia, then Hpa II sites a
through e and sites j and k should be in
regions of altered chromatin structure in
these tissues, whereas sites f through i
should not. Experimentally, we ap-
proached this question by digesting ei-
ther embryonic RBC, brain, or 4-week
chick testes nuclei with Msp I or DNase
I and then determining the sites accessi-
ble to these endonucleases. As shown
for the Msp I treated testicular nuclei
(Fig. 4B), Hind III digestion of the puri-
fied DNA reveals that sites a through e
are accessible to Msp I, whereas sites f
and g are inaccessible, as indicated by
our failure to observe a fragment corre-
sponding to the limit Msp I-Hind III
digestion of naked cellular DNA. By
using the same probe and digesting the
DNA from the Msp I treated nuclei with
Bgl II, we can also conclude that sites h
and i are inaccessible to Msp I in these

nuclei, whereas sites j and k are accessi-
ble to the enzyme (I5). This conclusion
is confirmed by the demonstration that
sites j and k correspond to DNase I
hypersensitive sites in testicular cells of
the 4-week-old chick, whereas sites h
and i do not (Fig. 4B). Figure 4B also
shows three additional hypersensitive
sites (1, m, and n) 3’ to the TK coding
region. As determined by Southern blot
analysis of partial Hpa II digests of so-
matic and sperm DNA, there are more
than ten Hpa II sites between | and n of
which only 1, m, and n are unmethylated
in sperm (/5). Thus, as in the case of ev-
3, sites of undermethylation in sperm
DNA within the TK gene correspond to
the location of hypersensitive sites in
cells in which this gene is expressed.

In order to ascertain whether the cor-
relation between undermethylated point
sites and nuclease hypersensitive sites is
restricted to genes marked for expres-
sion in the early embryo, we also exam-
ined the pattern of methylation in the
chicken B-globin gene cluster, which

does not become transcriptionally active
in erythroid cells until 32 hours of em-
bryonic development (19, 20). At that
time, the embryonic rho (p) and epsilon
(e) B-like globin genes are activated,
whereas the B#- and BH-globin genes are
not transcribed until day 6 to 7 of em-
bryogenesis (19, 20). As shown in the
line drawing in Fig. 5, Hpa II sites are
present within the 5’ and 3’ hypersensi-
tive sites of all four B-like genes (27), and
are undermethylated in those cells in
which the specific gene is transcribed
(22). No Hpa II cleavage is observed in
the 14 kbp of the avian B-globin domain
containing sequences 5’ and 3' to the p
gene and 5’ to the BM gene in sperm
DNA. This is indicated by the lack of
additional bands on Hpa II cleavage of
Sst I (S) or Eco RI (R) digested sperm
DNA (Fig. 5). Analysis of the B* and
gene regions, however, does reveal the
generation of an additional band upon
Eco RI-Hpa II digestion of sperm DNA
(Fig. 5). Extensive mapping of the Hpa II
cleavage in this region (15) reveals that
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22| |£0  cm =1l 1l 14 koM3 kb cells were digested with increasing concentrations of Msp I (left) or
f T ’1{ Lk \ ; BT DNase I (right). The DNA was isolated and restricted with Hind III
M o i Liube 81 (left panel) or Bg! II (right panel) and then blot-hybridized to a 700-bp
b k fragment spanning the Bgl II (Bgl) and Hind III (H) sites on the line
¢ . ! % drawing. Letters a to k correspond to the Hpa II sites depicted in A.
- n The analysis reveals that sites a through e and sites j through n are
1 kbp 1 ,ﬁ. p accessible to Msp I or DNase I in these nuclei, whereas sites f through

Hpa II sites Within erythroid-specific hypersensitive sites in the chicken -

i are inaccessible. Fig. 5 (right). Methylation in sperm DNA of
globin locus. Sperm DNA was digested with Msp I (M), Hpa II (H), Sst

I(S), Eco RI (R), or combinations of Hpa II with either Sst I or Eco RI, and then blot hybridized to the B° probe (left panel) or B probe (right pan-
el), as indicated on the line drawing below. Locations of relevant restriction sites are S, Sst I; R, Eco RI; H, Hpa II. Hypersensitive sites found in
red blood cells are indicated by arrows on the top of the drawing. E, sites found in embryonic RBC; A, sites in adult RBC; EA, sites in both adult
and embryonic RBC. Hpa II sites are indicated by unmarked vertical lines.
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the undermethylated site is one of three
Hpa II sites 5’ to the adult B* gene, a
Hpa II site which is undermethylated in
every embryonic and adult tissue exam-
ined (15, 2I). In contrast, all three of
these 5' sites are unmethylated in adult
erythroid cells (22), and are contained
within a red cell-specific hypersensitive
site (16).

These data reveal that Hpa II sites
within hypersensitive sites of the embry-
onic p- and e-globin genes, the adult M
gene, as well as all but one Hpa II site
within the B# gene are fully methylated
in 4-week testicular DNA and sperm
DNA. Specifically, Hpa II sites within
the 5’ and 3’ hypersensitive sites of the
first B-like genes to be activated in the
developing embryo are fully methylated
in sperm DNA. Thus, in contrast to the
two constitutively expressed genes de-
scribed above, regions of potential regu-
latory significance within these tissue-
specific genes are not marked as differ-
ent from other regions of the domain in
sperm.

Timing of methylation during sper-
matogenesis. The experiments present-
ed above indicate that, for two constitu-
tively expressed genes, but not for glo-
bin, point sites of Hpa II undermethyla-
tion in mature sperm DNA correspond to
sites of altered chromatin structure in

somatic tissues and spermatogonia.
These results raise the possibility that
these regions of undermethylated DNA
may be involved in the templating of
information in sperm DNA. If this notion

“is correct, then the time during develop-

ment when the methylation pattern of
sperm DNA is established could be im-
portant in determining which genes will
become part of this postulated templat-
ing. Thus, we assayed the state of meth-
ylation of ev-3 and TK in DNA isolated
from cells in different stages of sper-
matogenesis. For this analysis, we com-
pared DNA’s from the spermatogonial
enriched testes of 4-week-old chickens
to DNA isolated from later stages of
spermatogenesis including primary sper-
matocytes in the late pachytene stage of
the first meiotic prophase, round .sper-
matids, condensing spermatids, and ma-
ture sperm.

In the DNA of early testicular cells,
the ev-3 and TK genes are as undermeth-
ylated as in somatic tissues (Fig. 6),
whereas in primary spermatocytes and
more mature spermatogenic cells these
genes are as methylated as in mature
sperm. One possible explanation for
these results is that these genes are also
hypermethylated in the spermatogonial
cells, but that we are failing to detect the
contribution of DNA from these cells in

Fig. 6. De novo methyl- Thymidine kinase ev-3
ation of TK and ev-3 during o8 &3
spermatogenesis.  Total §oloa é £ y 8 e
testicular cells from an e 5 3 P 8 <= 8
ev-1/ev-3—containing adult el - & Gu @ E & @
rooster were separated by BB g e e 23 o o
unit gravity sedimentation $ 8 USR8 2 %95 2
(31). The prominent cell & e L S I S LA =
types isolated by this tech- — T e HHH H
nique are primary (1°) sper- HMHMHMHM MH ek

matocytes, round sperma-
tids, and condensing sper-
matids. DNA from these
cells, as well as from ma-
ture sperm and cells from
4-week chick testes, were
digested with Hpa II (H) or
Msp I (M) and blot hybrid-
ized to the Hind III-Bgl II
TK probe (Figs. 1A and
4B) or the proviral probe
(Figs. 2 and 3). For both
genes, an increase in meth-
ylation is observed be-
tween the 4-week testicular
DNA and spermatocytes,

. . W e w
2:9\;-. - . e

2

. 4.2
.::-3_3 e =370

ARRR

whereas no further changes in methylation are observed beyond the 1° spermatocyte stage. The
arrows indicate the Hpa II generated fragments. For TK, Msp I digestion reveals a 2.9-kbp
fragment in DNA from all stages, whereas Hpa II digestion reveals a 3.0-kbp fragment in 4-week

testes DNA, and 4.2 and 3.8 kbp fragments in DNA from all cells in later stages of .

spermatogenesis. The 2.9 kbp Msp I generated fragment corresponds to cutting at sites g and h
(Fig. 4A); the 3.0 kbp, to cleavage at g and i; and the 3.8 and 4.2 kbp, to cutting at sites e or f and
jand k, respectively. For ev-3, in addition to the appearance of the 3.7 kbp ev-3 Hpa II fragment
from the 1° spermatocyte stage onward, all lower molecular weight fragments except the 0.25
kbp band have disappeared, indicating the methylation of the corresponding sites at this
developmental time. The higher molecular weight Hpa II fragments in early testes are derived
from the inactive ev-1 provirus (Fig. 2, A and B).
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our analysis of total testicular DNA.
However, since spermatogonia contrib-
ute 40 percent of these early testicular
cells and, as previously shown, we are
able to detect alternative patterns of
DNA methylation and chromatin struc-
ture contributed by cells making up less
than 10 percent of the population under
investigation (20), we think that this is
unlikely. Therefore, we conclude that a
de novo methylation of these genes oc-
curs at a developmental time between
the transition from spermatogonial cell
to primary spermatocyte. In contrast to
these constitutive genes, we have ob-
served that the pattern of methylation of
the B-globin, ovalbumin, and vitello-
genin loci, none of which contain hyper-
sensitive sites in spermatogonial cells
(for example, Fig. 1B) is unchanged be-
tween spermatogonial cells and mature
sperm (15). Thus, the observed under-
methylation of DNA sequences in the
hypersensitive sites of constitutively ex-
pressed genes appears to reflect a tem-
plating of those genes that contain nucle-
ase hypersensitive sites and are ex-
pressed in spermatogonial cells.

Implications for the developmental ac-
tivation of the paternal genome. In at-
tempting to understand the molecular
basis for the selective expression of the
paternal genome early in development,
we have examined the chromatin struc-
ture and pattern of DNA methylation in
sperm of constitutively expressed, inac-
tive, and tissue-specific genes. Our re-
sults show that specific hypersensitive
sites normally associated with gene ac-
tivity in somatic and spermatogonial
cells are not present in sperm chromatin;
rather, S1 hypersensitive sites character-
istic of the local unwinding of DNA
sequences in supercoiled plasmids are
observed in sperm chromatin. Thus, in
contrast to the propagation of hypersen-
sitive sites through multiple cell divi-
sions in somatic chromatin (5, 23), the
alternative chromatin structures associ-
ated with gene activity are not main-
tained during the process of spermato-
genesis.

We have observed, however, that, in
sperm DNA, sequences within nuclease
hypersensitive sites of constitutively ex-
pressed genes are preferentially under-
methylated. While we have presented
only the analysis of Hpa II site methyl-
ation, we have observed similar phenom-
enon regarding Hha I site methylation of
sperm DNA (15). Since the methylation
of sequences outside the hypersensitive
site regions of these genes occurs be-
tween the spermatogonial and primary
spermatocyte stages of spermatogenesis,
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our results suggest that the general in-
crease in methylation of sperm DNA
compared to somatic DNA is the result
of a de novo methylation process oper-
ant during spermatogenesis, a process
that excludes those DNA sequences
within hypersensitive sites in spermato-
gonial chromatin. Since sequences capa-
ble of forming hypersensitive sites in the
usually inactive provirus ev-1 are meth-
ylated in sperm DNA, whereas the same
regions in the active ev-3 provirus are
undermethylated in sperm DNA, the ba-
sis for this specificity does not appear to
reside simply in DNA sequence per se.

-These results raise several questions
regarding the mechanism whereby un-
dermethylated point sites are established
during spermatogenesis, the generality
of the correlation between undermethy-
lated point sites in sperm and regions
that include hypersensitive sites in sper-
matogonial cells, and, finally, the signifi-
cance of this correlation for regulation of
expression of the paternal genome after
fertilization. Figure 7 presents a model
that combines our results with the idea
that the maintenance of hypersensitive
sites in an undermethylated state in
sperm DNA marks such sites as signals
for gene activation early in development.

It is possible that the de novo methyl-
ation of DNA during spermatogenesis
might play a role in, for example, DNA-
protein (24) (or protamine) interactions
important in condensation of the sperm
nucleus. The preferential undermethyla-
tion at regions of hypersensitive sites
could be based on the presence of a
protein at such local alterations in chro-
matin structure (5, 6), thereby inhibiting
the procession of the methylase, or
based on the lack of specificity of the
methylase for regions of altered DNA
structure. In the former case, the under-
methylated regions would be virtual
footprints of such proteins, and if these
proteins were lost during the process of
spermatogenesis, the undermethylated
state of these binding sites might then
facilitate either the formation of alterna-
tive DNA structures (25) or the binding
of regulatory proteins to these sites early
in development. Such a model would
thus predict that the maintenance of
these hypersensitive sites in an under-
methylated state in sperm DNA would
mark such sites as signals for gene acti-
vation early in development.

If this model is valid, then the correla-
tion between hypersensitive sites and
undermethylated sites in sperm DNA
should be found for other constitutively
expressed genes. In fact, reports from
other investigators concerning the meth-
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ylated state of constitutively expressed
genes suggest that the 5’ regions of such
genes are undermethylated in sperm
DNA (26). While the relation of these
reported undermethylated sites in sperm
DNA to hypersensitive sites in sper-
matogonia and somatic tissues has not
yet been addressed directly, the location
of such undermethylated sites in sperm
DNA is coincident with a region often
associated with nuclease hypersensitivi-
ty. It has also been reported that DNA
introduced into mouse embryos prior to
their implantation can become highly
methylated during embryogenesis (27).
Thus, it would be interesting to deter-
mine whether the relationships among
gene expression, chromatin structure,
and sites of undermethylation that we
have defined during spermatogenesis are
evidént in this system, or if the proposed
templating of the paternal genome is
unique.

Since we have shown that in sperm
DNA tissue-specific genes do not exhibit
undermethylation at regions of potential
hypersensitive sites [and similar conclu-
sions can be derived from the work of
others (26, 28)], our model regarding the
templating of developmental cues in
sperm DNA cannot account for the acti-
vation of tissue-specific genes during

embryogenesis. In this model, the acti-
vation of tissue-specific genes later in
development would be the consequence
of other developmental cues, which may
be present in the egg or activated
through subsequent events.

The wave of de novo methylation oc-
curs during a stage when spermatogonial
genes are active in transcription, but
prior to the reported transcriptional acti-
vation of genes specific to the haploid
stages of spermatogenesis such as prot-
amines and a testes-specific a-tubulin
(29). Our model would therefore predict
that, in addition to housekeeping genes
involved in DNA replication and other
nonspecialized functions, germline-spe-
cific genes presumed active in spermato-
gonial cells would also be templated in
sperm DNA. Thus, one possibility would
be that the observed marking of sperm
DNA could be important not only in the
early activation of constitutive genes of
the patérnal genome but also in the initia-
tion of the germline program, due to the
maintenance of signals in the hypersensi-
tive site DNA sequences of spermatogo-
nial (that is, germline) specific genes. In
contrast, genes whose products are spe-
cific to the later stages of spermatogene-
sis would not be templated in the fashion
described above. In addition, since the

Constitutive Tissue specific inactive
1
Somatic Spermatogonial
B I e = s
somatic tissue
m m m m m m m m
Spermatogonia ‘?_C—T*_F>f e -*—q}r R
m m m m m m m m
de novo -
methylation
Sperm 7—#>—r— -—l—-L_T—‘._T—E>-'—— —T—;i:r{ﬁ—r —T%;L_)—T
m m m m m m m m m m m m m m
Post-
fertilization *—%——f%— T5—>T %T‘;%r T T
m m m m m m m m m m m

m m m
j Transcription

R

Early embryo

jr(:;ﬁ

Fig. 7. Model for templating of the paternal genome. In somatic cells, inactive, tissue-specific
and constitutive genes display the chromatin structure and pattern of methylation typical of
each class; that is, active genes (open boxes with arrowheads) contain hypersensitive sites
(thick arrows) and unmethylated CpG dinucleotides (vertical lines), while inactive genes (open
boxes without arrowheads) do not contain hypersensitive sites and are methylated (vertical
lines marked with an m). These relationships are also evident in the chromatin of spermatogoni-
al cells. During the transition from immature to mature sperm, however, all genes acquire a
novel pattern of hypersensitive sites (thin arrows) which more closely resembles that seen in
supercoiled plasmid DNA’s that contain inserts of these genes. In addition, CpG residues which
were included within hypersensitive sites in spermatogonial cells remain specifically under-
methylated in mature sperm. These undermethylated point sites may serve to template the
paternal genome such that constitutive and spermatogonial-specific genes are activated after
fertilization. The methylated sites of constitutive and spermatogonial-specific genes not
associated with hypersensitive sites would become progressively unmethylated after continued
transcription in the embryo. Activation of tissue-specific genes later in development would
require additional events to initiate expression.
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de novo methylation process occurs pri-
or to the expression of these postmeiotic
genes, increased methylation of these
genes might play a role in their transcrip-
tional activation, as has been reported
* for the mouse transplantation antigen H-
2k gene (30). These possibilities can be
tested by isolating spermatogonial- and
postmeiotic-specific genes, and deter-
mining the chromatin structure and
methylation of these genes during vari-
ous stages of spermatogenesis, as well as
determining the timing of their activation
during embryogenesis.
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