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Abstract. The state of DNA methylation of the X chromosomes of human interphase oogonia 
from a 46,XX and a 46,XX/47,XXX fetus at 17 weeks of gestation was tested immunocyto- 
chemically with an antibody to 5-methylcytosine (5MeC). Of 1637 oogonial nuclei from the 
46,XX fetal ovary, 3 13 (19.1 %) contained Barr bodies, of which 93.6% were positive for 5MeC. 
Of 1780 oogonia from the 46,XX/47,XXX fetus 327 (18.4%) contained Barr bodies; 175 oogonia 
had one Barr body and 152 had two. Of the single Barr bodies 145 (82.8%) had positive 5MeC 
reaction product. Of the 152 oogonia from the XXX line, 97 (63.8%) had positive 5MeC on both 
Barr bodies, 35 (23%) had one positive and one negative, and 20 (1 3.1%) had no product on 
either Barr body. This immunocytochemical evidence supports the hypothesis that the DNA of 
the inactive X-chromosome of the human 17-week gestation oogonium is methylated. o 1987 

Society for Experimental Biology and Medicine. 

As originally proposed, the Lyon hypothesis 
(1) postulated random clonal inactivation of 
one of the two X-chromosomes in female 
mammalian somatic cells, thus resulting in 
dosage compensation with reference to the 
male. The cytologic marker for the inactive 
human X-chromosome has been well docu- 
mented to be the Barr body (2). Since the orig- 
inal enunciation of this hypothesis, modifi- 
cations of the state of inactivity of the X-chro- 
mosome have been suggested (3-5) as well as 
numerous theories on the mechanism and 
maintenance of inactivation (6-8). One of the 
models which has been proposed implicates 
methylation of the X-chromosome DNA as a 
repressor of gene activity (9, 10) as measured, 
for example, by X-linked enzymes ( 1 1, 12), or 
inhibition of methylation by 5-azacytidine 
with resultant expression of genes ( 13). How- 
ever, when testing the methylation of the two 
X-chromosomes of human leucocyte meta- 
phase preparations by immunocytochemical 
localization, Miller et al. (14) were unable to 
detect a difference in reaction product between 
these chromosomes at this stage of mitosis. It 
was the purpose of the present work to ex- 
amine a sample of human fetal oogonia with 
similar methodology for the possibility that the 
inactive X observed cytologically as a Barr 
body was significantly methylated during 00- 
genesis. 

Materials and Methods. Two aborted hu- 
man female feti, aged 17 weeks, provided 00- 
gonia for study. Mitotic metaphases in the first 
case revealed it to be a 46,XX and the second 
case to be a 46,XX/47,XXX mosaic. The 
specimens were recovered within an hour of 
passage, and ovaries were rapidly removed and 
processed for cytologic examination of oogo- 
nia and oocytes by a modification of the 
method of Fang and Jagiello ( 15). Fetal ovaries 
were cut into 1-mm cubes and placed in 0.07 
A4 KCl at 38°C for 5 min. Cubes were fixed 
in fresh 3: 1 absolute ethano1:glacial acetic acid 
and squashed and smeared on clean, cold, wet 
slides. Slides were air dried in a desiccator. 
Interphase oogonial nuclei were located by the 
criteria of Baker ( 16) with a 1 OOX Zeiss Plan- 
apo phase lens for identification of the absence 
or precise location of Barr bodies and verniers 
were recorded. The Barr body was defined for 
this scoring as a dark planoconvex structure 
of approximately 1 pm in diameter resting 
against the nuclear membrane (2). Slides were 
replaced in a desiccator for 48 hr and then 
processed for the immunocytochemical local- 
ization of 5-methylcytosine (5MeC) using a 
rabbit anti- 5 -methylcytidine. This antibody 
has been characterized in publications by 
Schreck et al. (1 7) ,  Lubit et al. (1 8, 19), and 
Tantravahi et al. (20,21), and is the same an- 
tibody as used by Miller et al. ( 14). Slides were 
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rinsed in filtered PBS, pH 7.2, placed in petri 
dishes containing PBS, and irradiated at a dis- 
tance of 30 cm from a 30-W uv germicidal 
lamp (General Electric Co.) for 8 hr at ambient 
temperature. They were rinsed with a spray of 
PBS, washed in a Coplin jar containing PBS 
for 5 min, drained, and covered with 0.3 ml 
of a 1:75 cold dilution of the anti-5MeC in 
PBS. Slides were incubated in a high humidity 
chamber at room temperature for 40 min, 
drained of antibody, and rinsed once with PBS 
as before. A second goat antibody against rab- 
bit immunoglobulin tagged with peroxidase 
(Miles Laboratories) was layered on the slides 
at a dilution of 150 and incubated at room 
temperature for 40 min. Slides were again 
rinsed with PBS, incubated at room temper- 
ature for 20 min in 50 ml of a filtered solution 
of 50 mg 3,3’,diaminobenzidine (Sigma) dis- 
solved in 100 11.1 dimethylsulfoxide (Fisher 
Scientific Co.) and 0.003% hydrogen peroxide 
in PBS, and then rinsed two times with PBS. 
Slides were dehydrated in successive passages 
of 2 min each through 50% to absolute alcohol 
and air dried. Control slides of human leu- 
cocyte metaphases and oogonial preparations 
omitting the first or second antibody were run 
simultaneously. Oogonial nuclei were relo- 
cated on the slides using the previously re- 
corded verniers and immunoperoxidase- 
treated slides scored for the presence of reac- 
tion product on Barr bodies at lOOX with a 
Zeiss Neofluar objective. Barr bodies were 
scored as postive for 5 MeC if they revealed 
significant overlying brown reaction product 
(Figs. 1 b- 1 h). Somatic cell nuclei adjacent to 
the oogonial nuclei were scored for reaction 
product in the same manner. 

Results. The human leucocyte metaphases 
revealed positive reaction product on chro- 
mosomes 1, 9, 15, and 16 as previously re- 
ported by Lubit et al. (18). Negative controls 
displayed no reaction product on somatic or 
oogonial nuclei. Methylation of the Barr bod- 
ies in the 46XX and the mosaic 46,XX/ 
47,XXX cases was seen in a significant per- 
centage of oogonia (Table I). In 1637 oogonia 
from the 46,XX fetal ovary, 313 or 19.1% 
contained Barr bodies (Fig. la). Of these, 
93.6% revealed immunoperoxidase reaction 
product on the Barr body (Fig. lb). Oogonia 
(1780) from the 46,XX/47,XXX fetus were 
studied, of which 327 ( 18.4%) contained Barr 

bodies: 175 oogonia had a single Barr body 
and 152 had two Barr bodies (Table I); 145 
(82.8%) had single Barr bodies with overlying 
SMeC reaction product. Oogonia from the 
47,XXX line demonstrated 97 (63.8%) with 
both Barr bodies positive, 35 (23%) with one 
Barr body reactive and 20 ( 13.1 %) oogonia 
where neither Barr body was positive (Figs. 
1 c- 1 h). Of all oogonia from both cases wherein 
SMeC positive Barr bodies were scored, 98% 
had reaction product in the nuclei presumed 
to be on one or more of the known autosomal 
(No. 1, 9, 15, or 16) sites (Figs. lb-lh). 

Scores of 1 97 fibroblast/somatic nuclei from 
the 46,XX case, 99 of which had Barr bodies, 
revealed 94 (95%) had 5MeC reaction product, 
while 5 ( 5 % )  were negative. The 46,XX/ 
47,XXX case provided 260 somatic nuclei for 
scoring, of which 119 (46%) had one or two 
Barr bodies. In the 46,XX line, 79 (79%) of 
100 Barr bodies had SMeC product and 21 
(2 1 %) did not, while the 47,XXX line provided 
a total of 19 somatic nuclei with double Barr 
bodies: 13 (68%) of these had SMeC on both 
Barr bodies, 2 (1 1%) had one positive and one 
negative, and 4 (21%) had no detectable re- 
action product on either Barr body. 

Discussion. The question of inactivation of 
the sex chromosomes during mammalian oo- 
genesis presents an especially interesting ex- 
ample of the more complex issues of when 
and how X inactivation occurs and is main- 
tained, the possible relationship to chromatin 
condensation, essentiality to X-linked gene 
expression, and the possibility of an X inac- 
tivation-reactivation cycle (3). The present 
study addresses one aspect of these points, the 
possibility that fetal human oogonia at 17 
weeks gestation contain an inactive X chro- 
mosome detectable as a Barr body in which 
the DNA is methylated. No accurate predic- 
tions about effects of hyper- or hypomethyl- 
ation of the inactive X chromosome can be 
made, however. 

The gestational age of the fetuses studied in 
the present work was accurately determined 
by ultrasonography of biparietal diameter and 
femur length. A significant population of oo- 
gonia were available for analyses in which 
19.1% of the 46,XX cells from the first fetus 
contained a Barr body and 18.4% of the 
46,XX/47,XXX contained one or two Barr 
bodies. The presence of oogonia in these fetal 
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FIG. 1. Immunocytochemical staining for 5-methyl cytosine of Barr bodies in human interphase oogonia.
(a, c, e, g) Phase micrographs showing Barr bodies in nuclei (small arrow). (b, d, f, h) Positive 5-methyl
cytosine reaction product (double small arrows); negative (large arrow). (b-h) Reaction product on putative
autosomes seen. 1500X.
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TABLE I. IMMUNOCYTOCHEMICAL REACTIVITY WITH A N T I - ~ M ~ C  OF HUMAN INTERPHASE OOGONIA NUCLEI 

Oogonia with Ban body:n 5MeC (96) Two Ban bodies 5MeC:n (%) 
Total Barr bodies 

Karyotype oogonia + (++)% (+-) (-1 - 

46,XX 1637 313 (19.1) 293 (93.6) 20 (6.4) - - - 
46,XX/47,XXX 1780 327 (18.4) 145 (82.8) 30 (17.1) 97 (63.8) 35 (23) 20 (13.1) 

Note. (+) One with 5MeC reaction product; (++) both with product; (+-) one with product, one without; (--) 
both without product. 

ovaries was consonant with the report of Baker 
(16) who quantified 33.8% of the germ cells 
in the human ovary as oogonia at 4 months 
postconception. This author did not score 
oogonia for the inactive X, but Ohno et al. 
(22) found human oogonia at 3 months ges- 
tation to be sex chromatin negative, and had 
earlier suggested that reactivation of the in- 
active X, as diagnosed by the Barr body, oc- 
curred at the time of differentiation of the pri- 
mordial germ cell into an oogonium upon en- 
try into the gonad (23). Since the number of 
oogonia sampled in the present study was siz- 
able, it is probable that the difference from the 
Ohno study represents sample size or variable 
gestational dating. 

The immunocytochemical detection of 5- 
methylcytosine in the Barr bodies of both sets 
of fetal oogonial specimens with the specific 
antibody used was definitely positive when 
compared with control oogonia. However, 
Miller et al. (14) studying leucocyte mitotic 
metaphases of female human and owl monkey 
using the same antibody and method for test- 
ing methylation of the two X chromosomes 
observed that the antibody bound lightly to 
the arms of all chromosomes and the two X 
chromosomes did not differ from each other. 
It was concluded that the inactive X at the 
metaphase stage in the leucocyte cell cycle was 
not hypermethylated and thus X inactivation 
did not involve methylation of a majority of 
potential sites on the inactive X. In the oogo- 
nial nuclei studied in the present experiment 
positivity for 5MeC was detected over the in- 
active X seen as the Barr body and four nuclear 
sites which could represent the centromeric 
heterochromatin of chromosomes 1,9, 15, and 
16. The presumptive active X chromosome, 
had it been equally methylated as reported by 

Miller et al., could be expected to be observed, 
but was not. Though not absolute proof of an 
inequality of methylation of inactive and ac- 
tive X chromosomes, the finding of definite 
reaction product over the Barr body suggests 
that, unlike the X chromosomes of leucocytes 
at metaphase, its state of methylation in oogo- 
nia varied from the active X. 

It should be noted that in these studies the 
criterion for positivity was a strong concen- 
tration of reaction product (illustrated in Fig. 
1) that was clearly distinguishable from both 
the pale stain observed in chromatin and the 
total absence of reaction product in the prep- 
arations with primary or secondary antibody 
omitted. Although it is hazardous to attempt 
quantitative observations at the light micro- 
scopic level under these experimental condi- 
tions, it is possible that the weak reaction in 
chromatin represents localization of scattered 
5MeC sites in the DNA of the genome. It is 
evident that accurate quantitation in such 
studies demands-in addition to precise mor- 
phometry-the use of methods in which there 
is a defined and measurable relationship be- 
tween antibody-binding sites and signal (e.g., 
gold particles) rather than immunoenzymatic 
methods where the signal is the reaction prod- 
uct of an enzymatic reaction. Nevertheless, 
given the previously demonstrated specificity 
of this antibody (14, 17-2 l), the described 
positive results adequately support the quali- 
tative observation of concentrated 5MeC- 
binding sites in Ban- bodies of fetal oogonia 
and somatic cells. 

As in all immunocytochemical studies, al- 
ternative explanations for the observed nega- 
tive result must be entertained, as for example 
total destruction or inaccessibility of the an- 
tigenic sites recognized by the antibody in 
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some Barr bodies. The former is unlikely in 
these preparations, processed under conditions 
favorable to the localization of SMeC ( 14). The 
latter possibility is more difficult to discard 
since the accessibility of SMeC theoretically 
can be influenced by the steric configuration 
of chromatin and chromosomes. 

Analysis of 5MeC-positive Barr bodies 
found in oogonia from the 47/XXX line of 
Case No. 2 demonstrated three different states 
of methylation as judged cytologically. A pat- 
tern of methylation was observed ranging from 
a state wherein the two inactive X-chromo- 
somes were methylated to a condition where 
one or the other was methylated to a final con- 
dition where neither was methylated. Of in- 
terest was the persistent condensed state of the 
Barr body in all three combinations, an ob- 
servation which might represent the reversal 
process of Gartler’s “two-step” hypothesis of 
inactivation (24) which proposes an initial 
heterochromatinization of sex chromatin fol- 
lowed by methylation as a second repressor of 
expression. Conceivably the present findings 
could represent sequential or simultaneous 
methylation of each Barr body from none to 
both. However, this interpretation would not 
be supported by any of the currently available 
data on gene expression and the timing of 
reactivation of the X chromosome in prox- 
imity to the entry into meiosis (4). Since the 
inactive X of somatic cells does not, in most 
tissues, revert to an active state, the findings 
of comparatively few 5MeC-negative Barr 
bodies in the fibrobalst/somatic cell nuclei ad- 
jacent to the oogonia in the present study 
would suggest that persistent X inactivity was 
associated with methylation. 

Taken together, the present data suggest that 
X chromosome condensation and methyl- 
ation are characteristic of the X inactive state 
of oogonia during early human oogenesis. 
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