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Methylation of the 5' Flanking Sequences of the
Ribosomal DNA in Human Cell Lines and in a
Human-Hamster Hybrid Cell Line
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Abstract tn a human lymphoblastoid cell line (Z83} in which rDNA genes on chromosome 22 are amplified but
transcribed at a low level, immunocytological studies with antibodies to 5 methylcytidine provided evidence for
hypermethylation of the rDNA. The extent of methylation of the 5’ flanking sequences of the ribosomal DNA was
examined by comparing the size of restriction fragments obtained by digestion of genomic DNA with EcoRl and Hpall or
EcoRl and Mspl. Southern blots indicated hypermethylation of the 5 flanking sequences of many copies of rRNA genes
in these cells, but not in a control lymphoblastoid cell line without rDNA amplification. Results obtained with a somatic
hybrid human-hamster cell line, in which the rRNA genes on the single human chromosome 22 are inactive, showed
that only a small fraction of the CCGG sites in the 5' flanking sequences of the transcriptionally silent rRNA genes in this
hybrid were methylated. Since inactive rRNA genes can show such a minimal level of methylation, it is likely that the
extreme hypermethylation of the amplified rRNA genes in Z83 occurred in association with their inactivation rather than
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Transcription of human rRNA genes by poly-
merase | is modulated by the coordinate binding
of trans-acting species-specific factors to cis-
acting control elements of the rDNA promoter
[Sollner-Webb and Tower, 1986]. In addition,
human rDNA is not transcribed in interspecific
hybrid cell lines that have lost many human
chromosomes but retain some that carry human
rDNA [Miller et al., 1976; Perry et al., 1979],
due to the absence of species-specific transcrip-
tion factors [Grummt et al., 1982; Onishi et al.,
1984]. In investigations into rDNA methylation
in mice, Bird et al. [1981] found that most of the
rRNA genes lacked methylated cytosines at sites
examined, but some were methylated at most
CCGG sites. The hypermethylated rDNA was in
a chromatin conformation resistant to DNase 1
and therefore considered to be inactive. The
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level of transcription of rDNA estimated from
the intensity of silver staining of the nucleolus
organizer region (NOR) is generally correlated
with the number of ribosomal genes in NOR
[Warburton and Henderson, 1979]. Extensive
rDNA amplification has been observed in individ-
uals [Miller et al., 1978; Bernstein et al., 1981;
Tantravahi et al.,, 1981a] or mammalian cell
lines [Tantravahi et al., 1981b]; in these cases,
immunocytological and biochemical procedures
have shown that most of the amplified rDNA is
extensively methylated and not transcribed.
Studies on human lymphocytes suggest DNA
methylation is involved in the control of rDNA
expression since treatment with 5-azacytidine,
an inhibitor of DNA methylation, enhances
rDNA transcription [de Capoa et al., 1991]. In
addition the promotor region of rDNA is located
within a CpG island [Sollner-Webb and Tower,
1986]; in mammals additional methylation of
CpG islands is stably transmissible through
many cell divisions and is correlated with inacti-
vation of the genes [Bird, 1987].
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Direct examination of the relationship be-
tween the state of rDNA methylation and its
transcriptional activity may be possible using
transfection assays. However, in one such study
in which recombinant constructs containing the
human rRNA gene promotor were introduced
into Chinese hamster cells, which lack human-
specific transcription factors for RNA poly-
merase I, the rDNA was transcribed by RNA
polymerase II, rather than remaining transcrip-
tionally silent [Dhar et al., 1987]. Methylation of
CpG islands seems to be very unusual: in vivo it
has been observed only in genes on the inactive
X chromosome [Mohandas et al., 1981], in long
dispersed repetitive elements [Crowther et al,,
1991], or associated with neoplastic events [De
Bustros et al., 1988]. We have therefore raised
the question whether the hypermethylation of
rDNA in some NORs also involves the promotor
region of the rDNA.

In order to answer this question, a study was
undertaken using two diploid human cell lines,
one of which possesses amplified rRNA genes on
chromosome 22, and a somatic hybrid human-
hamster cell line possessing a single human
chromosome 22.

MATERIALS AND METHODS
Cell Lines

The somatic cell hybrid HY. 137JT22 was
obtained as described [Rocchi et al., 1986]. The
cytogenetic characterization, using Q-banding,
revealed a chromosome 22 as only human contri-
bution. The hybrid was further characterized by
fluorescent in situ hybridization using the al-
phoid probe p82H [Mitchell et al., 1985] which
recognizes, at low stringency, all human centro-
mers, and probe pl90.22, specific of chromo-
some 22 [Rocchi et al., 1991]. Lymphoblastoid
cell lines were established from peripheral blood
mononuclear cells transformed in vitro by Ep-
stein-Barr virus: one of them was cloned by
limiting dilution as previously described [Dante
et al., 1992].

Cytogenetics

Chromosome in standard preparations from
the lymphoblastoid Z83 cell line were identified
by prior Q-banding for in situ hybridization or
for silver staining and by prior R-banding with
chromomycin A3/methyl green for immuno-
staining. Slides were hybridized with 3H-la-
belled pU 1.2 (pUC plasmid containing the 185

promotor region) and pU 2.5 (pUC plasmid con-
taining the 18S gene) [Wilson et al., 1978]. The
hybridization was performed at 39°C for 16 h in
50% formamide, 2 x SSCP (1 x SSCP = 120
mM sodium chloride, 15 mM sodium citrate, 20
mM sodium phosphate, pH 6), 10% dextran
sulphate, and 1 mg/ml sonicated herring sperm.
The slides were washed at 41°C in 50% form-
amide-2 x SSC, air dried, and dipped in Ilford
K2 nuclear emulsion. Silver staining for NORs
was performed (Howell and Black, 1980) at 70°C
for about 5 min in 50% AgNQOj; in the presence of
gelatin (0.5%) and formic acid (0.25%). Immu-
nostaining of UV-denatured chromosomes was
performed [Tantravahi et al., 1981a] using
monoclonal antibodies directed against 5-me-
thylcytosine.

DNA Analysis

The recombinant plasmid clone pU 1.2 (kind-
ly supplied by James Sylvester) contains a 1.2 kb
EcoRI-Sall fragment of rDNA that includes part
of the nontranscribed spacer, the promotor, and
part of the external transcribed spacer. Probes 1
and II were restriction fragments of 353 bp and
527 bp in length obtained by HinfI digestion of
the 1.2 kb insert (Fig. 1).

Genomic DNAs were extracted [Saluz and
Jost, 1990] and digested for 16 h with an excess
(10 U/ug) of restriction enzyme (Boehringer,
Mannheim) in the buffers recommended by the
supplier; completeness of digestion was verified
by adding pBR 322 DNA or A DNA in control
experiments. After electrophoresis on standard
12% polyacrylamide gel, DNA fragments were
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Human rDNA. E = EcoRI. S = Sail

Fig. 1. The recombinant used in the in situ hybridization was
pUC containing a 1.2 kb EcoRI-Sall fragment of human rDNA
that includes some non-transcribed spacer (NTS), the promo-
tor, and external transcribed spacer (ETS). Fragments | and Il
were used as probes for Southern blot shown in Fig. 3.
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electrophoretically transferred to nylon mem-
brane (Hybond N*, Amersham), at 80 V in 36
mM Tris-borate, 0.8 mM EDTA (pH 8.0) for 1 h
at 15°C.

After denaturation of DNA in 0.5 M NaOH,
1.5 M NaCl, hybridization was performed at
65°C for 16 h in 5 x SSPE (SSPE is 0.15 M
NaCl, 10 mM NaH,PO,, 1 mM EDTA), 1% SDS,
100 pg salmon sperm DNA/ml, and nonfat dry
milk (0.1 mg/ml). The membranes were then
washed twice in 2 X SSPE, 1% SDS at room
temperature, twice in 2 x SSPE, 1% SDS at
65°C, and then twice in 0.2 x SSPE, 1% SDS at
65°C. Membranes were exposed at —70°C using
Amersham films (Hyperfilm-MP) and intensify-
ing screens.

RESULTS AND DISCUSSION

In situ hybridization of pU 1.2 to chromosome
spreads from the human lymphoblastoid cell
line Z83 revealed a high concentration of autora-
diographic grains on the short arm of chromo-
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some 22p* (Fig. 2). About 60% of the total
grains were scored on this chromosome. In or-
der to rule out the possibility of rDNA amplifica-
tion limited to the non-transcribed spacer (NTS),
the experiment was repeated using a probe which
includes the 18S gene and part of the external
spacer (ETS). Results (not shown) were compa-
rable to those obtained with pU 1.2. These data
indicate that the NOR present on the chromo-
some 22p* includes a relatively high number of
ribosomal genes. Silver staining of the metaphase
chromosomes has been shown to detect tran-
scriptionally active rDNA clusters [Miller et al.,
1976; Perry et al., 1979], with the size of the
silver stained region positively correlated with
rDNA activity [Warburton and Henderson,
1979]. The NOR located on chromosome 22p* of
the Z83 cell line showed little silver staining, the
size being in the range of the NORs located on
other chromosome of the same cell (Fig. 2),
suggesting that most of the copies of amplified
rDNA on this chromosome are inactive. Immu-
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Fig. 2. Partial karyotypes of the Z83 cell line. Metaphase chromosome spreads were treated as follows.
Q: Q-banded with quinacrine mustard; rDNA hybridized with 3H-labelled pU 1.2; Ag: silver stained to
show nucleolus organizer regions; R: R-banded with chromomycin A3/methyl green; 5MeC: immun-
ostained with monoclonal antibodies directed against 5-methylcytosine.
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nostaining with an antibody directed against
5-methylcytosine revealed a large region, appar-
ently spanning the entire short arm of chromo-
some 22p*, suggesting that the amplified rDNA
is heavily methylated. These results are in good
agreement with those of Tantravahi et al.
[1981Db], who have shown by biochemical proce-
dures and immunocytological staining that am-
plified rDNA sequences are mostly inactive and
are hypermethylated in a rat hepatoma cell line
that has a tenfold increase in rRNA genes.

To test the hypothesis that the hypermethyla-
tion of the 22p* rDNA includes the CpG island
that is present in the promotor region at the 5’
extremity of each rRNA gene, we examined the
5' flanking region of rDNA from the Z83 lympho-
blastoid cell line. Restriction fragments ob-
tained after digestion of genomic DNA with
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EcoRI and either Hpall or Mspl were separated
by polyacrylamide gel electrophoresis, elec-
trotransferred onto a nylon membrane, and hy-
bridized with specific probes within this region
(Fig. 3). Mspl reduced the rDNA genes in Z83 to
small fragments with major bands of about 51
bp for the NTS region (Fig. 3A, lane 6) and 92 bp
and 100 bp for the ETS region (Fig. 3B, lane 6).
Hpall, the methylation-sensitive isoschizomer
of Mspl, produced faint bands of the same size,
but most of the DNA was in a series of larger
bands at the top of the gels (Fig. 3A,B, lane 5),
indicating the presence of a high proportion of
methylated CCGG sites. In contrast, DNA ex-
tracted from lymphoblastoid cell lines estab-
lished from two healthy donors did not exhibit
this rDNA methylation (one is shown in Fig.
3A,B, lanes 3, 4).
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Fig. 3. Southern blot analysis of the methylation of the 5' flanking sequences of the rRNA genes. Sample
DNA (10 ug or 2 pgin B, lanes 3, 4), extracted from a hamster-human cell line containing only one
chromosome 22 (lanes 1, 2), a human lymphoblastoid cell line (lanes 3, 4), or the Z83 cell line which
contains a 22p+ (lanes 5, 6). The DNA was digested with EcoRI + Hpall (lanes 1, 3, 5) or EcoRI + Mspl
(lanes 2, 4, 6). The Southern blots were hybridized with (A) probe | or (B) probe 11.
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These results indicate that the hypermethyla-
tion of the NORs and the low level of rDNA
transcription of chromosome 22p* is correlated
with the hypermethylation of the promotor re-
gion and the external transcribed spacer of the
rDNA genes.

Several CpG islands of non-transcribed tissue-
specific genes, but not housekeeping genes, be-
come methylated in cell lines [Antequara et al.,
1990; Jones et al., 1990], suggesting that methy-
lation of these sequences is actively regulated.
The question was therefore raised whether the
absence of transcription of human rDNA in
rodent-human hybrids with loss of some human
chromosomes might allow the methylation of
the 5’ flanking regions of the remaining human
rRNA genes. In order to test this hypothesis, a
study was undertaken using a hamster-human
cell line possessing a single human chromosome
22. Silver staining of the metaphase chromo-
some indicated that the rRNA genes on the two
chromosomes 22 were actively transcribed in
the parental human lymphocytes used for cell
fusion (data not shown), but not on the number
22 in the hybrid cells.

The cloned fragment of the human rDNA
promotor region does not cross-hybridize to se-
quences in Chinese hamster [Dhar et al., 1987]
and could therefore be used to analyze this hy-
brid line. As expected, the pattern obtained after
digestion with Mspl is similar to those obtained
from DNA extracted from both human lympho-
blastoid cell lines (Fig. 3A,B, compare lane 2
with lane 4). In the DNA digested by Hpall,
some methylated bands containing rDNA were
detected. However, the small size of these frag-
ments, 57-200 bp, indicates that only few CCGG
sites are methylated, because the regions corre-
sponding to probe I (353 bp long) and to probe 11
(527 bp long) are considerably larger and con-
tain 13 and 15 Mspl/Hpall sites, respectively. It
would be interesting to know whether such a
low level of methylation has rendered these genes
incapable of transcriptional activity. In any case,
these results show that some methylation can
be detected in the 5' flanking regions of the
rDNA genes that are transcriptionally silent
because the absence of human-specific rDNA
transcription factors. However, this level of mod-
ification is very low when compared to that of
the rDNA extracted from the Z83 cell line. There-
fore these data strongly suggest that the ab-
sence of transcription is not the only factor

involved in the regulation of the methylation of
these CpG islands. In good agreement with this
hypothesis are the recent observations that DNA
methylation might be regulated by a combina-
tion of demethylation and de novo methylation
[Saluz et al., 1986; Antequara et al., 1990; Frank
et al., 1991].
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