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ABSTRACT  In arat hepatoma cell line, H4-IIE-C3, a 10-fold
excess of 18S and 28S rRNA genes has been found in amplified
chromosome regions. Antibotfies to 5-methylcytidine bound ex-
tensively to the DNA of these regions, indicating a high level of
DNA methylation. Most of the amplified rRNA genes were tran-
scriptionally inactive, as shown by their failure to stain with silver.
DNAs from the tumor cells and control rat hepatocytes grown with
L-[methyl-"*C]methionine were digested with restriction endo-
nuclease EcoRI; the DNA fragments were separated by agarose
gel electrophoresis, denatured, transferred to nitrocellulose fil-
ters, and hybridized to **P-labeled rRNA or cDNA. Fragments
containing the 18S or 28S rRNA coding sequences occurred in
three major size classes; all three were rich in 5-methylcytosine.
Analysis of EcoRI fragments of DNA from the tumor and control
cells after digestion with Hpa II or Msp 1 endonuclease indicated
that the 5'-C-C-G-G-3' sequences in most of the amplified rRNA

enes were meth;:laated. Analysis of the fragments gﬁrodueed by

igestion with Hha I endonuclease indicated a high degree of
methylation within its recognition sequence in the amplified rRNA
genes as well. The association of hypermethylation with restricted
transcriptional activity suggests dﬁf DNA methylation may reg-
ulate the activity of the rRNA genes.

Genes for mammalian 18S and 28S rRNA (rDNA) occur in mul-
tiple copies that are clustered at one or more sites per haploid
genome. These sites can be visualized by in situ hybridization
(1, 2) or assilver staining technique (3, 4). However, silver stain-
ing is restricted to transcriptionally active rRNA gene clusters
or to nucleolus organizer regions (NORs), as shown by studies
in interspecific somatic cell hybrids (5-8) and other systems
(9-11). A small increase in human rRNA gene multiplicity (gene
amplification) has been reported both in oocytes (12) and in
diploid somatic cells (13). A much larger (10-fold) increase in
the total amount of rDNA per cell has been observed in a rat
hepatoma cell line, H4-1IE-C3, or H4 (14), in which the am-
plified rDNA is located in a series of long, differentially staining
regions (DSRs) on the short arms of two NOR-chromosomes,
3 and 11, and two other chromosomes as well. Silver staining
was restricted to short segments of the DSRs, indicating that
rRNA transcriptional activity is restricted to these sites and sug-
gesting that the great bulk of the amplified rDNA is inactive
(14). This is supported by the similarity of the rates of synthesis
of the 45S precursor of 185 and 28S rRNA in H4 cells and con-
trol hepatocytes (unpublished data).

5-Methylcytosine (5MeCyt) is the only modified base in the
DNA of most eukaryotic organisms (15). Preferential methy-
lation of early replicating regulatory sequences that do not code
for mRNAs has been suggested (16). DNA methylation has been
implicated in a different type of regulation of avian B-globin
and egg protein genes (17-19) and of integrated viral genes in

mammalian cells (20-22), with the inactive genes highly meth-
ylated. Such a simple relationship between DNA methylation
and inactivity is not always found (18, 23); for example, in Xen-
opus laevis, both the unmethylated amplified oocyte rDNA and
the highly methylated somatic rDNA are transcriptionally ac-
tive (24). We now present evidence that only the transcription-
ally. inactive mammalian rRNA genes are highly enriched in
SMeCyt.

MATERIALS AND METHODS

Cell Culture and Chromosome Staining. Cultures of the rat
hepatoma line H4-IIE-C3 (H4) and a rat hepatocyte line (K22)
were grown in Ham’s F-10 medium supplemented with 10%
(vol/vol) fetal calf serum. Standard [3:1 (vol/vol)] methanol/
acetic acid-fixed, air-dried chromosome spreads were prepared
from logarithmically growing cultures. Trypsin/Giemsa band-
ing (25) and silver staining (26) were performed as described.
The binding of anti-5-methylcytidine antibodies to denatured
chromosomal DNA was detected by an indirect immunoperox-
idase technique (27) after denaturing the DNA by UV irradia-
tion (28) or photooxidation (29).

Preparation of DNA. High molecular weight DNA was ob-
tained from cell lysates as described (30, 31). To prepare
[methyl-"*C]DNA, H4 and K22 cells were grown in methionine-
free Dulbecco’s modified Eagle’s medium supplemented with
10% dialyzed calf serum and labeled with 2-3 uCi of L-[methyl-
"C]methionine (specific activity, 40-60 mCi/mmol; 1 Ci = 3.7
X 10" becquerels; Amersham) per ml of medium for 48 hr with
or without HCOONa (1 mg/ml). Even in the absence of
HCOONa, 75% of the label was found in 5MeCyt (unpublished
data).

Preparation of Radiolabeled rRNA Probes. Cells of the rat
fibrosarcoma line XC were grown in Dulbecco’s modified me-
dium containing 40 uCi of [*2P]orthophosphoric acid (carrier-
free; New England Nuclear) per ml for 6 hr and then grown in
fresh medium containing 200 uCi [*2P]orthophosphate per ml
for 24-36 hr. For extraction of unlabeled rRNA, XC cells were
grown in Dulbecco’s modified medium. In both cases RNA was
extracted by a slight modification (32) of the procedure of Glisin
et al. (33). The pellet was dissolved in 80% dimethyl sulfoxide/
20 mM Tris'HCI, pH 8.1/10 mM EDTA/1% NaDodSO, and
boiled for 1 min. The sample was diluted with 20 mM Tris/10
mM EDTA to a final concentration of 20% dimethyl sulfoxide
and centrifuged at 20°C in an SW 41 rotor for 16 hr at 24,000
rpm on 15-30% sucrose gradients. The peak fractions of 28S
and 185 rRNA were pooled from the sucrose gradients and
passed twice through an oligo(dT)-cellulose (Collaborative Re-
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search, Waltham, MA) column to remove the poly(A)-contain-
ing mRNA. [32P]cDNA to 28S and 18S rRNA was synthesized
as described (34). The specific activity of the-cDNA was 3-5
x 10® DNA.

Gel Electrophoresis and Hybridization. DNA samples of
10-30 ug each were digested with various restriction endo-
nucleases (4 units/ ug of DNA) for 2 hr at 37°C in buffers spec-

ified by the suppliers (New England BioLabs, Beverly, MA and.

Bethesda Research Laboratories, Rockville, MD). The digested
DNA was extracted with phenol and precipitated with ethanol.
Electrophoresis was carried out on 18 X 12 X 0.3 cm vertical
slab gels of 1% (wt/vol) or 0.8% agarose in Tris/borate buffer
(35) for 16-18 hr at 30 V. The wells were loaded with 5-10 ug
of DNA in 20 ul of Tris/borate buffer with bromphenol blue
and 1% (wt/vol) Ficoll. Bacteriophage DNA digested with
HindIII restriction endonuclease was run parallel as a marker
to determine the molecular weights of various restriction frag-
ments. The DNA was denatured in situ and transferred to ni-
trocellulose filters as described by Southern (36) and modified
by Hsu et al. (37). Hybridization was carried out in sealed plastic
bags for 24 hr at 68°C in 0.6 M NaCl/0.06 M sodium citrate,
pH 7, containing Denhardt’s buffer (38) and 1 x 10° cpm of
either **P-labeled cDNA or rRNA per ml. The filters were
washed as described (39, 40), dried, and exposed for 16-24 hr
to x-ray film at —70°C with an intensifying screen.

RESULTS AND DISCUSSION

Studies using in situ and filter hybridization have shown a 10-
fold increase in rRNA gene multiplicity in H4 rat hepatoma
cells, with most of the genes in long DSRs in metaphase cells
(14). These DSRs showed pale staining by the Giemsa-banding
procedure (Fig. 1) and contained highly methylated DNA, as
shown by extensive anti-5MeCyt antibody binding after dena-
turing the DNA by either UV irradiation (which produces py-
rimidine dimers) or photooxidation (which modifies guanine
residues). The high level of vmethylation of the DNA in the
DSRs was not simply a reflection of the G+C richness of this
DNA, because the G+ C-rich amplified regions in methotrex-
ate-resistant Chinese and Syrian hamster cell lines (which con-
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tain large numbers of active dihydrofolate reductase genes) did
not bind anti-5MeCyt after either UV irradiation or photooxi-
dation (unpublished data). Furthermore, it was not a reflection
of the amount of rDNA in a single site, because the large NORs
of the owl monkey and cat, which contain large blocks of active
rRNA genes, did not bind anti-5MeCyt either (41). Silver stain-
ing, which identifies transcriptionally active rDNA, was re-
stricted in H4 cells to small sites within the amplified regions
(Fig. 2) and showed a pattern reciprocal to that of anti-5MeCyt
(i.e., only the secondary constrictions in the DSRs were stained
with silver).

These findings are consistent with the idea that transcrip-
tionally inactive amplified. rDNA, but not active rDNA, is
highly enriched in 5MeCyt residues. However, the DSRs in H4
cells with about 5% of the cells’ DNA may contain a large
amount.of non-rDNA (14). Therefore, the cytological findings,
although consistent with the idea that the amplified rDNA itself
was highly methylated, cannot prove it. Direct evidence that
most of the rDNA in H4 cells was methylated came from bio-
chemical studies.

Digestion of H4 and K22 (control) DNA with restriction en-
donuclease Sac I produced rDNA-containing fragments '15.0
and 3.2 kilobase pairs (kb) long (Fig. 3). Quantitative analysis
of these fragments showed a 10-fold increase in the amount of
rDNA in H4 DNA fragments of both sizes in comparison with
control DNA (Fig. 3B). This indicated that denatured fragments
of the two sizes were transferred to the filters with equal effi-
ciency and confirmed the level of amplification found earlier.
The marked increase in rRNA gene multiplicity in H4 cells was
readily apparent with other restriction enzymes as well: For
example, EcoRI digestion of H4 DNA produced amplified
quantities of fragments of three sizes (11.2, 6.6, and-4.6 kb)
containing either 18S or 285 rRNA coding sequences, as shown
by agarose gel electrophoresis, Southern blotting, and hybrid-
ization to either [**P]cDNA (to rRNA) or [**P]rRNA (Fig. 4 A
and C).

In order to look for sites of methylation within the amplified
rDNA in H4 cells, we first developed a physical map of the
rDNA. To do this, H4 and K22 DNA samples were digested
with a series of four restriction endonucleases, singly or in pairs.

C

Fic. 1. (A) A Giemsa-banded H4 cell with a long rDNA containing DSR (arrow) on one chromosome. Note the multiple unstained regions (sec-
ondary constrictions) in the DSR: (B) The same cell after destaining in fixative, denaturing the DNA by UV irradiation (total dose 2.3 x 10° erg
mm~?), exposure to anti-5MeCyt, and indirect immunoperoxidase staining. The DSR (arrow) shows intense binding of anti-5MeCyt except in the
secondary constrictions. Some centromeric regions (arrow heads) are also 5MeCyt rich. (C) another H4 cell, stained as in B after denaturation of
the DNA by photooxidation for 3 hr at 27°C in the presence of methylene blue and oxygen. A 150-W photoflood lamp at 15 cm (6000 foot candles)
was used. The DSRs (arrows) show. intense anti-5MeCyt binding except to the secondary constrictions.
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FiG. 2. An H4 cell stained with silver to show the multiple sites
of transcriptionally active rDNA within the DSRs (arrows) and one
normal site (arrowhead).

Data obtained with H4 DNA using three of the enzymes are
shown in Fig. 4. Most of the rRNA coding sequences in both
H4 and K22 DNA were in DNA fragments of the same size, but
these were much more abundant in H4 DNA. Because there
was limited heterogeneity in the fragment sizes produced by
digestion of either H4 or K22 DNA with any of the enzymes
used, it was possible to construct a restriction map of the most
common repeating units of rDNA in both (Fig. 5). This mapped
region was about 22 kb long and contained 18S and 28S coding
sequences, the transcribed spacer sequence, and part of the
nontranscribed spacer sequence. The complete repeating unit
of rat rDNA, as measured by electron microscopy with an R-
loop technique, is about 38 kb (42).

The extent and sites of methylation within the rDNA se-
quences were studied in two ways. First, the general level of
methylation of EcoRI fragments was assessed autoradiograph-
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FiG. 3. The relative amounts of 18S plus 28S rDNA in Sac I re-
striction fragments of H4 and control (K22) DNA. (A) Autoradiogram
showing hybridization of [*?P]cDNA (to 18S plus 28S RNA) to a South-
ern blot of digests of 0.5, 1.5, and 6 ug of H4 DNA (lanes 1-3, re-
spectively) and K22 DNA (lanes 4-6, respectively). (B) Quantitative
analysis of the amount of [32P]cDNA hybridized to the 15.0- and 3.2-
kb fragments, which were cut from the filter and measured in a scin-
tillation counter. H4 DNA shows a 10-fold increase over K22 DNA in
the amount of rDNA: 15.0-kb fragments in H4 (@) and K22 (x) DNA;
3.2-kb fragments in H4 (m) and K22 (a) DNA.

ically after agarose gel electrophoresis of digests of DNA from
H4 and K22 cells grown with L-[methyl-'*C]methionine, both
with and without sodium formate as a one-carbon source (to
reduce the incorporation of label into DNA bases other than
5MeCyt). Autoradiograms of the dried gels showed that the
three fragments (11.2, 6.6, and 4.6 kb) containing the 18S or
28S coding sequences were highly methylated in H4 DNA but
showed no methylation in K22 DNA, even when there was
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Fic. 4. Southern blot hybridization of 32P-labeled 18S or 28S cDNA to restriction enzyme fragments of H4 DNA. In each case lanes 1-3 represent
hybridization to 18S cDNA and lanes 4-6 to 28S ¢cDNA. The middle lane of each group of three shows 18S or 28S rDNA-containing fragments
produced by digestion with both enzymes of the pair. (A) EcoRI and HindIII restriction fragments. (B) EcoRI and Sac I fragments. (C) Sac I and
HindIll fragments.
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FiG. 5. Restriction map of the most common repeat unit of rat
rDNA. NTS, nontranscribed spacer; TS, transcribed spacer; ¥, EcoRI;
o, Sac I; @, BamHI; and &, HindIII.

twice as much K22 as H4 rDNA present (Fig. 6).

More precise information concerning the extent and sites of
methylation of the amplified rDNA sequences came from stud-
ies with methylation sensitive restriction enzymes Hpa I, Hha
I, and Ava I, whose recognition sequences are 5’-C-C-G-G-3',
G-C-G-C and C-Pyr-C-G-Pur-G respectively (43-45). In gen-
eral, rDNA in control cells was cleaved into small fragments by
these enzymes; most of the rDNA in H4 cells was not. This was
also true for Xho I and Sal I (data not shown), suggesting that
they, too, are methylation sensitive. Their recognition se-
quences are C-T-C-G-A-G and G-T-C-G-A-C, respectively (46).
In some of these studies, H4 and K22 DNA were first digested
with EcoRI and then with Hpa 11, Msp I, or Hha 1. Hpa Il and
Msp 1 are isoschizomers that cleave double-stranded DNA in
the sequence 5’-C-C-G-G-3'; Hpa II will not cleave the DNA
if the internal C in this sequence is methylated, but Msp I will
(43, 44). Hha I cleaves DNA in the sequence 5'-G-C-G-C-3'
but does not do so if the internal C is methylated (45). Msp I
cleaved the major EcoRI fragments containing rDNA in both
H4 and control DNA (Fig. 7). Hpa 1l cleaved the EcoRI frag-
ments of control rDNA to the same extent as Msp 1. However,
Hpa 11 did not cleave most of the major EcoRI fragments of H4
rDNA, as shown by the limited reduction in the intensity of
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FiG. 6. Autoradiograph (10-day exposure to x-ray film) of EcoRI
restriction fragments of L-[methyl-'*C]methionine-labeled H4 and K22
DNA after gel electrophoresis. Lanes 1, 2, and 3 contain 1, 2, and 10
ug of H4 DNA (specific activity, 600 cpm/ug). The 11.2-, 6.6-, and 4.6-
kb fragments in H4 DNA are methylated; those in control DNA are
not. The 2.1- and 1.4-kb fragments are methylated in both H4 and con-
trol DNA. These fragments presumably come from satellite DNA,
which is known to be highly methylated (40).

Proc. Natl. Acad. Sci. USA 78 (1981)

hybridization of radioactive ribosomal probe to the 11.2-, 6.6-
, and 4.6-kb fragments. Hha 1, like Hpa 11, cleaved all of the
major rDNA-containing EcoRI fragments of control DNA but
failed to cleave most of them in H4 DNA (Fig. 7). Therefore,
we conclude that the C-C-G-G and G-C-G-C sequences in most
of the rDNA repeats are methylated in H4 rDNA.

Not all of the rDNA in H4 cells was highly methylated. For
example, after Hha I digestion most of the rDNA in H4 cells
remained in the high molecular weight fraction (about 15 or 16
kb). However, a small proportion was cleaved, yielding DNA
in several size classes, the two largest being 4.5 and 0.8 kb (Fig.
8). Hha I cleaved virtually all of the rDNA in control cells, pro-
ducing two major fragments of the same size as in H4 in ap-
proximately equal amounts. These fragments were relatively
unmethylated in both H4 and K22; even after a 6-mo autora-
diographic exposure of agarose gels containing Hha I-digested
[**C]DNA, no radioactivity could be detected in that region of
the gel (Fig. 8). Because the rRNA genes in K22 cells were tran-
scriptionally active, whereas only a small fraction of those in H4
cells were, it seems likely that the active rRNA genes in each
cell line were in the relatively unmethylated compartment of
rDNA.

Our results indicate that most of the amplified rRNA genes
in rat hepatoma cells were highly enriched in 5-MeCyt residues
in and around the 18S and 28S rRNA coding sequences, and this
was associated with transcriptional inactivity of most of the gene
copies. Similar findings were obtained in the XC rat sarcoma
cell line. Cells of this line also had amplified rRNA genes lo-
cated in highly methylated DSRs that contain two, sometimes
three, tiny silver-stained collections of active rRNA genes (un-
published observations). Analysis of the DNA from XC cells
indicated that most of its rDNA was highly methylated, al-
though the rDNA on a tiny acrocentric chromosome was not
highly methylated and was transcriptionally active (unpublished
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Fic. 7. Southern blot hybridization of 32P-labeled 18S and 28S
cDNA to restriction fragments of H4 DNA (lanes 1-4) and K22 DNA
(lanes 5-8) produced by EcoRI (lanes 1 and 5), EcoRI and Hpa II (lanes
2 and 6), EcoRI and Msp I (1anes 3 and 7) and EcoRI and Hha I (lanes
4 and 8).
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FiG. 8. Hha I restriction fragments of equal amounts of H4 and
K22 DNA. (A) Hybridization to >2P-labeled 18S and 28S ¢cDNA. (B)
Autoradiogram (6-mo exposure) of 1% agarose gel containing L-
[methyl-'*CImethionine-labeled DNA. Lanes: 1, H4; 2, K22.

data). The DNA in several inherited human DSRs containing
amplified and mainly inactive rDNA was also highly enriched
in 5MeCyt (41).

DNA methylation appears to be involved in the regulation
of integrated viral genes (20-22) and in some aspects of tissue
differentiation (47, 48) and gene expression (17-19). The data
obtained in the present study support the concept that rRNA
genes can be inactivated by a process involving DNA methy-
lation. It remains to be seen whether DNA methylation plays
a role in the regulation of rRNA gene expression in other sit-
uations than gene amplification—e.g., in interspecific hybrids,
in male meiosis, or in terminal differentiation.
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