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Abstract. The genes encoding 18S, 5.8S, and 28S
ribosomal RNA (rRNA) are tandemly repeated at the
nucleolus organizer region (NOR). The NORs in the
chicken map to one pair of microchromosomes. A line
of chickens that contains individuals that are either
disomic, trisomic, or tetrasomic for this chromosome,
and have two, three, or four nucleoli and NORs, per
cell, respectively, has been described previously.
Aneuploid animals display a proportional increase in
the rRNA gene copy number per cell. But, despite an
increase in rDNA dosage, the levels of mature rRNA
are regulated to normal levels in cells from aneuploid
chickens (Muscarella, D. E., V. M. Vogt, and S. E.
Bloom, 1985, J. Cell Biol., 101:1749-1756). This paper
addresses the question of how regulation of mature
rRNA synthesis occurs in cells with elevated levels of
rDNA.

An analysis of rRNA transcription in chicken em-
bryo fibroblasts (CEFs) revealed that the relative rates

of rRNA synthesis and processing and the amounts of
precursor rRNA per cell are similar for all three geno-
types. A comparison of chromatin structure, as deter-
mined by sensitivity of rDNA in nuclei from CEFs to
digestion by DNase I, revealed that some of the rRNA
genes from aneuploid cells are more resistant to diges-
tion than corresponding sequences in the disomic
cells. A determination of the distribution of
topoisomerase I on rDNA has also been performed
using the compound camptothecin, which introduces
single- and double-strand breaks in topoisomerase-
DNA complexes. Quantitation of camptothecin-induced
cleavages revealed that a larger proportion of the
rRNA genes in aneuploid cells was resistant to cleav-
age than in disomic cells, and therefore have no de-
tectable amounts of topoisomerase 1. These results
suggest that the regulation of rRNA synthesis in CEFs
with elevated levels of rDNA is achieved by the use of
a subset of the rRNA genes.

genesis are closely coordinated events in eukaryotic

and prokaryotic cells. Together they are related di-
rectly to cell growth rate and are modulated in response to
a variety of environmental and nutritional factors (1, 13, 25).
Although the mechanisms involved in the regulation of these
processes in prokaryotes have been well characterized, far
less is known about the regulation of ribosome biogenesis in
eukaryotes. The initiation of rRNA transcription has been in-
ferred to be the primary point of regulation in cultured cells
under a variety of conditions, including inhibition of cell
growth by serum or amino acid deprivation (21, 48) and stim-
ulation of cell growth by the addition of hormones or mito-
gens (2). Most of the ultrastructural studies of transcription
complexes on rRNA genes suggest that these genes are either
fully loaded with molecules of RNA polymerase, each carry-
ing a nascent transcript, or devoid of actively transcribing
polymerase (36). The observation that specific transcription
factors, which have recently been identified for several
different species (18, 28, 31, 38, 42, 50), must first interact
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at the rRNA promoter before transcription by RNA polymer-
ase I can occur, provides a probable mechanism by which the
selective activation of rRNA gene in vivo may occur. Thus,
the principles controlling activation of the TRNA genes in
vivo may be similar to those of the 5S RNA genes, in that
a particular gene is either “turned on” or “turned off” Once
a particular 58S RNA gene is activated, it is transcribed at
a maximal rate (3, 12, 49). According to this hypothesis,
cells may respond to differences in their requirement for
ribosome biogenesis by the transcriptional activation of a
defined number of rRNA genes.

Relatively few techniques have been developed to allow
transcriptionally active genes to be distinguished from inac-
tive genes in vivo. One well established method is to digest
DNA in isolated nuclei with nucleases (11, 30, 53, 56). Tran-
scriptionally active genes display a chromatin structure that
is more accessible to digestion by nucleases than that of inac-
tive genes. This has been demonstrated for the rRNA genes
in several species. Differences in the chromatin structure of
the rRNA genes in rapidly dividing and nondividing mouse
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cells have been observed (7). An increased sensitivity to
digestion by nuclease has also been described for the rRNA
genes of Xenopus laevis in hybrids of X. laevis X X. borealis
(32). In such hybrids, only the rDNA sequences derived
from X. laevis are transcribed.

Another potentially useful probe for actively transcribed
sequences is the enzyme topoisomerase 1. Recently, topo-
isomerase I has been shown to be specifically associated with
the transcribed regions of several genes in Drosophila, and
absent from, or present in extremely low amounts in, non-
transcribed regions (14, 15). Presumably, this enzyme func-
tions to relieve torsional stress associated with transcription.
Although it is likely that topoisomerase I is a component of
many, if not all, transcribed genes, this enzyme has also been
shown to be particularly abundant in nucleoli of a variety of
cell types (10, 43). Camptothecin is a compound that specif-
ically inhibits topoisomerase I in vitro (24). Exposure of
cells to camptothecin in vivo results in the introduction of
single- and double-strand breaks in DNA at the sites of
topoisomerase I-DNA interaction. Since topoisomerase I
appears to interact preferentially with transcribed genes, we
reasoned that it should be possible to use this compound to
distinguish between active and inactive TRNA genes, and
thus, to gain insight into the way in which these genes are
used in vivo.

We previously described a line of domestic chicken that
contains individuals that are aneuploid for the chromosome
containing the rRNA genes. In the chicken, the nucleolar or-
ganizer regions (NORs),! or site of the genes encoding the
185, 5.8S, and 28S rRNAs, are located on a single pair of
microchromosomes (4, 5). The mutant strain contains indi-
viduals that are either disomic (i.e., normal), trisomic, or
tetrasomic for this chromosome, and show two, three, or four
NORs and nucleoli per cell, respectively. The increase in the
number of NORs correlates directly with an increase in copy
number for the rRNA genes: disomic, trisomic, and tetra-
somic cells have ~290, 420, and 570 TRNA repeats per cell,
respectively (4, 5, 44). But despite an increase in rRNA gene
copy number, the amount of mature rRNA per cell is the
same for all three genotypes (44).

In this study, we attempted to determine how regulation of
the amount of mature rRNA is achieved in cells with in-
creased numbers of rRNA genes. An analysis of the rates of
pre-rRNA transcription and processing revealed that tran-
scriptional regulation of rRNA synthesis is operative in these
cells. We have further characterized the nature of the regula-
tion by comparing the chromatin structure, the degree of
methylation, and the distribution of topoisomerase I in the
rDNA of normal and aneuploid cells. Our results indicate
that the same number of rRNA genes are active in disomic,
trisomic, and tetrasomic cells, suggesting that the regulation
of rRNA synthesis in cells with increased numbers of IRNA
genes is achieved by the use of a subset of the rRNA genes
on each chromosome.

Materials and Methods

Description of Clones
The plasmid pETS was derived from a chicken rDNA clone, pVCT 135,

1. Abbreviations used in this paper: CEF, chicken embryo fibroblast; ETS,
external transcribed spacer; ITS, internal transcribed spacer; NOR, nucleo-
lus organizer region.
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which was provided by 1. Mattaj (34). A 3.2-kb Bam HI-Sal I fragment,
that contained the site for initiation of transcription was isolated from pVCT
135 and subcloned into pBR 322. The plasmid pITS was derived from a
clone of chicken rDNA, which was provided by A. Skalka (35). It consists
of a 4.3-kb Bam HI-Eco RI fragment that contains a portion of the coding
regions for the 18S rRNA and the internal transcribed spacer. Both clones
are shown in Fig. 4 a.

Experimental Chickens and Culture
of Chicken Embryo Fibroblasts

Eggs were obtained from matings of trisomic X ftrisomic chickens. Such
crosses yield a 1:2:1 ratio of disomic/trisomic/tetrasomic progeny. After 9 d
of incubation, embryos were collected. A sample of tissue, usually from the
wing or thigh, was processed using the acridine orange staining technique
for nucleoli, as previously described (44). Genotypes of the embryos were
established by determining the maximum number of nucleoli per cell; di-
somic, trisomic, and tetrasomic embryos possessed two, three, and four
transcriptionally active nucleoli per cell, respectively. Individual cultures
of chicken embryo fibroblasts (CEFs) were established from each embryo,
and were grown in DME (4,500 mg glucose/liter; Gibco, Grand Island,
NY) supplemented with 10% FCS, 2% chicken serum, sodium pyruvate
(1 mg/ml), glutamine (0.58 mg/ml), penicillin, streptomycin, and Fungi-
zone. To ensure that no changes in nucleolar number occurred in the CEFs,
the nucleolar number was monitored in all cultures throughout the experi-
mental period. In addition, cultures from each genotype were used at the
same passage number for each experiment, and no cultures were used be-
yond the tenth passage.

Isolation of Total Cellular RNA by Guanidine
Isothiocyanate/Cesium Chloride Method

Total cellular RNA was isolated by a modification of the method described
in Maniatis et al. (33). Monolayers of CEFs were washed with PBS. All
excess buffer was removed, and 2.5 ml of a guanidine isothiocyanate solu-
tion (6 M guanidine isothiocyante, 5 mM sodium citrate pH 70, 0.1 M
B-mercaptoethanol, and 0.5% Sarkosyl) that was pre-warmed to 37°C was
pipetted into the plate. The cells lysed immediately, and the viscous solution
was scraped to the edge of the plate and transferred into a polypropylene
tube. 1 g of cesium chloride was added per 2.5 ml of lysate, which was then
transferred into an SW-60 centrifuge tube. Approximately 1 mi of a cushion
(5.7 M CsCl in 0.1 M EDTA) was layered under the homogenate, and the
tubes were centrifuged at 32,000 rpm for 24 h at 20°C in an SW-60 rotor.
The RNA pellet was dissolved in 10 mM Tris pH 7.5, 5 mM EDTA, 1%
SDS, and extracted with 4:1 chloroform/butanol. The organic phase was re-
extracted with the above solution, and the aqueous phases were pooled and
precipitated by the addition of 0.5 vol of 3 M sodium acetate plus 2 vol of
absolute ethanol.

Formaldehyde Gels for RNA Analysis

A denaturing gel of agarose-formaldehyde in a phosphate buffer was found
to give the best resolution of the large (~10-12 kb) rRNA precursors. For
a typical 1% gel (150 ml), 1.5 g of agarose was added to 124.5 ml of water,
boiled, and cooled to 50°C, followed by the addition of 24 ml of 37% form-
aldehyde solution and 1.5 m! of 1 M NaPO, pH 70. The running buffer
consisted of 160 ml of formaldehyde solution (37%) and 10 ml of 1 M
NaPQ, pH 70 per liter. RNA that was dissolved in water containing 0.1%
diethylpyrocarbonate was added to sample mix (75% formamide, 3.3 M
formaldehyde, 13 mM NaPQ,) at a ratio of 1:2 (RNA/mix). The samples
were heated to 50°C for 15 min, and the loading buffer (5x = 0.25% brom-
phenol blue, 0.25% xylene cyanol, 30% glycerol) was added to each sam-
ple. Samples were subjected to electrophoresis at 15 mA overnight, then at
40 mA for 4-5 h. The running buffer in the two chambers was mixed every
1-2 h during the last 5 h of electrophoresis to prevent electroendoosmosis
of the gel (continuous pumping of the buffer resulted in smearing of the
RNA bands).

Blotting of Formaldehyde-RNA Gels

Formaldehyde gels were soaked in 50 mM NaOH (containing 5 pg/mi of
ethidium bromide) for 60 min, then in 10 mM NaPO, pH 70 for an addi-
tional 60 min, with at least five changes of buffer. The gel was photographed
using a short wave UV light box, (Background staining of formaldehyde gels
was typically very high, even after extensive de-staining.) The RNA was
transferred to Zeta-probe (Bio-Rad Laboratories, Richmond, CA) blotting
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membrane (that was pre-wetted with 4X SSC) overnight in 20X SSC using
the method described by Maniatis et al. (33). After the transfer was com-
plete, the blotting membrane was air dried and baked in vacuo at 80°C for
3 h. The filter was prehybridized overnight at 42°C in the following solu-
tion: 5X SSC, 1% Denhardt’s solution (1X = 0.02% each of BSA, Ficoll,
and polyvinylpyrrolidone), 20 mM NaPO pH 70, 10% dextran sulfate,
5 mg/ml E. coli DNA (sonicated), and 50% formamide. The solution was
heated to 90°C and cooled before use. The prehybridization solution was
discarded, and the filter was hybridized overnight at 42°C in a hybridization
mix consisting of the same solution to which the nick-translated probe had
been added. To ensure a linear increase in the amount of hybridization to
increasing amounts of RNA on the filter, a minimum of a fivefold excess
of nick-translated probe was used. This was estimated based on the expected
amount of rRNA on the filter that was complementary to the probe. Hybrid-
ization was complete within 24 h, and the filter was washed in 2, 1X, and
0.5x SSC at 70°C for several hours. Filters could be hybridized sequentially
with different probes simply by repeating the prehybridization/hybridization
procedure described above. Alternatively, the first probe could be removed
by washing the filter in 0.02 mM EDTA at 80°C for 1 h.

Pulse-Chase Labeling for rRNA Processing

CEFs were plated at a concentration of 2-3 X 10° per 60-mm plate and in-
cubated for ~2 d, or until the cultures were ~90-100% confluent. (At this
point cells are growing optimally.) All solutions were pre-warmed to 39°C
and cell cultures were maintained at this temperature through the pulse-
chase experiment. Cultures were pulse-labeled with 50 pCi of [*H]uridine
(specific activity, 40 Ci/mmol) in 1.0 ml of DME per plate for 10 min. Cul-
tures were chased by removing the medium, washing the monolayer with
3 ml of PBS, and adding 3 ml of DME containing 10% FCS and 0.05 pg/ml
actinomycin D. After the chase period, the monolayers were washed with
3 ml of PBS, and RNA was isolated from nuclei.

All solutions for RNA contained 0.1% diethylpyrocarbonate, which was
added immediately before use. Nuclear RNA from CEFs was isolated as
follows: Monolayers were washed with 3 ml of PBS, followed by 1.5 ml of
hypotonic solution (10 mM Tris pH 7.4, 1 mM MgCl,). An additional 1.5
ml of hypotonic solution was added, and then cells were scraped off the plate
and transferred into a centrifuge tube. Triton X-100 was added to a final con-
centration of 0.1%, and the cell suspension was vigorously vortexed for 30 s.
The tubes were placed in an ice bath for 10 min, and the vortexing was
repeated. The liberation of the nuclei was monitored by clearing of the solu-
tion and by phase microscopy. After lysis of the cells, 0.5 ml of a sucrose
cushion (0.2 M sucrose in the hypotonic solution) was layered into the bot-
tom of the tube. Nuclei were pelleted by centrifugation at 2,000 rpm at 4°C
in an HB4 rotor. The nuclear pellet was resuspended in 100 pl of hypotonic
solution containing 0.1% Triton X-100. Sodium acetate (pH 6) and MgCl,
were added to a final concentration of 0.1 and 0.01 M, respectively. DNase
I solution (0.1 mg/ml DNase I in 0.1 M sodium acetate, treated with 0.5%
diethylpyrocarbonate overnight at room temperature) was added to give a
final concentration of DNase I of 20 ng/ml. The nuclei were incubated at
room temperature for 10 min, and were then lysed by the addition of SDS
to 1%. The lysate was extracted two times with Leder phenol (50 ml of phe-
nol/50 ml chloroform/0.5 ml isoamy! alcohol) and precipitated with 0.5 vol
of 3 M sodium acetate plus 2 vol of absolute ethanol at —20°C for several
hours. RNA was pelleted by centrifugation at 10,000 rpm for 10 min at 4°C
and dissolved in water. RNA was subjected to electrophoresis through
agarose-formaldehyde gels as described above.

Fluorography of Formaldehyde Gels

Formaldehyde gels containing *H-labeled RNA were fluorographed as fol-
lows: Gels were rinsed in several changes of water for 1 h, then soaked in
4 M sodium salicylate for 30 min. The gels were then briefly rinsed in water
and dried onto 3-mm paper (Whatman Inc., Clifton, NJ) using a Bio-Rad
slab gel-dryer. Gels were dried at room temperature for ~1 h, then at 60°C
for 5-10 min. (Heating the hydrated gels resulted in excessive crystallization
of the salicylate.) The gel was exposed to Kodak XAR-5 film overnight.

In Vitro Transcription Using Isolated Nuclei

Cell cultures were established with ~3 X 10° cells in a 100-mm plate, and
incubated for ~2 d, or until the cultures were confluent. The cultures were
fed several hours before isolation of the nuclei. Cells were collected by tryp-
sinization, and cell counts were done using a hemacytometer. An equivalent
number of cells for each genotype were transferred into 15-ml centrifuge
tubes, with a maximum of 5 X 107 cells per tube. (Larger numbers of cells
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resulted in extensive clumping of nuclei and cell debris.) The cells were
washed with ice-cold PBS and resuspended in 10 ml of hypotonic solution
(10 mM Tris pH 8.0, 5 mM KCI, 1 mM dithiothreitol [DTT], 0.15 mM sper-
mine, 0.5 mM spermidine, 2 mM EDTA, 10% glycerol), and allowed to
swell in this solution, on ice, for 10 min. NP-40 was then added to a concen-
tration of 0.5%, and the cell suspension was vigorously vortexed for 20 s,
allowed to sit on ice for an additional 10 min, and vortexed again. Disruption
of the cells and release of intact nuclei were monitored by phase-contrast
microscopy. After the cells were lysed, 2 ml of cushion (hypotonic solution
plus 0.2 M sucrose) was pipetted into the bottom of the tube using a pasteur
pipette. The nuclei were pelleted by centrifugation at 2,000 rpm for 10 min
at 4°C in an HB-4 rotor. The nuclei were then resuspended in nuclei buffer
(100 mM Tris pH 80, 0.2 mM EDTA, 1 mM DTT, 25% glycerol, 0.125 mM
phenylmethylsulfonyl fluoride [PMSF]). Approximately 100 pl of buffer
was added for every 107 nuclei. Nuclei were immediately frozen at —70°C
in 500-pl aliquots. (Freezing of the nuclei did not interfere with their ability
to transcribe in vitro.)

For the transcription assay, nuclei were allowed to thaw on ice, and
a-amanitin (Sigma Chemical Co., St. Louis, MO) and RNasin (Promega
Biotech, Madison, WI) were added to a final concentration of 100 pg/ml
and 1 U/ml, respectively. The nuclei were preincubated for 10 min on ice.
Tubes containing 250 pl of 2 X transcription buffer (1x = 100 mM Tris pH
80, 5 mM magnesium acetate, 2 mM MgCl,, 50 mM (NH,),SO,, 1 mM
DTT, 0.6 mM NaF, 0.1 mM PMSF, 1 mM ATP, GTP, CTP, and 2 um UTP
plus 25 pCi of a-[*PJUTP [specific activity, 410 Ci/mmol]) were set up.
The transcription reaction was initiated by the addition of 250 pl of nuclei
into the reaction tube, and transferring the tube to 37°C. Reactions were
stopped by the addition of EDTA to 5 mM and diethylpyrocarbonate to
0.2%. Sodium acetate (pH 6) and MgCl; were added to final concentra-
tions of 0.1 and 001 M, respectively, and the reaction was treated with
DNase I (1 pg/reaction) that had been treated with diethylpyrocarbonate for
5 min at room temperature. The nuclei were then lysed by the addition of
SDS to a concentration of 0.1%. Duplicate samples, each comprising one-
tenth of the total reaction, were aliquoted for determination of incorporated
counts by TCA precipitation.

For hybridization experiments, the nuclear lysates were extracted twice
with Leder phenol and precipitated with ethanol. Intact RNA was separated
from free counts by chromatography on a 3-ml P-60 column. The RNA col-
lected from the column was used as a probe for filter-bound plasmid DNA
by the hybridization procedure previously described, with the exception that
the filter-bound DNA was present in excess in the hybridization. Typically,
5 ng of plasmid DNA on a single strip of filter (from one lane of a gel) was
hybridized to RNA that was synthesized from a reaction containing 2 X
107 nuclei (~v200,000-400,000 cpm of 32P) in a total volume of 10 ml.

DNase 1 Sensitivity of rDNA

Nuclei were isolated from CEFs or erythrocytes as previously described,
with the exception that the hypotonic solution used consisted of 10 mM Tris
pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 10% glycerol. Nuclei were also
resuspended in this same buffer, except that 25 % glycerol was added. Nuclei
from ~107 cells were resuspended in 1 ml and aliquoted into 100-ul sam-
ples. 5 pg of DNase I, in a volume of 50 pl, was added to the nuclei, and
the reactions were stopped by the addition of EDTA to 25 mM and SDS to
0.2%. 1 pg of lambda DNA was added to each reaction, which contained
~5 ug of genomic DNA. (The lambda DNA was used to ensure that no
DNA was lost during the purification steps, and to ensure that all of the
DNA was digested to completion.) The lysates were treated with Proteinase
K (25 pg/reaction) for 1 h at 37°C, then extracted twice with Leder phenol,
three times with water-saturated ether, and precipitated at least twice with
0.5 vol of 7.5 M ammonium acetate and 2 vol of absolute ethanol. A portion
of each reaction (1/20th of the total reaction) was subjected to electrophore-
sis on a 1% agarose gel and stained with ethidium bromide to determine the
extent of digestion by DNase 1. The remainder of the DNA was digested
with restriction enzyme and hybridized to nick-translated probes as de-
scribed above.

Camptothecin-Topoisomerase 1 Analysis

Camptothecin (lactone form; NSC 94600) was obtained from the Drug Syn-
thesis and Chemistry Branch, National Cancer Institute. It was stored as a
10 mM stock in DMSO at —70°C. For topoisomerase I cleavage experi-
ments, exponentially growing cultures of CEFs were exposed to 20 pM
camptothecin in PBS for 5 min at 37°C (2.5 ml total for 100-mm plate). The
camptothecin solution was removed, and the monolayers were immediately
flooded with 2.5 ml of 10 mM Tris pH 7.5, 50 mM NaCl, 25 mM EDTA,
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Figure 1. Quantitation of pre-rRNA levels in CEFs. Autoradiograph
of blot of total cellular RNA from CEFs hybridized to pETS. Lanes
1-3 and lanes 8-J0 represent increasing amounts (2.5, 5, and 10 ug)
of total RNA from disomic and tetrasomic cells, respectively. Lanes
4 and 5 and lanes /I and 12 are 5 and 10 pg of RNA after 15-min
exposure to actinomycin D (50 ng/ml). Lanes 6 and 7 and lanes I3
and /4 are 5 and 10 pg of RNA after a 30-min exposure of cells
to actinomycin D. This filter was then probed with a fragment corre-
sponding to the 28S rRNA (not shown) for determination of ratio
of precursor to mature rRNA (Table I). (A band above the 45S
precursor is seen occasionally in these blots. Although its identity
is unknown, it may arise from transcripts that extend beyond the
termination site for the 45S rRNA.)

2% SDS. The lysates were treated with Proteinase K (100 pg/ml) for 4 h
at 55°C, extracted twice with phenol, once with Leder phenol and once with
24:1 chloroform/isoamyl alcohol. The samples were precipitated with etha-
nol twice, then treated with RNase A (10 pg/ml) for 1 h at 37°C. The organic
extractions were then repeated. The DNA was dissolved in 10 mM Tris pH
7.5, 1 mM EDTA. DNA concentrations were determined by absorbance at
260 nm (assuming Az = 1 for a 50 pg/ml solution. The DNA was then
digested with the appropriate restriction enzyme.

To detect single-strand cleavages, samples were treated with Sl-nuclease
as follows: 5 pg of DNA in 25 pl 10 mM Tris pH 7.5, 1 mM EDTA was
mixed with an equal volume of 2x S buffer (1X = 50 mM sodium acetate
pH 4.5, 150 mM NaCl, 2 mM ZnSO,) containing ~10 U of SI nuclease.
Samples were incubated at 37°C for 30 min. The reaction was stopped by
addition of EDTA to 25 mM and NaCl to 300 mM. Samples were extracted

Table 1. Ratio of Precursor to 285 rRNA*

with phenol and precipitated with ethanol. The DNA was subjected to elec-
trophoresis into a 1% agarose gel in Tris-borate buffer (0.09 MM Tris-base,
0.09 M boric acid, 25 mM EDTA), transferred to Zeta-probe blotting mem-
brane, and hybridized to nick-translated probe as described above.

Mapping of Initiation Site with SI-Nuclease

Total genomic RNA was isolated by the guanidine-isothiocyanate method
described above. For each reaction 500 ng of Sma I-digested pETS was
mixed with 10 pg of RNA (or an equivalent amount of saimon sperm DNA
in control samples). The nucleic acids were precipitated with ethanol and
dissolved in 20 pul hybridization buffer (40 mM Pipes pH 6.4, 1 mM EDTA
pH 80, 0.4 M NaCl, 80% formamide). Samples were denatured by heating
to 80°C for 15 min. Reannealling was allowed to proceed at 60°C for 4 h.
(Conditions for the preferential formation of DNA-RNA hybrids over
DNA-DNA hybrids were empirically determined in previous experiments.)
After hybridization, 300 pl of ice-cold S1 buffer (described above) contain-
ing 10, 100, or 1,000 U of S1 nuclease was added to each reaction. Samples
were incubated at 37°C for 1 h. Reactions were terminated with the addition
of 50 ul of 4 M ammonium acetate plus 100 mM EDTA. Nucleic acid was
precipitated with an equal volume of isopropyl alcohol. Samples were sub-
jected to electrophoresis in an alkaline-agarose gel (33), transferred to Zeta-
probe membrane, and hybridized to nick-translated probe.

Densitometry

All autoradiographs were scanned on a Bio-Rad model 620 video densitom-
eter. Different exposures of each autoradiograph were scanned to ensure that
the intensities of the bands were within a linear range for the x-ray film.

Results

Precursor rRNA Transcription and Processing

We reported previously that the amount of mature 18S and
28S rRNA per cell is the same for normal and aneuploid
CEFs. In the present study, we attempted to determine how
regulation is achieved in aneuploid cells. rRNA is transcribed
as a large primary transcript that is processed by a series
of cleavages to yield the mature 18S, 5.8S, and 28S rRNAs.
Since transcription and processing of the primary transcript
are possible control points for rRNA production we com-
pared both of these aspects of mature rRNA synthesis in nor-
mal and aneuploid CEFs.

The relative levels of pre-rRNA for disomic and aneuploid
CEFs were determined in two ways: (@) by blotting hybrid-
ization and (b) by nuclear run-on transcription. In the first
experiment (Fig. 1), 2.5, 5, and 10 pg of total cellular RNA
from disomic (lanes /, 2, and 3) and tetrasomic (lanes 8, 9,
and 10) cells were subjected to electrophoresis in an agarose-

Genotype — Actinomycin D + Actinomycin D Inhibition
%
Trial No. 1
Disomic 0.35 0.07 80
Tetrasomic 0.40 0.10 75
Trial No. 2
Disomic 0.73 — -
Trisomic 0.76 - —
Tetrasomic 0.74 - —

* The ratio of 458 pre-RNA to 28S rRNA was determined from the relative areas of the peaks in densitometer scans. The autoradiograph for trial No. 1 is shown
in Fig. 1. The blot shown was re-probed with a fragment corresponding to the coding region for the 28S rRNA to obtain the 455/28S rRNA ratios. Trial No.
2 represents a similar experiment that included trisomic samples. The percent inhibition by actinomycin D was determined in trial No. 1 after exposure of CEFs
to the compound for 15 min at a concentration of 50 ng/ml. (The differences in the absolute value of the ratios between the two experiments represents differences
in the specific activities of the probes used for the precursor and mature rRNAs.)
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formaldehyde gel, transferred to blotting membrane, and hy-
bridized to a nick-translated probe derived from part of the
external transcribed spacer (pETS). The filter was probed a
second time with a probe derived from the 28S rRNA cod-
ing region (not shown). The intensities of the bands corre-
sponding to the 45S pre-rRNA as well as that of the 28S
rRNA was quantitated by densitometry, and the ratios of
RNA precursor to mature RNA were calculated based on the
relative areas of the peaks in the densitometer scans (Table
I). In trial No. 1 (shown in Fig. 1), similar ratios of precursor
RNA to mature RNA were obtained for the disomic and
tetrasomic samples. Trial No. 2 also included a trisomic
sample. Once again, the ratio of precursor to mature rRNA
was found to be similar in all of the genotypes. (The different
absolute values of the numbers between the two trials repre-
sent differences in the specific activities of the probes used.)
Since the level of 28S rRNA in normal and aneuploid CEFs
is the same, these results indicate that the steady-state amount
of pre-rRNA per cell is also the same.

Actinomycin D was included in some disomic and tetra-
somic cultures (Fig. 1, lanes 4-7 and lanes 1/-/4, respec-
tively). Because rRNA synthesis is particularly sensitive to
inhibition by actinomycin D, a low concentration of this com-
pound (50 ng/ml) is sufficient to inhibit rRNA synthesis
without affecting pre-rRNA processing or synthesis of mRNA
(45, 52). The extent of reduction in the amount of 45S
precursor by actinomycin D was determined (Table I). For
both genotypes, the amount of 45S rRNA rapidly decreased
after exposure of cells to the compound for 15 min, indicat-
ing that disomic and tetrasomic cells are equally sensitive to
the inhibition of TRNA synthesis by this compound. Three
bands, corresponding to small RNAs ~0.5-1-kb long, accu-
mulated with time in the cells exposed to actinomycin D.
Similar small RNA species have been observed in actinomy-
cin D-treated mouse cells, and may be due to aborted initia-
tion by RNA polymerase I (9). But it is also possible that
these bands arise from the transcription of sequences up-
stream of the pre-rRNA start site (pETS; Fig. 4 a). Tran-
scripts that are derived from the “non-transcribed spacer”
and terminate immediately upstream of the pre-rRNA start
site have been reported in mouse and in Xenopus (20, 23, 37,
50). The spacer transcripts are highly unstable. However, it
is possible that their stability is enhanced when pre-rRNA
synthesis is inhibited by actinomycin D, leading to the ac-
cumulation of these small RNAs.

This rapid inhibition of pre-rRNA synthesis by actinomy-
cin D was used to compare processing of rRNA in normal
and aneuploid cells. CEFs were pulse-labeled with [*H)uri-
dine for 10 min, then re-fed with fresh medium containing
actinomycin D for chase periods of 10, 20, and 30 min. A
profile of the major processing intermediates can be seen
using this labeling regime (Fig. 2 ). The size of these pro-
cessing intermediates was assigned by analogy with mam-
malian processing intermediates (54, 55). Although other,
alternative processing pathways also occur in most mam-
malian cells, the RNA species visible in this experiment
coincide with the most abundant mammalian species. The
45S rRNA, which is the largest stable pre-rRNA that can
be identified, is rapidly cleaved at the 5’ end to form a 43S
intermediate, then a 41S intermediate. The 41S rRNA is
then cleaved to produce a 20S species, from which the 18S
rRNA is derived, and a 328 species, which is cleaved to
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Figure 2. Processing of pre-rRNA in CEFs. (@) Autoradiograph of
nuclear RNA after 10-min pulse labeling with [*H]uridine (lanes
1, 5, and 9) followed by 10-min chase (lanes 2, 7, and 10), 20-min
chase (lanes 3, 8, and 1), or 30-min chase (lanes 4, 8, and 12) in
the presence of 50 ng/ml of actinomycin D. RNA from ~2 x 106
nuclei was subjected to electrophoresis in a 1% agarose-formalde-
hyde gel. (b) Histogram of autoradiograph shown in a. Each bar
represents the percent of total area (determined by densitometry of
various exposures of the film) in the lane that corresponds to each
band.

generate the 5.8S rRNA plus the 28S rRNA. No qualitative
differences could be seen in pre-TRNA processing for di-
somic (lanes I-4), trisomic (lanes 5-8), and tetrasomic
(lanes 9-12) CEFs. In all three genotypes, the 45S precursor
is almost immediately cleaved to generate a 43S intermedi-
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ate, which is visible even in the 10-min pulse samples (lanes
1, 5, and 9). In other systems, the rate-limiting step in rRNA
processing is the conversion of the 32S rRNA to 28S plus
5.8S rRNA (22, 25, 26). This is evidenced here by the ac-
cumulation of the 328 species. The relative amounts of the
various RNA species were quantitated by densitometry and
are illustrated in histogram form (Fig. 2 b). No quantitative
differences could be seen in the processing profiles of the
three genotypes. (Although it appears that there are slightly
larger amounts of the 32S and 28S RNAs for the tetrasomic
cells after a 10-min pulse [panel 9]. this was not observed
in replicate experiments.)

Transcription of rRNA in Isolated Nuclei

The above experiments indicate that the amount of 458 pre-
rRNA and the rate of processing of the precursor are similar
in normal and aneuploid CEFs. However, it is possible that
more precursor is synthesized in aneuploid cells, and any ex-
tra transcript is rapidly degraded. We have addressed this
possibility by measuring the synthesis of pre-rRNA in the
CEFs by run-on transcription in isolated nuclei. When in-
cubated under conditions of low ionic strength, and in the
presence of @-amanitin (an inhibitor of RNA polymerase II
and III, but not polymerase I), isolated nuclei will continue
to elongate rRNA transcripts that were initiated in vivo (17,
19). The incorporation of [**P]UTP into rRNA by identical
numbers of disomic and tetrasomic nuclei was quantitated by
TCA precipitation (Table II). For the two trials shown, no
difference in incorporation for normal and aneuploid nuclei
can be seen.

The amount of rRNA synthesized in vitro was also quanti-
tated by hybridizing the *?P-labeled rRNA to an excess of
filter-bound cloned rDNA corresponding to the ETS and to
the 28S regions of the gene (data not shown). The amount
of hybridization to the filter-bound DNA was the same for
the disomic and tetrasomic samples.

Chromatin Structure in Normal and Aneuploid Cells

The above data indicate that the amount of pre-TRNA tran-
scribed in CEFs is independent of the rRNA gene copy num-
ber. Two possible mechanisms for regulation of rRNA tran-
scription in these cells can be envisioned: (a) all of the rRNA
genes are active in the cells with additional copies, but the
amount of transcript produced from each gene is reduced,
or (b) the same number of genes are turned on in each cell,
and any additional genes are inactive.

Table II. Incorporation of [**PJUTP into rRNA
by Isolated Nuclei*

Incorporation (cpm per 5 X 10° nuclei)

Genotype Trial 1 Trial 2
Disomic 210,000 (7.35) 405,000 (7.08)
Tetrasomic 199,000 (6.97) 450,000 (7.88)

* Values represent number of counts per minute of 2P per reaction as deter-
mined by TCA precipitation. Each reaction contained 5 X 10° nuclei in 500 pl
which were incubated for 10 min at 37°C. All reactions were performed in
duplicate. Numbers in parenthesis indicate number of picomoles of UTP in-
corporated per reaction. (The concentration of UTP was 2 uM; 25 uCi of
[**PIUTP was added to each reaction for Trial 1, and 50 nCi was added to
each reaction for Trial 2.)
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Transcriptionally active genes are more sensitive to diges-
tion by various nucleases than inactive genes, due to differ-
ences in chromatin structure (11, 30, 53, 56). We compared
the sensitivity of rDNA in normal and aneuploid CEFs to
digestion by DNase I to probe the chromatin structure of the
extra rRNA genes in the aneuploid cells. Identical numbers
of nuclei from disomic and tetrasomic CEFS were digested
with DNase I (5 pg/ml) for various times. Genomic DNA
then was purified and digested with Pst I. A 5.1-kb Pst I frag-
ment, which contains the site for initiation of transcription,
was detected by hybridization to a nick-translated probe,
pETS (Fig. 3 a). The intensity of the band was quantitated
by densitometry, and the percent reduction in the signal com-
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Figure 3. DNase I sensitivity of rDNA. (a) Representative time
course of DNase I digestion of the 5.1-kb Pst I fragment that con-
tains the transcription initiation site. Nuclei from disomic and tetra-
somic CEFs were digested with DNase I (5 ug/ml in a total reaction
volume of 100 ul, containing 1 X 10° cells) for the times indi-
cated. Genomic DNA was purified and digested with Pst I. The
filter was hybridized using the ETS probe. (b) Graph of relative rate
of degradation of fragment in a showing increased resistance of
rRNA in tetrasomic nuclei to digestion by DNase I. Points represent
the percent of signal remaining as compared with the 0-min con-
trols, as determined by densitometry of two separate blots, with
duplicate samples on each blot (i.e., four individual values).
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pared with the controls was determined. The values obtained
for the representative blot shown, and two other blots, were
averaged and are displayed graphically (Fig. 3 b). We consis-
tently found that the rDNA from disomic nuclei was more
rapidly degraded by DNase I than the rDNA from tetrasomic
nuclei. This was true for at least three different nuclear
preparations, and for fragments corresponding to other por-
tions of the coding region (data not shown). The increased
resistance of rDNA to digestion by DNase I in the tetrasomic
cells supports the second possibility presented above,
namely, that a larger proportion of rRNA genes in aneuploid

a

cells is transcriptionally inactive compared with the rRNA
genes in disomic cells.

Mapping and Methylation Analysis in the Region
of the rRNA Start Site

Before we could proceed to further characterize the rDNA
in the normal and aneuploid CEFs, it was necessary to map
the site for initiation of transcription for the chicken. Using
S1 protection analysis in which total RNA was hybridized to
the 1.5-kb Bam HI-Sma I fragment (Fig. 4 b), we found a
protected band that was ~300 bp smaller than the full length

Figure 4. Map of chicken rDNA
and determination of the pre-
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EE 15k
r—

(%] r“ shows details of the 3.2-kb
- Bam HI-Sal I fragment.Small
P arrows (above the line) indi-

cate the location of the Hpa
I1/Msp I sites and large arrows
(below the line) correspond to
the Sma I sites. The approxi-
mate location of the site for
initiation of transcription is
indicated (%) and the probe
used in the indirect end label-
ing for S1 mapping (below) is
also shown (|---1). (b) Blot of
S1 mapping experiment for
determination of site of initia-
tion of transcription. pETS
was digested with Sma I plus
Bam HI to generate the three
fragments shown in standard
lane (s#d. ). Plasmid DNA was
hybridized to total cellular
RNA as described in Mate-
rials and Methods, and digest-
ed with 10 (lane 7), 100 (lane
2), and 1,000 (lane 3) units of
S1 nuclease. Fragments were
subjected to electrophoresis in
a 1% alkaline-agarose gel,
transferred to blotting mem-
brane, and hybridized to the
probe indicated in a. Standards
correspond to a lane in the
same blot that was hybridized
to pETS to detect all three
Sma I fragments. The largest
protected fragment (lane /,
arrow) is ~300 bp smaller
than the 1.5-kb Bam HI-Sma I
fragment. Its 5 end is pre-

sumed to correspond to the site of initiation of transcription. Further digestion with SI nuclease (lanes 2 and 3) results in the generation
of small fragments that probably correspond to early processing intermediates. (¢} Nuclear run-on experiment in which ¥P-labeled RNA
that was synthesized by isolated nuclei in vitro was hybridized to pETS that was digested with Sma I, run on a 1% agarose gel (left) and
transferred to blotting membrane. Only the fragment containing the 1.5-kb Bam HI-Sma I fragment (arrow) hybridizes to the RNA probe.
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Bam HI-Sma I fragment (Fig. 4 b, lane /). This band de-
creased in intensity at higher S1 concentrations (lanes 2 and
3), while other bands, which we assume result from rRNA
processing intermediates, became the major species. Be-
cause of the rapid processing of the rRNA primary tran-
script, accurate SI mapping using genomic RNA has posed
some difficulties in other species, resulting in the mistaken
identification of early processing sites as the initiation site
(40). Alithough we cannot say with absolute certainty that the
5'end of the larger fragment corresponds with the actual ini-
tiation site, we feel that, at least at the level of resolution
shown here, it is a good estimate of the start site. This conclu-
sion is supported by a second experiment (Fig. 4 ¢) in which
32Pp.]abeled RNA that was synthesized in isolated nuclei (as
previously described) was used as a probe to filter-bound
ETS plasmid that had been digested with Sma I. Neither up-
stream Sma I fragment could be detected on the resulting au-
toradiography, whereas the Bam HI-Sma I fragment showed
a strong signal.

Recently, it was reported that sequences in the “non-
transcribed spacer” DNA, upstream of the major rRNA tran-
scription start site, are transcribed in Xenopus and mouse
(20, 23, 37, 50). The RNAs derived from this region appar-
ently are highly unstable and are believed to be only 1-10% as
abundant as the rRNA primary transcript. We did not find
evidence for transcription of upstream sequences in the
chicken. However, it is likely that our nuclear run-on experi-
ment was not sensitive enough to detect such low levels of
RNA.

Because methylation of rDNA has been shown to be in-
versely correlated with gene activity in some species, we
decided to see if any differences in methylation could be de-
tected in the normal and aneuploid CEFs. In vertebrates,
methylation of DNA occurs almost exclusively in the cyto-
sine residue of the dinucleotide CpG. The restriction en-
zymes Hpa IT and Msp I both recognize the sequence CCGG,
but Hpa II will not cleave the DNA if the second cytosine
is methylated. Msp I will cut both methylated and unmethyl-
ated sequences. By performing parallel digestions of genomic
DNA with these two enzymes, it is possible to determine the
extent of methylation of a sample. We found that the recog-
nition sequence CCGG is highly repeated in the 3.2-kb Bam
HI-Sal 1 fragment that contains the initiation site (Fig. 4 a).
Thus, it appeared possible that methylation of these sequences
might be involved in regulating expression of the rDNA.
Blotting hybridization of disomic and tetrasomic DNA that
was digested with either Msp I (Fig. S a, lanes a and b) or
Hpa II (lanes ¢ and d) and hybridized to a mixture of the
two “upstream” Sma I fragments revealed that much of the
DNA in this region was methylated. This is evidenced by the
smearing present in the Hpa II lanes, resulting from a series
of partial digests by the enzyme. This smearing is absent
from the Msp I lanes. When this same filter was washed and
re-probed with the 1.5-kb Bam HI-Sma I fragment (most of
which is transcribed), no partial digest products were ob-
served (Fig. 5 b). Thus, the methylated rDNA sequences ap-
pear to be restricted to sequences upstream from the start
site, and absent from transcribed sequences. We have also
found an identical methylation pattern in the rDNA of a sec-
ond cell type, the mature erythrocyte (data not shown). How-
ever, for both the CEF and the erythrocyte rDNA, no differ-
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Figure 5. Methylation of chicken rDNA. (@) Approximately 10 uig
of DNA from disomic (lanes a, ¢, and €) and tetrasomic (lanes b,
d, and f) CEFs was digested with Msp I, Hpa II, or Bam HI, as
indicated. (For Bam HI, 2 pg were run in each lane.) In all samples
lambda DNA was added as carrier to ensure that complete digestion
was obtained. The filter was hybridized to the 0.75-kb plus 0.70-kb up-
stream Sma I fragments (Fig. 4). A ladder of bands due to partial
digestion by Hpa II, which does not cleave DNA at methylated se-
quences, can be seen (lanes ¢ and d). No partial digest products
are seen in the digest by Msp I, which is not sensitive to DNA meth-
ylation. (b) Same blot as in g after removal of first probe and re-
probing with the 1.5-kb Sma I-Bam HI fragment. No partial digest
products are present with either enzyme, indicating that unlike the
upstream Sma I fragments, the Hpa II/Msp I sites in this region are
not methylated.

ences in methylation between normal and aneuploid cells
were observed.

Localization and Quantitation of Topoisomerase 1
on rDNA from CEFs

Because topoisomerase I is abundant on actively transcribed
genes, we studied the distribution of this enzyme on the
rDNA of normal and aneuploid CEFs. When cells are ex-
posed to the compound camptothecin, a potent and highly
specific inhibitor of topoisomerase I (14, 24), and then lysed
with SDS, the enzyme remains covalently bound to the 3'
phosphoryl end of the DNA, resulting in the generation of
single-strand DNA breaks. Treatment of the purified DNA
with S1 nuclease, which cleaves the DNA strands opposite
the topoisomerase I-induced nick, results in the generation
of a double-strand break that can be easily detected by con-
ventional electrophoresis and blotting hybridization (6, 16).
Because topoisomerase 1 is particularly abundant in tran-

1508



a 1234 9101112 std.

567 8 a be
- + - + - -+ — CAMP. » -.—|
FAra rFAEE oA - 51 = -
_—— — 73
-
up -
Cco ’
: —a1
—3as
-l —212
" *
. —245
- —175
DISOMIC TRISOMIC TETRASOMIC
b S SM SM sM B s B
P VY | Y VY Tp
l‘ AAL AALA A A A N
u
u
c c
c
u
DISOMIC TRISOMIC TETRASOMIC

Figure 6. Camptothecin-induced cleavages in the ETS region of di-
somic, trisomic, and tetrasomic CEFs. {¢) Equivalent amounts of
genomic DNA (5 pg) from disomic (lanes 1-4), trisomic (lanes
5-8), and tetrasomic (lanes 9-12) CEFs were digested with Pst I,
subjected to electrophoresis in a 1% agarose gel, transferred to blot-
ting membrane, and probed with pETS. Samples from cultures that
were either treated with camptothecin (+ CAMP.; lanes 3, 4, 7, &,
i, and 12) (20 uM for 5 min) or untreated controls {(— CAMP,;
lanes 1, 2, 5, 6, 9, and 10) are indicated. Samples in lanes 2, 4,
6, 8, 10, and 12 were also treated with S1 nuclease (10 U/50 pl reac-
tion for 30 min at 37°C). Cleaved (C) and uncleaved (I7) Pst I frag-
ment that was used for subsequent quantitation is also indicated.
Size standards are also shown (szd. ). Insert panel (right) shows blot
with higher resolution of single-strand cleavages in the ETS. Camp-
tothecin-treated DNA samples from the same experiment were
digested with O (lane a), 5 (lane b), and 10 (lane c) units of S1
nuclease. This and other blots probed with appropriate fragments
for indirect end labeling were used to determine the sites for camp-
tothecin-induced cleavages in the ETS which are shown in b. (b}
Map of Pst I fragment in blot shown in a is shown, with restriction
sites for Sal I (§), Bam HI (B), and Sma I (SM). Closed arrows
indicate location of single-strand topoisomerase I cleavage sites.
Large, closed arrow indicates position of the most prominent,
single-strand site. A band corresponding to cleavage at this site is
indicated by an asterisk in a. The large, open triangie corresponds
to the double-strand cleavage site which reduces the 3.1-kb Pst 1
fragment by ~0.5 kb. The ratio of the cleaved (C) and uncleaved
(U) fragment due to cutting at this site was used in the quantitation
in Table III. (¢) Densitometer scans of the cleaved (C) and un-
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scribed genes and may be present on both strands of the
DNA, camptothecin induces double-strand breaks in addi-
tion to single-strand breaks (14). For the experiments de-
scribed below, CEFs were exposed to 20 uM camptothecin
for 5 min. Higher levels of the compound or longer exposure
times did not enhance the amount of cleavage detected (data
not shown). To detect single-strand breaks, DNA was also
treated with 10 U of SI nuclease for 30 min at 37°C. Under
these conditions, S1 nuclease treatment alone did not cleave
the rDNA with any specificity (Figs. 6 a and 7 a, lanes 2,
6, and 10).

An analysis of camptothecin~topoisomerase I cleavages in
the ETS revealed that both double- and single-strand DNA
breaks were generated in the rDNA. A prominent, double-
strand cleavage site that maps ~0.7-kb upstream of the 185
coding region was detected in the samples treated with camp-
tothecin only (lanes 3, 7, and ). Cleavage at this site re-
duced the size of the original 5.1-kb Pst I fragment by ~0.5
kb, and accounts for the reduction of intensity of this frag-
ment after camptothecin treatment. The single-strand breaks,
which are visible only in the samples that were treated with
camptothecin plus S1 nuclease (Fig. 6 a, lanes 4, 8, and 12),
begin in the region of the transcription start site and continue
into the ETS (Fig. 6 b). These single-strand cleavages repre-
sent a small proportion of the total amount of topoisomerase-
induced cleavage of this fragment. (Although we did not de-
tect cleavages in the upstream sequences in the CEFs, we did
observe a few sites of campothecin-induced cleavage in the
spacer region of MSB-1 cells, a cell line of Marek’s virus-
transformed T lymphocytes.)

When DNA samples from the same experiment were di-
gested with Bam HI and probed with pITS (Fig. 7), little
specificity of cleavage was detected. However, the dramatic
reduction of the signal in the camptothecin-treated samples
indicated that topoisomerase 1 was present in the coding re-
gion. Additional blotting experiments using indirect-end
labeling of various restriction fragments revealed that there
were several double-strand cleavage sites throughout the
coding region (Fig. 7 b).

The amount of cleavage of the Pst I fragment from the ETS
region was quantitated in disomic, trisomic, and tetrasomic
celis by comparing the ratio of the uncleaved fragment to
cleaved fragment within each sample. By visual inspection
of this autoradiograph (Fig. 6 @), it is apparent that there is
a greater amount of uncleaved fragment (1), compared with
the cleaved fragment (c), in the trisomic (lanes 7 and 8) and
tetrasomic (lanes I/ and 12) samples compared with the di-
somic samples (lanes 3 and 4). Densitometry of this blot
(Fig. 6 ¢) confirmed that proportionally more uncleaved
fragment is present in the aneuploid cells. In addition, the
amount of cleaved fragment is approximately the same in all
three genotypes.

The amount of cleavage of the internal Bam HI fragment
was also compared in the normal and aneuploid cells (Fig.

cleaved (U) Pst I fragments corresponding to lanes 4, 8 and 12
(disomic, trisomic, and tetrasomic samples, respectively) from a
lighter exposure of the autoradiograph shown in a. A similar amount
of cleaved fragment is present for all three genotypes. In contrast,
an increasing amount of uncleaved fragment is present in the two
aneuploid samples.
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Figure 7. Camptothecin-induced
cleavages in the internal region
for disomic, trisomic, and tetra-
somic CEFs. (@) DNA samples
from same experiment described
for Fig. 6 were digested with Bam
HI and hybridized to the pITS.
Treatment of samples in each lane
is also the same as that for the
previous figure. Extensive degra-
dation of this fragment is illus-
trated by the lack of site-spe-
cific cleavages in the camptothe-
cin treated samples (lanes 3, 4, 7,
8, 11, and 12). (b) Map of internal
portion of the pre-rRNA coding
region showing the site for Bam
HI (B), Pst I (P), and Sal I (S).
The Bam HI fragment in the
blot shown in ¢ is indicated by
brackets. Additional blots obtained
by indirect end labeling of frag-
ments in this region indicated the
presence of several topoisomerase
I cleavage sites in this coding re-
gion. The closed triangle corre-
sponds to a single-strand cleavage

12 site, and the open triangles cor-
respond to double-strand cleav-

age sites. {¢) Densitometer tracings of autoradiograph pictured in ¢ showing increased resistance to degradation of the Bam HI fragment
in the aneuploid samples. The corresponding lane in the blot is indicated at the base of each peak. To normalize for the differences in
the rDNA gene copy number among the three genotypes, the peaks in the control lanes (lanes 1, 5, and 9) were adjusted to yield signals
of equivalent intensity, and all other lanes for each genotype were scanned relative to the control peak.

7 a), by measuring the total amount of fragment present in
the camptothecin-treated samples and in the untreated sam-
ples. Densitometry of this blot (Fig. 7 ¢) revealed that the
reduction in signal due to camptothecin treatment was pro-
portionally less in the trisomic (lanes 5-8) and the tetra-
somic (lanes 9-12) samples, as compared with the disomic
samples (lanes I-4).

We used the quantitative data obtained in the above experi-
ments, plus data obtained from two additional trials, to arrive
at an estimate for the number of transcriptionally active
rRNA genes in the CEFs (Table III). These estimates are
based on rRNA gene copy numbers of disomic, trisomic, and
tetrasomic individuals that were determined in a previous
study (44), in which the variation in copy number for in-
dividual animals measured within +15% of the average copy
number for each genotype. We believe that this variation may
be, in part, due to actual differences in the number of rRNA
genes among individual animals. Since the calculations in
the present study are based on these numbers, we assume
that they are also accurate within +15%. We found that ap-
proximately the same number of genes (i.e., ~200 copies)
are used in all three genotypes, despite the increase in total
rDNA content in the trisomic and tetrasomic cells. These es-
timates are based on the assumption that rRNA genes with
camptothecin-induced cleavage sites are active, and those
without cleavage sites are inactive. That similar values were
obtained for the ETS region and for the ITS region reinforces
our interpretation that topoisomerase I cleavage sites occur
throughout the transcriptional unit of the actively transcribed
genes.

The Journal of Cell Biology, Volume 105, 1987

Discussion

We have previously shown that even though cells from tri-
somic and tetrasomic chickens have elevated levels of IDNA,
the amount of mature rRNA per cell is regulated to diploid
levels. Although regulation of initiation of transcription is
the primary factor in the control of rTRNA production in other
cell types, posttranscriptional regulation also occurs (22, 25,
26). In the first portion of this study, we analyzed pre-rRNA
synthesis and processing to determine at what level(s) rRNA
production is regulated in aneuploid cells. We demonstrated
that the amount of pre-rRNA per cell, as determined by blot-
ting hybridization, is the same for all three genotypes. To en-
sure that rapid processing of the primary transcript does not
account for the apparently similar levels of pre-rRNA, we
analyzed pre-rRNA processing by pulse-chase labeling of
the CEFs. The rate-limiting events in rRNA processing are:
(a) the conversion of the 328 processing intermediate to the
288 and 5.8S rRNAs, and (b) the formation and transport
of the large ribosomal subunit (22, 25, 26). Quantitation of
the various rRNA intermediates in the CEFs indicated that
no qualitative or quantitative differences in pre-TRNA pro-
cessing are occurring in the trisomic and tetrasomic cells.
These results do not exclude the possibility that excess pre-
rRNA is synthesized in the aneuploid cells, but is rapidly
degraded and therefore cannot be detected on gels. We deter-
mined the relative rates of rRNA synthesis by measuring the
incorporation of label into TRNA by isolated nuclei that were
incubated in vitro in the presence of a-amanitin. These
results showed that normal and aneuploid CEFs incorporate
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Table III. Cleavage of rRNA Genes by Camptothecin*

Estimated No. of

Total No. Cleaved genes cleaved per cell
of genes
Genotype per cell ITS ETS ITS ETS
% %
Disomic 290 61 70 177 203
Trisomic 420 49 40 206 168
Tetrasomic 570 38 40 217 228

* Values represent averages of two determinations (i.e., two independent blots) each, for the probe for the internal portion of the coding region (pITS) as shown
in Fig. 7, and the region containing the ETS, as shown in Fig. 6. The values for percent cleaved for the ITS samples were determined by comparing the signal
from the camptothecin-treated samples to the signal from the untreated control samples. The value for percent cleaved for the ETS samples was determined by
comparing the amount of cleaved vs. uncleaved Pst I fragment within each lane for the camptothecin-treated samples. Total number of rRNA genes per cell was

previously determined (44) and is accurate within +15% of the values shown.

label into rRNA at similar rates. Together, the above experi-
ments indicate that transcriptional regulation, not posttran-
scriptional regulation, of rRNA synthesis is occurring in the
aneuploid cells.

There are two possible ways in which this transcriptional
regulation can be achieved. The first alternative is that all of
the TRNA genes in the aneuploid cells are transcribed, but
the number of transcripts produced from each gene is re-
duced so that normal (i.e., disomic) amounts of pre-rRNA
are made. Studies on mutants of X. laevis in which the rRNA
gene copy number was reduced to less than the haploid level
by partial deletions of the NORs showed that the amount of
rRNA synthesized in mutant embryos was disproportionally
less than expected (27, 39). The interpretation of these results
was that the rRNA genes in the mutant embryos were tran-
scribed less efficiently than those in the wild-type embryos.
The second alternative is that the same number of rRNA
genes are transcribed in disomic, trisomic, and tetrasomic
cells, at similar rates, and the extra genes present in the
aneuploid cells are inactive. This possibility could be
achieved by the inactivation of the additional NORs in tri-
somic and tetrasomic cells. Such selective inactivation of ex-
tra NORs has been described in an aneuploid strain of Dro-
sophila (29). However, the cytological results that we
previously reported (4, 5, 44) preclude this possibility; all
of the NORs are transcriptionally active in cells from aneu-
ploid chickens and remain active in the cultured CEFs. There-
fore, if the aneuploids contain a larger number of inactive
rRNA genes than the disomic cells, the inactive genes must
be distributed among all of the NORs. We have distinguished
between these two models by comparing the chromatin struc-
ture of the rRNA genes in normal and aneuploid cells, and
by determining the relative amount and distribution of topo-
isomerase I on the rDNA of disomic, trisomic, and tetra-
somic CEFs.

Transcriptionally active sequences exhibit an increase in
sensitivity to digestion by various nonspecific endonucleases
such as DNase I and micrococcal nuclease, as compared
with nontranscribed sequences (11, 30, 53, 56). This is pre-
sumably due to differences in the chromatin structure of ac-
tive vs. inactive genes. Such nuclease sensitivity appears to
be an all-or-none phenomenon. For example, genes that are
transcribed at low levels in the chick oviduct display DNase
I digestion profiles similar to that for the ovalbumin gene,
which is transcribed at a high rate (11). If the first possibility
described above were true, we would expect that all of the
rRNA genes in normal and aneuploid cells would possess a
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chromatin structure characteristic of transcribed genes, and
therefore, would be equally accessible to digestion by DNase
I. We have consistently found that the rDNA of aneuploid
CEFs is more resistant to digestion by DNase I than the
rDNA from disomic CEFs. This suggests that a fraction of
the rRNA genes is transcriptionally inactive in the aneuploid
cells.

We compared two features of the rDNA in normal and
aneuploid cells that could potentially provide further evi-
dence for this hypothesis: the methylation of rDNA and the
distribution of topoisomerase I on rDNA. Methylation of
rDNA is inversely related to gene activity. For example,
methylated rDNA in nuclei isolated from mouse liver was
found to be more resistant to digestion by DNase I than the
non-methylated fraction, suggesting that a different chroma-
tin configuration is associated with the methylated sequences
(7). Heavily methylated rDNA was also observed in a rat
hepatoma cell line that possesses a 10-fold amplification of
rDNA (41, 51). Despite an increase in rDNA content, the
hepatoma cells had diploid levels of rRNA. An analysis of
the amplified chromosomal region by staining with silver ni-
trate (which only stains transcribed rDNA) and by fluores-
cent antibody staining using an antibody to 5-methyl cyto-
sine, showed that there is a reciprocal relationship between
the silver-positive region of the NOR and regions that are
stained by the antibody. Blotting analysis of the rDNA con-
firmed that most of the rDNA in the hepatoma cells is heavily
methylated.

We found that the recognition sequence for Hpa II/Msp I
(CCGQG) is highly repeated in the region near the initiation
of transcription for chicken rDNA. Blotting analysis of Hpa
II-digested DNA revealed a ladder consisting of a heteroge-
neous array of fragments. That this was not present in the
Msp I digests suggests that these fragments were the result
of partial digests of DNA by Hpa II due to the presence of
5-methyl cytosine. Probing these digests with different re-
striction fragments around the rRNA start site revealed that
the methylated sequences are present upstream from the ini-
tiation site, not in the transcribed region. However, the distri-
bution of methylated sequences is quantitatively and qualita-
tively the same in normal and aneuploid CEFs, indicating
that the excess genes in aneuploid cells are not hypermethyl-
ated. In many cases, it appears that demethylation of DNA
is only one of several factors necessary for the expression of
a gene (8). Thus, the lack of methylation in the coding region
of all of the rRNA genes in the aneuploid cells may indicate
that these genes have the potential to be expressed, or may

1511



have been expressed in some cells, or at some point in devel-
opment. This is supported by our observation that rDNA in
the mature erythrocyte, a cell that does not transcribe rRNA,
shows a methylation pattern that is identical to the CEFs.

Based on recent evidence that the presence of topoisomer-
ase I on a gene is directly correlated with the transcriptional
activity of that gene, we decided that a potentially useful ap-
proach to distinguish between active and inactive genes in
our system would be to determine the distribution of topo-
isomerase I on the rDNA. Topoisomerase 1 is present on
actively transcribed DNA sequences. Immunofluorescence
studies in Drosophila (10) and in chicken cells (43) have
shown that the enzyme is particularly abundant in the nu-
cleolus, presumably due to the high level of transcription and
high copy number of the rRNA genes. The localization of
topoisomerase I on Drosophila heat shock genes has been
achieved using two techniques: (a) SDS-induced cleavage
of topoisomerase~DNA complexes in camptothecin-treated
cells (14) and (b) UV-crosslinking followed by immunopre-
cipitation of topoisomerase-DNA complexes (15). Both of
these studies showed that topoisomerase I is absent, or pres-
ent in very low amounts, in noncoding regions of these genes,
and from the coding regions in non-heat shocked cells. The
latter study has shown that although there is not necessarily
a one-to-one correlation between the number of molecules
of polymerase and topoisomerase on a particular gene, topo-
isomerase I may be as abundant as polymerase.

We have shown that camptothecin treatment of CEFs re-
sults in the generation of multiple- and double-strand breaks
throughout the rDNA coding region, as well as a large de-
crease in the intensity of the original signal, corresponding
to the uncleaved band in the autoradiograph. Therefore,
topoisomerase 1 appears to be an abundant enzyme in the
coding region of the chicken rDNA.

We used the camptothecin-induced cleavage of topoiso-
merase [-DNA complexes in the CEFs to compare the rela-
tive proportion of cleaved, and presumably transcribed genes,
to uncleaved, and presumably inactive genes, per cell. Camp-
tothecin cleaves ~10% of the topoisomerase I-DNA com-
plexes in vitro (24). We do not know the efficiency of cleavage
by camptothecin alone, or by camptothecin plus S1 nuclease,
in vivo. We assume that our values represent a minimum esti-
mate of the number of topoisomerase I-containing genes per
cell.

We found that the same number, ~200 rRNA genes, are
cleaved per cell, regardless of the genotype. Thus, for di-
somic cells, ~70% of the total number of rRNA genes are
cleaved, whereas in tetrasomic cells, ~40% of the rRNA
genes are cleaved. The observation that a third of the rRNA
genes in the disomic cells are not cleaved by camptothecin
may indicate that some of the topoisomerase I-containing
genes are not cleaved in our experiments. However, it may
also mean that even in the rapidly dividing CEFs, not all of
the rRNA genes are used. This is not surprising since viable
individuals are obtained when up to half of the TDNA has
been deleted in Drosophila (47) and in Xenopus (46).

These results provide evidence for the hypothesis that
regulation of rRNA synthesis is achieved by the selective ac-
tivation of a defined number of rRNA genes. This hypothesis
is strongly supported by data obtained in vitro showing that
specific factors must bind to the rRNA promoter before tran-
scription by RNA polymerase I can occur (50). The use of
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topoisomerase I-DNA complexes as an indicator for gene
activity provides a useful means to assess the transcriptional
activity of this, and possibly other, multigene families in
vivo, To this end the trisomic strain of chickens used in this
study provides a unique opportunity to study the regulation
of rRNA genes in vivo in cells with varying rDNA contents.
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