
Proc. Natl. Acad. Sci. USA
Vol. 85, pp. 1060-1064, February 1988
Biochemistry

Involvement of DNA topoisomerase I in transcription of human
ribosomal RNA genes

(transcriptional swivel/template supercoiling/camptothecin/RNA polymerase I)

Hui ZHANG*, JAMES C. WANGt, AND LEROY F. LIu*
*Department of Biological Chemistry, Johns Hopkins University, 725 North Wolfe Street, Baltimore, MD 21205; and tDepartment of Biochemistry and
Molecular Biology, Harvard University, 7 Divinity Avenue, Cambridge, MA 02138

Contributed by James C. Wang, November 9, 1987

ABSTRACT Treatment of HeLa cells with a DNA topo-
isomerase I-specific inhibitor, camptothecin, results in rapid
cessation of the synthesis of the 45S rRNA precursor. The
inhibition of rRNA synthesis is reversible following drug
removal and correlates with the presence of camptothecin-
trapped topoisomerase I-DNA abortive complexes, which can
be detected as topoisomerase I-linked DNA breaks upon lysis
with sodium dodecyl sulfate. These breaks were found to be
concentrated within the transcribed region of human rRNA
genes. No such sites can be detected in the inactive human
rRNA genes in mouse-human hybrid cells, suggesting a pref-
erential association of topoisomerase I with actively tran-
scribed genes. The distribution of RNA polymerase molecules
along the transcription unit of human rRNA genes in camp-
tothecin-treated HeLa cells, as assayed by nuclear run-on
transcription, shows a graded decrease of the RNA polymerase
density toward the 3' end of the transcription unit; the density
is minimally affected near the 5' start of the transcription unit.
These results suggest that DNA topoisomerase I is normally
involved in the elongation step of transcription, especially
when the transcripts are long, and that camptothecin inter-
feres with this role.

Transcription of DNA requires the rotation of RNA polym-
erase and its associated components around the DNA or the
rotation of DNA around its helical axis. It has been sug-
gested that the process might be facilitated by the introduc-
tion of a "swivel" into the DNA, which would allow the
rotation of segments of DNA being transcribed without
turning the other parts of DNA or the transcription ensem-
bles (1-4). The evidence now indicates that eukaryotic DNA
topoisomerase I is preferentially associated with actively
transcribed regions on chromatin (5). Immunological and
UV-crosslinking studies have shown that following heat
shock, there is an enrichment of topoisomerase I within the
transcribed regions of the heat shock loci of Drosophila
chromosomes (6, 7). Immunofluorescence studies have
shown that nucleoli, in which rRNA genes are being tran-
scribed at a high rate, are highly enriched in topoisomerase
I (6, 8). Consistent with these data, isolated nucleoli have
also been shown to contain a high level of topoisomerase I
activity (8, 9). Further, it was found that topoisomerase
I-mediated nicking of DNA occurred upstream of the pro-
moter of rRNA genes in Tetrahymena macronuclei, in the
same region as the DNase I-hypersensitive sites (10). Using
mutants defective in one or both topoisomerases, it was
demonstrated that the synthesis of rRNA in the distantly
related yeasts Schizosaccharomyces pombe and Saccha-
romyces cerevisiae was most severely inhibited when both
topoisomerase activities were absent; there was little effect
on rRNA synthesis in either top] or top2 single mutants.

These results suggest that a topoisomerase activity is re-
quired for rRNA transcription and that either topoisomerase
I or topoisomerase II is sufficient for such a requirement (11,
12).

Recently, several specific inhibitors for mammalian DNA
topoisomerases have been identified and characterized (13,
14). For example, camptothecin and VM-26 (teniposide)
specifically inhibit mammalian DNA topoisomerases I and
II, respectively, by trapping an abortive enzyme-DNA com-
plex termed the cleavable complex. Treatment of these
complexes with protein denaturant leads to DNA strand
breaks and the concomitant linking of a topoisomerase
polypeptide to the 3' end (in the case of topoisomerase I) or
the 5' end (in the case of topoisomerase II) of the broken
DNA strands. These inhibitors may thus be used to study
both the functional involvement of topoisomerase activities
and the chromosomal locations of topoisomerases.

In this communication, we report studies on the involve-
ment of topoisomerase I in the transcription of human rRNA
genes by RNA polymerase I, using the topoisomerase I-
specific inhibitor camptothecin. Our results indicate that
DNA topoisomerase I is enriched within the transcribed
region of human rRNA genes and its presence correlates
with the transcriptional state of the genes. A similar conclu-
sion was drawn recently by Gilmour and Elgin (15) and by
Stewart and Schutz (16) for several Drosophila heat shock
genes and for rat tyrosine aminotransferase and phospho-
enolpyruvate carboxykinase genes, which are transcribed by
RNA polymerase II. We show further that the inhibitory
effect of camptothecin is more pronounced toward the 3' end
of the long rRNA transcription unit; transcripts near the start
of the transcription unit are affected minimally.

MATERIALS AND METHODS
Cells, Plasmids, and Chemicals. Mouse-human hybrid cell

lines 56-05 F5 (MH1) and 56-05 F1 (MH2) were generously
provided by C. Croce (Wistar Institute, Philadelphia). Plas-
mid RSB was obtained from N. Arnheim (University of
Southern California, Los Angeles). All other human rRNA
gene subfragments were generously provided by J. E. Syl-
vester and R. D. Schmickle (University of Pennsylvania,
Philadelphia) or subcloned from the clones provided. Radio-
isotopes and GeneScreen membrane filters were obtained
from New England Nuclear. The lactone form of campto-
thecin (NSC 94600) was obtained from the National Cancer
Institute. The drug was dissolved in dimethyl sulfoxide
(Me2SO) and stored at -20°C before use.
DNA Isolation and Indirect End-Labeling. Cells (3 x 106)

were lysed with 1% NaDodSO4/2 mM EDTA, pH 8.0.
Proteinase K and NaCl were added to lysates to final
concentrations of400 ,g/ml and 0.1 M, respectively, and the
mixtures were incubated at 37°C overnight. DNA was iso-

Abbreviation: Me2SO, dimethyl sulfoxide.
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lated from the lysates by phenol extraction and ethanol
precipitation. Isolated DNA was digested with restriction
enzymes and analyzed by electrophoresis in either nondena-
turing or formamide-containing denaturing agarose gel (17).
DNA was blotted onto GeneScreen membrane filters and
hybridized with various human rRNA gene probes that had
been 32P-labeled by the hexanucleotide random-priming
method (18).

Isolation of Protein-Linked DNA. HeLa cells were treated
with either 60 AtM camptothecin from a 20 mM stock solution
(in Me2SO) or the same amount of Me2SO (final concentra-
tion, 1%) for 15 min and then lysed with the NaDodSO4/
EDTA buffer. The lysates were passed through a 20-gauge
needle to shear DNA into small pieces and then extracted
three times with an equal volume of phenol. After centrifu-
gation to separate the proteinaceous interface from the
aqueous supernatant, the supernatant was carefully pipeted
into a clean tube. The proteinaceous material in the interface
was also collected. DNA in the interface and supernatant
was then precipitated with ethanol, digested with proteinase
K, and processed as described above.

Nuclear Run-On Transcription. Nuclear run-on assays
were done according to Greenberg and Ziff (19) with the
following modifications. Cells that had been treated with
Me2SO or camptothecin were chilled on ice and washed with

a
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ice-cold phosphate-buffered saline (PBS: 136.8 mM NaCl/
2.6 mM KCI/8 mM Na2HPO4/1.4 mM KH2PO4). Cells were
then lysed with an ice-cold buffer containing the nonionic
detergent Nonidet P40 (10 mM Tris-HCI, pH 7.8/10 mM
NaCl/3 mM MgCl2/0.3% Nonidet P-40/0.1 mM dithiothrei-
tol), and nuclei were isolated by centrifugation. The isolated
nuclei were resuspended in 90 ,ul of a nuclear run-on tran-
scription buffer [90 mM KCI/5 mM MgCI2/25% (vol/vol)
glycerol/10 mM Tris-HCI, pH 7.8/2.5 mM dithiothreitol/250
,uM ATP/250 ,uM CTP/250 ,uM GTP]. [a-32P]UTP was added
to 1 ,uCi/ml (1 ,Ci = 37 kBq) and the run-on transcription
was assayed at 26°C for 15 min.

Blot Hybridization. Plasmid DNAs containing inserts from
different regions of rRNA genes were nicked by adding
DNase I to 10 ,g/ml and ethidium bromide to 250 ,ug/ml at
25°C for 90 min. DNA samples (10 ,g per slot), which had
been phenol-extracted and ethanol-precipitated, were blot-
ted onto GeneScreen membrane filters using a "slot blotter"
(Minifold II; Schleicher & Schuell).

RESULTS
Localization of Topoisomerase I on Human rRNA Genes

with Camptothecin. There are about 200-300 copies of
human rRNA genes per genome. They are organized as
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FIG. 1. Localization of camptothecin-
induced, topoisomerase I-linked DNA
breaks within the transcribed region of
human rRNA genes. Logarithmically
growing HeLa cells were treated with ei-
ther 1% Me2SO or 60 ,uM camptothecin (in
1% Me2SO) for 15 min. Cell lysis, DNA
isolation, restriction enzyme digestion,
and indirect end-labeling were done as
described in Materials and Methods.
DNA was fractionated by both formam-
ide-denaturing (lanes 1 and 2) and nonde-
naturing (lanes 3 and 4) agarose gels elec-
trophoresis. (a) DNA samples were cut
with EcoRI and probed with the RSB
fragment. (b) DNA samples were cut with
EcoRI and probed with the Abe fragment.
(c) DNA samples were cut with BamHI
and probed with the Abe fragment. Num-
bered arrows indicate the position of
camptothecin-induced DNA breaks.
Lanes 1 and 3: dimethyl sulfoxide control
(D). Lanes 2 and 4: camptothecin-treated

E (C). (d) Map of a human rRNA gene re-
A peat. EXT, external transcribed region;

INT, internal transcribed region; E,
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FIG. 2. Camptothecin-induced DNA breaks are protein-linked.
HeLa cells were treated with 60 ,M camptothecin for 15 min and
protein-linked DNA was isolated as described in Materials and
Methods. DNA recovered from the interface (I) or the aqueous
supernatant (S) was digested with EcoRI and analyzed by nondena-
turing agarose gel electrophoresis. DNA probes used for indirect
end-labeling were RSB (lanes 1-4), Bpe (lanes 5-8), Aek (lanes
9-12), and Abe (lanes 13-16). The location of these sequences are
indicated at the bottom of the figure. Odd numbered lanes: dimethyl
sulfoxide (D) control. Even-numbered lanes: camptothecin-treated
(C). E, EcoRI.

tandem repeats in four different chromosomal loci (20). Each
repeat is composed of a 31-kilobase (kb) spacer and a 13-kb
transcribed region, which codes for the 45S rRNA precur-
sor. The transcribed region contains the 18S, 5.8S, and 28S
genes (Fig. 1).

In order to locate topoisomerase I on human rRNA genes,
HeLa genes were treated with camptothecin and immedi-
ately lysed with a buffer containing NaDodSO4 to induce
topoisomerase I-linked DNA breaks; these breaks were then
located by the indirect end-labeling method (15, 16, 21),
using cloned rRNA gene fragments RSB and Abe shown in
Fig. 1 as probes.

FIG. 3. Camptothecin-induced, topoisomerase 1-linked DNA
breaks occur at similar sites on human rRNA genes in vitro and in
vivo. Plasmid pA, which contains the DNA fragment located be-
tween the two EcoRI sites within 18S and 28S rRNA genes, was cut
with EcoRI restriction enzyme. The DNA was mixed with calf
thymus topoisomerase I (1 Ag/ml) in the presence or absence of
camptothecin (60 ,uM) at 370C for 30 min. The reaction was stopped
by adding NaDodSO4 to 1% and proteinase K to 400 Aig/ml and
incubated at 370C for 1 hr. DNA samples were analyzed by agarose
gel electrophoresis in a buffer containing 45 mM Tris base, 45 mM
boric acid, and 1 mM EDTA. (a) DNA samples were in a neutral
buffer before loading. (b) DNA samples were denatured in alkali
before loading. Lanes 1: control, 60juM camptothecin added. Lanes
2: control, topoisomerase I added. Lanes 3: both topoisomerase I
and camptothecin added. Lanes 4 and 5: in vivo samples, cut with
EcoRI restriction enzyme, of DNA from Me2SO (1%)-treated HeLa
cells and camptothecin (60 ,uM)-treated HeLa cells, respectively.
Probe Aek (Fig. 2) was used for indirect end-labeling.

Prominent double-strand DNA breaks were observed in
these experiments. Double-strand as well as single-strand
DNA breaks were observed previously (15, 16, 21). In the
present experiments, double-strand breaks were observed at
the sites indicated by numbered arrows in Fig. 1, primarily
within the transcribed region; no breaks were detected in the
nontranscribed spacer region. These double-strand breaks
appear within minutes following camptothecin addition to
the culture medium and also disappear rapidly upon drug
removal (data not shown). In agreement with their being
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FIG. 4. Camptothecin-induced, topoisomerase
I-linked DNA breaks are absent from the coding
region of human rRNA genes in mouse-human
hybrid cells. Subconfluent 3T3 cells, HeLa cells,
and mouse-human hybrid cells (MH1 and MH2)
were treated with either camptothecin (60 ,uM) for
15 min or a topoisomerase ll inhibitor, VM-26

-2 (teniposide), for 30 min. DNA was isolated, re-
stricted with EcoRI, and probed with RSB. (a)
Lanes: 1, pBR322 DNA marker (M); 2-4, mouse
3T3 cells; 5-7, mouse-human hybrid cells (MH1);
8-10, HeLa cells. Drug treatment: 1% dimethyl
sulfoxide (D), lanes 2, 5, and 8; 60 ,M camptothe-
cin (C), lanes 3, 6, and 9; VM-26 (V), lanes 4, 7, and
10. (B) A similar experiment using the same con-
trols but with a different mouse-human hybrid cell
line, MH2.
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FIG. 5. Camptothecin preferentially reduces nuclear run-on
transcripts near the 3' end of the rRNA transcription unit. (a) HeLa
cells were treated with either 1% dimethyl sulfoxide (column D) or
60 ,uM camptothecin in 1% dimethyl sulfoxide (column C) for 30
min. Nuclei were isolated for run-on transcription assays. The
32P-labeled RNA was hybridized to the human rRNA gene frag-
ments immobilized on a GeneScreen membrane. The immobilized
probes, which are cloned DNA fragments from different regions of
the transcribed unit of human rRNA genes, are diagramatically
shown below the autoradiogram. E, EcoRI; S, Sal l; B, BamHl; P,
Pst I. (b) The results from a were quantitated by densitometry. The
percent reduction of nuclear run-on transcripts by camptothecin was
plotted as a function of the distance from the beginning of the
transcription unit. Nuclear run-on transcription in control cells
(column D) was taken as 100% for each probe.

associated with covalently bound protein (topoisomerase I),
repeated phenol extractions of cell lysates showed that DNA
containing such breaks was enriched in the proteinaceous
material at the phenol/water interface (Fig. 2).

Using purified calf thymus DNA topoisomerase I, we also
mapped cleavage sites on a cloned human rRNA gene
fragment in vitro. As shown in Fig. 3, the addition of
camptothecin to the reaction mixture induced double-strand
DNA breaks at sites similar to those observed in vivo. In the
absence of camptothecin and at higher concentrations of
purified topoisomerase I, cleavage at similar places was
observed (Fig. 3, lanes 2). These results again support the
notion that the in vivo cleavage sites induced by camptothe-
cin were topoisomerase I-mediated.

Preferential Association of Topoisomerase I with Actively
Transcribed Human rRNA Genes. To test whether the pres-
ence of camptothecin-induced, topoisomerase I-linked DNA
breaks correlates with the transcriptional state of human
rRNA genes, we examined camptothecin-induced DNA
breaks in two different mouse-human hybrid cell lines, MH1
and MH2. Although both human and mouse rRNA genes are
present in the hybrid cells, only the mouse genes are active,
presumably due to the lack of species-specific initiation
factor(s) for the human rRNA genes (22). DNA breaks
induced by camptothecin in the various cell lines were
mapped by use of appropriate cloned probes (Fig. 4).
Whereas topoisomerase I-linked DNA breaks were detected
in the rRNA genes in HeLa cells, they were not observed in
the human rRNA genes in the hybrid cells, suggesting that
topoisomerase I is preferentially associated with actively
transcribed rRNA genes. Control experiments using mouse
rRNA gene probes showed that topoisomerase I-linked
DNA breaks mapped within the transcribed unit of mouse
rRNA genes in both mouse 3T3 cells and hybrid cells (data
not shown).

Distance-Dependent Inhibition of Nuclear Run-On rRNA
Transcription by Camptothecin. Treatment of HeLa cells
with camptothecin results in rapid inhibition of [3H]uridine
incorporation and severe inhibition of the 45S rRNA precur-
sor synthesis (data not shown). To test whether camptothe-
cin inhibits initiation or elongation ofRNA transcription, the
nuclear run-on assay (19) was used to monitor the distribu-
tion of RNA polymerase molecules within the transcription
unit of human rRNA genes. In this assay, nuclear transcripts
that had been initiated prior to the isolation of nuclei were
labeled by the addition of a-32P-labeled triphosphates to the
nuclei. Samples of the labeled RNA were hybridized to
various cloned rRNA gene fragments immobilized on mem-
brane filters (Fig. 5a). The treatment of HeLa cells with
camptothecin causes a graded reduction of nuclear run-on
transcripts along the transcription unit: transcripts near the
immediate 5' end of the transcription unit are minimally
affected, whereas transcripts near the 3' end of the transcrip-
tion unit are almost completely abolished. The intensities of
these bands were quantitated by densitometry (Fig. Sb). The
graded decrease of the nuclear run-on transcripts toward the
3' end of the transcription unit signifies a parallel decrease of
the RNA polymerase density toward the 3' end of the
transcription unit. There is a slight stimulation of nuclear
run-on transcription near the immediate 5' end of the gene
(Fig. 5b). This stimulation becomes more pronounced when
rRNA transcription slows down (e.g., in confluent HeLa
cells or confluent NIH 3T3 cells) (data not shown).

DISCUSSION
Using camptothecin to trap covalent complexes between
DNA and topoisomerase I, we found that the enzyme is
present within the transcribed region of rRNA genes in
HeLa cells but is absent in the nontranscribed spacer region
in the same cells or in inactive human rRNA genes in
mouse-human hybrid cells. These results, together with
previous findings (5-12, 15, 16), suggest that DNA topoisom-
erase I is functionally associated with genes being actively
transcribed by either RNA polymerase I or RNA polymerase
II.
Camptothecin is a reversible inhibitor ofRNA synthesis in

mammalian cells and is known to inhibit the synthesis of high
molecular weight RNAs such as the 45S rRNA precursor
and heterogeneous nuclear RNAs (23, 24). Inhibition of rat
rRNA synthesis in a partially purified system by the drug
was reported recently (25). Experiments on the effect of
camptothecin on nuclear run-on rRNA transcription were
carried out. Whereas the amounts of nuclear run-on tran-
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FIG. 6. Illustration of rotation of the RNA polymerase ensemble

around the DNA.

scripts at the beginning of the transcription unit of human
rRNA genes were little affected, they were sharply reduced
toward the end of the transcription unit. This result is
consistent with camptothecin being a specific inhibitor of the
elongation step of RNA transcription.
There are two plausible explanations for such an inhibi-

tory effect of camptothecin. One is that the movement of the
transcribing RNA polymerase is physically blocked by the
camptothecin-trapped topoisomerase I-DNA abortive com-
plex. As the transcribing polymerase moves along the tem-
plate, the probability of encountering such a roadblock is
proportional to the distance it travels; therefore, the density
of polymerase molecules is expected to decrease toward the
3' end of the transcription unit.
An alternative explanation is that as the length of a

transcript increases, it becomes increasingly dependent on
the presence of a "swivel" in the DNA (2, 4, 16). The basic
idea is illustrated in Fig. 6. As a polymerase starts transcrip-
tion, the right-handed geometry of the DNA requires that the
enzyme rotate around the DNA. As the polymerase ad-
vances, the size of the nascent RNA chain increases and
hence the frictional force on the rotating transcription en-
semble (including the polymerase, the nascent RNA, and the
proteins associated with the RNA) increases. This force
drives the positive supercoiling of the DNA in front of the
polymerase and the negative supercoiling of the DNA behind
it. In the absence of a topoisomerase to relax the supercoiled
regions, the movement of the polymerase may be gradually
impeded as the degrees of supercoiling become progres-
sively higher. (For the possibility of additional topological
constraints, see ref. 4.)
At present, we cannot distinguish between these two

possibilities. It is possible that both mechanisms may con-
tribute to the observed inhibitory effect of camptothecin on
RNA transcription. Further studies are necessary to estab-
lish more precisely the role of topoisomerase I in transcrip-
tion.
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