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ABSTRACT We have used a cell-free polymerase I transcrip-
tion system derived from HeLa cells to study the regulation of
human rRNA synthesis. Analysis of deletion mutants spanning the
start site of transcription at nucleotide + 1 indicates that the con-
trol region affecting initiation of human rRNA synthesis is con-
tained within sequences from nucleotides -158 to + 18. This pro-
moter region can be subdivided into (i) a central segment of
approximately 40 base pairs that is required for transcription and
(ii) flanking sequences that influence the efficiency of transcrip-
tion in vitrom We have examined the in vitro transcriptional activity
of the human extract under various conditions that are thought to
modulate rRNA. synthesis in vivo. Cell-free extracts prepared from
HeLa cells infected with adenovirus 2 synthesize human rRNA at
levels greatly decreased relative to uninfected cell extracts. By
contrast, in vitro transcription of human rRNA is stimulated 2- to
3-fold by the addition of purified simian virus 40 large tumor an-
tigen to the transcription reaction. Moreover, a mutant tumor an-
tigen -known to be defective for rRNA activation in vivo is incap-
able of stimulating rRNA synthesis in vitro. The ability to detect
these different regulatory phenomena in vitro provides us with an
experimental basis for investigating the molecular mechanisms that
control rRNA synthesis.

In order to respond to changes in the environment, cells must
be able to regulate the expression of genes that affect their met-
abolic and physiological state. Therefore, it is not surprising that
the levels of abundant and metabolically important gene prod-
ucts such as the rRNAs are modulated according to the growth
state of the cell. Although the regulation of rRNA synthesis in
mammalian cells has been well documented, the molecular ba-
sis of transcriptional control remains poorly understood. A de-
tailed biochemical analysis of the mechanisms governing rRNA
transcription in eukaryotes has awaited the development of in
vitro transcription systems that allow efficient de novo initia-
tion of rRNA synthesis by RNA polymerase I (pol I). Recently,
a number of such in vitro systems have been described (1-5).
With the availability of these in vitro transcription systems, it
is now possible to study certain aspects of rRNA transcription
and regulation.
A detailed analysis of ribosomal transcriptional regulation will

require the identification of both the proteins and the DNA
sequences involved in this process. Control sequences that gov-
ern transcriptional initiation can be identified by mutagenesis
of the DNA flanking the initiation site and testing the ability
of the mutant DNAs to function as templates in an in vitro tran-
scription assay. This approach has provided valuable informa-
tion on the sequence requirements of RNA polymerase II and
III control regions, but has not been rigorously applied to the
regulatory regions that control transcription by pol I. As a first
step toward studying the regulation of rRNA transcription in
human cells, we have made a series of deletions in the region

surrounding the RNA start site and have identified the location
of the pol I promoter region.
We were also interested in the modulation of rRNA synthesis

in. response to changes in the physiological state of the cell. rRNA
transcriptional control is most clearly demonstrated in the strin-
gent response to amino acid starvation in bacterial cells (6). There
is also ample documentation for regulation of rRNA synthesis
in the nucleolus of animal cells under various physiological states
(7, 8). For example, the growth state of tissue culture cells cor-
relates well with the levels of rRNA transcription (9, 10). Cells
that are quiescent due to nutrient starvation or serum depri-
vation exhibit a greatly reduced level of rRNA transcription by
pol I relative to actively growing cells (9). It has also been ob-
served that virus infection can have a dramatic effect on the
levels of rRNA transcription. Early after infection of host cells
by simian virus 40 (SV40) or polyoma virus, there is activation
of rRNA transcription (11-13). By contrast, there appears to be
a shutdown of rRNA transcription late after infection of human
cells by adenovirus 2 (14, 15).

In this report, we focus on how viral infection and specific
viral gene products can modulate the transcriptional activity of
pol I in extracts prepared from HeLa cells. Our findings pro-
vide a basis for studying specific regulatory events that mod-
ulate the expression of rRNA under various physiologic and
metabolic states.

MATERIALS AND METHODS

Cells and Viruses. Suspension cultures of HeLa cells and
CV-1 monkey cells were grown as described (5, 16). SV40 strain
776 and the SV40 mutant dl 1151 (17) were propagated on mon-
key cells as described (16, 18).

Recombinant DNA. The plasmid prHu4 contains a 1.3-kilo-
base Sal I fragment of the human rDNA repeat inserted in both
orientations into the Sal I site of pBR322. The A5' mutants were
constructed by EcoRI digestion of prHu4a (transcription pro-
ceeding counterclockwise) followed by BAL 31 nuclease treat-
ment. The A3' series mutants were generated by cleaving
prHu4b (transcription proceeding clockwise) with BstEII and
then digesting with nuclease BAL 31. Both sets of linear DNAs
were treated with Pvu II which creates a blunt end at a unique
site within the bacterial sequences and thus fixes one end point
for each deletion mutant. These molecules were recircularized
with bacteriophage T4 DNA ligase and used to transform com-
petent Escherichia coli 294. Ampicillin-resistant colonies were
chosen randomly and the plasmid DNAs were purified as de-
scribed (19, 20). The size of deletions was confirmed by direct
chemical sequence determination techniques (21).

Synthesis and Analysis of in Vitro RNAs. HeLa cells were
grown to a density of 4-6 x 105 cells per ml in suspension at

Abbreviations: SV40, simian virus 40; pol I, RNA polymerase I; T an-
tigen, tumor antigen; bp, base pair(s).
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370C. Cells infected with adenovirus 2 were harvested at 19 hr
after infection (22). Whole-cell transcription extracts were pre-
pared as described by Sugden and Keller (23). Transcription
reactions were performed as described (5). In transcription ex-
periments in which tumor antigen (T antigen) was used, Pu-
rified T antigen was diluted to a concentration of 10 j&g/ml in
20 mM Hepes, pH 7.9/0.1 mM EDTA/2 mM dithiothreitol/
17% (vol/vol) glycerol containing bovine serum albumin at 10
,pg/ml and was added to the reaction mixture; transcription was
initiated by adding the nucleotide triphosphates, including the
labeled GTP.
RNA polymerase assays were performed as described by

Schwartz et al (24).
Purification of T Antigen and Related Proteins. Monkey

cells (CV1) infected with SV40 or HeLa cells infected with ad-
enovirus-SV40 hybrid viruses were used as sources of SV40 T
antigen. The D2 protein produced in Ad2+D2-infected HeLa
cells was purified as described by Tjian (25). Wild-type T an-
tigen from HeLa cells infected with AdSV284 and mutant T an-
tigen from CV-1 monkey cells lytically infected with dl 1151
(17) were purified by immunoaffinity chromatography.

RESULTS AND DISCUSSION

Mapping the Transcriptional Control Region. In order to
map the regulatory sequences that govern rRNA transcription
initiation, a series of deletion mutants was generated in the re-
gion flanking the initiation site and the ability of the mutant
templates to function in the in vitro transcription assay was tested.
Deletions originating both upstream and downstream from the
RNA start site were introduced into the rDNA to give a series
of overlapping 5' and 3' deletion mutants. From a large as-
sortment of these mutants, 10 5' and 6 3' deletion mutants were
chosen for further characterization. The DNA sequence for each
of these 16 mutants was determined in order to identify the
precise end points of the deletion.
DNA templates derived from these mutants were used to

direct in vitro pol I transcription. Two types of assays were used
to measure the relative efficiency of transcription directed by
the mutant templates. In one case, only the mutant DNA was
added to the in vitro reaction and thus the level of RNA syn-
thesis reflected the efficiency with which the mutant DNA served
as template (Fig. 1A). In the second assay, the in vitro reaction
was supplemented with an equal molar amount of both mutant
DNA and wild-type DNA, each truncated with a different re-
striction enzyme to generate runoff RNA products of distin-
guishable sizes (Fig. 1B). This mixing assay allows us to mea-
sure the ability of mutant template to compete with the wild-
type DNA for transcription factors.

Mutants A5' -234 and -158 and A3' +71, +22, and +18
directed transcription of runoff products at levels indistin-
guishable from those of full-length wild-type templates derived
from prHu5 in both the single-template assay and the mixing
experiment. By contrast, mutants A5' -132, -109, -83, -55,
and -52 and A3' + 16 and +7 showed a decreased level of tran-
scription. It is interesting to note that the A5' deletion mutants
were only 20% as efficient in competing with wild-type DNA
in the mixing assay but were 45% as efficient in directing tran-
scription alone. The A3' + 16 and +7 deletion mutants exhib-
ited a reduction in template efficiency of approximately 50-60%
in both types of assays. Mutant AS' -26 directed transcription
at a level approximately 5% that of wild-type whereas AS' -17
and A3' -8 were essentially incapable of directing any de-
tectable levels of RNA synthesis in the in vitro reactions. Fi-
nally, truncation of wild-type template DNA by cleavage with
HincIl at nucleotide -166 rendered the DNA incapable of di-
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FIG. 1. Analysis of in vitro transcripts directed by promoter dele-
tion mutants. (A) The transcripts derived from wild-type and mutant
A5' -234, - 158, - 132, - 109, -83, -55, -52, -26, and -17 templates
cleaved byBamHI are shown in lanes 1-10, respectively. Transcription
products from prHu3 cleaved with HincH andBamHl are shown in lanes
11 and 12, respectively. Transcription derived from mutants A3' +71,
+22, +18, +16, +7, and -8 templates produced by cleavage with Pst
I are shown in lanes 13-18, respectively. Arrows denote the predicted
size of the runoffRNA from the wild-type (WT) and mutant templates.
(B) Truncated mutant and wild-type templates were simultaneously
added in equimolar amounts in a mixing assay. Lanes 1 and 12 exhibit
the results of mixing two wild-type templates. Transcripts from the
mixing assays using mutants AS' -234, -158, -132, -109, -83, -55,
-52, -26, and -17 are shown in lanes 2-10 (lower bands), respec-
tively,andthoseusingmutants/&3' +71, +22, +18, +16, +7, and -8
are in lanes 13-18 (upper bands), respectively. Lane 11 exhibits the
competition between an Xho I-cleaved wild-type template and wild-type
template cleaved with Hincd. Nucleotide numbers to the left refer to
standards.

recting transcription in either assay (Fig. 1A, lane 11; Fig. 1B,
lane 11). Based on the size of the runoff transcripts, RNA syn-
thesis directed by mutant DNA templates all appear to initiate
at the same site as transcripts synthesized from wild-type rDNA,
although mapping the 5' termini of the RNA at nucleotide res-
olution is still not complete.

These findings indicate that sequences necessary to promote
transcription of the human rRNA are contained within nucleo-
tides -158 to + 18 (Fig. 2). Recent reports suggest that a sim-
ilar region of rDNA in Xenopus laevis, mouse, and Drosophila
melanogaster contains the control sequences for transcription
by pol I (26-28). Our deletion analysis reveals that the putative
human pol I promoter sequence can be divided into three do-
mains. A central region within nucleotides -26 to +7 appears
to contain sequences that are essential for transcriptional ini-
tiation. Flanking this core domain is a stretch of sequences be-
tween nucleotides -158 and -26 that appears to play some role
in modulating the efficiency of transcription in vitro but is not
absolutely required. The third domain in the control region in-
cludes a short stretch of DNA located at the start of the tran-
scribed sequences (nucleotides +7 to + 18).

Unlike the region upstream from the start site, the tran-
scribed spacer DNA contains a 16-base-pair (bp) sequence ex-
tending from + 1 to + 18 that is highly conserved among the
rDNA sequences of man, rhesus monkey, mouse, and rat (refs.
4 and 29; unpublished data). Strikingly, the third domain in the
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FIG. 2. Diagram of deletion mutants defining the ribosomal pro-
moter region. The 5' flanking DNA is represented as lines; the tran-
scribed DNA is shown as solid boxes. The two columns at the left in-
dicate the in vitro transcription efficiencies of the mutants alone (Single)
or mixed with wild type (Mix) as determined by scanning densitometry
ofthe runoff transcripts in Fig. 1. In the diagram at the top, the stippled
box indicates the minimal sequences necessary for directing transcrip-
tion of rDNA; the hatched boxes indicate the 5' and 3' flanking regions
that have an effect on the efficiency of rRNA transcription by pol I.

human pol I regulatory region is contained entirely within this
region of homology. Like the 5' flanking domain, this region
appears to have some effect on the level of transcription in vi-
tro. The mutational analysis thus suggests a functional role for
this conserved sequence in the initiation of rRNA synthesis.

Inhibition of rRNA Synthesis by Adenovirus 2 Infection.
Changes in host rRNA transcription as a consequence of viral
infection have been observed for many types of animal viruses,
such as adenovirus 2 (14, 15), herpes simplex virus (30-32),
poxvirus (33, 34), and poliovirus (35). Most of these viral in-
fections cause a significant inhibition of rRNA synthesis in the
host cell. In HeLa cells infected with adenovirus 2, the syn-
thesis of mature 18S and 28S rRNA has been shown to be dra-
matically reduced late in the infectious cycle (14, 36). Some ear-
lier studies also suggested that the synthesis of 45S nuclear
ribosomal precursor RNA is inhibited by adenovirus 2 infection
(15). The mechanism of this virus-induced shutoff of host rRNA
synthesis is not known.

Our in vitro pol I transcription system derived from HeLa
cells has allowed us to begin investigating the molecular basis
of this phenomenon. We compared the efficiency of pol I tran-
scription in cell-free extracts prepared from either uninfected
or adenovirus 2-infected HeLa cells. Promoter-dependent
transcription from a cloned human ribosomal template was
measured by using the in vitro runoff assay. The cell-free ex-
tract prepared from adenovirus 2-infected HeLa cells was ap-
proximately 1/20th as active in directing transcription initiating
from the human rRNA promoter as the extract prepared from
uninfected HeLa cells (Fig. 3A). This differential transcrip-
tional activity between infected and uninfected cell extracts is
not due merely to a difference in RNA polymerase concentra-
tions because both extracts contained approximately the same
amounts of pol I activity when assayed with a nonspecific tem-
plate such as sonicated calf thymus DNA in the presence of a-
amanitin (Fig. 4). Moreover, inhibition of transcription appears

- rRNA

Infected Infected Uninf Inf Mix

FIG. 3. Specific transcription by pol I and II in extracts prepared
from HeLa cells and adenovirus 2-infected HeLa cells. (A) Transcrip-
tion reactions containing human rDNA were supplemented with 250
,Mg (lanes 1 and 6), 200 Ag (2 and 7), 150 Aug (3 and 8), 100 .tg (4 and 9),
or 50 ug (5 and 10) of extract from uninfected (1-5) or adenovirus 2-
infected (6-10) HeLa cells. (B) Polymerase II runoff transcription di-
rected by template DNA containing the SV40 early promoter (pSV01)
was carried out in the presence of 800 Ag (lanes 1 and 6), 700 jig (2 and
7), 600 Itg (3 and 8), 500 ,ug (4 and 9), or 300 pg (5 and 10) of extract
from uninfected (1-5) or adenovirus-infected (6-10) HeLa cells. (C)
Polymerase II runoff transcription directed by template DNA contain-
ing the adenovirus 2 major late promoter (pALE) was carried out in the
presence of 600 ug (lanes 1 and 3) and 300 Ag (2 and 4) of extract pre-
pared from uninfected (1 and 2) or infected HeLa cells (3 and 4). Tran-
scription reaction mixtures containing either pol I template (lanes 5,
7, and 9) or pol II template (6, 8, and 10) were used to direct RNA syn-
thesis by uninfected HeLa cell extracts (5 and 6), adenovirus 2-infected
HeLa cell extract (7 and 8), or a mixture of equal amounts of uninfected
and infected transcription extract (9 and 10). The polymerase I tem-
plateDNA was prHu3 cleaved withBamHI; the polymerase II template
DNA was pALE cleaved with EcoRI. Arrows denote the predicted size
of the runoff RNA.

to be specific for rRNA synthesis because the polymerase II
activity, measured in both the specific and nonspecific assays,
was similar in the infected and uninfected cell extracts (Fig. 3B,
lanes 1-10; Fig. 3C, lanes 1-4; Fig. 4). Although the amount
of RNA synthesized from SV40 templates was slightly reduced
in the extract from infected cells (Fig. 3B, lanes 1-10), the amount
of RNA transcribed from the adenovirus template (containing
the major late promoter) actually was greater in the infected
extract than in the uninfected extract (Fig. 3C, lanes 1-4). A
similar observation was made previously (37).

These in vitro results are in good agreement with the ac-
cepted view that adenovirus 2 somehow can modulate tran-
scription of both host rRNA and viral mRNA late in the infec-
tious cycle. These findings also provide direct evidence that the
regulation of rRNA synthesis in adenovirus-infected cells is at
least partly mediated at the level of transcriptional initiation.
The reduced level of rRNA transcription observed in vitro could
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FIG. 4. Transcription by pol I and II from calf thymus DNA in ex-
tracts prepared from HeLa cells and adenovirus 2-infected HeLa cells.
Reactions were carried out by adding calf thymus DNA to infected and
uninfected HeLa cell extracts. The incorporation of [3H]UTP into acid-
insoluble RNA chains is plotted as a function of the amount of protein
in reactions containing extract from uninfected cells (open symbols) or

extract from adenovirus 2-infected HeLa cells (solid symbols). Reaction
mixtures containing a-amanitin (100 ug/ml) were used to measure the
pol I activity in the extracts (0, e). The level of pol II was determined
by calculating the difference in incorporation between reactions per-

formed in the presence of a-amanitin (1 ug/ml) and absence of a-aman-
itin (A, A).

be the result of specific repressors induced or encoded by ad-
enovirus. However, in an experiment in which equal amounts
of extract prepared from infected and uninfected cells were

mixed, we observed that rRNA transcription occurred at a level
comparable to that of the uninfected extract alone (Fig. 3C,
lane 9). This result suggests an alternative possibility in which
a host rRNA transcription factor has become depleted or spe-

cifically inactivated by adenovirus infection, possibly as the re-

sult of viral shutoff of host cell protein synthesis (38). These
preliminary studies do not allow us to distinguish between a

positive or negative transcriptional regulatory mechanism, but
our findings do provide a rational approach for isolating specific
cellular or viral transcription factors that modulate polymerase
activity on rDNA templates.

Effect of SV40 T Antigen on rRNA Transcription. Although
viral infection in many cases leads to an inhibition of rRNA syn-

thesis, there are some viruses, such as polyoma and SV40, that
actually stimulate host rRNA synthesis upon infection. The ac-

tivation of rRNA transcription by SV40 has been extensively
investigated, and some recent findings provide compelling evi-

dence that this response is due to the product of the viral A
gene, large T antigen (12, 39, 40). For example, it was shown
that specific mutations mapping within coordinates 0.28-0.39
in the A gene structural sequences (41) render the virus in-
capable of activating rRNA transcription (42). As a first step in
developing a system for studying this phenomenon, we wanted
to devise an assay for measuring the effects of T antigen on rRNA
synthesis in vitro.

Addition of homogeneous T antigen or D2 protein to the in
vitro transcription system stimulated rRNA synthesis 2- to 3-
fold (Fig. 5, lanes 1-8). Under similar conditions, an equivalent
amount of SV40 T antigen has no effect on the transcription
from the adenovirus 2 major late promoter by RNA polymerase
II (43, 44). At the standard concentrations of HeLa cell extract
in the assay, maximal stimulation consistently occurred when
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FIG. 5. Effect ofSV40T antigen on in vitroRNA synthesis. (Upper)
Reactions were carried out by adding purified T antigen to a mixture
of template DNA and uninfected HeLa cell extract. Runoff transcrip-
tion was directed by prHu3 DNA (200 ng) cleaved with BamHI. Re-
actions were performed in the presence of wild-typeT antigen (lanes 1-
4), D2 protein (5-8), mutant dl 1151 T antigen (9-12), or heat-dena-
tured T antigen (13-16). The transcription reactions contained either
no added T antigen protein (lanes 1, 5, 9, and 13), 0.4 ug (2, 6, 10, and
14), 1.2 1g (3, 7, 11, and 15), or 2.4 pg (4, 8, 12, and 16) of added T an-
tigen orT antigen-related protein. (Lower) Incorporation of [a-32P]GTP
into rRNA was quantitated by densitometric scanning of autoradio-
grams that were exposed without the use of intensifier screen and nor-
malized to the value obtained for the reaction lacking T antigen. The
data presented represent the mean values obtained from at least five
independent experiments. o, Wild type SV40 T antigen; +, D2 protein;
o, dl 1151 T antigen; A, heat-denatured T antigen.

0.5-1.5 ug of T antigen was added per ml. Transcription of
rRNA was not affected when heat-denatured T antigen was added
(Fig. 5, lanes 13-16). More importantly, no activation of rRNA
transcription was observed when the in vitro assay was sup-
plemented with a mutant T antigen that was shown to be de-
fective for activating silent rRNA genes in vivo (Fig. 5, lanes
9-12).

These findings indicate that purified T antigen alone is suf-
ficient to stimulate the rates of rRNA synthesis in a whole-cell
extract prepared from uninfected cells. Although the degree of
transcriptional activation in vitro is not very high (only 2- to 3-
fold), it should be noted that in vivo the increased rate of rRNA
transcription induced by SV40 or polyoma infection also is only
about 2-fold (11, 13). Our results suggest that T antigen may act
in a direct manner to modulate rRNA transcription. The well-
characterized DNA binding properties ofT antigen (25) prompt-
ed us to test the ability of T antigen to interact specifically with
sequences on the rDNA template. Our preliminary studies sug-
gest that there are no specific binding sites for T antigen in the
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region containing the transcriptional control sequences (un-
published data). Although our in vitro results suggest that T
antigen is sufficient to stimulate rRNA synthesis in the extract,
the mechanism by which T antigen accomplishes this activation
will require further investigation of specific promoter se-
quences and transcription factors involved in regulating rRNA
synthesis.
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