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The tumor suppressor protein p53 is frequently inactivated in tumors. It functions as a transcriptional
activator as well as a repressor for a number of viral and cellular promoters transcribed by RNA polymerase
IT (Pol II) and by RNA Pol III. Moreover, it appears that p53 also suppresses RNA Pol I transcription. In this
study, we examined the molecular mechanism of Pol I transcriptional inhibition by p53. We show that
wild-type, but not mutant, p53 can repress Pol I transcription from a human rRNA gene promoter in
cotransfection assays. Furthermore, we show that recombinant p53 inhibits rRNA transcription in a cell-free
transcription system. In agreement with these results, p53-null epithelial cells display an increased Pol I
transcriptional activity compared to that of epithelial cells that express p53. However, both cell lines display
comparable Pol I factor protein levels. Our biochemical analysis shows that p53 prevents the interaction
between SL1 and UBF. Protein-protein interaction assays indicate that p53 binds to SL1, and this interaction
is mostly mediated by direct contacts with TATA-binding protein and TAF;110. Moreover, template commit-
ment assays show that while the formation of a UBF-SL1 complex can partially relieve the inhibition of
transcription, only the assembly of a UBF-SL1-Pol I initiation complex on the rDNA promoter confers
substantial protection against p53 inhibition. In summary, our results suggest that p53 represses RNA Pol I
transcription by directly interfering with the assembly of a productive transcriptional machinery on the rRNA

promoter.

RNA polymerase I (Pol I) directs RNA synthesis from the
45S rRNA gene, a single class of genes found in multiple
tandem arrayed copies in the nucleoli of eukaryotic cells. In
human cells, transcription by RNA Pol I requires at least two
auxiliary factors, the upstream binding factor (UBF) and the
selectivity factor SL1 (27). UBF is an HMG box-containing
protein that binds DNA and plays an important role in the
recruitment of SL1 to the rRNA promoter (3). SL1 is a mul-
tiprotein complex consisting of TATA-binding protein (TBP)
and three distinct TBP-associated factors (TAFs) (TAF,110,
TAF,63, and TAF48) (13). SL1 is required for accurate and
promoter-specific Pol I transcription (4).

Regulation of Pol I transcription is extremely important
because rRNA levels directly affect ribosome production and
the capacity of the cell to synthesize proteins. Therefore, the
expression of rRNA is highly regulated during cell growth and
differentiation (22, 38). A variety of physiological or patholog-
ical stimuli, such as serum deprivation, high cell culture den-
sity, glucocorticoid treatment of lymphoid cells, heat shock,
and cell differentiation can rapidly down-regulate the rate of
rRNA transcription (22, 41). In addition, stimulators of cell
growth and division, such as insulin and phorbol esters, or
glucocorticoid treatment of nonlymphoid cells stimulate Pol I
transcription (22, 41). The transcription of rRNA genes is also
controlled during the cell cycle, stopping at mitosis with the
concomitant disappearance of the nucleolus (47). Recent stud-
ies directed toward the identification of molecular mediators of
these regulatory processes have suggested that tumor suppres-
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sor genes, such as pRb and p53, may play an important role in
the regulation of Pol I transcription (6, 9, 46). These studies
originated from the observation that both pRb and p53 can be
localized to the nucleolus, the site of rRNA synthesis (5, 7, 14,
36, 42, 43). However, while some progress has been made on
understanding the mechanisms of Pol I transcriptional repres-
sion by pRb, the role of p53 in the regulation of rRNA syn-
thesis remains unclear.

The p53 gene encodes an important tumor suppressor that is
frequently mutated in a variety of human tumors (26, 28). The
inactivation of p53 results in a failure to respond properly to a
variety of stress signals, leading to increased genomic instabil-
ity and eventually cancer (17). Furthermore, introduction of
wild-type p53 in cell culture leads to cell growth arrest or
suppression of cell transformation (34, 35). Although mice that
are homozygous null for p53 are developmentally competent,
they are highly predisposed to tumors, indicating that p53 has
an important function in protecting cells against aberrant cell
growth and neoplastic transformation (16).

Functional characterization of p53 protein revealed a variety
of biochemical activities, including the ability to regulate tran-
scription (23). p5S3 can act as a sequence-specific transcription
activator. This function requires the binding of p53 to a defined
DNA element, triggering the activation of genes carrying such
sequences in their promoters (25, 50). Transcriptional activa-
tion is mediated by an acidic domain at its amino terminus that
binds directly to the TBP-TAF complex TFIID (33, 45). In
addition, p53 is also capable of repressing promoters devoid of
p53-binding sites, including c-fos, interleukin-6, PCNA, cyclin
A, and bcl-2 promoters (26). Since most genes repressed by
p53 are involved in promoting cell cycle progression, it has
been proposed that the transcriptional repression function of
p53 is critical in suppressing cell proliferation and tumor for-
mation. This hypothesis is further supported by the observation
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that many tumor-derived p53 mutants have lost the ability to
suppress transcription (21). The observation that the carboxy
terminus of p53 is required for both TBP binding and tran-
scriptional repression suggests that the mechanism by which p53
represses these promoters may be by TBP squelching (29, 44).

Wild-type p53 can repress not only RNA Pol II promoters
but also RNA Pol IIT promoters (8, 10). These studies dem-
onstrated that TFIIIB is the specific target for repression by
p53. Since assembly of TFIIIB into a preinitiation complex
confers substantial protection against the inhibitory effect of
p53, it is likely that pS3 represses RNA Pol III transcription by
interfering with the preinitiation complex formation (8).

Most recently, it has been shown that expression of wild-type
p53 inhibits cellular pre-rRNA synthesis (6). Point mutations
in various regions of p53 that affect its transcriptional activity
(175his, 270cys, and 273his) also abolished its ability to repress
rRNA synthesis (6). Furthermore, the minimal rRNA pro-
moter appears to be sufficient for p5S3-mediated repression of
rRNA synthesis (6). However, these studies could not demon-
strate a direct involvement of p53 in the repression of RNA Pol
I transcription.

In this work, we have investigated in more detail the molec-
ular mechanism of p53-mediated RNA Pol I transcriptional
repression. First, we provide further evidence that the human
rRNA promoter can be inhibited by overexpression of wild-
type p53 but not mutant p53 (175his) in cotransfection assays.
Second, we have established an in vitro cell-free transcription
system that is responsive to added recombinant p53 protein.
Then, we show that extracts prepared from p53~/~ cells are
transcriptionally more active than those prepared from p53*/*
cells. This difference in transcriptional activity is most likely
due to functional inactivation of one or more Pol I factors since
there is no detectable difference in the abundance of any of
these transcription factors in extracts prepared from the two
cell lines. In addition, we show that by binding to SL1, p53
prevents the interaction between UBF and SL1 in vitro. Fi-
nally, we show that inhibition of transcription is probably
achieved by preventing the formation of a productive initiation
complex at the rRNA gene (rDNA) promoter. Taken together,
our data suggest that repression of Pol I transcription by p53 is
not a consequence of p53-induced growth arrest, but rather
due to an active repression mechanism.

MATERIALS AND METHODS

Plasmids. Plasmids pCMV-hp53 (wild type) and pCMV-hp53 (175his) have
been described previously (2). Plasmids for the expression of glutathione S-
transferase (GST) fusion human p53 fragments, pGThp53N (1-160),
pGThp53C1 (160-318), pGThp53C2 (318-393), and pGThpS3C (160-393), have
been described previously (24). Plasmids for the expression of GST fusion wild
type and point mutant forms of p53 protein were constructed by inserting the p53
coding region from pCMV-hp53 (wild type) and pCMV-hp53 (175his) into
pGEX-2T vector and pGEX-3X vector, respectively. Plasmids prHu3 and
prHu3CAT have been described previously (52).

Transfections. For the transfection assays, HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 37°C with 5% CO,. Cells were seeded at 7.5 X 10° per
100-mm-diameter plate 1 day prior to transfection. Cells were then transfected
by the calcium phosphate method with the indicated amounts of plasmid DNA.
Filler DNA (pcDNA3 or pCEP4) was used to normalize the amount of DNA
used per transfection. Cells were harvested 55 to 60 h after transfection, and total
RNA was isolated using the guanidinium-thiocyanate method. Thirty micro-
grams of total RNA was then used in a standard primer extension assay with a
chloramphenicol acetyltransferase (CAT)-specific primer. The cDNA product
was resolved on an 8% polyacrylamide-urea gel and subjected to autoradiogra-
phy. Quantitation were performed using a PhosphorImager (Molecular Dynam-
ics).

Cell culture. H1299 cells were maintained in high-glucose DMEM supple-
mented with 10% FBS. H1299-tsp53 cells were maintained in DMEM supple-
mented with 10% FBS and G418 (400 pg/ml). For maintenance, both H1299 and
H1299-tsp53 cells were grown at 39°C in a humidified chamber with 5% CO,.
HeLa cells used for transfection were maintained in DMEM supplemented with
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10% FBS. The mouse embryonic fibroblast (MEF) cells derived from normal
mice (p53*/*) and p53 knockout mice (p537/7) were maintained in DMEM
supplemented with 10% FBS. Sf9 insect cells were maintained in Hink’s
TNM-FH medium supplemented with 10% heat-inactivated FBS.

Protein extracts and fractions. Nuclear extracts from HeLa cells, H1299 cells,
and H1299-tsp53 cells were prepared as described by Dignam et al. (15). Whole-
cell extracts (WCE) from HeLa cells, H1299 cells, H1299-tsp53 cells,
MEF(p53*/*) cells, and MEF(p537/7) cells were prepared as described by
Manley et al. (30). The GST-p53 proteins and their expression in bacteria and
purification with glutathione-Sepharose beads have been described previously
(44).

Purification of GST fusion proteins. GST-p53 and GST-p53 mutant proteins
were expressed in Escherichia coli cells by induction with IPTG (isopropyl-B-p-
thiogalactopyranoside) (0.1 mM). Cell lysates in phosphate-buffered saline con-
taining 10% glycerol and 0.5% NP-40 were incubated with glutathione affinity
resin (Pharmacia) for 1 h at 4°C. The beads were then washed five times with
TM'-0.3 M KCl plus 0.5% NP-40 followed by two times with elution buffer (100
mM Tris [pH 8.0], 50 mM NaCl, 0.1% NP-40). GST fusion proteins were eluted
from the beads by using 20 mM reduced glutathione dissolved in elution buffer.
Eluted proteins were dialyzed against TM'® buffer (50 mM Tris [pH 7.9], 100
mM KCl, 12.5 mM MgCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride) containing 0.1 M KCl. The amount of eluted
protein was estimated by Coomassie blue or silver staining of sodium dodecyl
sulfate (SDS)-polyacrylamide gels.

Purification of RNA Pol I, UBF, and SL1. HeLa cell nuclear extracts were
loaded onto a heparin-agarose column, and RNA Pol I, UBF, and SL1 were
eluted with a 0.1 to 1.0 M KCl gradient in TM'? buffer. Fractions containing SL1
activity, as determined by in vitro transcription assays, were pooled and dialyzed
against TM'°-0.2 M KCI. The SL1 pool was then loaded onto an SP-Sepharose
column (Pharmacia) preequilibrated in TM'°-0.2 M KCl, and after extensive
washes with TM'°-0.2 M KCI, SL1 was ecluted with TM'°-0.8 M KCl and
dialyzed against TM'°-0.1 M KCI. RNA Pol I used in the reconstituted tran-
scription reaction mixture was prepared as followed: fractions eluted at 250 mM
KClI from the heparin-agarose column were pooled and dialyzed against TM (50
mM Tris-HCI [pH 7.9], 12.5 mM MgCl,, 1 mM EDTA, 20% glycerol) buffer
containing 0.1 M KCI and fractionated on a Sepharose 300 (Pharmacia) gel
filtration column. Active fractions were then loaded onto a Q-Sepharose column
(Poros) equilibrated against TM containing 0.1 M KCI. Proteins were eluted with
a salt gradient of 0.1 to 0.7 M KCI. The active fractions were pooled, dialyzed to
0.125 M KCl, aliquoted, and stored at —80°C. This RNA Pol I preparation
contained no detectable UBF and SL1 activity. For the experiments described in
Fig. 7 (panel B), RNA Pol I was purified by heparin-agarose and DEAE-
Sepharose column chromatography (eluted with a linear salt gradient of 0.08 to
0.4 M KCl) and dialyzed to 0.125 M KCl.

UBF eluted from the heparin-agarose column was further purified by chro-
matography on Q-Sepharose using a linear salt gradient (0.1 to 1.0 M KCl).
Fractions containing UBF were pooled and dialyzed against TM'°-0.1 M KCl.

In vitro transcription assay. Transcription assays using HeLa nuclear extracts
or using fractions containing RNA Pol I, SL1, and UBF activities were carried
out as previously described in the presence of 100 pg of a-amanitin/ml (52). In
vitro-synthesized RNAs were detected by S1 nuclease analysis using a 5'-end-
labeled single-strand DNA oligonucleotide complementary to the region from
—20 to +40 of the rDNA gene. For transcription assays that include GST or GST
fusion p53 proteins, the purified GST fusion proteins were allowed to incubate
with HeLa nuclear extracts or a mixture of RNA Pol I, SL1, and UBF activity
containing fractions at 30°C for 10 min before initiating the transcription reac-
tion by adding template DNA prHu3 and nucleotides. For p53-responsive tran-
scription assays, 3 to 10 ng of template DNA was used in each reaction mixture.
Template commitment assays were performed in the presence of wild-type pro-
moter and pseudo-wild-type promoter templates. Pseudo-wild-type template
contained a 200-bp fragment of pUC13 inserted after base +40 of the rDNA
gene. 5'-end-labeled oligonucleotides were made identical to the coding strand
of the rDNA promoter between —20 and +40 of the wild-type template or
between —20 and +80 of the coding strand of the pseudo-wild-type template.

Nonspecific RNA polymerase assay. Random RNA polymerization assays
were performed with 20 mM Tris (pH 7.9)-3 mM MnCl,-0.66 mM dithiothre-
itol-20% glycerol. Each reaction mixture contained 5 g of nicked herring sperm
DNA, 10 pg of protein extract, 1 mg of bovine serum albumin/ml, 1.2 mM ATP,
1.2 mM CTP, 1.2 mM GTP, 0.005 mM UTP, and 200 uCi of [PHJUTP. For RNA
Pol I activity, a-amanitin was added to a final concentration of 100 pg/ml. After
incubation at 30°C for 20 min, the reaction mixture was spotted on DES] filters
that were then washed extensively with Na,HPO,. Incorporated counts were
determined by counting in a liquid scintillation counter (Beckmann).

Protein-protein interactions and Western blot analysis. Purified GST fusion
p53 proteins (~1 pg) were incubated with an aliquot of fraction SL1 (purified
from HeLa extracts on heparin-agarose and S-Sepharose columns) on ice for 4
to 6 h in 50 pl of TM'? buffer containing 0.1 M KCI and 0.1% NP-40. The
mixture was then centrifuged at 15,000 X g for 30 min, and the supernatant was
mixed with Flag-tagged UBF (~1 pg) immobilized on anti-Flag M2 resin
(Kodak) to precipitate the SL1 complex. The resulting complex was washed
extensively in TM!'? buffer containing 0.1 M KCI and 0.1% NP-40, and bound
proteins were eluted and precipitated essentially as previously described (51).
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FIG. 1. Repression of a human ribosomal RNA gene construct by wild-type
p53. The human ribosomal RNA gene promoter construct prHu3CAT was co-
transfected with a plasmid containing either wild-type p53 (pCMV-hp53wt, lanes
1 to 3) or mutant p53 (pCMV-hp53mut [175His], lanes 4 to 6) into HeLa cells
using the calcium phosphate transfection method. The Pol I-specific transcript
from prHu3CAT (123 nucleotides) was detected by primer extension using a
probe specific for the reporter construct. The primer extension data were quan-
tified using a PhosphorImager and are shown as relative activity. The amount of
each plasmid (in micrograms) used in each transfection assay is indicated. Empty
vector DNA (pCMV) was added to each reaction mixture to keep the total
amount of plasmid in each transfection assay at 20 pg. Wild-type p53 and point
mutant p53 (His175) were expressed at comparable level in HeLa cells (data not
shown).

Pull-down assays with 3°S-labeled proteins were performed as follows: equal
molar amounts of each GST fusion protein were allowed to bind to glutathione
beads for 1 h in TM'°-0.1 M KCl plus 0.1% NP-40. All binding reactions were
performed at 4°C with constant mixing on a nutator. The beads were then washed
four times with the binding buffer. Human UBF, TBP, and TAFs were synthe-
sized using the TNT-coupled in vitro transcription and translation system (Pro-
mega). In vitro-translated 3°S-methionine-labeled proteins were then added to
the beads, and the reaction mixture was incubated overnight at 4°C. The beads
were then washed five times with TM'°-0.1 M KCI plus 0.1% NP-40 buffer,
boiled in SDS sample buffer, and resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE). Gels were dried, and radiolabeled proteins were detected by
autoradiography. Bound radiolabeled proteins were also quantified using a Phos-
phorImager (Molecular Dynamics). Western blot analysis was performed as
previously described (52). The antibodies against human TBP, TAF,48, TAF,63,
TAF;110, and UBF were produced by immunizing rabbits with full-length pro-
teins. Antibodies against p53 were pAb122, pAb1801 (Santa Cruz), and CM5
(Novo Laboratories). Antiserum against the 180-kDa RNA Pol I subunit was a
generous gift from L. Rothblum.

RESULTS

p53 represses human rRNA promoter in vivo. To study the
inhibitory effects of p53 on the rRNA synthesis, we transfected
HeLa cells with a human rRNA promoter construct
(prHu3CAT) together with a plasmid expressing either the
wild type (pCMV-hp53wt) or a mutant form of p53 (pCMV-
hp53mut; amino acid 175 mutated to histidine). Figure 1 shows
the primer extension analysis of the RNA isolated from trans-
fected cells. Transfection of the promoter construct produced
a 123-nucleotide primer extension fragment that corresponds
to an RNA molecule initiated at the bona fide RNA Pol I
transcription initiation site. The result of this experiment indi-
cated that transcription from the human rRNA promoter was
efficiently repressed (~10-fold) when the expression vector
encoding human p53 was cotransfected (lanes 2 and 3) com-
pared to when the empty vector was used (lane 1 and 4).
Importantly, inhibition of Pol I transcription appeared to cor-
relate with the level of p53 expression in transfected cells. On
the other hand, no repression was observed when the cells
were cotransfected with the expression vector encoding a point
mutant form of p53 (175His) (lanes 5 and 6). This point mutant
form of p53 (Arg'” to His) is one of the hot spots for missense
p53 mutations in tumors and is unable to suppress cell growth
in culture. Taken together, our data suggest that transcription
by RNA Pol I can be repressed by p53 in human cells and that
this repression depends on a functionally active p53.

MoL. CELL. BIOL.

Pol I transcriptional activity but not the cellular level of Pol
I factors is inhibited in p53-expressing cells. Studies by other
investigators and us have revealed that the synthesis of RNA
from an rRNA promoter can be repressed by the expression of
wild-type p53 protein (this work and reference 6). The de-
crease in Pol I transcriptional activity caused by expression of
p53 could be explained as either a direct effect on the Pol I
transcriptional apparatus or an indirect effect attributable to a
decrease in the abundance of any of the Pol I factors. To
address these questions and investigate this process further, we
took advantage of a pair of established human cell lines, the
H1299 cells and the H1299-tsp53 cells. The H1299 cell line
contains a homozygous deletion of the p53 gene, whereas the
H1299-tsp53 cell line carries a temperature-sensitive form of
p53 (20). tspS3 is in the wild-type conformation at permissive
temperature (32°C) and is in the mutant form at elevated
temperature (39°C). The two cell lines were cultured for 24 to
48 h at the permissive and nonpermissive temperatures, re-
spectively, and subsequently, WCE were made from these two
cell lines. The Pol I transcriptional activity of these extracts was
then assessed in an in vitro transcription assay using the same
amount of total proteins. As shown in Fig. 2A, extracts pre-
pared from H1299 and H1299-tsp53 cells grown at the non-
permissive temperature have comparable Pol I transcriptional
activity (lanes 1 and 2, respectively). On the other hand, when
cells were grown at the permissive temperature, Pol I tran-
scriptional activity of H1299 cells is about three- to fourfold
higher than that of H1299-tsp53 cells (lanes 3 and 4, respec-
tively). Since the only difference between H1299-tsp53 cells
grown at 32 and 39°C is the conformational change of p53
protein, our results demonstrated a correlation between a de-
creased level of Pol I transcriptional activity and the presence
of a functional p53. We were also able to observe an elevated
level of Pol I transcriptional activity (~two- to threefold) using
extracts prepared from primary MEF cells from p53 knockout
mice (p53~'7) compared to that of control cells from normal
mice (p53™/") (data not shown). These results indicate that,
even under physiological concentration, p53 has an inhibitory
effect on Pol I transcriptional activity.

To investigate whether a decrease in the abundance in Pol I,
UBF, or SL1 could account for the reduced Pol I transcrip-
tional activity in pS53-expressing cells, we determined the
amounts of these factors present in the extracts by Western
blot analysis. Equal amounts of WCE prepared from H1299
and H1299-tsp53 cells grown at 32°C were separated by SDS-
PAGE, and subsequent immunoblotting was carried out using
antibodies against each specific factor (Fig. 2B). As expected,
expression of p53 and the cyclin-dependent kinase inhibitor
p21 can be observed in H1299-tsp53 cells (lane 2) but not in
H1299 cells (lane 1). However, no detectable difference in the
abundance of UBF and two subunits of SL1 (TAF;110, and
TAF,63) was observed between these two cell lines. We no-
ticed a slight increase in cellular TBP level in H1299-tsp53
cells. This increase in TBP can be consistently seen in the
presence of a functional p53. However, it is very unlikely that
such an increase in cellular TBP level will result in a fourfold
decrease in Pol I transcriptional activity in pS3-expressing cells.
To estimate the cellular level of RNA Pol I in these two cell
lines, we determined the abundance of the 180-kDa subunit of
RNA Pol I. Western blot analysis revealed a minor decrease of
this Pol I subunit in H1299-tsp53 cells. However, when pro-
moter-independent RNA Pol I activity was tested with nicked
calf thymus DNA in the presence of a-amanitin, we did not
observe any difference in the extracts prepared from the two
cell lines (data not shown). Taken together, our results indicate
that the expression of a functional p53 has little or no effect on
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FIG. 2. Effect of p53 expression on Pol I transcriptional activity and on the
abundance of Pol I factors. (A) RNA Pol I transcriptional activity is elevated in
P53~/ cells. WCE were prepared from H1299 cells (p53~/~, homozygous de-
letion) and H1299-tsp53 cells (from H1299, stably expressing a temperature-
sensitive p53 mutant [135val]) grown at either 39 or 32°C. In vitro transcription
assays were carried out using 10 pg of each WCE and 100 ng of prHu3. (B) The
abundance of Pol I factors is not affected by the expression of wild-type p53.
WCE were prepared from H1299 cells (lane 1) and H1299-tsp53 cells (lane 2)
grown at 32°C for 48 h. An equal amount of total protein was separated by
SDS-PAGE and immunoblotted using antibodies against UBF, p53, p2l,
TAF,110, TAF,63, TAF,48, TBP, and the 180-kDa subunit of RNA Pol I, as
indicated.

the cellular level of UBF, SL1, and RNA Pol 1. Therefore, we
can rule out the possibility that p53 represses Pol I transcrip-
tion indirectly by down-regulating the expression of Pol I fac-
tors.

P53 represses human RNA Pol I transcription in vitro. To
establish that repression of Pol I was the result of a direct effect
of p53, we then proceeded to test the effect of p53 on RNA Pol
I transcription in an in vitro-reconstituted transcription system.
Full-length wild-type p53 and mutant p53 (175His) were ex-
pressed as GST fusion forms in bacteria and purified using
glutathione-Sepharose resin. When purified recombinant
GST-p53 was added to an in vitro cell-free transcription system
containing HeLa nuclear extracts, transcription from the hu-
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FIG. 3. Repression of RNA Pol I transcription in vitro by recombinant p53.
(A) HeLa nuclear extracts were preincubated for 20 min at 30°C with either GST
(lanes 1, 4, and 5, 2, 2, and 6 pmol, respectively, as judged by silver-stained gels),
an increasing amount of GST-p53 (lanes 2 and 3 and lanes 6 and 7, 2 and 6 pmol,
respectively), or an increasing amount of GST-p53(his175) (lanes 8 and 9, 2 and
6 pmol, respectively) before the addition of transcription template prHu3 (5
ng/reaction mixture) and nucleotides to initiate transcription. GST, GST-p53,
and GST-p53(his175) were expressed in E. coli and were affinity purified using
glutathione-Sepharose beads. (B) Transcription assays were carried out using
column-purified fractions (see Materials and Methods) containing RNA Pol I,
UBF, and SL1 in place of HeLa nuclear extracts as described in panel A. Newly
synthesized RNA transcript was detected by S1 nuclease protection assay as
described in Materials and Methods. Arrows indicate transcript.

man rRNA promoter decreased dramatically (Fig. 3A, lanes 2
and 3 and lanes 6 and 7), whereas an equal amount of GST
alone had little or no effect (Fig. 3, lanes 1, 4, and 5). Impor-
tantly, the decrease in Pol I transcriptional activity appeared to
correlate with the amount of p53 added. Quantitation of the
transcription assay data indicated that p53 represses Pol I
transcription by approximately eightfold. Similar results were
also obtained using recombinant p53 purified from baculovi-
rus-infected Sf9 cells (data not shown). To provide further
support for a direct inhibition by p53, a point mutant form of
p53 (175His) that is inactive in transient-cotransfection assays
was then tested in the pS3-responsive system. As shown in Fig.
3A, the Pol I transcription was unaffected by the addition of
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FIG. 4. Effect of neutralizing antibodies on the Pol I transcriptional repres-
sion by GST-p53. HeLa nuclear extracts were preincubated for 20 min at 30°C
with 3 pmol of either GST (lane 1) or GST-p53 (lanes 2 to 6) before the addition
of transcription template prHu3 (5 ng/reaction mixture) and nucleotides to
initiate transcription. Prior to use, the GST-p53 was incubated for 2 h on ice with
antibodies against GST (lanes 3 and 4, 0.3 and 0.6 ug, respectively) or with
antibodies against p53 (lanes 5 and 6, 0.3 and 0.6 p.g, respectively). Both GST and
GST-p53 were expressed in E. coli and were affinity purified using glutathione-
Sepharose beads. Newly synthesized RNA transcript was detected by S1 nuclease
protection assay.

the mutant form of p53 (lanes 8 and 9). Thus, our data indicate
that p53 acts directly on the Pol I transcription machinery to
inhibit rRNA synthesis.

To further investigate whether a minimal set of Pol I factors
is sufficient to support the p5S3-mediated transcriptional repres-
sion, HeLa nuclear extracts were replaced with a mixture of
RNA Pol I, UBF, and SL1 fractions purified from HeLa cells
in the following in vitro transcription assays. As shown in Fig.
3B, addition of purified recombinant GST-p53 (lanes 2 and 3)
resulted in a dramatic decrease in the level of rRNA synthesis.
As seen in the previous experiment, the repression was pro-
portional to the amount of recombinant p53 added. Taken
together, our results suggest that purified RNA Pol I, UBF,
and SL1 are sufficient to support the p53-mediated Pol I tran-
scriptional repression.

To confirm that the p53 portion of the fusion protein is
indeed the functional domain repressing Pol I transcription, we
tested the effect of purified GST-p53 on in vitro rRNA syn-
thesis following preincubation with antibodies against either
GST or p53. As shown in Fig. 4, the ability of GST-p53 to
repress Pol I transcription is dramatically reduced following
preincubation with a purified polyclonal antibody raised
against p53 (CMS5; Novo Laboratories; lanes 5 and 6). Impor-
tantly, the level of transcription after the addition of p53 an-
tibodies is comparable to that from the reaction in which GST
alone was added to the transcription reaction mixture (lane 1).
The neutralizing effect appeared to be specific, since preincu-
bating GST-p53 with a polyclonal antibody against the GST
portion (lanes 3 and 4) has little or no effect on the ability of
GST-p53 to repress Pol I transcription in vitro (lane 2). These
observations rule out the possibility that the inhibitory effect of
GST-p53 is due to the contaminant and demonstrate that Pol
I transcription is directly repressed by p53.

p33 inhibits the interaction between UBF and SL1. One
important step in stimulation of Pol I transcription is the for-
mation of a stable complex between UBF and SL1 at the
ribosomal DNA promoter. To assess the possible effect of p53
on the recruitment of SL1, we performed the following pro-
tein-protein interaction assays. GST fusion proteins were first
expressed and purified using glutathione-Sepharose resin as
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FIG. 5. Effects of wild-type and mutant (His175) p53 proteins on UBF-SL1
interaction in vitro. (A) GST (lane 2), GST fusion p53 protein (lanes 3), and GST
fusion mutant p53 (His175) (lane 4) were expressed in E. coli and were affinity
purified using glutathione-Sepharose beads. An aliquot of the partially purified
SL1 fraction (purified by heparin-agarose and S-Sepharose column chromatog-
raphy; approximately 0.6 pg) was first incubated with each purified GST fusion
protein (approximately 2 ng) for 4 to 6 h before being immunoprecipitated with
Flag-tagged UBF (~ 1 pg) immobilized on anti-Flag M2 beads. Flag-tagged
UBEF was expressed in Sf9 cells using a recombinant baculovirus. The immuno-
precipitation products were separated by SDS-PAGE and the SL1 complex was
detected by Western blotting using antibodies against each individual subunit
(TBP, TAF,48, TAF,63, and TAF,110), as indicated. Lane 1, SL1 input.

described in Materials and Methods. The purified proteins
were then incubated with an SL1 fraction purified from HeLa
cells. After the incubation, the mixture was added to Flag-
tagged UBF that was immobilized on anti-Flag M2 affinity
resin. Flag-tagged UBF was then immunoprecipitated using
Flag-antibody resin, and the immunoprecipitation products
were separated by SDS-PAGE. SL1 was then detected by
Western blot analysis using antibodies against each of the
individual SL1 subunits (TBP, TAF48, TAF,63, and
TAF,110). As shown in Fig. 5, preincubation of SL1 with GST-
p53 resulted in a dramatic decrease in the formation of a
UBF-SL1 complex, as indicated by a decrease of the four SL1
subunits in the immunoprecipitation products (lane 3). In the
control experiment in which SL1 was preincubated with GST
protein alone (lane 2), the formation of a UBF-SL1 complex
was unaffected compared to when no protein (lane 1) was used
in the preincubation with SL1. Thus, our data indicate that p53
can directly interfere with the formation of a preinitiation
complex between UBF and SL1. To further assess the func-
tional significance of this interference on UBF-SL1 complex
formation by p53 in the Pol I transcriptional repression, we
asked whether the p53 (175His) mutant had any effect in this
protein-protein interaction assay. Unlike wild-type p53, the
point mutant form of p53 (GST-p53his175) has no effect on the
UBF-SL1 interaction (lane 4). The inability of this point mu-
tant form of p53 to interfere with UBF-SL1 complex formation
correlates with its inability to repress Pol I transcription both in
vivo and in vitro.
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FIG. 6. p53 binds to SL1. (A) Flag-tagged UBF (lane 3) and HCV polymerase (HCVpol) (lane 2) were immobilized on anti-Flag M2 beads and incubated with
purified GST-p53 (2 pg). After extensive washing, bound material was detected by Western blot analysis using p53 antibodies (pAB122). Lane 1 shows 10% of the input
material used in reactions 2 and 3. (B) An aliquot of the partially purified SL1 fraction (purified by heparin-agarose and S-Sepharose column chromatography;
approximately 0.6 wg) was incubated for 4 to 6 h with either GST (lane 2; ~2 pg) or GST-p53 (lane 3; ~2 pg), which were immobilized on glutathione resin. After
extensive washing, bound proteins were resolved on an SDS-polyacrylamide gel and SL1 was detected by Western blot analysis using antibodies against TAF110,
TAF;63, TAF48, and TBP. (C) In vitro-translated 3°S-methionine-labeled TBP (lanes 1 to 3), TAF;48 (lanes 4 to 6), TAF;63 (lanes 7 to 9), and TAF;110 (lanes 10
to 12) were added to either GST (lanes 2, 5, 8, and 11) or GST-p53 (lanes 3, 6, 9, and 12) immobilized on glutathione beads, and reaction mixtures were incubated
overnight at 4°C. After extensive washes, bound proteins were resolved by SDS-PAGE and visualized by autoradiography. *°S-methionine-labeled proteins were
quantitated by PhosphorImager analysis. Lanes 1, 4, 7, and 10 show 10% of the proteins used in the pull-down assays.

P53 interacts with SL1. The inability of SL1 to bind to UBF
in the presence of wild-type p53 could be explained if p53, by
binding to either UBF or SL1, prevents the protein-protein
interactions between these two factors. To address whether
p53 binds to UBF, the same molar amount of GST-p53 used in
the previous assay was incubated with immobilized Flag-tagged
UBF, and the bound material was then resolved by SDS-
PAGE and subjected to Western blot analysis using p53 anti-
bodies. As shown in Fig. 6A, there was no detectable interac-
tion between p53 and UBF (lane 3). On the other hand, when
we performed in vitro GST pull-down studies with GST-p53
and SL1, we observed a significant interaction between GST-
p53 and SL1, as determined by the presence of TBP and TAF s
in the pull-down fraction (Fig. 6B). These results suggest that
pS3 may prevent the interaction between SL1 and UBF by
binding directly to SL1. To identify the SL1 subunits involved
in the interaction, we tested GST-p53 and GST alone for the
ability to bind in vitro-translated **S-methionine-labeled TBP,
TAF48, TAF,63, and TAF;110. The results of this experiment
show that p53 binds well to TBP (Fig. 6C, lanes 1 to 3) and with
lower affinity to TAF;110 (lanes 10 to 12), while there is little
or no significant interaction (below 10% of input) between p53
and TAF48 (lanes 4 to 6) or TAF,63 (lanes 7 to 9).

Assembly of the initiation complex on the rDNA promoter
confers protection against p53. The ability of p53 to block the
interaction between UBF and SL1 suggests that p53 might
represses Pol I transcription by preventing the formation of a

stable transcription initiation complex. To test this hypothesis,
we first investigated whether the assembly of a Pol I initiation
complex can prevent the repressive effect of p53. GST alone or
GST-p53 was added to an aliquot of HeLa cell nuclear extracts
either 10 min prior to the addition of the transcription tem-
plate prHu3 (Fig. 7A, lanes 1 and 2), simultaneously with the
addition of the template (lanes 3 and 4), or 10 min after the
addition of the template (lanes 5 and 6). Nucleotides were then
added to initiate transcription. Since the UBF-SL1 complex
can be assembled on the rDNA promoter rapidly at 30°C, our
assay allows us to detect the ability of p53 to repress a pre-
formed initiation complex. Relative to GST alone, GST-p53
was found to inhibit Pol I transcription by about fivefold when
added prior to the addition of template and about 2.5-fold
when added simultaneously with the template. On the other
hand, when GST-p53 was added 10 min after the template, Pol
I transcriptional activity was minimally affected (1.4-fold).

To further investigate whether the association of UBF with
SL1 at the ribosomal DNA promoter was sufficient for pre-
venting the inhibitory effect of p53, we performed template
commitment assays using purified UBF, SL1, and RNA Pol 1.
As observed in the previous experiments, pS3 inhibited Pol I
transcription when incubated with UBF and SL1 before the
addition of the DNA template (Fig. 7, lane 3). Interestingly,
the inhibitory function was partly retained even when p53 was
added to the reaction mixture in the presence of a preformed
UBF-SL1 complex (lane 4). Quantitation of the transcription
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FIG. 7. The assembly of a stable Pol I initiation complex on the rDNA promoter confers protection against repression by p53. (A). HeLa nuclear extracts were
incubated for 10 min at 30°C before the addition of prHu3 (5 ng/reaction mixture); after a further 10 min at 30°C, nucleotides were added and transcription was allowed
to proceed. Transcription reactions were carried out in the presence of either GST (5 pmol, lanes 1, 3, and 5) or GST-p53 (5 pmol, lanes 2, 4, and 6), which was added
at the indicated time. Newly synthesized RNA transcript was detected by S1 nuclease protection assay. (B) Template commitment assays. Purified UBF, SL1, Pol I,
GST-p53, 10 ng of wild-type template (template 1), and 50 ng of pseudo-wild-type template (template 2) were added to the appropriate reaction mixtures at the times
indicated. Transcription reactions were started by the addition of the 4 nucleotides and performed at 30°C for 30 min. S1 and S2 represent protected fragments resulting
from the transcription of the wild-type (template 1) and pseudo-wild-type (template 2) templates, respectively. In lanes 7 and 8, standard transcription reactions were
carried out without GST-p53 and in the presence of either 10 ng of wild-type template (lane 7) or 50 ng of pseudo-wild-type template (lane 8). In lane 9, both templates
(10 ng of wild type and 50 ng of pseudo-wild type) were added simultaneously to the transcription reaction mixture containing UBF, SL1, Pol I, and nucleotides.

assays using a phosphorimager indicated that Pol I transcrip-
tion was inhibited approximately threefold in lane 2 and 1.5-
fold in lane 4, compared to lanes 1, 3, and 5. On the other
hand, when an UBF-SL1-Pol I complex was preassembled on
the rDNA promoter, p53 was unable to repress transcription
(lane 6). The lower degree of p53 inhibition in this assays is
probably due to an overall decrease in the activity of factors
such as SL1, which is particularly sensitive to incubation at
temperatures above 4°C (W. Zhai and L. Comai, unpublished
observation).

DISCUSSION

A high level of rRNA transcription is necessary for cell
growth and proliferation. When quiescent cells are stimulated
by mitogenic factors, the production of rRNA increases, re-
sulting in the assembly of more ribosomes and increased pro-
tein synthesis. Conversely, a 50% reduction in translation is
sufficient to cause proliferating cells to withdraw from the cell
cycle. Clearly, the production of ribosomes and protein syn-
thesis correlate closely with the growth rate of the cell. The
rapid growth of tumor cells requires elevated rates of biosyn-
thesis, and a higher level of rRNA transcription is frequently
observed in these cells. It is therefore conceivable that p53, as
a tumor suppressor protein, has the ability to place a physio-

logical constraint upon Pol I transcription. The first evidence
suggesting that p53 may be directly involved in regulating Pol
I transcription is provided by immunohistochemistry studies
showing that p53 can be localized to the nucleolus under cer-
tain physiological conditions (7, 36). Recent studies by Budde
and Grummt have also indicated that p53 induction correlates
with a down-regulation of Pol I transcription; however, they
concluded that this effect might be a consequence of growth
arrest induced by p53 (6).

In this study, we have investigated the molecular mechanism
of p53-mediated Pol I transcriptional repression. An important
step in this analysis is the establishment of an in vitro cell-free
transcription system that can faithfully reproduce the in vivo
inhibitory effect of p53 on Pol I transcription. These assays
indicate that RNA Pol I, UBF, and SL1 are sufficient to re-
constitute the repression of transcription by p53 in vitro. In
addition, transcription experiments with a series of p53 dele-
tion mutants indicate that the carboxy-terminal region of p53 is
necessary, but not sufficient, to repress Pol I transcription (un-
published results). These results suggest that efficient repres-
sion of Pol I activity requires the cooperative action of the
amino- and carboxy-terminal domains of p53. This model fits
well with the observation that growth suppression by p53 re-
quires both its amino-terminal and carboxy-terminal domains
(39). In addition, it provides further support to the concept
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that the repression of rRNA gene transcription is an important
step in growth suppression mediated by p53.

Because p53 has the ability to repress a variety of Pol II
promoters, we could not rule out the possibility that a down-
regulation of the synthesis of mRNAs encoded by genes en-
coding factors required for rRNA synthesis may contribute to
the repression of Pol I transcription. However, using Western
blot analysis, we showed that there isn’t any significant change
in the abundance of UBF, SL1, or RNA Pol I to account for
the inhibition of Pol I transcription.

An important finding of our analysis is that wild-type p53
prevents the formation of the UBF-SL1 complex. Moreover, a
cancer-associated p53 point mutant (175His) does not inter-
fere with UBF-SL1 complex formation nor does it repress Pol
I transcription. These results provide further evidence that
inhibition of the protein-protein interaction between UBF and
SL1 by p53 plays an important role in repression of Pol I
transcription. Arg'”” is a structurally very important p53 mu-
tation because of its role in the stabilization of the L2 and L3
loops (11). This mutant retains its ability to bind to DNA (53);
however, several lines of evidence suggest that it may not fold
properly (11).

In addition to blocking the interaction between UBF and
SL1, our data suggest that p53 can be still partially effective in
Pol I inhibition in the absence of a stable transcription initia-
tion complex at the rDNA promoter. Template commitment
assays show that only the preassembly of a UBF-SL1-Pol I
complex on the IDNA promoter confers full protection against
the repression by p53. Therefore, it is possible that in the
absence of the polymerase, p53 can destabilize a preformed
UBF-SL1 complex at the rDNA promoter, such that only the
subsequent recruitment of the polymerase provides a p53-re-
sistant, transcriptionally competent, multiprotein complex.
Preliminary in vitro protein binding studies addressing whether
p53 could disrupt a preformed UBF-SL1 complex did not yield
results consistent enough to allow a clear interpretation.
Therefore, a more detailed analysis is necessary to implicate
this or other mechanisms.

In eukaryotic cells, transcriptions by RNA Pol I, Pol II, and
Pol III share many common themes. Transcription regulators,
such as simian virus 40 large T antigen and pRb, have been
shown to regulate transcription by all three polymerases and,
apparently, in similar fashions. In the Pol II system, p53 can
inhibit the transcription from a variety of TATA-containing
promoters. It has been proposed that the carboxy-terminal
domain of p53, by interacting with TBP, prevents the basal
transcription factors from binding to the TATA element and
thereby represses transcription from these promoters (32, 40).
In other instances, Pol II transcriptional repression by p53 may
be mediated by its interaction with factors other than TBP,
such as the TAFs (45) and the CCAAT-binding factor (1, 49).
In the Pol III system, p53 acts as a general repressor for all
promoters. Repression of Pol III transcription by p53 has been
proposed to occur through its interaction with TFIIIB, the
TBP-BRF complex (8, 10). The binding of p53 to TFIIIB
results in a complete inactivation of this factor that can be
rescued by the addition of more TFIIIB to the transcription
reaction (8). However, it is unclear whether p53 interferes with
the ability of TFIIIB to interact with TFIIIC and/or Pol III or
inactivates TFIIIB by some other mechanism. The mechanism
of Pol I transcriptional repression by p53, as shown in this
study, is quite similar in several aspects to that of the Pol II and
Pol III systems. First, we demonstrate that repression of Pol I
transcription by p53 is primarily a direct effect. Addition of p53
to either HeLa cell nuclear extracts or to a purified system
containing RNA Pol I, UBF, and SL1 resulted in a dramatic
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decrease in Pol I transcriptional activity. Second, p53 represses
Pol I transcription initiation by interfering with the formation
of a stable initiation complex. Upon incubation with p53, SL1
is no longer able to form a complex with UBF. In analogy to
the Pol IT and Pol III systems, we also show that p53 targets the
TBP-TAF, complex SL1. We have determined that p53 binds
to SL1 in vitro, and in vitro interaction studies indicate that at
least one subunit of the SL1 complex, TBP, can strongly inter-
act with p53. SL1 is far less abundant than UBF and the RNA
Pol I in the cell, and it is likely the limiting factor in Pol I
transcription (22, 41). p53 is also a relatively low-abundance
cellular protein. Therefore, its is reasonable to speculate that
negative regulation of Pol I transcription by molecules such as
p53 may be more readily attained by targeting the SL1 com-
plex. Unfortunately, we were not able to coimmunoprecipitate
p53 and SL1 from cell extracts, possibly suggesting that this
protein-protein interaction is not very stable. We also found
that both the wild type and the mutant p53 (175His) can
interact with SL1 in vitro (unpublished results). Because the in
vitro binding assay also indicate that each SL1 subunit binds to
some degree to pS3 compared to the GST control, we cannot
completely rule out the possibility that the interaction ob-
served in vitro is not the result of a specific affinity, but casually
due to ionic or hydrophobic interactions.

Results from a number of studies have indicated that p53
plays a role in the control of protein synthesis. It has been
shown that p53 is capable of repressing the translation of
certain mRNAs (18, 37). It has also been reported that a
subpopulation of cytoplasmic p53 is covalently linked to a
single specific RNA—the 5.8S rRNA (19). In addition, p53 has
been found in a complex with the ribosomal L5 protein and
mdm?2, suggesting that p53 may control ribosome biogenesis
and/or translational regulation in the cell (31). Further support
to this concept had been provided by the demonstration that
p53 can control the synthesis of 5S rRNA, a Pol III-transcribed
gene (8, 10). Since the 5S rDNA and the large rDNA genes
transcribed by Pol I are used stoichiometrically in the assembly
of ribosomes, the cell must use a mechanism to coordinate the
transcription of these genes. Thus, p53, which controls cell
growth, may have to put a restraint on the expression of the
rDNA genes transcribed by Pol I as well as the 5S rDNA gene
transcribed by Pol III. Such a role of a master regulator may be
true not only for p53 but also for the retinoblastoma gene
product, pRb. pRb is a tumor suppressor protein whose de-
regulation leads to uncontrolled cell cycle progression, ele-
vated rates of biosynthesis, and eventually, tumor formation.
As recently demonstrated by Cavanaugh et al., pRb partici-
pates in the repression of rRNA synthesis in differentiated
U937 cells (9). Furthermore, pRb has also been shown to
inhibit transcription by Pol III (12, 48). Although there is only
limited sequence homology between pRb and p53, the two
tumor suppressors share many functional features, such as to
repress cell growth, and it has been proposed that they play a
direct role in the inhibition of transcription by RNA Pol I and
Pol III. More importantly, as seen for pRb, the expression of
p53 can be detected both in the nucleus and in the nucleolus in
nondividing and relatively stable cells (7, 43). Therefore, mod-
ulation of Pol I and Pol III transcription by p53 and pRb may
be part of a similar strategy adopted by these tumor suppressor
proteins for the control of cell growth.
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