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Bop1 is a novel nucleolar protein involved in rRNA processing and ribosome assembly. We have previously
shown that expression of Bop1D, an amino-terminally truncated Bop1 that acts as a dominant negative mutant
in mouse cells, results in inhibition of 28S and 5.8S rRNA formation and deficiency of newly synthesized 60S
ribosomal subunits (Z. Strezoska, D. G. Pestov, and L. F. Lau, Mol. Cell. Biol. 20:5516–5528, 2000). Pertur-
bation of Bop1 activities by Bop1D also induces a powerful yet reversible cell cycle arrest in 3T3 fibroblasts.
In the present study, we show that asynchronously growing cells are arrested by Bop1D in a highly concerted
fashion in the G1 phase. Kinase activities of the G1-specific Cdk2 and Cdk4 complexes were downregulated in
cells expressing Bop1D, whereas levels of the Cdk inhibitors p21 and p27 were concomitantly increased. The
cells also displayed lack of hyperphosphorylation of retinoblastoma protein (pRb) and decreased expression of
cyclin A, indicating their inability to progress through the restriction point. Inactivation of functional p53
abrogated this Bop1D-induced cell cycle arrest but did not restore normal rRNA processing. These findings
show that deficiencies in ribosome synthesis can be uncoupled from cell cycle arrest and reveal a new role for
the p53 pathway as a mediator of the signaling link between ribosome biogenesis and the cell cycle. We propose
that aberrant rRNA processing and/or ribosome biogenesis may cause “nucleolar stress,” leading to cell cycle
arrest in a p53-dependent manner.

Proliferating cells can delay or block cell cycle transitions in
response to a variety of extracellular regulatory signals as well
as to perturbations in intracellular processes. Several types of
stress, such as DNA damage, defects in replication and chro-
mosome segregation, and accumulation of misfolded proteins
in the endoplasmic reticulum are now known to elicit check-
point responses that prevent progression through the cell cycle
(16, 25, 69). These responses are often altered in neoplastic
cells, suggesting that the regulatory mechanisms involved play
important roles in tumor development (24).

In a previous study, we applied a genetic selection procedure
to search for sequences in a cDNA library that can cause
reversible arrest of the cell cycle (45). One cDNA clone
(Bop1D) that induced a particularly strong inhibition of DNA
synthesis in NIH 3T3 fibroblasts encoded an amino-terminally
truncated form of a novel WD40 repeat protein, named Bop1
(block of proliferation). Expression of Bop1D interfered with
the functions of the endogenous Bop1 in a dominant manner,
which likely accounted for the strong growth-inhibitory poten-
tial of this clone.

Subsequent studies revealed that Bop1 was predominantly
localized to the nucleolus and cofractionated with preriboso-
mal particles (58). Bop1D exhibited a similar localization but
lacked some of the critical functions of the wild-type protein,
leading to a dominant negative phenotype. Expression of this
mutant form of Bop1 in LAP3 cells completely blocked for-
mation of the mature 28S and 5.8S rRNAs and resulted in

reduced levels of 60S ribosome subunits in the cytoplasm,
while synthesis of 18S rRNA and production of 40S subunits
were unaffected (58). Analysis of pre-rRNA processing re-
vealed that conversion of the 36S precursor to the 32S pre-
rRNA was reduced and that the 32S precursor was not pro-
cessed to the 28S and 12S/5.8S rRNAs but instead was
degraded (58).

Although these findings indicated the role of Bop1 in pro-
cessing of the 28S and 5.8S rRNAs and 60S ribosome assembly,
it remained unclear how expression of Bop1D might exert an
antiproliferative effect. In this study, we show that the cell cycle
arrest caused by Bop1D-mediated perturbation of Bop1 func-
tion exhibits features of a G1 checkpoint associated with up-
regulation of the Cdk inhibitors (CKIs) p21 and p27 and down-
regulation of the G1-specific Cdk2 and Cdk4 activities.
Inactivation of p53 alleviated Bop1D-induced cell cycle arrest.
These findings show, for the first time, a p53-dependent cross-
talk between ribosome biogenesis and cell cycle progression.
We propose a model in which p53 senses nucleolar stress as a
result of rRNA processing errors and induces cell cycle arrest
as a consequence.

MATERIALS AND METHODS

Cells and expression constructs. LAP3 is a cell line derived from NIH 3T3
fibroblasts that supports isopropyl-b-D-thiogalactopyranoside (IPTG) inducible
expression from pX vectors (46). Bop1D is a mutant of mouse Bop1 lacking 231
amino acids from the amino terminus cloned in pX11 (previously named B5-35).
Cell lines obtained by transfection of LAP3 cells with either the empty vector
pX11 (LAP3/1) or Bop1D (Bop1D/2 and Bop1D/6) have been characterized
previously (45); they were referred to as pX11/1, B5-35/2, and B5-35/6, respec-
tively. pJ4V16E6 and pJ4V16E6D111–115 express wild-type E6 and mutant E6
defective in p53 binding, respectively (11). The retroviral vector pBabe-puro-
GSE56 expresses a fragment of p53 that acts as a genetic suppressor element that
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effectively antagonizes wild-type p53 function (43). Cells were cultured as de-
scribed previously (45).

Analysis of DNA, RNA, and protein synthesis. To measure the rate of DNA
synthesis, cells were seeded at 3 3 104 cells per well in a 24-well plate, and IPTG
was added to 1 mM the next day. After incubation for the indicated durations,
cells were labeled with 5 mCi of [methyl-3H]thymidine (ICN) per ml for 35 min,
then chilled on ice, washed twice with phosphate-buffered saline (PBS) and twice
for 5 min each with 10% trichloroacetic acid, and lysed in 200 ml of 1% sodium
dodecyl sulfate (SDS)–0.1 M NaOH. For analysis of rRNA processing, cells were
pulse-labeled with 2.5 mCi of [3H]uridine (New England Nuclear) per ml for 30
min, washed once with medium, then chased with nonradioactive medium for
2 h, and lysed with Trizol (Gibco-BRL). Purified RNA samples were normalized
by scintillation counting, separated on a formaldehyde-agarose gel, and trans-
ferred to a nylon membrane, which was treated with En3Hance (New England
Nuclear) and exposed to film. To measure the rate of protein synthesis, cells were
incubated for 30 min in medium with 0.13 the normal methionine concentration
and labeled with 2.5 mCi of [35S]methionine (New England Nuclear) per ml for
1 h. Cells were washed with PBS and trichloroacetic acid as described above and
dissolved in 0.5% SDS. Cell number was determined by the fluorometric DNA
assay with Hoechst 33258 (48).

Flow cytometry. Cells were harvested by trypsinization, washed in PBS, pel-
leted, resuspended in PBS containing 0.2% NP-40 and 0.5% bovine serum
albumin plus 100 mg of RNase A and 25 mg of propidium iodide per ml, and
incubated for 2 to 3 h at 4°C in the dark. Data were collected on a FACSort
cytometer (Becton Dickinson). Aggregates were gated out, and histograms were
drawn for presentation using WINMDI software; cell cycle analysis was done
using ModFit LT (Verity).

Immunoblot and kinase assays. Cell lysates prepared as described before (37)
were normalized by protein content using the Bio-Rad DC protein assay reagents
and bovine serum albumin as a standard. Antibodies against Cdk2 (M2), cyclins
D1 (72-13G), E (M-20), and A (H-432), p21 (C-19), and p27(C-19) were from
Santa Cruz; anti-Cdk4 (DCS-35) was from NeoMarkers; antibodies against phos-
phorylated Ser780 of pRb were from New England Biolabs; and anti-retinoblas-
tomal protein (anti-pRb; G3-245) was from PharMingen. Secondary horseradish
peroxidase-coupled antibodies and a chemiluminescence detection kit were from
Amersham Pharmacia. Cdk2 assays were performed according to a published
protocol (12). Cdk4 assays were done as described previously (37), with the
following changes: lysates containing 400 mg of protein were immunoprecipitated
for 2.5 h with 2 mg of antibody; reactions were carried out in 30 ml of 50 mM
HEPES-NaOH (pH 7.5)–10 mM KCl–10 mM MgCl2–1 mM EGTA–1 mM
dithiothreitol–10 mM b-glycerophosphate–1 mM ATP containing 2 mg of mal-
tose-binding protein–pRb(701–928) fusion protein (New England Biolabs) as a
substrate, and stopped after 10 min at 30°C, when they were in the linear range.
Analysis of pRb phosphorylation was done as described previously (45).

RESULTS

Expression of Bop1D arrests cell cycle progression at G1.
Bop1D, an N-terminally truncated form of Bop1, acts in a
dominant negative manner to perturb Bop1 activity (58). Ex-
pression of Bop1D induces a potent but reversible cell cycle
arrest in NIH 3T3-derived LAP3 cells (45). This effect can be
demonstrated in a cell suicide assay in which proliferating cells
that incorporate bromodeoxyuridine (BrdU) into newly syn-
thesized DNA are killed by the combined action of the drug
and visible light. Cells that are induced to express a stably
transfected gene that blocks DNA synthesis are protected from
the lethal effects of BrdU and light and can form colonies after
removal of BrdU and repression of the transfected gene (46).
As shown in Fig. 1A, Bop1D induced a reversible block of
DNA synthesis in LAP3 cells with very high efficiency, allowing
the survival of a large number of cells. By comparison, expres-
sion of the CKI p21 in this system also induced reversible cell
cycle arrest, but not as efficiently as Bop1D (Fig. 1A). Notably,
many cells displayed morphological abnormalities after tran-
sient overexpression of p21 and failed to form colonies,
whereas Bop1D-arrested cells rapidly reverted to normal mor-
phology and resumed proliferation after its repression (unpub-

lished observations). Thus, Bop1D can elicit a potent cell cycle-
inhibitory response in LAP3 cells without significantly affecting
cell viability.

To assess whether Bop1D arrests cells at a specific point of
the cell cycle, we generated clonal lines of LAP3 cells in which
Bop1D was expressed under the control of an IPTG-inducible
promoter (45, 58). We incubated asynchronously growing cells
with IPTG for 24 h and analyzed their DNA content by flow
cytometry, using untreated cells as a control. Induction of
Bop1D resulted in a significant accumulation of cells with a G1

DNA content and a concomitant decrease in the number of
cells with an S and G2/M content in independently derived
clonal lines, whereas no effect of IPTG was observed in control
cells (Fig. 1B). For example, in clonal line Bop1D/6, the frac-
tion of cells in G1 increased from 52 to 84%, while S-phase
cells decreased from 33 to 8% after 24 h of Bop1D expression
(Fig. 1B). These data suggest that expression of Bop1D in
asynchronously growing cells leads to cell cycle arrest in the G1

phase.
Effects of Bop1D on cyclins, CKIs, and pRb phosphoryla-

tion. Cyclins D, E, and A, acting in concert with their associ-
ated Cdk catalytic subunits, are key regulators of G1 progres-
sion and S-phase entry (53). We investigated whether
expression of Bop1D might affect these cyclin-Cdk complexes.
First, we examined the activity of Cdk4, a major cyclin D-
dependent kinase in NIH 3T3 cells. We immunoprecipitated
cell extracts from the clonal line Bop1D/6 with anti-Cdk4 an-
tibody and analyzed the immune complexes for kinase activity
towards a recombinant Rb protein. In this kinase assay, we
used detection of reaction products with antibodies specific for
phosphorylated serine 780 (phospho-Ser780) of pRb, a site
efficiently phosphorylated by cyclin D1-Cdk4 in vitro (29). The
Cdk4-associated activity in Bop1D/6 cells treated with IPTG
was substantially decreased compared with that in untreated
cells (Fig. 2A). In control samples, IPTG treatment of the
parental LAP3 cells did not reduce Cdk4 activity, while with-
drawal of serum led to a significant reduction, confirming the
specificity of the assay (Fig. 2A). Protein immunoblots showed
that the amounts of Cdk4 and its catalytic counterpart cyclin
D1 were similar in cells that were induced to express Bop1D
and untreated cells (Fig. 2B). Thus, Bop1D induction in LAP3
cells inhibits Cdk4 activity, although it does not downregulate
expression of either cyclin D1 or Cdk4.

Cyclin D1 protein is metabolically short-lived, and its abun-
dance is responsive to mitogenic signals (2, 4, 13, 72). The
similar levels of cyclin D1 before and after Bop1D induction
suggest that growth factor-sensing signaling pathways are not
affected by Bop1D expression. In support of this conclusion,
Bop1D did not inhibit mitogen-dependent transcriptional ac-
tivation in early G1 of the immediate-early genes c-fos or c-myc
or phosphorylation of ERK1 after serum stimulation of G0

cells (data not shown).
Next, we investigated Cdk2 and its cyclin partners cyclins E

and A. Cdk2 complexes were immunoprecipitated from in-
duced and noninduced Bop1D/6 cells and analyzed for catalytic
activity in vitro using histone H1 as a substrate. While high
levels of Cdk2-associated kinase activity were present in con-
trol cell lines as well as in untreated Bop1D/6 cells, this activity
was dramatically decreased in immunoprecipitates from in-
duced Bop1D/6 cells (Fig. 3A). When a similar assay was per-
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FIG. 1. Expression of Bop1D in asynchronously growing cells induces reversible G1 growth arrest. (A) LAP3 cells were cotransfected with
pPGK-puro, which confers resistance to puromycin, and either the empty IPTG-inducible vector (pX11) or constructs for inducible expression of
the Cdk inhibitor p21 (pX11-p21) or Bop1D (pX11-Bop1D). Equal numbers of stably transfected, puromycin-resistant cells were treated in parallel
with IPTG for 24 h to induce expression and then with IPTG and BrdU for 48 h to selectively kill proliferating cells, as previously described (46).
Cells that did not replicate DNA during this period and therefore survived the treatment were rescued by removal of the BrdU and IPTG, grown
for 8 days, and stained with crystal violet. The number of colonies thus reflects the number of cells that were reversibly cell cycle arrested while
under IPTG induction of the transfected gene. (B) Bop1D causes accumulation of cells in G1. Parallel cultures of asynchronously growing cells were
left untreated (2IPTG) or treated with inducer for 24 h (1IPTG) and subjected to flow cytometry analysis. Two independent clonal lines that
inducibly express Bop1D (Bop1D/2 and Bop1D/6) and a control clonal line (LAP3/1) transfected with the empty vector were analyzed. Histograms
of the cellular DNA content and the calculated distributions of cell populations in different phases of the cell cycle are shown.
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formed with cyclin E immune complexes recovered from
IPTG-treated Bop1D/6 cells, their kinase activity was also sig-
nificantly reduced compared to that in uninduced cells and
control cell lines (Fig. 3A), consistent with a low activity dis-
played by the immunoprecipitates of Cdk2. The lack of cyclin
E-Cdk2 kinase activity was not due to an absence of either
cyclin or Cdk subunits. Immunoblotting of protein lysates
showed that the amounts of Cdk2 and cyclin E were not de-
creased after Bop1D induction; in fact, cyclin E levels were
elevated (Fig. 3B). This increase in cyclin E protein level was
highly reproducible and is likely due to its stabilization in
inactive cyclin E-Cdk2 complexes; activation of these com-
plexes has been shown to promote cyclin E degradation by
causing its autophosphorylation (9, 73).

The cyclin A-associated histone H1 kinase activity was also
substantially decreased in IPTG-induced Bop1D/6 cells (Fig.
3A). In contrast to cyclin E, only a small amount of cyclin A
was detectable in protein lysates (Fig. 3B), likely contributing
to the absence of the associated kinase activity. The low level
of cyclin A protein is consistent with the inactivity of cyclin
E-Cdk2, since transcription of the cyclin A gene is normally
induced in late G1 after inactivation of pRb family members by
cyclin E-Cdk2 (23, 27, 42). RNA blot analysis confirmed that
cyclin A mRNA levels were significantly reduced in Bop1D-
arrested cells (data not shown).

The activity of cyclin-Cdk complexes can be modulated by
the binding of CKIs. We examined the levels of two CKIs, p21
and p27, both of which are implicated in negative regulation of
cyclin D-, E-, and A-associated kinases (reviewed in reference
54). Immunoblot analysis of protein extracts showed strong
induction of p21 in Bop1D/6 cells at 24 h after IPTG treament
and a relatively small but detectable increase in the levels of

p27; neither protein was induced by IPTG treatment in control
cells (Fig. 3B). The increase in p27 concentration is consistent
with the observed inactivity of cyclin E/A-Cdk2 complexes. p27
is a binding partner and substrate of cyclin E/A-Cdk2 that is
capable of inhibiting its catalytic activity (7, 50), while activated
cyclin E-Cdk2 in turn phosphorylates p27 and promotes its
degradation (40, 52, 63). Increased amounts of p27 in Bop1D-
expressing cells therefore confirm that cyclin E-Cdk2 is in the
inactive state, which may be stabilized by p27. Both p21 and
p27 are known to play a role in inhibiting the activities of
different G1-specific cyclin-Cdks in response to various anti-
proliferative signals. The accumulation of these CKIs may be
an important mechanism contributing to inhibition of Cdks
and cell cycle arrest following Bop1D induction.

The above results indicate that Bop1D prevents activation of
two key Cdks in G1, Cdk2 and Cdk4. One important target of

FIG. 3. Effects of Bop1D on cyclin E/A-Cdk2, CKIs, and pRb phos-
phorylation. (A) Histone H1 kinase activity of Cdk2 immunoprecipi-
tates (top; duplicate assays shown) and cyclin E and cyclin A immu-
noprecipitates (bottom) were determined in the presence of
[g-32P]ATP. Reaction products were separated by SDS-polyacrylamide
gel electrophoresis (PAGE) and detected by autoradiography. (B)
Lysates from cells that were untreated (2) or treated with IPTG for
24 h (1) were resolved by SDS-PAGE and immunoblotted with anti-
bodies against the indicated proteins. (C) At the indicated times after
IPTG addition to growing cultures of Bop1D/6 and control LAP3/1
cells, pRb was immunoprecipitated from cell lysates, separated on a
7.5% polyacrylamide gel, and detected by immunoblotting with anti-
pRb antibody. pRbp, hyperphosphorylated pRb.

FIG. 2. Bop1D inhibits Cdk4-associated activity but not the abun-
dance of Cdk4 or cyclin D1. (A) pRb kinase activity in Cdk4 immune
complexes. Cdk4-specific phosphorylation of recombinant pRb as a
substrate (see Materials and Methods) was determined by immuno-
blotting of reaction products with antibodies specific to phosphory-
lated Ser780 of pRb [anti-pRb(P-Ser780)] (top), and then the same
blot was reprobed with anti-pRb antibody to show equal amounts of
the substrate in each lane (bottom). Assays were performed with im-
munoprecipitates from Bop1D/6 and parental LAP3 cells that were
untreated (2) or treated with IPTG for 24 h (1). Lane 0, LAP3 cells
serum starved for 48 h to determine basal kinase activity; lane c,
no-cell-lysate control. (B) Cdk4 and cyclin D1 levels in the cell lysates
shown in panel A were determined by immunoblotting of cell lysates
with the indicated antibodies.
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these kinases is proteins of the Rb family. The inhibition of G1

cyclin-Cdk activities can inhibit pRb hyperphosphorylation, a
critical event associated with a transit through the restriction
point in mid- to late G1 (5, 53, 68). Consistent with the ob-
served inhibition of Cdk activities, treatment of growing
Bop1D/6 cells with IPTG led to the disappearance of hyper-
phosphorylated pRb forms and accumulation of growth-inhib-
itory, hypophosphorylated pRb (Fig. 3C). Collectively, these
data provide a strong indication that Bop1D does not arrest
cells randomly but in a uniform fashion by inhibiting key reg-
ulators of the G1 phase and thus preventing entry into S phase.

Kinetics of Bop1D effects on rRNA processing and DNA and
protein synthesis. We were interested to determine the tem-
poral relationship between the cell cycle effects of Bop1D and
its inhibition of rRNA processing. To assess the kinetics of
these two events, growing cells of the inducible line Bop1D/6
were treated with IPTG for different periods of time and an-
alyzed for processing of rRNA labeled with [3H]uridine and
DNA synthesis by measuring [3H]thymidine incorporation.
The electrophoretic analysis of labeled rRNA showed that
induction of Bop1D disrupted normal processing of 28S rRNA

almost immediately. When low levels of Bop1D protein started
to be detectable by immunoblot analysis 2 h after IPTG addi-
tion, an increase in the levels of the 36S rRNA precursor
appeared (Fig. 4). This increase indicates inhibition of rRNA
processing because normally this precursor is short-lived and
does not accumulate. Between 6 and 8 h after Bop1D induc-
tion, formation of the mature 28S rRNA was completely
blocked, whereas the 32S and 36S precursors accumulated to
high levels. A detailed description of these effects of Bop1D on
rRNA processing is provided elsewhere (58). Although rRNA
production was clearly disrupted, no detectable decrease in
DNA synthesis, as measured by incorporation of [3H]thymi-
dine, occurred until 12 h after IPTG addition, at which point
the DNA synthesis rate started to drop precipitously (Fig. 4).
These data indicate that the primary effect of Bop1D is on
rRNA biosynthesis, preceding its effects on the cell cycle by .6 h.

What is the mechanism of Bop1D-induced inhibition of the
cell cycle? Since this protein inhibits production of 60S ribo-
some subunits, we first considered the possibility that cells
could become arrested due to the lack of ribosomes and re-
pression of translation. To test this idea, we analyzed the rate
of protein synthesis by measuring [35S]methionine incorpora-
tion in Bop1D/6 cells. At 24 h after Bop1D induction, when the
cells arrested in G1, methionine incorporation into newly syn-
thesized proteins did not change significantly (Fig. 5). Other
observations also indicate that cell cycle arrest caused by
Bop1D occurs prior to depletion of the ribosome pool that
might lead to a general inhibition of translation. Analysis of
polysome profiles in Bop1D/6 cells as late as 32 h after Bop1D
induction showed no significant effect on polysome integrity,
indicating that translation was ongoing and active (58). Inhi-
bition of translation was reported to cause rapid depletion of
cyclin D1 (3); however, there is no decline in cyclin D1 levels
when cells become arrested after Bop1D induction (Fig. 2B).
The absence of immediate effects on translation after Bop1D
induction is not surprising given the large number of existing
ribosomes in the cell, which can be efficiently recycled into new
translating polysomes. Indeed, prior studies in different exper-
imental systems showed that blocking production of ribosomes
may not immediately affect overall protein synthesis rates (10,
28, 65). We conclude that general repression of protein syn-

FIG. 4. Time course of Bop1D induction and its effects on DNA
synthesis and rRNA processing. (A) The Bop1D and LAP3 cell lines
were treated with IPTG for the indicated times, and their rates of
DNA synthesis (top) were determined by measuring incorporation of
[3H]thymidine. Histograms show the average counts per minute in
quadruplicate samples, expressed as a percentage of that in untreated
cultures; error bars indicate standard deviation. For analysis of rRNA
processing (bottom), RNA from cells undergoing parallel treatment
and labeled with [3H]uridine was separated on an agarose gel, trans-
ferred to a nylon membrane, and visualized by fluorography. Positions
of mature 28S and 18S rRNAs and major precursors are marked. (B)
Bop1D detected by immunoblotting with anti-Bop1 antibodies at var-
ious times after IPTG induction in Bop1D/6 cells. Parental LAP3 cells
were used as a control.

FIG. 5. Rate of global protein synthesis is unaffected by Bop1D at
the time of cell cycle arrest. [35S]methionine incorporation was mea-
sured in triplicate cultures of Bop1D/6 or LAP3 cells that were either
untreated (2) or treated with IPTG for 24 h (1). Histograms show
average incorporation normalized to cell number, and error bars show
standard deviation. The background incorporation was determined in
cells treated with cycloheximide (CH) (10 mg/ml) for 30 min to block
protein synthesis.
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thesis is not sufficient to explain the cell cycle arrest brought
about by Bop1D.

Bop1D-induced cell cycle arrest is mediated through p53.
We hypothesized that Bop1D-induced G1 arrest might repre-
sent a form of stress response caused by faulty rRNA synthesis,
analogous to responses to DNA damage, heat shock, and other
insults. In animal cells, a variety of stress-induced cell cycle
arrest responses are mediated through the p53 pathway (31, 34,
57), prompting us to investigate whether p53 might be involved
in Bop1D-induced cell cycle arrest.

To assess the possible involvement of p53, we introduced the
inducible pX11-Bop1D construct into LAP3 cells together with
a vector expressing human papillomavirus type 16 E6 protein,
which targets p53 for degradation (51). As a control, we used
mutant E6D111–115, which retains the transactivation activi-
ties of wild-type E6 but is impaired for p53 binding and deg-
radation (11). When equal numbers of cells from the pools of
stable clones were subjected to the BrdU-light assay to test
their ability to undergo reversible cell cycle arrest (as described
above for Fig. 1), survival of cells expressing E6 was dramati-
cally reduced, suggesting that these cells continued replicating
their DNA after Bop1D induction (Fig. 6). The E6D111–115
mutant also relieved Bop1D-induced arrest in this assay, but to
a lesser extent than wild-type E6. The simplest interpretation
of the difference between p53-binding E6 and nonbinding
E6D111–115 is that efficient cell cycle arrest in Bop1D-express-
ing cells requires p53 activity, although the partial effect of
E6D111–115 implies that other molecular pathways in addition
to p53 may also be involved.

To clarify the role of p53, we sought to inhibit its function by
an independent and more specific means. A short fragment of
p53, termed GSE56, was identified in a genetic screen as a
powerful dominant inhibitor of wild-type p53 function (43).
We cloned the GSE56 coding sequence in the retrovirus vector
pBabe-puro, infected the Bop1D/6 cell line and parental LAP3
cells with either the GSE56-expressing retrovirus or the control
empty vector, and selected cells for puromycin resistance. The
ability of these infected cells to undergo cell cycle arrest upon
Bop1D induction was first examined using the BrdU-light as-
say. Bop1D/6 cells infected with the GSE56-expressing virus
survived the BrdU-light treatment very poorly, whereas infec-

tion with the vector alone did not significantly affect Bop1D-
induced arrest (Fig. 7A). These results indicate that inactiva-
tion of p53 by GSE56 interferes with the cell cycle effects of
Bop1D. Consistent with these observations, Bop1D/6 cells ex-
pressing GSE56 displayed no significant reduction in the rate
of DNA synthesis after 20 h of IPTG treatment, in contrast to
cells infected with the vector (Fig. 7B). Control experiments
showed that expression of GSE56 in these cell lines did not
decrease accumulation of Bop1D after IPTG induction (Fig.
7C). Cells infected with the GSE56 virus continued to prolif-
erate despite expression of Bop1D after several days of incu-
bation with IPTG, although at a slower rate than untreated
cells (data not shown). Collectively, these results strongly in-
dicate that disruption of p53 function abolishes the stringent
cell cycle block imposed by Bop1D.

To address whether expression of GSE56 might somehow
interfere with the effects of Bop1D on rRNA processing, we
analyzed the rRNA synthesized in these cells. Expression of
GSE56 did not affect the ability of Bop1D to block maturation
of the 28S rRNA (Fig. 8A), even though it relieved the Bop1D-
induced cell cycle block (Fig. 7A and B). Thus, the rRNA
processing block and the cell cycle arrest caused by Bop1D can
be uncoupled by inactivation of p53.

One of the principal mechanisms by which p53 suppresses
cell proliferation is the induction of the CKI p21 (15, 66).
Consistent with this notion, we have found that cells arrested
by Bop1D display elevated levels of p21 (see Fig. 3B). We
reasoned that if the cell cycle-inhibitory response in Bop1D-
expressing cells depended on p53 function, inactivation of p53
should negatively affect p21 induction in these cells. Indeed,
infection of Bop1D/6 cells with the GSE56 virus led to a strik-
ing decrease in p21 accumulation after Bop1D induction (Fig.
8B).

Other molecular features of the Bop1D-induced cell cycle
arrest, such as marked repression of cyclin E-Cdk2 activity,
hypophosphorylation of pRB, and low levels of cyclin A with
no decrease in cyclin E and D1 levels (Fig. 2 and 3), are similar
to those observed previously for p53-mediated cell cycle inhi-
bition (14). We note that although these features are also
found when p53 is induced by genetic damage, it is unlikely
that such damage occurs in Bop1D-expressing cells. First, these

FIG. 6. Expression of human papillomavirus type 16 E6 protein alleviates Bop1D-induced cell cycle arrest. LAP3 cells were cotransfected with
pX11-Bop1D, the selection marker pPGK-puro, and either pJ4V16E6 or pJ4V16E6D111–115, which drive expression of wild-type E6 and mutant
E6 defective in p53 binding, respectively (11), or vector DNA. Pools of stably transfected clones were obtained by puromycin selection, and equal
numbers of cells from each pool were subjected to BrdU and light treatment as described in the legend to Fig. 1.
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cells remain viable and rapidly resume normal proliferation
when Bop1D is repressed (see above). Second, DNA damage
results in highly increased p53 levels in LAP3 cells, but only a
small increase in p53 is detectable after Bop1D induction (data

not shown). Taken together, these findings strongly suggest
that expression of Bop1D leads to activation of a checkpoint
mechanism that blocks G1/S transition in a p53-dependent
manner.

FIG. 7. Bop1D-induced cell cycle arrest is p53 dependent. (A) Bop1D/6 cells were infected with pBabe-puro-GSE56, which antagonizes p53
function (43), or pBabe-puro vector. BrdU-light treatment with puromycin-selected pools was performed as described in the legend to Fig. 1 except
that BrdU was added at 15 h after IPTG induction. Parental LAP3 cells infected with the same viruses and treated in parallel are shown for
comparison. (B) [3H]thymidine incorporation was measured in Bop1D/6 and control LAP3 cells carrying retrovirus transduced GSE56 or empty
pBabe-puro vector that were either untreated or treated with IPTG for 20 h. Histograms show average label incorporation normalized to cell
number in triplicate cultures, and error bars indicate standard deviation. (C) Induction of Bop1D is unaffected by GSE56. Whole-cell lysates
prepared from Bop1D/6 cells used for the above experiments and normalized to protein content were analyzed by immunoblotting with antibodies
against Bop1.
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DISCUSSION

Bop1 is a newly characterized nucleolar protein essential for
the processing of 28S and 5.8S rRNAs and 60S ribosome bio-
synthesis (58). Expression of a dominant negative mutant of
Bop1, Bop1D, in asynchronous, logarithmically growing cells
blocks synthesis of the 60S ribosome subunits and brings about
a strong G1 arrest. In the present study, we have characterized
the nature of the cell cycle arrest conferred by Bop1D and
shown that this arrest is dependent on functional p53. These
observations implicate the p53 pathway in a heretofore un-
known function as a monitor of ribosome biogenesis and pro-
vide important insight into the molecular mechanisms linking
ribosome biogenesis and cell proliferation in mammalian cells.

Induction of the Bop1 dominant negative mutant in LAP3
cells elicits changes in cell cycle regulators consistent with a G1

checkpoint response. Progression through G1 requires the ac-
tivity of several cyclin-Cdk complexes (53, 54). Our results
indicate that expression of Bop1D causes inhibition of both
Cdk4 and Cdk2 activities: (i) their immunoprecipitated com-
plexes display low kinase activity in vitro, and (ii) the lack of
hyperphosporylation of pRb suggests that inhibition of the
corresponding holoenzyme activities takes place in the cell as
well. The Rb family proteins are important targets of cyclin
D-Cdk4 and cyclin E/A-Cdk2 (5, 39, 53). Hyperphosphoryla-
tion of pRb is associated with, and partially controls, passage
through the restriction point in late G1, which marks commit-
ment to DNA synthesis (68). The absence of hyperphosphory-
lated forms of pRb in Bop1D-arrested cells indicates that this
critical event does not occur.

The idea that cell cycle progression may depend on some
aspect of ribosome biogenesis was first proposed in early stud-
ies on the cell cycle (6, 55), although the nature of this con-

nection has remained unknown. Growth-inhibitory stimuli
have been shown to repress RNA polymerase I transcription,
suggesting that alterations in ribosome production may thus
modulate the potential for cellular proliferation (8, 22, 64). We
infer that ribosome depletion per se is unlikely the only deter-
minant of cell cycle inhibition connected with ribosome bio-
genesis. When cells are devoid of functional p53, they can
progress through G1 to the S phase in spite of the absence of
60S subunit synthesis caused by expression of Bop1D (Fig. 7
and 8). Conversely, cells bearing functional p53 become ar-
rested in response to Bop1D when they possess enough ribo-
somes for virtually unabated protein synthesis (Fig. 5). Thus,
defects in ribosome synthesis and inhibition of the cell cycle
can be dissociated—when p53 function is impaired, Bop1D
expression leads to rRNA processing defects but does not
induce strong cell cycle arrest (Fig. 7 and 8).

Although we cannot rule out the possibility that Bop1D
directly activates the p53-mediated cell cycle arrest pathway,
we favor the idea that expression of Bop1D triggers an arrest
response indirectly by causing perturbations in rRNA and/or
ribosome biogenesis. This model is supported by the observa-
tion that DNA synthesis inhibition is delayed compared to
inhibition of 28S rRNA maturation (Fig. 4), suggesting that the
primary effect of Bop1D is on rRNA biosynthesis and cell cycle
arrest is likely a secondary effect. In addition, previous studies
with mammalian cells indicate that interference with ribosome
biogenesis by other means can also inhibit cell proliferation.
For example, the ts422E temperature-sensitive mutant of the
Syrian hamster cell line BHK21 that is unable to produce
mature 28S rRNA and 60S ribosome subunits was rapidly
growth arrested at the nonpermissive temperature (38, 61); the
nature of this growth defect, however, has not been clearly
defined (20, 41). Antisense-mediated inhibition of the nucleo-
lar protein p120, a human homolog of the yeast Nop2p that is
implicated in biosynthesis of the large ribosome subunit, ar-
rested human lymphocytes in G1 (17). Recently, conditional
deletion of the ribosomal S6 gene was shown to inhibit cell
proliferation in the livers of mice (65). Deletion of S6 using the
Cre/LoxP system in this study abrogated production of 40S
subunits in liver cells and inhibited their entry into S phase,
leading to the suggestion that control mechanisms may have
evolved in the cells to recognize lesions in ribosome biogenesis.
The similarity of antiproliferative effects observed in our study
and these distinctly different experimental systems strongly
argues that various defects in ribosome biogenesis may trigger
a cell cycle-inhibitory response.

We propose a hypothesis that the signal transmitted to the
cell cycle machinery is generated by a mechanism that moni-
tors some aspects of ribosome production in the nucleolus. The
most immediate effect of Bop1D expression is disruption of
several steps in rRNA processing, which prevents formation of
mature 60S ribosome subunits (58). In recent years, it has
become apparent that many complex processes in the cell are
monitored by checkpoint systems that generate interruptions
of the cell cycle when various types of stress are detected (16,
25, 69). It is conceivable that cells possess a similar checkpoint
mechanism to respond to nucleolar stress—perturbations in
the nucleolar biosynthetic machinery that produces ribosomes
(Fig. 9). This idea appears especially appealing because ribo-
some biogenesis is a complex process that is highly sensitive to

FIG. 8. Functional inactivation of p53 in Bop1D-expressing cells
does not affect rRNA processing block but decreases p21 induction.
(A) Synthesis of 28S rRNA is impaired in Bop1D/6 cells expressing
GSE56. rRNA processing was analyzed by [3H]uridine labeling as in
Fig. 4; note the lack of 28S rRNA labeling and aberrant accumulation
of the 36S precursor. (B) Expression of Bop1D was induced in puro-
mycin-selected Bop1D/6 cell populations infected with pBabe-puro or
pBabe-puro-GSE56. Cell lysates were prepared at different times after
induction, normalized to protein content, and analyzed by immuno-
blotting with antibodies against p21.
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various disturbances in cellular metabolism, including various
chemical inhibitors (1, 10, 30, 56, 70, 71), reduced protein
synthesis (21, 44), and starvation (35, 62). Hence, detection of
anomalies in ribosome biogenesis could potentially provide
integration of a variety of inputs indicating unfavorable or toxic
environmental conditions. In this line of reasoning, the inhib-
itory effect of nucleolar stress on the cell cycle may represent a
built-in protective mechanism to prevent DNA replication un-
der suboptimal metabolic conditions.

The nucleolar stress model is consistent with our finding that
p53 plays a role in mediating Bop1D-induced cell cycle arrest.
The tumor suppressor p53 participates in responses to numer-
ous extra- and intracellular stresses (31, 34, 57). Intriguingly,
several components of the p53 pathway are localized, at least
transiently, to the nucleolus, including p53 itself (49), Mdm2
(60, 67), and p19Arf (32, 74). Mdm2 and p53 were also de-
tected in complexes containing ribosomal protein L5 and 5S
and 5.8S rRNAs (18, 36). The significance of the connection of
p53 with the nucleolus is unclear but has been suggested to
involve sequestration from the nucleus, nuclear export, and
colocalization with sites of RNA synthesis. Herein we show, for
the first time, a functional link between p53 activity and a
protein directly involved in rRNA processing and ribosome
biogenesis. The association of components of the p53 pathway
with the nucleolus may thus reflect a previously unrecognized
role of this pathway in monitoring nucleolar function.

One interesting feature of the nucleolar stress model is that
it provides a possible mechanism for the antiproliferative ef-
fects of a diverse group of metabolic inhibitors, including many
clinically important anticancer drugs, that strongly inhibit the
rRNA synthesis and processing machinery (1, 10, 56, 70, 71).
At present, the contribution of impaired RNA synthesis and
processing to their action is poorly understood. Nevertheless,
there is extensive evidence that the antiproliferative properties
of 5-fluorouridine and 5-fluorouracil, commonly used in cancer
chemotherapy, depend strongly on their effects on RNA me-
tabolism, which can be experimentally separated from other
metabolic effects (19, 26, 47, 59). A large group of ribonucle-
otide biosynthesis inhibitors were also shown to induce p53-
dependent G1 arrest, leading to the suggestion that this effect
might be mediated by inhibition of synthesis of some specific
RNA molecules (33). Thus, it would be of particular interest to

determine whether molecular mechanisms linked to rRNA
processing and ribosome production might mediate cell cycle
effects of different chemotherapeutic agents that target RNA.
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