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ABSTRACT

The tumour suppressor protein p53 has functions in
controlling the G;/S and G,/M transitions. Central
regulators for progression from G, to mitosis are B-type
cyclins complexed with cdc2 kinase. In mammals
two cyclin B proteins are found, cyclin B1 and B2. We
show that upon treatment of HepG2 cells with 5-fluoro-
uracil or methotrexate, p53 levels increase while
concentrations of cyclin B2 mRNA, measured by RT-
PCR with the LightCycler system, are reduced. In DLD-1
colorectal adenocarcinoma cells (DLD-1-tet-off-p53)
cyclin B1 and B2 mRNA levels drop after expression
of wild-type p53 but not after induction of a DNA
binding-deficient mutant of p53. Analysis of the
cyclin B2 promoter reveals specific repression of
this gene by p53. Transfection of wild-type p53 into
Sa08S-2 cells shuts off transcription from a cyclin B2
promoter-/uciferase construct whereas a p53 mutant
protein does not. The cyclin B2 promoter does not
contain a consensus p53 binding site. Most of the
p53-dependent transcriptional responsiveness
resides in its 226 bp core promoter. Taken together
with earlier observations on p53-dependent tran-
scription of cyclin B1, our results suggest that one
way of regulating G, arrest may be a reduction in
cyclin B levels through p53-dependent transcrip-
tional repression.

INTRODUCTION

The protein p53 is the most important tumour suppressor
identified to date. It is mutated in the majority of human
tumours, which indicates that its role is important for prevention
of malignant transformation (1,2). p53 can influence the cell
cycle in several ways. It can cause G, and G, growth arrest or
apoptosis. The p53 protein plays its part in cell growth regulation
and apoptosis induction by engaging in complexes with other
proteins or by acting as a transcription factor (1,2). For p53
both function as a transcriptional activator and repressor have
been described. Generally, one would expect that genes whose
protein products stimulate progression through the cell cycle
would be down-regulated by p53. Yet gene expression of

inducers of cell cycle arrest or apoptosis should be increased
by this tumour suppressor protein (2). The function of p53 as a
transcription factor can be modulated by phosphorylation and
protein association. Examples are ATM-dependent phos-
phorylation of p53 at Serl5, regulating the response to DNA
damage, and phosphorylation by protein kinases CK2 and
Chk2, which are other connectors of p53 with checkpoint
controls (3-5). One gene on which p53 acts as an activating
transcription factor is bax (6). Induction of bax expression
produces a protein with accelerates programmed cell death by
counteracting the function of Bcl-2 (7). Another important
target for p53-dependent transcriptional activation is the
cyclin-dependent kinase inhibitor p2I WAF1/CIP1 (8). p53 is
thought to exert its function in G, checkpoint control through
p21 (9-11). After induction of transcription of the cell cycle
inhibitor by p53, p21 leads to inhibition of cyclin—cdk
complexes necessary for the transition from G, to S phase.
However, a function of p21 and p53 in G, checkpoint control
was also observed. It was shown that in colorectal cancer cell
lines p53 and p21 are necessary to maintain G, arrest after V-
irradiation (11). Furthermore, there are some other ways in
which p53 can be involved in G, checkpoint control. In some
cell types it has been found that regulation of G,/M progression
is contingent upon p53-activated transcription of 74-3-36 (12).
GADD45 transcription is also activated by p53. GADDA45
seems to function in controlling the G,/M cell cycle checkpoint
induced by ionising but not UV radiation (13). Another notable
gene activated by p53 at the transcriptional level is mdm2. The
mdm?2 protein and its human homologue hdm?2 are association
partners of p5S3 and serve to destabilise the tumour suppressor
protein (1,2). Regulation by mdm?2 is in part based on compart-
mentalisation through shuttling of this protein between nucleus
and cytoplasm (14). p53 function is also connected to the
activity of other growth regulatory proteins, like E2F and pRb
(1,15,16). These examples illustrate that p53 has many functions.
One unexpected finding was its role in DNA repair through its
exonuclease activity (17,18). Recently it has been shown that
pS53-dependent induction of a ribonucleotide reductase is part
of the DNA damage checkpoint by causing G,/M arrest and
preventing cell death with the help of enzymes required for
synthesis of DNA repair precursors (19).

An important class of proteins controlling the cell division
cycle are the cyclins. They are the regulatory subunits in
complexes with cyclin-dependent kinases (cdk). The appearance
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of cyclins oscillates during the cell cycle (20). Their synthesis
is regulated at the transcriptional level and their degradation is
controlled by ubiquitin-mediated proteolysis (21). Cyclins are
conserved from yeast to man and are involved in controlling
cell cycle checkpoints (22,23). An additional level of regulation is
provided by cyclin-dependent kinase inhibitors like p2 1 WAF 1/
CIP1 (20). A central regulator of progression from G, to
mitosis is cyclin B. Cyclin B associates with the cdc2 protein
kinase (cdkl) to form maturation-promoting factor (MPF)
(24). The MPF complex is essential for transition from G, to
mitosis. In mammalian cells cyclin B exists in two isoforms,
cyclins B1 and B2 (25).

The activity of cyclin B is regulated by its synthesis, mainly
at the transcriptional level, and by its degradation (26). These
observations imply a direct role of cyclin B synthesis for MPF
kinase activity and ultimately transition from G, into mitosis.
Here we show that cyclin Bl and cyclin B2 mRNA levels
decrease upon induction of wild-type p53 and that transcription
from the cyclin B2 promoter is repressed by p53.

MATERIALS AND METHODS

Plasmids

The human p21 promoter construct, WWP-luc, and the human
p53 expression plasmids, pCMV-p53wt and pCMV-p53mut,
were generously provided by Bert Vogelstein (27,28). The
reporter construct WWP-luc contains 2.4 kb of the human wild-
type WAFI1 promoter inserted upstream of a firefly luciferase
reporter gene. Both of the p53 expression constructs were in a
cytomegalovirus (CMV) promoter-driven expression vector.
The plasmid pCMV-p53mut encodes a mutant human p53 pro-
tein containing two missense mutations, Pro72—Arg and
Vall43—Ala. The mouse cyclin B2 promoter constructs were
derived from the B2-Luci plasmid which contains a firefly
luciferase reporter gene in the pGL3-Basic vector. Some of the
B2-Luci constructs have been described by us (29). New con-
structs were prepared by PCR by using the following primers
together with the respective antisense oligonucleotides: Mut-
930, 5-CTGATGGGGTAGCCTACGCTCAAGT-3"; Mut-845,
5 -TTTGTTTTGATCGATCATTTTTGTTTTCTGTCTTGTC-3";

Mut-750, 5-CCGTCATTTGGTAGGTAGTTTCT-3"; Mut-460,
5’-CCCAGAGACCACTTTTAAAGACATATGTC-3"; Mut-305,
5-GAAAATAACCGGGTGTACAAGGAAACA-3"; CDE-Mut,
5’-CAATAGTGCGTCAGCATTACGGTATTTGAATCGCGG-
ACCGG-3"; CHR-Mut, 5-CAGCGGCGCGGTATGCATATCG-
CGGACCGGGCGGTGG-3’. Mutations are given in italics.
Cyclin B2 promoter deletion constructs were created by
employing the following upstream primers: -684B2, 5’-GGG-
GTACCGCACATCACACCGTCATTTG-3'; -453B2, 5-GGG-
GTACCGAGGAAGTAAGGTCAGAAGTAG-3’; -226B2,
5-GGGGTACCGCTATGACAAGCAAATACAAGC-3". The
plasmid pRL-null (Promega) contains a cDNA encoding
Renilla luciferase. All of the construct DNAs were purified
through anion exchange columns (Qiagen) and confirmed by
restriction analysis and sequencing.

Cell culture and chemotherapeutics

HepG2, Hep3B and SaOS-2 cells were obtained from DSMZ
(Braunschweig, Germany) and cultured in a humidified
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atmosphere with 5% CO, at 37°C. HepG2 cells were grown in
RPMI 1640 medium (Biochrom) supplemented with 10%
foetal calf serum (FCS) (Biochrom). Hep3B cells were main-
tained in medium containing Minimum Essential Medium with
Eagle’s salts (MEM Eagle; Biochrom), 0.1 mM non-essential
amino acids and 10% FCS. Cells were treated with chemo-
therapeutic agents for 24 h at concentrations of 2.5 and 25 pg/ml
5-fluorouracil (5-FU) and 10 and 100 pg/ml methotrexate
(MTX). The concentrations of chemotherapeutics were at
levels derived from cancer treatment protocols which were
employed in previous experiments (30). SaOS-2 cells were
cultured in McCoy’s 5A modified medium (Biochrom) supple-
mented with 15% FCS.

Inducible cell lines D.P53 A2 and 175 A4 were kindly
provided by Bert Vogelstein. Both cell lines are derivatives of
the colorectal carcinoma cell line DLD-1, which has endo-
genous mutant p53 alleles (31). They were grown in 10% FCS
in McCoy’s 5A modified medium containing 400 pg/ml
geneticin (Gibco BRL) and 250 pg/ml hygromycin (Roche).
Expression of p53 wt or p5S3R175H, respectively, is regulated
by a modified tetracycline (tet)-regulated gene expression
system (tet-off system) (31,32). pS3 expression was kept
repressed in the presence of 20 ng/ml doxycycline (Sigma) but
was induced upon removal of doxycycline from the culture
medium. For induction of expression of wild-type or mutant
p53, cells were washed three times with phosphate-buffered
saline (PBS) and placed in medium lacking doxycycline.

Fluorescence-activated cell sorting (FACS) analysis

Cells were harvested, washed twice in PBS/EDTA (1 mM) and
fixed with 75% ethanol in PBS/EDTA for at least 12 h at 4°C.
Cells were centrifuged and resuspended in 1 ml PBS/EDTA
containing 50 pg/ml RNase A (Sigma). Cells were stained with
propidium iodide (Sigma) at a final concentration of 60 pg/ml
and filtered through a 35 um pore size cell strainer (Falcon).
Flow cytometry was performed by using a FACSCalibur sorter
(Becton Dickinson). A total of 10 000-20 000 cells were
analysed with the CELLQuest software (Becton Dickinson).

Transfections and luciferase assays

Sa0S-2 cells were transfected by lipofection with Fugene 6
(Roche) according to the manufacturer’s instructions. Trans-
fections were done in triplicate. Exponentially growing cells were
plated at a density of 5 x 10%well in 0.5 ml medium in 24-well
plates. Cells were cultured overnight before transfection.
Unless otherwise indicated, 125 ng of luciferase reporter
constructs were co-transfected with 25 ng of constructs
expressing wild-type or mutant p53 proteins and 25 ng of
Renilla luciferase expression vector (pRL-null; Promega) as an
internal control. DNA amount was held constant in all experi-
ments by adjusting with pcDNA3.1/His C (Invitrogen). The
quality and quantity of several independent DNA preparations
were checked photometrically and visually on agarose gels.
The cells were harvested 24 h after transfection by lysis with
passive lysis buffer (Promega). Firefly and Renilla luciferase
activities were assayed with the Dual Luciferase Assay System
(Promega) as suggested by the manufacturer. The firefly luci-
ferase activity was normalised to Renilla luciferase activity to
compensate for variability in transfection efficiencies.
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Western blot analysis

Cell pellets were lysed in RIPA lysis buffer (33) containing a
cocktail of protease inhibitors (Complete; Roche). The protein
concentration of each cell lysate was determined with the Bio-Rad
protein assay kit (Bio-Rad). Ten micrograms of total protein
were separated in a 10% SDS—polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride transfer membrane
(Hybond-P; Amersham Pharmacia Biotech) according to
standard procedures (33). Western blotting using a 1:1000
dilution of the anti-p53 mouse monoclonal antibody DO-1
(Calbiochem) was performed and analysed with an ECL
Western blotting analysis system (Amersham Pharmacia
Biotech) according to the manufacturer’s instructions.

RNA extraction and LightCycler RT-PCR analysis

Total RNA was extracted from 5 x 10° cells using RNeasy kits
(Qiagen) as described by the manufacturer and quantified by
optical density. One-step RT-PCR was performed with a
LightCycler instrument (Roche) in a total volume of 20 pl
containing 50 ng of total RNA, 4 mM MgCl,, 0.5 pM each
primer, LightCycler RT-PCR Reaction Mix SYBR Green I
(1x) and LightCycler RT-PCR Enzyme Mix (Roche). The
protocol consists of four programs: reverse transcription of
template RNA, denaturation of the cDNA/RNA hybrid,
amplification of cDNA and melting curve analysis for product
identification. Reverse transcription was performed at 55°C for
10 min. The denaturation and amplification conditions were
95°C for 30 s followed by up to 34 cycles of PCR. Each cycle
of PCR included immediate denaturation at 95°C, 10 s of
primer annealing at 55°C and 15 s of extension/synthesis at
72°C. The temperature ramp was 20°C/s, except when heating
to 72°C, when it was 2°C/s. At the end of the extension step
fluorescence of each sample was measured to allow quantification
of the RNA. After amplification a melting curve was obtained
by heating at 20°C/s to 95°C, cooling at 20°C/s to 65°C and
slowly heating at 0.1°C/s to 95°C with fluorescence data
collection at 0.1 °C intervals. The following primers were used for
PCR: B1-hum-for, 5~ AAGAGCTTTAAACTTTGGTCTGGG-3’;
Bl-hum-rev, 5-CTTTGTAAGTCCTTGATTTACCATG-3";
B2-hum-for, 5’-AAAGTTGGCTCCAAAGGGTCCTT-3';
B2-hum-rev, 5-GAAACTGGCTGAACCTGTAAAAAT-3’;
GAPDH-for, 5'-CAGTCCATGCCATCACTGCC-ACCCAG-3";
GAPDH-rev, 5-CAGTGTAGCCCAGGATGCCCTTGAG-3".
These primer pairs result in PCR products of 317 (cyclin BI) (34),
351 (cyclin B2; GenBank accession no. AL080146) and 303 bp
(GAPDH) (35).

Quantitative analysis of the LightCycler data was performed
employing LightCycler analysis software. The data analysis is
divided into two parts: specificity control of the amplification
reaction using the melting curve program of the LightCycler
software, followed by use of the quantification program. The
SYBR Green I signal of each sample is plotted versus the
number of cycles. Using the LightCycler analysis software
background fluorescence is removed by setting a noise band.
This fluorescence threshold is used to determine cycle
numbers that correlate inversely with the log of the initial
template concentration. To this end the log-linear portions of
the amplification curves are identified and best fit lines
calculated. The crossing points (CP) are the intersections
between the best fit lines of the log-linear region and the noise

band. These crossing points correlate inversely with the log of
the initial template concentration (LightCycler Operator’s
Manual, Version 3.0, May 1999, Roche). The CP determined for
cyclin B2 mRNA were normalised to those of GAPDH to
compensate for variability in RNA amount and for exclusion of
general transcriptional effects. We calculated fold reduction (FR)
since our experiments yielded a repressive effect: FR = 2(CPI-CP2),
Fold induction can be calculated by the same formula by
reversing the signs. CP1 indicates the crossing point of an
RNA sample from cells treated with chemotherapeutic agents;
CP2 indicates the crossing point of an RNA sample originating
from untreated cells. The mRNA levels of untreated cells were
set at 100%. Remaining mRNA levels after treatment with
chemotherapeutics were estimated using calculated fold
reductions and given as calculated mRNA% in the figures
relative to levels of untreated samples.

RESULTS

Chemotherapeutics reduce expression of cyclin B2 in
p53-positive cells

Treatment of cells with chemotherapeutics like 5-FU and MTX
has been shown to induce expression of p53 (30,36). The two
hepatocellular carcinoma cell lines HepG2 and Hep3B were
treated with increasing amounts of the two agents and analysed
for expression of p53 protein. In HepG2 cells we find a clear
increase in p53 protein over the basal expression level detected
in untreated cells after addition of 5-FU or MTX. In both cases
protein expression increases further with larger amounts of
agent (Fig 1). Hep3B cells serve as negative controls since they
lack intact p53 genes (30). In these cells no expression of p53
protein is observed (Fig. 1).

In p53-positive HepG2 cells we looked at expression of
cyclin B2 mRNA. The quantification of low abundance cellular
transcripts requires sensitive techniques. With a method to
determine mRNA expression employing the LightCycler
system we compared mRNA levels in the same samples as in
Figure 1. This method is based on the analysis of RT-PCR
products. Continuous fluorescence detection of amplifying
cDNA allows rapid and accurate quantification of initial tran-
script amount. A simple and general method for monitoring
product synthesis with the double-stranded DNA dye SYBR
Green I provides an estimation of initial template amounts and
with that comparison of mRNA levels in different samples. cyclin
B2 mRNA levels were normalised to GAPDH expression.
Results are reported as calculated mRNA%. (For a detailed
description of the calculations see Materials and Methods.)

We compared cyclin B2 mRNA levels from untreated
HepG2 cells with two concentrations of MTX or 5-FU. In both
experiments the expression of cyclin B2 mRNA was clearly
down-regulated. The down-regulation appears to be concentration-
dependent since higher concentrations of cancer therapeutics
lead to lower cyclin B2 mRNA levels (Fig. 2).

A specific increase in p53 expression results in
down-regulation of cyclin BI and B2 mRNA levels

After finding that an increase in p53 protein is observed
together with a decrease in cyclin B2 mRNA upon chemo-
therapeutics treatment of cells, we were interested in
examining how specific this observation is to the up-regulation
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Figure 1. Increase in p53 protein after treatment with chemotherapeutics. p53-
positive HepG2 and p53-negative Hep3B cells were treated with 5-FU or
MTX and analysed for p53 expression by western blotting. Untreated cells
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Figure 2. cyclin B2 mRNA levels decrease upon treatment with chemo-
therapeutics in pS3-positive cells. The same samples from HepG2 cells as
used in Figure 1 were analysed with the LightCycler system for their change
in cyclin B2 mRNA concentration. Expression levels were normalised to
GAPDH mRNA levels. For a detailed description of calculations see Materials
and Methods.

of p53. In order to look specifically at the influence of p53 we
employed the DLD-1 colorectal adenocarcinoma cell line,
which has a p53 mutant background. These cells were stably
transfected with a system that permits tet-off regulation for a
wild-type or a DNA-binding mutant of p53 (p53R175H) (31).
This system allows for selective induction of pS3 wild-type or
mutant protein in the two created cell lines by removal of
doxycycline from the medium (31,32).

pS53 protein is already induced after 3 h and continues to
increase for the next 6 h after culturing the cells in medium
lacking doxycycline (Fig. 3A). In the same cultures we tested
for cyclin BI and B2 mRNA expression. Upon expression of
wild-type p53 both cyclin mRNAs were reduced after 3 h and
dropped further at 6 h, reaching residual levels at 9 h of 1.1 and
2.4% for cyclin Bl and B2, respectively (Fig. 3B). In the
control experiment with induction of the p53 DNA-binding
mutant expression of both cyclins increased slightly over
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mRNA levels without p53 induction (Fig. 3B). We also
checked cells from this experiment by flow cytometry for the
appearance of a sub-G; DNA staining population. Induction of
wild-type p53 expression leaves the portion of sub-G, staining
cells similarly low for up to 6 or 9 h while the number of cells
in G, had increased significantly at 6 h. For the 12 and 24 h
time points a strong increase in the sub-G; population was
observed (Fig. 3C). Control experiments with mutant p53
induction did not show any significant change in the DNA
content of cells compared to uninduced cells for the monitored
24 h period after mutant p53 expression (data not shown).

The promoter activity of cyclin B2 is down-regulated by p53

We analysed whether expression of p53 has an influence on the
cyclin B2 promoter in SaOS-2 cells with co-transfections of
p53-expressing plasmids and cyclin B2 promoter—luciferase
constructs. As a control we first tested whether wild-type p53
but not a mutant of this protein could activate transcription
from a p21Waf1/Cipl promoter (Fig. 4A). The p53 mutant,
which contains a disabled DNA-binding domain, does not
activate transcription significantly. The luciferase values for
this control were the same as the background from the pGL3
luciferase vector lacking any promoter (data not shown).
However, wild-type p53 triggered a strong increase in tran-
scription from the p21 promoter of >12-fold over the negative
pS53 mutant (Fig. 4A).

Analysis of the influence of p53 on the cyclin B2 promoter—
luciferase constructs shows an opposite effect. Increasing
amounts of wild-type p53-expressing plasmid reduce expression
from the cyclin B2 promoter down to background levels. With
the largest amount of wild-type p53 plasmid co-transfected the
observed repression in this assay was ~30-fold (Fig. 4B and C). It
appears from a number of experiments that cyclin B2 expression is
completely shut down, to below the detection limit (data not
shown). The calculated factor for repression is dependent on
the basal expression level and therefore might be even higher.
The cyclin B2 promoter might be completely shut off upon
expression of wild-type p53.

Repression of cyclin B2 expression by p53 does not employ
a p53 consensus binding site and resides in the 3’-part of
the promoter

The next question we wished to answer was through which DNA
element in the cyclin B2 promoter is this strong repression made
possible? A binding consensus for p53 has been published
(37). We inspected the cyclin B2 promoter for a site that would
match the p53 consensus and did not find any element that
could serve as a p53 binding site.

We then started a first preliminary search for the DNA
element through which p53 represses cyclin B2 transcription.
We compared the mouse and human cyclin B2 promoter
sequences and found a number of sites which are conserved in
both promoters (M.Wasner, unpublished data). Among these
sites there are three NF-Y-binding CCAAT boxes, the cell
cycle-dependent element (CDE) and the cell cycle genes
homology region (CHR) (26,29). We individually mutated
nine of these homology regions on the basis of the mouse
cyclin B2 promoter—luciferase construct (Fig. 5A). We
analysed these constructs for repression by co-expressed wild-
type p53 versus mutant p53. All mutant cyclin B2 promoter
constructs were still strongly down-regulated by wild-type p53



4414 Nucleic Acids Research, 2000, Vol. 28, No. 22

|
wl mut
C o o
&8 &
2] control 2] 3h
= =
B B
z z
& &
o i)
™ [
o
1023 1023
Propidium lodide Propidium lodide
S =)
= 6h =
g £
z g
9 3
[ fre
o
1023 0 1023
Propidium lodide Propidium lodice
g 8
31 12h 5] 24h
£ =
=] B
z :
3 i
e =
7
o
1023 1023

Figure 3. cyclin Bl and cyclin B2 mRNA levels from endogenous genes are down-regulated upon selective induction of p5S3. DLD-1 colorectal cancer cells with a
tet-off-regulated gene for wild-type or a DNA-binding mutant of p53 were induced to increase expression of p53 or mutant p53 by removal of doxycycline.
(A) Western analysis of p53 induction. Lanes 1 and 5 represent control lysates from DLD-1-tet-off-p53-wt and DLD-1-tet-off-p53-mut cells in the presence of
doxycycline, respectively. In lanes 2 and 6, 3 and 7 and 4 and 8 p53 induction 3, 6 and 9 h after antibiotic removal, respectively, is shown. (B) Relative mRNA levels
for cyclin B1 and B2 measured by LightCycler RT-PCR. Levels were standardised to expression of GAPDH and mRNA concentrations from control DLD-1-tet-off
cells in medium containing doxycycline were set as the 100% reference. (C) DLD-1-tet-off-p53-wt cells were harvested before removal of doxycycline from the
medium as a control or at indicated times after elimination of doxycycline from the medium. The cells were stained with propidium iodide and subjected to flow

Propidium lodide

Propidium lodide

cytometry. DNA staining with propidium iodide versus FL2 pulse width is depicted.

p53wt
2100
<
5 80 H control
£ 60 3h
kel
% 40 7 6h
3 20 7 =29h
§ o \'B
cyclin B1  cyclin B2
R 250
< 200
o
€150
8100
©
= 50
o
® 0
= control
2
[y
&
o 1023
Propidium lodide
8 6h
“)
=
@
@
o |
0 1023

Propidium lodide



>
w

p21 promoter

w2 i
L= o~
o ]
— =
= =
=5 =3
b —4 . —
4=

S 1000 - =
€T

= g
Z =
= =
Oy [k}
= 500 N
ik

7 i
@ m
13 L.
& 2
[ 1 =]
= 0 =

p53 mut p53 wt

control

Nucleic Acids Research, 2000, Vol. 28, No. 22 4415

cyclin B2 promoter C

p53 Y

1ng 5ng 25ng
1 1

pa3 wt

Figure 4. The cyclin B2 promoter is down-regulated by p53. Luciferase reporter constructs and p53 wild-type and mutant expression plasmids were co-transfected
into SaOS-2 cells. All experiments were standardised to Renilla luciferase activity expressed from the co-transfected pRL-null vector. The total amount of transfected
DNA was held constant. (A) Stimulation of transcription from a p21 reporter construct as positive control. An aliquot of 125 ng of the B2-Luci reporter plasmid
and 25 ng of plasmids expressing wild-type p53 or a DNA binding-deficient p53 mutant were transfected. The expression level with co-transfection of mutant p53
was used as the 100% reference. (B) The cyclin B2 reporter plasmid was co-transfected with 25 ng of vector control and increasing amounts of the plasmid expressing
wild-type p53. The control served as the 100% standard. (C) Western blot depicting pS3 protein after co-transfection of increasing amounts of a p53-expressing
plasmid. Lanes represent lysates from the experiments shown in (B). Lane 1 is without transfection of p53 plasmid; lanes 2—4 are lysates from cells transfected with

1, 5 and 25 ng of wild-type p53-expressing plasmid, respectively.

(Fig. 5B). A significant change in the repression factor
compared to the wild-type construct is only seen with mutant
promoters which display a low total activity. Since this search
did not reveal the dominant site for repression by p53 we
constructed three truncation mutants of the cyclin B2 promoter
(Fig. 5A). For the shortest mutant repression drops to 18-fold,
compared to 29-fold for the wild-type construct (Fig. 5B).
Therefore, nearly all of the p53-dependent repression still
resides even in the shortest truncation mutant with 226 bp
remaining from the translational start at the 3’-end of the cyclin
B2 promoter.

DISCUSSION

pS3 activates or represses transcription of a number of central
regulators of cell division and apoptosis. We find that cyclin
B2 transcription is shut down by expression of wild-type p53.
The other B-type cyclin, cyclin B1, has already been shown to
be down-regulated by p53 at the transcriptional level (38,39).
Therefore, both mammalian cyclin B genes are repressed by
pS3.

One way of increasing p53 levels is by incubating cells with
chemotherapeutic agents. Treatment of cells with chemo-
therapeutics certainly leads to profound changes in the
expression of many genes. Therefore, even though we see an
up-regulation of p53 protein and a down-regulation of cyclin
B2 mRNA these two observations might not be directly
connected (Figs 1 and 2). Consequently, in later experiments
we looked at colorectal carcinoma cells with a p53 mutant
background in which wild-type or mutant p53 could be selec-
tively induced. We observed an effective decrease in both
cyclin BI and B2 mRNA levels upon expression of wild-type
but not mutant p53 (Fig. 3). This reduction is already seen 3 h
after removal of antibiotic from the DLD-1-tet-off-p53 cells

(Fig. 3B). Considering the time needed for expression of p53
and degradation of cyclin B mRNA this may implicate an
immediate response by down-regulation of cyclin B transcription.
General effects like the induction of apoptosis seem to appear
later, since a significant sub-G, cell population, as judged by
DNA staining and FACS analysis, is not observed until 9 h
after induction of p53. However, at 6 h an increase in the G,/M
cell population can already be detected (Fig. 3C). These obser-
vations are consistent with earlier results when p53-dependent
transcriptional repression and cell cycle control were analysed.
It has been reported that high levels of p53 in TR9-7 skin
fibroblasts lead to a reduction in cdc2 and cyclin BI mRNA
levels and to G, cell cycle arrest (39). Another study showed
that overexpression of cyclin B1 can overcome p53-dependent
G, arrest in an ovarian cancer cell line (38). Taken together, the
results from these two recent papers and our experiments
indicate that the timing of the decrease in cyclin B mRNAs
precedes G, arrest and appearance of apoptotic cells (Fig. 3).

In order to obtain more information on how cyclin B2 is
down-regulated we performed co-transfections of p53 wild-type
and mutant constructs and analysed their effect on expression of a
cyclin B2 promoter—luciferase reporter. Cyclin B2 expression
is repressed down to background levels upon co-transfection of
wild-type p53 in a concentration-dependent manner (Fig. 4). In
previous reports on the cyclin Bl promoter reduction of its
transcription by p53 was not as pronounced as described here
for cyclin B2 (38,39). However, when a similar experimental
approach was taken, e.g. co-transfection of a reporter and wild-
type p53 in SaOS-2 cells, repression of the cyclin Bl promoter
was close to vector background levels (38). In summary, these
results show that concentrations of both B-type cyclins are
substantially reduced when p53 is up-regulated.

Human and mouse cyclin B2 transcription are both repressed
by p53, but their promoters do not display a p53 consensus
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Figure 5. Repression of cyclin B2 transcription by p53 is not mediated by regions homologous in the mouse and human promoters and resides just upstream of the
coding region. (A) Anatomy of the cyclin B2 promoter. Regions homologous in the human and mouse promoter are indicated by their names or as their respective
mutants with numbers for their location counted in nucleotides from the first codon. For the three truncation mutants the remaining elements are indicated.
(B) Analyses of the different mutant reporters upon transfection of wild-type or mutant p53. Experimental conditions were the same as in Figure 4. The fold reduction
was calculated by dividing luciferase activities from p53 mutant transfections by values from p53 wild-type transfections. Fold reductions shown in parentheses
were calculated for reporters with low general activities which are closer to background levels and therefore result in lower repression factors.

binding site. In initial experiments to elucidate by which
elements p53 can repress the cyclin B2 promoter we analysed
regions homologous in the human and mouse promoters. We
mutated all homologous regions on the basis of the mouse
construct and tested if expression from these plasmids was still
repressed by p53 (Fig. 5). Among these promoter constructs
was the Y-1,2,3-Mut plasmid in which three CCAAT boxes had
been mutated. It has been shown that p53 can repress the hsp70

promoter through interaction with the CCAAT box-binding
factor (CBF or NF-Y) and that an NF-Y-binding CCAAT box
in the cdc2 promoter is the site for repression by p53 (40-42).
We found earlier that the three CCAAT boxes in the 3’-region
of the cyclin B2 promoter are the main activators for tran-
scription (29). Now we observe that transcription from the Y-
1,2,3-Mut plasmid is still repressed by wild-type p53 but not
mutant pS3 (Fig. 5B). However, there is a change in the factor by



which p53 can repress Y-1,2,3-Mut. Yet, as with the Mut-845
construct, Y-1,2,3-Mut also shows a low absolute activity.
Therefore, repression by p53 down to background simulates a
lower repression factor in these cases (Fold reduction, Fig. 5SB).
Absolute activity of the CHR mutant is increased over the
wild-type promoter. The CHR element is responsible for cell
cycle-dependent repression of cyclin B2. Destruction of this
site leads to derepression of this promoter which yields a
higher average activity in an asynchronous growing cell
population (Fig. 5B and data not shown).

Since the constructs created on the basis of homology
between mouse and human promoters did not yield a mutant in
which repression was lost to a significant extent we tested three
large deletion mutants of the cyclin B2 promoter. The three
mutants retained the ability for p53-dependent down-regulation
(Fig. 5). The fact that even the —226B2 mutant is still repressed
similarly to the full-length wild-type promoter suggests that
this promoter segment is sufficient to mediate p53-dependent
repression. The three CCAAT boxes responsible for most of
the activation and the CDE/CHR cell cycle elements are found
in this most proximal segment (29). Although this core
promoter contains most of the sites essential for the properties
of the cyclin B2 promoter we could show that these elements
are not the sites through which p53 down-regulates cyclin B2
transcription (Fig. 5). It has been suggested that repression by
pS3 can be regulated through TATA boxes (43). However,
many of the promoters of cell cycle genes, including the cyclin
B2 promoter described here, do not contain TATA elements
for transcriptional initiation. Therefore, further experiments
are required to elucidate the exact mechanism of repression.

Cyclin B is essential for cdc2 kinase to form MPF, which in
turn induces transition from G, to mitosis. Human cyclins B1
and B2 are both able to serve as the activating partner for cdc2
kinase, with peak activity at mitosis (44). Innocente et al.
recently showed that histone kinase activity in cdc2 immuno-
precipitates and in co-immunoprecipitates with cyclins B1 and
B2 is reduced upon induction of p53. This reduction in activity
is not due to reduced expression of cdc2 kinase or a change in
its tyrosine phosphorylation. However, there is a marked
decrease in cyclin BI mRNA and protein (38). We now find
that cyclin B2 is down-regulated after increased expression of
pS3. Itis obvious that expression of both cyclin BI and B2 have
to be reduced to ultimately shut off cdc2 kinase activity and
slow down execution of G,/M progression. This is corroborated
by the fact that re-expression of cyclin B1 alone can overcome
p53-induced G, cell cycle arrest (38).

Taken together, these observations indicate that transcrip-
tional repression of cyclin B by p53 is important for cell cycle
progression (Fig. 6). Other factors transcriptionally induced by
p53 have been implicated in G,/M checkpoint control. One
example is /4-3-3c, which contains a p53-responsive element
in its promoter and is able to control G, arrest by employing
compartmentalisation through cytoplasmic retention of cyclin
B/cdc2 (12,45). There are multiple ways by which p53 may be
involved in the different checkpoints. Cell type-specific differ-
ences exist. Some of the pathways are redundant and some will
have to cooperate to exert the p53 checkpoint function
(1,2,18,46). By different means p53 seems to play an important
role in reducing the concentration of active cyclin B—cdc2
complex in the nucleus to maintain G, arrest. Repression of
cyclin B transcription by p53 is part of this regulatory network.
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amounts of cyclin B leave the cdc2 kinase inactive, which may contribute to an
arrest of the cell cycle in G,.
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