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Abstract

DNA damage induced by the topoisomerase I inhibitor SN38 activates cell cycle checkpoints which promote cell cycle arrest.
This arrest can be abrogated in p53-defective cells by the Chk1 inhibitor 7-hydroxystaurosporine (UCN-01). Previously, we
compared p53 wild-type MCF10A cells with derivatives whose p53 function was inhibited by over-expression of the
tetramerization domain (MCF10A/OD) or expression of shRNA against p53 (MCF10A/Dp53). Treatment of SN38-arrested
MCF10A/OD cells with UCN-01 abrogated S, but not G2 arrest, while the MCF10A/Dp53 cells abrogated both S and G2
arrest. The MCF10A/OD cells had reduced levels of cyclin B, suggesting that tetramerization of p53 is not required for
repression of cyclin B gene expression. In the present study, we analyzed p53 oligomerization status using glutaraldehyde
cross-linking. Following SN38 treatment, MCF10A cells contained oligomeric forms of p53 with molecular weights
approximating monomers, dimers, trimers, and tetramers. However, MCF10A/OD cells possessed only monomers and
dimers suggesting that these complexes may be involved in repression of cyclin B. While genes transcriptionally activated
by p53 contain a consensus sequence with elements repeated in a head-to-head orientation, the cyclin B promoter contains
similar elements oriented head-to-tail. Chromatin immunoprecipitation (ChIP) assays revealed that p53 associates with this
head-to-tail element in both MCF10A and MCF10A/OD. Electrophoretic mobility shift assays (EMSA) using a biotin-labeled
probe containing the head-to-tail element showed a shift in mobility consistent with the molecular weight of tetramers and
dimers in MCF10A nuclear extract, but only the dimer in MCF10A/OD nuclear extract. Taken together, these results suggest
a novel mechanism whereby p53 dimers associate with the head-to-tail element to repress cyclin B transcription.
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Introduction

DNA damage activates cell cycle checkpoints that arrest cell

cycle progression to facilitate repair. If the damage is irreparable,

the cells undergo apoptosis. The tumor suppressor p53 plays an

important role in both the cell cycle arrest and apoptosis in

response to DNA damage by activating and repressing expression

of a number of target genes (reviewed in [1]). Under normal

circumstances, p53 is kept inactive by association with hDM2, an

E3 ubiquitin ligase that targets p53 for degradation [2,3]. Upon

DNA damage, p53 is phosphorylated by checkpoint kinases such

as ATM and ATR at serine 15, or Chk1 and Chk2 at serine 20

[4–7]. The phosphorylation leads to dissociation of hDM2 and

stabilization of p53. The now activated p53 can both induce and

repress expression of many genes involved in cell cycle regulation

and apoptosis (reviewed in [8–10]).

Among the genes activated by p53 is hDM2, providing

a negative regulatory feedback loop to control p53 activity [11].

p53 also activates transcription of target genes involved in cell

cycle arrest, such as p21 waf1, a cyclin-dependent kinase (CDK)

inhibitor that arrests cell cycle progression [12], 14-3-3s, which
sequesters the cyclin B-CDK1 complex outside the nucleus to

prevent the onset of mitosis [13,14], and GADD45, which

dissociates cyclin B from CDK1 [15,16]. p53 also represses

transcription of cyclin B [17,18], thereby providing a second level

of protection against premature onset of mitosis in the presence of

DNA damage.

In order to activate transcription of target genes, p53 binds to

a response element in the promoter of these genes. The standard

p53 response element is a consensus sequence consisting of two

repeats of head-to-head oriented half-sites of the sequence

RRRCWWGYYY separated by 0–13 bp (figure 1, [19]). Each

p53 response element whole-site can be bound by one p53

tetramer, with each half-site bound by one dimer [20]. One gene

that contains this p53 response element is p21waf1 (figure 1, [21]),

which contains two separate p53 response elements. Binding of

p53 to the response elements in the p21waf1 promoter results in

activation of p21waf1 transcription. The resulting increase in

p21waf1 protein levels leads to loss of Cdk activity, and thus a block

in cell cycle progression [22,23].
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The mechanism by which p53 represses expression of genes

such as cyclin B is not well understood. p53 may regulate cyclin B

gene expression through direct binding to a consensus sequence in

the cyclin B promoter, through interaction with other transcription

factors, or through a combination of these mechanisms (reviewed

in [9]). The cyclin B promoter lacks the standard p53 response

element, but instead contains a novel head-to-tail oriented

response element at position -600 relative to the transcription

start site (figure 1, [24]). A similar head-to-tail sequence was shown

to be required for p53-mediated repression of the MDR1 gene,

and reorientation to the head-to-head arrangement led to

activation of MDR1 gene expression (figure 1, [24]). This same

study also showed that p53 binds directly to this sequence;

however, the orientation of this element makes it unlikely that

a normal p53 tetramer could bind due to structural limitations

[20]. The possibility that p53 binds to this element as a monomer

or dimer remains open.

In our previous studies, we analyzed the effect of loss of p53

function in a p53 wild-type breast epithelial cell line, MCF10A

[25]. When MCF10A cells were treated with the topoisomerase I

inhibitor SN38, the cells arrested in the cell cycle, either in S or G2

depending on the concentration of drug. When arrested cells were

treated with the Chk1 inhibitor 7-hydroxystaurosporine (UCN-

01), the cells remained arrested in S phase. We generated two

isogenic derivatives of the MCF10A cell line, one over-expressing

the p53 tetramerization domain (MCF10A/OD), and the other

expressing shRNA against p53 (MCF10A/Dp53). Over-expression

of the tetramerization domain has previously been shown to

prevent formation of p53 tetramers [26], while expression of the

shRNA against p53 results in significantly reduced levels of p53

protein [25]. The MCF10A/Dp53 cells abrogated S and G2 arrest

when treated with SN38 followed by UCN-01. These cells had low

levels of p21waf1 and high levels of cyclin B, indicating that both

the transcription induction and repression functions of p53 were

lost. The same results (checkpoint abrogation, low levels of

p21waf1, and high levels of cyclin B) have been observed in p53-

defective breast cancer cells [27]. Surprisingly, when the

MCF10A/OD cells were treated with SN38 followed by UCN-

01, the cells abrogated S phase arrest, but not G2. These cells had

reduced levels of p21 waf1 compared to controls, indicating that the

transcription activation function of p53 was lost. However, the

cells had low levels of cyclin B, indicating that the transcription

repression function of p53 was maintained [25]. These results led

us to propose that, unlike the activation of p21 waf1 expression, the

p53-dependent repression of cyclin B expression does not involve

tetramers.

In this study, we investigated the mechanism of p53-dependant

repression of cyclin B transcription. Specifically, we used

glutaraldehyde cross-linking to confirm the absence of tetramers

and the presence of dimers in MCF10A/OD cells. We also

determined whether p53 binds to the head-to-tail response

element. Our results indicate that p53 dimers associate with this

head-to-tail element, and that this association is sufficient for

repression of cyclin B transcription.

Results

We have previously observed that treatment of MCF10A and

MCF10A/OD cells with 0–30 ng/ml of SN38 results in a re-

duction of cyclin B protein levels at the highest concentrations,

while the same treatment of MCF10A/Dp53 cells does not [25]. In
order to confirm that this p53-dependent decrease in cyclin B

expression is due to transcriptional repression, we analyzed cyclin

B mRNA levels in these three cell lines in response to incubation

with SN38. The mRNA levels in these cells correlated with protein

levels (figure 2), indicating that the decrease in cyclin B protein

levels represents a transcriptional event. We also compared the

expression of cyclin B, p53 and p21 over 0–24 hours of treatment

with 30 ng/ml of SN38 (figure 3). While p21 increased

significantly in MCF10A cells beginning around 8 hours, there

was negligible increase in p21 in the MCF10A/OD and

MCF10A/Dp53 cells (figure 3A,B). The cyclin B protein increased

transiently in MCF10A and MCF10A/OD cells at 4 to 6 hours

before decreasing dramatically by 12 hours (figure 3A,C). In

contrast, the cyclin B protein levels continued to increase

dramatically through 24 hours in MCF10A/Dp53 (figure 3A,C).

These results confirm our earlier observations that cyclin B is still

repressed in cells over-expressing the tetramerization domain

(MCF10A/OD), but not in cells lacking p53 (MCF10A/Dp53)
[25].

In order to detect p53 oligomers, cell lysates were cross-linked

with concentrations of glutaraldehyde ranging from 0% to 0.03%

and then were analyzed by Western blotting. Similar concentra-

tions have previously been used to observe p53 oligomerization

[28,29]. In MCF10A cells incubated with low concentrations of

glutaraldehyde, monomers were abundant and some dimers were

visible, but no tetramers were observed (figure 4A). At high

concentrations of glutaraldehyde, primarily tetramers and trimers

were seen, with only limited amounts of monomers and dimers. It

should be noted that the oligomeric forms did not run at the

expected molecular weights. For example, the tetramers appeared

to run at a molecular weight higher than 250 kDa, while the

predicted molecular weight would be 212 kDa. This is likely due

to the fact that cross-linked proteins are non-linear and form

a matrix of singularly or multiply cross-linked forms. These present

a more complex structure that does not electrophorese according

to predicted parameters. It is also noteworthy that the levels of p53

protein appear to decrease at higher concentrations of glutaral-

dehyde. This is not surprising, since glutaraldehyde likely blocks

the epitope when present at a high enough concentration. The

doublet bands seen for dimers (,100 kDa) could represent

different conformations of p53 dimers or perhaps one of the

bands represents a heterodimer of p53 and another protein. These

observations are damage-specific events that occur only in the

presence of a DNA damaging agent (SN38). Untreated MCF10A

cells lacked oligomers even when three times the number of cells

was analyzed (figure 4B).

We also assessed the oligomerization status of p53 in MCF10A/

OD cells. Presumably, the MCF10A/OD cells should not have

tetramers because over-expression of the tetramerization domain

would interfere with tetramerization [26]. However, dimerization

should not be affected because it is mediated through a different

Figure 1. Comparison of head-to-head and head-to-tail p53
response elements. The consensus sequence of the standard p53
response element consists of two half-sites, each with quarter-sites
oriented in a head-to-head manner (indicated by arrows). R = purine,
Y = pyrimidine, W=A/T, and N=A/T/C/G. The p21 promoter contains
a standard head-to-head p53 response element, while the MDR1 and
cyclin B genes contain p53 response elements with head-to-tail
orientations.
doi:10.1371/journal.pone.0042615.g001

Repression of Cyclin B by p53 Dimers
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domain [30]. We observed that the MCF10A/OD cells contained

monomers and dimers, but lacked trimers and tetramers

(figure 4A). Additionally, MCF10A/Dp53 cells possessed only

low levels of monomers similar to basal levels seen in untreated

MCF10A cells, and lacked higher molecular weight oligomers

(figure 4). These observations suggest that p53 monomers or

dimers could be required for repression of cyclin B expression,

since the MCF10A/OD cells still repress cyclin B despite the

absence of trimers and tetramers. These data offer strong support

to our original hypothesis that tetramers are not involved in

repression of cyclin B expression.

We next assessed the association of p53 with the head-to-tail

response element in the cyclin B promoter using chromatin

immunoprecipitation (ChIP) assays. ChIP assays were performed

using untreated cells as well as cells treated with SN38. Sonicated

chromatin was immunoprecipitated with p53-specific antibodies

or negative control mouse IgG. Unprecipitated sonicated chro-

matin was also used as the positive control input DNA. Chromatin

samples were PCR amplified using primers flanking the head-to-

tail element in the cyclin B promoter. For both the MCF10A and

MCF10A/OD cells, a PCR product was present in the input

samples as well as the SN38-treated p53 immunoprecipitate

(figure 5). This indicates that p53 is bound to the head-to-tail

element in the MCF10A and MCF10A/OD cells. Since the latter

cells lack tetramers, this suggests that another form of p53 is bound

to this element in these cells. The binding of p53 appears to be

a damage specific response, since no PCR product was present in

the untreated p53 immunoprecipitate. For the MCF10A/Dp53
cells, no PCR product was produced in the SN38-treated p53

immunoprecipitate. This is not surprising, since these cells contain

p53 protein levels similar to that seen in untreated MCF10A cells,

and lack oligomers (figures 3 and 4). To control for the presence of

non-specific DNA in the p53 immunoprecipitate, the MCF10A

samples were also amplified using primers flanking the RNA

Polymerase II binding site in the glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) promoter, and PCR products were only

produced in the input sample and not in the p53 immunoprecip-

itate (figure 5).

We used electrophoretic mobility shift assays (EMSA) to

determine whether p53 can bind to the head-to-tail element in

Figure 2. Determination of cyclin B mRNA and protein levels. MCF10A, MCF10A/OD, and MCF10A/Dp53 cells were incubated with 0–30 ng/
ml SN38 for 24 hours. RNA was purified from cell lysates and relative levels of cyclin B mRNA were analyzed using RT-PCR followed by agarose gel
electrophoresis. Cell lysates were also analyzed for expression of cyclin B and actin protein using SDS-PAGE followed by immunoblotting with cyclin
B- or actin-specific antibodies.
doi:10.1371/journal.pone.0042615.g002

Figure 3. Timecourse of cyclin B and p21 expression following SN38 treatment. MCF10A, MCF10A/OD, and MCF10A/Dp53 cells were
treated with 30 ng/ml SN38. A, Cells were harvested at the indicated time points and lysates were analyzed using SDS-PAGE followed by
immunoblotting with the indicated antibodies. Band intensity of scanned immunoblots was measured using Image J software and the measurements
were normalized to background. B, p21 and C, cyclin B levels were plotted for MCF10A (black bars), MCF10A/OD (light gray bars), and MCF10A/Dp53
(dark gray bars).
doi:10.1371/journal.pone.0042615.g003

Repression of Cyclin B by p53 Dimers
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the cyclin B promoter as a monomer or dimer. This technique has

previously been used to observe association of different oligomeric

forms of p53 to specific DNA sequences [31]. Incubation of biotin-

labeled probe corresponding to the head-to-tail element from the

cyclin B promoter with nuclear extract from SN38-treated

MCF10A cells resulted in multiple shifted bands corresponding

in molecular weight to different oligomeric forms of p53 (figure 6A,

lane 2). The dimers appeared as a doublet, similar to the case seen

in glutaraldehyde cross-linking (figure 4A). Co-incubation with

a 200-fold molar excess of the unlabeled specific DNA probe

resulted in loss of these shifted bands (figure 6A, lane 1),

confirming that the shift was specific to the head-to-tail response

element. Additionally, a 100-fold molar excess of unlabeled non-

specific DNA was included in all binding reactions to eliminate the

possibility of non-specific DNA binding (figure 6). The presence of

p53 in these shifted bands was confirmed by simultaneously

immunoblotting this sample for p53 (figure 6B).

The occurrence of two bands around the molecular weight of

a dimer suggests that at least one of these bands may consist of

a complex of p53 and another protein as opposed to a p53 dimer.

In order to address this possibility, the binding reaction was

repeated using recombinant p53 protein rather than MCF10A

nuclear extract. This resulted in two bands, one similar in

molecular weight to the tetrameric shifted band seen in the

MCF10A nuclear extract, and another similar in molecular weight

to the higher of the two dimeric bands (figure 6A, lane 3). This

suggests that the higher band represents the true p53 dimers, while

the lower dimer band may represent a heterodimer of p53 and

another lower molecular weight protein.

The electrophoretic shift was a damage-specific event, as

nuclear extract from untreated MCF10A cells had significantly

reduced levels of all shifted bands (figure 6A, lane 4), which

resembled the effects of incubation with nuclear extract derived

from SN38-treated MCF10A/Dp53 cells (figure 6A, lane 6). These

Figure 4. Determination of p53 oligomerization status using glutaraldehyde cross-linking. A, MCF10A, MCF10A/OD, and MCF10A/Dp53
and cells were incubated with 10 ng/ml SN38 (+SN38) for 24 hours or B, fresh media (untreated) for 24 hours. Cells were harvested in lysis buffer and
incubated with the indicated concentrations of glutaraldehyde for 5 minutes. The cross-linked lysates were then analyzed by SDS-Page followed by
immunoblotting with p53-specific antibodies. Cell lysates were loaded at 10,000 or 30,000 cells/lane as indicated.
doi:10.1371/journal.pone.0042615.g004

Repression of Cyclin B by p53 Dimers

PLoS ONE | www.plosone.org 4 August 2012 | Volume 7 | Issue 8 | e42615



results lend additional support to the conclusion that p53 is present

in the shifted complex, since cells known to have reduced levels of

p53 protein also have reduced levels of the shifted bands.

Interestingly, nuclear extract derived from SN38-treated

MCF10A/OD cells resulted in shifted bands corresponding to

the dimeric molecular weights, but not the tetrameric form

(figure 6A, lane 5). Taken together, these results suggest that p53

binds to the head-to-tail response element as a dimer.

Discussion

Cyclin B plays an important role in preventing entry into mitosis

in the face of DNA damage. p53 has been shown to down-regulate

cyclin B expression and thereby prevent entry into mitosis [32]

while over-expression of cyclin B causes premature entry into

mitosis [33]. Additionally, cyclin B over-expression has been

associated with high tumor grade in squamous cell carcinomas of

the head and neck [34], and thus may represent a prognostic

biomarker for some types of cancer. Our previous studies have

shown that cells over-expressing the p53 tetramerization domain

are insensitive to checkpoint inhibitors because they still repress

cyclin B [25]. The results of the present study suggest a novel

mechanism of p53-mediated gene regulation in which p53 dimers

mediate cyclin B gene repression through association with a head-

to-tail response element.

The glutaraldehyde cross-linking studies revealed that cells over-

expressing the p53 tetramerization domain lack tetramers, but still

possess dimers and monomers (figure 4A). Since these cells still

repress cyclin B expression in a manner similar to the case seen in

p53-wildtype MCF10A cells (figures 2 and 3), this result suggests

that the p53-dependent repression of cyclin B could be mediated

by monomers or dimers. The results of the ChIP assays support

the conclusion that p53 associates with the head-to-tail element as

a monomer or dimer, because p53 is still associated with the

element even in the MCF10A/OD cells that lack tetramers

(figure 5). The EMSA results enable us to rule out the possibility

that p53 monomers are involved in repression of cyclin B

transcription because there was no shifted band present at

molecular weights approximating monomers when EMSA was

performed using MCF10A/OD nuclear extract (figure 6, lane 5).

The fact that recombinant p53 resulted in shifted bands

approximating dimers and tetramers suggests that p53 binds to

this sequence directly (figure 6, lane 3). p53 has previously been

shown to bind directly to a similar head-to-tail sequence in the

MDR1 promoter [24]. However, this does not necessarily mean

that p53 binding alone is sufficient to repress cyclin B expression.

The complete picture of p53-mediated cyclin B repression remains

to be elucidated (reviewed in [9]). Some groups have reported that

p53 represses cyclin B gene expression by interacting with other

promoter bound transcription factors, such as Myc/Max, NF-Y,

and SP1. One report suggests that p53-mediated repression of

cyclin B expression involves interaction of p53 with a single Myc/

Max-regulated E-box element located at position 2189 in the

cyclin B promoter [35]. Others have reported that p53 interacts

with NF-Y, which has three binding sites in the cyclin B promoter

located at positions 280, 248, and one downstream of the

transcription start site [36,37]. Lastly, it has been reported that

p53 mediates repression of cyclin B expression by interacting with

SP1, which has two recognition sequences in the cyclin B

promoter at positions -259 and 2140 [18]. Some of these reports

directly contradict one another, but the possibility that p53

regulates cyclin B expression through a combination of one or

more of these mechanisms remains open.

Wild-type p53 protein alone is not sufficient to mediate

activation or repression of target gene expression. We have

previously observed that some p53 wild-type tumor cell lines

(HCT116 and MCF7) are sensitive to checkpoint inhibitors [38].

These cells still activate p53 in response to treatment with SN38,

but induction of p21waf1 and repression of cyclin B are attenuated

[38]. These results suggest that these cells possess defects in the

Figure 5. Analysis of p53 binding to head-to-tail response element using chromatin immunoprecipitation assays. MCF10A, MCF10A/
OD, and MCF10A/Dp53 cells were incubated with either fresh media (untreated) or 10 ng/ml SN38 for 24 hours, followed by cross-linking in 1%
formaldehyde. Chromatin was then purified, sonicated, and immunoprecipitated with anti-p53 antibody or negative IgG antibody. Unprecipitated
chromatin was used as a positive control (input). DNA was isolated and amplified by PCR using primers flanking the head-to-tail response element in
the cyclin B promoter or the RNA Polymerase II binding site from the GAPDH promoter. The amplified PCR fragments were analyzed by agarose gel
electrophoresis.
doi:10.1371/journal.pone.0042615.g005

Repression of Cyclin B by p53 Dimers
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p53 pathway that affect both the activation and repression

functions. Several co-activators and co-repressors have been

implicated in mediating p53 transcriptional activity (reviewed in

[39,40]). Thus, it is likely that some cells with wild-type p53 have

defects in one or more of these co-factors required for activation

and repression.

The canonical p53 response element found in genes whose

expression is activated by p53 consists of two repeats of the head-

to-head oriented half-sites, each with the sequence of 59-

RRRCWWGYYY-39, separated by a spacer of 0–13 bp (figure 1,

[19]). It has been shown that the specific sequence of the core

‘‘CWWG’’ as well as the length of the spacer are critical to

achieving maximal activation (reviewed in [39]). Importantly, the

core sequence of CATG and spacer length of less than 3 bp are

optimal in order to achieve activation [39]. When p53 binds to

response elements in DNA, it does so as a ‘‘dimer of dimers’’, that

is, one dimer binds to each half-site, which leads to a conforma-

tional change of both the p53 protein and the DNA in that region

of the promoter [30,40]. It is not known whether tetramer

formation occurs before binding of individual dimers to the two

half-sites or after, although at least one study suggests that the

latter is true [41].

In the case of the cyclin B promoter, it is unlikely that a tetramer

would bind to the head-to-tail response element with high affinity

because the spacer length of 12 bp is non-optimal, the core

sequence is CAAA instead of CATG, and the orientation of the

binding sites would make it difficult for two dimers to bind to both

sequences and to each other to form a tetramer. Two alternative

Figure 6. Analysis of p53 binding to head-to-tail response element in cyclin B promoter using electrophoretic mobility shift assays.
A, MCF10A, MCF10A/OD, and MCF10A/Dp53 cell lines were incubated with 10 ng/ml SN38 for 24 hours (+SN) or were left untreated (–SN). Binding
reactions were prepared by incubating nuclear extracts or recombinant p53 with a biotin-labeled probe corresponding to the head-to-tail response
element in the cyclin B promoter, in the presence (+) or absence (2) of a 200-fold molar excess of specific DNA (unlabeled probe). All binding
reactions were carried out in the presence of a 100-fold molar excess of unlabeled non-specific DNA. Complexes were separated on 4% native
polyacrylamide gel electrophoresis, transferred to positively charged nylon membrane, and visualized using a streptavidin-horse radish peroxidase
conjugate. B, A parallel gel was transferred to nitrocellulose membrane and immunoblotted with p53-specific antibodies.
doi:10.1371/journal.pone.0042615.g006
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models are possible. In the first, two dimers bind to each of the two

half-sites in the cyclin B promoter, but do not associate with each

other to form a tetramer. However, one would predict that if this

were the case, EMSA using MCF10A/OD nuclear extract would

have resulted in a shifted band corresponding to the molecular

weight of tetramers, which was not the case (figure 6, lane 5). A

more likely model is that only one dimer can associate with the

element at a time, possibly by binding to both half-sites

simultaneously. Alternatively, binding of a dimer to only one

half-site may be sufficient to achieve repression. Surprisingly, the

EMSA results suggest that tetramers are able to associate with the

head-to-tail response element (figure 6 lane 2). However, it cannot

be determined from our data whether tetramers have the ability to

repress expression of cyclin B, just that they associate with the

head-to-tail element. It is clear from the MCF10A/OD data that

in the absence of tetramers, dimers are sufficient to associate with

the head-to-tail response element and repress cyclin B expression.

Although a functional role of p53 dimers in gene repression has

not previously been reported, there are studies that suggest that

tetramerization of p53 is not necessarily essential for gene

activation. It has been observed that binding of p53 to promoters

containing only half-sites of the p53 response element is sufficient

for activation of gene expression, although activation from half-

sites is reduced compared to activation from whole-sites [42–44].

Since p53 dimers typically bind to each half-site, it is possible that

p53 dimers are mediating gene activation under these circum-

stances.

The results of this study suggest a novel mechanism of p53-

mediated gene regulation and shed light on the mechanism of p53-

mediated gene repression. We have shown that p53 associates with

a head-to-tail response element as a dimer and that this association

is sufficient to suppress cyclin B expression in cells lacking

tetramers. Future studies will be aimed at further dissecting the

pathway of cyclin B expression by identifying co-factors required

for p53 mediated repression as well as identifying the specific base

pairs within the head-to-tail response element essential for p53

binding.

Materials and Methods

Chemicals
SN38, the active metabolite of the topoisomerase I inhibitor

irinotecan, was provided by Pfizer Global (Kalamazoo, MI). For

all treatments with SN38, cells were plated and after 24 hours

were given fresh media supplemented with drug, or fresh media

alone in the case of untreated cells. All SN38 treatments were

performed for 24 hours unless otherwise indicated. For all

experiments where responses of different cell lines to treatment

were compared, the same number of cells was always utilized.

Cell Culture
The p53 wild-type breast cell line MCF10A (American Type

Culture Collection, Manassas, VA, USA) was maintained in

DMEM/F12 media supplemented with 10% fetal bovine serum,

penicillin (100 U/ml) streptomycin (100 mg/ml) and fungizone

(0.25 mg/ml), 8 mg/ml insulin, 20 ng/ml epidermal growth

factor and 500 ng/ml hydrocortisone. The MCF10A/OD cell

lines over-expresses amino acids 276–369 of p53, which

corresponds to the tetramerization domain. These cells were

previously referred to as MCF10A/AL [25]. The MCF10A/Dp53
cell line expresses shRNA against p53. The synthesis of the

MCF10A/OD and MCF10A/Dp53 cell lines was previously

described [25]. These cells were maintained in the MCF10A

media supplemented with 500 mg/ml G418, which was removed

before all experimental treatments.

Immunoblotting
For immunoblot analysis of SN38 dose-response and timecourse

samples, cells were rinsed with phosphate buffered saline, and then

lysed by direct addition of Laemmli sample buffer. Samples were

immediately boiled for 5 min and stored at 220uC. Proteins were
separated by SDS–PAGE using 8% gels (10% for p21 blots) and

transferred onto polyvinylidene difluoride membranes. Mem-

branes were blocked with 5% non-fat milk in Tris-buffered saline,

0.1% Tween 20, and then probed with the appropriate antibody

overnight at 4uC [cyclin B (GNS1), p53 (DO-1), and p21 (C-19)

from Santa Cruz Biotechnology, Santa Cruz, CA; b-actin from

Cell Signaling Technology, Beverly, MA]. Subsequently, mem-

branes were washed in Tris buffered saline, 0.1% Tween 20, and

incubated with secondary antibody conjugated to horseradish

peroxidase (BioRad, Hercules, CA). Proteins were visualized using

LumiGlo chemiluminescence substrate (KPL, Inc., Gaithersburg,

MD). For all experiments where multiple cell lines were analyzed

for the same protein, the same exposure times were used.

In order to measure changes in protein levels, immunoblot films

were scanned, and the files were subsequently analyzed using

Image J software (National Institutes of Health, USA). The

intensity of each band was measured by drawing an oval shaped

box around the band. The same area was measured for each band

for all antibodies and cell lines, and values were normalized

against a background region of equal area on the same film for

each set of samples.

Glutaraldehyde Cross-linking
In order to analyze the oligomerization status of p53,

glutaraldehyde cross-linking assays were performed using a mod-

ification of a previously reported method [45]. Cells were treated

with 10 ng/ml of SN38 for 24 hours, after which the cells were

rinsed in phosphate buffered saline. Cells were lysed in lysis buffer

(10 mM Tris pH 7.6, 140 mM NaCl, 0.5% NP40) supplemented

with protease inhibitor and phosphatase inhibitor cocktails (Sigma

Aldrich, St. Louis, MO). Glutaraldehyde solutions of varying

concentration (0–0.3% final concentration) were added to each

lysate, and samples were incubated for 5 min at room tempera-

ture. Laemmli sample buffer was added to each sample; samples

were then boiled for 5 min and analyzed by SDS-PAGE using 6%

polyacrylamide gels followed by immunoblot. Cells were loaded

on the gel at 10,000 or 30,000 cells per lane.

RNA Purification, cDNA Synthesis, and Polymerase Chain
Reaction
The transcript level of cyclin B1 was assessed by PCR. Total

RNA was isolated using Qiagen’s RNeasy Mini kit. Synthesis of

cDNA was performed for 30 minutes at 55uC with 1 mg of RNA

using Superscript III One-Step RT-PCR System with Platinum

Taq (Invitrogen, Carlsbad, CA). The primers used were as follows:

B1-forward 59 AAGAGCTTTAAACTTTGGTCTGGG 39; B1-

reverse 59 CTTTGTAATGCCTTGATTTACCATG 39 [46].

Amplification was performed for 35 cycles with 15 sec at 94u,
30 sec at 55u and 1 min 68uC. This generated a single band of

317 bp when analyzed by electrophoresis using 2% agarose gels.

Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays were used in

order to observe binding of p53 to specific target sequences. ChIP

assays were performed using Active Motif’s ChIP-IT kit following
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manufacturers instructions. Briefly, cells were cross-linked with 1%

formaldehyde, and chromatin was purified and sonicated. A

portion of the sonicated chromatin was set aside as the input

sample. The sonicated chromatin was pre-cleared using salmon

sperm DNA/protein G agarose, followed by immunoprecipitation

with p53-specific antibodies (DO-1, Santa Cruz) or negative

control mouse IgG (Active Motif, Carlsbad, CA). The cross-links

were reversed by heating to 65uC, and DNA was purified from

both the immunoprecipitated samples and the input samples.

Polymerase chain reaction (PCR) of the purified DNA samples

was used to amplify the head-to-tail element in the cyclin B

promoter. The PCR primers utilized were as follows: cycBforward

59CCTGATTTTCCCATGAGAGG39; cycBreverse 59GGAT-

CACACATTAGCAACGGG39. As a control, the samples were

analyzed by PCR using primers to amplify the RNA Polymerase II

site from the glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) promoter. The primers were as follows: GAPDHfor-

ward 59TACTAGCGGTTTTACGGGCG39; GAPDHreverse

59TCGAACAGGAGGAGCAGAGAGCGA39. Amplification

was performed for 30 cycles with 20 sec at 94uC, 30 sec at

55.5uC, and 30 sec at 72uC. This generated in a single band of

300 bp (for cyclin B) or 166 bp (for GAPDH) when analyzed by

electrophoresis using 2% agarose gels.

Electrophoretic Mobility Shift Assays
DNA probes corresponding to the head-to-tail element in the

cyclin B promoter were generated by first obtaining single

stranded oligos 42 nts in length with the following sequences:

sense, 59AAACAAACAAAACAATTGGCCTTGGGAAACTG-

GACAATCTTG39; antisense, 59CAAGATTGTCCAGTTTCC-

CAAGGCCAATTGTTTTGTTTGTTT39. These oligos were

labeled at the 39 end using the Biotin 39 End DNA Labeling Kit

(Thermo Scientific, Rockford, IL) following manufacturers in-

structions. The labeled oligos were then annealed by mixing equal

molar amounts of the two single-stranded oligos, heating to 95uC

for 5 minutes, followed by ramp cooling to 25uC over a period of

45 minutes.

Nuclear extracts were prepared using the NE-PER Nuclear and

Cytoplasmic Extraction Reagents (Thermo Scientific) following

the manufacturer’s instructions. Electrophoretic mobility shift

assays (EMSA) were performed using the LightShift Chemilumi-

nescent EMSA Kit (Thermo Scientific) following the manufac-

turer’s instructions. All binding reactions were carried out in the

presence of 2 pmol of the non-specific DNA Poly (dINdC) (Thermo

Scientific), 20 fmol of biotin-labeled DNA probe, 2.5% glycerol,

0.05% NP40, 1.5 mM MgCl2, and 1 mM EDTA. For reactions

carried out in the presence of nuclear extract, 9 mg total protein

was utilized. Recombinant p53 protein (Enzo Life Sciences,

Farmingdale, NY) was used at a final concentration of 0.15 mM in

place of nuclear extract in some binding reactions. Additionally,

4 pmol of unlabeled probe was added to some binding reactions as

specific competitor DNA.

Complexes were separated by electrophoresis on a native 4%

polyacrylamide gel in 0.5X TBE and transferred to a positively

charged nylon membrane. The electrophoretic mobility of the

complexes was detected using streptavidin-horse radish peroxidase

(HRP) and a chemiluminescent substrate (Thermo Scientific).
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