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The p52/p100 nuclear factor kappa B (NF-jB) subunit

(NF-jB2) is aberrantly expressed in many tumour types

and has been implicated as a regulator of cell proliferation.

Here, we demonstrate that endogenous p52 is a direct

regulator of Cyclin D1 expression. However, stimulation

of Cyclin D1 expression alone cannot account for all the

cell cycle effects of p52/p100 and we also find that p52

represses expression of the Cyclin-dependent kinase

inhibitor p21WAF/CIP1. Significantly, this latter effect is

dependent upon basal levels of the tumour suppressor

p53. By contrast, p52 cooperates with p53 to regulate

other known p53 target genes such as PUMA, DR5,

Gadd45a and Chk1. p52 associates directly with these

p53-regulated promoters where it regulates coactivator

and corepressor binding. Moreover, recruitment of p52 is

p53 dependent and does not require p52-DNA-binding

activity. These results reveal a complex role for p52 as

regulator of cell proliferation and p53 transcriptional

activity. Furthermore, they imply that in some cell types,

p52 can regulate p53 function and influence p53-regulated

decision-making following DNA damage and oncogene

activation.
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Introduction

In mammalian cells, there are five members of the nuclear

factor kappa B (NF-kB) family of transcriptional regulators,

RelA(p65), RelB, c-Rel, p50/p105 (NF-kB1) and p52/p100

(NF-kB2), all of which share an N-terminal DNA-binding

and dimerization domain, termed the Rel homology domain

(RHD). Biochemical and genetic approaches have demon-

strated that these subunits have both overlapping and distinct

functions (Gerondakis et al, 1999; Hoffmann et al, 2003;

Hayden and Ghosh, 2004). The p50 and p52 subunits are

synthesized as longer precursor proteins, p105 and p100 that

contain ankyrin repeats in their C-termini, similar to those

possessed by the inhibitor of NF-kB (IkB) family of proteins

(Hayden and Ghosh, 2004). Like IkB proteins, the C-termini

of p100 and p105 also act as inhibitory motifs, resulting in

cytoplasmic retention of both these proteins and their dimer

partners (Hayden and Ghosh, 2004). Most inducers of NF-kB

stimulate IkB kinase (IKK) b activity, resulting in the phos-

phorylation and degradation of IkB proteins (Hayden and

Ghosh, 2004). However, a subset of NF-kB inducers also

activate IKKa, which phosphorylates p100, leading to its

partial proteolytic degradation by the proteasome and the

generation of p52 in a process termed the ‘noncanonical’ or

‘alternative’ pathway (Bonizzi and Karin, 2004; Hayden and

Ghosh, 2004).

One consequence of the activation of the noncanonical

pathway is a different spectrum of nuclear NF-kB complexes

containing p52. Although these are often depicted as p52/

RelB heterodimers, p52/RelA complexes have also been ob-

served (Hoffmann et al, 2003; Marinari et al, 2004; Lo et al,

2006) and, in addition to the presence of p52 homodimers,

it is likely that p52 also complexes with the other NF-kB

subunits. p52 complexes demonstrate relatively weak bind-

ing to the consensus kB elements generally used to analyse

NF-kB DNA-binding activity (Duckett et al, 1993). Consistent

with this analysis, p52/RelB heterodimers have recently been

shown to recognize a distinct kB element, resulting in the

regulation of specific p52/RelB target genes (Bonizzi et al,

2004). These differences in DNA-binding affinity and specifi-

city may have led to p52 activity being overlooked in many

circumstances.

A number of observations have suggested an important

role for p52 NF-kB in cancer. Most obviously, the p52/p100

gene is found rearranged in some B- and T-cell lymphomas,

resulting in C-terminally truncated and constitutively nuclear

forms of the protein (Fracchiolla et al, 1993; Thakur et al,

1994; Chang et al, 1995). Significantly, these tumour-asso-

ciated truncations have transforming effects in murine fibro-

blasts (Ciana et al, 1997). Furthermore, p52 has been found

aberrantly nuclear in human breast and mouse skin tumours

(Budunova et al, 1999; Cogswell et al, 2000) and its proces-

sing is also induced by the viral onco-proteins Tax and LMP1

(Kanno et al, 1994; Lanoix et al, 1994; Eliopoulos et al, 2003).

In addition, the p52 coactivator Bcl-3, has also been descri-

bed as a regulator of cell proliferation and tumorigenesis

(Westerheide et al, 2001; Viatour et al, 2004; Massoumi et al,

2006).

NF-kB complexes can contribute towards tumorigenesis in

many ways, including effects on cell survival, angiogenesis,

metastasis and cell proliferation (Greten and Karin, 2004;

Perkins and Gilmore, 2006). p52 may contribute to many of

these processes but there is growing evidence to suggest that

p52 can function as a regulator of cell proliferation. At least in

part, this results from regulation of the Cyclin D1 promoter

(Westerheide et al, 2001; Rocha et al, 2003b). Furthermore,

targeted deletion of the C-terminus of the nfkb2 gene in mice,
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to produce constitutively active p52, results in animals that

appear normal at birth but exhibit hyperplasia in some

tissues and consequently develop multiple pathologies

(Ishikawa et al, 1997). Although this result is consistent

with a proproliferative role for p52, these mice die postnatally

preventing longer-term studies on cancer development. This

result is in contrast to mice entirely lacking p52/p100, which

develop normally, with the major defect being a disruption of

splenic and lymph node architecture (Gerondakis et al, 1999;

Weih and Caamano, 2003). A more dramatic effect is seen

with nfkb1�/� nfkb2�/� (p105 and p100) double knockout

mice relative to either single gene knockout, suggesting

compensatory mechanisms between these subunits. These

mice are phenotypically indistinguishable from control litter-

mates at birth but soon exhibit growth retardation and

craniofacial abnormalities, the latter being a result of bone

thickening because of osteopetrosis (Franzoso et al, 1997;

Iotsova et al, 1997). Furthermore, osteoclast numbers are

markedly reduced in the double-mutant mice and nfkb1�/�
nfkb2�/� osteoclast progenitors cannot differentiate in vitro

(Franzoso et al, 1997; Iotsova et al, 1997). B-cell development

is also blocked in nfkb1�/� nfkb2�/� double-mutant mice

at the immature IgMþ IgD� stage (Franzoso et al, 1997;

Iotsova et al, 1997). Whether any of these effects are related

to a p52-dependent proliferative defect is not known but

these observations suggest that its aberrant activation might

contribute to tumorigenesis in a wider range of cell types.

Here, we have investigated the ability of endogenous p52

protein to function as a regulator of cell proliferation. We find

that in addition to regulating Cyclin D1 expression, p52 can

have much wider effects on cell growth through modulation

of p53 tumour suppressor activity and the regulation of

p53-target genes.

Results

The p52/p100 NF-jB subunit regulates U-2 OS cell

proliferation and Cyclin D1 expression

To investigate p52/100 effects on cell proliferation and the

cell cycle, three distinct short interfering RNAs (siRNAs) were

designed targeting this NF-kB subunit. U-2 OS human osteo-

sarcoma cells were initially used in these studies because we

have found that they possess a significant basal level of

nuclear p52 NF-kB, which allows the study of its function

in the absence of cell stimulation and induction of the

noncanonical pathway. This high level of p52 is dependent

upon serum in the growth media: withdrawal of serum

strongly inhibits p100 processing that is, in turn, stimulated

by its readdition (data not shown). All siRNAs, either indivi-

dually or in combination, efficiently downregulated p52/p100

mRNA and protein levels in U-2 OS cells (Figure 1A and B

and data not shown). Significantly, knockdown of p52/p100

by all siRNAs resulted in a significant decrease in cell pro-

liferation (Figure 1C).

Reports from a number of laboratories have indicated that

p52 regulates the Cyclin D1 promoter (Westerheide et al,

2001; Romieu-Mourez et al, 2003; Rocha et al, 2003b).

However, definitive evidence of endogenous p52 directly

regulating endogenous Cyclin D1 expression had not been

clearly established. Here, we found that loss of endogenous

p52/p100 in U-2 OS cells does lead to downregulation of

Cyclin D1 mRNA and protein levels (Figure 1A and B). In

addition, downregulation of Bcl-2 expression, which has

been previously described as a p52 target gene (Viatour

et al, 2003), was also observed. To establish that Cyclin D1

is a direct target of p52 in these cells, chromatin immuno-

precipitation (ChIP) analysis was performed. This demon-

strated that endogenous p52 directly binds in the region of

the previously identified NF-kB responsive region of the

Cyclin D1 promoter in U-2 OS cells (Figure 1D).

We next examined the cell cycle distribution of cells treated

with p52/p100 siRNAs. This analysis indicated that the effects

seen on proliferation were primarily associated with a decrease

in the number of S-phase cells, together with concomitant

increases in G1 and G2 phase cells. The absence of a decrease

in G2 phase cells was surprising, suggesting that p52 had

effects on proliferation independently of Cyclin D1, loss of

which would be expected to lead to a G1 phase arrest only.

Indeed, when U-2 OS cells were treated with a Cyclin D1

siRNA, cells accumulated only in G1 phase (Figure 1E). mRNA

and protein analysis confirmed the efficacy of this siRNA

(Figure 1E and data not shown). Therefore, although Cyclin

D1 can exhibit a number of Cyclin-dependent kinase (CDK)-

independent effects and has been described as a regulator of

the p21 promoter (Bienvenu et al, 2005), regulation of Cyclin

D1 expression cannot account for all the effects on prolifera-

tion seen upon loss of p52/p100 expression in U-2 OS cells.

Regulation of p21WAF1/CIP1 expression by p52/p100

Further analysis of cells transfected with siRNAs targeting

p52/p100 revealed a significant upregulation of the CDK

inhibitor p21WAF1/CIP1 (Figure 2A and B). Moreover, transfec-

tion of p52 expression plasmids inhibited the activity of a p21

promoter luciferase reporter plasmid (Figure 2C). By contrast,

full-length p100, which would be expected to inhibit endo-

genous p52 and other NF-kB subunits, activated the p21

promoter (Figure 2C). Similarly, cotransfection of p52/p100

siRNA-expressing plasmids also stimulated the p21 promoter

(Figure 2D). This latter effect required the distal promoter

region containing the p53-binding sites. As expression of p21

will exert multiple effects on the cell cycle, these observations

indicated that in U-2 OS cells, the p52 NF-kB subunit can

stimulate cell proliferation through a combination of inducing

and repressing the expression of Cyclin D1 and p21, respectively.

Regulation of Cyclin D1 and p21 is a specific effect of p52

NF-jB

The genes of many NF-kB subunits, including p52/p100,

contain kB sites in their promoters and are subject to auto-

regulation (Hayden and Ghosh, 2004). Therefore, it was

possible that the effects of the p52/p100 siRNAs might result

from indirect effects on other NF-kB subunits. However,

further analysis demonstrated that depletion of p52/p100

mRNA and protein did not significantly affect the expression

of other NF-kB subunits, although slight decreases in the

protein levels of RelB, c-Rel and Bcl-3, a p52 coactivator

(Bours et al, 1993), were observed (Figure 3A and B).

Furthermore, depletion of RelB and p50/p105 did not affect

Cyclin D1 and p21 levels (Figure 3C). Interestingly, whereas

depletion of Bcl-3 did reduce Cyclin D1 levels, consistent with

our and others observations (Westerheide et al, 2001; Rocha

et al, 2003b), this did not affect p21 levels, indicating distinct

mechanisms of p52-dependent regulation (Figure 3C).

Moreover, when considered together with the absence of
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significant effects on either p53 and Hdm2 protein levels

(Figures 1B and 3D), this indicates that the effects we see

with p52 are distinct from the recently described Bcl-3-

mediated effects on p53 stability through regulation of the

Hdm2/Mdm2 promoter (Kashatus et al, 2006). The effects of

RelA and c-Rel siRNAs on Cyclin D1 and p21 are not shown as

they significantly regulate p52/p100 expression levels, mak-

ing interpretation of any results difficult (data not shown).

Figure 1 Regulation of Cyclin D1 expression and cell proliferation by the p52/p100 NF-kB subunit. (A, B) siRNAs targeting p52/p100 inhibit
Cyclin D1 expression. U-2 OS cells were transfected with either individual or pooled siRNAs targeting p52/p100. mRNA (A) and protein (B)
expression was analysed as shown. In these and subsequent experiments, cells were transfected with siRNA on day 1. On day 2, the cells were
split and transfected with siRNA again on day 3. On day 4, cells were rested before being harvested on day 5. (C) p52/p100 regulates cell
proliferation. U-2 OS cells were transfected with individual or pooled p52/p100 siRNAs as indicated and alamar blue assays were performed.
Times are from the day of the first siRNA transfection. (D) p52 binds the Cyclin D1 promoter. ChIP analysis of the Cyclin D1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (control) promoters, using the indicated antibodies, was performed in U-2 OS as
shown. (E) Cell cycle analysis of p52/p100 and Cyclin D1 siRNA-treated cells. U-2 OS cells were transfected with pooled p52/p100 and Cyclin
D1 siRNAs as indicated and on day 5 were harvested, stained with propidium iodide and subjected to fluorescence-activated cell sorting (FACS)
analysis. Also shown is Western blot analysis of Cyclin D1 levels following treatment with the Cyclin D1 siRNA.
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p53-dependent effects of p52 NF-jB

The p21 promoter is an established target of the p53 tumour

suppressor, although it can also be regulated by many p53-

independent mechanisms (Gartel and Tyner, 1999). Our ear-

lier luciferase assay data had suggested that p52 regulation

of p21 expression might be p53 dependent (Figure 2D and E).

Therefore, to determine whether this was the case, we

analysed the effect of depleting p53, either alone or in

conjunction with p52/p100. No evidence for cross-regulation

of p53 and p52/p100 mRNA levels was observed but signifi-

cantly, induction of p21 protein and mRNA expression upon

p52/p100 depletion was lost in the absence of p53 (Figure 3E

and F). Moreover, the reduction in S phase cells seen upon

depletion of p52 (Figure 1E) was also p53 dependent

(Figure 3G). Interestingly, depletion of p53 alone resulted in

an increase in G1 phase cells, which was lost upon co-

depletion of p52. Taken together, these results demonstrate

that the p52 NF-kB subunit is a p53-dependent regulator

of p21 expression and the cell cycle in unstimulated U-2

OS cells.

This result suggested that p52 might regulate the expres-

sion of other p53 target genes. Analysis of the Death Receptor

(DR) 5, PUMA, Gadd45a and Chk1 genes, all of which

have been shown to be directly regulated by p53 (Takimoto

and El-Deiry, 2000; Nakano and Vousden, 2001; Espinosa

et al, 2003; An et al, 2004; Kho et al, 2004), demonstrated that

all were also regulated by p52 NF-kB (Figure 3E). However,

whereas p52 opposes p53 function at the p21 promoter,

with these genes, the effect of p52 depletion mirrored the

effect of loss of p53. This occurred regardless of whether

the gene is dependent upon p53 for its expression or, as is the

case with Chk1, is repressed by p53. The p53 dependence of

these genes in the absence of overt DNA damage was

surprising, although this may reflect a partial activation

of p53 resulting from transfection or the stress of cell

manipulation. Alternatively, other reports have indicated

that p53 contributes towards the basal level expression

of many of its target genes in both U-2 OS and other

cell types (Espinosa et al, 2003; An et al, 2004; Bates et al,

2005).

Figure 2 p52 is a repressor of the p21WAF1/CIP1 promoter. (A, B) siRNAs targeting p52/p100 induce p21WAF1/CIP1 expression. U-2 OS cells were
transfected with either individual or pooled siRNAs targeting p52/p100 as indicated. mRNA (A) and protein (B) expression was analysed as
shown. (C) Regulation of the p21 promoter by overexpressed p52 and p100. U-2 OS cells were transfected with 1.5mg of the full-length p21
promoter luciferase reporter plasmid together with the indicated levels of RSV p52 and p100 expression plasmids. RSV control plasmid was
included such that all condition contained equivalent levels of plasmid DNA. Results are expressed as fold activation or repression relative to
levels seen in untreated controls. Results are normalized such that no change in luciferase activity has a value of 0. (D) Deletion analysis of
the p21 promoter. U-2 OS cells were transfected with 1.5mg of the full-length p21 promoter luciferase reporter plasmid together with 1.5mg of
p52/p100, p53 or control siRNA expression plasmids. A schematic diagram of the plasmids used, showing the p53 binding sites, is shown.
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Loss of p52 affects inducible p53 function

We next investigated whether p52 also regulates inducible

p53 function and whether the effects are similar or distinct to

those seen in untreated cells. Following knockdown of p52,

p53 was still significantly induced by UV-C treatment, albeit

at a slightly reduced level (Figure 4A). A reduction in p53

serine 15 phosphorylation was also observed. This effect may

result from p52 effects on the cell cycle, which could affect

the function of checkpoint kinases such as ATR. Nonetheless,

effects on p53 function could be observed. Interestingly, loss

of p52 inhibited any further induction of p21 mRNA from its

higher basal level in p52 siRNA-treated cells whereas induci-

ble DR5 expression was significantly repressed following UV-

C treatment (Figure 4B and Supplementary Figure 1A).

Furthermore, depletion of p52 significantly inhibited UV-C-

induced caspase 3 activity (Figure 4C).

Figure 3 The p52/p100 NF-kB subunit specifically regulates p53 target genes. (A, B) Depletion of p52/p100 does not significantly affect the
expression of other NF-kB subunits. U-2 OS cells were transfected with pooled p52/p100 or control siRNAs and mRNA (A) and protein (B)
expression for the NF-kB subunits and the p52 coactivator Bcl-3 was analysed as shown. (C) Regulation of Cyclin D1 and p21 expression in U-2
OS cells is p52/p100 specific. U-2 OS cells were transfected with p52/p100 (version C), p50/p105, RelB, Bcl-3 or control siRNAs and mRNA
levels for the NF-kB subunits, Cyclin D1 and p21 together with a GAPDH control were analysed as shown. (D) Depletion of p52/p100 does not
significantly affect the expression of Hdm2. U-2 OS cells were transfected as in (A) and analysed for expression of Hdm2 and p100 expression as
shown. (E) Regulation of multiple p53 target genes in U-2 OS cells by p52/p100. U-2 OS cells were transfected with p52/p100 (version C), p53 or
control siRNAs as shown and mRNA levels for the indicated p53 target genes were analysed. (F) Regulation of p21 protein levels. U-2 OS cells
were transfected with p52/p100 (pooled), p53 or control siRNAs as shown and Western blotted for the indicated proteins. (G) Cell cycle
analysis of p52/p100 and p53 siRNA-treated cells. U-2 OS cells were transfected with pooled p52/p100 and p53 siRNAs as indicated and treated
as in Figure 1E.
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Because of the complications that may be associated with

UV-C treatment in U-2 OS cells, we next examined the effect

of p52 in H1299 cells containing an IPTG-inducible p53

expression plasmid (H1299w/tp53 cells) (Rocha et al, 2003b).

Depletion of p52/p100 did not significantly affect IPTG-in-

ducible p53 levels in H1299 cells (Figure 4D). Importantly,

loss of p52 also significantly compromised p53-induced

expression of p21 and PUMA in these cells (Figure 4E and

Supplementary Figure 1B and C). This result is in contrast to

the repression of p21 expression seen in unstimulated U-2 OS

cells but confirmed that p52 can be required for p53-inducible

gene expression.

The p52 NF-jB subunit is associated with the promoters

of p53-regulated genes

To determine whether p52 directly regulates the promoters of

p53-regulated genes or whether more indirect mechanisms

are involved, further ChIP assays were performed.

Interestingly, p52 was found to be associated with the regions

bound by p53 at all the p53-regulated promoters examined

(Figure 5A). No binding of p53 or p52 was seen to control

regions derived from the same promoters (Figure 5A).

Furthermore, re-ChIP analysis demonstrated that p53 and

p52 simultaneously associate with the promoter DNA

(Figure 5B). These results indicated that in U-2 OS cells,

p53 and p52 directly coregulate the expression of many

genes.

p52 regulates cell proliferation and p53 target gene

expression in many cell types

To learn more about the specificity of these effects, we next

investigated the effect of depleting p52/100 in different cell

lines. Interestingly, in nontransformed MCF10A breast epithe-

lial cells (Soule et al, 1990) and human foreskin fibroblasts

(HFFs), loss of p52/p100 also inhibited cell proliferation. By

contrast, loss of p52/p100 in H1299 human non-small-cell

lung carcinoma cells had a less pronounced effect whereas no

significant decrease was seen in Saos2 osteosarcoma or MCF7

breast cancer cells (Figure 6).

Gene expression analysis revealed that in both MCF10A

and HFF cells, loss of p52 resulted in similar changes to those

seen to U-2 OS cells: Cyclin D1, DR5 and PUMA expression

decreased whereas p21 expression increased (Figure 7A).

Moreover, ChIP analysis confirmed that p52, although pre-

sent at lower levels in these cells, was bound to the Cyclin D1,

DR5, PUMA and p21 promoters (Figure 7B and C). Similar to

Figure 1D, no binding of p53 to the Cyclin D1 promoter was

detected (data not shown). Confirming the specificity of these

results, no binding of p52 to these p53-regulated promoters

was seen in the p53-null Saos2 or H1299 cells (Figures 7D

and 8D).

Binding of p52 to p53-regulated promoters is dependent

upon p53

Although the ChIP data indicated co-occupancy of these

promoters by p52 and p53, it was unclear whether this results

from p53 recruitment of p52 or whether p52 binds indepen-

dently. Of these genes, DR5 has previously been determined

to also be an NF-kB target and to possess a kB site in its

promoter (Shetty et al, 2005). We therefore analysed p52

regulation of the DR5 promoter in more detail. Consistent

with expression of the endogenous gene, siRNA-mediated

knockdown of both p52 and p53 inhibited the activity of

a DR5 promoter luciferase reporter plasmid (Figure 8A).

Figure 4 p52 also regulates inducible p53-dependent gene expression. (A) Induction of p53 in UV-C and p52 siRNA-treated cells. Cell lysates
were prepared from U-2 OS cells transfected with control or pooled p52/p100 siRNAs, with and without UV-C treatment for 6 h, and analysed
for p52/p100, p53, phospho-p53 serine 15 and b-actin (control) expression by Western blot. (B) Analysis of p53 target gene expression
following UV treatment. U-2 OS cells were transfected with control or pooled p52/p100 siRNAs and UV-C treated for 6 h. mRNA was collected
and analysed for p52/p100, p21, DR5 and GAPDH (control) expression. (C) Depletion of p52 inhibits UV-C-induced apoptosis. U-2 OS cells were
transfected with control or pooled p52/p100 siRNAs, with and without UV-C treatment for 6 h, and analysed for caspase 3 activity as indicated.
(D) Analysis of H1299 cells with an IPTG-inducible p53 expression plasmid. Cell lysates were prepared from H1299w/tp53 cells, transfected with
control or pooled p52/p100 siRNAs, with and without IPTG treatment for 18 h. Lysates were analysed for p52/p100, p53 and b-actin (control)
expression by Western blot. (E) Analysis of p53 target gene expression in p53 in H1299w/tp53 cells. p53-inducible H1299w/tp53 cells were
transfected with control or pooled p52/p100 siRNAs and treated for 18 h. mRNA was collected and analysed for p52/p100, p21, PUMA and
GAPDH (control) expression.
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Significantly, only mutation of the p53 binding site and not

the known kB site affected p52-dependent regulation. This

suggested that recruitment of p52 to these promoters is p53

dependent. To investigate this hypothesis, a U-2 OS cell line

stably expressing a p53 siRNA was created (Figure 8B).

Knockdown of p53 did not affect p52/p100 levels and did

not appear to significantly affect cell proliferation (Figure 8B

and data not shown). ChIP analysis was then performed to

determine whether loss of p53 would affect recruitment of

p52 to target promoters. Significantly, depletion of p53

inhibited recruitment of p52 to the p21, DR5 and PUMA

promoters (Figure 8C). To extend these results, ChIP assays

were performed using the H1299w/tp53 cells. Using these cells,

no binding of p52 to the promoters of p53-regulated genes is

seen until p53 is induced by IPTG treatment, thus confirming

that recruitment of p52 to these promoters is p53 dependent.

In all cases, binding of p52 and p53 to these promoters was

associated with an increase in histone H3 acetylation, sug-

gesting cooperative recruitment of coactivators. Consistent

with these effects, we find that p53 interacts with p52 but not

with RelA or p50 in vitro (Supplementary Figure 2A).

Figure 5 The p52 NF-kB subunit is recruited to p53 target gene
promoters. (A) Association of p52 with p53 target gene promoters.
ChIP analysis of the p21, DR5, PUMA, Gadd45a, Chk1 and GAPDH
(control) promoters, using the indicated antibodies, was performed
in U-2 OS cells as shown. To ensure sensitivity and specificity, each
of the control primer sets in this and all later experiments were
subjected to five more cycles of PCR than the primers associated
with p53-binding sites. (B) p52 and p53 are simultaneously bound
to the same promoter regions. Re-ChIP analysis of p53 target gene
promoters was performed using the indicated antibodies.

Figure 6 Cell type specificity of p52/p100 effects on cell prolifera-
tion. MCF10A, HFF, H1299, Saos2 and MCF7 cells were transfected
with pooled p52/p100 siRNAs as indicated and alamar blue assays
were performed. Times are from the day of the first siRNA transfec-
tion. Also shown are Western blot analyses showing the reduction
of p52/p100 protein levels seen at the 6-day time point, after siRNA
treatment in each cell line.
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Moreover, this interaction requires the C-terminal regulatory

domain of p53 (Supplementary Figure 2B). We also observed

weak binding of overexpressed GFP-p52 to endogenous p53

(Supplementary Figure 2C). However, it should be noted that

we consider it unlikely that the endogenous proteins will

interact efficiently in solution. Indeed, only minimal coloca-

lization of p53 and p52 is seen by immunofluorescence (data

not shown) suggesting that any interaction in cells is likely to

occur at the promoters of the genes they regulate.

Recruitment of p52 to p53-regulated promoters is

independent of p52 DNA binding

Although the known kB site of the DR5 promoter was not

required for p52 regulation (Figure 8A), it remained possible

that p52 was binding other, uncharacterized or cryptic, kB

elements in the promoters under study. To address this issue,

a mutant, HA-tagged, version of p52 was created (p52-DBM),

in which two arginines (R52 and R54), known to be critical

for DNA binding (Cramer et al, 1997), were mutated to

alanine (Figure 9A). In contrast to wild-type p52, p52-DBM

does not bind the palindromic H2 kB element in vitro

(Figure 9B) while ChIP analysis demonstrated that it does

not bind the Cyclin D1 promoter in cells (Figure 9C).

Significantly, ChIP analysis demonstrated that both wild-

type p52 and p52-DBM were recruited, at equivalent levels,

to the p21, DR5 and PUMA promoters (Figure 9D). Therefore,

p53 recruitment of p52 to its target genes is independent of

p52 DNA binding activity.

p52 regulates coactivator and corepressor recruitment

to p53 target genes

To further investigate the role of p52 at these promoters, a U-2

OS cell line stably expressing a p52 siRNA was also created

(Figure 10A). Owing to the effects of p52 loss in U-2 OS cells

described above, these cells proliferate poorly and have a

limited survival time in culture. Nonetheless, knockdown of

p52 did not affect p53 levels and it was possible to perform

ChIP analysis in these cells. Significantly, loss of p52 did not

affect p53 binding to the p21, DR5 and PUMA promoters.

Together with the results of Figures 8 and 9, this demon-

strates that p53 recruits p52 to the promoters of these genes

and that cooperative DNA binding is not occurring.

Significantly, loss of p52 had opposing effects on coactivator

and corepressor recruitment to these promoters: at the p21

promoter loss of HDAC1 recruitment was observed with no

effect on p300 binding whereas at the DR5 and PUMA

promoters, a strong increase in HDAC1 binding and loss of

p300 recruitment was seen (Figure 10B and Supplementary

Figure 3). These effects are consistent with the effects of p52

loss on the expression of these genes described above. p52

therefore regulates coactivator and corepressor recruitment

to p53 target genes in U-2 OS cells.

Discussion

In this report, we reveal a complex regulatory network,

dependent upon the p52 NF-kB subunit, that controls cell

proliferation, Cyclin D1 expression and p53 tumour suppres-

Figure 7 Regulation of Cyclin D1 and p53 target gene expression by p52 in MCF10A and HFF cells. (A) Regulation of Cyclin D1 and multiple
p53 target genes in MCF10A and HFF cells by p52/p100. Cells were transfected with p52/p100 (pooled) or control siRNAs as shown and mRNA
levels for the indicated genes were analysed as shown. (B, C) p52 promoter binding in MCF10A and HFF cells. ChIP analysis of the Cyclin D1
(B) or p21, DR5 and PUMA (C) promoters. Note, two-fold more material was required to produce a detectable signal compared to results shown
in Figure 5. (D) Analysis of promoter binding in Saos2 cells. ChIP analysis was performed as in Figure 5A but using p53-null Saos2 cells.
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sor function. These results have important implications for

the role of p52 in tumorigenesis and cancer therapy.

Furthermore, a direct role for p52 as a regulator of p53 and

its target genes has not been defined previously. Indeed,

although there is a growing body of literature linking the

NF-kB family and its regulators to the p53 pathway, these

reports do not demonstrate the direct coregulation of p53

target genes and p53-dependent recruitment of NF-kB sub-

units to the promoters of these genes that we establish here

(Webster and Perkins, 1999; Ryan et al, 2000; Gu et al, 2002;

Tergaonkar et al, 2002; Culmsee et al, 2003; Rocha et al,

2003b; Aleyasin et al, 2004; Komarova et al, 2005; Perkins

and Gilmore, 2006). Possible exceptions to this have been

reported with the DR5 and COX-2 promoters, where binding

of RelA has been shown to be p53-dependent (Shetty et al,

2005; Benoit et al, 2006). However, regulation of DR5 by RelA

was kB site dependent and here we find recruitment of

p52 to the p21, DR5 and PUMA promoters is independent

of p52 DNA binding (Figure 9). Taken together, our data

support a model of kB site and DNA-binding independent

recruitment of p52 to the p53-regulated promoters we

have studied (Figure 11). Interestingly, a similar model of

Figure 8 p53-dependent recruitment of p52 NF-kB to target gene promoters. (A) Regulation of the DR5 promoter by p52 is not dependent upon
the kB site. U-2 OS cells were transfected with 1.5 mg of the full-length and kB element mutated DR5 promoter luciferase reporter plasmids
together with 1.5mg of p52/p100 or control siRNA expression plasmids. (B) Analysis of U-2 OS (p53 siRNA) cells. U-2 OS cells were stably
transfected with either p53 or control siRNA expression plasmids. Cell lysates were prepared and analysed for p52/p100, p53 and b-actin
(control) expression by Western blot. (C) Inhibition of p52 binding to the promoters of p53 target genes in p53 siRNA-transfected U-2 OS cells.
ChIP analysis of the p21, DR5 and PUMA promoters, using the indicated antibodies, was performed in U-2 OS stably transfected with either p53
or control siRNA expression plasmids (indicated as p53 or c, respectively). (D) p53-dependent recruitment to p53 target genes in H1299w/tp53

cells. ChIP analysis of the p21, DR5 and PUMA promoters, using the indicated antibodies, was performed in H1299w/tp53 cells with and without
IPTG treatment for the indicated times.
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Figure 9 Recruitment of p52 to p53-regulated promoters is independent of p52 DNA binding. (A) Schematic diagram showing the R52A/R54A
p52 DNA-binding mutation. Information shown about base contacts was obtained from (Cramer et al, 1997). (B) EMSA analysis of HA-tagged
wild-type p52 and p52-DBM. Nuclear protein lysates prepared from U-2 OS cells transfected with either HA control plasmid, HA-tagged p52 or
HA-tagged p52 DBM were analysed by EMSA using a 32P labeled H2 kB element probe (upper panel). Western blot analysis of nuclear protein
extracts demonstrates equivalent expression of p52 and p52-DBM (lower panel). Nonspecific bands recognized by the HA antibody indicate
equivalent loading. (C, D) The p52 DNA-binding mutant does not bind the Cyclin D1 promoter but is still recruited to p53 target genes. ChIP
analysis of the Cyclin D1 (C) or p21, DR5 and PUMA (D) promoters in U-2 OS cells transfected with either HA control plasmid, HA-tagged p52
or HA-tagged p52 DBM. The antibodies used are indicated.

Figure 10 p52-dependent recruitment of HDAC1 and p300 to p53
target gene promoters. (A) Analysis of U-2 OS (p52 siRNA) cells. U-2
OS cells were stably transfected with either p52 or control siRNA
expression plasmids. Cell lysates were prepared and analysed for
p52/p100, p53 and b-actin (control) expression by Western blot.
(B) Analysis of p53, HDAC1 and p300 recruitment to the promoters
of p53 target genes in p52 siRNA-transfected U-2 OS cells. ChIP
analysis of the p21, DR5 and PUMA promoters, using the indicated
antibodies, was performed in U-2 OS stably transfected with either
p52 or control siRNA expression plasmids (indicated as p52 or c,
respectively).

Figure 11 Model depicting different classes of p52-regulated target
genes in U-2 OS cells. Some genes, such as Cyclin D1, represent
direct targets of p52 and its coactivator Bcl-3. By contrast, p52 can
be recruited by p53 to the promoters of its target genes indepen-
dently of its ability to bind DNA or kB elements. At some promoters,
p52 is required for the recruitment of HDAC1, resulting in repres-
sion of transcription whereas at other promoters, it contributes
towards p300/CBP coactivator recruitment and stimulation of
transcription.
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kB site-independent recruitment of a RelA/HDAC4 complex

to the Kruppel-like factor 2 promoter by MEF2 has recently

been proposed (Kumar et al, 2005), suggesting that this might

be a more common mechanism through which NF-kB sub-

units regulate transcription than previously realized.

These effects appear specific to p52 (Figure 3C,

Supplementary Figure 2A), although we have not definitively

demonstrated that similar effects cannot occur with the other

NF-kB subunits. Interestingly, subunit-specific interactions

involving the RHD are possible and have been predicted for

p52 (Cramer et al, 1997). In particular, the ‘insert region’,

which lies between the two subdomains of the RHD, is

strikingly different in p52 (Cramer et al, 1997) and represents

a candidate motif that might mediate specific and

DNA-binding independent interactions with p53 and other

proteins.

p52 can appear antagonistic to p53, by repressing p21

expression in unstimulated U-2 OS cells, while cooperating

with p53 at other promoters and following DNA damage. This

behaviour is reminiscent of the Tip60 and p400 coactivator

proteins, which have antagonistic roles regulating p21 ex-

pression in unstressed cells but cooperate to induce apoptosis

following UV-induced DNA damage (Tyteca et al, 2006). p52

is therefore a modulator of p53 function, rather than strictly a

coactivator or corepressor suggesting that in some contexts it

will have a role in p53-regulated decision-making and the

selectivity of p53-dependent gene expression. As we have

previously demonstrated that induction of p53 can result in

the replacement of p52/Bcl-3 complexes with p52/HDAC1

complexes and the subsequent repression of the Cyclin D1

promoter (Rocha et al, 2003b), there is clearly two-way

feedback between these pathways. However, in our experi-

ments, p53 does not appear to be recruited directly to the

NF-kB responsive Cyclin D1 promoter (Figure 1D and data

not shown), indicating that whereas p53 may influence p52

function, it is unlikely to be in the same direct manner we see

with the p21, DR5 and PUMA genes.

Although we see p52-dependent effects on proliferation

and p53-target gene expression in multiple cell lines, includ-

ing nontransformed MCF10A and HFF cells, crosstalk

between p52 and p53 is probably more restricted in vivo

because cell culture conditions result in higher basal levels of

NF-kB and p53 activity. In a living organism, there will be

limited circumstances, in the absence of infection and geno-

toxic damage, when both transcription factors will be active

in the same cells. Indeed, nfkb2�/� mice do not demonstrate

any overt growth defects or cancer phenotypes, although this

may reflect functional redundancy between p52 and other

NF-kB subunits or heterologous proteins. Such redundancy is

clearly demonstrated with regulation of Cyclin D1, which

although p52 dependent in many of the cell types we ana-

lysed, can be regulated by other NF-kB subunits and hetero-

logous transcription factors in other contexts (Guttridge et al,

1999; Romieu-Mourez et al, 2003, Albanese et al, 2003, Park

et al, 2005). Importantly, numerous other lines of evidence

do point to a widespread role for p52 as regulator of cell

proliferation and tumorigenesis in vivo. These include the

proliferative defects exhibited by mice with a C-terminal

deletion of the nfkb2 gene, the aberrant activation of p52

seen in breast and skin cancers and the translocations of the

NFKB2 gene observed in human T and B-cell lymphomas

(Fracchiolla et al, 1993; Thakur et al, 1994; Chang et al, 1995;

Ishikawa et al, 1997; Budunova et al, 1999; Cogswell et al,

2000). Whether these oncogenic effects of p52 involve

the inhibition of specific p53 functions or whether they

first require the inactivation of p53 will require further

investigation.

Despite this complexity, the role of p52 as a regulator of

cell proliferation implies that in some tumour types, inhibi-

tors of IKKa activity, which would prevent processing of p100

to p52, might possess useful anticancer properties. In addi-

tion, the likely efficacy of such inhibitors is enhanced by the

NF-kB-independent effects of IKKa on cell proliferation, such

as regulation of oestrogen receptor function in breast cancer

cells (Park et al, 2005), phosphorylation of the SMRT

corepressor (Hoberg et al, 2004) and NF-kB-independent

regulation of Cyclin D1 expression (Albanese et al, 2003).

However, our discovery that p52 can be both a critical

regulator of the cell cycle and p53 function suggests that,

under some circumstances, such inhibitors might stimulate

tumorigenesis. Therefore, further investigation of the p52/

p100 pathway could lead to the development of useful

diagnostic and prognostic indicators of tumour cell growth

and malignancy.

Materials and methods

Cell growth, antibodies, plasmids, oligonucleotides and ChIP
assays
Information on cell growth conditions, antibodies, plasmids,
oligonucleotides, flow cytometric analysis of cell cycle distribution,
caspase 3 assays and ChIP assays can be found in Supplementary
data.

Other assays
Transient transfections, luciferase assays, alamar blue assays, GST
pull-down assays, electrophoretic mobility shift assays (EMSAs),
siRNA knockdown, RNA extraction, semiquantitative reverse
transcription–polymerase chain reaction, protein extracts and
Western blots were all performed as described previously (Rocha
et al, 2003a; Campbell et al, 2004; Roche et al, 2004). All
transfections were performed a minimum of three times before
calculating means and standard deviations as shown in figures and
contained appropriate levels of control plasmid such that each dish
received the same amount of DNA.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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