
©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

 Report

www.landesbioscience.com	 Cell Cycle	 1413

Cell Cycle 13:9, 1413–1423; May 1, 2014; © 2014 Landes Bioscience

Report

Introduction

p68 (DDX5) is a prototypic member of the DEAD box 
family of RNA helicases that encompasses multiple functions. 
First, as an ATP-dependent RNA helicase, p68 is involved in 
several cellular processes requiring manipulation of RNA struc-
tures, including the processing of pre-mRNA,1-3 rRNA,4,5 and 
microRNA.4 p68 has also an important and apparently RNA 
helicase-independent role as a transcriptional co-activator of 
several cancer-associated transcription factors, including the 
androgen receptor,6 estrogen receptor α,7 and the p53 tumor 
suppressor.8 p68 is recruited to the promoters of responsive genes 

under conditions in which these transcription factors are acti-
vated,8,9 suggesting that it functions in transcription initiation. 
Interestingly, p68 itself has been reported to stimulate expres-
sion of Cyclin D1 and c-Myc, and in this context p68 ATPase/
helicase activity appears to be required.10 From the perspective of 
human cancer, p68 is aberrantly expressed/modified in a range 
of cancers, including those of breast,7 prostate,6 and colon ori-
gin.11,12 The selective pressure for changes in p68 expression is 
not understood, but may be associated with its ability to modu-
late cancer-associated transcription.

p53 plays a critical role in eliminating tumor cells by coor-
dinating changes in gene expression, leading to permanent cell 
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p68 (DDX5) acts both as an ATP-dependent RNA helicase and as a transcriptional co-activator of several cancer-asso-
ciated transcription factors, including the p53 tumor suppressor. p68 is aberrantly expressed in a high proportion of 
cancers, but the oncogenic drive for, or the consequences of, these expression changes remain unclear. Here we show 
that elevated p68 expression in a cohort of human breast cancers is associated significantly with elevated levels of the 
oncogenic protein kinase, Polo-like kinase-1 (PLK1). Patients expressing detectable levels of both p68 and PLK1 have a 
poor prognosis, but only if they also have mutation in the TP53 gene (encoding p53), suggesting that p68 can regulate 
PLK1 levels in a manner that is suppressed by p53. In support of this hypothesis, we show that p68 stimulates expres-
sion from the PLK1 promoter, and that silencing of endogenous p68 expression downregulates endogenous PLK1 gene 
expression. In the absence of functional p53, p68 stimulates the expression of PLK1 both at basal levels and in response 
to the clinically relevant drug, etoposide. In keeping with a role as a transcriptional activator/co-activator, chromatin 
immuno-precipitation analysis shows that p68 is associated with the PLK1 promoter, irrespective of the p53 status. How-
ever, its recruitment is stimulated by etoposide in cells lacking p53, suggesting that p53 can oppose association of p68 
with the PLK1 promoter. These data provide a model in which p68 and p53 interplay regulates PLK1 expression, and which 
describes the behavior of these molecules, and the outcome of their interaction, in human breast cancer.
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cycle arrest (senescence) or programmed cell death (apopto-
sis).13-15 p53 regulates the expression of many genes and, accord-
ingly, loss of p53 function during tumor development can have 
wide-ranging consequences for the pathology of tumor cells.16,17 
Most p53 target genes are actually repressed, as opposed to trans-
activated, by p53,13 with the outcome that loss of p53 function 
may lead to dysregulated or even unrestricted levels of oncogenic 
proteins. We previously demonstrated that p68 is important for 
the p53 response to DNA damage.8 More recently, we have shown 
that p68 can play a crucial role as a selectivity factor that favors 
p53-mediated growth arrest and is dispensable for the induction 
of apoptosis, both in cultured cells and in vivo.18 Additionally, 
bone marrow cells from p68-knockout mice are more sensitive 
to irradiation, suggesting that in some contexts p68 may indeed 
protect against apoptosis.18 Mechanistically, p68 promotes the 
recruitment of p53 and RNA polymerase II to the CDKN1 (p21) 
promoter but not to the BAX or PUMA promoters, thereby pro-
viding a means by which the selective inhibition of p21 induc-
tion could be achieved. These studies, however, did not address 
whether, in addition to influencing p53-mediated transactiva-
tion, p68 can affect repression by p53.

The protein kinase Polo-like kinase-1 (PLK1) plays a pivotal 
role in the maturation of centrosomes, entry into M phase, spin-
dle formation, and cytokinesis.19-21 Increased PLK1 activity (e.g., 
through overexpression) stimulates the transcriptional program 
required for mitosis by phosphorylating FoxM1, overrides the 
DNA damage checkpoint, contributes to the induction of inva-
siveness by phosphorylating vimentin, and can interrupt mitotic 
integrity leading to aneuploidy (ref. 20 and references therein). 
These functions are consistent with a tumor-promoting role. 
PLK1 levels are elevated in various human cancers,22-32 includ-
ing breast cancers, where detectable levels of PLK1 protein are 
associated with aggressive characteristics such as vascular inva-
sion, markers of proliferative activity, and lack of detectable estro-
gen receptor.29,33 PLK1 is downregulated by p53 as part of the 
G

2
/M cell cycle checkpoint,34-41 and we recently established that 

this occurs mainly through p53-dependent repression of PLK1 
mRNA expression.42 In keeping with this observation, we and 
others have also shown that p53-null cells are unable to down-
regulate PLK1 levels in response to clinically relevant genotoxic 
drugs.38,42 Consistent with this model, we also find a close asso-
ciation between mutation of the TP53 gene (encoding p53) and 
the presence of elevated PLK1 levels (as detected by immunohis-
tochemistry) in human breast cancers.43 Notably, patients lacking 

wild-type p53 function and expressing detectable PLK1 protein 
showed a poor clinical outcome.43

PLK1 is widely considered to be a potential therapeutic target, 
and several PLK1 inhibitors are currently undergoing clinical tri-
als.20 Our data suggest that targeting of cancers lacking p53 with 
inhibitors of PLK1 could provide an effective tailored therapeutic 
strategy. However, we do not yet have a full understanding of 
the factors and pathways that can influence PLK1 levels or the 
outcome of inhibiting PLK1 activity, nor whether these are, in 
turn, dependent upon p53 status. In the present study we have 
investigated the potential impact of p68 on PLK1 expression and 
its relationship with TP53 status. Our data highlight a strong 
association between PLK1 and p68 in human breast cancers that 
is revealed following inactivation of p53. Moreover, we provide 
a molecular basis for this relationship by demonstrating, in cul-
tured cells, that p68 is an activator of PLK1 expression that can 
be overridden by the presence of wild-type p53.

Results

p68 expression in human breast cancers is associated with 
elevated levels of PLK1 and poor clinical outcome

We previously showed that elevated PLK1 levels (i.e., with an 
immunohistochemistry score of 4–18 as discussed in “Materials 
and Methods”) were present in a proportion of human breast 
cancers (23 out of 215: 10.7%43). A similar analysis of p68 lev-
els in the same cohort indicated that 141 out of 215 (65.6%) of 
the cancers show elevated levels of p68 (Table 1). Stratification 
of the data revealed that there is a striking association between 
elevated PLK1 and elevated p68, where patients showing p68 
expression are greater than 6 times more likely to have detectable 
PLK1 expression as compared with those lacking measurable p68 
expression (Table 1). These data suggest a causal link between 
PLK1 and p68.

Our previous study also identified a link between PLK1 levels 
and the status (wild-type vs. mutant) of the TP53 gene (encod-
ing the p53 tumor suppressor protein), such that patients lacking 
functional p53 were 3 times more likely to show elevated PLK1 
levels.43 In order to determine whether the TP53 status had any 
influence on the association between PLK1 and p68, the data 
were further examined by Kaplan–Meier analysis following strat-
ification. (As discussed in “Materials and Methods”, a score of >3 
was considered as elevated levels for both PLK1 and p68.) This 

Table 1. Association of PLK1 with p68 expression in a cohort of human breast cancers

Parameter PLK1 staining PLK1 staining P value Odds ratio

Pos [N(%)] Neg (N[%])

N 23 (10.7) 192 (89.3) - -

p68 positive 21 (9.8) 120 (55.8) 0.009 6.125

negative 2 (0.9) 70 (32.6)

unknown 0 2 (0.9)

Note: The association of PLK1 expression in this cohort with TP53 mutation status, histological grade, survival, menopause status, lymph node status, size, 
sub-type (luminal A, luminal B, ER-α expression, PR expression, triple negative), MDM2, and Ki67 expression have been published previously.43
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approach revealed that, in tumors harboring a mutation(s) in the 
TP53 gene, there was a significant association between elevated 
levels of both PLK1 and p68 and poor survival as compared with 
tumors that show elevated levels of only one of these proteins or of 
neither (all other patients). In contrast, there was no such associa-
tion when the tumors retained wild-type p53 (Fig. 1). These data 
suggest a cooperative effect of PLK1 and p68 that favors cancer 
progression that is only evident in the absence of functional p53. 
Given that p68 can act as a transcriptional co-regulator of p53, 
and that PLK1 expression is tightly regulated by p53, we hypoth-
esized that p68 can also regulate the expression of PLK1.

p68 activates expression from the PLK1 promoter
We previously reported that PLK1 expression is repressed by 

p53 in response to DNA damage and to treatment of cells with the 
MDM2 inhibitor, Nutlin-3.42 Our study identified 2 p53-respon-
sive elements in the PLK1 promoter (termed p53RE-1 [distal] and 
p53RE-2 [proximal]: Fig. 2A). To confirm that expression from 
the PLK1 promoter is repressed by p53, a PLK1 promoter-lucif-
erase plasmid (containing 2.3 kb of the human PLK1 promoter) 
was transfected into H1299 cells in the absence or presence of a 
plasmid expressing wild-type human p53. Subsequent luciferase 
analysis indicated that p53 was able to repress the PLK1 promoter 
by as much as 60% (Fig. 2B and C). Deletion of either p53RE-1 
alone, or both p53RE-1 and p53RE-2, led to a significant reduc-
tion in, but not abolition of, repression. (Curiously, deletion of 

the region encompassing p53RE-1 led to a small but significant 
increase in the basal level of expression, suggesting that this 
region contains a p53-independent repressor element.) No lucif-
erase activity was detected when the parent plasmid, pGL3, was 
used in place of the PLK1-promoter plasmid (data not shown). 
These data are consistent with our recently published findings 
that PLK1 repression is mediated through p53 binding at either 
or both these sites.42

The RNA helicase p68 (DDX5) is selectively required for the 
induction of p53-dependent p21 expression and cell cycle arrest 
after DNA damage both in cultured human cell lines and in 
mouse tissues in vivo.8,18 To determine whether p68 could also 
play a role in p53-mediated repression, luciferase expression levels 
were measured from the PLK1 promoter-luciferase plasmid in the 
absence or presence of p53 and p68 (Fig. 3). Curiously, in this 
case, p68 expression actually stimulated PLK1 promoter activity 
and partially relieved repression by p53 (Fig. 3). These data sug-
gest that p68 can behave as an activator of PLK1, independently 
of p53.

To explore further the stimulation of PLK1 promoter activ-
ity by p68, the influence of p68 on the PLK1 promoter-deletion 
plasmids was analyzed (Fig.  4). In this case, while both dele-
tion derivatives showed an increased basal promoter activity, 
consistent with the region encompassing p53RE-1 harboring 
a p53-independent repressor element (as in Fig.  2), the dose-
dependent stimulation by increasing amounts of p68 was unaf-
fected. These data suggest that p68 not only acts independently 
of p53, but also of the p53 binding sites, p53RE-1 and p53RE-2.

Stimulation of expression from the PLK1 promoter by p68 
requires its ATPase function

Like other DEAD box proteins, p68 encompasses an RNA 
helicase activity that is dependent on intrinsic ATPase activity.44 
In contrast, its ability to act as a transcriptional co-activator of 
p53, estrogen receptor, and androgen receptor is independent of 
its ATPase function,6-8 although, interestingly, p68 ATPase activ-
ity is required for β-catenin-mediated transcription of Cyclin 
D1.10 To determine whether ATPase activity is important for the 
ability of p68 to stimulate PLK1 promoter activity, the effect of 
a mutant p68 protein was determined, in which the character-
istic DEAD motif (required for ATPase activity) was changed 
to NEAD (Fig. 5). While wild-type p68 could stimulate PLK1 
promoter function by up to 2-fold, the NEAD mutant was com-
pletely ineffective. These findings suggest that ATPase/helicase 
activities are required for stimulation of PLK1 transcription, as 
shown previously for Cyclin D1.10

Endogenous p68 plays a dual role as an activator of PLK1 
expression and a co-repressor of p53

To determine whether p68 can influence endogenous PLK1 
expression, p68 expression was silenced by siRNA, and PLK1 
mRNA levels were determined in MCF7 cells (human breast can-
cer-derived expressing wild-type p53) following mock treatment 
or treatment with 20 μM etoposide for 24 h (Fig. 6). (Etoposide 
was used as a representative genotoxic drug on the basis that: (1) 
it is used clinically to treat breast cancers; and (2) it has been 
used in many studies as a DNA damage-inducing stimulus to 
activate the p53 pathway.) Treatment of the cells with etoposide 

Figure  1. Kaplan–Meier survival analysis. Data from the analysis of 
breast cancer cohort TMA24 were stratified to show the influence of p53 
status on the association between PLK1 staining, p68 staining, and over-
all survival: (A) cancers with wild-type TP53 in which PLK1/p68 double 
positive were compared with all other combinations; (B) cancers with 
mutant TP53 in which PLK1/p68 double positive were compared with all 
other combinations.
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in the absence of p68 silencing led to a small stimulation of p68 
mRNA levels (panel A), but not protein (panel C) (as observed 
previously18), and a greater than 80% repression of PLK1 mRNA 
(panel B), consistent with our previously published data.42 In 
contrast, when p68 expression was silenced (levels reduced by 
about 90%: Fig. 6A and C) the basal levels of PLK1 mRNA were 
reduced by about 25% (Fig. 6B). Additionally, under these con-
ditions, the repression of PLK1 expression following etoposide 
treatment was reduced from 10-fold to 2-fold (Fig. 6B). These 
observations were supported by measurements of the protein 
levels (Fig. 6C). These data, therefore, confirm that p68 is an 

activator of PLK1 expression. Curiously, however, and in contrast 
to the luciferase data, they also indicate that repression by p53 
is less effective in the absence of p68, suggesting that p68 may 
have a dual role: as a p53-independent activator of PLK1 expres-
sion and, mirroring its role in p53-dependent stimulation of p21 
expression, as a co-repressor of p53.

In the absence of p53 function p68 co-repressor activity 
is lost and its ability to stimulate PLK1 expression becomes 
dominant

To explore further the p53-dependent and -independent func-
tions of p68, experiments were conducted using the wild-type 
p53-expressing line, HCT116, and an established derivative 
“p53-null” line, in which a portion of the p53 gene has been 
eliminated by homologous recombination-based mutagenesis.45 
(While this line retains a portion of the p53 gene, it lacks full-
length functional p53 protein. Although of colonic origin, not 
breast, it allows us to discern the effects of completely eliminat-
ing full-length wild-type p53 function, which is not possible 
using RNAi.) Treatment of both the p53-competent and p53-
null cells with etoposide led to a similar increase in p68 mRNA, 
indicating that this increase is p53-independent, although, as 

Figure  2. Deletion of p53-responsive elements reduces repression of 
the PLK1 promoter by p53. (A) Schematic representation of the PLK1 
promoter indicating the positions of 2 previously identified p53-respon-
sive elements, p53RE-1 and p53RE-2. The starting positions of 2 dele-
tion mutants lacking, respectively, p53RE-1 alone or both p53RE-1 and 
p53RE-2, are indicated. (B) Luciferase reporter plasmids containing the 
full-length PLK1 promoter (A) or deletion mutants lacking p53RE-1 alone 
or p53RE-1 and p53RE-2 were transfected into H1299 cells without and 
with a plasmid expressing wild-type human p53 (10 ng), and assayed for 
luciferase activity 24 h post-transfection. The activity of the PLK1 pro-
moter-Luciferase vector alone was taken as reference (set to 1) and the 
data converted into fold change. The results presented are mean ± SD of 
3 independent experiments, each performed in triplicate. P values were 
calculated using Student paired t test, where P < 0.05 is considered to 
be significant. (C) Western blot showing the levels of p53 expressed in 
H1299 cells, with actin serving as loading control.

Figure  3. p68 and p53 have opposing effects on expression from the 
PLK1 promoter in a luciferase reporter assay. (A) H1299 cells were trans-
fected with the PLK1 promoter/pGL3 vector with p68 or p53 expres-
sion vectors and assayed for luciferase activity after 24 h. p53 represses 
expression from the PLK1 promoter, whereas p68 activates its expression 
independently of p53. The results presented are mean ± SD of 3 indepen-
dent experiments, each performed in triplicate. P values were calculated 
using Student paired t test, where P < 0.05 is considered to be significant. 
(B) Western blot showing the levels of p53 and p68 expressed in H1299 
cells, with actin serving as loading control.
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seen previously,18 this did not result in an increase in p68 pro-
tein (Fig.  7). Etoposide treatment of HCT116 p53-competent 
cells (panel A) led to repression of PLK1 expression in a manner 
similar to that observed in the MCF7 cells (as shown in Fig. 6 
and ref. 42). Also, reflecting the MCF7 data, silencing of p68 
reduced PLK1 mRNA levels in the absence of etoposide treat-
ment but reduced the ability of p53 to repress PLK1 expression 
in response to etoposide (Fig. 7A). In contrast, in the cells lack-
ing p53 (panel B), etoposide stimulated PLK1 mRNA levels by 
>50%, but only when p68 was present (Fig. 7B and C). These 
data confirm that: (1) stimulation of PLK1 expression by p68 
is not simply a feature of a single cell line; (2) the repression of 
PLK1 by p53 is stimulated by p68; and (3) in the absence of 
functional p53, the role of p68 becomes predominantly that of an 
activator of PLK1 expression, and the activation is enhanced by 
etoposide treatment. Moreover, consistent with the breast cancer 
data (Table 1) these findings suggest that the aberrant expression 
of p68 may lead to changes (increases) in the levels of oncogenic 
PLK1 protein in cancers lacking functional p53.

p68 is recruited to the PLK1 promoter in response to etopo-
side treatment

To explore in greater depth the ability of p68 to modulate 
PLK1 expression, the recruitment of p68 to the PLK1 promoter 
was examined by chromatin immuno-precipitation (Fig.  8). 
These experiments were performed in 2 independent cells lines, 
MCF7 and HCT116, and performed in the presence and absence 

of wild-type p53; (endogenous p53 expression was silenced by 
RNAi in the MCF7 cells; for the HCT116 cells, the p53knock-
out derivative discussed above was used45). The data indicate 
that p68 was present in the vicinity of both the p53RE-1- and 
p53RE‑2-responsive elements, independently of the presence of 
p53 (Fig. 8A and B, top panels). Substitution of the p68 anti-
body in these experiments with a non-specific IgG, or elimina-
tion of p68 by RNAi, gave background levels for the MCF7 and 
HCT116 cells of 0.1% and 0.2% of input, respectively (data not 
shown). The data also show that p68 was recruited to the vicin-
ity of the p53RE-1 in response to etoposide treatment, indepen-
dently of the p53 status, in the MCF7 cells. Likewise, p68 was 
recruited at or near p53RE-1 in HCT116 cells, although there 
was a higher basal recruitment in p53-competent cells that was 
not increased upon etoposide treatment. There was a modest 
increase in p68 recruitment in the p53-null derivative. Strikingly, 
while there was onlwy a modest recruitment of p68 to the vicin-
ity of p53RE-2 in both cell backgrounds, when p53 was present, 
the level of occupancy of p68 in this region was stimulated sig-
nificantly in both lines in the absence of p53. These data suggest 
that p53 may act to block/occlude, either directly or indirectly, 
the association of p68 with the region encompassing p53RE-2. 
The data are also consistent with the findings (Fig. 7, above) that 
etoposide treatment stimulates PLK1 expression only when p53 
is absent. The data also confirmed that p53 is present within the 

Figure  4. Dose-dependent activation of the PLK1 promoter and 5′ 
deletion mutants by p68. (A) The full-length PLK1 promoter or its dele-
tion derivatives were transfected individually into H1299 cells that lack 
functional p53, together with increasing amounts of p68, and assayed 
for luciferase activity 24 h post-transfection with empty pGL3 vector as 
control. The results presented are mean ± SD of 3 independent experi-
ments, each performed in triplicate. (B) Western blot showing increasing 
amounts of Myc-tagged p68 expressed in H1299 cells, with actin serving 
as loading control. Similar results were obtained whether p68 was Myc-
tagged or un-tagged.

Figure 5. Wild-type, but not mutant, p68 activates expression from the 
PLK1 promoter. (A) H1299 cells were transfected with the PLK1 promoter-
luciferase plasmid together with plasmids expressing wild-type p68 or 
an ATPase/helicase mutant p68 (NEAD-p68) and assayed for luciferase 
activity. The results represent the mean ± SD of 3 independent experi-
ments, each performed in triplicate. P values were calculated using 
Student paired t test, where P < 0.05 is considered to be significant. 
(B)  Western blot showing the level of Myc-tagged p68 expressed in 
H1299 cells, with actin serving as loading control.
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vicinities of the p53-responsive elements, p53RE-1 and p53RE-242 
(i.e., within 500 bp, given that the resolution of the ChIP is about 
500 bp). (We note that the background levels of p53 recruitment 
in the ChIP experiments with the PLK1 promoter were consis-
tently about 0.5% of input under conditions of p53 depletion 
by siRNA in the MCF7 cells or in the HCT116 cells lacking 
p53. It is likely that this can be attributed to the high amount of 
C/G nucleotides in this promoter. In particular, we were unable 
to generate reproducible data with low background for the core 
promoter region, where there is an unusually high proportion of 
C/G nucleotides, in spite of testing a number of different primers 
corresponding to this region.) Additionally, etoposide treatment 
of the cells did not lead to any significant increase in p53 levels 
at p53RE-1, but did give rise to a small but significant increase in 

recruitment to the p53RE-2 region, thereby confirming previ-
ous observations.42 The effectiveness of the knockdown/lack of 
p53 expression and the etoposide treatment were confirmed by 
ChIP analysis of the p21 promoter, which showed that (1) p53 
knockdown/absence gave rise to only a background signal, and 
(2) significant recruitment of p53 occurred only when the cells 
had been treated with etoposide.

Discussion

In the present study we find a strong association between 
the presence of the DEAD box protein, p68, and the oncogenic 
protein kinase, PLK1, in an exploratory cohort of human breast 
cancers, as measured by immunohistochemistry. While this 
cohort is small as judged by present day approaches, the asso-
ciation between these 2 cancer-associated proteins is under-
pinned both by the statistical analysis of the data and by the 
high odds ratio, whereby there is a greater than 6-fold likeli-
hood that cancers expressing elevated p68 will also express 
PLK1 (Table 1). Additionally, the added value of studying this 
particular cohort lies in the fact that, in addition to a full and 
informative set of clinical data, the status of a range of different 
cancer-associated genes/proteins has previously been established 
for this set of cancers, and can thus be interrogated for possible 
interactions/associations between the current protein of interest 
(p68) and those that were previously measured.43,46 Importantly, 
the cohort has also provided us with a hypothesis on which we 
have explored regulatory interactions that may underpin the 
development of breast cancer.

The data from the molecular analyses suggest that p68 plays a 
dual function at the PLK1 promoter. In this model, p53 binds to 
2 previously established p53-responsive elements, p53RE-1 and 
p53RE-2, respectively, both under normal un-stimulated condi-
tions and following induction of p53 by DNA damage stimuli or 
the MDM2 inhibitor, Nutlin-342: (see Fig. 9). The data from the 
promoter–reporter assays in Figure 4 indicate that the ability of 
p68 to stimulate PLK1 promoter function is independent of these 
p53-responsive elements and involves a sequence(s) between −742 
and +24 of the PLK1 promoter region. Taken together with the 
ChIP experiments (Fig.  8), where the resolution is limited to 
the order of about 500 bp, the data suggest that p68 is likely to 
stimulate PLK1 expression through an element(s) within 500 bp 
downstream of −742 bp. The presence of p68 on the promoter, 
most likely within this region, is stimulated by etoposide and, 
strikingly, significantly enhanced in the absence of p53. This is 
consistent with our finding that PLK1 mRNA levels are stim-
ulated by etoposide treatment in the HCT116−/− cells (lacking 
p53), and that this stimulation is lost upon depletion of p68 
by siRNA. These data suggest that p53 occupancy of p53RE-2 
either directly or, more likely, indirectly (as suggested by the data 
in Fig. 4) inhibits the recruitment of p68 to this region. The data 
(Fig. 8) also indicate that p68 is present at a site(s) within the 
vicinity of p53RE-1 (see Fig. 9). The presence of p68 here may 
contribute either to stimulating PLK1 expression or could have 
a bearing on repression by p53 (or perhaps both). There is no 

Figure  6. siRNA depletion of p68 expression leads to reduction of 
expression of PLK1 in MCF7 cells. mRNA levels of p68 (A) and PLK1 (B) 
were measured, relative to actin, by quantitative real-time PCR. The 
results presented are mean ± SD of 2 independent experiments, each 
performed in triplicate. P values were calculated using Student paired t 
test, where P < 0.05 is considered to be significant. The protein levels of 
p68 and PLK1 were detected by western blotting, with actin serving as 
loading control (C). 
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evidence that p68 itself binds DNA directly; therefore, it is pre-
sumably recruited to chromatin via its interactions with partner 
proteins. The different contributions to regulating PLK1 expres-
sion (p53-dependent and -independent) may reflect an ability 
of p53 to govern which interactions are available for p68 at this 
promoter.

The model is also consistent with the following observations:
1) It has previously been established that p68 can interact with, 

and may help recruit, RNA polymerase II to core promoters.18,47-49 
It is also highly possible that it carries out a helicase-dependent 
role through its association with RNA poly-
merase II, possibly for release or processing 
of nascent transcripts.2,50,51 If so, this would 
fit with the data in Figure 5, which indicate 
that the stimulation of expression from the 
PLK1 promoter is dependent, at least in part, 
upon the ATPase activity of p68. Although in 
many cases, transcriptional co-regulator func-
tion of p68 within promoter regions appears 
to be independent of its ATPase/helicase 
functions,6-8 in other cases ATPase activity is 
required.10 Additionally, p68 has been shown 
to be recruited to promoter regions containing 
E2F-1, SP1, and JunD binding sites;48,52 inter-
estingly, these factors have also been identified 
as binding to the PLK1 promoter as defined 
by ChIP-seq (ENCODE project: UCSC 
genome Browser). It is therefore possible that 
p68 recruitment may be mediated or assisted 
through interaction with one or more of these 
transcription factors.

2) Strikingly, the binding of p68 down-
stream of p53RE-2 (beyond  -742) is inhibited 
by the presence of p53. This offers a plausible 
explanation as to why repression of PLK1 
promoter activity by p53 is dominant over 
stimulation of expression by p68. As suggested 
above, p53 may prevent p68 associating with a 
chromatin-bound factor(s), either by interact-
ing with that factor itself, or with a nearby fac-
tor, thus sterically blocking association of the 
relevant factor with p68. Alternatively, direct 
binding of p53 to p68 (which, it has been 
established, does occur8) may prevent recruit-
ment of p68 to the appropriate stimulatory 
site(s) in the chromatin.

3) Importantly, the model also offers a plau-
sible explanation for the association between 
elevated p68 and elevated PLK1 in human 
breast cancers (Fig.  1; Table  1). Thus, while 
other mechanisms may additionally operate, 
our data support the idea that elevated p68 lev-
els in the cancers lead to, or at least contribute 
to, increased levels of PLK1 expression. The 
model also fits with the very striking observa-
tions that: (1) the presence of wild-type p53 in 

the tumor cells is dominant over any possible effect of, or collabo-
ration between, elevated p68, and PLK1 (Fig. 1), thereby favoring 
a good prognosis, and (2) there is evidence of tumor-promoting 
function and collaboration between p68 and PLK1 following loss 
of wild-type p53 in the cancers.

It is well established that p68 contributes to p53-mediated 
transcriptional activation for at least some promoters, as dem-
onstrated for the CDKN1A (p21) promoter.8,18 The data in the 
present study also raise the possibility that p68 can contribute 
to p53-mediated repression of PLK1 on the basis that repression 

Figure 7. Effect of silencing p68 expression on PLK1 levels. Isogenic HCT116 cell lines (p53+/+ 
and p53−/−) were transfected with non-silencing siRNA (NS) as control, or p68 siRNA. The cells 
were subsequently exposed to the DNA damaging agent etoposide (20 μM) for 24 h, follow-
ing which total RNA and protein were extracted. (A and B) p68 and PLK1 mRNA levels before 
and after etoposide treatment were measured relative to actin (control) by quantitative real-
time PCR (qRT-PCR) in HCT116-p53+/+ (A) and HCT116-p53−/− (B) cells. The results presented 
are mean ± SD of 2 independent experiments, each performed in triplicate. P values were 
calculated using Student paired t test, where P < 0.05 is considered to be significant. (C) The 
extracted proteins were western blotted onto a nitrocellulose membrane and probed for p68 
and PLK1 protein using p68- and PLK1-specific antibodies. Actin served as a control.
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of PLK1 expression in response to etoposide is proportionately 
reduced (from approximately 10-fold to 2-fold) upon silencing 
of p68 expression (Fig. 6). These data argue for a dual role for 
p68 in controlling events at the PLK1 promoter. Our data show 
p68 to be present in the vicinity (±500 bp) of both the p53RE-1 
and p53RE-2 sites in the absence of etoposide stimulation in 2 
independent cell lines (MCF7 and HCT116; Fig. 8). We specu-
late that recruitment of p68 to different regions of the promoter 
may differentially mediate contributions to repression or transac-
tivation. While not within the scope of the present study, future 
analyses should address this issue.

In conclusion, our study provides a plausible model to explain 
the observed association between p68 and PLK1 levels in human 
breast cancers and its relationship to the TP53 status of the can-
cers. The data also suggest that treatment with genotoxic drugs 

may actually elevate levels of an oncogenic protein kinase in can-
cer cells lacking p53. To counter this, the finding that p68 and 
PLK1 can collaborate in cancer cells raises the possibility that 
novel PLK1 inhibitors could be used to target specifically those 
cancers in which the TP53 gene is mutant. Consideration of 
such an approach would be attractive given the poor prognosis of 
patients whose cancers lack p53 but show elevated p68 and PLK1, 
as indicated by the stratified survival curves (Fig. 1).

Materials and Methods

Patients
The cohort used in this study (TMA24) has been reported 

previously43,46 and comprises 215 unselected pre- and 

Figure 8. p68 is recruited to the vicinity of the p53-responsive elements, p53RE-1 and p53RE-2, on the PLK1 promoter. (A) p53 expression was silenced 
or mock-silenced in MCF7 cells. The cells were subsequently treated with 20 μM etoposide for 6 hours (+) or left untreated (−) as control. (B) HCT116 cells 
expressing wild-type p53 (HCT116 p53+/+) or lacking p53 expression (HCT116 p53−/−) were treated with 20 μM etoposide for 6 h (+) or left untreated (−) as 
control. In both panels, the presence of p68 and p53 on the p53RE-1 and p53RE-2 regions of the PLK1 promoter were determined by ChIP/qRT-PCR. The 
effectiveness of the silencing/absence of p53 expression and the etoposide treatments were tested on the p21 promoter, which is a well-established 
target for p53 and p68. The results presented are mean ± SD of 2 independent experiments, each performed in triplicate. P values were calculated using 
Student paired t test, where P < 0.05 is considered to be significant.
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post-menopausal women (aged 28–89; median 62 y) with pri-
mary, previously untreated breast cancer. Samples were obtained 
at the time of surgery with informed consent from each patient 
prior to surgery. Tissue microarrays (TMAs) were prepared as 
described previously;46 all TMAs included 6 cores per tumor 
from across the tumor. The values stated are the mean across 
all 6 cores. Ethical approval was given by the Tayside Research 
and Ethics committee (ref. 07/S1402/90). The PLK1 and TP53 
analysis of this cohort was reported recently.43 p68 analysis was 
previously performed for a separate study.53

Immunohistochemistry (IHC)
Immunohistochemistry was performed as described previ-

ously.6,43 Antibodies specific for other proteins used in the study 
have been reported elsewhere.43,46 The mutation status of the 
TP53 gene was also reported previously.43,54

Scoring and data analysis
Scoring was conducted as described previously.43 Scoring was 

semi-quantitative, using the Quickscore method55 for the inten-
sity (0–3) and proportion (1–6) of cells stained for the p68 anti-
body. Multiplication of intensity and proportion scores obtained 
an overall result of 0–18; in line with our previous study,43 overall 
scores of 0–3 were taken as low and 4–18 as high/elevated. Data 
were analyzed using an internally developed automated data 
analysis system, INSPIRE56 as described previously.43

Cell culture
H1299 (p53-null lung carcinoma-derived cells) and MCF7 

(breast carcinoma-derived cells expressing wild-type p53) 
were cultured in Dulbecco modified Eagle medium (Life 
Technologies) supplemented with 10% (v/v) fetal bovine serum 
(Life Technologies), 2 mM L-glutamine (Life Technologies), 
and 50 units/ml penicillin plus 50 μg/ml streptomycin (Life 
Technologies). HCT116 p53+/+ and p53−/− (isogenic colon car-
cinoma derived cells), described previously,45 were cultured in 
McCoy 5A medium (Life Technologies) supplemented with 
10% (v/v) fetal bovine serum (Life Technologies) and 2 mM 
L-glutamine (Life Technologies). All cells were maintained in a 
humidified 5% CO

2
 atmosphere at 37 °C.

Plasmids
Plasmids expressing wild-type p68, mutant p68 (NEAD) 

and wild-type p53 have been described previously.6,8 The human 
PLK1 promoter (2.3 kb) and the two 5′-deletion mutants were 
amplified by PCR using, as template, bacterial artificial chromo-
some (BAC) clone RP11–141E3 (MRC Geneservice: GenBank 
accession number X90725) with primer pairs flanking NheI 
and BamHI restriction enzyme sites, respectively, and cloned 
into the luciferase reporter vector pGL3-Basic (Promega). The 
two 5′-deletion mutants retained the transcriptional start site 
but lacked, respectively, previously identified p53-responsive ele-
ments: either p53RE-1 alone or both p53RE-1 and p53RE-2. The 
primer pairs used are as follows:

PLK1 promoter forward primer: 5′-CCGCTAGCAA 
CAAAAAGGAA TTAAGGAGGA-3′

PLK1 promoter reverse primer: 5′-ATGGATCCGC 
TCCTCCCCGA ATTCA-3′

p53RE-1 deletion mutant forward primer: 5′-ATGCTAGCGA 
CTGTGGGAGG CTTACACC-3′

p53RE-1 deletion mutant reverse primer: 5′- ATGGATCCGC 
TCCTCCCCGA ATTCA-3′

p53RE-1/p53RE-2 deletion mutant forward primer: 5′- 
ATGCTAAGCG TTGCAGTGAG CTGAGATCG-3′

p53RE-1/p53RE-2 deletion mutant reverse primer: 5′- 
ATGGATCCGC TCCTCCCCGA ATTCA -3′

Luciferase reporter assay
p53-null H1299 cells (3 × 104) were seeded onto 24-well plates 

and transfected with the relevant plasmids 24 h post-seeding 
using FuGENE 6 reagent (Promega) as directed by the manufac-
turer. Transfections were done in triplicate and repeated at least 3 
times. Cells were harvested 24 h post-transfection and assayed for 
luciferase activity using Dual-Luciferase Reporter Assay System 
(Promega) according to manufacturer’s instructions. Values from 
each triplicate were averaged and plotted on graph with stan-
dard deviations as error bars. Statistical analysis was done using 
Student paired t test.

Western blotting
SDS-PAGE and western blotting were performed using stan-

dard conditions. The following antibodies were used: β-actin 
(mouse monoclonal ab6276, Abcam), p68 (mouse monoclo-
nal PAb204, Millipore), p53 (mouse monoclonal DO1, Santa 
Cruz Biotechnology), PLK1 (rabbit monoclonal 208G4, Cell 
Signaling Technologies), Myc-epitope (mouse monoclonal 9E10, 
Sigma-Aldrich). Anti-mouse and anti-rabbit secondary antibod-
ies were from DAKO.

siRNA transfection, RNA extraction, and quantitative 
RT-PCR

These were performed as described previously.18 In brief, 30 
pmol of p68-specific (AACUCUAAUG UGGAGGCGAC), 
p53-specific (GACUCCAGUG GUAAUCUAC), or non-spe-
cific siRNA (CAGUCGCGUU UGCGACUGG) as control 
(Dharmacon) were transfected into 1.5 × 106 MCF7 or HCT116 
cells in 10-cm plates using Lipofectamine RNAiMax. Total cell 
RNA was extracted using RNeasy (Qiagen) and cDNA was 

Figure  9. Model describing the role of p68 at the PLK1 promoter. The 
PLK1 promoter/gene is shown as a schematic and is not to scale. (1) p53 
binds to 2 previously established p53-responsive elements: p53RE-1 and 
p53RE-2, respectively, both under normal un-stimulated conditions and 
following induction of p53 by DNA damage stimuli or the MDM2 inhibi-
tor, Nutlin-3.42 (2) Based on the data in Figures 4 and 8, p68 is likely to 
be recruited to a site(s) located approximately between -742 and +24, 
independently of the presence of p53. (3) The data also suggest that p53 
occupancy of p53RE-2 occludes, either directly or indirectly, the recruit-
ment of p68 to this region. (4) In the presence of wild-type p53, p68 
recruitment may actually assist repression of PLK1 expression by p53.
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synthesized as described previously.18 Quantitative PCR for p68 
(Hs00189323_m1) and PLK1 mRNA (Hs00983229_m1) expres-
sion, measured relative to β-actin (Hs99999903_m1) as control, 
was performed using TaqMan probes (Applied Biosystems; the 
catalog numbers for probes are given in the parentheses). Fold 
changes were calculated using ΔΔCt method in MS Excel.

Chromatin immuno-precipitation
Chromatin was crosslinked by treating cells with 1.5% form-

aldehyde and sonicated to yield fragments of appropximately 500 
base pairs in length. Approximately 500 μg of protein-bound 
chromatin was pre-cleared with Protein A sepharose beads 
(Sigma) with sheared salmon sperm DNA and then immuno-pre-
cipitated using 3 μg of DO1 or PAb204 antibody (see “Western 
blotting”), respectively, as described previously.8,18 Quantitative 

PCR was performed using SYBR Green QuantiTect Mastermix 
(Qiagen) according to manufacturer’s instructions. Promoter 
occupancy was calculated as percentage of input DNA using the 
ΔΔCt method in Microsoft Excel. Primer sequences for PLK1 
p53RE-1, p53RE-2, and p21 promoter (positive control) have 
been described previously.18,42
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