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Abstract

Many tumours harbour mutations in the p53 tumour-suppressor gene that result in the expression

of a mutant p53 protein. This mutant p53 protein has, in most cases, lost wild-type transcriptional

activity and can also acquire novel functions in promoting invasion and metastasis. One of the

mechanisms underlying these novel functions involves the ability of the mutant p53 to interfere

with other transcription factors, including the p53 family protein TAp63. To investigate whether

simultaneous depletion of both p53 and TAp63 can recapitulate the effect of mutant p53

expression in vivo, we used a mouse model of pancreatic cancer in which the expression of mutant

p53 resulted in the rapid appearance of primary tumours and metastases. As shown previously,

loss of one allele of wild-type (WT) p53 accelerated tumour development. A change of one WT

p53 allele into mutant p53 did not further accelerate tumour development, but did promote the

formation of metastasis. By contrast, loss of TAp63 did not significantly accelerate tumour

development or metastasis. However, simultaneous depletion of p53 and TAp63 led to both rapid

tumour development and metastatic potential, although the incidence of metastases remained

lower than that seen in mutant p53-expressing tumours. TAp63/p53-null cells derived from these
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mice also showed an enhanced ability to scatter and invade in tissue culture as was observed in

mutant p53 cells. These data suggest that depletion of TAp63 in a p53-null tumour can promote

metastasis and recapitulate—to some extent—the consequences of mutant p53 expression.
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INTRODUCTION

p63 belongs to a family of transcription factors that includes p53 and p73, and has been

implicated in a multitude of processes that include epithelial stratification, cell death, aging,

tumourigenesis and metastasis.1–3 Like its family members, p63 can be transcribed from two

promoters, resulting in the expression of different isoforms that either contain the full N-

terminal transactivation domain (TA) or lack this region (ΔN). However, despite lacking this

TA, the ΔNp63 isoforms retain clear transcriptional regulatory function.4,5 Alternative

splicing in the C-terminus of p63 can potentially generate more variants that are annotated

as α, β, γ, giving rise to multiple isoforms.6 Although the detailed function of each of these

C-terminal isoforms is unknown, recent work on TA and ΔN-specific knockout mice has

demonstrated specific roles for the N-terminal isoforms.7 Loss of ΔNp63 results in lethality

shortly after birth due to severe skin defects as a result of abnormal differentiation of

epithelial cells.4 By contrast, TAp63 knockout animals are viable, but develop obesity,

insulin resistance and glucose intolerance, and can generate metastasizing tumours.8,9

The role of TAp63 as a tumour suppressor and invasion/ metastasis inhibitor has been

explored in more detail in the last few years. Although there is clear evidence that TAp63

can function to inhibit tumour development,9,10 mutations in TP63 are rarely found in

tumours. However, recent data suggest that TAp63 can be inhibited by mutant forms of p53

that are frequently expressed in cancers, leading to enhanced invasion.11,12 Trp53 is

frequently mutated (up to 50–80%) in many types of human cancer. The majority of these

mutations are single amino-acid substitutions in the DNA-binding domain that result in the

expression of a mutant p53 protein. This mutant p53 protein can exert dominant negative

regulation over any remaining wild-type p53, but it can also gain novel functions in a variety

of processes including invasion/metastasis, proliferation and prevention of regulated cell

death. These activities of mutant p53 have been demonstrated in both cell culture and in

various mouse models.13 Some of these acquired functions have been attributed to the

ability of mutant p53 to bind and interfere with TAp63 function, leading to a decrease in the

expression of metastasis-inhibiting target genes of TAp63, including Sharp-1, Cyclin-G2

and Dicer,11,14 or a change in microRNA expression.15–19 These results suggest that

tumours expressing mutant p53 simultaneously lose wild-type p53 and TAp63 activity.

However, mutant p53 can also interact with and regulate a variety of other transcription

factors, such as p73, SREBPs, NF-Y or ETS-120–23—activities that have been shown to

enhance cholesterol synthesis, induce proliferation, subvert senescence and decrease cell

death. The relative contribution of these activities of the mutant p53, compared with its

ability to inhibit TAp63, in controlling invasion and metastasis is not clear.
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In order to address the contribution of inhibition of TAp63 function to the metastatic

capacity of tumours depleted of p53 in vivo, we used a mouse pancreatic ductal

adenocarcinoma (PDAC) model. As shown previously, primary tumours arising in

pancreatic cells following the deletion of one p53 allele showed an accelerated rate of

development. Cre-mediated expression of mutant p53 in place of one p53 allele caused the

formation of primary tumours at a similar rate to that seen following the deletion of one p53

allele. Importantly, metastases were only detected in the mutant p53-expressing tumours,

indicative of the gain of function of mutant p53 in driving metastasis. While the loss of

TAp63 did not accelerate tumorigenesis, deletion of TAp63 in concert with the depletion of

p53 resulted in the development of tumours with metastatic capacity.

RESULTS

Mice with p53 mutations and mice with a loss of TAp63 and combined p53 depletion both

develop sarcomas and carcinomas that are prone to metastasize.9,10,24,25 As mutant p53 has

been shown to inhibit TAp63, we set out to explore the relative contribution of p53 and

TAp63 loss, compared with mutant p53, to the promotion of a metastatic phenotype in vivo.

For this purpose we used a mouse model of PDAC, where endogenous mutant p53 (LSL-

Trp53R172H/ +) expression combined with the mutant KrasG12D in the pancreas resulted in

decreased survival (compared with mutant KrasG12D expression alone) and clear evidence of

metastasis in more than half (14/24) of the animals26,27 (Figure 1 and Table 1). Consistent

with our previous findings, loss of one allele of p53 resulted in a similar decrease in the

median survival from 220 days to 135 days, but did not induce metastatic spread (Figure 1a

and Table 1). As mutant p53 expression substitutes for the expression of one p53 wild-type

allele, the fact that p53 heterozygous mice and mutant p53 mice have a similar lifespan

could indicate that p53 R172H did not retain WT p53 activity and that mutant p53

expression did not further accelerate primary tumour formation. To assess the impact of loss

of TAp63 in this model, we crossed TAp63fl/fl mice with Pdx1-Cre, LSL (lox-stop-lox)-

KrasG12D/ + mice to obtain a pancreas-specific loss of TAp63 expression (Figure 1 and

Table 1). In this context, loss of TAp63 did not did not significantly reduce the median

survival compared with KrasG12D/ + expression alone (220 days versus 248 days) (Figure 1a

and Table 1) or significantly enhance metastatic potential of these more slowly developing

tumours (1/11 mice with metastases compared to 2/10). Next, we crossed TAp63fl/fl mice

with Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + mice to generate tumours depleted for p53 and

null for TAp63. While these mice showed a similar median survival as mice with deletion of

one p53 allele (165 days versus 135 days) the pancreatic tumours from these mice were able

to metastasize to the liver, lungs and the diaphragm, albeit at a significantly lower incidence

(5/18, χ2 P =0.049) than that seen in the mutant p53-expressing tumours (Figure 1b and

Table 1), although this was statistically significantly increased compared with Pdx1-Cre,

LSL-KrasG12D/ +, Trp53fl/ +mice (χ2 P =0.0155). The increased incidence of metastasis in

TAp63 −/− p53 +/ − tumours compared with the TAp63 −/− p53 +/ + tumours (5/18 compared

with 2/11) is likely to be an underestimate of the true extent of this difference, as the

lifespan (and so the time to develop metastases) is much shorter in the p53 +/− mice. In

conclusion, our results are in agreement with the previous studies demonstrating that loss of

TAp63 can drive a metastatic phenotype in a p53 heterozygous background.9
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Although some of our studies were performed following deletion of only one p53 allele, no

p53 could be detected in cell lines established from the pancreatic tumours of Pdx1-Cre,

LSL-KrasG12D/+, Trp53fl/+, or Pdx1-Cre, LSL-KrasG12D/+, Trp53fl/ + and TAp63fl/fl mice

(Figure 2), which could indicate that the wild-type p53 allele was lost during tumour

formation. These data suggest that loss of TAp63 and p53 results in rapidly developing,

metastatic tumours similar to those seen following the expression of mutant p53. However,

loss of p53 and TAp63 does not fully phenocopy the expression of mutant p53 with respect

to incidence of metastases, suggesting that mutant p53 exhibits activities additional to the

inhibition of TAp63 in vivo to promote invasion.

We previously detected a correlation between mutant p53 expression and increased ERK1/2

phosphorylation in pancreatic tumours, so we examined the steady-state protein levels of

phospho-ERK1/2 staining in a selected group of the pancreatic tumours from each of our

cohorts. While tumours derived from p53fl/ + mice showed low phospho-ERK1/2 staining,

high levels of staining were detected in mutant p53-expressing tumours (Figure 1c and

described in Muller et al.28). Interestingly, the phospho-ERK1/2 staining in the TAp63 −/−,

p53 +/− tumours was increased compared with that in the control tumours (Figure 1c).

Although many of these primary tumours with increased phospho-ERK1/2 did not generate

overt or detectable metastases at the time of harvest, these data show a correlation between

ERK activation and the acquisition of metastatic potential.

To more clearly examine the effect of TAp63 loss and p53 depletion on the invasive

behaviour of the tumour cells, we generated cell lines from the pancreatic tumours and

examined them for p53 and p63 expression (Figure 2). We obtained six PDAC cell lines

from the Pdx1-Cre, LSL-KrasG12D/+, Trp53fl/ + and TAp63fl/fl mice (p53-null, TAp63-null),

and compared these with cell lines derived from the pancreatic tumours of Pdx1-Cre, LSL-

KrasG12D/ + and Trp53fl/+ mice (p53-null, wild-type TAp63), and from the pancreatic

tumours of Pdx1-Cre, LSL-KrasG12D/+ and LSL-Trp53172H/+ mice (mutant p53, wild-type

TAp63) (Figures 2 and 3 and Table 2). Notably, p53 expression could only be detected in

the cell lines derived from the mutant p53 mice using immunofluorescence (Figure 2a) or

western blot (Figure 2b), even in the presence of adriamycin and nutlin that can stabilize

wild-type p53 in mouse embryonic fibroblasts (Figure 2b). These results therefore supported

the suggestion that the cell lines established from tumours of the control and TAp63−/−,

p53+/− mice have lost the second p53 allele during the process of tumourigenesis.

The available antibodies for p63 were not reliable in allowing for the identification of p63

protein expression in the lysates of the primary tumours or in the pancreatic cell lines. We

therefore used TA-specific oligos to detect mRNA expression. We were able to confirm that

five of the cell lines from the TAp63 −/− mice had no or hardly detectable TAp63 mRNA

expression, whereas one cell line (TAp63 −/− 6) showed a 5-fold reduction in TAp63

expression (Figure 2c), most likely reflecting incomplete deletion of TAp63. Remarkably, of

the two mutant p53 cell lines, one (mt p53 1) had hardly detectable TAp63 expression

whereas the other (mt p53 2) had a 3-fold reduction in TAp63 expression (Figure 2c).

Notably, we could not detect another isoform of p63, ΔN p63 that has been shown to have

tumour-promoting1 as well as anti-migratory functions,16 indicating that loss of TAp63 or
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mutant p53 expression does not coincide with an upregulation of ΔN p63 in these pancreatic

tumours (Figure 2d)

Next we examined the cell lines for their invasive capacity in organotypic assays, scattering

and HGF-mediated ERK1/2 phosphorylation. As expected, the two mutant p53 cell lines (mt

p53 1 and mt p53 2) invaded the wells in organotypic plug assays (Table 2 and Figure 3a),

showed clear scattering in response to HGF (Table 2 and Figure 3b), and efficiently induced

ERK1/2 phosphorylation in response to HGF (Table 2 and Figure 3c). In comparison, the

control cells (p53-null, TAp63 +/ +) did not scatter, hardly invaded and only mildly increased

ERK1/2 phosphorylation after HGF exposure (Table 2 and Figures 2a–c). Of the six p53-

null, TAp63 −/− cell lines, three (TAp63−/− 2, TAp63 −/− 3 and TAp63 −/− 4) were highly

comparable to mutant p53-expressing cell lines with respect to efficient invasion in

organotypic assays, and strong scattering in response to HGF (Table 2 and Figure 3). The

other three p53-null, TAp63 −/− cell lines (TAp63−/− 1, TAp63 −/− 5 and TAp63 −/− 6)

scattered more weakly and only invaded moderately into organotypic assays, although in

each case these responses were greater than those seen in the control (p53-null, TAp63 +/ +)

cells. Remarkably, all p53-null, TAp63 −/− lines showed an enhanced pERK1/2 induction

after HGF exposure compared with the control cells (Table 2 and Figure 2), although not all

of them induced ERK1/2 phosphorylation to the same extent as the mutant p53-expressing

cells. These results correlated with our analysis of pERK1/2 staining in the primary tumours

(Figure 1). In summary, the results of these cell lines support the in vivo data that loss of p63

expression in the context of p53 depletion can evoke a similar, albeit weaker response as

that seen in mutant p53-expressing mice.

To demonstrate that the phenotypes we observed are not cell line specific, we used one of

the control cell lines (ctr 1; p53-null, wild-type TAp63) and depleted-TAp63 expression

using two different TA-specific siRNA oligos, verifying the knockdown using qRT–PCR

(Figure 4a). A 5-fold reduction of TAp63 expression coincided with enhanced scattering in

response to HGF (Figures 4a and b). The analysis of invasion using organotypic assays is

complicated by the transient nature of the siRNA knockdown. Nevertheless, invasive cells

were detected only after siRNA targeting of TAp63, but not in non-targeting control siRNA

treated cells (Figure 4c). These results again support a role for the loss of TAp63 in driving

an invasive phenotype in the context of loss of p53 expression.

Cells expressing mutant p53 were invasive and metastatic without the genetic deletion of

TAp63. Previous models have suggested that this reflects the ability of mutant p53 to bind

and inactivate TAp63 function, possibly through the formation of mutant p53/TAp63

aggregates.22,29,30 Indeed, in agreement with others we could demonstrate that mutant p53

175H, a mutation that results in the conformational change of p53, could strongly bind to

TAp63 (Figure 5a), whereas other p53 mutants such as 273H and 280K that have been

described as DNA contact mutants rather than conformational mutants, showed much

weaker interaction with TAp63 (Figure 5a).22,29 Despite this difference in interaction

efficiency, mutant p53 273H and 280K could inhibit TAp63-mediated transcription to a

similar extent as mutant p53 175H (Figure 5b). Notably, we could not detect any signs of

aggregation under our culturing conditions in either H1299 cells or in the pancreatic tumour

cells (Figure 5c and Figure 2a).
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Interestingly, in our studies we observed that mutant p53 PDAC cell lines had very low

TAp63 mRNA levels (Figure 2c), raising the possibility that mutant p53 could regulate

TAp63 at the levels of both mRNA expression and protein function. To explore this more

closely, we overexpressed human p53 R175H and R273H in one of the PDAC control lines

(ctr 1), and detected a substantial decrease in TAp63 mRNA expression (Figure 5d). These

results were not confined to the PDAC cells, as the overexpression of p53 R273H in human

H1299 cells (human non-small-cell lung carcinoma that lacks endogenous WT p53

expression) similarly decreased TAp63 levels (Figure 5e). To confirm this effect in cells

expressing endogenous mutant p53, we turned to MDA MB 231 breast cancer cells that

express p53 R280K. After knockdown of this endogenous mutant p53, we detected an

increased expression of TAp63 that was rescued by a simultaneous overexpression of an

siRNA-insensitive p53 R273H construct (Figure 5f). To gain insight into the mechanism

underlying this regulation, we examined the effect of mutant p53 on transcription from the

TAp63 promoter, in a luciferase reporter. Interestingly, although mutant p53 could inhibit

the ability of TAp63 to activate the expression from the K14 promoter (as expected, as p63

directly regulates the K14 gene31), we were unable to detect an effect of mutant p53 on the

activity of the TAp63 promoter (Figure 5g), indicating that mutant p53 does not directly

repress TAp63 transcription through binding to the promoter region. Together, these data

demonstrate that mutant p53 not only inhibits TAp63 by interfering in its transcriptional

functions, but also actively participates in reducing TAp63 mRNA expression.

DISCUSSION

In a previous mouse model, TAp63 and p53 were eliminated throughout the animal,

resulting in the spontaneous formation of lymphomas, sarcomas and carcinomas that could

readily metastasize.9 This tumour profile and metastasis phenotype was remarkably similar

to the tumours found in mice expressing mutant p53.24,25 The notion that loss of TAp63

(and p53 depletion) can result in a similar outcome to mutant p53 expression is supported by

a large number of studies showing that mutant p53 can inhibit TAp63, and that cells that

have lost TAp63 expression display a similar invasive and metastatic phenotype to cells

expressing mutant p53.11,12,14,15,17,22,29,32,33 However, numerous recent publications have

described TAp63-independent activities of mutant p53, raising the question of what the

contribution of TAp63 inhibition is to the mutant p53 metastasis phenotype. In order to

assess the contribution of TAp63 to metastasis specifically, we used a metastatic mouse

PDAC model to directly compare TAp63 loss to mutant p53 expression in the same genetic

background of an activating Kras mutation and the loss of one wild-type p53 allele. Loss of

TAp63 did not enhance the growth of the primary tumour and did not significantly increase

the metastatic burden compared with the KrasG12D/ + mice. Mutant p53 promoted the

formation of metastasis in 14 out of 24 animals, while 5 out of 18 animals in the TAp63 −/−

p53 +/ − group developed metastasis. These data suggest that, at least in pancreatic tumours,

loss of TAp63 expression in combination with a depletion of p53 has a similar, but less

potent, effect to mutant p53 expression on metastasis, and that mutant p53 can induce

TAp63-independent pathways to promote metastasis.

We have shown that by inhibiting TAp63, mutant p53 can promote Rab coupling protein-

dependent recycling of integrin α5β1 and receptor tyrosine kinases to promote invasion and
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scattering.12,28 However, we also noticed that other cells that endogenously express mutant

p53, but have very low expression levels of TAp63, could still scatter in a mutant p53-

dependent but, importantly, TAp63-independent manner in response to HGF (hepatocyte

growth factor),28 supporting the hypothesis that a decrease in TAp63 activity is not

sufficient to explain the complete mutant p53 migration phenotype. Besides interfering with

TAp63 function, mutant p53 proteins have been shown to interact and regulate a variety of

other transcription factors, including p73, SP1, NF-Y, ETS-1, ETS-2 and SREBPs,34 each of

which may contribute to a pro-oncogenic and pro-metastatic activity that is independent of

TAp63.

Previous work demonstrated that mutant p53 can interact with all p53 family members and

interfere with the transcriptional activity of these proteins.22,29 Here we noted that the

pancreatic cell lines established from the mutant p53 tumours had a decreased or no

detectable TAp63 expression, suggesting an additional mechanism by which mutant p53 can

inhibit TAp63. However, we were unable to demonstrate an effect of mutant p53 on the

activity of the TAp63 promoter, suggesting that mutant p53 does not act by directly

regulating the transcription of TAp63. It is possible that mutant p53 regulates TAp63 mRNA

stability or translation, and in this context it is interesting to note that mutant p53 can

regulate the expression of many microRNAs;15,16,18,19 small RNA molecules that can

promote the degradation of mRNA or block translation. Since p63 family members have

been described as targets of multiple microRNAs, including miR-21, miR30b/c, miR-203

and miR-302,35–39 it will be interesting to determine whether any of the mutant p53-induced

microRNAs can target TAp63.

The vast majority of all human PDACs contain activating Kras mutations,40 which signal

through RAF and MEK to activate ERK1/2. ERK1/2 activation has been implicated in a

variety of processes including proliferation, EMT, invasion, survival and differentiation.41,42

Many of the pancreatic tumours also harbour p53 mutations,43 which have been shown to

strongly cooperate with activated Ras to drive malignancy.44 Interestingly, we have found

that expression of mutant p53 in the pancreatic tumours resulted in an increase in ERK1/2

phosphorylation, implying that even though the constitutive active Kras in our model must

have been activating this signalling pathway, mutant p53 could further ‘hyper’activate

ERK1/2.28 Similar to mutant p53 tumours, TAp63 −/− p53-null tumours also displayed high

phospho-ERK1/2 staining. Previously, we have demonstrated that in cells that do not

express any p53, both TAp63 depletion and mutant p53 expression could drive integrin/

RCP-dependent recycling of MET to enhance ERK1/2 signalling. The data presented here

provide further evidence that loss of TAp63 in a p53-depleted background, similar to mutant

p53-expressing tumours, activate the ERK1/2 signalling pathway. Furthermore, these data

suggest that both mutant p53 and depletion of p63/p53 ‘hyper’activate ERK1/2 over and

above the levels that are normally induced by Kras and that this increase helps to promote

metastasis.

In summary, we conclude that loss of TAp63 and p53 depletion is less potent in driving

metastasis than the expression of mutant p53, suggesting that mutant p53 also impinges on

alternative pathways to promote metastasis. As mutations in p53 are one of the most
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frequently occurring events in malignancy, it will be important to further characterize all the

pathways that the mutant p53 activates to drive invasion and metastasis.

MATERIALS AND METHODS

Mice

The Pdx1-Cre, LSL-KrasG12D, Trp53fl/ +, TAp63fl/fl and LSL-Trp53172H/ + mouse strains

have been described in refs. 25,45–48 and experiments were conducted as described in

Morton et al.27 Briefly, animals were kept in conventional animal facilities, monitored daily

and experiments were carried out in compliance with UK Home Office guidelines. Mice

genotypes were confirmed by PCR analysis (Transnetyx, Cordova, TN, USA). Tumour and

metastatic burden was assessed by means of gross pathology and histology.

Cell lines, constructs, siRNA and transfection

MDA MB231 and H1299 cells were obtained from ATCC and cultured in Dulbeco modified

eagles serum (DMEM, Invitrogen, Paisley, UK) supplemented with 10% fetal bovine serum,

1% glutamine (Invitrogen) and 1% pen/strep at 37 °C and 5% CO2. Mouse embryonic

fibroblasts were cultured in DMEM supplemented with 10% fetal bovine serum, 1%

glutamine and 1% pen/strep at 37 °C and 5% CO2. PDAC cell lines were established as

described previously28 and maintained in DMEM, including 10% fetal bovine serum, 1%

glutamine and 1% pen/strep at 37 °C and 5% CO2. Stable H1299 cells and constructs were

established as previously described.12 The GNL 273H p53 construct was generated by

mutagenesis, using the following oligos: forward, 5′-

ACACTGGAAGACTCCAGTGGGAACC TACTGGGACGGAACAGCTTT-3′, reverse,

5′-TCAAAGCTGTTCCGTCCCAGTAG GTTCCCACTGGAGTCTTCCAGT-3′. The p63

luciferase reporter construct was a gift from M Dobbelstein and has been described in

Waltermann et al.49

For overexpression and knockdown in PDAC cells and H1299 cells, we used lipofectamine

(Invitrogen) or hiperfect (Qiagen, Crawley, UK), respectively, according to the

manufacturer’s protocol. For knockdown experiments the following siRNAs were used:

siTA1: 5′-AGAUUGAGAUUAG CAUGG A(TT)-3′, siTA2: 5′-

CAGCCUAUAUGCUCAGUAC(TT)-3′, non-targeting sictr (Dharmacon; D-001810–10–

20). Sip53: 5′-GACUCCAGUGGUAAUC UAC(TT)-3′.

For knockdown and overexpression in MDA MB231 cells, nucleofection (AMAXA, Lonza,

Slough, UK, program X-013 and solution V) was used in which 30 pmol siRNA was

combined with a 2-μg construct to transfect 5 × 106 cells.

Immunohistochemistry and immunofluorescence

Tissues were formalin-fixed, embedded in paraffin and stained for pERK1/2 (cell signalling)

as described before.28

For immunofluorescence, cells were grown overnight on coverslips, washed in PBS and

fixed in 4% paraformaldehyde for 10 min at 4 °C. Cells were blocked and permeabilized in

0.5% triton X-100 in PBS supplemented with 1% BSA (bovine serum albumin, Sigma-
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Aldrich, Gillingham, UK) for 1 h. Cells were next incubated in p53 FL393 antibody (1:150,

Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h and washed three times with

PBS–BSA, followed by incubation with a secondary rabbit alexa 488 antibody (1:250,

Invitrogen). Finally, cells were washed three times with PBS and mounted on glass

coverslips in the mounting medium containing 4′,6-diamidino-2-phenylindole

(VECTASHIELD, Vector Laboratories, Peterborough, UK).

Immunoblot analysis and immunoprecipitation

For the detection of phosphorylated ERK1/2, cells were harvested directly in the sample

buffer and sheared with an insulin needle. Lysates were subject to immunoblot analyses and

activated ERK1/2 was detected with phosphospecific antibodies (1:1000, Cell Signaling,

Danvers, MA, USA). For all other immublot analysis cells were lysed in NP-40 lysis buffer,

containing 150 mM NaCl, 50 mM Tris-HCL pH 8.0 and 1% NP-40. Antibodies to detect the

following proteins were used in western blotting: p53 1801 (1:5000), p53 DO-1 (1:5000),

Actin (1:5000, Merck Millipore, Darmstadt, Germany), ERK1/2 (1:2000, Cell Signaling).

For immunoprecipitation, cells were lysed in NP-40 and 10% of the lysates was taken as

input. The rest of the lysate was incubated with protein G dynabeads (Invitrogen) and p53

antibody overnight at 4 °C and washed five times thoroughly with lysis buffer using a

vortex.

qRT–PCR analysis

For qRT–PCR analysis RNA was isolated using Trizol (Invitrogen) according to the

manufacturer’s protocol. cDNA was synthesized from 2 μg total RNA using a first strand

synthesis kit (Invitrogen), according to the manufacturer’s instructions. In each qRT–PCR

reaction 5 μl of cDNA material (diluted 40 ×) was combined with 10 μl Sybr green

mastermix (Fermentas, York, UK), 2 μl oligo mixture (forward and reverse oligo at 10 μM)

and 3 μl of H2O with the following PCR conditions: 94 °C annealing 2 min, 40 cycles of 30

s at 94 °C, 30 s at 60 °C and 1 min at 72 °C, followed by a 10-min 72 °C incubation. After

finishing these cycles, a melting curve was generated to check for specificity. mRNA

expression of mouse actin or human UBC (ubiquitin ligase C) was used as a reference.

Oligos: mouse TAp63 forward: 5′-G TGGATGAACCTTCCGAAAA-3′; mouse ΔNp63

forward: 5′-CAAAACCCT GGAGCAGAAA-3′; mouse TAp63 and ΔNp63 reverse: 5′-

GAGGAGCCGTTCT GAATCTG-3′ (as published by Laurikkala et al.50), mouse actin

forward: 5′-AGAGAGGTATCCTGACCCTG-3′; actin reverse: 5′-

GGCCATCTCCTGCTCGA AGT-3′, human TAp63 forward: 5′-

ATTTTCTGGAACAGCCTATATG -3′; human TAp63 reverse: 5′-CTG TGG CCA CAT

GGG GTC-3′; human UBC forward: 5′-GATGGTCGTACCCTGTCTGAC-3′; human UBC

reverse: 5′-GGTCTTGCCAGT GAGTGTCTT-3′. As ΔN p63 expression could not be

detected in PDAC cells using qRT–PCR, 15 μl of the qRT–PCR product was run on a 2%

agarose gel containing ethidium bromide and visualized with a Geldoc imaging system (Bio-

Rad Laboratories, Hemel Hempstead, UK).
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Scattering

For scattering experiments, ~25 000 cells were plated in a six-well dish and allowed to settle

for 16 h, followed by incubation in 30 ng/ml HGF (Sigma-Aldrich Company) for 40–48 h.

Phase-contrast images were taken using an Olympus CKX41 microscope (Olympus, East

Grinstead, UK) and RNA was harvested for RT–PCR analysis to verify knockdown after

scattering.

Organotypic assays

Organotypic assays were performed as previously described.28,51 Briefly, collagen from rat

tail tendons was isolated and combined with human fibroblasts to form a matrix. On this

matrix 5 × 104cells were allowed to settle overnight after which the matrix and the cells

were placed on a grid in an air–liquid interface. After 9 days on the grid the matrix and the

cells were harvested in 4% paraformaldehyde and stained for hematoxylin and eosin using

standard procedures.

Luciferase assays

For luciferase assays, cells were transfected with K14 luciferase or p63 luciferase in

combination with thymidine kinase renilla. Luciferase and renilla expression were measured

using dual luciferase, stop&glo substrate kit (Promega, Southhampton, UK) in a

luminometer (Turner Biosystems, Sunnyvale, CA, USA) according to the manufacturer’s

instructions.
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Figure 1.
Survival, metastasis and pERK1/2 staining of pancreatic tumours in different p63/(mutant)

p53 mouse models. (a) The overall survival of Pdx1-Cre, LSL-KrasG12D/ + (yellow), Pdx1-

Cre, LSL-KrasG12D/ +, Trp53fl/ + (blue), Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/+,

TAp63fl/fl(red, n =21), Pdx1-Cre, LSL-KrasG12D/ +, TAp63fl/fl(cyan) and Pdx1-Cre, LSL-

KrasG12D/ +, Trp53172H/ + (green) mice was plotted in a Kaplan–Meier survival curve. Mice

that succumbed to the disease before developing pancreatic cancer are shown as crossmarks

on the survival curves. Significant differences in survival were detected between Pdx1-Cre,

LSL-KrasG12D/ + mice (yellow) and Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + mice (blue) (P

=0.000), between Pdx1-Cre, LSL-KrasG12D/ + (yellow) and Pdx1-Cre, LSL-KrasG12D/ +,

Trp53R172H/ + (green) (P =0.000), and between Pdx1-Cre, LSL-KrasG12D/ + (yellow) and

Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, TAp63fl/fl (red) (P =0.000) in a log-rank test.

Significant differences in survival were also detected between Pdx1-Cre, LSL-KrasG12D/ +,

TAp63fl/fl mice (cyan) and Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + mice (blue) (P =0.000),

between Pdx1-Cre, LSL-KrasG12D/ +, TAp63fl/fl (cyan) and Pdx1-Cre, LSL-KrasG12D/ +,

LSL-Trp53R172H/ + (green) (P =0.000), and between Pdx1-Cre, LSL-KrasG12D/ +, TAp63fl/fl

(cyan) and Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/+, TAp63fl/fl (red) (P =0.000) in a log-rank

test. There was no significant difference in survival between Pdx1-Cre, LSL-KrasG12D/ +

(yellow) and Pdx1-Cre, LSL-KrasG12D/ +, TAp63fl/fl (cyan) mice (P =0.697), or between

Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + (blue) and Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +,

TAp63fl/fl (red) mice (P =0.235). (b) Metastases in Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +,

TAp63fl/fl mice in the lymph nodes (left), liver (middle) and lung (right). (c) pERK1/2
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staining in the pancreatic tumours of Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, Pdx1-Cre, LSL-

KrasG12D/ +, Trp53fl/ +, TAp63fl/fl and Pdx1-Cre, LSL-KrasG12D/ +, LSL-Trp53172H/ + mice.
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Figure 2.
Cell lines established from the pancreatic tumours have lost wild-type p53 expression, have

low TAp63 expression and no detectable ΔN p63 expression. (a) PDAC cell lines from

Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + (ctr), Pdx1-Cre, LSL-KrasG12D/ +, LSL-Trp53172H/ +

(mt p53) or Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, TAp63fl/fl (TAp63 −/−) were grown on

coverslips and stained for p53 (green) or 4′,6-diamidino-2-phenylindole (blue). (b) The

same cell lines as in (a) were incubated in 20 nM adryamycin (A) or 10 nM nutlin (N) or a

control (C) for 24 h. A mouse embryonic fibroblast cell line was used as a positive control

for wild-type p53 expression. Cells were lysed and p53 expression was determined using

western blot. Actin was used as the loading control. (c) TAp63 expression in all PDAC cell

lines was determined by qRT–PCR. Error bars indicate the standard error of the mean of

three independent experiments. (d) ΔN p63 expression in all PDAC cell lines was

determined by RT–PCR and the expression is shown using an agarose gel. As a positive

control for ΔN p63 expression, mouse keratinocytes (kera) were used. Actin mRNA

expression was used as a reference gene.
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Figure 3.
Invasion, scattering and ERK1/2 activation of PDAC cell lines. (a) Invasion of PDAC cell

lines from Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + (ctr), Pdx1-Cre, LSL-KrasG12D/ +, LSL-

Trp53172H/ + (mt p53) or Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/+, TAp63fl/fl (TAp63 −/−) was

monitored in organotypic assays. Examples of no invasion (−), moderate invasion (+) or

strong invasion (+ +) are shown, as indicated below the pictures. (b) Scattering of PDAC

cell lines from Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + (ctr), Pdx1-Cre, LSL-KrasG12D/ +,

LSL-Trp53172H/ + (mutant p53) or Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, TAp63fl/fl was

monitored in response to HGF. Examples of no scattering (−), moderate scattering (+) or

strong scattering (+ +) are shown, as indicated below the pictures. (c) ERK1/2

phosphorylation of PDAC cell lines from Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + (ctr), Pdx1-

Cre, LSL-KrasG12D/ +, LSL-Trp53172H/ + (mutant p53) or Pdx1-Cre, LSL-KrasG12D/ +,

Trp53fl/ +, TAp63fl/fl was monitored in response to HGF using western blot analysis with

pERK1/2-specific antibodies. ERK1/2 and actin expression were used as the loading

controls.
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Figure 4.
Loss of TAp63 expression enhances invasion and scattering of ctr PDAC cells. (a) qRT–

PCR analysis of TAp63 mRNA expression in PDAC ctr cells that were transfected with two

different siRNAs targeting TAp63. (b) Scattering of PDAC ctr cells that were transfected

with two different siRNAs targeting TAp63 in response to HGF. (c) Organotypic invasion of

PDAC ctr cells that were transfected with two different siRNAs targeting TAp63.
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Figure 5.
Mutant p53 decreases TAp63 mRNA expression. (a) H1299 cells were transfected with an

empty vector control (EV) or mutant p53 (175H, 273H or 280K) in combination with HA

TAp63α. p53 was immunoprecipitated and the expression of TAp63 (HA) or p53 was

determined in both the input and immunoprecipitation. (b) H1299 cells were transfected

with an empty vector control (EV) or mutant p53 (175H, 273H or 280K) in combination

with HA TAp63α, K14 luciferase and thymidine kinase renilla. Luciferase expression was

determined and displayed as relative luciferase units corrected for TK renilla expression.

Error bars indicate the standard deviation. (c) H1299 cells expressing an EV, 175H or 273H

were grown on cover slips and were stained for p53 expression (green) or 4′,6-diamidino-2-

phenylindole (blue). (d) TAp63 mRNA expression in PDAC ctr 1 cells that were transfected

with control (EV) or human mutant p53 (175H or 273H) constructs (left panel). Expression

of the constructs was validated by immunoblot analysis with p53 antibodies. Actin was used

as the loading control. (e) TAp63 mRNA expression in H1299 cells that stably expressed a

control (EV) or human mutant p53 (273H) (left panel). Expression of mutant p53 was

validated by immunoblot analysis with p53 antibodies. Actin was used as the loading

control. (f) TAp63 mRNA expression in MDA MB231 cells that were transfected with

control or p53 siRNA in combination with a control construct or a mutant p53 (273H)
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construct that was insensitive to p53 siRNA targeting. Knockdown and expression of mutant

p53 was validated by immunoblot analysis with p53 antibodies. Actin was used as the

loading control. (g) H1299 cells were transfected with a control (EV) or mutant p53 (273H)

in combination with the K14 luciferase (and TAp63) or a p63 promoter luciferase contruct.

Luciferase expression was determined and displayed as relative luciferase units corrected for

thymidine kinase renilla expression.
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Table 1

Tumour growth and metastasis in genetically modified mice

Genotype Mean survival (overall) Median survival (overall) Mice with metastasis/total
number of mice

Pdx1-Cre, LSL-KrasG12D/ + 282 220 1/11

Pdx1-Cre, LSL-KrasG12D/ +, TAp63fl/fl 271 248 2/10

Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ + 138 135 0/27

Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, TAp63fl/fl 146 165 5/18a,b

Pdx1-Cre, LSL-KrasG12D/ +, LSL-Trp53172H/+ 159 140 14/24

Survival and metastasis of pancreatic tumours in different p63/(mutant) p53 mouse models. See Figure 1, Table 2 and Methods for further details.

a
The incidence of metastases in Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, TAp63fl/fl compared with Pdx1-Cre, LSL-KrasG12D/+, LXL-

Trp53172H/+ tested significantly lower in a χ2 test (P = 0.0489).

b
The incidence of metastases in Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/ +, TAp63fl/fl compared to Pdx1-Cre, LSL-KrasG12D/ +, Trp53fl/+ tested

significantly higher in a χ2 test with Yate’s correction for low numbers (P = 0.0155)

Oncogene. Author manuscript; available in PMC 2014 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Tan et al. Page 22

T
ab

le
 2

Sc
at

te
ri

ng
, i

nv
as

io
n 

an
d 

pE
R

K
1/

2 
st

ai
ni

ng
 o

f 
pa

nc
re

at
ic

 tu
m

ou
rs

 in
 d

if
fe

re
nt

 p
63

/(
m

ut
an

t)
 p

53
 m

ou
se

 m
od

el
s

C
el

l l
in

e
G

en
ot

yp
e

Sc
at

te
ri

ng
 (

H
G

F
)

O
rg

an
ot

yp
ic

 in
va

si
on

pE
R

K
1/

2 
(H

G
F

)

C
tr

 1
P

dx
1-

C
re

, L
SL

-K
ra

sG
12

D
/  +

, T
rp

53
fl

/  +
−

−
−

C
tr

 2
P

dx
1-

C
re

, L
SL

-K
ra

sG
12

D
/  +

, T
rp

53
fl

/  +
−

+
/ −

+
/ −

T
A

p6
3−

/−
 1

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, T

rp
53

fl
/  +

, T
A

p6
3fl

/f
l

−
+

+
 +

T
A

p6
3−

/−
 2

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, T

rp
53

fl
/  +

, T
A

p6
3fl

/f
l

+
 +

+
 +

+
 +

T
A

p6
3−

/−
 3

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, T

rp
53

fl
/  +

, T
A

p6
3fl

/f
l

+
 +

+
 +

+
 +

T
A

p6
3−

/−
 4

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, T

rp
53

fl
/  +

, T
A

p6
3fl

/f
l

+
 +

+
 +

+

T
A

p6
3−

/−
 5

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, T

rp
53

fl
/  +

, T
A

p6
3fl

/f
l

−
+

/ −
+

T
A

p6
3−

/−
 6

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, T

rp
53

fl
/  +

, T
A

p6
3fl

/f
l

+
+

/ −
+

/ −

M
tp

53
 1

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, L

SL
-T

rp
53

17
2H

/  +
, T

A
p6

3fl
/f

l
+

 +
+

+
 +

M
tp

53
 2

P
dx

1-
C

re
, L

SL
-K

ra
sG

12
D

/  +
, L

SL
-T

rp
53

17
2H

/  +
, T

A
p6

3fl
/f

l
+

 +
+

 +
+

 +

A
bb

re
vi

at
io

ns
: C

tr
, c

on
tr

ol
; H

G
F,

 h
ep

at
oc

yt
e 

gr
ow

th
 f

ac
to

r.
 B

io
lo

gi
ca

l p
ro

pe
rt

ie
s 

of
 p

an
cr

ea
tic

 tu
m

ou
rs

 in
 d

if
fe

re
nt

 p
63

/(
m

ut
an

t)
 p

53
 m

ou
se

 m
od

el
s.

 S
ee

 F
ig

ur
e 

1,
 T

ab
le

 1
 a

nd
 M

et
ho

ds
 f

or
 f

ur
th

er
 d

et
ai

ls
.

Oncogene. Author manuscript; available in PMC 2014 October 01.


