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Abstract

Mutations in p53 occur in over 50% of the human head and neck squamous cell carcinomas
(SCCHN). The majority of these mutations result in the expression of mutant forms of p53, rather
than deletions in the p53 gene. Some p53 mutants are associated with poor prognosis in SCCHN
patients. However, the molecular mechanisms that determine the poor outcome of cancers
carrying p53 mutations are unknown. Here, we generated a mouse model for SCCHN and found
that activation of the endogenous p53 gain-of-function mutation p53R172H byt not deletion of p53,
cooperates with oncogenic K-ras during SCCHN initiation, accelerates oral tumour growth, and
promotes progression to carcinoma. Mechanistically, expression profiling of the tumours that
developed in these mice and studies using cell lines derived from these tumours determined that
mutant p53 induces the expression of genes involved in mitosis, including cyclin B1 and cyclin A,
and accelerates entry in mitosis. Additionally, we discovered that this oncogenic function of
mutant p53 was dependent on K-ras because the expression of cyclin B1 and cyclin A decreased,
and entry in mitosis was delayed, after suppressing K-ras expression in oral tumour cells that

Copyright © 2011 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.

"Correspondence to: Carlos Caulin, Department of Head and Neck Surgery—Research, Unit 123, The University of Texas MD
Anderson Cancer Center, 1515 Holcombe Blvd, Houston, TX 77030-4009, USA. ccaulin@mdanderson.org.

Author contribution statement

SA and ZL conceived and carried out experiments, and analysed data. OM carried out experiments. DRR provided materials and
participated in the initial conception of the study. AE-N analysed tumour pathology. CC designed the study, conceived experiments,
analysed data, and wrote the manuscript.

No conflicts of interest were declared.

SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article.

Figure S1. Schematic representation of the conditional alleles and activation in tumors.
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express p53R172H. The presence of double-strand breaks in the tumours suggests that oncogene-
dependent DNA damage resulting from K-ras activation promotes the oncogenic function of
mutant p53. Accordingly, DNA damage induced by doxorubicin also induced increased
expression of cyclin B1 and cyclin A in cells that express p53R172H, These findings represent
strong in vivo evidence for an oncogenic function of endogenous p53 gain-of-function mutations
in SCCHN and provide a mechanistic explanation for the genetic interaction between oncogenic
K-ras and mutant p53.
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Introduction

Head and neck cancer is the sixth leading cancer worldwide, with over 500 000 cases
diagnosed every year [1]. The vast majority of head and neck cancers (>90%) are squamous
cell carcinomas (SCCHN) that arise from the epithelial lining of the upper aerodigestive
tract, including the oral cavity, tongue, and lips. Current therapeutic options for patients with
advanced SCCHN (>60%) are largely limited to chemotherapy and radiation [2]. However,
tumour recurrence is extremely high in patients with advanced SCCHN, and the estimated 5-
year survival rates are less than 30%, as recurrent tumours tend to be aggressive and
refractory to current therapies [3,4].

Similar to other solid cancers, SCCHN arise through the accumulation of genetic alterations
that result in the activation of oncogenes and/or inactivation of tumour suppressor genes
[5,6]. The p53 gene is one of the most frequently mutated genes in human cancers, including
SCCHN [7-10], and loss of p53 in mice predisposes to cancer development [11,12].
However, most p53 mutations found in human cancers are missense mutations that result in
the expression of mutant forms of p53 [13]. In addition to inactivating the tumour suppressor
function of p53, some of these mutations may confer gain-of-function properties to mutant
p53, including the induction of tumourigenic potential [14-16]. In human cancers, including
SCCHN, p53 mutations are associated with poor prognosis. Thus, a decreased survival and
poor response to chemotherapy in patients with SCCHN who carry a subset of p53 missense
mutations were recently reported [10,17], and accelerated tumour recurrence was also
observed in patients with SCCHN bearing p53 mutations [18,19].

Consistent with the clinical observations, several mouse models provided evidence to
support a gain-of-function role for certain p53 mutations, as documented by the finding that
mice carrying endogenous p53 missense mutations develop a different tumour spectrum
with increased metastatic potential compared with p53 knockout mice [20,21]. In addition,
tissue-specific activation of p53 gain-of-function mutations accelerates tumour progression
and confers metastatic potential to skin and pancreatic cancers, compared with loss of p53
[22,23]. Despite the strong clinical and experimental evidence, the molecular mechanisms
involved in the gain-of-function of p53 mutants remain elusive. During the past years,
different models have been proposed to explain the gain-of-function properties of mutant
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p53, including binding and inactivation of the p53 family members p63 and p73, modulation
of the activity of the transcription factor NF-Y, inactivation of the DNA damage sensor
ATM, and induction of integrin recycling, among others [24—28]. This broad spectrum of
mechanistic models suggests that p53 mutants may exert multiple functions that operate in a
cell context-dependent manner [29].

Here, we generated a mouse model to determine the role of endogenous p53 gain-of-
function mutations during head and neck cancer development. By analysing the oral tumours
that developed in these mice and cell lines derived from the tumours, we addressed
mechanisms involved in the gain-of-function of p53 mutations in head and neck cancer.
These studies provide new evidence to explain the oncogenic function of mutant p53 and
may have an impact in the interpretation of the clinical observations outlined above and the
design of novel therapeutic interventions to treat patients with head and neck cancer.

Materials and methods

Mouse models

All compound mice used in this study were generated by crossings involving the following
mouse lines: K5.Cre"PR1, Neo-p53R172H floxed-p53, and LSL-K-ras®12D [20,30-32].
Mice were genotyped as previously described [22]. All comparative studies were conducted
using littermates with the indicated genotypes. All research involving mice was performed
in compliance with the Institutional Animal Care and Use Committee of the MD Anderson
Cancer Center.

Histology and immunohistochemistry

Oral tumours were fixed in 10% neutral buffered formalin, paraffin-embedded, sectioned,
and stained with haematoxylin and eosin. For immunohistochemistry, tissue sections were
deparaffinized and rehydrated using xylene and alcohol series. Antigen retrieval was carried
out in 100 mM sodium citrate (pH 6.0) and endogenous peroxidase was blocked with 1%
hydrogen peroxide. Tissue sections were then incubated with primary antibodies for p53
(NCL-p53-CM5p; Leica Microsystems, Buffalo Grove, IL, USA), phospho-Histone H3
(Ser10) (06-570; Millipore, Billerica, MA, USA), and y-H2AX (05-636; Millipore). Signal
was detected with biotinylated secondary antibodies using the Elite Vectastain ABC kit and
peroxidase substrate DAB kit (Vector Laboratories, Burlingame, CA, USA).

Gene expression analysis

RNA was purified using the RNeasy Mini Kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA, USA). RNA quality was confirmed using the Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA). Total RNA was used for in vitro
transcription, biotin labelling, and hybridization to Affymetrix Genechip Mouse Genome
430 2.0 arrays (Affymetrix, Santa Clara, CA, USA) according to standard protocols in the
Microarray Core at Baylor College of Medicine (Houston, TX, USA). Fluorescence
intensities were captured with an Affymetrix GeneArray 2500 Scanner, quantified with
Affymetrix Microarray Suite 5.0, and analysed following the model-based expression
method implemented by dChip [33]. The cut-off for selecting differentially expressed genes
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was established at 90% confidence lower bound fold change =1.2. Gene ontology analysis
was performed using DAVID and p values were determined by a modified Fisher exact test
implemented in DAVID [34]. Gene interaction networks were generated with IPA (http://
www.ingenuity.com/). Microarray data have been deposited in the GEO repository (http://
www.ncbi.nlm.nih.gov/geo/) with the accession number GSE28203.

Expression changes were confirmed by real-time RT-PCR. Briefly, total RNA was reverse-
transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Carlsbad, CA, USA). Quantitative RT-PCR was performed in CFX96 Real Time System
C1000 Thermal Cycles (Bio-Rad, Hercules, CA, USA) using specific Tagman® Gene
Expression Assays (Applied Biosystems) for Ccnbl, Ccna2, Mmp10, and Mmp13. All
samples were amplified in triplicate and the relative amount of mMRNA was calculated using
the comparative 2722Ct method. 18s RNA was used as an internal control.

Immunofluorescence

Cells were fixed in 100% methanol at —20 °C, washed with PBS, blocked with 1 mg/ml
BSA, and incubated with antibodies for K14 [35], p53 (sc-6243; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), phospho-Histone H3 (Ser10) (06-570, Millipore), y-tubulin (T5326;
Sigma-Aldrich, St Louis, MO, USA), and anti BrdU-FITC (347 583; BD Biosciences, San
Jose, CA, USA). Cells were washed with PBS-0.1% Tween and PBS, and then incubated
with 1 mg/ml BSA followed by Alexa 488-labelled secondary antibodies. Slides were
washed with PBS-0.1% Tween and PBS, rinsed with dH,0, 100% ethanol, mounted in
Vectashield with 4/,6-diamidino-2-phenylindole (DAPI) (Vector Labs), and analysed on a
Leica DML fluorescence microscope.

Luciferase reporter assay

Cells growing on 12-well dishes were transfected with different concentrations of a plasmid
carrying a murine p53R172H minigene [36], 0.5 ug of cyclin B1 reporter plasmid (521-
CycB1-LUC) [37], and 200 ng of a pCMV-LacZ plasmid. Luciferase and 3-galactosidase
activity was determined 36 h after transfection using the Dual Light Luciferase and -
galactosidase reporter gene assay (Applied Biosystems) according to the manufacturer’s
instructions.

Western blot

Whole cell lysates were obtained by solubilizing cells in protein loading buffer and heating
at 100 °C for 10 min. An equal amount of proteins from each sample was separated by
electrophoresis on SDS-PAGE gels and transferred onto Hybond P membranes (GE
Healthcare, Piscataway, NJ, USA). Membranes were incubated with primary antibodies for
p53 (NCL-p53-CM5p; Leica Microsystems) and Santa Cruz antibodies for -actin
(sc-1616R), cyclin B1 (sc-245), cyclin A (sc-751), K-ras (sc-30), and phospho-p53 (Ser15)
(9284; Cell Signaling, Danvers, MA, USA). Signal was detected with the ECL-Plus
detection system (GE Healthcare) and quantified using Scion Image Beta 4.0.3 (Scion
Corporation, Frederick, MD, USA).
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RNA interference

Cells were transfected with K-ras siRNA (D-043 846-01; Dharmacon, Lafayette, CO, USA)
or control siRNA (D-001 210-04-05; Dharmacon) using the TransIT-TKO system (Mirus
Corporation, Madison, WI, USA) following the manufacturer’s recommendations. For
mitosis labelling, the cells were plated on coverslips and transfected with the sSiRNAs
indicated above or an siRNA for p53 (D-040 642-01). Twenty-four hours later, the cells
were pulsed with BrdU for 30 min, fixed, and subjected to double immunofluorescence for
BrdU and pHH3.

Statistical analysis

Results

All comparisons between groups were analysed by the two-tail Student’s t-test. Error bars
represent the mean + standard error of the mean.

An endogenous p53R172H gain-of-function mutation promotes SCCHN progression

To determine the role of the p53R172H gain-of-function mutation (equivalent to human
p53R175H) during head and neck cancer development, we generated mice in which the
endogenous p53R172H mutation was activated exclusively in the oral epithelium of mice
carrying a conditional p53R172H allele [20] and the K5.Cre*PR1 transgene that allows
expression of an RU486-inducible Cre recombinase [30] (Supporting information,
Supplementary Figure 1). In these mice (K-p53R172HWt mice) oral tumour formation was
initiated by activation of oncogenic K-rasG12P [30,32]. In addition, a floxed-p53 allele
(p53f) [31] was used to induce deletion of the remaining p53 allele, to rule out potential
dominant negative effects of mutant p53 (K-p53R172H/f mice). The potential gain-of-
function properties of mutant p53 were analysed by comparing the tumour rates in these
mice with mice in which both copies of the p53 gene were deleted in the presence of K-
ras®12D (K-p537f mice). Control mice expressing K-rasG12P and wild-type (wt) p53 were
also generated (K-p53WYWt mice). The conditional alleles in all of these mice were activated
in the oral cavity by topical application of RU486.

We found that K-p53R172H/f and K-p53R172HMWt mjce developed twice as many tumours as
K-p537f or K-p53WWt mice, indicating that mutant p53 contributes to early oral squamous
tumourigenesis (Figure 1A). Moreover, tumours that developed in the K-p53R172H/f and K-
p53R172HWE mice grew faster than tumours that developed in K-p53f/f mice or mice with wt
p53 (Figure 1B). Most of the tumours that developed in these mice were classified as benign
papillomas (Figures 2A-B and 2D-E). Notably, progression to carcinoma occurred only in
K-p53R172H/t mice, but not in K-p53f mice (Figures 2C and 2F). We detected carcinomas
in 15% of the K-p53R172H/f mice that survived at least 44 weeks, with a mean latency of 42
weeks after activation of the conditional alleles. However, the penetrance of progression to
carcinoma could not be fully determined due to the short lifespan of K-p53R172H/f mice (12—
15 months). Nevertheless, K-p53f/f mice had a longer lifespan but never developed
carcinomas, indicating that mutant p53, but not loss of p53, predisposed to carcinoma
formation. Activation of the conditional alleles in the tumours was verified by PCR using
specific primers that allow the identification of activated mutant and wt alleles [22]

J Pathol. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Acinetal.

Page 6

(Supporting information, Supplementary Figure 1D). The expression of mutant p53 in
tumours with an activated p53R172H allele was further confirmed by immunohistochemistry
(Figures 2G-2I). Collectively, these observations document a role for the mutant p53R172H
in oral cancer initiation, tumour growth, and progression to carcinoma.

Mutant p53 modulates the expression of genes involved in mitosis and the mitotic rates in
oral tumours

To identify molecular mechanisms involved in the oncogenic function of mutant p53, we
compared the expression profiles of p53-null oral papillomas that developed in K-p53ff
mice (hereafter referred as K-p53~/~ tumours) with those of papillomas that expressed
endogenous mutant p53R172H (K-p53R172H/~ and K-p53R172H/+) Gene expression analysis
identified 131 genes that were up-regulated and 70 genes down-regulated in p53Rk172H
tumours, with a false discovery rate less than 5% (Figure 3A and Supporting information,
Supplementary Table 1). Analysis of the functional significance of these changes using
DAVID [34] revealed enrichment for several gene ontology terms related to mitosis in the
gene set with increased expression in p53R172H tumours (Figure 3B). In addition, the gene
network with the highest score (p = 1.0E~41) generated with Ingenuity Pathways Analysis
(IPA) using genes up-regulated in p53R172H tumours contained cyclin B1 (Ccnb1) and
cyclin A (Ccna2) as the highest connected nodes in a network that included 22 genes up-
regulated in p53R172H tumours (Figure 3C). The increased expression of cyclin B1, cyclin
A, and other genes found up-regulated in K-p53R172H tumours was confirmed by
quantitative real-time-PCR (Figure 3D).

To determine the impact of these changes in gene expression in modulating mitotic rates in
the tumours, we identified cells in G2-M in the oral tumours by staining with an antibody
specific for phosphorylated histone H3 (pHH3). We found that the number of pHH3-positive
cells was slightly higher in K-p53R172H/~ tymours than in K-p53~/~ tumours (Figure 4A),
although this difference did not reach statistical significance. However, a more detailed
evaluation of the staining pattern for pHH3 that allows the discrimination of cells in G2
(punctate staining) from cells undergoing mitosis (solid staining) [38] (Figure 4B) revealed
that the fraction of cells in mitosis was significantly higher in K-p53R172H/~ tumours than in
K-p53~/~ tumours (Figure 4C). Thus, 70% of the pHH3-positive cells in K-p53~/~ tumours
were in G2 and only 30% were in mitosis, whereas the K-p53R172H/~ tumours contained a
similar number of cells in G2 and mitosis, suggesting that entry in mitosis was accelerated in
tumours that express mutant p53.

Mutant p53 induces the expression of cyclin B1 and cyclin A in oral tumour cells and
accelerates entry in mitosis

To further analyse the oncogenic function of mutant p53, we generated cell lines from K-
p53R172H/= and K-p53~/~ mouse oral tumours (Figures 5A and 5B). We found that K-
p53R172H/~ cells tend to accumulate significantly higher number of cells with multiple
centrosomes (Figure 5C). In addition, transfection of p53R172H jnto K-p53~/~ cells induced a
significant increase in the number of cells that contained more than two centrosomes (Figure
5D), thereby confirming that mutant p53 can induce centrosome amplification in oral
tumour cells. Consistent with these findings and the accelerated tumour growth observed in
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the K-p53R172H primary tumours, we also found that tumours induced upon subcutaneous
injection of K-p53R172H/~ cells grew faster than tumours induced by K-p53~/~ cells (Figure
5E), supporting an increased tumourigenic potential for the K-p53R172H/~ oral tumour cells.

Using these cells, we found that transfection of mutant p53 into K-p53~/~ cells resulted in
increased activity of the cyclin B1 promoter in a luciferase reporter assay (Figure 5F).
Similarly, the activity of the cyclin B1 promoter was higher in K-p53R172H/= ce|ls than in K-
p53~/~ cells (Figure 5G). Moreover, mutant p53 also induced the RNA expression of both
cyclin Bl and cyclin A (Figure 5H), and the protein levels of cyclin B1 and cyclin A were
higher in K-p53R172H/= cells than in K-p53~/~ cells (Figure 51). Consistent with these
observations, we detected faster accumulation of BrdU-labelled mitosis in K-p53R172H/~ ce||
lines, compared with K-p53~/~ cells, in an experiment in which cells pulsed with BrdU were
stained for pHH3 at different times to determine the rates of entry in mitosis (Figure 5J).
These results indicate a faster transition from G2 to M in cells that express p53R172H,
Collectively, these findings indicate that mutant p53 can induce the expression of genes
involved in mitosis, including cyclin B1 and cyclin A, and promote accelerated entry in
mitosis as part of its oncogenic function during head and neck cancer development.

Mutant p53 induces cyclin B1 and cyclin A in response DNA damage and K-ras

It was previously shown that mutant p53 can modulate the expression of cyclin B1 and
cyclin A in breast and colon cancer cell lines in response to DNA damage [25]. To
determine whether DNA damage can also induce cyclin B1 and cyclin A expression in oral
tumour cells that express mutant p53, we treated K-p53R172H/~ and K-p53~/~ cells with
doxorubicin for up to 36 h. We observed that exposure to doxorubicin induced a higher
increase in the cyclin B1 and cyclin A levels in K-p53R172H/~ cells than in K-p53~/~ cells
(Figures 6A—-6D). This treatment also induced a slight increase in the phosphorylation of
p53 at serine 15, accompanied by a modest raise in the mutant p53 levels, suggesting that in
these tumour cells mutant p53 is only moderately stabilized in response to DNA damage
(Supporting information, Supplementary Figure 2E). Together, our observations indicate
that p53R172H can induce the expression of cyclin B1 and cyclin A in head and neck
tumours, and in response to DNA damage.

However, the oral tumours that developed in our mice appeared spontaneously upon
activation of oncogenic mutations, with no further exposure to carcinogens or any other
external source of DNA damage. As oncogenes can also induce DNA damage in tumours
[39,40], we asked whether DNA damage occurred in the mouse oral tumours. Indeed,
multiple tumour cells were stained with an antibody for y-H2AX, a marker for double-strand
breaks, thus confirming the presence of DNA damage in the tumours (Figure 6E). As we
speculated that DNA damage in the oral tumours was a consequence of oncogenic K-ras
expression, we suppressed the expression of K-ras in oral tumour cells to determine whether
cyclin B1 and cyclin A expression was modulated by oncogenic K-ras. Remarkably, K-ras
suppression in K-p53R172H/= cells resulted in decreased levels of cyclin B1 and cyclin A
(Figure 6F and Supporting information, Supplementary Figures 2A and 2B). However, the
expression of cyclin B1 and cyclin A did not change after K-ras suppression in oral tumour
cells that lack p53 (Figure 6G and Supporting information, Supplementary Figures 2C and
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2D). Consistent with these findings, suppression of K-ras delayed entry in mitosis in K-
p53R172H/= cells, indicating that the accelerated entry in mitosis induced by mutant p53 in
these cells was dependent on oncogenic K-ras (Figure 6H). Similarly, entry in mitosis was
delayed after suppressing mutant p53 expression, thereby confirming that modulation of
mitosis in these cells is a direct effect of mutant p53 (Figure 6H). Together, these
observations indicate that K-ras can induce the expression of cyclin B1 and cyclin A only in
the presence of mutant p53, and suggest that the increased expression of cyclin B1 and
cyclin A and the accelerated entry in mitosis observed in oral tumours that express mutant
p53 may respond to oncogenic K-ras activation.

Discussion

We generated mice that developed spontaneous SCCHN through a stepwise mechanism
upon activation of endogenous mutations, and demonstrated an oncogenic role for the
mutant p53R172H in the early stages of oral tumour formation and during progression to
carcinoma. We found that mutant p53 exerts this oncogenic function by inducing the
expression of genes involved in mitosis, including cyclin B1 and cyclin A, and promoting
accelerated entry in mitosis. The increased expression of cyclin B1 and cyclin A induced by
DNA damage in oral tumour cells that express mutant p53, the presence of DNA damage in
tumours induced by K-ras activation, the induction of cyclin B1 and cyclin A by K-ras only
in oral tumour cells that express mutant p53, and the faster entry in mitosis induced by K-ras
in mutant p53 cells suggest that the oncogenic function of mutant p53 in SCCHN may be
promoted by oncogene-dependent DNA damage. These findings uncover a novel
mechanism that promotes the oncogenic function of mutant p53 and provides a mechanistic
explanation for the cooperation between oncogenic Ras and p53-gain-of-function mutations
in tumour initiation and progression.

The increased number of oral tumours induced by co-activation of the p53R172H and K-
ras®12D mutations compared with activation of K-ras®12D alone clearly indicates that
tumours do not arise from every oral epithelial cell expressing oncogenic K-ras. In fact,
oncogenes, including Ras genes, can induce a DNA damage response that results in cell
cycle arrest or apoptosis, thereby preventing tumour initiation and progression of benign
tumours [39,40]. However, expression of mutant p53 in cells with activated K-ras may
overcome DNA damage induced by oncogenic K-ras and facilitate the appearance of oral
tumours. This contribution of mutant p53 to oral tumour initiation is a consequence of a
gain-of-function role for mutant p53 because deletion of p53 did not affect tumour initiation
induced by K-ras. Additionally, tumours that expressed mutant p53 grew faster than p53-
null tumours, indicating that mutant p53 also promotes accelerated tumour growth.

Analysis of the expression profiles of the mouse oral tumours and functional studies in cell
lines derived from the tumours revealed that genes involved in mitosis, including cyclin B1
and cyclin A, may contribute to the oncogenic function of mutant p53. Using these cell

lines, we demonstrated that mutant p53 can induce the expression of both cyclin B1 and
cyclin A. Therefore, it is unlikely that the observed changes in gene expression are
secondary effects resulting from additional mutations that may arise as the tumours progress.
Supporting this idea, we found that mutant p53 induces accelerated entry in mitosis both in

J Pathol. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Acinetal.

Page 9

the tumours and in culture tumour cells. These findings suggest that up-regulation of cyclin
B1 and cyclin A and accelerated transition through mitosis contribute to the oncogenic
function of mutant p53 during oral tumour development. Remarkably, the induction of
mitotic cyclins was modulated by oncogenic K-ras, suggesting that oncogene activation is
critical to expose the oncogenic function of mutant p53. In addition, DNA damage induced
by exposing cells to doxorubicin resulted in a greater induction of cyclin B1 and cyclin A in
cells that express mutant p53, compared with p53-null cells. These observations, together
with the induction of cyclins by oncogenic K-ras only in K-p53R172H/= cells, and the
presence of DNA damage in the tumours induced by K-ras suggest that mutant p53 may
induce the expression of cyclin B1 and cyclin A in response to DNA damage promoted by
oncogene activation (K-ras) or chemotherapy (doxorubicin). It is worth noting that cyclin B1
and cyclin A were reported to be over-expressed in human SCCHN, suggesting that these
cyclins may also be involved in human SCCHN progression, although the p53 status of
these tumours was not assessed [41,42].

In addition to accelerating tumour growth, the forced entry in mitosis promoted by mutant
p53 may allow the accumulation of genomic alterations that ultimately facilitates
progression to carcinoma. Since carcinomas developed in our mice only upon activation of
the p53R172H mutation, we suggest that molecular changes induced by mutant p53 may
predispose benign tumours to progress to malignant stages, although further studies will be
required to determine whether overexpression of cyclin B1 and/or cyclin A can promote
progression to carcinoma. Importantly, carcinomas were induced only in the presence of
mutant p53 but not upon deletion of the p53 gene. Similarly, in a previously described
mouse model, oral tumours induced by K-ras did not progress to carcinoma after deletion of
p53, except when tumours developed in the ventral area of the tongue [43]. We did not
detect conversion to carcinoma upon deletion of p53 in K-ras-initiated oral tumours, perhaps
because of the limited number of tumours that developed in our mice in the area of the
tongue that seems to be more sensitive to progression in the absence of p53, due to the more
restrictive nature of Cre activation in our model.

Importantly, the major risk factors for SCCHN are tobacco smoking and heavy alcohol
consumption, which may be attributed, at least in part, to the genotoxic effects of
metabolites that allow the accumulation of genetic alterations [44,45]. It is tempting to
speculate that p53 mutations may also facilitate head and neck cancer formation and
progression in individuals exposed to DNA damage induced by alcohol and tobacco. In
addition, certain p53 mutations are associated with poor prognosis of SCCHN [10,17,18].
Our mouse models provide genetic evidence to support these clinical observations and
propose a role for p53 gain-of-function mutations during head and neck cancer progression.
In this context, it is worth mentioning that since the initial discovery of the mutant p53 gain-
of-function it was appreciated the distinct tumourigenic potential of different p53 mutants
was appreciated [14], an observation that was later confirmed in mice carrying different
germline mutations in the p53 gene [20,46]. Given the broad range of p53 mutations found
in human cancers, including SSCHN [47], it is expected that different mutations may have a
different impact on prognosis. Indeed, a shorter survival was observed in patients with
SCCHN containing p53 mutations compared with patients with wt p53 tumours. However,
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when the p53 mutations were classified as disruptive or non-disruptive, based on the
differential polarities of the wt and mutant amino acids and the location in the protein, it was
found that disruptive mutations accounted for most of the association with the short survival,
indicating that this group may contain most of the transforming p53 mutants [10].
Interestingly, the p53R175H mutation, the human equivalent to mouse p53R172H falls into
the ‘non-disruptive’ category, although it was one of the most transforming mutants in vitro
and in animal models, including the one reported here [14,20-22]. By contrast, the human
p53R175P mutation, equivalent to mouse p53R172P is considered a disruptive mutation.
However, germline activation of p53R172P in mice showed that tumours in these mice
developed at much lower rates compared with p53-null mice because p53R172P can induce
cell cycle arrest, although it is deficient in inducing apoptosis [46]. Collectively, these
observations indicate that classifying p53 mutations certainly helps to predict SCCHN
outcomes, but additional efforts in refining the classification methods will help to improve
prediction and design potential therapies to target these mutants.
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- K-p53f/f
K-p 53wt/wt

3H1 72H/wt

30 40 50
Weeks after activation

Kinetics of oral tumour formation and growth. (A) Kinetics of oral tumour formation in
mice carrying different combinations of p53 alleles: K-p53R172H/f mice (red line, n = 62), K-
p53R172HWE mice (blue line, n = 17), K-p53f mice (green line, n = 30), and K-p53"YWt mice
(brown line, n = 18). Tumour initiation was determined by the average number of tumours
that developed per mouse after Cre activation induced by topical application of RU486 in
the oral cavity. (B) Kinetics of tumour growth in mice described in panel A. Each time point
represents the percentage of mice with tumours larger than 4 mm.
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Pap K-53f Pap K-p53R172H SCC K-p53R172H/f

Figure 2.
Histopathology of the mouse oral tumours. (A, B) Gross appearance of papillomas (Pap) that

developed in the oral cavity of (A) K-p537f mice or (B) K-p53R172H/f mice, 8 months after
activation of the conditional alleles. (C) Frontal view showing the gross appearance of a
carcinoma (SCC) that developed in a K-p53R172H/f mouse. (D-F) Haematoxylin and eosin
staining of oral papillomas that developed in (D) K-p53/f mice or (E) K-p53R172H/f mjce,
and (F) the carcinoma shown in panel C. (G-1) Immunohistochemistry for p53 in oral
papillomas that developed in (G) K-p53/f mice and (H) papillomas or (1) carcinomas that
developed in K-p53R172H/f mice,
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Figure 3.
Gene expression analysis of p53 mutant oral tumours. (A) Hierarchical clustering of oral

tumour samples using a gene list containing genes with differential expression in oral
tumours that expressed p53R172H (K-p53R172H/~ and K-p53R172H* tumours) compared with
tumours that lacked p53 (K-p53~/~ tumours). Three tumours per genotype were analysed.
(B) Gene ontology terms enriched in genes up-regulated in tumours that expressed
p53R172H Each bar represents a distinct term, indicating in parentheses the gene ontology
category: biological process (BP) or cell component (CC). (C) Gene network generated with
IPA using genes up-regulated in p53R172H tumours. Icons in red represent genes with
increased expression in p53R172H tumours; white icons represent genes with unchanged
expression. The highest connected nodes were moved to the centre of the network and other
genes were brought to the periphery. Note that cyclin B1 (Ccnbl) and cyclin A (Ccna2) are
the most connected genes in this network. (D) Real-time RT-PCR for the indicated genes.
Three tumours per genotype were analysed in triplicate. “p = 0.01-0.05; **p < 0.01.
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Quantification of mitosis in oral tumours. (A) Percentage of cells labelled with an antibody

for pHH3 in tumours with the indicated genotypes. Five tumours per genotype were

analysed and over 400 cells per tumour were counted. (B) Immunohistochemistry for pHH3

in K-p53~/~ tumours (left panel) and K-p53R172H/~ tumours (right panel). Note the

distinctive punctate staining (red arrows) and solid staining (black arrows) in the tumours.
(C) Cells in G2 (punctate staining for pHH3) and in mitosis (solid staining for pHH3) were
counted and are represented as a percentage of all pHH3-positive cells. Five tumours per

genotype were analysed. ““p < 0.01.
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Figure5.
Cyclin B1 expression and accelerated entry in mitosis induced by mutant p53 in cell lines

derived from mouse oral tumours. (A) Bright field images illustrating the epithelial
morphology of the cells (left panels), and immunofluorescence staining showing the
organization of keratin 14 (K14) filaments in K-p53~/~ (top panels) and K-p53R172H/~ cel|
lines (bottom panels), and p53 accumulation in the nuclei of K-p53R172H/~ cells, but not in
K-p53~/~ cells. (B) Western blot for p53 in K-p53R172H/~ and K-p53~/~ cell lines. Two
independent cell lines from each genotype are shown. (C) Centrosomes were visualized by
immunofluorescence staining with a y-tubulin antibody. The number of cells with more than
two centrosomes is represented. Three independent cell lines per genotype were analysed.
(D) Transfection of mutant p53 into K-p53~/~ oral tumour cells using the p53Rk172H
minigene (mp53) induces centrosome amplification. Centrosomes were scored as indicated
in panel C. (E) Tumour growth induced upon subcutaneous injection of K-p53R172H/= and
K-p53~/~ cell lines in athymic nude mice. 108 cells per cell line were injected. Three cell
lines of each genotype were analysed. (F) Luciferase reporter assay showing that
transfection of K-p53~/~ oral tumour cells with increasing concentrations of a plasmid
carrying a p53R172H minigene results in increased activity of the cyclin B1 promoter. (G)
Luciferase reporter assay for the cyclin B1 promoter in K-p53~~ and K-p53R172H/~ ce||
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lines. Data are expressed as mean of triplicates. (H) Real-time RT-PCR for Ccnbl (cyclin
B1) and Ccna2 (cyclin A) using RNA purified from K-p53~/~ oral tumour cells transfected
with a control empty plasmid (Contr) or a plasmid carrying a p53R172H minigene (mp53). (1)
Protein expression of cyclin B1 and cyclin A in K-p53R172H/~ and K-p53~/~ cell lines. Three
independent cell lines per genotype were analysed. (J) Percentage of BrdU-labelled mitosis
at different times after BrdU labelling. To identify cells in mitosis, cells pulsed with BrdU
were stained for pHH3 at different times after chasing BrdU labelling. The rate of entry in
mitosis was determined by analysing the ratio of BrdU-labelled mitosis. Two cell lines per
genotype were analysed and over 100 cells per time point were counted in each cell line. "p
=0.01-0.05; "p < 0.01.
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Figure®6.

Induction of cyclin B1 and cyclin A in response to DNA damage and K-ras. (A) Western
blot analysis of cellular extracts from K-p53R172H/~ and K-p53~/~ cells treated with 200
ng/ml doxorubicin for up to 36 h, using cyclin B1 and B-actin antibodies. (B) Protein levels
in panel A are represented as fold increase relative to time 0, after normalization with -
actin, used as a loading control. (C) Analysis of cyclin A protein levels using the cell lysates
described in panel A. (D) Quantification of the cyclin A protein levels shown in panel C,
normalized with B-actin. (E) Immunohistochemistry for y-H2AX in a K-p53W/Wt ora]
tumour. (F) Suppression of K-ras expression in K-p53R172H/= cells. Control or K-ras
siRNAs were transfected into K-p53R172H/= cells, and the expression of cyclin B1, cyclin A,
and K-ras was analysed by western blot. Quantification of cyclin B1 and cyclin A levels is
shown in the Supporting information, Supplementary Figures 2A and 2B. (G) Suppression
of K-ras expression in K-p53~/~ cells. Control or K-ras siRNAs were transfected into K-
p53~/~ cells, and the expression of cyclin B1 and cyclin A was analysed by western blot.
Quantification of cyclin B1 and cyclin A levels is shown in the Supporting information,
Supplementary Figures 2C and 2D. (H) Suppression of K-ras and mutant p53 expression
delays entry in mitosis in cells that express p53R172H, Percentage of labelled mitosis was
determined as in Figure 5J in cells transfected with a control siRNA (blue line), K-ras
SiRNA (green line) or p53 siRNA (red line). Duplicates for each time point are represented

J Pathol. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Acinetal.

Page 20

and over 100 cells per time point were counted. p < 0.01 for both K-ras siRNA and p53
SiRNA compared with control siRNA.
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