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Abstract

Recent studies describing the mutational landscape of head and neck squamous cell carcinoma 

(HNSCC) on a genomic scale by our group and others, including The Cancer Genome Atlas, have 

provided unprecedented perspective for understanding the molecular pathogenesis of HNSCC 

progression and response to treatment. These studies confirmed that mutations of the TP53 tumor 

suppressor gene were the most frequent of all somatic genomic alterations in HNSCC, alluding to 

the importance of the TP53 gene in suppressing the development and progression of this disease. 

Clinically, TP53 mutations are significantly associated with short survival time and tumor 

resistance to radiotherapy and chemotherapy in HNSCC patients, which makes the TP53 mutation 

status a potentially useful molecular factor for risk stratification and predictor of clinical response 

in these patients. In addition to loss of wild-type p53 function and the dominant-negative effect on 

the remaining wild-type p53, some p53 mutants often gain oncogenic functions to promote 

tumorigenesis and progression. Different p53 mutants may possess different gain-of-function 

properties. Therefore, mutant p53 is not just one protein but actually a variety of proteins that 

contribute to an exceptionally vast network of tumor-promoting processes. Herein we review the 

most up-to-date information about TP53 mutations available via The Cancer Genome Atlas-based 

analysis of HNSCC and discuss our current understanding of the potential tumor-suppressive role 

of p53, focusing on gain-of-function activities of p53 mutations. We also summarize our 

knowledge regarding use of the TP53 mutation status as a potential evaluation or stratification 

biomarker for prognosis and a predictor of clinical response to radiotherapy and chemotherapy in 

HNSCC patients. Finally, we discuss possible strategies for targeting HNSCCs bearing TP53 
mutations.
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Head and neck squamous cell carcinoma (HNSCC) is the major form of head and neck 

cancer and the sixth most common cancer worldwide. The global number of new HNSCC 

cases annually is estimated to be more than 600,000, with about 355,000 deaths observed 
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each year. In the United States, more than 60,000 new HNSCC cases and over 13,000 

HNSCC deaths per year are recorded (Siegel et al., 2016). HNSCC occurs at various 

anatomical sites in the head and neck, including the oral cavity, larynx, pharynx, and nose/

paranasal sinuses, and accounts for approximately 3% of all malignancies in the United 

States. The incidence and mortality rates for head and neck cancers are disproportionately 

distributed among different genders, race, and region of the world. For instance, head and 

neck cancers are more prevalent in male than in female individuals. Furthermore, owing to 

culturally or habitually related risk factors, the incidence of HNSCC at a particular 

anatomical site may be higher in a certain geographical area than in others. For example, 

mouth and tongue cancers are more common on the Indian subcontinent, where oral betel 

nut use is a common practice. On the other hand, in the United States, despite a decreasing 

incidence in black individuals over the past 2 decades, the mortality rate for HNSCC is still 

higher in that group than in white patients (DeSantis et al., 2013). Additionally, human 

papillomavirus (HPV)-associated oropharyngeal cancer has distinct epidemiological 

characteristics, as patients are likely nonsmokers, younger and less frequent alcohol users 

than those not infected with HPV, and certain sexual behaviors, exposure to HPV are 

correlated with development of HPV+ oropharyngeal cancer. Furthermore, HPV+ 

oropharyngeal cancer patients have much better prognoses than do matched staged HPV− 

oropharyngeal cancer patients.

The risk factors for HNSCC include smoking, alcohol consumption, viral infections 

(Epstein-Barr virus, HPV, and herpes simplex virus), betel nut chewing, occupational 

exposure to carcinogens, immunodeficiency, irradiation, diet, and genetic disposition. Some 

risk factors are closely linked with the molecular pathogenesis of HNSCC. For example, p53 

protein, the translated product of the TP53 gene that is frequently mutated in HPV− HNSCC 

cells, can be bound and inactivated by the HPV E6 protein in HPV+ HNSCC patients, 

resulting in dysregulated cell-cycle progression and cellular proliferation.

Given the significant diversity of the anatomical sites and molecular pathogenesis of 

HNSCC, treatment of it often integrates multimodal approaches, including chemotherapy, 

radiotherapy (particularly intensity-modulated radiotherapy), and surgery. Despite several 

decades of advances that have improved diagnosis and management of HNSCC, 

approximately half of all patients die of it. Currently, treatment plans for HNSCC are still 

selected using the well-established prognostic parameters of tumor site, primary TNM stage, 

and histological tumor characteristics. However, owing to marked heterogeneity in the 

biology and molecular pathogenesis of HNSCCs, even tumors at similar stages respond very 

differently to the same treatment. As a result, identifying reliable biomarkers is imperative to 

assist with prognosis and stratify patients for customized treatment plans that do not have 

unnecessary toxic effects or costs and are more effective than standard chemotherapy and 

radiotherapy. A large body of evidence, backed by the latest results of genomic sequencing 

analyses of and The Cancer Genome Atlas (TCGA) data on HNSCC, suggests that genetic 

alterations in specific signaling pathways, including those of the TP53 gene, play critical 

roles in HNSCC tumorigenesis and progression.

In this review, we describe the latest advances in understanding the molecular pathogenic 

mechanisms that drive the progression of HNSCC and highlight the impact of TP53 
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mutations on the development and progression of HNSCC and the importance of these 

mutations as prognostic and predictive biomarkers for HNSCC in patients undergoing 

treatment. Understanding TP53 mutations and their impact on p53 signaling and interaction 

with other cellular growth and survival signaling pathways can help with the design of new, 

more effective therapeutic strategies that target TP53 mutation-bearing HNSCC, providing a 

precision medicine approach to the treatment of this disease.

THE MOLECULAR PATHOGENESIS OF HNSCC

Previous cytogenetic and single-gene studies established a model of the tumorigenesis of 

HNSCC, in which accumulation of chromosomal rearrangements such as deletions and 

duplications drives the carcinogenic transformation of epithelial squamous cells (Califano et 

al., 1996). In this model, progressive loss of heterozygosity in chromosomal regions 9p21, 

3p, and 17p13 along with amplification of 11q13 may drive the transition from hyperplasia 

in normal mucosa to dysplasia and subsequent carcinoma in situ, finally resulting in 

malignant invasion and metastasis of HNSCC (Figure 1). Consistent with this model, some 

critical tumor suppressor genes and oncogenes are found in genetically altered chromosomal 

regions, including p16 at 9p21, TP53 at 17p13, and cyclin D1 at 11q13.

With the advent of next-generation sequencing technologies, understanding of the molecular 

and genetic pathogenesis of HNSCC has never been clearer. Large-scale sequencing 

analyses of HNSCCs performed by our group and others have identified frequent alterations 

of genes in this tumor, including TP53, CDKN2A, CASP8, FAT1, NOTCH1, HRAS, 

PIK3CA, MLL2, and FBXW7 (Agrawal et al., 2011; Lawrence et al., 2015; Pickering et al., 

2013; Stransky et al., 2011). These studies provided an important clue as to the key signaling 

molecules that contribute to HNSCC tumorigenesis. More importantly, they identified 

potential pharmacological targets for HNSCC-directed therapies.

Based on the recently identified mutations in HNSCCs the recent mutational landscape of 

HNSCC, the major pathological pathways implicated in the tumorigenesis of HNSCC 

include dysregulation of four processes: 1) Cellular survival and proliferation (e.g., TP53, 

HRAS, EGFR, and PIK3CA): recent genomic-scale mapping of HNSCC mutations 

confirmed that the incidences of TP53, HRAS, and PIK3CA mutations were high in this 

disease. 2) Cell-cycle control (e.g., CDKN2A and CCND1): homozygous deletion of 

CDKN2A (encoding cyclin-dependent kinase inhibitor 2A) occurs in about 30% of HNSCC 

cases. Also, amplification of CCND1, which encodes cyclin D1, occurs in about one third of 

HNSCCs. Taken together, the status of CDKN2A and CCND1 can contribute distinctively to 

prediction of survival of tongue cancer patients. 3) Cellular differentiation (e.g., NOTCH1): 

NOTCH1 is a transmembrane receptor and controls cell differentiation and embryonic 

development. In HNSCC patients, it may be a tumor suppressor gene, as significant 

inactivating mutations of NOTCH1 are present in HNSCC NOTCH1 (19%) and linked with 

squamous differentiation of tumors, although the exact mechanism of its tumor-suppressive 

function remains to be elucidated. 4) Adhesion and invasion signaling (e.g., FAT1): FAT1 
encodes a protein that belongs to the cadherin superfamily. FAT1 suppresses cancer cell 

growth by binding to β-catenin and inhibiting its nuclear localization (Agrawal et al., 2011; 

Lawrence et al., 2015; Pickering et al., 2013; Stransky et al., 2011)
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TP53 MUTATIONS IN HNSCCs

Among the genes mentioned above, mutation of the TP53 gene is the most common 

genomic alteration identified in HNSCC cases. Disruption of p53 functions can be caused by 

mutation or other mechanisms, such as HPV infection. In such cases, expression of HPV E6 

protein targets p53 for proteasomal degradation. Because TP53 is the gene most frequently 

mutated in HNSCCs, investigators are focusing on the functional impact of these mutations 

on HNSCC progression and treatment response and, thus, their utility as prognostic or 

predictive biomarkers for HNSCC.

THE PREVALENCE AND ETIOLOGY OF TP53 MUTATIONS IN HNSCCs

Because of HNSCC heterogeneity (e.g., tumors at different anatomical sites) and different 

technologies used to detect TP53 mutations in HNSCCs (e.g., immunohistochemistry, 

mutation screening), the prevalence of TP53 mutations in HNSCC patients varies quite 

widely in studies in the literature, ranging from 30% to 70%. More recent next-generation 

sequencing studies confirmed that TP53 is the most commonly mutated tumor suppressor 

gene in HNSCCs, with a mutation frequency in non-HPV-associated HNSCC cases ranging 

from 75% to 85% (Agrawal et al., 2011; Lawrence et al., 2015; Pickering et al., 2013; 

Stransky et al., 2011). Updated TCGA (http://gdac.broadinstitute.org/) analysis results 

regarding 510 HNSCC cases demonstrated that 70.4% of tumors have TP53 mutations 

(Table 1). Moreover, tumors of the larynx and hypopharynx have the highest TP53 mutation 

rate (83.5%), tumors of the tongue and oral cavity have a TP53 mutation rate of 75.6%, and 

tumors of the oropharynx, including the tonsils, and base of the tongue have the lowest TP53 
mutation rate (28.6%). The finding that the lowest TP53 mutation rate is for tumors of the 

oropharynx and tonsils is not surprising given that the vast majority of oropharyngeal 

cancers are HPV-associated.

Consistent with observations regarding many other cancers, most TP53 mutations in 

HNSCCs are missense mutations, frequently occurring within the central region of the 

protein that serves as the p53 DNA-binding domain. Updated HNSCC TCGA results 

demonstrated that although the spectrum of TP53 missense mutations is wide (Figure 2), 

several TP53 missense mutations, including those at codons R248, R273, G245, R175, 

R282, and H179, are the most prevalent hotspot mutations In HNSCCs (Table 2).

While TCGA results confirmed that HNSCC arises via the multistep process of 

carcinogenesis, it appears that alterations of TP53 often occur early in this progression, as 

they can be detected in premalignant lesions (Boyle et al., 1993). Moreover, a study using 

direct sequencing demonstrated no difference of TP53 mutations between primary HNSCCs 

and matched nodal metastatic lesions (Tjebbes et al., 1999). In another study of 20 patients 

with invasive HNSCC, the researchers found no TP53 mutations in clinically normal-

appearing mucosa (taken at least 3 cm from the carcinoma) but detected TP53 mutations in 

seven dysplastic lesions, with five of these lesions having the same mutations as the 

corresponding carcinoma samples (el-Naggar et al., 1995). Taken together, these results 

strongly indicate that early occurrence of TP53 mutations contributes to stepwise clonal 

expansion and progression down the multistep pathway to HNSCC development.
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Whether risk factors such as use of tobacco or alcohol and exposure to chemicals can affect 

the frequency of TP53 mutations in patients with HNSCC is still controversial. Whereas 

several previous studies demonstrated that the frequency of TP53 mutations is positively 

associated with tobacco exposure, others failed to demonstrate such an association (Poeta et 

al., 2007). These inconsistent results may have resulted from use of different methods to 

detect TP53 mutations. In the recently updated TCGA data on the 510 HNSCC cases, the 

association between smoking and TP53 mutations was not significant. Similarly, 

investigators showed that young age was associated with high rates of TP53 mutations (De 

Paula et al., 2009). However, our recent study on squamous cell carcinoma of the oral tongue 

demonstrated that tumors in younger never-smoking patients (<45 years old) appeared 

genomically similar to those in older smoking patients, including similarly high TP53 
mutation rates (Pickering et al., 2014).

It was well documented that there is an inverse relationship between the presence of HPV 

DNA in squamous cell carcinoma of the oropharynx and the presence of TP53 mutations in 

this tumor. In support of this, nearly one third (28.6%) of oropharyngeal and tonsil tumors in 

the TCGA HNSCCs are HPV+ and wild-type (WT) for TP53, whereas tumors at other sites 

are less prone to be HPV+ and have higher rates of TP53 mutations (Table 1). This result 

strongly suggests that in patients with HPV infection, in whom WT p53 is inactivated by 

binding to the E6 viral proteins rather than by mutation, HPV infection plays an important 

role in the development of oropharyngeal and tonsil tumors, whereas TP53 mutations, which 

result in loss-of-function and/or gain-of-function (GOF), are vital for HNSCC tumorigenesis 

and progression in HPV− patients.

P53’S BIOLOGICAL ACTIVITIES IN TUMOR SUPPRESSION AND THE CONSEQUENCES OF 
TP53 MUTATIONS

The TP3 gene consists of 11 exons, the first of which is noncoding. The p53 protein consists 

of 393 amino acids and comprises four regions with different functions: the N-terminal 

transactivational domain (amino acids 20–42), the central DNA-binding domain (amino 

acids 103–292), the C-terminal tetramerization domain (amino acids 319–360), and the C-

terminal regulatory domain (amino acids 364–393). WT p53 is a pivotal tumor suppressor—

termed the “guardian of the genome” — because it ensures genomic stability and thus 

prevents cancer onset. P53 exerts its tumor-suppressive function by regulating the 

transcription of numerous downstream target genes involved in cell-cycle arrest, apoptosis, 

senescence, DNA repair, and metabolism as a transcription factor (Lane and Levine, 2010).

Under normal unstressed physiological conditions, p53 protein has a very short half-life and 

is maintained at a low level, mainly by being degraded by its E3 ubiquitin ligase, MDM2, 

pirh2, and COP1 (Pant and Lozano, 2014). Once cells are exposed to genotoxic stresses, p53 

is posttranslationally modified via phosphorylation, acetylation, and other modifications and 

stabilized, and its level rises dramatically, resulting in activation and transcription of 

hundreds of genes with important roles in cell-cycle arrest, senescence, apoptosis, 

metabolism, and differentiation (Vousden and Prives, 2009). Together, these activities ensure 

that cells with DNA damage do not propagate this damage via proliferation. Thus, when p53 

activity is lost owing to gene deletion or mutation, normal cells lose the ability to control and 

Zhou et al. Page 5

J Cell Biochem. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



address DNA damage via repair or death, leading to genomic instability and, ultimately, 

cancer (Muller and Vousden, 2013). The observation that more than 70% of HNSCCs have 

mutations of the TP53 gene and that many HNSCC patients with WT p53 are infected with 

HPV (Table 1), which also inactivates WT p53’s function, indicates the indispensability of 

intact p53 activity for the suppression of HNSCC development.

An intriguing question is what is the functional mechanism of p53-mediated tumor 

suppression under physiological conditions? Although regulation of cell-cycle arrest, 

apoptosis, and senescence is widely accepted as the main function of p53 that contributes to 

its tumor-suppressive role, recent studies with animal models have challenged this paradigm. 

For instance, p53 efficiently suppresses tumor development in the complete absence of its 

cell-cycle-inhibitory and proapoptotic effectors p21, Puma, and Noxa. Moreover, mice with 

expression of mutated p53 at three acetylation sites (K117, K161, and K162), which 

abolished p53-mediated cell-cycle arrest, apoptosis, and senescence, were not prone to early 

onset of spontaneous tumorigenesis, suggesting that cell-cycle arrest, apoptosis, and 

senescence are dispensable for p53’s tumor-suppressive role. In addition to cell-cycle arrest, 

apoptosis, and senescence under genotoxic stress, p53 regulates many aspects of cell 

metabolism. For example, it inhibits aerobic glycolysis, lipid synthesis, and the pentose 

phosphate pathway and promotes mitochondrial respiration via multiple mechanisms 

(Berkers et al., 2013). More importantly, in the mice described above, acetylation-site-

mutated p53 retained the ability to inhibit glucose uptake, glycolysis, and reactive oxygen 

species production by regulating expression of the metabolic p53 target genes GLS2, 

TIGAR, and SLC7A11, strongly suggesting that p53-mediated regulation of cell metabolism 

(e.g., cysteine metabolism, ferroptosis) plays an important role in p53’s tumor-suppressive 

function (Jiang et al., 2015).

Mutations of the TP53 gene occur mainly in the DNA-binding domain, and the majority of 

them are missense mutations. Mutant p53 can be categorized roughly into two types: 1) 

DNA contact mutants, which are present on the amino acids that bind directly to the p53-

responsive element in DNA (e.g., p53R273H, p53R280K), and 2) conformational mutants, 

which alter the structure of p53 protein to abolish its DNA-binding ability (e.g., p53R175H, 

p53V143A). Both mutant types not only lose WT p53’s transcriptional function but also have 

dominant-negative activity by heteroligomerization with WT p53.

Over the course of tumor evolution, mutant TP53 derived from the mutated allele co-exists 

with WT TP53 from the other allele for varying periods until the WT TP53 allele is 

generally lost owing to loss of heterozygozity, leaving only the mutant TP53 allele. 

Interestingly, during the co-existence phase of both WT and mutant p53 proteins, 

haploinsufficiency of TP53 leads to the propensity for increased tumor development, as 

demonstrated in Li-Fraumeni syndrome patients as well as animal models. However, 

dominant-negative effects of mutant p53 over the functions of WT p53 are often observed 

with co-overexpression of mutant TP53 and WT TP53. In such cases, mutant p53 inactivates 

WT p53 via oligomerization and sequesters WT p53 away from its target gene promoters 

and/or quenches co-factors required for transactivation by the WT p53 bound to the 

promoters, thereby inhibiting WT p53’s ability to suppress cellular transformation and 

transactivate target gene expression.
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Finally, in addition to the loss-of-function and dominant-negative forms of p53, some p53 

mutations are associated with GOF activities that can enhance tumor progression, metastatic 

potential, and/or drug resistance when overexpressed, even in cells lacking WT TP53 
(Freed-Pastor and Prives, 2012). This explains why TP53 was originally described as an 

oncogene, as researchers unknowingly used plasmids encoding mutations of TP53. Thus, 

single-amino-acid changes in the TP53 gene may result in profound changes to its function, 

converting p53 from a tumor suppressor to an oncogene that greatly contributes to the 

malignant properties of cancer cells.

GOF ACTIVITIES OF MUTANT P53

Thus far, researchers have gained understanding of GOF activities of mutant p53 proteins 

primarily using cell culture studies of TP53-deficient isogenic cell lines to examine the 

effects of different overexpressed TP53 mutants. For example, introduction of various 

tumor-derived human TP53 mutants into p53-null tumor cells increased the cells’ 

tumorigenic and metastatic potential and resistance to chemotherapeutic drugs and DNA-

damaging agents (Muller and Vousden, 2013). Similarly, we observed that GOF p53 mutants 

promoted invasive growth of (Neskey et al., 2015; Zhou et al., 2014), resistance to treatment 

with cisplatin of (Osman et al., 2015c), and anoikis in (Xie et al., 2013) HNSCC cells. 

Furthermore, GOF p53 mutants mediate genomic instability; drive epithelial-to-

mesenchymal transition; regulate angiogenesis, nucleotide metabolism, lipid metabolism, 

and glycolysis; and promote inflammation and cellular programming in cancer stem cells 

(Haupt et al., 2016).

In addition, generation and studies of TP53–knock-in mice provided direct in vivo evidence 

of the GOF activities of mutant p53. Knock-in mouse models with expression of mutant 

p53R172H (equivalent to human R175H) and p53R270H (equivalent to human R273H) protein 

develop tumors that exhibit a GOF phenotype in vivo with higher metastatic capacity than 

that of tumors in mice with TP53−/− alleles (Lang et al., 2004). Similarly, in a murine model 

of HNSCC, mutant p53R172H, cooperating with oncogenic K-ras, accelerated oral tumor 

growth and promoted tumor progression to carcinoma (Acin et al., 2011).

Whereas p53 mutants are often considered to be equivalent to each other, accumulating 

evidence indicates that different mutants exhibit distinct profiles with respect to loss-of-

function, dominant-negative, and GOF activity. Comparative studies of the R270H 

(equivalent to human R273H) and R172H (equivalent to human R175H) mutants in mutant 

p53 knock-in mice demonstrated different tumor spectra, suggesting that the GOF activities 

of different p53 mutants vary. Consistently, the p53 mutant R248Q had a strong GOF 

phenotype in contrast with the p53 mutant G245S in mutant TP53–knock-in mice (Hanel et 

al., 2013), indicating that GOF may not be a universal phenomenon resulting from p53 

mutations. Moreover, not only the position of the mutation but also the nature of the 

substitution of p53 may influence the activity of a mutant protein, resulting in different GOF 

potential. For example, ectopic expression of R248Q but not the substitution mutant R248W 

resulted in enhanced tumor invasion in H1299 xenografts in vivo (Yoshikawa et al., 2010). 

In agreement with this, researchers observed strong in vivo GOF of R248Q (Hanel et al., 

2013) but weaker in vivo GOF of R248W (Song et al., 2007) in mutant TP53–knock-in 
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animal models. A possible explanation for these intracodon-specific differences in GOF 

activities is that these two mutations may have different structural consequences, leading to 

differential functions that affect their GOF properties. Consistent with this, investigators 

demonstrated that structural changes in p53 mediated by certain TP53 mutations, including 

R248Q, result in co-aggregation of mutant p53 proteins into higher order structures with 

other tumor-suppressive transcription factors, whereas R248W is not able to co-aggregate 

(Xu et al., 2011). Therefore, the altered structural properties of p53 resulting from these 

mutations (e.g., aggregation propensity) may be among the important features accounting for 

the GOF properties of mutant p53. Given the complexity of varied natures of different p53 

mutants, mutant p53 actually refers to many different proteins.

Finally, although researchers have accumulated extensive evidence highlighting the 

existence of GOF activities of mutant p53 using cell culture and animal models, the degree 

of GOF activities may depend on different contextual factors. For example, R246S mutant 

(equivalent to human R249S) mice did not exhibit clear indication of GOF activities over 

those in control mice (Lee et al., 2012), whereas this mutant had GOF activities in cell line-

based studies (Yan and Chen, 2010; Zhu et al., 2015). Consistent with these findings, GOF 

activities of mutant p53 are generally not observed in untransformed cellular contexts but are 

primarily observed in the cancer cell context. In numerous tissue samples derived from 

mouse models with mutant TP53 alleles, mutant p53 proteins were not stabilized due to the 

presence of Mdm2 and p16INK4a, which modify p53 protein stability. Only upon loss of 

Mdm2 or p16INK4a, which leads to stabilization of mutant p53, have mice had lower survival 

rates and more metastases than control mice with intact Mdm2 or p16INK4 (Terzian et al., 

2008). Therefore, in addition to the difference in each p53 mutant, the GOF activity of 

mutant p53 depends largely on multiple signals that control the stabilization and 

modification of mutant p53, which may vary in normal cells as well as tumor cells.

MECHANISMS OF MUTANT P53 GOF ACTIVITY

Researchers have gone to extensive efforts to understand the mechanistic basis for GOF 

activity of mutant p53. Thus far, at least three categories of actions have been proposed to 

understand the possible role of mutant p53 GOF in regulation of novel gene transcription: 1) 

direct DNA binding of mutant p53, 2) Binding of mutant p53 to and cooperating with 

transcription factors or co-factors (Muller and Vousden, 2013), and 3) epigenetic regulation 

of chromatin remodeling (Pfister et al., 2015; Zhu et al., 2015).

In the first instance, whereas mutant p53 usually fails to regulate the expression of p53’s 

target genes due to loss of its specific ability to bind to canonical p53-responsive elements 

on the promoters of p53’s target genes, studies also have suggested that mutant p53s have 

the ability to bind to novel target gene promoters in a DNA structure-specific manner to 

activate them. Alternatively, mutant p53 can bind to and cooperate with other transcription 

factors, such as p63, p73, nuclear factor-κB, NF-Y, E2F1, VDR, SP1, SREBP, and ETS, to 

enhance or repress target gene expression (Muller and Vousden, 2013). More recently, 

investigators found that mutant p53 engaged in epigenetic regulation of chromatin 

remodeling via the SWI/SNF complex (Pfister et al., 2015), and chromatin regulatory 

proteins methyltransferase MLLs and acetyltransferase MOZ (Zhu et al., 2015).
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In addition to its nuclear transcriptional activities, mutant p53 is localized in the cytoplasm 

as well where it can exert its GOF activity. Our recent work demonstrated that mutant p53-

mediated cytoplasmic inhibition of 5′ AMP-activated protein kinase contributed to the 

oncogenic function of GOF p53 mutants in HNSCC cells (Zhou et al., 2014), suggesting that 

a transcription-independent mechanism is also involved in the GOF activities of mutant p53. 

In support of this, it was recently reported that the cytoplasmic mutant p53 regulated tumor 

necrosis factor signaling and metastatic programming in a transcription-independent manner 

(Di Minin et al., 2014).

Given that mutant p53 gains the ability to modulate gene expression in transcription-

dependent and independent manners, many downstream genes and signaling pathways are 

regulated by GOF mutant p53, including coding and noncoding genes involved in promotion 

of proliferation, inhibition of cell death, DNA repair, promotion of migration, inflammation, 

metastasis, and lipid, glucose, and nucleotide metabolism (Haupt et al., 2016; Muller and 

Vousden, 2013).

Finally, even though studies using different in vitro and in vivo models have led to the 

discovery of many pathways controlled by mutant p53, whether these pathways have the 

same central roles in different cellular contexts is unclear. In fact, the diversity of the 

mechanisms of p53’s GOF properties strongly suggests that GOF activities may depend on 

and vary according to mutation type, cell type, and even stimuli. Therefore, efforts aimed at 

targeting mutant p53 as described below must take into account these factors affecting 

mutant p53’s properties and functions.

CLINICO-PATHOLOGICAL IMPLICATIONS OF P53 MUTATIONS IN HNSCCs

A prognostic biomarker can provide information about a cancer patient’s potential outcome, 

whereas a predictive biomarker can indicate the likelihood of a patient or tumor expressing 

the biomarker in response to a specific treatment. Given the high prevalence of TP53 
mutations in HNSCC patients, translational researchers have been trying to determine the 

potential utility of TP53 mutational status as both a prognostic and predictive biomarker for 

HNSCC. Some of the studies holding promise for HNSCC patients are here summarized 

below.

P53 MUTATION AS A MARKER OF RISK AND PROGNOSIS FOR HNSCC

Studies have suggested that functional categories of TP53 mutations are correlated with 

prognosis for HNSCC. In one study, Poeta et al. (2007) analyzed the TP53 mutation 

locations in exons 2 through 11 and the nature of amino acid substitutions (i.e., conservative 

vs nonconservative) in the mutated codons. They then classified the mutations as disruptive 

or non-disruptive mutations, with disruptive mutations being those yielding truncated p53 

protein or a change in amino acids in the DNA-binding domain. Using this functional 

classification, a prospective 7-year study of 420 HNSCC patients suggested that decreased 

overall survival rates in patients who underwent surgery were significantly associated with 

disruptive TP53 mutations (Poeta et al., 2007). We applied this classification scheme to 

evaluation of the impact of disruptive mutations on HNSCC cells. Our results demonstrated 

that expression of disruptive TP53 mutants in p53-null HNSCC cells promoted faster tumor 
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growth and more aggressive lymph node metastases with shorter animal survival rates than 

that of non-disruptive TP53 mutants did in an orthotopic murine model of tongue cancer 

(Sano et al., 2011).

Recently, we developed a computational strategy for mutant p53 classification called 

evolutionary action or EAp53, in which each p53 missense mutation is assigned an 

evolutionary action score (http://mammoth.bcm.tmc.edu/EAp53/) and classified as either 

high- or low-risk (Neskey et al., 2015). Evolutionary action scores take into account the 

functional sensitivity of p53 to sequence variations, with sequence positions with high scores 

giving rise to larger phylogenetic divergences than those for sequence positions with lower 

scores, and the least conservative amino acid changes. Therefore, the functional impact of 

mutations with high evolutionary action scores is significant. We demonstrated that in both 

in vitro and in vivo models of HNSCC, expression of high-risk TP53 mutations conferred 

tumor cells with more invasive and tumorigenic characteristics than did expression of low-

risk mutations (Neskey et al., 2015). Furthermore, in contrast with previous functional 

classification systems based on the nature of sequence substitutions in p53, our new strategy 

integrates functional sensitivity to evolution, and we further refined it according to clinical 

sample validation to reflect the clinical impact of TP53 mutations. Therefore, it can 

effectively stratify HNSCC patients into different prognostic groups. Using 168 TCGA 

HNSCC samples as a training set and 96 HNSCC samples as a validation set, we 

demonstrated that patients with high-risk TP53 mutations were prone to suffer worse 

survival outcome and more metastasis than were patients with low-risk mutations (Neskey et 

al., 2015). Such results were further validated in recently-updated TCGA cohort with 507 

HNSCC patients (Figure 3).

Finally, in support of the importance of TP53 mutations in HNSCCs, the TCGA analysis of 

indicated that TP53 mutations are significantly associated with decreased overall survival 

probability of HNSCC patients (Figure 4).

TP53 MUTATION AS A PREDICTOR OF CLINICAL RESPONSE OF HNSCC TO TREATMENT

In the clinic, researchers have demonstrated that TP53 mutations have predictive 

significance in evaluating response of HNSCC to platinum-based therapy. In a recent study, 

Perrone et al. (2010) categorized TP53 mutations based on the transactivation activity of the 

mutated proteins as determined using information in the International Agency for Research 

on Cancer TP53 database and scored them as “functional,” “partially functional,” or 

“nonfunctional.” They found that nonfunctional p53 (with loss of transactivation activity) 

may be indicative of a low pathological complete remission rate and a low rate of response 

to cisplatin-based neoadjuvant chemotherapy (Perrone et al., 2010).

Despite the role of TP53 in predicting therapy response of HNSCC, an effective system of 

evaluating TP53 status for stratifying patients into different response groups is still lacking. 

Recently, by reanalyzing the TP53 mutational status with the EAp53 scoring system in the 

cohort of 68 patients who underwent cisplatin-based chemotherapy followed by surgical 

resection for locally advanced HNSCC, we identified a subset of patients harboring high-risk 

TP53 mutations (13 of 14) who had decreased sensitivity of HNSCC to a cisplatin-based 

regimen. Compared with the low-risk TP53 mutation group, the high-risk TP53 mutation 
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group was 10-fold more likely to have residual disease following cisplatin-based treatment. 

In in vitro preclinical models of HNSCC cells expressing WT and mutant p53 with a range 

of evolutionary action scores, high-risk TP53 mutants conferred non-TP53-expressing 

HNSCC cells with resistance to cisplatin-based treatment. Interestingly, HNSCC cells 

bearing p53 mutations with low evolutionary action scores retained some of the cisplatin 

responsiveness seen in WT p53-expressing cells (Osman et al., 2015b). Similar results were 

observed in an orthotopic mouse model of tongue cancer, in which high-risk TP53 mutations 

were associated with decreased response to treatment with cisplatin and overall survival 

outcome (Osman et al., 2015b).

In addition to functionally and computationally defined TP53 mutations, TP53 
polymorphism may also affect the clinical responses to chemoradiotherapy in advanced 

HNSCC patients. For example, TP53 codon 72 polymorphism encoding two amino acids 

(arginine versus proline) differentially modulates p73 functions, accounting for differing 

clinical outcomes in HNSCC patients, with 72R mutants conferring poorer response to 

cisplatin-based treatment than did 72P mutants (Bergamaschi et al., 2003).

As demonstrated in the aforementioned studies, TP53 is one of the most important 

prognostic predictors of disease state and treatment response for HNSCC patients. Although 

a TP53 mutational status has not been incorporated into clinical evaluation of HNSCC 

patients, we expect that further investigation of the TP53 mutational status and its 

association with outcome in HNSCC patients would contribute significantly to prediction of 

clinical outcomes and therefore is of significant interest to both patients and clinicians.

THERAPEUTIC STRATEGIES FOR HNSCC WITH P53 MUTATIONS

Given that the majority of tumors, including HPV− HNSCCs, have TP53 mutations and that 

many cancer cells depend on mutant TP53 for their survival and growth, reactivation of WT 

p53’s tumor-suppressive properties and eliminating mutant p53’s GOF activities are 

potentially effective strategies for treatment of HNSCC patients with p53 mutations. 

Moreover, in spite of the diversity of GOF mechanisms among different p53 mutants, the 

possibility of distinguishing mutant p53-specific processes from common mechanisms of 

GOF shared by some mutant p53 variants will aid the development of personalized strategies 

for targeting mutant p53 and/or downstream pathways for the treatment of HNSCC.

STRATEGIES TO RESTORE WT P53 ACTIVITY TO MUTANT P53

Because the activation of WT p53 in many cancer cells leads to p53-mediated apoptosis and 

senescence, researchers have explored introduction of exogenous WT TP53 into HNSCC 

cells using either viral or nonviral methods. In particular, because of its affinity for the cells 

of the upper aerodigestive tract, adenovirus was used to deliver WT TP53 to HNSCC 

patients 20 years ago. Since then, many attempts have been made to use adenoviral p53 to 

treat HNSCC in phase 1, 2, and 3 clinical trials. In many of those trials, adenoviral p53 alone 

or in combination with chemotherapy or radiotherapy produced tumor regression (Tassone et 

al., 2013). In spite of these encouraging results, the long-term effects of this adenovirus-

mediated TP53 gene therapy still need to be tested in larger cohorts, and further 

improvements in gene delivery methods are required for safe, effective use of WT p53 gene 
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therapy for HNSCC patients. This concern is also true for nonviral methods of WT p53 gene 

delivery in HNSCC patients (e.g., photochemical internalization, nanoparticle approaches).

In addition to introduction of WT p53 into tumors, reactivation of some level of WT 

function in mutant p53-bearing cells is an attractive therapeutic strategy for cancers with p53 

mutations. Over the past few years, researchers have characterized a variety of compounds 

and peptides that may restore WT p53 function: 1) small molecules (e.g., PhiKan083, 

PK7088) that bind to a site in the p53 Y220C mutant by stabilizing its structure, increasing 

the level of p53 protein with WT conformation and activity; 2) compounds (e.g., CP-31398, 

STIMA-1, PRIMA-1, PRIMA-1met/APR-246, P53R3, SCH29074) that bind to multiple 

mutant p53 proteins and interact with the DNA-binding domain, thereby promoting proper 

folding of mutant proteins and restoration of WT p53 functions; 3) compounds that restore 

the WT p53 conformation and transcriptional activity to mutant p53 proteins (e.g., MIRA-1 

and its analogs, chetomin, WR-1065, RITA); 4) compounds (e.g., NSC319726) that chelate 

the metal ion Zn(2+) and help mutant p53 R175H fold correctly to WT conformation 

(reviewed by (Parrales and Iwakuma, 2015); and 5) peptides (e.g., ReACp53) that prevent 

mutant p53 aggregation and restore WT p53 function (Soragni et al., 2016).

Of all the compounds that restore WT activity, the only drug directly targeting mutant p53 

that has reached the clinical stage is PRIMA-1met/APR-246, which successfully completed 

phase 1/2 clinical trials in patients with hematological malignancies or prostate cancer that 

included mutant p53 patients (Lehmann et al., 2012). PRIMA-1 also can induce apoptosis of 

and enhance the cytotoxicity of standard chemotherapy in HNSCC cells (Roh et al., 2011).

Of note is that in many of the cases described above, the precise mechanisms of the p53 

reactivation by compounds are largely unknown, and some off-target effects of the 

compounds are expected. For example, we observed that the p53-reactivating small molecule 

RITA induces senescence in HNSCC cells, partially in a p53-independent manner (Chuang 

et al., 2014). In addition, although many reactivating compounds seem to target more than 

one p53 mutant, whether these compounds can reactivate all p53 mutants or specific mutant 

types remains unclear, making this strategy quite challenging.

STRATEGIES TO PROMOTE MUTANT P53 DEGRADATION

Another approach to targeting oncogenic mutant p53 is to discover and administer treatment 

with compounds that specifically degrade mutant p53. Some of the first such approaches 

included treatment with inhibitors of heat shock protein 90, a chaperone molecule that 

contributes to accumulation of mutant p53 by inactivating p53 ubiquitin ligases MDM2 and 

CHIP. The heat shock protein 90 inhibitors, geldanamycin, 17-AAG, and ganetespib, 

destabilize mutant p53 and induce mutant p53 depletion, increasing apoptosis in tumors in in 

vivo mouse models (Alexandrova et al., 2015). Treatment with other compounds, such as the 

histone deacetylase inhibitor SAHA (vorinostat), arsenic compounds, gambogic acid, 

spautin-1, YK-3-237, NSC59984, and disulfiram, has downregulated the expression of 

mutant p53 variants in different kinds of cells (reviewed by (Parrales and Iwakuma, 2015). 

The U.S. Food and Drug Administration approved vorinostat for the treatment of cutaneous 

T-cell lymphoma, and ganetespib is currently under evaluation in a phase 3 clinical trial for 

lung cancer.

Zhou et al. Page 12

J Cell Biochem. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



STRATEGIES FOR TARGETING MUTANT P53-REGULATED PATHWAYS AND INDUCING 
MUTANT P53-RELATED SYNTHETIC LETHALITY

In addition to targeting mutant p53 directly, investigators have used strategies targeting 

mutant p53-regulated downstream targets and signaling pathways. For example, many 

mutant p53 proteins are believed to achieve GOF activity by interacting with and inhibiting 

p63 and p73. The small molecule RETRA destabilizes p73 mutant-p53 interaction, leading 

to activation of p73 target genes and a concomitant decrease in tumor-cell survival and 

xenograft tumor growth suppression (Kravchenko et al., 2008). In addition, because GOF 

mutant p53 regulates sterol metabolism, pharmacological inhibition of the rate-limiting 

enzyme HMG CoA reductase during sterol biosynthesis by treatment with simvastatin, a 

lipophilic statin, resulted in a reduction in invasive growth as well as extensive death of 

GOF-mutant p53 cell lines in both three-dimensional culture and a xenograft breast tumor 

model (Freed-Pastor et al., 2012). Recently, researchers found that GOF-mutant p53 

regulated the chromatin remodeling pathway through the methyltransferase MLL1, and 

pharmacological inhibition of the MLL1 methyltransferase complex with OICR-9429, an 

antagonist of interaction of WDR5 with MLL1 in the COMPASS complex (complex 

proteins associated with Set1), inhibited the proliferation of GOF-mutant p53-expressing 

cancer cells but not of WT p53-bearing cancer cells (Zhu et al., 2015).

Synthetic lethality is generally used to describe the condition in which a mutation of a gene 

is not lethal by itself but causes cell death in combination with drugs or other mutations. 

Because most HNSCC patients have mutations of the TP53 gene, targeting p53 mutations to 

induce synthetic lethality of tumors is an attractive strategy. Researchers showed that 

treatment with G2/M checkpoint blockers such as the protein kinase C inhibitor UCN01, the 

polo-like kinase inhibitor BI-2536, and the Wee-1 kinase inhibitor PD0166285 abrogated 

DNA damage-induced cell-cycle arrest at G2/M phase and increased cytotoxicity in cancer 

cells with TP53 mutations [reviewed by (Parrales and Iwakuma, 2015)]. Consistent with 

this, our work has demonstrated that treatment with the Wee-1 kinase inhibitor AZD-1775 

can help overcome the cisplatin resistance of HNSCC associated with p53 mutations via 

mitotic arrest followed by senescence (Osman et al., 2015a). However, the observed 

synthetic lethality of inhibitors associated with loss of cell-cycle arrest at G2/M phase in 

mutant p53 cells likely is dependent not on oncogenic GOF activity of mutant p53 but rather 

on loss of WT p53 activity, leading to mitotic catastrophe in cancer cells lacking WT p53 

activity.

CONCLUSIONS

The most comprehensive integrative genomic analysis of HNSCCs by TCGA confirmed that 

TP53 is the most frequently mutated gene in HNSCC. The mutually exclusive relationship 

between p53 mutations and HPV positivity and various p53 mutation rates in head and neck 

tumors at different anatomical sites provide great insight into the molecular pathogenesis of 

HNSCC. Clinically, TP53 mutations are significantly associated with short survival 

probability in HNSCC patients. This indicates that TP53 mutations may be useful prognostic 

biomarkers for HNSCC. Moreover, given that the standard treatments of HNSCC, including 

radiotherapy and chemotherapy, are usually effective against tumors with WT TP53 and that 

TP53 mutations are often associated with tumor radioresistance and/or chemoresistance, 

Zhou et al. Page 13

J Cell Biochem. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TP53 status also may be considered a useful predictive biomarker for determining the 

clinical response of HNSCC to treatment. Also, developing better therapeutic strategies for 

HNSCC in patients with tumors bearing TP53 mutations is imperative. Recent studies 

revealed that TP53 mutation can lead to not only loss of WT p53 function but also GOF 

activity. Furthermore, mutant p53 is not just one protein but actually a multitude of proteins 

that can contribute to an exceptionally vast network of tumor-promoting processes in cells. 

Discovering drug-based strategies to safely and efficiently target mutant p53 in HNSCC is 

therefore highly challenging and will require a better understanding of mutant p53’s biology, 

such as its interaction partners, degradation pathways, and downstream signaling pathways. 

Furthermore, because of the heterogeneity of mutant p53 forms, determining whether p53-

activating and mutant p53-depleting drugs impact only specific mutant p53 types or all p53 

mutants or other proteins or pathways in HNSCCs will be important. It is also important to 

investigate any synergistic or additive effects of these compounds with standard radiotherapy 

and chemotherapy for HNSCC. Therefore, much effort is needed to target mutant p53 for 

personalized therapy for HNSCC. However, given the high frequency of p53 mutations in 

patients with this tumor and their association with poor response to treatment, these types of 

efforts are needed to make an impact on this deadly disease.
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Figure 1. 
The clinical, histological, and molecular pathogenesis of oral cancer. (A) Clinical features of 

the progression of oral cancer. (B) The histological progression from normal-appearing 

mucosa to invasive cancer. (C) The progression of oral cancer is concomitant with the 

genetic alterations of multiple tumor suppressor genes and oncogenes. LOH: loss of 

heterozygosity. (Courtesy of Jeoseh A. Califano, M.D.).
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Figure 2. 
Histogram of number of cases with missense and nonsense TP53 mutations in HNSCC 

TCGA (n=510) by p53 codon position.
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Figure 3. 
Overall survival probability for HNSCC patients in the TCGA data set (n=507) stratified by 

EAp53 scoring of missense TP53 mutations. High: high-risk missense mutation; Low: low-

risk missense mutation; E: Event, which represents numbers of patients who passed away.
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Figure 4. 
Overall survival probability for HNSCC patients in the TCGA data set (n=507) stratified by 

mutant and WT p53. E: Event, which represents numbers of patients who passed away.
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Table 2

Top 8 most frequently mutated p53 codon in HNSCC TCGA (n=510)

Codon Original Amino Acid # Mutation # Missense Mutation # Nonsense Mutation

248 R 18 18 0

273 R 18 18 0

175 R 12 12 0

213 R 12 3 9

179 H 12 12 0

282 R 11 11 0

245 G 10 10 0

196 R 10 3 7
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