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Abstract
Background  In recent clinical practice, an increasing number of elderly patients suffering from head and neck squamous cell 
carcinoma (HNSCC) of unknown pathophysiology is observed. The majority of HNSCC patients can roughly be divided into 
three subcategories. First, a small group of young patients who present with variants of genomic aberrations and inheritable 
diseases like Fanconi anaemia. Second, an increasing population of HPV-related HNSCCs that are regarded as genomic 
stable tumours with a more favourable prognosis. Though HPV-related tumours used to be more common among younger 
males, a notable rise in the elderly population is observed. The third subcategory, that of HPV-negative tumours, has been 
shown to be more heterogeneous with involvement of a variety of oncogenic pathways related to lifestyle factors like smoking 
and alcohol consumption, often seen in middle-aged males. Some of these pathways could be related to age, such as TP53 
alterations, EGFR activation, apoptotic pathway alterations and field cancerization.
Conclusions  In this narrative review, we provide an overview of established and newly discovered age-specific pathophysi-
ological mechanisms underlying HNSCC. We propose a fourth subcategory of patients with a suspected different pathophysi-
ology: elderly (HPV-negative) HNSCC patients without a history of tobacco and alcohol consumption. In this subcategory, 
carcinogenesis seems to be a multi-step process based on genomic instability, immunosenescence, cell cycle disruption and 
telomere shortening. To conclude, we discuss suggestions for future research to fill the knowledge gap about age-dependent 
HNSCC carcinogenesis.

Keywords  Head and neck squamous cell carcinoma · Ageing · Age-specific factors · Epigenetics · Immunosenescence · 
Oncogenic pathways · Pathophysiology · Tumour biology

1  Introduction

Head and neck cancer is the sixth most common type of 
cancer worldwide, with approximately 600,000 new diag-
noses and 250,000 deaths annually [1, 2]. Most head and 
neck cancers comprise head and neck squamous cell car-
cinomas (HNSCCs), derived from the mucosal epithelium 
in the oral cavity, pharynx or larynx. HNSCCs commonly 
require aggressive multimodality treatment, consisting of 
surgery, radiotherapy and systemic treatment. Importantly, 
the prognosis of HNSCC not only depends on tumour 
stage, treatment modality and patient-specific factors, 
but also on the underlying pathophysiology, which varies 
among patients of different ages. When considering the 
younger population of HNSCC patients, inherited diseases 
such as Fanconi anaemia (FA), Dyskeratosis Congenita 
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(DC) and Bloom’s syndrome are acknowledged risk fac-
tors for developing HNSCC [3]. Familial oral squamous 
cell carcinoma (OSCC) and nasopharyngeal carcinoma 
are also more common in younger patients [4]. Further-
more, Human Papilloma Virus (HPV)-related tumours 
are predominately observed in young males [5]. This 
group of HNSCCs appears to be a distinct entity with a 
stable genome and relatively better treatment response 
[6–9]. The patterns noted above differ from the middle-
aged patients with HNSCC. This latter category typically 
encompasses male patients with traditional risk factors 
such as excessive tobacco and alcohol consumption [10]. 
Tumours in this group of patients are mostly HPV-nega-
tive, and the pathophysiology of the tumours is assumed 
to be based on a complex multi-step process, rather than 
on a single molecular event/pathway [11]. Finally, ageing 
has contributed to an increased incidence of HPV-negative 
HNSCCs in the elderly population, resulting in 25 to 30% 
of patients being over the age of 70 [12, 13]. In this rela-
tively new but expanding group of patients, the aetiology 
and pathophysiology remain largely unknown. In other 
tumour types, ageing has been found to be associated with 
genomic instability, telomere attrition, epigenetic changes, 
proteostasis, nutrient sensing and metabolism, as well as 
cellular senescence and stem cell function [14]. Based on 
the age-related distribution of risk factors as described 
above, the absence of well-known aetiological factors for 
HNSCC (i.e., tobacco and alcohol consumption) in elderly 
patients suggests the involvement of different oncogenic 
pathway(s). This could subsequently influence treatment 
response and prognosis [15]. Unravelling potential differ-
ences in oncogenic pathways in this specific subcategory 
of elderly patients with HNSCC could be helpful to facili-
tate treatment decisions and possibly generate age-spe-
cific treatment strategies. As yet, however, the literature 
is scarce on this issue.

The aim of this review was to describe the distinct 
age-specific characteristics of HNSCC. We will provide 
an overview of the literature on potential age-specific 
oncogenic pathways in the four suggested subcategories 
of HNSCC patients, being (i) inherited HNSCC, (ii) HPV-
related HNSCC, (iii) HPV-negative HNSCC in young and 
middle-aged patients and (iv) elderly patients not exposed 
to tobacco and/or alcohol. Distinction of the latter group 
of elderly HNSCC patients is a novelty and may have 
clinical consequences, leading to different treatment poli-
cies for this group, which will be discussed in the final 
chapter. Given the broad scope and aim of this review, an 
open literature search rather than a systematic literature 
search was performed in Pubmed/Medline. The descrip-
tion of our search strategy is summarized in Appendix 1.

2 � Inherited HNSCC

Inherited cancers occur due to hereditary genetic muta-
tions, and account for 5–10% of all cancer cases [4]. These 
cancer types often affect younger patients [4]. An over-
view of the most well-known inherited head and neck can-
cer syndromes is listed below and shown in Fig. 1.

Familial Oral Squamous Cell Carcinoma (OSCC) is an 
autosomal dominant disorder [4]. Impairment in regulator 
proteins such as overexpression of MDM2 [16] and deletion 
of the CDKN2 locus and loss of ADP-Ribosylation Factor 1 
(ARF) affecting p53 degradation and p53 response to DNA 
damage are found in familial HNSCC [4]. Germline TP16 
mutations, associated with increased p16/CDKN2A protein 
levels are particularly linked to OSCCs [16].

Fanconi anaemia (FA) results from chromosomal insta-
bility due to biallelic mutations in one of the 17 known FA 
genes (FANCA to FANCS), inherited in an autosomal reces-
sive or X-linked recessive pattern [17]. Germline mutations 
in genes of cellular DNA repair pathways are assumed to 
facilitate accumulation of mutations during HNSCC devel-
opment [18]. Mutations in these FA genes may also contrib-
ute to the development of HNSCC in general [18]. Several 
studies have investigated the role of sporadic genetic vari-
ants of FA in the development of HNSCC in non-Fanconi 
patients, i.e., downregulation [19], loss of heterozygo-
sity [18] and increased mutational loads [20] of multiple 
FA genes. Increased mutation of FANCD2, FANCE, and 
lower expression of Glutathione S-Transferase P1 (GSTP1), 
FANCA and FANCG proteins has been reported to be par-
ticularly common among younger patients [20, 21].

The aetiology of Familial Nasopharyngeal Carcinoma 
(fNPC) is thought to be multifactorial, being based on 
variations in ethnicity, genetics, environmental factors and 
infection with Epstein-Barr virus (EBV) [22]. fNPC has a 
pronounced geographic distribution [4]. Thus far, several 
susceptibility loci or genes and polymorphisms in immune-
related cytokines and surface proteins on immune cells have 
been found to be associated with fNP, but the results are not 
concordant and, therefore, preclude firm conclusions [22].

Dyskeratosis Congenita follows various inheritance pat-
terns: X-linked, autosomal dominant or autosomal reces-
sive [4]. In Dyskeratosis Congenita-related cancer, muta-
tions in 10 genes have been described (including DKC1, 
TERC, TERT, TINF2, NOP10, NHP2, TCAB1, C16orf57, 
RTEL1) [4, 23]. Mutations in nine of these genes affect tel-
omere maintenance, leading to excessively short telomeres 
and, consequently, cancer development [23].

Bloom's syndrome is an autosomal recessive disorder 
characterized by early predisposition to multiple cancers, 
including HNSCC [24, 25]. Loss-of-function mutations of 
the BLM gene cause chromosome instability. A resulting 
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fourfold higher rate of mutations and a 50-fold higher rate 
of loss of heterozygosity are likely to be responsible for 
the increased cancer risk [24, 26].

Li Fraumeni syndrome is an autosomal dominant dis-
order [27]. Individuals with this syndrome often harbour 
germline mutations in the p53 tumour suppressor gene 
[28], resulting in a 50% increased risk of developing can-
cer by the age of 30 and a 90% increased risk by the age 
of 70 [28, 29]. Also missense mutations located primarily 
in exons 4–9, harbouring hot spot codons 205–248, have 
been associated with Li Fraumeni syndrome [16].

Based on these observations, it appears that inherited 
HNSCC syndromes share pathways involved in (dis)func-
tional DNA damage repair systems and surveillance of genetic 

stability. The affected patients are essentially of younger age 
[30]. It remains unclear why they have a predilection for squa-
mous cell carcinoma, but it is worth noting that the affected 
genes are similar to those seen in non-inherited HNSCC, and 
include p53, p16 and FANCA-M [3].

3 � Age‑related pathways in HPV‑related 
HNSCC

The prevalence of HPV-related HNSCC, mostly oropharyngeal 
squamous cell carcinoma (OPSCC), is described as between 
36% and 46% [31, 32]. Previous studies showed that most 
patients with HPV-related OPSCC are males between 45 and 

Fig. 1   Inherited head and neck cancer syndromes. Autosomal 
dominant, autosomal recessive and X-linked inheritance patterns 
have been described for inherited HNSCC, affecting mostly young 
patients. In familial OCSCC a series of mutations in tumour sup-
presser genes has been described [4, 16]. In Li Fraumeni syndrome, 
germline mutations in TP53 have been found to be responsible for 
an increased cancer risk [28]. Germline mutations in Fanconi ane-
mia deregulate cellular DNA repair pathways, resulting in HNSCC 

[18]. In Dyskeratosis Congenita, mutations in telomere maintenance 
genes cause telomere shortening leading to an increased cancer risk 
[4, 23]. A high rate of loss-of-heterozygosity resulting in chromo-
somal instability is responsible for an increased cancer risk in patients 
with Bloom’s syndrome [24, 26]. The increased risk for familial 
nasopharyngeal carcinoma is thought to be multifactorial, including 
genetic, ethnic and environmental factors, as well as Epstein-Barr 
virus infection [22]
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60 years of age [5, 33], have fewer comorbidities, report less 
tobacco exposure and higher numbers of sexual partners com-
pared to traditional HNSCC patients [5, 34–37]. However, a 
recent study showed that the incidence of (HPV-related) oro-
pharyngeal cancer is also increasing in the older population 
[38]. HPV-related tumours have fewer genomic aberrations 
than HPV-negative tumours [9], suggesting that these tumours 
have a relatively stable genome compared to HPV-negative 
tumours. Infection with HPV into the host cellular genome and 
expression of the E6 and E7 oncoproteins result in degradation 
of p53 and functional inactivation of the Retinoblastoma (Rb) 
protein [39] (Fig. 2). E7-driven inactivation of Rb leads to p16 
overexpression, as Rb normally represses p16 transcription [6]. 
The p16 protein decelerates cell cycle progression from the G1 
phase to the S phase by binding to cyclin dependent kinase 
(CDK)4 or 6, thereby preventing the formation of a catalyti-
cally active cyclin D–CDK4/CDK6 complex to release E2F 
through phosphorylation of the Rb protein. This liberates E2F1 
from its bound state in the cytoplasm and allows it to enter the 
nucleus. Once in the nucleus, E2F1 promotes the transcrip-
tion of target genes that are essential for transition from the 
G1 to S phase [40–42]. Hereby, cells are released from their 
growth inhibitory effects, resulting in abnormal cell cycling 
and growth.

When it comes to ageing, certain genetic changes also 
increase the risk for developing HPV-related tumours, par-
ticularly in younger patients (Fig. 2). HPV-related tumours 
exhibit specific deletions of the chromosomal regions 14q32 
and 9q, which contain tumour necrosis factor receptor asso-
ciated factor 3 (TRAF3), focal amplification of E2F1 and, 
in contrast to HPV-negative HNSCC, lack of deletions in 
the 9q21.3 region containing the CDNK2A gene [43, 44]. 
Also, amplification of the chromosome 3q26-28 region con-
taining tumour protein 63 (TP63), sex determining region 
Y-box 2 (SOX2) and Phosphatidylinositol-4,5-Bisphosphate 
3-Kinase Catalytic Subunit Alpha (PIK3CA) have been 
observed in HPV-related tumours [39]. PIK3CA, the gene 
that encodes the p110 alpha subunit of Phosphoinositide-
3-kinase (PI3K), is the most frequently altered oncogene in 
HNSCC overall, with a possible enrichment in HPV-related 
tumours [45]. The apolipoprotein B mRNA-editing enzyme 
catalytic subunit (APOBEC) has emerged as a potential 
mutagenic factor in HPV-related tumours, resulting from 
high cytosine deaminase activity [44]. Besides this, muta-
tions in Fibroblast Growth Factor Receptor (FGFR) 2 and 
3 have also been identified in HPV-related tumours [46], as 
well as rare FGFR3-Transforming Acidic Coiled-coil-Con-
taining 3 (TACC3) fusions [43]. Mutation rate differences 
were not found to be associated with HPV status [39, 44].

In younger patients, another possible pathway in HPV-
related tumours is that of disrupted apoptosis and/or uncon-
trolled cellular growth (Fig. 2). Apoptosis (programmed cell 
death) can be activated via two routes, i.e., by intracellular 

mitochondrial signalling (intrinsic pathway) or receptor 
mediated signalling (extrinsic pathway) [47]. Genetic vari-
ants of Phorbol 12-myristate 13-acetate induced protein 
1 (PMAIP1 gene, also known as Noxa), myeloid cell leu-
kaemia 1 (MCL1) [48] and p53 upregulated modulator of 
apoptosis protein (PUMA) [49] seem to be involved in the 
apoptotic cascade of HPV-related HNSCC. Noxa is a pro-
apoptotic protein, while MCL1 is an anti-apoptotic protein; 
both are regulated by p53. Based on these mechanisms, the 
balance between Noxa and MCL1 is influencing the intrin-
sic apoptotic pathway. Puma, another pro-apoptotic protein, 
influences the intrinsic apoptotic pathway via E6‐mediated 
p53 degradation [49]. Both intrinsic apoptotic pathways 
seem to be related to younger patients [48, 49].

Over the past years the age of diagnosis for HPV-related 
oropharyngeal squamous cell carcinoma (OPSCC) has 
increased rapidly, with a simultaneous rise in the propor-
tion of HPV-related OPSCCs among all age groups – espe-
cially in the elderly population [50]. Elderly patients with 
HPV-related OPSCC have an inferior survival rate com-
pared to younger HPV-related OPSCC patients [50]. In 
a study of Rettig et al. [50], the authors further specified 
the characteristics of the elderly cohort with HPV-related 
OPSCC and noted significantly higher comorbidity scores 
in elderly patients compared to younger patients. Moreo-
ver, elderly patients tended to present with higher T-stages 
and less likely to be treated by surgery. Furthermore, the 
70+ population received palliative treatment more often than 
the sub-cohort of patients under 50 years. All these factors 
may contribute to inferior survival outcomes in the elderly. 
Another explanation may be co-infection with EBV or other 
viruses that are associated with the effect of increasing cul-
tural acceptability of certain sexual behaviours [5, 50]. Viral 
co-infection with EBV in particular could enhance invasive 
phenotypes of HPV-related OPSCC by a delay in epithelial 
differentiation and the establishment of EBV latency [51]. 
However, results on viral co-infection and HPV-related 
tumours remain conflicting, since some researchers claim 
that this is mainly the case in OSCC rather than in OPSCC 
[52], while others could not find subsite-related correlations 
nor age-related differences [53].

Overall, HPV-related HNSCCs show a different biologi-
cal behaviour with a more favourable prognosis compared to 
HPV-negative tumours [6]. The survival advantage of HPV-
positivity is, however, attenuated in older age groups [50].

4 � Age‑related pathways in HPV‑negative 
HNSCC

According to the Surveillance, Epidemiology, and End 
Results (SEER) Cancer Statistics data, the peak incidence of 
head and neck cancer is between 55–65 years [10]. Tobacco 
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and alcohol abuse are the most well-known aetiological fac-
tors with a synergistic effect in the development of HNSCC 
[54], particularly in this ‘middle aged’ patient category [15]. 
These types of head and neck tumours are remarkably heter-
ogeneous, as highlighted by various RNA and DNA profiling 
studies [55]. Several potential pathophysiological pathways 
have been described for this third sub-category of HNSCC 
patients, and are listed below and summarized in Fig. 3.

The process of field cancerization can be explained by 
a mechanism in which multiple cell groups undergo neo-
plastic transformation due to stress resulting from regional 
carcinogenic activity (i.e., smoking and/or excessive alco-
hol usage). Presumably, a critical genetic alteration in a sin-
gle cell attains a growth advantage over its neighbouring 
cells. At some point after transformation, cells harbouring 
these early genetic alterations migrate to colonize contigu-
ous tracts of mucosa, accumulate other alterations, acquire 
additional growth advantages, and ultimately transform into 

aggressive subclones [56, 57]. At the molecular level in dys-
plasia, loss of heterozygosity at chromosomes 3p, 9p and 
17p reflect these early carcinogenic steps (Fig. 3) [15]. In 
addition, p53-mutated clonal units represent early oncogenic 
changes in the mucosa [15, 56]. A significant increase in 
both numerical and structural chromosome abnormalities 
has been found to be associated with an increased age [58, 
59]. The size of precancerous fields has also been found to 
be larger in older patients compared to younger patients [60]. 
Consequently, older patients (> 50 years) appear to have an 
increased recurrence risk after surgical removal of head and 
neck tumours compared to younger patients [60].

Tobacco and alcohol consumption are primarily associ-
ated with alterations in the tumour suppressor gene TP53 
[61–63], reported to be affected in 53–80% of HNSCCs 
[11, 15, 64]. During the cell cycle, p53 induces p21, a CDK 
inhibitor that arrests the cell cycle [65]. The presence of a 
TP53 mutation has been found to be a negative pro gnostic 

Fig. 2   Role of ageing in HPV-driven HNSCC. HPV-driven HNSCCs 
are located at the oropharyngeal subsite (tonsils, base of the tongue), 
mostly in male patients < 45  years of age with oral sexual contacts. 
In this category, induction of carcinogenesis through up-regulation 
of E6 and E7 has been reported, leading to cell cycle arrest failure 
and cell cycle disruption, respectively [39–42]. In addition, some 
genetic subtypes have been formulated in younger patients that may 
increase the risk to develop HPV-driven OSCC (blue dotted squares) 
[43–46]. Disrupted apoptosis through Noxa/MCL and PUMA has 

been suggested as a possible pathway for carcinogenesis in younger 
HPV+ patients (blue dotted squares) [47–49]. In addition, an increas-
ing prevalence of HPV-driven HNSCC has been observed in elderly 
patients over thee age of 70 (red dotted square). Although the patho-
physiology underlying this latter category is as yet unclear, it has 
been suggested that other generational norms in sexual behaviour and 
co-infection with other viruses such as EBV could play a role [5, 50, 
51]
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factor for HNSCC in various studies [11, 15, 64, 66, 67]. 
Over the last decades, the relation between TP53 mutations 
and age has extensively been studied [67–71]. Since popula-
tions and methodologies vary widely among these studies 
it is difficult to compare the results. In most studies no rela-
tion with age was found [67, 70–72], but two studies found 
an increase in TP53 mutations in younger HNSCC patients 
compared to older patients [68, 69].

Glutathione S-transferase (GST) is an important enzyme 
in the detoxification of cells from carcinogenic substrates, 
such as tobacco components, that can cause DNA damage. 

Besides the strong correlation with smoking, a GST poly-
morphism has also been found to be a potential risk factor 
for HNSCC [73] and, more specifically, for LSCC in young 
adults [74]. In patients with a GSTM1 and GSTT1 null geno-
type, the entire gene is absent, resulting in complete loss 
of functional activity of the respective enzymes [75]. The 
GSTT1 null genotype seems to be related to a higher age of 
onset in patients with OSCC [76].

Amplification of Epidermal Growth Factor Receptor 
(EGFR) plays an important role in the  development of HPV-
negative HNSCC and may act as a driver [43]. As a result, 

Fig. 3    Age-related pathways in HPV-negative HNSCC. Tobacco 
and alcohol consumption have been linked with various pathways 
leading to HNSCC. Mutations in TP53, associated with tobacco and 
alcohol consumption, are responsible for cell cycle de-regulation 
and apoptosis. A high p53 expression is more frequently observed in 
young patients with HNSCC and tongue SCC [70, 71]. Also higher 
expression of EGFR, causing (in)activation of various pathways that 
influence cell proliferation, apoptosis, metastasis and angiogenesis, 
has been found in younger patients [78, 79]. Loss of heterozygo-
sity at chromosomes 3p, 9p and 17p and TP53-mutated clonal units 
represent early oncogenic changes in the mucosa, described as field 
cancerization, which is related to middle-aged patients [59]. Con-
flicting results concerning age and GST polymorphisms, involved in 

the cellular detoxification pathway, have been reported [73, 74, 76]. 
For angiogenesis, young and elderly OSCC patients showed simi-
lar results [83, 141]. MSI is characterized by expansion or contrac-
tion of short tandem repeats, and indicates genomic instability. In 
normal human somatic cells, MSI increases linearly with age. It has 
also been associated with head and neck tumours, although the age-
specific results in HNSCC vary between studies [86, 90, 91]. Epige-
netic alterations represent heritable changes that affect gene expres-
sion without changing the DNA sequence. Hypermethylation is more 
commonly seen in tumours of younger female patients, particularly at 
the anterior tongue [95]. The most frequently mutated genes in young 
patients with tongue SCC have been reported to be TP53, CDKN2A, 
NOTCH1, CASP8, FAT1, PIK3CA and MLL2 [98]
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specific signalling functions of EGFR may be disturbed, 
causing (in)activation of different pathways that affect cell 
proliferation, apoptosis, invasion, angiogenesis and metasta-
sis. The exact contribution of the EGFR pathway in HNSCC 
is still elusive. Numerous studies have investigated the prog-
nostic value of EGFR expression in head and neck cancer, 
concluding that elevated EGFR levels are associated with a 
reduced survival [77]. Also, higher EGFR expression seems 
to be relate d to younger age [78, 79].

Enhanced angiogenesis is suggested to be involved in 
tumour growth, advanced clinical stage, metastasis, and to 
be associated with a worse prognosis [80, 81]. The angio-
genesis profile does not seem to differ betwe en young and 
elderly HNSCC patients [82–84], or to be correlated with age  
at all  in HNSCC patients [80]. Distinct mutational clusters 
in regions that regulate angiogenesis have been identified in 
very old patients (aged 81 to 87) compared to young HNSCC 
patients (aged 19 to 40) [85]. No differences among gene muta-
tion patterns were seen, rather an accumulation of mutations 
in the elderly group. The role of the tumour microenviron-
ment (TME) harbouring stimulating neovascularization fac-
tors has been discussed widely over the last decades. To our 
knowledge, the impact of ageing on specific parts of the TME 
involved in angiogenesis has not yet been described, and this 
gap in the literature is mentioned in some studies (e.g. ref. 84).

Loss of heterozygosity (LOH) has also been associated 
with the development of HNSCC. Most studies on this topic 
focus on correlations between LOH and prognosis, which is 
described for regions on chromosome arms 3p, 8p, 9p, 14q, 
17p and 18q [86, 87]. No relation between LOH and age in 
HNSCC has been found so far [88, 89]. Also, no consensus 
has yet been reached on the relation between microsatellite 
instability (MSI) and age, i.e., the results are contradictory 
[86, 90, 91]. MSI is characterized by expansion or contrac-
tion in the length of short tandem repeats and, just like LOH, 
it indicates genomic instability. In normal human somatic 
cells, MSI increases linearly with age, but it has also been 
associated with head and neck tumours [92].

Epigenetic alterations such as DNA methylation, histone 
modification, chromatin remodelling and non-coding RNA 
effects have been associated with HNSCC [93], which sug-
gests that they may play a role in driving HNSCC develop-
ment [94]. As yet, contradictions exist regarding the relation 
between p16 methylation a nd age in HNSCC [45, 95].

The incidence of oral tongue squamous cell carcinoma 
(OTSCC) in young patients without exposure to conven-
tional risk factors is increasing worldwide [96]. The most 
frequently mutated genes in OTSCCs in young patients 
are TP53, CDKN2A, NOTCH1, CASP8, FAT1, PIK3CA 
and MLL2 [69, 97], comparable to those affected in elderly 
patients [98]. Recently, two novel driver genes, ATXN1 and 
CDC42EP, have been added to this list of frequently mutated 
genes in OTSCC [97]. Early‐onset OTSCC patients seem 

to have fewer (non-silent) mutations than older OTSCC 
patients, when adjusted for tobacco use [59, 97].

To conclude, it seems that in HPV-negative tumours cells 
can accommodate various genetic alterations that lead to 
the same clinical disease state. Several pathways can be 
distinguished and, therefore, this type of HNSCC appears 
to be heterogeneous. TP53, EGFR and apoptotic pathway 
alterations seem to be age-dependent and to more frequently 
affect younger patients. The mutational burden seems to be 
lower in younger OTSCC patients, while field cancerization 
seems more pronounced in the ‘classic’ middle-aged patient 
category. For both angiogenesis and genomic instability 
pathways, no relation with age has been found. Conflicting 
results regarding age in relation with the GST-pathway and 
epigenetic alterations have been reported. Further explora-
tion of these pathways could be important for the develop-
ment of molecular targeted therapies, regardless patient  age.

5 � Pathophysiology of HNSCC in elderly 
patients

In patients over the age of 70, the most affe cted tumour 
sites comprise the larynx, oropharynx and oral cavity [99]. 
In contrast to the middle-aged population     —whic h  is 
either ex posed to extensive tobacco and alcohol usage or 
HPV-infection – the underlying cause and tumour biology 
amongst the elderly re main largely unknown. This knowl-
edge gap may result in inferior treatment outcomes in the 
elderly. Currently, elderly patients receive comparable treat-
ment to younger patients, including radiation therapy and/or 
surgery. However, based on a meta-analysis by Pignon et al. 
[100], it has become clear that patients over the age of 70 
do not receive adjuvant chemotherapy due to the absence of 
survival benefit. A better insight into the pathophysiology of 
HNSCC could form a basis for clinical studies on novel, age-
specific treatment strategies in the elderly. Unfortunately, 
studies regarding this topic are scarce.

It is well-known that the risk of developing cancer 
increases with age: by the time an individual passes the age 
of 70, the chance of developing any type of invasive cancer 
has risen to 33%, compared to approximately 6% of indi-
viduals below the age of 60 [101]. This suggests an overlap 
in molecular biology of ageing with carcinogenesis. Over-
lapping mechanisms between ageing and carcinogenesis of 
various tumours have been described regarding telomere 
shortening, genomic instability, epigenetic alterations, loss 
of proteostasis, mitochondrial dysfunction, cellular senes-
cence and stem cell exhaustion [14, 102]. However, only 
very few basic and translational studies focusing on the 
pathophysiology of HNSCC in elderly patients as a separate 
group have been reported. These are discussed below and 
summarized in Fig. 4.
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5.1 � Telomere shortening

Shortening of telomere length is a well-known phenomenon 
associated with ageing [103]. The lifetime of a cell is ulti-
mately limited by the length of its telomeres, which shorten 
after every cell division until all telomeres become critically 
short and the cell becomes senescent. Senescence prevents 
infinite cell divisions with a concurrent accumulation of 
mutations, thereby also reducing the risk of cancer devel-
opment. This process is counteracted by telomerase reverse 
transcriptase (TERT), an enzyme whose activity can result 
in prolonged or even unlimited cell divisions [104].

Carcinogenesis in HNSCC has also been associated with 
a shortened telomere length and subsequent TERT over-
expression [103, 105, 106]. Aberrant telomere shortening 
has been observed in pre-cancerous lesions of HNSCC and 
has been suggested to be a marker for field cancerization 
[107–109]. Increased expression of TERT has been found 
to be highly specific for malignant LSCC [110], but has also 
been reported in other HNSCC sub-sites [106]. Considering 
the molecular pathways underlying TERT overexpression, 
one can distinguish HPV-related OPSCC from non-HPV 
related HNSCC. In non-HPV related HNSCC, overex-
pression is often the result of mutations in the TERT gene 

Fig. 4   Possible pathophysiological mechanisms of HNSCC in elderly 
patients. Overlapping mechanisms between ageing and carcinogen-
esis have been described regarding telomere shortening, genomic 
instability, epigenetic alterations, loss of proteostasis, mitochondrial 
dysfunction, cellular senescence and stem cell exhaustion [14, 102]. 
However, only four  mechanisms have been described in HNSCC in 
elderly patients as a separate group. The first, genomic instability, 
seems more frequent in elderly patients causing impaired cell mobil-
ity and increased tumour invasion and angiogenesis [85]. Second, 
elderly patients developing HNSCC are thought to have deterio-
rated or weaker immune responses (immunosenescence) compared 
to younger patients with an active immune system. As suggested by 
Schuler et al., young subjects may have more CD8+ T cells express-

ing mainly CCR7 and CD73, while old subjects may have less 
CD8+ T cells expressing more PD-1. Young patients have an active 
immune system with a strong tumour-induced immune suppression 
with many Tregs, while old patients have a senile immune system 
with a weak immune suppression and less Tregs [128]. Third, age-
ing is believed to cause inactivation of the FAT1 tumour suppres-
sor which, subsequently, leads to activation of the Wnt signalling 
pathway causing cell cycle disruption [8, 125]. Many studies have 
investigated the role of telomere shortening and telomerase reverse 
transcriptase (TERT) in HNSCC. Both smoking and HPV infection 
have been shown to induce TERT activity. Remarkably, this has not 
yet been proven for ageing in HNSCC, while telomere shortening is 
believed to be one of the driving factors of ageing [107, 109, 120]
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promoter [111–113]. This phenomenon has been linked to 
life-style factors such as smoking, and results in a poor over-
all survival of LSCC patients [114–116]. In HPV-related 
OPSCC, the high-risk oncoproteins E6 and E7 are thought 
to be responsible for inactivation of Rb, p53 and subsequent 
increased expression of TERT. Nevertheless, in vitro studies 
with TERT inhibitors revealed alternative lengthening of 
telomeres in keratinocytes [117], suggesting that telomere 
homeostasis is maintained by various pathways [118].

Although ageing leads to telomere shortening, TERT 
overexpression in HNSCC strongly correlates with tumour 
aggressiveness (poor differentiation grade, increased risk 
for metastasis and poor response to treatment), rather than 
with patient age [107, 119, 120]. In one study, age and tel-
omere length were investigated in HNSCC, but no correla-
tion was found in neither cancer tissue nor in surrounding 
mucosa [107]. The authors speculated that patients with 
short telomeres found in mucosa surrounding the tumour 
had a higher risk of mucosal failure based on a study per-
formed on colorectal carcinoma in which telomere length in 
non-cancerous cells was inversely correlated with age [121].

5.2 � Patterns of genetic variants

In HNSCC a comprehensive genetic analysis on muta-
tional load and mutational patterns during ageing has been 
performed [85]. In this study, somatic single nucleotide 
polymorphisms (SNP’s) in 203 selected HPV-negative and 
TP53-negative patients whose genetic data were available 
via The Cancer Genome Atlas (TCGA) were investigated. 
In concordance with other studies on ageing, the investi-
gators found that mutation frequency rather than muta-
tion spectrum differed between young and old patients 
with HNSCC. By analysing genetic clusters of ‘very 
old’ patients (defined as 81–87 years old, n = 11), four 
pathways were found to be enriched compared to those 
of young patients (defined as 19–40 years old, n = 11), 
being the ‘axon-guidance’ pathway, the ‘extracellular 
matrix receptor interaction’ pathway, the ‘focal adhesion’ 
pathway and the ‘notch-signalling’ pathway. Although this 
was one of the few studies to compare genetic mutations 
between young and old HNSCC patients, the sample size 
was very limited. Also, the tumour sub-sites varied, the 
majority being oral cavity and larynx. Despite these limi-
tations, the study points to possible pathways involved in 
HNSCC development in the ageing population and sug-
gests further investigations on this topic.

Chromosomal aneuploidy, or the phenomenon of aberrant 
chromosome numbers in cells, is not only associated with 
syndromic disorders, but is also a common feature in tumour 
cells. The biological severity generally correlates with the 
size of the chromosome anomaly and related gene copy num-
ber changes [122]. Furthermore, the International Workshop 

on Genotoxicity Testing (IWGT) workgroup report stated 
that the frequency of aneuploidy increases with age, but is not 
associated with smoking or gender. This is in concordance 
with another study that investigated ageing and aneuploidy 
in 220 OSCC patients, in which in non-smokers the asso-
ciation of patient age with DNA aneuploid OPMDs/OSCCs 
was significantly higher compared to those with DNA diploid 
OPMDs/OSCCs [123]. The mechanism of aneuploidy further 
underlines the importance of genomic instability involved 
both in carcinogenesis and ageing, but whether this applies 
to other sub-sites of HNSCC and possible treatment regimens 
remains a subject for further investigation.

5.3 � Disruption of apoptosis and cell cycle 
progression

Protocadherin FAT1 (FAT1) is a tumour suppressor gene 
located on chromosome 4q35.2 and is mutated in 23% of 
HNSCC cases and lost or deleted in 8% of them [11]. Inacti-
vation of this gene promotes carcinogenesis by inducing the 
WNT signalling pathway [124]. WNT signalling plays a key 
role in cell orientation and cell fate and thereby in stem cell 
maintenance. In two studies, patient age was generally higher 
among individuals with a FAT1 mutation [69, 125]. One study 
showed a lower mutation frequency of FAT1 among younger 
patients (in this study defined as < 45 years) compared to 
older patients (≥ 45 years) with SCC of the oral tongue [69]. 
Interestingly, despite the mutation frequency of TP53 usually 
being associated with cigarette smoking, this study found that 
the mutation rate was higher in young patients who were all 
non-smokers. In another study, the authors suggest that FAT1 
could be a potential prognostic marker in HNSCC patients 
based on an association between lower expression of FAT1 
and improved survival in HPV-negative HNSCCs [125]. This 
study showed a higher mean age of individuals with the FAT1 
mutation. Therefore, the actual effect of FAT1 expression is 
speculative and seems to play a more important role in elderly 
patients than in younger patients.

5.4 � Immune cell signalling

Immunosenescence, defined as gradual deterioration of the 
immune system associated with age, is described as an impor-
tant factor contributing to carcinogenesis in elderly patients 
[126]. Tumour infiltrating lymphocytes (TILs) and tumour-
associated macrophages (TAMs) involved in the innate 
immune system are key components of the tumour micro-
environment and drive tumour progression [127]. Changes 
in the total number of circulating innate immune cells or 
in the relative percentage of different subpopulations have 
been reported in elderly patients. With the introduction of 
new immunotherapeutic agents in the treatment of head and 
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neck cancer (e.g. Nivolumab, Pembrolizumab), immunose-
nescence mechanisms may have direct clinical implications. 
In a recently published study, differences in T-cell subgroups 
and their expression profile with increasing age were inves-
tigated in healthy subjects consisting of young (40–69 years; 
n = 17) and elderly (70–90 years; n = 20) HNSCC patients. 
The authors found a lower concentration of TILs in periph-
eral blood samples of the elderly patients, suggesting that in 
elderly tumour patients the immune system is impaired and 
the tumour-induced immune escape is less pronounced [128]. 
This concept is illustrated in Fig. 4, which contains an adapted 
version of the figure reported by Schuler et al.

Programmed death-ligand 1 (PD-L1) is becoming 
increasingly important as a biomarker and therapeutic tar-
get in HNSCC [129]. PD-1 is variably expressed by head 
and neck tumour cells, and immunotherapies that block 
inhibitory immune cell signalling have demonstrated clini-
cal efficacy in advanced head and neck cancers [130, 131]. 
During carcinogenesis, anti-tumour activity by the immune 
system is suppressed by upregulation of PD-L1 on tumour 
cells, which binds to PD-1 on T-cells. Conflicting results 
on PD-L1 levels in HNSCC and age have been reported. 
In one study, higher PD-L1 expression on tumour cells in 
HNSCC patients ≤ 45 years has been described [37]. An 
association was noted between a) higher PD-L1 levels, b) 
higher numbers of Inducible T-cell Co-Stimulator (ICOS)‐
positive TILs and c) a higher ratio of FOXP3+ Tregs and 
ICOS+ TILs relative to effector CD8+ T cells and younger 
patients [37]. In contrast, in a large meta-analysis on 
the prognostic and clinicopathological significance of 
PD-L1 overexpression in OSCC, no significant associa-
tion was found between PD-L1 overexpression and age 
(> 56, > 60, > 65 years) [132]. Conversely, two other stud-
ies found an association between elevated levels of PD-L1 
in HNSCC tissues [133] and peripheral blood lymphocytes 
[128] and older patients. PD-L1 expression was observed 
in 80% of patients and was significantly associated with 
old age (≥ 65 years) [133]. In the second study, periph-
eral blood lymphocytes were obtained from HNSCC 
patients (n = 33, 47–90  years) and healthy volunteers 
(n = 48, 21–84 years). A higher PD-L1 expression was 
found to be associated with increased age [128]. In both 
studies, PD-L1 positivity [37] and high PD-L1 expression 
(≥ 50%) [133] seemed to be prognostic factors for a poor 
survival. Another study found that young female OSCC 
patients < 45 years with increased membranous PD-L1 
positivity showed a decreased risk of recurrence and an 
improved survival [134].

In summary, PD-L1 expression seems to play a more 
important role in patient prognosis than age. However, results 
on immunosenescence are conflicting and consensus on the 
effects of immune checkpoint molecules on the prognosis of 
HNSCC has not yet been reached. Detailed knowledge on 

age-related alterations of the immune system is necessary in 
order to offer an adequate treatment option for this growing 
group of HNSCC patients and must be further investigated.

5.5 � Impact of ageing on the biology of tumours 
other than HNSCC; DNA methylation 
and epigenetic clocks

Many overlapping mechanisms involving ageing and car-
cinogenesis have not been studied in HNSCC. A particular 
mechanism of interest is DNA methylation. In DNA methyla-
tion, methyl groups are covalently linked to cytosines. When 
such methylation occurs in a gene promoter, it can result in 
repression of gene transcription. In carcinogenesis, DNA 
methylation has been associated with inactivation of tumour 
suppressor genes [135]. Interestingly, DNA-methylation as 
a marker for “epigenetic aging” has been shown to correlate 
well with biological aging [136]. The first “epigenetic clock” 
theory originates from Horvath et al. [137] and has inspired 
others to identify methylation biomarkers and drifts in blood 
that can predict aging [138]. Based on application of these 
methods, investigators were able to predict a biological age 
acceleration in colorectal carcinoma that was associated with 
disease onset and/or death [139]. Other subsites showing epi-
genetic drift include hematopoietic stem cells and skin cells 
[138]. Unfortunately, as mentioned  previously, DNA methy- 
lation has so far only been investigated in younger patients 
with HNSCC leading to contradictory results.

Based on the mechanisms described above, we conclude 
that in elderly HNSCC patients accumulation of mutations 
is the most relevant driving force [85]. Carcinogenesis seems 
to represent a multi-step process rather than a single hit 
mutation in this specific group of patients. Further research, 
especially in the field of immunosenescence, holds promise 
for the identification of potential prognostic biomarkers and 
the development of novel therapeutic strategies.

6 � Conclusions, recommendations for future 
research and possible clinical applications

The aim of this review was to provide an overview of 
potential age-specific molecular pathways in HNSCC. By 
doing so, we introduced a possible new biological entity: 
non-intoxication driven and non-HPV related HNSCC 
of the elderly. Age-related pathophysiology in inherited 
HNSCC, HPV-related HNSCC and HPV-negative HNSCC 
has been outlined. The number of studies investigating 
the molecular background of HNSCC in general is over-
whelming. Our search for age-related carcinogenesis in 
particular was, however, hampered by the fact that most 
studies do not focus on ageing as a central question, 
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resulting in poorly defined age categories with divergent 
cut-off values, and a subsequent lack of specific compari-
sons among age categories. In addition, many results on 
age-specific molecular mechanisms seem to be ambiguous.

Due to the lack of molecular studies in elderly patients 
in particular, identification of possible pathways required 
deduction of findings in studies from other tumour types. 
These studies suggest a higher degree of accumulating 
genetic mutations acquired with ageing, which was also 
cautiously confirmed in HNSCC [85]. Furthermore, immu-
nosenescence is intensely studied, but consensus on this 
subject has not yet been reached, while studies on mecha-
nisms like loss of proteostasis or differences in epigenetics 
and cellular senescence in HNSCC still need to be initiated.

Because of the lack of studies and the heterogeneous 
character of HNSCC in elderly patients, it seems impos-
sible to point out one specific targeted therapy for this 
patient category. An attractive strategy to identify molecu-
lar pathways and potential therapeutic targets, however, is 
the use of multi-omics profiling technologies. Multi-omics 
profiling or integrative omics is a comprehesive molecu-
lar approach in which multiple molecular features, such as 
the genome, proteome, phosphoproteome, transcriptome, 
epigenome, metabolome and microbiome, are measured as 
comprehensive as the analytical technology allows. In con-
trast to single-omic analyses, multi-omic analysis integrates 
molecular data layers in multiple steps based on molecular 
information (genomics to proteomics and metabolomics) 
in order to find a causal relationship between molecular 
alterations, for instance at pre- and post-translational levels. 
Therefore, a multi-omic approach is thought to provide a 
more complete tumour biology picture.

A recent study by Huang et al. used this principle to 
identify subgroups of HNSCC patients that could respond 
to targeted therapy [140]. Based on multi-omic data in 
110 patients with HPV-negative tumours, the investigators 
could distinguish three clusters of (epi)genetic, proteomic 
and phospho-proteomic profiles that could potentially 
respond to treatment with CDK4/6 inhibitors, anti-EGFR 
antibodies or immunotherapy. Each cluster contains its own 
set of markers and it would be interesting to use these mark-
ers in the analysis of HPV-negative elderly patients to see 
in which molecular cluster they fit, and to estimate whether 
they could benefit from one of the suggested targeted thera-
pies. Once future multi-omic analysis techniques become 
less costly and available for clinical practice, individual-
ized multi-omics may become the diagnostic approach for 
HNSCC patients in all age-categories, not only the elderly, 
to provide tailor-made treatment options.

Appendix 1. Literature search

Given the broad scope and aim of this review, an open lit-
erature search rather than a systematic literature search was 
conductedin the database Pubmed/Medline.

Multiple searches using variations of Mesh terms with 
the following key elements: head and neck squamous cell 
carcinoma (HNSCC), ageing, physiopathology, and tumor 
biology. For HNSCC, the Mesh terms included: head and 
neck cancer, laryngeal carcinoma, laryngeal cancer, LSCC, 
hypopharyngeal carcinoma, hypopharyngeal cancer, oro-
pharyngeal carcinoma, oropharyngeal cancer, OSCC, 
tongue carcinoma, and tongue cancer. For physiopathology, 
the Mesh terms included: physiopathology, tumor biology, 
molecular biology, molecular pathway, cellular ageing, cel-
lular senescence, inheritance, inherited, familial tumors, 
and familial cancer syndromes. For ageing, the Mesh terms 
included: age, ag(e)ing, age-related, age-dependent, young, 
elderly, old.

Search results were screened on title and abstract to deter-
mine if ageing was the main topic or a factor significantly 
correlating with a pathway or biological marker. If this was 
the case, manuscripts were selected for full reviewing. Fur-
thermore, to find more potential articles that were not iden-
tified by the literature search, citations of relevant articles 
were screened and when matching the scope of this article, 
included.
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