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Abstract 

Head and neck cancer is a malignant tumour with a high mortality rate characterized by late diagnosis, high recur-
rence and metastasis rates, and poor prognosis. Head and neck squamous cell carcinoma (HNSCC) is the most com-
mon type of head and neck cancer. Various factors are involved in the occurrence and development of HNSCC, includ-
ing external inflammatory stimuli and oncogenic viral infections. In recent years, studies on the regulation of cell 
death have provided new insights into the biology and therapeutic response of HNSCC, such as apoptosis, necrop-
tosis, pyroptosis, autophagy, ferroptosis, and recently the newly discovered cuproptosis. We explored how various 
cell deaths act as a unique defence mechanism against cancer emergence and how they can be exploited to inhibit 
tumorigenesis and progression, thus introducing regulatory cell death (RCD) as a novel strategy for tumour therapy. In 
contrast to accidental cell death, RCD is controlled by specific signal transduction pathways, including TP53 signal-
ling, KRAS signalling, NOTCH signalling, hypoxia signalling, and metabolic reprogramming. In this review, we describe 
the molecular mechanisms of nonapoptotic RCD and its relationship to HNSCC and discuss the crosstalk between 
relevant signalling pathways in HNSCC cells. We also highlight novel approaches to tumour elimination through RCD.
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Introduction
Head and neck squamous cell carcinoma (HNSCC) is one 
of the most common malignancies worldwide, with an 
annual incidence of more than 780,000 cases. In the past 
few decades, the treatment of HNSCC, including surgery, 
radiotherapy, and chemotherapy, has made significant 
progress, but the mortality rate is still as high as 40–50% 
[1–3]. HNSCC is highly invasive and involves lesions in 
the oral cavity, oropharynx, larynx, and hypopharynx. 

Common risk factors are smoking, excessive alcohol con-
sumption, and human papillomavirus (HPV) infection [4, 
5]. Because the early symptoms of HNSCC are not obvi-
ous or specific, patients are often in an advanced state at 
the initial stage of diagnosis [6]. Therefore, it is necessary 
to gain a more systematic understanding of the molecu-
lar mechanisms and signalling pathways of cell death in 
HNSCC and to explore new treatment regimens to pro-
long the survival rate of patients.

Cell death is the irreversible cessation of life phenome-
non and the end of life. Cell death often occurs in normal 
tissues and is necessary to maintain tissue function and 
morphology [7]. On the one hand, cell death is an essen-
tial physiological process that maintains tissue homeosta-
sis and ensures normal development of the body. On the 
other hand, it is also the primary pathogenic mechanism 
that leads to local or systemic inflammation and disrupts 
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normal organ function [8]. The modes of cell death can 
be divided into two main categories: accidental cell death 
(ACD) and regulatory cell death (RCD) [9]. The former 
is a passive biological process not regulated by life activi-
ties. At the same time, the latter occurs as a programmed 
regulation characterized by controlled signalling path-
ways and precise effector mechanisms [10]. RCD can be 
subdivided into apoptosis, necroptosis, pyroptosis, fer-
roptosis, autophagy, and the recently discovered cuprop-
tosis (Table 1; Fig. 1). Tumours are diseases characterized 
by an imbalance in cell proliferation, differentiation, and 
cell death. Selective elimination of cancer cells without 
damaging nonmalignant cells is an ideal treatment strat-
egy for most cancers [11] Death resistance is an essential 
characteristic of tumour cells, and inducing cell death 
is a necessary strategy for the nonsurgical treatment of 
tumours [12]. Different lethal substances in the RCD pro-
cess affect tumour development and therapeutic effects. 
RCD processes involve signalling cascades of effector 
molecules and have unique biochemical characteristics, 
morphological characteristics, and immunological conse-
quences. Apoptosis, necroptosis, pyroptosis, autophagy, 
ferroptosis, and cuproptosis have been the most widely 
studied RCDs in recent years, and different RCDs have 
unique molecular mechanisms [13].

Mechanisms of cell death in HNSCC
Apoptosis
Apoptosis is a cell death induced by cysteine aspartate 
aminotransferase (caspase) bound by the mitochondrial 
outer membrane permeability (MOMP) [14]. The mor-
phology is characterized by cell shrinkage, chromatin 
condensation, and cell fragmentation to form so-called 
apoptotic bodies, which are phagocytosed by neigh-
bouring or specific cells [15]. Apoptosis occurs mainly 
through two pathways. One pathway, called the endoge-
nous pathway, is initiated by mitochondria. Cytochrome 
C release is activated by proapoptotic members, such 
as the apoptosis regulators BAX, BCL-2 homologous 
antagonist/killer 1 (BAK1), BCL-2-binding compo-
nent 3 (BBC3; also known as PUMA), BH3 interacting 
domain death agonist (BID) and BH3-only proteins, and 
is stimulated by the apoptosis regulators BCL-2 (BCL-2), 
BCL-2-like 1 (BCL-2L1; also known as BCL-XL), BCL-
2L2 (also known as BCLW) and MCL1 of the BCL-2 
protein family to alter the permeability of the mitochon-
drial outer membrane [16, 17]. Cyto C released from 
mitochondria binds to the apoptotic peptidase acti-
vating factor 1 (APAF1), induces the recruitment, oli-
gomerization, and activation of the apoptotic initiation 
protein caspase-9 in the conformational complex of the 
endoplasmic reticulum, and subsequently cleaves and 
activates the effector proteins caspase-3 and caspase-7 

to induce apoptosis. Inhibition of caspase-9 is medi-
ated by X-linked inhibitor of apoptosis (XIAP), which 
is degraded by the inhibitor of apoptosis (IAP) antago-
nists SMAC, Omi, and ARTS during cell death [15]. 
The other pathway is exogenous and is initiated through 
cell-surface death receptors of the tumour necrosis fac-
tor (TNF) family. TNF interacts with tumour necrosis 
factor receptor 1 (TNFR1), and TNFR1 begins to recruit 
downstream proteins, such as cytosolic adaptor protein 
receptor-interacting serine/threonine-protein kinase 1 
(RIPK1), cellular IAPs (cIAPs), TNFRassociated factors 
(TRAFs) and linear ubiquitin chain assembly complex 
(LUBAC) proteins, to form complex I, which is involved 
in nuclear factor B (NF-B)-dependent survival gene 
expression. [18] TRADD, FAS-associated death domain 
(FADD), caspase-8, and RIPK1 constitute complex IIa 
and activate the apoptosis-initiating protein caspase-8, 
which cleaves and activates the effector proteins cas-
pase-3 and caspase-7 to induce apoptosis [15, 19].

MCL-1 and XIAP are antiapoptotic proteins that 
induce apoptosis through caspase-activated cleavage 
inactivation [20]. G-protein-coupled receptor kinase-
interacting protein 1 (GIT1) is upregulated in HNSCC 
to inhibit the apoptosis pathway through the PI3K/AKT/
mTOR pathway, thereby promoting the development of 
HNSCC cells. Therefore, we believe that GIT1 may be a 
carcinogen of HNSCC and promote the occurrence and 
development of tumour, or may be a potential target for 
HNSCC therapy by inhibiting GIT1. [21, 22]. NF-κB is a 
key protein in regulating apoptosis, both to protect cells 
from apoptosis and to promote apoptosis in HNSCC 
cells in other cases. By inhibiting the activity of NF-κB in 
tumour cells, apoptosis procedures can be activated, so 
modulating the nuclear factor κB pathway may provide a 
new therapeutic strategy for HNSCC [23, 24]. WEE-1 is 
a serine/threonine kinase that inactivates cyclin-depend-
ent kinase 1 (CDK1) by phosphorylation of the Tyr15 
residue, resulting in G2/M phase arrest. Therefore, AZD-
1775, an inhibitor of WeE-1, can overturn G2 cell cycle 
arrest and cause DNA damage by disrupting genome rep-
lication and can then promote the apoptosis of HNSCC 
[25–27]. The combination of cisplatin and AZD-1775 
can produce persistent DNA damage in HPV + HNSCC 
cancer cells, downregulate MCL-1 and XIAP, and induce 
apoptosis in HPV + tumour cells [28, 29].

Necroptosis
For several years, apoptosis has been considered the 
simplest form of RCD, even as necroptosis seems to 
occur in an ACD manner. Genetic, biochemical, and 
functional evidence, as well as the discovery of specific 
chemical inhibitors of necrosis, redefine this process as 
a form of molecular-controlled regulation of cell death 
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[30]. In terms of pathological functions, necropto-
sis does not involve apoptotic bodies; there is no great 
change in chromatin, the integrity of the cell membrane 
is destroyed, and cells and organelles are swollen, inflict-
ing an excessive inflammatory response [31, 32]. The 
common pathway of necroptosis is initiated by activat-
ing receptor-interacting protein kinase-1 (RIP1). After 
the interaction between TNF and TNFR1, TNFR1 begins 
to recruit the downstream protein molecules TRADD, 
RIPK1, cIAPs, TRAF, and LUBAC to form complex I. 
Complex IIa is composed of TRADD, FADD, caspase-8, 
and RIPK1. When caspase-8 is inhibited, activated RIPK1 
promotes RIPK3 recruitment and mixed lineage kinase 
domain-like (MLKL) phosphorylation, forms complex 
IIb, promotes proinflammatory signals such as DAMP 
secretion, and promotes necroptosis [33–35].

Chemotactic cells can promote the migration and inva-
sion of HNSCC cells by means of freeing damage-related 
molecular patterns (DAMPs) and RIPK1, activating 
the nuclear factor-κB (NF-κB) pathway in HNSCC, and 
hence increasing the migration, invasion, and prolifera-
tion of tumour cells [36]. The determinant of the necrotic 
reaction is the RIPK3 receptor interaction. Cells express-
ing RIPK3 can be necrotic under the action of cytokines 
of the TNF family [37]. In patients with HNSCC, the loss 
of RIPK1 and RIPK3 function caused by hypermeth-
ylation of the promoter is closely related to metastatic 
disease and poor prognosis [38, 39]. Under normal cir-
cumstances, necroptosis is considered to back apoptosis 
because caspase-8 is a potent inhibitor of this process. 
However, some researchers have proven that caspase-8 
is one of the genes with the highest mutation frequency 
in HNSCC, and it is also an essential factor leading to 
apoptosis resistance in HNSCC cells. Therefore, targeted 
necroptosis may provide a new strategy for HNSCC to 
bypass apoptosis resistance and eliminate tumour cells 

[40]. There is growing evidence that necroptosis plays a 
crucial role in regulating tumorigenesis and cancer pro-
gression, but it seems to be a double-edged sword [41]. 
Inducing necroptosis of cancer cells is a method for treat-
ing cancer, but necroptosis is also involved in the patho-
genic process of tumour cells. The linear ubiquitin chain 
assembly complex (LUBAC) can also mediate NF-κB 
signalling and induce tumour cell death resistance [42]. 
Necroptosis can promote extravasation and migration 
of tumour cells. For example, tumour cells can induce 
necroptosis of endothelial cells through death receptor 6 
(DR6) on endothelial cells, which leads to extravasation 
and metastasis of tumour cells mediated by the expres-
sion of amyloid precursor protein [43].

Pyroptosis
Pyroptosis is a programmed cell death mediated by 
cysteine aspartate protease 1 (caspase-1) and is char-
acterized by cell membrane perforation, cell swelling, 
osmotic lysis, and content release [44, 45]. Unlike apop-
tosis, pyroptosis induces inflammation by releasing 
proinflammatory cytokines (IL-1β and IL-18) and cellu-
lar contents. Gasdermin (GSD) family proteins are the 
main executors of pyroptosis and mediate the forma-
tion of cell membrane perforation [46, 47]. Depending 
on the activated cysteine aspartate aminotransferase, 
typical and atypical signalling pathways may trig-
ger pyroptosis [48]. The classical cellular pyroptosis 
pathway is mediated by caspase-1. [49] The inflamma-
tory body is a kind of intracellular multiprotein signal 
complex that is usually assembled around the pattern 
recognition receptors (PRRs) [50]. Pathogen-associ-
ated molecular patterns (PAMPs) and DAMPs bind to 
adapter proteins on apoptosis-related protein (ASC) to 
activate caspase-1. Then, GSDMD is cleaved as a cut-
ting substrate, resulting in cellular pyroptosis [51, 52]. 

(See figure on next page.)
Fig. 1  Core molecular mechanisms of apoptosis, necroptosis, pyroptosis, ferroptosis, autophagy and cuproptosis. A In the exogenous apoptosis 
pathway, TNF interacts with TNFR1, and TNFR1 begins to recruit downstream protein molecules to form complexes I and IIa, which promote 
the activation of caspase-8 and then activate caspase-3 and caspase-7. In the endogenous apoptotic pathway, activation of BH3-only proteins 
leads to Bax and BAK activity, triggering MOMP. Cyto C is released from mitochondria and forms a multiapoptotic complex with APAF1, which 
activates caspase-9 and then caspase-3 and caspase-7, leading to apoptosis. B TNF interacts with TNFR1; when caspase 8 is inhibited, activated 
RIPK1 promotes RIPK3 recruitment and MLKL phosphorylation, forms complex IIb, promotes inflammatory signal secretion, and promotes 
necroptosis. C PAMP and DAMP stimulate inflammasome activation, which leads to caspase-1 cleavage, and LPS can bind to caspase-4/5/11 to 
lyse GSDMD. Potassium efflux triggers the release of HMGB1 and K+. Caspase-3 can also be activated through the mitochondrial endogenous 
pathway and death receptor pathway to lyse GSDME and trigger pyroptosis. D Iron accumulation is achieved by increasing iron uptake by the 
TF-TFRC complex, limiting iron efflux by iron export transporters, and reducing iron storage by ferritosis. Cells obtain cysteine and exchange it for 
glutamate through the XC − antitransporter system. The ACSL4-LPCAT3-AlOXs pathway promotes iron death by activating lipid peroxidation to 
produce PLOOH from polyunsaturated fatty acids. E AMPK and mTORC1 act on mTOR, the ULK1 complex is phosphorylated, and the PI3K complex 
interacts with autophagosomes. Lc3 is modified to form LC3-II and ATG5-ATG12-ATG16L complexes to promote the formation and maturation of 
autophagic vesicles and binds to lysosomes under the action of LAMP, Rab7 and VAMP7. The recovered product is released into the cytosol for 
reuse. F Elesclomol binds extracellular copper (Cu2+) and transports it into the cell. FDX1 reduces Cu2 + to Cu + and promotes lipolylation (LA) 
and aggregation of DLAT involved in the mitochondrial TCA cycle. Copper importers (e.g., SLC31A1) and exporters (e.g., ATP7B) modulate copper 
sensitivity by affecting intracellular copper ion levels



Page 5 of 20Xue et al. Biomarker Research            (2023) 11:2 	

The nonclassical pathway relies on caspase-11 (mouse) 
and caspase-4/5 (human). Pattern recognition recep-
tors recognize the binding of Gram-negative bacterial 
lipopolysaccharide (LPS) to caspase-4/5/11 to cleave 
GSDMD, and potassium efflux-regulated pyropto-
sis triggers the release of high mobility group box  1 
(HMGB1) and K+, leading to pyroptosis [43, 53, 54].

Inflammation is one of the causes of HNSCC, and the 
development and function of tumour stem cells may be 

related to chronic inflammation [55]. Inflammatory bod-
ies and gasdermin family proteins are critical substrates 
leading to pyroptosis. At present, it has been found that 
these two proteins are involved in inhibiting tumour cell 
growth and promoting tumour cell death in a variety of 
system tumours. In addition, some studies also suggest 
that pyroptosis can promote tumour growth in different 
kinds of tumour cells [56–58]. This information shows 
that pyroptosis has dual roles of promoting and inhibiting 

Fig. 1  (See legend on previous page.)
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tumours, and it is necessary to further study the relation-
ship between pyroptosis and tumorigenesis and progres-
sion. The occurrence and development of HNSCC are 
inseparable from inflammation. NOD-like receptor 3 
(NLRP3) inflammatory bodies are mainly composed of 
the receptor protein NLRP3, junction protein ASC, and 
effector protein caspase-1, which represents the most 
characteristic inflammatory body [59, 60]. It has been 
found that the expression of NLRP3 inflammatory bod-
ies is upregulated in HNSCC. At the same time, block-
ing NLRP3 inflammatory bodies can reduce the number 
of tumour stem cells (CSCs) in HNSCC cell lines and in 
the TGFBR1/Pten2cKO mouse HNSCC model. There-
fore, NLRP3 inflammatory bodies can be used as a 
potential target for CSCs in HNSCC therapy [61]. High 
expression of NLRP3 is also associated with the growth, 
invasion, and metastasis of HNSCC, with poor clinical 
prognosis in patients with oral squamous cell carcinoma 
(OSCC) treated with 5-FU, and NLRP3 gene knockout 
increases pyroptosis of 5-FU-induced OSCC cells [61, 
62]. Gasdermin agonists may improve the efficacy of 
cancer immunotherapy. Gasdermin is directly activated 
by Phe-BF3-mediated desalinization, which provides a 
robust system for understanding the antitumour immu-
nity stimulated by immunogenic cell pyroptosis [63]. 
Caspase-1 is upregulated in HNSCC tissues and may be 
a protumour gene in HNSCC tumour tissues. GSDME 
expression in HNSCC tumour tissue is upregulated and 
may be a biomarker for poor prognosis [64–66]. IL-6 is 
a proinflammatory cytokine secreted by cancer cells that 
is involved in regulating the proliferation and differen-
tiation of cancer cells. The expression level in HNSCC 
tumour tissue is low, and inhibition of the IL-6 down-
stream signalling pathway may enhance the therapeutic 
effect on tumours with elevated IL-6 levels [66–68].

Ferroptosis
Ferroptosis is a regulated form of cell death characterized 
by intracellular iron accumulation, increased reactive 
oxygen species (ROS), decreased reduced glutathione 
(GSH), and lipid peroxidation, resulting in an imbal-
ance between oxidation and antioxidation systems. Pres-
ently, ferroptosis mainly involves three key mechanisms, 
including iron accumulation, lipid peroxidation, and the 
destruction of the antioxidant system [12, 19, 69]. When 
ferroptosis occurs, a large amount of free Fe2 + accumu-
lates in the cells. Free Fe2 + is highly oxidizing and eas-
ily undergoes the Fenton reaction with H2O2, which 
produces hydroxyl radicals that can cause oxidative 
damage to DNA, protein, and membrane lipids and pro-
mote lipid peroxidation to the damaged cell membrane, 
leading to cell death [19, 70, 71]. Glutathione peroxi-
dase 4 (GPX4) is the most critical anti-lipid peroxidase 

and the core regulator of ferroptosis. System Xc- is a 
heterodimer composed of solute carrier family 7 mem-
ber 11 (SLC7A11) and solute carrier family 3 member 2 
(SLC3A2) on the cell membrane, which allows the pas-
sage of cystine and glutamate into and out of the cell. 
System Xc- transports extracellular cystine into cells, 
which is then converted into cysteine and becomes the 
raw material for synthesizing GSH [12, 19]. Because GSH 
is a necessary cofactor for the GPX4 enzyme to decom-
pose peroxides, System Xc- affects the sensitivity of fer-
roptosis by affecting intracellular cystine metabolism and 
the GSH/GPX4 pathway, and inhibiting the expression of 
System Xc-, especially SLC7A11, can enhance the sensi-
tivity of cells to ferroptosis. Therefore, inhibiting GPX4 
and consuming GSH in cells is a potential anticancer 
strategy [71–73].

Acyl coenzyme A (CoA) synthase long-chain family 
member 4 (ACSL4) and lysophosphatidylcholine acyl-
transferase 3 (LPCAT3) regulate polyunsaturated fatty 
acid (PUFA) synthesis [74, 75]. ACSL4 catalyses the 
ligation of free PUFAs with CoA to form PUFA-CoAs, 
which are then esterified to form PUFA-PL. Acetyl-CoA 
carboxylation to malonyl-CoA requires the catalysis of 
acetyl-CoA carboxylase (ACC). Therefore, the inactiva-
tion of ACSL4, LPCAT3, or ACC inhibits the progres-
sion of tumour cell ferroptosis [76–78]. Recent studies 
have shown that in HNSCC, the expression levels of the 
ACSL1 and TFRC genes are closely related to the occur-
rence of tumour cell ferroptosis and the prognosis of 
patients and are potential targets for the occurrence, 
development and treatment of HNSCC [79]. The high 
expression of acyl-CoA synthetase long-chain family 
member 1 (ACSL1) inhibits the progression of thyroid 
cancer cells and activates fatty acid metabolism repro-
gramming during cancer cell metastasis, thereby achiev-
ing an antagonizing effect of ferroptosis on tumour cells 
[79–81]. TFRCs are key transporters of intracellular iron 
and play a key role in tumour cell ferroptosis through 
their regulation by the NF2-YAP signalling axis. High 
expression of TFRC is associated with poor prognosis in 
patients with HNSCC [79, 82]. Compared with the lev-
els in normal tissues, the ferroptosis driver SOCS1 and 
inhibitor FTH1 in HNSCC were positively correlated 
and upregulated. In other words, ferroptosis of HNSCC 
can be induced by increasing the expression of SOCS1 or 
decreasing the expression of FTH1 [83].

Autophagy
Autophagy is an intracellular lysosomal pathway that 
plays a crucial role in maintaining the dynamic balance of 
various physiological processes. Autophagy involves the 
sequential formation of three unique membrane struc-
tures: phagosomes, autophagosomes, and autolysosomes. 
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More than 40 autophagy-related genes/proteins (Atgs) 
play a vital role in the dynamics and process of the 
autophagy membrane [84–87]. Under stress condi-
tions, phagocytic vesicles or isolation membranes can be 
formed around damaged organelles, abnormally folded 
proteins, viruses, and bacteria in the cytoplasm, which 
are isolated into autophagosomes with bilayer membrane 
structures, and autophagy is induced by AMP-activated 
protein kinase (AMPK) and mTOR complex 1 (mTORC1) 
acting on the mechanistic target of rapamycin kinase 
(mTOR) [85, 88]. The phosphorylation of the UNC-51-
like kinase 1 (ULK1) complex (including ULK1, ATG13, 
FIP200 and ATG101) interacts with the phosphatidylino-
sitol 3-phosphate kinase (PI3K) complex on autophago-
somes. Light chain 3 (LC3) modification forms LC3-II 
and the ATG5-ATG12- ATG16L complex to promote the 
formation and maturation of autophagic vesicles. After 
the formation of the autophagosome, it is transported to 
the vicinity of the lysosome under the action of lysoso-
mal-associated membrane protein (LAMP), Rab7, and 
VAMP7 [85, 89]. The outer membrane of an autophago-
some fuses with a lysosome to form an autophagy‒lyso-
some, and its contents are degraded by lysosome-related 
hydrolase. The degradation products of autophagy‒lyso-
some can be recycled in the cell to meet the cells’ meta-
bolic needs [90–92].

Autophagy can play a major role in cell survival under 
adverse conditions, which means that autophagy can 
promote the growth of tumour cells. Autophagy supports 
tumorigenesis by maintaining mitochondrial metabolic 
function and energy levels, and may be necessary for 
tumour cell growth by inhibiting oxidative damage and 
maintaining metabolic homeostasis [93, 94]. The purpose 
of inhibiting the growth of tumour cells can be achieved 
by inducing tumour cells to activate autophagy. Hypoxia 
upregulated the expression of circCDR1as and induced 
autophagy in OSCC. Studies have shown that circ-
CDR1as, as an oncogene, encapsulates miR-671-5p by 
sponging, inhibits mTOR activity, upregulates the AKT 
and ERK signalling pathways, and induces autophagy 
in OSCC cells [95, 96]. Erythroblast macrophage pro-
tein (MAEA) is a new type of E3 ubiquitin ligase that 
regulates autophagy through the AMPK and PI3K/AKT 
pathways. In HNSCC, TBC1D14 inhibits autophagy by 
downregulating the expression of MAEA. Overexpres-
sion of TBC1D14 inhibits autophagy by reducing the 
level of Lc3-II protein, increasing the level of p62 pro-
tein, and inhibiting the formation of autolysosomes, thus 
playing a role in anti-HNSCC metastasis [97–99]. Circ-
PKD2 can increase the sensitivity of oral squamous cell 
carcinoma to cisplatin by inhibiting miR-646. Circ-PKD2 
increases the level of Atg13, inhibits tumour prolifera-
tion and activates autophagy in OSCC cells by promoting 

the formation of autophagosomes and the activation of 
LC3II/I and other proteins [100, 101].

Cuproptosis
Copper ions are an indispensable cofactor for all organ-
isms, but when their concentration exceeds a certain 
threshold, they will have a toxic effect on the body [102]. 
Tsvetkov P et al. discovered a new method of cell death 
that is dependent on copper ions and is regulated in the 
cell body, termed cuproptosis; copper ions directly bind 
to the fatty acylation components in the tricarboxylic 
acid cycle, resulting in abnormal accumulation of rich 
acylated proteins and loss of iron-sulfur cluster proteins, 
resulting in a protein toxic stress reaction and eventually 
leading to cell death [103]. This is different from the death 
mechanism that we know. Heavy metal ions are essential 
micronutrients for the human body, but insufficient or 
excessive metal abundance will lead to cell death [104]. 
At present, we have identified seven critical genes in the 
regulatory mechanism of cuproptosis, namely, ferredoxin 
1 (FDX1), lipoic acid synthase (LIAS), lipoyl transferase-1 
(LIPT1), dihydrolipoamide dehydrogenase (DLD), 
dihydrolipoamide-acetyltransferase (DLAT), pyruvate 
dehydrogenase E1 alpha (PDHA1) and pyruvate dehydro-
genase β subunit gene (PDHB), and three harmful regula-
tory genes, namely, metal-regulated transcription factor 
(MTF), glutaminase (GLS) and cyclin-dependent kinase 
inhibitor 2  A (CDKN2A) [105]. Mitochondrial lipoyla-
tion is a posttranslational modification of lysine, which 
allows entry into the tricarboxylic acid (TCA) cycle 
through regulation by dihydrothiooctylamide branched 
chain transferase E2 (DBT), glycine lytic system protein 
H (GCSH), dihydrothiooctylamine-succinyltransferase 
(DLST) and DLAT. Copper directly binds to DLAT to 
promote the disulfide bond-dependent aggregation of 
lipid-based DLAT [106, 107].

In the Wilson disease mouse model, the loss of the cop-
per exporter ATPase copper transporting beta (ATP7B) 
leads to excessive accumulation of copper and copper 
damage in the ageing liver, suggesting that drug inhi-
bition of mitochondrial respiration may be a strategy 
against the disease [103]. Some experiments have shown 
that compared with normal oral tissues, the tissues of 
HNSCC patients express high levels of ATP7B, ATP7B 
in mitochondria and excrete copper from the cytoplasm 
to the extracellular space [108, 109]. In the differential 
expression analysis of oral squamous cell carcinoma and 
adjacent tissues, LIAS and PDHB were inhibited in can-
cer tissues, while GLS and CDKN2A were promoted in 
cancer tissues. This shows that the cuproptosis of tumour 
cells is inhibited, and the growth of tumour cells is pro-
moted in OSCC [110]. Intratumor copper can regulate 
the expression of PD-L1, affect the immune escape of 
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tumours, and then affect the efficacy of immunotherapy 
[111]. Mutations in the mitochondrial ribosomal gene 
MRPS7 affect mitochondrial respiratory chain dysfunc-
tion, and high expression of MRPS7 is associated with 
poor prognosis in patients with HNSCC [112, 113]. Stud-
ies have shown that high-dose Cu2 + exposure induces 
oxidative stress by increasing the levels of ROS and pro-
tein carbonyl compounds and reducing the GSH content 
and mRNA and enzyme activities, resulting in mitochon-
drial membrane potential depolarization, Cyto C release, 
cleavage of caspase-9 and caspase-3, increased BAK 
and BAX levels, decreased BCL2 levels and induction 
of tumour cell apoptosis [114]. The effect of elesclomol 
(ES) on cancer cells is to increase the level of Cu2 + in 
mitochondria, reduce the expression of ATP7A, lead to 
Cu2 + retention and the accumulation of ROS, promote 
SLC7A11 degradation, further enhance oxidative stress 
in cells and thereby induce tumour cell cuproptosis [115].

Modulation of cell death in HNSCC
During the growth of HNSCC cells, a complex signal 
communication network has emerged to promote a col-
laborative environment that supports tumour prolifera-
tion and spread [116]. The TME is a complex ecosystem 
composed of cellular components (such as malignant 
cells, immune cells, and interstitial cells) and noncellular 
components (such as extracellular matrix, blood vessels, 
cytokines, chemokines, and growth factors) [117]. Vari-
ous oncogenes or tumour suppressor signals in the TME 
determine the sensitivity of cell death patterns in HNSCC 
(Fig.  2). In this section, we focus on some of the most 
common HNSCC functions that affect cell death signals.

TP53 signalling
The inactivation of tumour suppressor genes and the 
activation of oncogenes are key to the occurrence and 
development of HNSCC [118]. To date, the TP53 gene 

Fig. 2  Modulation of cell death pathways in HNSCC. The tumour microenvironment of HNSCC is a complex ecosystem composed of cellular 
components (such as malignant cells, immune cells and stromal cells), extracellular matrix and interstitial fluid (such as blood vessels, cytokines, 
chemokines and growth factors). The interaction between cancer cells and invasive immune cells determines the progression and therapeutic 
effect of the tumour. ECM, extracellular matrix; NK, natural killer; TP53, tumour protein p53
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is the most commonly mutated gene in human cancer 
[119]. The mutation rate of the TP53 gene in human 
tumour cells has increased significantly from 10% (hae-
matopoietic stem cell malignant tumour) to 50–70% 
(ovarian, colorectal, and head and neck cancer) [120]. 
Once the TP53 gene is mutated, the tumour suppres-
sion function of the wild-type TP53 gene will be lost, and 
many individual oncogenes will be active [121]. The TP53 
gene encodes a tumour suppressor protein with tran-
scriptional activation, DNA binding, and oligomerization 
domains. It is a tumour suppressor gene and can induce 
cell cycle arrest, apoptosis, and senescence. Mutation of 
the TP53 gene is related to many kinds of human cancers 
[122]. Cancer can be detected earlier and more accu-
rately by extracting DNA from plasma to detect TP53 
mutations [123]. Some studies have shown that high 

expression of TP53 plays a promoting role in the initial 
carcinogenesis of oral cancer [124].

TP53 mutation occurs in the early stage of cancer. 
HPV-negative HNSCC has a typical TP53 mutation, 
while in HPV-positive cases, TP53 is downregulated 
by HPV oncogene E6 and usually does not mutate 
[125, 126]. During DNA damage and oncogene activa-
tion (carcinogenic stress), TP53 transcription factor, 
as a cell stress receptor, is activated, along with cyclin-
dependent kinase inhibitor 1 A (CDKN1A, coding p21), 
which triggers cell cycle arrest and senescence, as well 
as BCL2-related X, apoptosis regulatory factor (Bax), 
TP53-upregulated apoptosis regulator (PUMA; also 
known as BBC3) and NOXA (also known as PMAIP1), 
thus triggering apoptosis [127–129] (Fig.  3). In malig-
nant lesions, part of the TP53 protein is located in 

Fig. 3  TP53 in HNSCC cell death. Tumour protein p53 (TP53) acts on mitochondria. MOMP inhibits BCL-2 and BCL-2L1, as antiapoptotic members, 
and activates BAX, BBC3 (also known as PUMA) and PMAIP1 (also known as NOXA), which are proapoptotic members of the Bcl2 family, thus 
triggering TP53-dependent apoptosis. P53 can also downregulate the mTOR signalling pathway to promote autophagy. TP53 induces iron death by 
inhibiting the expression of SLC7A11 or directly acting on diamine acetyltransferase SAT1 and mitochondrial glutaminase GLS2. TP53 inhibits iron 
death by inhibiting the activities of dipeptidyl peptidase 4 (DPP4) and NADPH oxidase 1 (NOX1) or inducing the expression of cyclin-dependent 
kinase inhibitor 1 A (CDKN1A). BAK1, BCL-2 homologous antagonist/killer 1; BBC3, BCL-2-binding component 3; CDKN1A, cyclin-dependent kinase 
inhibitor 1 A; CYCS, cytochrome C, somatic; GLS2, glutaminase 2; GPX4, glutathione peroxidase 4; GSH, glutathione; mTOR, mechanistic target 
of rapamycin kinase; PMAIP1, phorbol-12–myristate-13 acetate-induced protein 1; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 
member 11; SAT1, spermidine/spermine N1-acetyltransferase 1
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mitochondria. MOMP inhibits the antiapoptotic mem-
bers Bcl2, Bcl-xl, and Mcl-1 and activates the proa-
poptotic Bak and Bax proteins of the Bcl2 family, thus 
triggering TP53-dependent apoptosis [130, 131]. P53 
can also downregulate the mTOR signalling pathway to 
promote autophagy and induce the expression of genes, 
such as DRAM, PUMA, BAX, ISG20L1, and EI24, to 
promote autophagy [132, 133].

TP53 causes apoptosis, and the activation of TP53 plays 
a vital role in inducing ferroptosis in some tumour cells 
[134]. The activation of TP53 can effectively reduce the 
expression of SLC7A11 at the mRNA and protein levels, 
while knockout of the p53 gene can relieve the inhibition 
of SLC7A11. [135] Inhibiting the expression of SLC7A11 
by activating p53 can reduce the activity of System Xc- 
and eventually lead to ferroptosis [136]. In addition to 
inhibiting the movement of the System Xc- system, TP53 
can directly act on diamine acetyltransferase SAT1 and 
mitochondrial glutaminase GLS2, regulate the meta-
bolic process of glutamine and indirectly induce ferrop-
tosis [137, 138]. Recent studies have found that erastin 
can activate TP53 and promote ferroptosis in cells. In 
the process of ferroptosis caused by erastin, the intra-
cellular ROS produced can initiate TP53, resulting in a 
significant increase in the level of TP53 transcripts, thus 
further increasing the level of intracellular ROS [139]. 
However, in some cases, TP53 can also reduce the sen-
sitivity of cells to ferroptosis. TP53 can activate p21 and 
delay ferroptosis in a transcription-dependent manner 
[140]. TP53 can also inhibit ferroptosis by inhibiting the 
activities of dipeptidyl peptidase 4 (DPP4) and NADPH 
oxidase 1 (NOX1) or inducing the expression of cyclin-
dependent kinase inhibitor 1 A/p21 (CDKN1A/p21) [140, 
141]. TP53 is at the core of the ferroptosis signalling net-
work. On the one hand, it can be activated by erastin to 
enhance the sensitivity of cells to ferroptosis and inhibit 
tumorigenesis. On the other hand, TP53 protects normal 
cells from various stress factors. When some metabolic 
stress occurs, TP53 can reduce the sensitivity of cells to 
ferroptosis and maintain normal physiological function. 
Generally, the role of TP53 in the ferroptosis signalling 
network is very complex, and its specific mechanism in 
cancer treatment needs to be further studied [142].

KRAS signalling
Kirsten rat sarcoma virus oncogene (KRAS) mutation is 
one of many tumours’ most common carcinogenic fac-
tors. The KRAS gene encodes the KRAS protein. KRAS 
is a small GTP enzyme that acts as a molecular switch 
for various cellular processes by coupling membrane 
growth factor receptors with intracellular signalling 
pathways and transcription factors [143]. When KRAS 
is mutated, it loses the GTP hydrolase activity and then 

continues to be activated, promoting cell proliferation 
and carcinogenesis. We have been looking for drugs that 
can interfere with the binding of KRAS to GTP to block 
the carcinogenic effect of the mutant KRAS gene. Never-
theless, because of the particularity of the KRAS protein 
structure, there is no effective drug to treat KRAS mutant 
tumours thus far. Epidermal growth factor receptor 
(EGFR) is the upstream signalling pathway of KRAS [144, 
145]. Through the study of targeted EGFR inhibitors, the 
upstream signalling pathway can be blocked to block the 
mutant expression of KRAS. EGFR is overexpressed in 
80–90% of HNSCC and is associated with poor prognosis 
and treatment outcomes. Activation of KRAS signalling 
can promote metabolic reprogramming and autophagy in 
tumour cells to maintain proliferation and inhibit apop-
tosis [146–148]. Cancer cells with mutant RAS (including 
KRAS), such as HNSCC cells, are sensitive to the induc-
tion of ferroptosis, which may be due to the mutated 
expression of iron metabolism genes mediated by RAS, 
such as transferrin receptor TFRC, FTH1 and FTL. In 
HNSCC patients with overexpression of EGFR and cyc-
lin D1, the combined effect of afatinib and palbociclib 
induces ageing by reducing the ATP pool, reducing anti-
oxidant enzymes, and increasing the production of ROS, 
thus causing metabolic changes and enhancing the com-
bined antitumour effect [149]. EGFR inhibitors are the 
only approved targeted drugs, but their efficacy is lim-
ited, and intrinsic and acquired drug resistance mecha-
nisms remain unresolved [150].

NOTCH signalling
In HNSCC, NOTCH signalling pathway genes are 
changed at the transcriptional level, and NOTCH1 has 
been identified as a tumour suppressor gene [151, 152]. 
The NOTCH pathway transmits signals through tran-
scriptional activation of the target genes HES1 and HEY1. 
The prognosis of patients with NOTCH1 mutation is 
poor, in which the direct downstream targets HES1 and 
HEY1 are overexpressed [153, 154]. HES, the target gene 
of the classical Notch signalling pathway, inhibits the 
expression of PTEN. When the NOTCH signal is sup-
pressed, it downregulates the expression of HES, and 
HES suppresses PTEN and upregulates the expression of 
PTEN, which inhibits PI3K-AKT-mediated survival sig-
nal transduction and leads to tumour cell apoptosis [155, 
156]. The activity of Notch is related to the inhibition of 
HPV E6 and E7 protein expression, which may provide 
additional selection pressure for the loss of NOTCH in 
HPV + HNSCC [157, 158]. In mature epithelium, the 
expression of p63 is the highest in basal epithelial cells, 
where it acts as an inhibitor of NOTCH1 expression and 
is downregulated during terminal differentiation, consist-
ent with the upregulation of NOTCH1 [159]. ADAM10 
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and AJUBA inhibit HNSCC by promoting NOTCH 
receptor signal transduction in a haploid-deficient man-
ner [160]. CD44 + cells overexpress HIF-1α in HNSCC. 
Inhibiting the expression of HIF-1α can inhibit the 
expression of NOTCH1 and block the metastasis rate 
and chemotherapy resistance of HNSCC cells. Therefore, 
NOTCH1 plays an essential role in maintaining the char-
acteristics of HNSCC cells, promoting the malignancy of 
HNSCC cells and drug resistance to chemotherapy and 
radiation [161].

Hypoxia signalling
Hypoxia can aggravate tumour formation and treatment 
resistance. In HNSCC, hypoxia may lead to adverse reac-
tions to radiotherapy and poor prognosis [162]. In solid 
tumours, tumour cells maintain their adaptation to 
hypoxia mainly by regulating hypoxia-inducible factor 
(HIF). The HIF family consists of three members, namely, 
HIF-1, HIF-2, and HIF-3, which can sense the changes 
in oxygen concentration in the microenvironment and 
regulate the pathway for cells to adapt to hypoxia [163, 
164]. HIF-1 is a heterodimeric protein composed of the 
HIF-1α and HIF-1β subunits. Under normoxic condi-
tions, HIF-1α is easily degraded by the ubiquitin protease 
system. At the same time, the degradation of HIF-1α is 
inhibited during hypoxia, which leads to its continu-
ous accumulation, which makes cancer cells adapt to a 
hypoxic environment and provides conditions for the 
proliferation, invasion, and metastasis of cancer cells 
[164]. HIF-1 also interacts with P53 to promote caspase-
3-dependent apoptosis [165, 166].

Hypoxia has a direct effect on a variety of cell death 
mechanisms and regulates the interaction between dif-
ferent pathways. During hypoxic stress, Bcl-2/adenovirus 
E1B 19-kDa protein interacting protein 3 (BNIP3) may 
induce autophagy by isolating Bcl2 or xl from the Bcl2 
or Xl-Beclin1 complex, and then the shifted Beclin-1 can 
trigger autophagy [167]. In addition, caspase-mediated 
Beclin-1 cleavage inhibits autophagy and enhances apop-
tosis by promoting the mitochondrial release of proap-
optotic factors and enhancing caspase-9 activity, a joint 
event in HNSCC [168, 169].

Metabolic reprogramming
Considering the massive demand for energy and bio-
mass for cell survival, cancer cells show unique metabolic 
characteristics compared with normal cells. By partici-
pating in many core metabolic pathways, including gly-
colysis, mitochondrial metabolism, and the anabolism/
catabolism of fats and amino acids, external signals are 
transmitted into cells to support cell survival [170, 171]. 
In other words, a series of changes cause tumour cells 
to reregulate adenine nucleoside triphosphate (ATP) 

production or increase glucose uptake to promote energy 
production. Under sufficient oxygen, tumour cells pro-
mote the rapid energy supply of glycolysis due to the 
change in the microenvironment, which is called the 
“Warburg effect” [172, 173]. Metabolic reprogramming 
in the TME was confirmed by analysing the metabolic-
related gene prognostic index (MRGPI) in HNSCC.

System Xc- reverses glutamate transport and trans-
duces cystine into cells. GPX4 catalyses the sulfhydryl 
binding of lipid peroxides (L-OHO) to reduce glutathione 
and converts harmful substances into nontoxic fatty alco-
hols (L-OH), thus preventing the ROS chain reaction 
and avoiding ferroptosis [174–176]. The upregulation of 
System Xc- expression may be related to chemotherapy 
resistance and tumour growth [177]. The absence of 
GPX4 increases phospholipid hydrogen peroxide and 
promotes lipoxygenase-mediated lipid peroxidation and 
eventually leads to ferroptosis [178]. Ferroptosis inhibitor 
protein 1 (FSP1) is an oxidoreductase that reduces coen-
zyme Q10 and produces a lipophilic free radical capture 
antioxidant to prevent lipid peroxidation and ferroptosis 
[179]. The tumour suppressor BAP1 enhances ferrop-
tosis by regulating the expression of cystine transporter 
SLC7A11, thus improving the control of tumour growth 
[180, 181]. The concentration of glutathione (GSH) meas-
ured in metastatic tumours was higher than that of the 
corresponding primary tumours, indicating that GSH 
metabolism may affect the formation of HNSCC metas-
tasis. In HPV-negative HNSCC, nonfunctional p53 leads 
to a decrease in mitochondrial OXPHOS and the prior-
itizing of glycolysis. Therefore, HPV-positive HNSCC 
may be more sensitive to mitochondrially targeted ther-
apies, such as mitogens. Thus, the HPV oncoprotein E7 
enhances ceramide-mediated mitosis and lethal mitosis 
to cope with chemotherapy-induced mitochondrial dam-
age [182–184].

Therapy options in HNSCC
Surgical resection, radiotherapy, and chemotherapy are 
the main treatments for HNSCC, and identifying the 
most effective treatment and optimizing function preser-
vation are our ideal goals. Immunogenic cell death (ICD) 
is a process whereby tumour cell death is induced and 
activates the body’s immune system to fight against dead 
cell antigens and endow dead tumour cells with immuno-
genicity [185, 186]. When ICD occurs, dead cells produce 
new antigenic epitopes and release DAMPs. Antigen-
presenting cells (APCs) recognize and phagocytize dead 
cell antigens and present them to T cells, promoting the 
formation of antigen-specific cytotoxic T lymphocytes 
(CTLs) and activating the adaptive immune response to 
recognize and clear tumour antigens, resulting in long-
term antitumour immune effects [187, 188] (Fig. 4).
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Apoptosis in targeted therapy
The transcription factor NF-κB can regulate apoptosis 
and chemotherapy resistance [189]. NF-κB signal trans-
duction can promote cisplatin resistance and increase 
the sensitivity of cancer cells to cisplatin therapy. Active 
NF-κB signalling in HNSCC cells can promote histone 
deacetylation and heterochromatin production to induce 
drug resistance to chemotherapy. Furthermore, targeted 

inhibition of histone deacetylase to destroy tumour drug 
resistance caused by NF-κB may be a therapeutic strategy 
[190, 191]. Other studies have shown that NF-κB phos-
phorylation at the serine 536 position plays a crucial role 
in regulating cisplatin resistance [192]. IKK phosphoryl-
ated NF-κB at serine 536, and NF-κB p65 gene knockout 
or overexpression of the NF-κB p65-serine 536 A mutant 
made drug-resistant cells sensitive to cisplatin. Therefore, 

Fig. 4  Induction of cell death by therapeutic regimens evokes antitumour immune responses. Therapeutic modalities, including apoptosis, 
necroptosis, pyroptosis, ferroptosis, autophagy, and cuproptosis, induce death in cancer cells. Apoptosis, necroptosis, pyroptosis, ferroptosis, 
autophagy and cuproptosis in cancer generate abundant neoantigens, which are processed by antigen-presenting cells to promote the formation 
of antigen-specific cytotoxic T lymphocytes (CTLs), thereby evoking antitumour immunity. Agents that target apoptosis, necroptosis, pyroptosis, 
ferroptosis, and autophagy are noted in the figure (apoptosis inhibitor: CmpdA, CREB5; necroptosis inducer: ASTX660, birinapant; pyroptosis 
inducer: 5-FU, T22-PE24H6, T22-Ditox-H6; ferroptosis inducer: RSL3, ML210, SAS; ferroptosis inhibitor: XCT; autophagy inhibitor: afatinib, CQ, 3-MA, 
bortezomib, trichostatin)
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blocking the activity of IKK/NF-κB with the IKK β inhibi-
tor CmpdA may also be a strategy to improve the efficacy 
of cisplatin in HNCSS [193]. When APAF1 gene knock-
out or CRISPR-mediated caspase-9 deletion occurs, 
mitochondrial-dependent caspase activity is blocked. 
MOMP induces the activation of NF-κB and the produc-
tion of TNF by degrading the IAP protein and upregulat-
ing the expression of NF-κB-induced kinase. Moreover, 
MOMP combined with caspase inhibition can transfer 
mitochondrial DNA to the cytoplasm through Bak1-
Bax macropores, activate signalling in the cytoplasm, 
and promote the secretion of type I interferon, thus trig-
gering the innate immune response [194–196]. CREB5 
increases mitochondrial activity and ATP production 
through TOP1MT, promotes the expression of the antia-
poptotic protein Bcl2, and increases the Bcl2/Bax ratio, 
thus inhibiting the mitochondrial apoptotic pathway and 
promoting cisplatin resistance in HNSCC cells. Dual tar-
geting of CREB5 and TOP1MT is also a promising strat-
egy to combat cisplatin resistance [197].

Necroptosis in targeted therapy
Approximately half of the necrosis in HNSCC can be 
attributed to necroptosis [36]. TNFα, TRAIL, or other 
death agonists bind to their receptors, activate RIPK1 
and MLK1 and induce necroptosis, resulting in cell death 
[198]. RIP3 is a crucial regulator of necroptosis caused 
by TNF. Loss of RIP3 expression may reduce the sensi-
tivity of cells to necroptosis stimulation, which in turn 
promotes cell survival and tumorigenesis [199]. Fumaric 
acid is a tumour metabolite. In many cancers, fumaric 
acid accumulation is caused by fumarate hydratase (FH) 
mutations [200]. The expression of EB virus (LMP1) in 
HNSCC leads to a decrease in fumaric acid and α-KG 
and inhibits the expression of RIP3 by DNA methyla-
tion, thus inhibiting necroptosis. This approach provides 
a new choice for the diagnosis and treatment of HNSCC 
[39]. CIAP/XIAP can inhibit cell death mediated by the 
mitochondrial and caspase-3 pathways, while the IAP1/
XIAP antagonist ASTX660 can increase the sensitiv-
ity of HNSCC cells to TNF-α and TRAIL by promot-
ing the expression of TP53 protein and induce necrotic 
apoptosis of HPV (-) cells by the cleavage of caspase-3 
and caspase-8 [201, 202]. At the same time, IAP1/XIAP 
antagonists combined with radiotherapy had a more 
significant effect. This finding suggests that IAP1/XIAP 
antagonists, especially in combination with radiother-
apy, are a potential treatment for HNSCC [203]. Studies 
have shown that FADD amplification is more common 
in HNSCC than in other cancers, with upregulation of 
FADD in HNSCC cell lines and minimal expression of 
BIRC3. CIAP can inhibit TNFα-FADD signalling to pro-
mote necroptosis [204]. The Smac analogue birinapant 

combined with TNFα promoted the degradation of 
CIAP1, the product of BIRC2, and activated caspase-
8-mediated apoptosis and MLKL-mediated necroptosis 
in HNSCC. At the same time, birinapant plus radiother-
apy may aggravate the death of HNSCC, which is a new 
direction in the treatment strategy [204].

Pyroptosis in targeted therapy
Among the pyroptosis pathways, the executive protein 
GSDME may be associated with chemoresistance in 
HNSCC [205, 206]. As a tumour suppressor, GSDME 
enhances antitumour immunity by activating cellular 
pyroptosis. In mice, the upregulation of GSDME can 
enhance the phagocytosis of macrophages and increase 
the number and function of tumour-infiltrating natural 
killer cells and CD8 + T lymphocytes [207]. In OSCC, 
tumours with high expression of GSDME increased the 
number of infiltrating CD8 + T cells, granzyme B, and 
M1 phenotypic macrophages. At the same time, cellular 
pyroptosis induced by GSDME-mediated chemotherapy 
played an essential role in the antitumour response [206, 
208]. The activation of pyroptosis can trigger the efficacy 
of various antineoplastic drugs. Paclitaxel and cisplatin 
can activate GSDME and release inflammatory bod-
ies, transforming the cell death pathway from apoptosis 
to pyroptosis, thus inhibiting the proliferation of cancer 
cells [209–211]. 5-Fluorouracil (5-FU) converts caspase-
3-dependent apoptosis induced by chemotherapy drugs 
to pyroptosis by triggering the caspase-3/GSDME sig-
nalling pathway [212]. In the HNSCC mouse model with 
high expression of CXCR4, T22-PE24H6 and T22-Ditox-
H6 nanotoxins showed strong antitumour effects by 
inducing caspase-3/GSDME-dependent pyroptosis. At 
the same time, recurrent or metastatic HNSCC may be 
sensitive to nanotoxin therapy. This mechanism of cell 
death, which triggers alternative apoptosis, is also a new 
therapeutic strategy for chemotherapy and radiotherapy 
resistance in patients with HNSCC [213–216].

Ferroptosis in targeted therapy
Ferroptosis inducers can act with more traditional drugs, 
such as cisplatin, to inhibit tumour growth in mouse 
models of head and neck cancer [217]. SLC7A11 (XCT) is 
a Na+-dependent cysteine/glutamate exchanger encoded 
by the SLC7A11 and SLC3A2 genes that can promote the 
synthesis of glutathione [218]. Inhibiting the activity of 
XCT in drug-resistant HNSCC cells induces glutathione 
depletion, thus promoting ferroptosis and enhancing the 
cytotoxicity of cisplatin in drug-resistant HNSCC cells 
[217, 219]. IFNγ released by CD8 + T cells induces fer-
roptosis of tumour cells by activating the JAK-STAT1 
pathway, inhibiting cysteine uptake, reducing LOOH to 
nontoxic LOH, and downregulating the expression of 
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SLC3A2 and SLC7A11 [220–222]. For example, GPX4 
inhibitory molecules such as RSL3 and ML210 help to 
inhibit enzyme activity, resulting in excessive lipid per-
oxidation, leading to ferroptosis in tumour cells. [223] 
System Xc- inhibitors such as sulfasalazine and erastin 
can block the activity of System Xc- and entry of cystine 
into cells, thus inducing ferroptosis in tumour cells [19]. 
HMGB1 is related to the immunogenicity of tumour cell 
ferroptosis. Tumour cells that produce ferroptosis acety-
late HMGB1 and release HMGB1 through autophagy. 
At the same time, a large amount of HMGB1 was found 
in the serum and tissues of HNSCC, indicating that 
HMGB1 stimulates the chemotaxis of regulatory T cells 
(Tregs) and promotes their immunosuppressive function 
[224, 225]. Ferroptosis can also induce the expression of 
cyclooxygenase-2 and the release of prostaglandin E2 
(PGE2). In addition, the release of PGE2 is positively cor-
related with the immune escape of tumour cells [226].

Autophagy in targeted therapy
In HNSCC, IFNα has the function of immune regulation 
and inhibition of tumour cell proliferation [227]. On the 
one hand, IFNα can resist expansion and induce apoptosis 
and can also activate autophagy in human nasopharyn-
geal carcinoma cells. This autophagy has a cytoprotective 
effect and can promote IFNα-mediated apoptosis. On the 
other hand, IFNα combined with the autophagy inhibi-
tors wortmannin and HCQ can increase the antitumour 
activity of IFNα, thus inhibiting autophagy, which is also 
a new strategy for the treatment of nasopharyngeal carci-
noma [228, 229]. Afatinib is a second-generation tyrosine 
kinase inhibitor (TKI) that exerts its antitumour effect 
by inhibiting mTORC1-mediated autophagy in HNSCC 
[230]. Afatinib induced upregulation of Redd1 expression 
through ROS stimulation, resulting in downregulation of 
TSC1 and low conversion of LC3B-II, and then it inhib-
ited mTORC1 to promote autophagy in HNSCC. [231] 
The autophagy inhibitors CQ and 3-MA block autophagy, 
significantly enhancing the sensitivity of tumour cells to 
afatinib-induced apoptosis. At the same time, the com-
bination of afatinib and autophagy inhibitors may elimi-
nate HNSCC tumour stem cells, which is also a potential 
clinical treatment [231, 232]. AMPK promotes autophagy 
by activating ULK1, while mTOR inhibits autophagy by 
phosphorylating ULK1 and disrupting the interaction 
between ULK1 and AMPK [233]. Inhibition of histone 
deacetylase 6 (HDAC6) activity can induce autophagy by 
affecting the activity of the autophagy promoter ULK1 
in HNSCC cells through mTOR. Inhibition of HDAC6 
can enhance the cytotoxicity of the proteasome inhibitor 
bortezomib to induce apoptosis. At the same time, the 
combination of bortezomib and the histone deacetylase 
inhibitor trichostatin inhibited HDAC6 activity, reduced 

autophagy induction, and significantly enhanced borte-
zomib-induced apoptosis of HNSCC cells. Therefore, tar-
geting HDAC6 for chemotherapy-resistant HNSCC is a 
very effective treatment strategy [234, 235].

Cuproptosis in targeted therapy
It was found that the content of copper in serum and 
tumour tissues increased in patients with breast can-
cer, cervical cancer, ovarian cancer, lung cancer, gas-
tric cancer, bladder cancer, thyroid cancer, oral cancer, 
and pancreatic cancer, which was closely related to the 
stage and progression of some cancers. [236–239]. The 
characteristics of copper enrichment in tumour tissues 
are becoming attractive targets in developing antican-
cer drugs. Copper chelators such as D-penicillamine, 
tetrathiomolybdate (TTM), and triamolybdate reduce 
the bioavailability of copper by directly combining with 
copper. Copper ion carriers such as clioquinol, 22-carbon 
hexanoic acid, thiosemicarbazone, and disulfiram (DSF) 
can increase intracellular copper levels. Through the pro-
duction of ROS, proteasome inhibition and induction of 
apoptosis play antitumour roles [240]. Copper induces 
necroptosis and toxic damage through ROS-dependent 
DNA damage, and the necroptosis inhibitor Nec-1 or 
z-VAD-FMK can alleviate Cu2+-induced death [241]. 
Targeting the regulation of cellular ferroptosis induced 
by intracellular copper ions can be used to improve the 
sensitivity of the antitumour effect. Excess copper accu-
mulation leads to cuproptosis by inducing DLAT aggre-
gation and enhancing ROS and inactivating GPX4. 
Overloaded iron ions induce potent ferroptosis, which 
synergizes with cuproptosis and DOX-induced apoptosis 
to kill tumour cells [242]. The combination of DSF and 
antineoplastic drugs can enhance the antitumour effect 
and have a far-reaching impact on treating human cancer. 
When nasopharyngeal carcinoma cell lines and nonma-
lignant nasopharyngeal epithelial cells were treated with 
DSF and Cu2+, cell viability was significantly inhibited 
compared with that of DSF alone, and RNA-seq analy-
sis showed that the ferroptosis pathway was involved in 
DSF/Cu-induced cell death. Seven ferroptosis-related 
genes were changed considerably, which confirmed the 
copper-dependent ferroptosis induction of DSF on naso-
pharyngeal carcinoma cells [243]. Although there are few 
studies on targeted therapy for HNSCC cuproptosis, with 
more in-depth research, there will be a new breakthrough 
in the treatment of HNSCC.

Conclusions and perspectives
Since an increasing number of RCDs have been discov-
ered, the mechanism of RCD and its interaction with 
tumour cells have been gradually revealed. Many HNSCC 
treatment strategies induce cell death and prevent 
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tumour growth. In this context, targeting apoptotic cell 
death appears to be an increasingly promising strategy to 
improve therapeutic outcomes in cancer therapy. How-
ever, the induction of tumour cell death is accompanied 
by the end of normal cells, and apoptosis, necroptosis, 
pyroptosis, autophagy, ferroptosis, and cuproptosis may 
play an antitumour role under different conditions and 
may also promote the growth of tumour cells. There-
fore, we must explore a more targeted and personalized 
treatment to resist tumour cell proliferation. Fully under-
standing the development of HNSCC and apoptosis, 
necroptosis, pyroptosis, autophagy, and the mechanism 
of action of ferroptosis and cuproptosis for the treatment 
of HNSCC will provide new therapeutic targets and strat-
egies that, combined with radiotherapy, chemotherapy, 
and targeted therapy, can effectively eliminate tumour 
cells and protect healthy cells at the same time, which 
may prolong the survival of HNSCC patients and is also a 
treatment direction of great research significance.
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