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Caspase-8 (CASP8) is one of the most frequently mutated genes in head and neck 

squamous carcinomas (HNSCC), and mutations of CASP8 are associated with poor 

overall survival. The distribution of these mutations in HNSCC suggests that they are 

likely to be inactivating. Inhibition of CASP8 has been reported to sensitize cancer cells 

to necroptosis, a unique cell death mechanism. Here, we evaluated how CASP8 

regulates necroptosis in HSNCC using cell line models and syngeneic mouse 

xenografts. In vitro, knockdown of CASP8 rendered HNSCCs susceptible to necroptosis 

induced by a second mitochondria-derived activator of caspase (SMAC) mimetic, 

Birinapant, when combined with pan-caspase inhibitors zVAD-FMK or emricasan. 

Strikingly, inhibition of CASP8 function via knockdown or emricasan treatment was 

associated with enhanced radiation killing by Birinapant through induction of 
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necroptosis. In a syngeneic mouse model of oral cancer, Birinapant, particularly when 

combined with radiation delayed tumor growth and enhanced survival under CASP8 

loss. Exploration of the molecular underpinnings of necroptosis sensitivity confirmed 

that the level of functional receptor-interacting serine/threonine-protein kinase-3 (RIP3), 

a key enzyme in the necroptosis pathway was crucial in determining susceptibility to this 

mode of death. Although an in vitro screen revealed that many HNSCC cell lines were 

resistant to necroptosis due to low levels of RIP3, patient tumors maintain RIP3 

expression and should therefore remain sensitive. Collectively, these results suggest 

that targeting the necroptosis pathway with SMAC mimetics, especially in combination 

with radiation, may be a relevant therapeutic approach in HNSCC with compromised 

CASP8 status, provided that RIP3 function is maintained. 
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CHAPTER-1: Introduction 

1.1 Head and Neck Squamous Carcinoma 

1.1.1 An Overview 

Head and Neck Squamous Carcinoma (HNSCC) encompasses epithelial tumors 

originating from the mucosa of upper aerodigestive track and is the sixth most common 

cancer in the world, with the diagnosis of nearly 850,000 new cases and more than 

450,000 cancer-related deaths annually (1). Global regions with the highest incidence 

rates for HNSCC include South and Southeast Asia, tropical areas of South America, 

and Sub-Saharan Africa (2). In the United States, HNSCC accounts for 3.7% of all 

cancers with an estimated 65,000 new cases and 14,500 cancer-associated deaths per 

year (3).  

HNSCC can arise at a variety of subsites within the upper aerodigestive track, including 

the oral cavity, oropharynx, nasopharynx, hypopharynx, larynx, nasal cavity and 

paranasal sinuses with 40% of the tumors originating in the oral cavity (Figure-1). 

Throughout all the anatomical subtypes, men are significantly more affected by the 

disease than women with a 2:1 to 4:1 ratio (1). Despite advances in the diagnosis and 

treatment of cancers, HNSCC-related mortality rates have seen only a slight decline 

over the past 30 years, and 5-year overall survival (OS) rates for all stages of HNSCC 

combined remains at ~60% (3). 
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Figure-1: Anatomical sites of HNSCC 

(Reproduced with permission from [Chow, L. Q. M. (2020) Head and Neck Cancer. 
N.Engl. J. Med. 382, 60–72] Copyright Massachusetts Medical Society.) 
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1.1.2 Risk Factors for HNSCC 
	

Although the etiology of HNSCC may vary depending on the subsite cancers originate 

from, tobacco use (either smoking or chewing tobacco) and alcohol consumption remain 

to be the two most common risk factors for the development of HNSCC, and their 

effects are exacerbated when combined (4–8). Chewing of betel nut, a prevalent habit 

in Southeast parts of Asia has also been implicated in the initiation of HNSCC, 

particularly in the oral cavity (9). Several hereditary diseases that are associated with 

chromosomal instability have been shown to increase the risk of developing HNSCC, 

including Fanconi’s anemia, Bloom syndrome, ataxia telagiectasia and Li-fraumeni 

syndrome (10–13).  

Infection with the human papilloma virus (HPV), especially HPV16, HPV33 and HPV35 

is now a well-established causative factor for HNSCC (14). The incidence of HPV-

associated HNSCC, a subtype that predominantly originates in the tonsils and base of 

tongue within the oropharynx has seen a dramatic increase in the past 30 years, 

particularly in the Western world (15, 16). HPV, which is found in >99% of cervical 

cancers, is a double-stranded DNA virus with an exclusive propensity to infect the basal 

layer of epithelia (17). HPV expresses two oncoproteins, E6 and E7, which upon 

infection of the target cells, bind to the products of p53 and Retinoblastoma (Rb) tumor 

suppressor genes of the host cell, respectively, leading to their degradation (18, 19). 

These molecular events enable HPV-infected epithelial cells to evade p53-dependent 

apoptotic death and enter cell cycle, hence promoting viral replication. The resulting 

genomic instability paves the way for accumulation of genetic alterations in the host 
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genome, ultimately causing malignant transformation of an HPV-infected cell into an 

invasive tumor cell (20). HPV-associated HNSCC is currently considered as a distinct 

entity from the HPV-negative subtype based on etiological factors, clinicopathological 

features and molecular characteristics of these cancers (21–23). Patients with HPV-

associated HNSCC have, in general, more favorable prognosis than those with negative 

disease (24, 25). In recognition of that, the American Joint Committee on Cancer 

(AJCC) and the Union for International Cancer Control (UICC) introduced a separate 

staging system for p16-positive HNSCCs arising in the oropharynx (oropharyngeal 

squamous cell carcinoma [OPSCC]) in 2017, where  p16 positivity was used as a 

surrogate marker to determine HPV status of the disease (26, 27). Ongoing treatment 

de-escalation trials of HPV-driven OPSCC will provide data that might lead to 

implementation of personalized treatment protocols based on HPV status for this cancer 

(28). Finally, Epstein–Barr virus (EBV) is a well-defined causative agent in HNSCCs that 

arise in the nasopharynx. Expression of EBV-linked viral gene products such as latent 

membrane proteins (LMP1, LMP2A and LMP2B) and EBV-induced nuclear antigen-1 

(EBNA-1) as well as EBV-associated microRNAs (including Bam H1 A rightward 

transcript [BART] microRNAs) have been shown to play important roles during 

oncogenic progression of nasopharynx cancer (367).  

 

1.1.3 Treatment of HNSCC 
	

The mainstay treatment options of HNSCC are surgery, radiation, chemotherapy and 

immunotherapy. Evaluation of the patients by a multispecialty medical team plays an 

important role in the choice of treatment for HNSCC, since treatment options may 
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change depending on the stage of cancer, anatomical site where it presents and the 

surgical accessibility of the lesion (4). Patients presenting with early stage disease 

(Stage I-II) usually receive surgery or radiation alone, each of which provide similar 

disease control with 5-year survival rates in 70 to 90% of the patients. Locally advanced 

disease (Stage III-IV) that comprise more than 60% of HNSCC cases, is characterized 

by large tumors with local invasion and/or metastasis to regional lymph nodes, and 

exhibits high risk for local recurrence (10-40%) and metastasis to distant organs with 

poor prognosis. Multi-modality treatment approaches, involving surgery, radiation and 

chemotherapy have improved cure rates for the patients presenting with locally 

advanced disease in the past two decades (29). Surgery is the primary choice of 

treatment for cancers originating in the oral cavity, followed by adjuvant radiotherapy or 

chemoradiotherapy. At other anatomical sites, surgery is considered for only small and 

accessible tumors. Under conditions whereby surgery is less feasible or would result in 

poor long-term morbidity, a definitive chemoradiotherapy regimen is the standard of 

care in the context of which cisplatin is administered with concurrent radiotherapy (30). 

Carboplatin, another platinum compound is preferred over cisplatin in patients with 

preexisting conditions such as kidney failure (31). Cetuximab, a monoclonal antibody 

targeting the epidermal growth factor receptor (EGFR) was the first targeted therapy 

approach approved by the US Food and Drug Administration (FDA) in HNSCC. A 

combination regimen including cetuximab and radiation was recommended for the 

treatment of patients with platinum-refractory locally advanced disease, although two 

clinical trials conducted in 2019 showed that cetuximab plus radiation is inferior to 
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cisplatin plus radiation in OPCC characterized by poorer overall and progression-free 

survival (32, 367). 

 

Recent advances in immunotherapy, a treatment approach based on the modulation of 

immune system has revolutionized the practice of oncology. Two antibodies designed 

against programmed cell death protein-1 (PD1), an immune checkpoint receptor 

expressed on the surface of activated T cells, B cells and macrophages to limit immune 

responses, nivolumab and pembrolizumab showed efficacy in clinical trials for recurrent 

or metastatic HNSCC, leading to FDA approval of these two agents in 2016 (33). 

Despite all the advances in diagnosis and treatment, the prognosis of HNSCC has 

improved very little over the past 3 decades with recurrent or metastatic disease 

developing in more than 65% of the patients in large part due to treatment failure, 

indicating a need for identification of new targets and biomarkers to guide therapy (4). 

 

1.1.4 Pathogenesis of HNSCC  
	

Accumulation of genetic and epigenetic alterations in genes whose protein products are 

involved in various signaling pathways plays a key role during the evolution of cancers 

from normal tissues (34). These genetic changes include mutations of genes that might 

occur at single base-pair level as well as insertions, deletions, duplications and 

translocations of large parts of the genome that sometimes involve entire chromosomes 

or chromosomal arms (35). Studies in the 1990s demonstrated the association between 

the progression of HNSCC from precursor lesions into invasive carcinoma and the 

accumulation of genetic alterations in that course (36). Leukoplakia, which is a white 
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lesion developing from the mucosal linings of oral cavity, is the most common precursor 

lesion for HNSCC. The classical risk factors defined for HNSCC involving smoking and 

alcohol consumption have also been implicated in the development of oral leukoplakia 

with the inclusion of additional risk factors such as immunosuppression and a personal 

and/or family history of cancers (37). The prevalence rate for leukoplakia ranges 

between 0.1% and 0.5% where only 1-2% of these lesions are expected to undergo 

malignant transformation into full-blown oral cancers annually (38). Besides leukoplakia, 

many precancerous mucosal alterations are not clinically recognizable and are identified 

as dysplastic mucosal epithelium only after microscopic examination. These 

precancerous morphological aberrations led scientists to develop the concept of ‘field 

cancerization’ in 1950s to not only describe these large dysplastic alterations but also to 

explain the high frequency of local recurrences and development of multiple primary 

tumors in the mucosal linings after the surgical removal of HNSCCs (39). Long-term 

exposure to carcinogens can lead to accumulation of pro-tumorigenic genetic changes 

in large areas throughout the upper aerodigestive tract, resulting in genetically altered 

‘cancerized fields’ independent of the primary tumor site. These fields that may exhibit 

morphological alterations (for example, dysplasia) or appear normal contain a group of 

clonally expanding cancer-primed cells with the potential to evolve into invasive 

carcinoma and an abnormal microenvironment surrounding them (36, 40). Eventually, 

acquisition of additional mutations by these cells within these fields lead to evolution of 

invasive cancer in the context of a cancer-promoting microenvironment (41). Cancer-

primed cells in a ‘field’ may constitute a source for local recurrences and second field 

carcinomas after surgical removal of the initial tumor and may even migrate 
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intraepithelially and/or via saliva throughout the entire upper aerodigestive tract to seed 

second primary tumors (42).  

In the 1990s, comprehensive genetic studies investigating the molecular pathogenesis 

of HNSCC revealed a significant correlation between the number of genetic changes 

and the level of the dysplastic aberrations that lead to invasive cancer, allowing the 

development of a genetic progression model for HNSCC (36). The genetic events 

governing the development of HNSCC include loss of tumor suppressor gene function 

and/or activation of proto-oncogenes (Figure-2).  

 

 

Figure-2: A hypothetical genetic progression model for HNSCC 

The genetic alterations involved throughout the process are depicted (Reproduced with 
permission from  [Leemans, C. R., Braakhuis, B. J. M., and Brakenhoff, R. H. (2011) 
The molecular biology of head and neck cancer. Nat. Rev. Cancer. 11, 9–22]    
Copyright SpringerNature.) 
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First, a progenitor or stem cell within the mucosal linings acquires one (or more) genetic 

alterations, usually including a mutation in TP53 and forms a patch containing TP53-

mutant daughter cells through subsequent cell divisions (44, 45). The daughter cells 

undergo further genetic changes, including loss of heterozygosity (LOH) of 9p21 that 

harbors the CDKN2A gene, encoding p16INK4a and p14ARF, proteins that regulate G1/S 

cell cycle checkpoint and MDM2-mediated degradation of p53 (46, 47). Acquisition of 

these further genetic alterations enable the daughter cells to escape normal growth 

control and/or gain growth advantage, leading to development of this clonal unit into an 

expanding ‘field’ that replaces the normal mucosal epithelium laterally.  Further genetic 

events altering the molecular circuitry around EGFR (48–50) as well as those that 

impact the PI3K–PTEN–AKT signaling pathway (51–53) transform the ‘field’ into an 

invasive carcinoma that progresses to metastasis. Both aneuploidy and the 

accumulation of cancer-associated alterations in genes contribute to malignant 

progression of HNSCC (54, 55). 

 

1.1.5 Sequencing Studies in HNSCC 
	

Early studies conducted to identify key genes/pathways whose alteration might 

contribute to the development and/or progression of HNSCC revealed that loss of cell 

cycle regulation and constitutive cell proliferation were important drivers for HNSCC. 

Key genes in these pathways, including TP53, CDKN2A, CCND1, PIK3CA and PTEN 

were found to be mutated and/or aberrantly expressed in HNSCC (22, 43, 47, 51, 53, 

56–59). In early 2010s, use of next generation sequencing (NGS) led to identification of 

novel genetic alterations in HNSCC, opening new avenues for the development of 
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personalized therapy approaches (60, 61). These studies and a recent study by a large 

consortium, the Cancer Genome Atlas (TCGA) network (Figure-3, 4) confirmed that 

mutations in TP53 (mostly inactivating-type mutations) are found in vast majority (~85%) 

of HPV-negative HNSCC cases, making it the most frequently mutated gene in this 

cancer (62). One other prominent molecular abnormality noted in HPV-negative HNSCC 

was the disruption of the retinoblastoma pathway (RB pathway), which occurs through 

inactivation of CDKN2A by deletions, mutation or methylation (alterations in CDKN2A 

were found in 58% of the cases) and/or amplification of CCND1 (~31%). Another 

common molecular alteration identified was the activation of receptor tyrosine kinase 

pathway (RTK pathway) through amplifications in genes encoding growth factor 

receptors such as EGFR (15%), FGFR1 (10%) and ERBB2 (5%). Amplification of 

PIK3CA (34%) and loss of PTEN (12%), genetic changes that lead to the activation of 

the PI3K–PTEN–AKT signaling pathway were also common. Mutations in TP53 were 

rarely detected in HPV-positive HNSCC, a phenomenon that can be explained by the 

fact that E6, a vital HPV-associated protein, prevents apoptosis through degradation 

and inactivation of p53 in host epithelial cells; albeit mutation/deletion of retinoblastoma 

1 (RB1) is commonly observed in this cancer despite universal expression of E7, the 

HPV protein that targets RB1 (63, 366). Other molecular alterations in HPV-positive 

HNSCC included the amplification of PIK3CA (54%), fusion/mutation of FGFR3 (11%) 

as well as mutations in genes such as ZNF750, EP300, CASZ1, PTEN and CYLD that 

were found to be common in HPV-positive OSCCs (63, 366). Other highly enriched 

molecular changes found in HPV-negative HNSCC involved mutations in genes 

associated with WNT signaling such as FAT1 (23%) and AJUBA (6%), squamous cell 
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differentiation such as NOTCH1 (19%) and TP63 and oxidative stress response such as 

NFE2L2 (6%) and KEAP1. Intriguingly, these studies identified a distinct subgroup of 

HPV-negative HNSCC tumors with fewer genome-wide copy number alterations (CNA) 

and WT TP53 status. This same subgroup, which was characterized on the basis of WT 

TP53 and retention of chromosome 3p by a previous study (64), was shown to typically 

display mutations of HRAS and Caspase-8 (CASP8).  
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Figure-3: Significantly mutated genes in HNSCC 

(Reproduced with permission from [Cancer Genome Atlas Network (2015) 
Comprehensive genomic characterization of head and neck squamous cell carcinomas. 
Nature. 517, 576–82] Copyright SpringerNature.) 
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Figure-4: Driver oncogenic events in HNSCC 

(Reproduced with permission from [Cancer Genome Atlas Network (2015) 
Comprehensive genomic characterization of head and neck squamous cell carcinomas. 
Nature. 517, 576–82] Copyright SpringerNature.) 
 

Caspase-8 is a cysteine-aspartate specific protease (Caspase) that initiates 

programmed cell death (which is referred to as ‘extrinsic apoptosis’) in response to cell 

surface death receptor activation (65). Loss of CASP8 function has been shown to 

occur frequently in malignant neuroectodermal tumors, including neuroblastoma (66, 

67) medullablastoma (68), glioblastoma (69), primitive neuroectodermal tumor (70) as 

well as small cell lung carcinoma (71). Mutations of CASP8 leading to reduction in 

Caspase-8 protease activity are commonly observed in epithelial-derived cancers such 

as colorectal carcinoma (72) and gastric cancer (73). In the TCGA consortium study, 

CASP8 was found to be mutated in approximately 10% of HNSCCs, with CASP8 

mutations mostly occurring in oral cavity tumors. 18% of HPV-negative oral squamous 

cell carcinomas (OSCC) showed somatic mutations of CASP8. The spectrum of CASP8 
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mutations in patient tumors and human-derived HNSCC cell lines (nonsense, splice-

site, and frame-shift mutations) indicates that they are likely to be inactivating mutations.  

 

Although these mutations lead to compromise of CASP8 protein function, CASP8 

expression is still maintained due in part to heterozygous nature of the mutations (74).  

The main objective of this thesis is to offer an insight into the inactivating mutations of 

CASP8 and provide data to help understand whether tumor responses to conventional 

and/or targeted therapy approaches in HNSCC might be influenced by these common 

genomic alterations.   

 

1.2 Caspase-8 
	

1.2.1 Introduction: Caspase family 
	

Under physiological conditions, intrinsic genetic programs of eukaryotic cells allow cell 

death to occur in a regulated manner. This regulated form of death is referred to as 

programmed cell death (PCD), since this process is executed via a tightly regulated set 

of genetically encoded cellular mechanisms. Apoptosis is the most studied and well-

defined form of PCD and is essential for cellular homeostasis and development. In 

apoptosis, intrinsic molecular programs govern cell death to prevent any damage to the 

surrounding, living cells. Apoptosis is facilitated by caspases, a family of evolutionarily 

conserved cysteine-aspartate specific proteases (Table-1).  
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Table-1: Classification of human caspases. Abbreviations: CARD, caspase activation 
and recruitment domain; DED, death effector domain; L, large domain; S, small domain; 
Hu, human; Ms, mouse  (Reproduced with permission from [Kesavardhana, S., 
Malireddi, R. K. S., and Kanneganti, T.-D. (2020) Caspases in Cell Death, Inflammation, 
and Gasdermin-Induced Pyroptosis. Annu. Rev. Immunol. 10.1146/annurev-immunol-
073119-095439] Copyright ANNUAL REVIEWS, INC.) 

 

 

The caspases are initially expressed as enzymatically inactive zymogens that are called 

procaspases, which undergo dimerization and oligomerization to become active. The 

effector domain of procaspases bearing protease activity (caspase domain) is cleaved 

into small and large units during the activation process to allow protein complex 

formations to exert proteolytic activity (75–80). 
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Mammalian caspases are categorized into two major subfamilies: apoptotic and 

inflammatory caspases. The apoptotic caspases are further divided into two subgroups: 

initiator and executioner (or effector) caspases depending on their order of action during 

apoptosis. Initiator caspases serve as signal amplifiers by cleaving peptide bonds after 

certain aspartate residues on effector caspases rendering them active, whereas effector 

caspases facilitate apoptosis through cleavage of several cellular proteins at their target 

sites (75–78, 81, 82). Inflammatory caspases, caspases -1, -4, -5, -11, and -12 are 

activated in the context of an oligomeric protein complex called the ‘inflammasome’, a 

process that triggers pyroptosis, an inflammatory form of cell death, which is 

characterized by secretion of danger associated molecular patterns (DAMPs) from cells 

to promote inflammation (75, 76, 83)  

 

1.2.2  Caspase-8 and Apoptosis 
	

Caspase-8 (CASP8) is an apical caspase that initiates apoptosis in response to cell 

surface receptor activation. This process, which is referred to as ‘extrinsic apoptosis’ is 

mediated by members of the Tumor necrosis factor (TNF) superfamily, a group of 

receptors called death receptors (DR), including TNF receptor 1 (TNFR1), tumor 

necrosis factor receptor superfamily member 6 (TNFRSF6 [also called apoptosis 

antigen 1 (APO-1, Fas/CD95)]), TNF receptor superfamily member 25 (TNFRSF25 [also 

called DR3]) TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-R1 [also called 
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DR4]), and DR5 (TRAIL-R2) (76, 84, 93–95, 85–92). These receptors have extracellular 

(containing varying numbers of cysteine-rich residues), transmembrane and cytoplasmic  

components and are activated by death-inducing ligands that belong to the TNF 

superfamily of cytokines, including FasL (CD95L/APO-1L), TRAIL (APO-2L), TNFα and 

TL1A (96–100). FasL binding to Fas and TRAIL binding to TRAIL-R1/-R2 result in the 

recruitment of the adaptor protein, Fas-associated protein with death domain (FADD), a 

process that induces apoptosis; whilst TNFα binding to its cognate receptor, TNFR1 

leads to the recruitment of another adaptor protein, TNF receptor type 1-associated 

death domain protein (TRADD), a process whose primary output is induction of pro-

inflammatory genes (76, 101). Like other caspases, CASP8 is translated as a 

monomeric procaspase that comprises an N-terminal prodomain and a C-terminal 

protease domain (caspase domain), consisting of a large (~18kD) α subunit (p18), a 

small (~10kD) β subunit (p10) and a short linker region in between them. These two 

subunits are non-covalently linked parts of the same caspase domain, consisting of 6-

stranded β-sheets (one anti-parallel) associated with 5 α helices (Figure-5) (102, 103).  
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Figure-5: Ribbon diagram for the dimerized structure of Caspase-8’s protease 
domain. 

The large and small subunits are colored red and green, respectively. (Reproduced with 
permission from [Blanchard, H., Kodandapani, L., Mittl, P. R., Marco, S. D., Krebs, J. F., 
Wu, J. C., Tomaselli, K. J., and Grütter, M. G. (1999) The three-dimensional structure of 
caspase-8: an initiator enzyme in apoptosis. Structure. 7, 1125–33] CopyrightElsevier.) 
 

The prodomain of CASP8 includes two death effector domains (DEDs). The DED and 

CARD domains (CARD domains are expressed by Caspases -1, -2, -4, -5, -9, -11, -12) 

are members of a death domain (DD) superfamily, that play a key role in formation of 

large oligomeric signaling complexes through homotypic (allowing self-association) and  
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heterotypic (allowing association of proteins containing DED/CARD domains) 

interactions (104, 105). Binding of death-inducing ligands to their cognate receptors 

(e.g. engagement of TRAIL-R1 by TRAIL) leads to trimerization of the receptors, 

allowing formation of high-order oligomers on cell surface. Despite the fact that overall 

sequence homology between members of the TNF superfamily ranges between 20 to 

30%, once they are bound by their cognate ligands they can mediate overlapping 

signaling pathways (106–109). Following receptor trimerization, FADD, an adaptor 

protein bearing DD an DED domains (Figure-6A) is recruited to the cytoplasmic tails of 

death receptors, thanks to the homotypic interactions between DD domain of FADD and 

cytoplasmic DDs of Fas/CD95, TRAIL-R1 or TRAIL-R2 (From this point on TRAIL-R1 

signaling will be used as a basis to explain the extrinsic apoptosis pathway in which 

CASP8 serves as the apical-most caspase). FADD, in turn recruits procaspase-8 via 

homotypic interactions between the DEDs of FADD and procaspase-8 to form the 

death-inducing signaling complex (DISC), composed of TRAIL-R1-FADD-CASP8 (110–

112). Quantitative mass spectrometry analyses by several groups studying the DISC 

stoichiometry revealed that DDs of multiple TRAIL-R1 are required for the recruitment of 

FADD, which can recruit 6-9 procaspase-8 monomers by itself. Recruitment of so many 

procaspase-8 zymogens by a single FADD molecule prompted subsequent studies, 

which demonstrated that the  
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Figure-6: Activation of procaspase-8 and DISC-associated proteins 

A. The structure of FADD B. The structure of two isoforms of procaspase-8, 
procaspase-8a and -8b C. The activation of procaspase-8. D. The structures of FLIPL, 
FLIPS and FLIPR (Reproduced with permission from [Mandal, R., Barrón, J. C., Kostova, 
I., Becker, S., and Strebhardt, K. (2020) Caspase-8: The double-edged sword. Biochim. 
Biophys. acta. Rev. cancer. 1873, 188357] CopyrightElsevier.) 
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DED of FADD binds DED1 of a procaspase-8 monomer whose DED2 in turn recruits a 

second procaspase-8 via its DED1, culminating in the formation of a procaspase-8 DED 

chain (113–116). 

 

The CASP8 gene on chromosome 2q33.1 is expressed to generate several isoforms of 

procaspase-8 through alternative splicing of the CASP8 mRNA. However, only two 

isoforms, procaspase-8a and –b (Figure-6B) are predominantly recruited to the DISC 

(Procaspase-8a has an additional 15-aminoacid long oligomer sequence [184-198] in 

the linker region between the pro- and catalytic [effector] domains) (117). Recruitment of 

inactive procaspase-8 zymogens to DISC brings them in close proximity to each other, 

allowing trans activation of the procaspase-8 monomers through homotypic interactions 

between their catalytic domains to form homodimers (110, 118–121). Formation of 

these stable homodimers leads to proteolytic activation of CASP8 zymogens, rendering 

them susceptible to cleavage by other homodimers through a two-step process. The 

first cleavage event occurring at the D374 aspartate residue creates two subunits: 

p43/41 and p12, followed by a second cleavage event at D216 and D384, resulting in 

the formation of three subunits: p26/24, p18 and p10 respectively. p18 and p10 

fragments cleaved from the caspase domain of procaspase-8 during this process form a 

catalytically active tetramer, p182-p102 (This heterotetramer is referred to as active 

CASP8), which is released from the DISC into cytosol (Figure-6C) (110, 122–126). 

 

A catalytically inactive homologue of procaspase-8, FLICE (FADD-like IL-1β-converting 

enzyme) like inhibitory protein [FLIP] is also recruited to the DISC in response to 
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TRAIL-R1 stimulation through homotypic interactions involving the DEDs of FLIP 

(Figure-6D). 3 isoforms of FLIP have been identified: FLIPL, a 55kD catalytically 

inactive monomer that is structurally the most similar isoform to procaspase-8 (The 

absence of a key cysteine residue in its large subunit renders FLIPL proteolytically 

inactive); FLIPS, a 27kD isoform that competes with procaspase-8 for DED-mediated 

recruitment to the DISC, preventing the generation of active CASP8 in a dominant-

negative fashion; FLIPR, a 25kD isoform that lacks the additional C-terminal aminoacids 

present in FLIPs (A single nucleotide polymorphism [SNP] in the CFLAR gene has been 

implicated in the expression of FLIPR). Although FLIPS and FLIPR are concurrently 

transcribed, FLIPS, which is translated at a higher rate, is expressed more abundantly. 

Similar to FLIPS, FLIPR also blocks the activation of procaspase-8 (110, 127–134).	

 

It has conventionally been thought that, when present at high levels FLIPL competes 

with procaspase-8 for DED-mediated recruitment to the DISC, resulting in inhibition of 

apoptosis (135, 136). However, this view is now challenged by recent studies focusing 

on how FLIP isoforms differentially regulate the activation of procaspase-8. The findings 

of these studies indicate that FLIPL/S are recruited to the DISC in a procaspase-8 

dependent manner through a co-operative and hierarchical mechanism that results in 

formation of procaspase-8: FLIPL/S heterodimers, whose composition determines the 

extent of activation of procaspase-8 and subsequent cell fate. Under physiological 

conditions whereby FLIPL levels are low, binding of FLIPL to procaspase-8 leads to 

conformational changes in the catalytic domain of procaspase-8, rendering the 

procaspase-8: FLIPL heterodimer catalytically active even in the absence of proteolytic 
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processing of either molecule.  As levels of FLIPL become reduced, DED-mediated 

recruitment of procaspase-8 to the DISC sets in, facilitating trans activation, proteolytic 

cleavage and oligomer assembly of procaspase-8, promoting apoptosis. At high levels, 

FLIPL disrupts procaspase-8 oligomer formation and reduces the activity of procaspase-

8, inhibiting cell death. Heterodimers that procaspase-8 forms with FLIPS and FLIPR 

through DED-mediated homotypic interactions lack catalytic activity. Therefore, at high 

levels, these FLIP isoforms preclude activation and oligomer assembly of procaspase-8, 

preventing cell death (110, 137, 138).  

 

The enzymatic activity and apoptotic function of CASP8 can be regulated by additional 

post-translational mechanisms. Human procaspase-8b has phosphorylation sites on 

tyrosine residues Y273, Y293, Y380, Y448 and serine residues S287, S305 and S347 

(123, 139–141). Polo like kinase-3 (Plk3), which interacts with Fas, FADD and 

procaspase-8, phosphorylates Y273 on procaspase-8 upon assembly of the DISC in 

response to Fas activation, promoting pro-apoptotic function of CASP8 (140). 

Conversely, Src-mediated phosphorylation of Y380 residue of procaspase-8 following 

engagement of the CD95 receptor interferes with autoproteolytic activity of procaspase-

8, blocking apoptosis (142). Polyubiquitination of procaspase-8 by the E3 ligase Cullin-3 

(CUL3) within DISC as part of TRAIL-R1 signaling leads to recruitment of the ubiquitin-

binding protein p62 in certain cellular contexts. Subsequent p62-dependent aggregation 

of CASP8 leads to enhanced stability and activity, promoting apoptosis (76, 143–145). 
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While CD95, TNFRSF25 and TRAIL-R2 mediate procaspase-8 activation in a fashion 

akin to that of TRAIL-R1, TNFR1-mediated apoptosis is executed through a different 

mechanism, involving the recruitment of the adaptor protein TRADD, which in turn 

recruits Receptor-interacting serine/threonine-protein kinase 1 (RIP1) to form a cell 

membrane bound signaling Complex-I. Deubiquinated RIP1 can form a cytosolic 

Complex-II, which triggers apoptosis, a mechanism that will be explained in detail in the 

later sections (110, 139).  

 

Enzymatically active p182-p102 tetramers (active CASP8) released from the DISC into 

cytosol at the end of procaspase-8 activation process execute extrinsic apoptosis 

(Figure-7), following two distinct pathways. Cells in which active CASP8 alone is 

sufficient for the proteolytic maturation of executioner caspases, Caspase-3 (CASP3) 

and Caspase-7 (CASP7) to drive extrinsic apoptosis in response to death receptor 

activation, are termed as Type-I cells such as thymocytes and mature lymphocytes. In 

these cells, CASP3 and CASP7, caspases, which normally reside in the cytosol as pre-

assembled homodimers, are activated through cleavage and removal of the linker 

sequence between their large and small subunits by CASP8, leading to conformational 

changes in their 3D structures, allowing generation of a substrate binding pocket. Active 

CASP3/7 homodimers cleave a large set of substrates including RhoGDI (Rho protein 

GDP dissociation inhibitor), ROCK1 (Rho-associated, coiled-coil-containing protein 

kinase-1), ICAD (Inhibitor of caspase-activated DNase) and PARP1 (Poly [ADP-ribose]  
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Figure-7: Schematic representation of the extrinsic and intrinsic apoptotic 
pathways. 

In extrinsic apoptosis, cell surface death receptor activation facilitates recruitment of 
FADD and procaspase-8, which are assembled into DISC. CASP8 becomes activated 
in the DISC and is subsequently liberated into the cytosol where it cleaves and activates 
its downstream executioner caspases (CASP3/7) to engage apoptosis. Intrinsic 
apoptosis is induced by mitochondrial outer membrane permeabilization (MOMP) 
stimulated by intracellular stress factors, leading to Cytc release into the cytosol. Cytc 
binds to APAF1 to form the apoptosome complex, which facilitates activation of CASP9. 
This in turn promotes activation of CASP3/7 to execute apoptosis.  (Reproduced with 
permission from [Mandal, R., Barrón, J. C., Kostova, I., Becker, S., and Strebhardt, K. 
(2020) Caspase-8: The double-edged sword. Biochim. Biophys. acta. Rev. cancer. 
1873, 188357] CopyrightElsevier). 
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polymerase-1) (146–149). The fact that CASP3 and CASP7 demonstrate almost 

overlapping activity toward certain synthetic peptide substrates has led to the 

conventional view that they play functionally redundant roles during execution of 

apoptosis. This view has now been challenged by several observations suggesting that 

this overlap is not complete. For example, eye lenses of CASP7-/- mice show a normal 

phenotype, whereas those from CASP3-/- mice are characterized by marked cataract 

development (150). This notion was further supported by subsequent biochemical 

studies showing that CASP3 and CASP7 demonstrate differential sensitivity toward 

multiple peptide substrates, with CASP7 being more selective (One such peptide 

substrate is cochaperone p23, which is more susceptible to cleavage by CASP7 than 

CASP3) (146, 147, 151). One important substrate proteolytically processed by both 

CASP3 and CASP7 is PARP1, a nuclear enzyme involved in DNA repair, maintenance 

of DNA stability and regulation of the transcriptional machinery. Proteolytic cleavage of 

PARP1 by CASP3/7 is considered a hallmark of apoptosis (149, 152, 153). Upon 

translocation to the nucleus following their activation by CASP8, CASP3/7 cleave 

PARP-1 between its D214 and G215 residues, resulting in formation of two fragments: 

an 89kD catalytic fragment and a 24kD fragment bearing the DNA binding domain 

(DBD). The 89kD cleavage product has a significantly reduced DNA binding ability and 

is released into to the cytosol from the nucleus, whereas the 24kD DBD fragment binds 

to nicked DNA in an irreversible fashion, leading to inhibition of DNA repair enzymes 
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(including full-length/operational PARP1) and attenuation of DNA repair (149, 154–157) 

followed by manifestation of other apoptosis-associated cellular changes: chromosomal 

DNA fragmentation, nuclear condensation, degradation of cytoskeleton, cell shrinkage, 

membrane blebbing (resulting from CASP3/7-mediated cleavage and activation of 

ROCK1), loss of adhesion to cellular matrix or neighboring cells (149, 158, 159). In 

Type-II cells (e.g., hepatocytes, β cells of the pancreatic islets, and vast majority of the 

cancer cells), the activity of executioner caspases is restricted by XIAP (X-chromosome 

linked inhibitor of apoptosis protein) (76, 110, 160). In this scenario, CASP8 acts to 

enhance apoptotic signals to ensure full activation of CASP3/7 through cleavage and 

activation of the	 pro-apoptotic B cell lymphoma-2 (Bcl-2) family member	 BID (Bcl-2 

homology-3 [BH3] interacting-domain death agonist) into truncated BID (tBID), which in 

turn activates the intrinsic apoptosis pathway (Figure-7) (161–164). 

 

Extrinsic apoptosis, which is mediated by death receptors, relies on external stimuli, 

whereas the intrinsic apoptosis pathway is triggered by internal and/or external stress 

factors causing DNA damage such as UV or γ-radiation, viral infections, hypoxia, 

hypothermia, heat shock, growth factor withdrawal, reactive oxygen species (ROS) 

overload and chemotherapeutic agents (110, 165, 166). The critical step in this mode of 

apoptotic cell death is irreversible mitochondrial outer membrane permeabilization 

(MOMP), which creates channels on the outer mitochondrial membrane leading to the 

release of apoptosis-inducing factors that are normally localized to the mitochondrial 

intermembrane space (161, 167, 168) These mitochondrial apoptogenic proteins 

include Cytochrome c (Cytc; a key protein that normally functions as an electron shuttle 
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as part of mitochondrial respiratory chain), Second-Mitochondria-derived Activator of 

Caspase (SMAC; also known as Diablo IAP-binding mitochondrial protein [DIABLO]) 

and Apoptosis-Inducing Factor (AIF) (161, 169–174). When released into the cytosol, 

Cytc binds to and activates apoptotic peptidase activating factor-1	 (Apaf-1), a member 

of the AAA+ ATPase family, through induction of nucleotide exchange of ADP/dADP for 

ATP/dATP. This is followed by assembly of seven individual Apaf-1/Cytc molecules into 

a wheel-like heptameric protein complex called apoptosome (175–177). The homotypic 

interactions between the N-terminal CARD domains present in both Apaf-1 and 

procaspase-9 target Procaspase-9 zymogens to the apoptosome, leading to proximity-

induced homodimerization and autocatalytic maturation of caspase-9 (CASP9) (177–

181). Processed CASP9 remains bound to the apoptosome, forming a haloenzyme. 

Simultaneously, procaspase-3 and -7 are targeted to the apoptosome where they are 

cleaved and activated by the CASP9/apoptosome haloenzyme (110, 182, 183). The 

extrinsic and the intrinsic apoptosis pathways merge at this step with the following steps 

being common between the two pathways.  

 

Intrinsic apoptosis is primarily regulated by members of the Bcl-2 family, a group of pro- 

and anti-apoptotic proteins containing one to four Bcl-2 homology (BH) domains (i.e., 

BH1, BH2, BH3, and BH4) (161, 184). Bcl-2, Bcl-xL, Bcl-w, BCL-B, MCL1 (myeloid cell 

leukemia sequence-1) and A1 are the anti-apoptotic members of this family, all of which 

contain all BH domains. Pro-apoptotic Bcl-2 family members can be subdivided into two 

groups: The first subgroup consists of Bax, Bak and Bok, multi-domain Bcl-2 proteins 

that share four BH domains similar to pro-survival family members. The second 
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subgroup consists of BH3-only proteins, including BIM (Bcl-2-interacting mediator of cell 

death; also known as BCL2L11), PUMA (p53 upregulated modulator of apoptosis; also 

known as BBC3), BAD (Bcl-2 antagonist of cell death), NOXA (Latin for damage), BIK 

(Bcl-2 interacting killer), HRK (Activator of apoptosis Harakiri) and tBID (184, 185). 

 

Studies in the late 1990s demonstrated that BID is a CASP8 substrate and its cleavage 

is crucial in Fas-mediated extrinsic apoptosis (76, 162, 164). Several other proteases 

including cathepsins, calpains and Granzyme-B have also been reported to cleave and 

therefore activate, BID (76, 186–189). CASP8 cleaves BID at its D60 residue, 

generating a 15kD cleavage product in which BH3 domain is exposed. This cleavage 

product, which is referred to as truncated BID (tBID, also known as p15) translocates to 

mitochondria and binds to the mitochondrial outer membrane (MOM) where it recruits 

multi-domain Bcl-2 proteins Bax and Bak via BH3-mediated homotypic interactions. 

Once targeted to MOM, Bax and Bak change their structure from inactive monomers 

into active homo-oligomers (This transition can be mediated by BH3-only proteins) and 

engage/perforate MOM through a mechanism that remains unresolved, resulting in 

MOMP and cell death (184, 190, 191) Thus, generation of tBID by CASP8 serves as a 

crucial link between the extrinsic and intrinsic apoptosis pathways, and therefore is of 

central importance to the onset of apoptotic cell death in Type-II cells.  

 

1.2.3  Caspase-8 and Necroptosis 
	

Until recently, apoptosis was considered the only regulated type of cell death that is 

tightly controlled through genetic and epigenetic mechanisms as opposed to necrosis, 
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which was classically described as a non-regulated, passive, accidental form of cell 

death. However, this view has now been challenged by evidence from recent genetic, 

biochemical studies that have redefined necrosis as a molecularly regulated mode of 

cell death (192, 193).	Several forms of regulated necrotic cell death mechanisms have 

been recently identified that share common morphological features, including disruption 

of plasma membrane, swelling of cytoplasm due to influx of ions (calcium, sodium and 

potassium) and water, disintegration of cellular organelles; but are activated in response 

to different external stimuli and are driven by distinct biochemical pathways such as 

necroptosis, pyroptosis and ferroptosis (193, 194). Necroptosis (programmed necrosis) 

is a unique mode of regulated necrotic cell death mechanism that can be induced under 

loss and/or inactivation of CASP8. It has now become clear that necroptosis not only 

exerts adaptive functions upon cells’ failing responses to stress stimuli, but also 

participates in defense against bacterial and viral infections (as part of developmental 

safeguard programs) as well as T-cell homoeostasis (161, 195–197). 

 

At the molecular level, necroptosis is dependent on the enzymatic activity of Receptor-

interacting serine/threonine-protein kinases -1 (RIP1) and -3 (RIP3) to activate the 

pseudokinase Mixed-lineage kinase domain-like (MLKL) (161, 198). Structurally 

aminoacid sequences of RIP1 and RIP3 show almost 50% homology. RIP1 consists of 

671 aminoacids in humans and bears an N-terminal serine/threonine kinase domain, an 

intermediate domain (ID), a RIP homotypic interaction motif (RHIM) and a C-terminal 

death domain (DD), whereas RIP3 consists of 518 aminoacids (H. sapiens) containing 
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an N-terminal kinase domain, an ID and RHIM similar to RIP1 and a unique C-terminus 

lacking a DD (Figure-8).  

  

 

Figure-8: 2D and 3D structural diagrams of RIP1 and RIP3  

A. Schematic representation of functional domains of RIP1 and RIP3. B. Ribbon 
diagrams showing tertiary protein structures of RIP1 and RIP3. (Reproduced with 
permission from [Liu, Y., Liu, T., Lei, T., Zhang, D., Du, S., Girani, L., Qi, D., Lin, C., 
Tong, R., and Wang, Y. (2019) RIP1/RIP3-regulated necroptosis as a target for 
multifaceted disease therapy (Review). Int. J. Mol. Med. 44, 771–786] Copyright 
SpandidosPublications). 
 

Necroptosis can be stimulated by RIP1-dependent and RIP1-independent mechanisms 

(199). Death receptor engagement (in particular TNFR1) is the best characterized 

necroptosis mechanism so far in which RIP1 functions as a bridge between death 

receptor signaling and the activation of RIP3 and MLKL.  
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TNFα is predominantly expressed by macrophages and activated T cells as a 

membrane-bound 26kD protein, which is cleaved by TNF-α-converting enzyme (TACE), 

culminating in the release of a 17kD soluble form (200, 201). Both membrane-bound 

and soluble forms of TNFα are biologically active. Binding of TNFα to its cognate 

receptor, TNFR1 leads to receptor trimerization and recruitment of the adaptor protein 

TNF receptor type 1-associated death domain protein (TRADD) through homotypic 

interactions between the C-terminal DD of TRADD and the intracellular DDs of TNFR1 

(Figure-9). Once bound to TNFR1, TRADD serves as a binding platform to recruit key 

downstream proteins including the E3 ubiquitin ligases TNF-receptor-associated factor-

2 (TRAF2) and -5 (TRAF5) as well as RIP1. TRADD’s N-terminal TRAF2-binding 

domain and DD mediate its interaction with TRAF2 and RIP1, respectively (202). 

TRAF2/5 then recruit direct E3 ligases, cellular inhibitor of apoptosis protein-1 (cIAP1) 

and -2 (cIAP2) as well as Linear ubiquitin chain assembly complex (LUBAC) to RIP1 

via a cIAP1/2-interacting motif (CIM), leading to formation of the signaling Complex-I. 

TRAF2 has been shown to stabilize cIAP1 by inhibiting its autoubiquitination and 

subsequent proteasomal degradation (203). Once incorporated into Complex-I, cIAP1/2 

and LUBAC catalyze K63-linked polyubiquitination of the intermediate domain of RIP1, 

allowing binding of  NF-κB  
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Figure-9: TNFR1-mediated survival and cell death pathways. 

(Reproduced with permission from  [Schwabe, R. F., and Luedde, T. (2018) Apoptosis 
and necroptosis in the liver: a matter of life and death. Nat. Rev. Gastroenterol. 
Hepatol. 15, 738–752] Copyright SpringerNature). 

 

 

(nuclear factor kappa-light-chain-enhancer of activated B cells) essential modulator 

(NEMO, also referred to as IKKγ [inhibitor of IκB kinase- γ]) to the K63 polyubiquitin 

chains of RIP1 through interactions involving its ubiquitin-binding domain, ultimately 

leading to recruitment of the IKK complex comprising IKKα and IKKβ (205, 206). K63 

polyubiquitination of RIP1 is also crucial for the recruitment of TGFβ (Transforming 

growth factor-β) activated kinase (TAK) complex (consisting of TAK1 and TAK1 binding 



	 35	

proteins -1[TAB1] and -2[TAB2]) (207). TAK1 has been reported to phosphorylate and 

activate IKKβ, which in turn drives ubiquitylation and proteasomal degradation of the 

inhibitory protein IκBα (Nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor alpha) allowing liberation and nuclear translocation of NF-κB dimers 

(consisting of p50 and p65)	 to transcriptionally activate the expression of pro-survival 

proteins (e.g. FLIPS/R and cIAPs) and cytokines (e.g. IL6 and TNFα) (204, 208).  

Phosphorylation of RIP1 by the IKK complex, occurring at its S25 residue inhibits RIP1 

kinase activity, preventing formation of downstream death-inducing signaling 

complexes, Complex-II and/or necrosome, which will be discussed in the following 

paragraphs (209, 210) Thus, the assembly of Complex-I promotes cell survival through 

induction of NF-κB.  

 

Genetic (e.g. genetic deletions of Nemo or Rela encoding IKKγ and p65 respectively) or 

pharmacological inactivation of NF-κB or other factors that mediate NF-κB activation 

(e.g. chemical inhibition of cIAP1/2 with SMAC mimetics) switches the outcome of  

TNFR1 signaling from survival toward apoptosis through assembly of a CASP8-

activating cytosolic Complex-II (Figure-9) (204, 211–213). Hydrolysis of RIP3-bound 

K63 polyubiquitin chains by deubiquitinating enzymes such as cylindromatosis (CYLD) 

and A20 is implicated in the switch from Complex-I to Complex-II (214). Complex-II 

assembles in two different forms: Complex-IIA and Complex-IIB (also referred to as 

‘ripoptosome’). Complex-IIA forms upon release of TRADD from Complex-I into the 

cytosol, where it recruits FADD via DD-mediated homotypic interactions. FADD, then 

serves as a platform for recruitment (thanks to DED-mediated homotypic interactions) 
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and activation of CASP8, a process that is counterbalanced by NF-κB – driven 

transcriptional upregulation of pro-survival genes such as FLIP under physiological 

conditions (109, 215). Under conditions whereby K63-linked polyubiquitination events in 

Complex-I are compromised (e.g. pharmacological inhibition of the E3 ubiquitin ligases 

cIAP1/2 by SMAC mimetics), cells commit to apoptosis through Complex-IIB signaling 

(216–220). Complex-IIB, a large ∼2MDa apoptosis-inducing platform contains RIP1, 

FADD and CASP8 as core components and can assemble independently of death 

receptor engagement in response to genotoxic stress-induced inhibition of IAPs (i.e. 

XIAP, cIAP1 and cIAP2). It can also form upon SMAC mimetic treatment without 

requiring autocrine TNFα signaling thanks to homotypic DD interactions between FADD 

and deubiquitinated RIP1 and DED interactions between FADD and CASP8. Complex-

IIB formation relies on the kinase activity of RIP1 and can stimulate CASP8-mediated 

apoptosis independently of NF-κB target genes (221). Hence, Complex IIA/B signaling 

leads to CASP8-mediated apoptotic cell death. 

Apoptosis, a highly conserved mechanism in metazoans operates to remove 

superfluous cells during organismal development. Consistent with this function, genetic 

deletion of pro-apoptotic genes in mice such as Apaf1 or Casp9 (whose protein 

products are drive intrinsic apoptosis) led to the aberrant accumulation of cells, resulting 

in craniofacial defects, overgrowth of the brain and embryonic lethality (199, 222–224). 

However, germline deletion of Casp8 (or genes encoding its obligate adaptor FADD or 

the CASP8 paralogue FLIP) resulted in embryonic lethality in mice at embryonic day 

10.5 (E10.5) as a result of excessive cell death (199, 225–228). Furthermore, 

conditional knockouts of Casp8, Fadd or Cflar (encoding murine FLIP) were associated 



	 37	

with suppression of T-cell receptor (TCR)-mediated T cell activation and proliferation 

(199, 229–231). Subsequent studies demonstrated that Casp8-/- T cells showed normal 

NF-κB activation and initial proliferation upon TCR engagement, but then rapidly  

underwent cell death that could be inhibited by the RIP1 inhibitor, Necrostatin-1 (Nec-1) 

or genetic deletion of Rip3 (199, 232, 233). Strikingly, this finding was consistent with 

the observation that embryonic lethality in Casp8-/- mice was fully abrogated by 

concurrent deletion of Rip3 (199, 234, 235). Furthermore, knockout of Rip3 protected 

the skin and intestines of mice from severe inflammation resulting from organ-specific 

genetic deletion of Casp8 or Fadd (199, 236–238). These studies implicated CASP8 in 

suppression of RIP3-mediated necroptosis. As discussed in the previous sections, 

autocatalytic processing of CASP8 is crucial for its apoptotic functions. Casp8D387A/D387A 

mice in which Casp8 is mutated in the self-processing site (producing a non-cleavable 

form of CASP8 impaired in mediating apoptosis, but still capable of blocking 

necroptosis) are born and reach adulthood without any major complications, indicating 

that the primary role for CASP8 during development is inhibition of necroptosis rather 

than mediating apoptosis (139, 235, 239, 240). These findings also suggest that the 

catalytic activity of CASP8, rather than its self-processing is essential for the inhibition of 

necroptosis,  a phenomenon which was corroborated by subsequent studies 

demonstrating that CASP8 is partially active in procaspase-8/FLIPL heterodimers. This 

observation indicates that uncleaved CASP8 blocks necroptosis without promoting 

apoptosis and that FLIPL plays a role in the switch in CASP8’s catalytic function from 

induction of apoptosis to suppression of necroptosis (199, 239). 
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How CASP8 regulates necroptosis has not been fully uncovered, although CASP8-

mediated cleavage of both RIP1 and RIP3 is widely believed to restrict necroptotic 

signaling (200). RIP1 and RIP3 each bear cleavage sites targeted by CASP8 and are 

substrates for procaspase-8/FLIPL heterodimers (139, 241, 242). CASP8-mediated 

cleavage of the deubiquitinating enzyme CYLD following TNFα stimulation has also 

been shown to suppress necroptotic death, promoting survival (243). When CASP8 is 

lost or inhibited (e.g. by the pharmacological pan-caspase inhibitors zVAD-FMK or IDN-

6556 [emricasan] or viral FLIPS mimetics), Complex-IIC (also referred to as 

‘necrosome’) is formed in the cytosol, resulting in necroptosis (139). Under conditions 

that favor the assembly of necrosome (e.g. dual inhibition of cIAP1/2 by SMAC mimetics 

[impairing Complex-I formation] and CASP8 by zVAD-FMK [disrupting Complex-II 

formation]), RIP3 is recruited to RIP1 via RHIM-mediated homotypic interactions. 

Oxidization of 3 key cysteine residues of RIP1 by ROS has been shown to activate 

RIP1 autophosphorylation on S161, enabling RIP1 to recruit RIP3 and form a functional 

necrosome (244). E3 ligase Pellino-1 (PELI1) mediates K63-linked ubiquitination on 

K115 of activated RIP1, facilitating recruitment of RIP3 to the necrosome, an event that 

is followed by phosphorylation and activation of RIP3 by RIP1, leading to RIP3 

oligomerization (245, 246). Intriguingly, despite driving TNFα-mediated RIP3 activation, 

in the absence of death receptor signals, RIP1 can also block spontaneous RIP3 

activation in the cytosol, through recruitment of CASP8/FLIPL complexes, leading to 

inhibition of RIP3 oligomerization and degradation of nascent RIP3 oligomers possibly 

via a cIAP-mediated mechanism (246). RIP3 oligomerization, which is arguably the 

most critical step of necroptosis induction stimulates further activation of RIP3 through 
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cis-auto phosphorylation (246–249). In a recent study, the transmembrane protease A 

disintegrin and metalloproteinase-17 (ADAM17) has been shown to play a role in this 

phosphorylation process in a murine model of dextran sulfate sodium (DSS)-induced 

colitis (250). Furthermore, ubiquitination also regulates RIP3 activity during necroptosis. 

RIP3 is ubiquitinated at its K5 residue (possibly by cIAPs) in response to necroptotic 

signals, allowing necrosome formation. K5 ubiquitin levels are tightly controlled by the 

deubiquitinating enzyme A20. T cells deficient in A20 show increased susceptibility to 

necroptosis caused by significantly higher levels of RIP3 ubiquitination at K5 

accompanied by faster assembly of RIP1-RIP3 heterodimers, suggesting that A20 

negatively regulates necroptosis besides its role in Complex-II formation (251). 

Conversely, RIP3 ubiquitination at two lysine residues, K55 and K363 by the E3 ligase 

CHIP (carboxyl terminus of Hsp70-interacting protein) serves as a lysosomal 

degradation signal for RIP3, preventing necroptosis. Hence, phosphorylation and 

ubiquitination events play key roles in RIP3-mediated necroptosis. Activation of RIP3 is 

followed by recruitment of MLKL, the obligatory effector of necroptosis to the necrosome 

(Figure-10) (252).  
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Figure-10: Schematic representation of MLKL polymerization during execution of 
necroptosis. 

Trx1:	 Thioredoxin-1; NTD, N-terminal four-helical bundle domain; NSA, 
necrosulfonamide (Reproduced with permission from [Johnston, A., and Wang, Z. 
(2018) Necroptosis: MLKL Polymerization. J. Nat. Sci.]) 
 
MLKL is a pseudokinase that consists of an N-terminal domain (NTD) containing 4 

helical bundles followed by a brace region (BR) with two α helices and a C-terminal 
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pseudokinase domain (PKD, also called kinase-like domain [KLD]) that contains a 

helical activation loop and an ATP-binding pocket (205). Intriguingly, a recent work 

showed that the four-helical bundle region in the NTD of MLKL is required and sufficient 

for its polymerization and execution of necroptosis, a mechanism which was also 

demonstrated in mouse cells (253, 254). However, there have been no reports so far 

showing endogenous expression of the N-terminal fragment of MLKL to mediate 

necroptosis under normal and/or pathophysiological conditions. Once incorporated into 

the necrosome, MLKL is phosphorylated by RIP3 at T357 and S358 in the 

pseudokinase domain (murine MLKL is phosphorylated at S345, S347 and T349 among 

which phosphorylation of S345 is critical for RIP3-mediated MLKL activation) (255, 256). 

Upon phosphorylation, MLKL undergoes a series of conformational changes that result 

in the unfolding and release of the BR, triggering MLKL tetramer formation through 

generation of intermolecular disulfide bridges (Figure-10). MLKL tetramers further 

polymerize into octameric structures upon joining of two previously-formed tetramers in 

their side-by-side position, with MLKL N-terminal α-helices 4 and 5 being located in the 

interface of the two tetramers (256). Intermolecular disulfide bonds are crucial for the 

stability of MLKL polymers. In the absence of necroptotic stimuli, the cytoplasmic thiol 

oxidoreductase thioredoxin-1 (Trx1) restricts disulfide bond formation between 

monomeric MLKL. Necroptosis inhibitor necrosulfonamide (NSA) facilitates cross-linking 

between C32 residue of Trx1 and C86 of MLKL, blocking MLKL polymerization. 

Inhibition of Trx1 with the small molecule inhibitor PX-12 stimulates necrosome 

formation, phosphorylation and polymerization of MLKL and subsequent necroptotic 

death (257). 
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MLKL-induced disintegration of cellular membranes is a key element of necroptotic cell 

death. Once formed in the necrosome, MLKL octamers, which show propensity for 

binding to phosphatidylinositol lipids and cardiolipin (a hallmark lipid of mitochondria) 

translocate to plasma and intracellular membranes, where they create pores to impair 

membrane integrity, promoting necroptosis (258, 259). It was also reported that MLKL 

octamers can mediate influx of calcium (through activation of the calcium channel  

TRPM7 [Transient Receptor Potential Cation Channel, Subfamily M, Member-7]) or 

sodium ions to promote cell death (260, 261). Excessive production of ROS resulting 

from disruption of mitochondrial membrane integrity by MLKL oligomers has been 

shown to contribute to necroptosis as well (262). Therefore, although several 

mechanisms have been proposed, there is no definitive consensus as to the execution 

mechanism downstream of MLKL in necroptosis.  

 

Contrary to TNFR1 signaling, which is associated with formation of a pro-survival 

complex first,  and death-inducing complexes subsequently in stimulated cells, other 

death receptor-mediated pathways (e.g. TRAILR1, TRAILR2, Fas) execute apoptosis 

through assembly of the receptor-bound DISC and CASP8 activation (see earlier). 

Under conditions whereby cIAPs are lost or inactivated (e.g. inhibition of cIAP1/2 by 

SMAC mimetics), RIP1 is recruited to TRAILR1 or Fas, resulting in formation of a 

signaling complex akin to Complex-I, which can progress either toward generation of 

the cytosolic Complex-IIB (also called ‘ripoptosome’) that relies on the kinase activity of 

RIP1 and can stimulate CASP8-mediated apoptosis or, when CASP8 is inactivated (e.g. 
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pharmacological inhibition of CASP8 by the pan-caspase inhibitor zVAD-FMK) RIP1-

mediated necroptosis through formation of the necrosome (192, 263, 264). 

  

Cellular stress, damage and bacterial/viral infections are detected through germline-

encoded pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), 

Nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) and 

Retinoic Acid-Inducible Gene-1 Protein (RIG1)-like receptors (RGRs) some of which 

have been implicated in induction of necroptosis (192, 265). Upon activation, TLR3, a 

member of the TLR family that recognizes double stranded RNA (dsRNA), recruits 

Toll/Interleukin-1 receptor (TIR) domain-containing adaptor inducing Interferon (IFN)-β 

(TRIF), which recruits additional signaling partners to activate NF-κB, leading to 

induction of type-I IFNs. TLR4, a sensor of bacterial lipopolysaccharide (LPS) signals 

through the adaptor proteins MyD88 (myeloid differentiation primary response gene 88) 

or TRIF, resulting in NF-κB-induced upregulation of proinflammatory cytokines such as 

IL-1β, IL6 and TNFα (192, 266). TRIF, a cytosolic adaptor protein shared by both the 

TLR3 and TLR4 signaling pathways bears a RHIM domain that allows interaction with 

RIP1 and RIP3. Activation of TLR3 by the synthetic dsRNA analog polyinosinic-

polycytidylic acid (poly(I:C)), or TLR4 by LPS in the presence of the pancaspase 

inhibitor zVAD-FMK induces TRIF-mediated necroptosis in macrophages and 

fibroblasts that depends on RIP3 and MLKL (192, 267, 268). Other necroptosis 

mediators include the DNA-dependent activator of IFN regulatory factors (DAI; also 

known as ZBP-1 [Z-DNA binding protein-1]), a cytosolic PRR that senses viral double 

stranded DNA (dsDNA) to promote NF-κB-mediated expression of type-I IFNs. DAI has 



	 44	

been shown to form a complex with RIP3 through RHIM-mediated homotypic 

interactions to activate RIP3/MLKL-dependent RIP1-independent cytomegalovirus 

(CMV)-induced necroptosis (269, 270). Under conditions whereby either CASP8 or 

FADD is lost or inactivated, type-I (e.g. IFNα or IFNβ) and type-II (IFNγ) IFNs can 

induce transcriptional activation of the viral RNA-responsive protein kinase R (PKR) in 

mouse embryonic fibroblasts (MEFs), which then recruits RIP1 to initiate necrosome 

formation, leading to necroptotic cell death (192, 271). In macrophages, execution of 

necroptosis mediated by TLR3, TLR4 and TNFR1 (in response to poly(I:C), LPS and 

TNFα respectively) requires IFN-α receptor type-I receptor (IFNAR1) signaling, 

suggesting an autocrine loop of type-I IFNs (192, 272). Hence, regulation of necroptosis 

is important in controlling cellular responses to viral and bacterial infections, DNA 

damage as well as inflammation, where aberrations in necroptosis signaling have been 

implicated in the development of various human diseases with excessive cell death and 

inflammatory responses (273). 

 

Uncontrolled necroptosis could be an underlying mechanism in neurodegenerative 

diseases such as Alzheimer Disease (AD), which is characterized by severe neuronal 

loss. Study of postmortem human AD brains has shown a significant increase in the 

levels of RIP1, MLKL, necrosome complex and MLKL oligomers, which positively 

correlated with the Braak stage of the disease and inversely correlated with the 

cognitive score of the patients (274). In a mouse mode of AD, treatment of animals with 

the RIP1 kinase inhibitor 7-Cl-O-necrostatin (also called as Necrostatin-1s[Nec-1s]) 

blocked necroptosis, preventing axonal degeneration (275). Multiple Sclerosis (MS) is 
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another neurodegenerative disease characterized by oligodendrocyte dysfunction and 

loss of myelin sheaths around nerves. Study of white matter patient samples from 

control and MS tissue has revealed upregulation of necroptosis markers including 

phosphorylation of RIP1, RIP3 and MLKL, accompanied by a significant increase in 

MLKL oligomers in MS. Oral administration of Nec-1s inhibited degeneration of 

oligodendrocytes and reduced disease severity in an experimental mouse model of MS 

(276). 

 

Rheumatoid arthritis (RA) is a common chronic inflammatory disease, characterized by 

autoimmunity that triggers joint inflammation, degradation of cartilage and bone tissue 

and ultimate joint destruction. In a mouse model of collagen-induced arthritis (CIA), 

levels of key elements of the necroptosis pathway, RIP1, RIP3 and MLKL were found to 

be significantly elevated in the synovium of CIA mice compared with their WT 

counterparts (277). In a subsequent study, treatment of CIA mice with Nec-1s reduced 

the expression of necroptosis mediators RIP1, RIP3, MLKL and  proinflammatory 

cytokines IL-1β, IL6, IL17 and TNFα in the synovium, inhibiting development of RA 

(278). Therefore, targeting necroptosis might be a viable therapeutic approach for RA.  

 

Necroptosis has been implicated in cardiac ischemia-reperfusion (IR) injury. In mouse 

and guinea-pig models of IR, treatment of animals with Nec-1 inhibited phosphorylation 

of RIP1/RIP3 and significantly reduced necroptotic cell death in vivo, leading to 

reduction in myocardial infarct size and preservation of cardiac performance (279, 280). 
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Findings from recent studies suggest that necroptosis is one of the underlying 

mechanisms for hepatic injury and hepatitis observed in chronic alcohol consumption 

and non-alcoholic steatohepatitis (NASH), an aggressive form of fatty liver disease 

marked by liver inflammation that can progress to cirrhosis and hepatic failure (192, 

281, 282). Liver samples obtained from patients with alcohol-induced liver disease and 

NASH showed RIP3 overexpression. RIP3 induction was also detected in liver in murine 

models of alcoholic liver disease and NASH, which was associated with development of 

hepatic injury, fibrosis and inflammation, rescued by genetic deletion of Rip3 (281, 282). 

 

Preclinical and clinical evidence suggests that the role necroptosis plays in disease 

conditions is not limited to pathologies that are characterized by an excessive cell death 

(see above) but extends to oncological conditions that will be discussed in more detail in 

the following sections.  

 

1.2.4 Novel Roles for Caspase-8 in Immune Regulation 
	

Interleukin-1β (IL-1β) is a pleiotropic cytokine, which is key for orchestration of 

inflammatory responses against pathogens. IL-1β has also been implicated in a variety 

of inflammatory diseases such as Rheumatoid Arthritis, Familial Mediterranean Fever 

(FMF) and Behçet's disease (283, 284). IL-1β, best characterized member of the IL-1 

cytokine family (other members of the family include IL-1α, IL-18, IL-33, IL-36α, IL-

36β,and IL-36γ) is typically expressed by innate immune cells (e.g. macrophages, 

monocytes and dendritic cells) as a 31kD cytosolic precursor protein (referred to as pro-

IL-1β) and undergoes cleavage for activation. Once activated, IL-1β is secreted out of 
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cells to exert its activity, a process facilitated by large multi-protein complexes termed 

inflammasomes (285). Several recent studies have identified novel roles for CASP8 in 

regulating IL-1β directly or indirectly through modulation of inflammasomes depending 

on the nature of stimuli initiating the signaling pathway (286). 

 

IL-1β is produced by myeloid cells (it is not constitutively expressed) in response to 

molecular patterns carried by a variety of pathogens called ‘pathogen-associated 

molecular patterns’ (PAMPs) that are recognized by ‘pattern recognition receptors’ 

(PRRs) on macrophages, such as Toll like receptors (TLRs) and Nucleotide-binding and 

oligomerization domain (NOD)-like receptors (NLRs) (see earlier) (266). PRR signaling 

leads to activation of NF-κB and transcriptional activation of pro-inflammatory cytokines 

such as IL-1β, IL-6 and TNFα. Production of the precursor protein pro-IL-1β serves as a 

priming step. Encounter of the primed cell with further PAMP(s), or danger associated 

molecular patterns (DAMPs, endogenous molecules released from dying or dead cells 

such as ATP, calreticulin etc.) promotes the processing, activation and secretion of IL-

1β (285). Cleavage of IL-1β is executed by Caspase-1 (CASP1), whose activation 

occurs through recruitment and incorporation into inflammasome (287). The term 

inflammasome was coined to describe a large molecular scaffold consisting of a 

cytosolic PRR, adaptor proteins and a protease (CASP1) (83). The nucleotide-binding 

oligomerization domain (NOD), leucine-rich repeat (LRR)-containing proteins (NLR) 

family members NLRP1, NLRP3, and NLRC4, as well as absent-in-melanoma 2 (AIM2) 

and pyrin are among the cytosolic PRRs that engage inflammasomes (288–290). 

NLRP3, the best characterized and well-studied inflammasome bears a tripartite 
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structure: a C-terminal LRR that senses PAMPs/DAMPs, a central nucleotide-binding 

domain (referred to as NACHT) and an N-terminal pyrin domain (PYD) (285). The N-

terminal PYD of NLRP3 recruits a bipartite adaptor protein called apoptosis-associated 

speck-like protein containing a caspase activation and recruitment domain (ASC) via 

PYD-mediated homotypic interactions, which in turn recruits procaspase-1 thanks to 

homotypic interactions involving CARD domains (288). Once incorporated into the 

inflammasome, procaspase-1 undergoes proximity-induced autocatalytic processing to 

become activated. Active CASP1 proteolytically processes pro-IL-1β into its biologically 

active form (288, 291, 292). In addition to pro-IL-1β (and pro-IL-18), CASP1 can cleave 

and activate gasdermin D (GSDMD), a pore-forming protein, which upon activation 

facilitates the release of IL-1β into extracellular space from the cytosol (293). When 

formed in low numbers GSDMD pores serve as plasma membrane channels for 

secretion of IL-1β from living cells, whereas formation of GSDMD pores in high 

abundance triggers a lytic form of cell death known as pyroptosis, allowing release of 

numerous intracellular contents including IL-1β (293–295). Hence, depending on the 

context, GSDMD facilitates secretion of IL-1β  from living or dead (pyroptotic) cells. 

 

Although inflammasome-induced CASP1 activation constitutes the major source for IL-

1β, serine proteases, such as cathepsins (e.g. cathepsin C, cathepsin D, cathepsin G), 

neutrophil elastases and collagenases also contribute to the processing and activation 

of IL-1β (286, 296–298). Importantly, recent studies have identified CASP8 as an 

alternative protease that can process pro-IL-1β directly (independently of inflammasome 

activation) in response to PAMP signaling that proceeds through canonical PRRs such 
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as TLR4 and concomitant death receptor signaling (e.g. CD95 signaling) (286, 299).  

TRIF-mediated activation of CASP8 in response to stimulation of  TLR3/TLR4 signaling 

(see earlier) is key in CASP8-induced cleavage of pro-IL-1β (300). CASP8 serves as 

the major protease to proteolytically activate pro-IL-1β during inflammatory responses 

developed against pathogens, such as fungi species Candida albicans and Aspergillus 

fumigatus as well as bacteria such as Mycobacterium bovis and Mycobacterium leprae 

(Figure-11A) (301). Stimulation of the dectin signaling pathway during development of 

immune responses against fungal pathogens comprises a large multiprotein complex 

involving BCL-10 (B cell lymphoma-10), MALT1 (mucosa-associated lymphoid tissue 

lymphoma translocation protein-1) and CARD9 (caspase activation recruitment domain 

[CARD]-containing coiled-coil protein-9)  that induces NF-κB signaling leading to 

upregulation of pro–IL-1β. Subsequent recruitment of ASC and procaspase-8 to the 

CARD9–BCL10–MALT1 complex induces activation of CASP8, which then processes 

pro–IL-1β into its biologically active form (286, 301). Although these results indicate that 

CASP8 acts as a major protease for proteolytic processing and activation of pro–IL-1β 

and that active CASP8 can promote inflammation in TLR-primed innate immune cells 

such as macrophages and dendritic cells in response to death receptor stimulation; they 

are paradoxical considering death receptor engagement induces apoptosis, whereas 

the release of IL-1β is associated with pyroptosis, an inflammatory mode of cell death. 

Therefore, future studies are warranted to elucidate how TLR priming coupled with 

death receptor stimulation induces CASP8-mediated inflammation. 

Misfolded protein accumulation in the endoplasmic reticulum (ER) lumen activates the 

unfolded protein response (UPR, also referred to as ER stress) pathway, a tightly 
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controlled mechanism that is highly conserved among mammalian species. Upon 

activation of the UPR, normal cell functioning is restored by inhibition of protein 

translation, degradation of misfolded proteins and activation of signaling pathways 

leading to upregulation of chaperons that are involved in protein folding (286). CASP8 

promotes inflammation through processing and activation of pro–IL-1β independently of 

CASP1 in macrophages during treatment with chemotherapeutic agents such as 

doxorubicin and oxaliplatin as well as ER stress-inducing agents such as tunicamycin 

and thapsigargin in the presence of LPS (Figure-11B) (299, 302, 303). Intriguingly, 

induction of ER stress by oxaliplatin also stimulates calreticulin (CRT) exposure through 

a CASP8-dependent mechanism. When elicited by oxaliplatin, CRT exposure pathway 

is activated upon phosphorylation of the eukaryotic translation initiation factor-2α 

(eIF2α) by the ER-sessile kinase PERK (protein kinase R [PKR]-like endoplasmic 

reticulum kinase), followed by CASP8-mediated cleavage of the ER protein BAP31 (B-

cell receptor-associated protein-31), conformational activation of the pro-apoptotic Bcl2 

proteins Bax and Bak and transport of CRT from ER to the plasma membrane through 

the Golgi apparatus. CRT exposure that occurs in dying tumor cells as part of a unique 

form of apoptosis called immunogenic cell death (ICD) serves as an ‘eat me’ signal, 

allowing macrophages to engulf and destroy them (304). Misregulation of the ER stress 

caused by aging or environmental factors can lead to numerous disease conditions 

ranging from diabetes to neurodegenerative disorders including Alzheimer's disease, 

Parkinson's disease, and bipolar disorder (305). Thus, exploring the roles of CASP8 

during ER stress response is important for development of novel therapies. 
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NLRP3 inflammasome signaling proceeds through canonical and non-canonical 

pathways (Figure-11C). The canonical NLRP3 inflammasome signaling is activated in 

response to stimuli such as LPS/ATP, LPS/Nigericin (a potent bacterial toxin that 

functions as a potassium ionophore depleting intracellular potassium sources) or 

ATP/PAM3CSK4 (a synthetic triacylated lipopeptide [LP] that mimics bacterial LPs; 

abbreviated as PAM) and does not rely on Caspase-11 (CASP11) activity. The non-

canonical NLRP3 inflammasome signaling can be activated during immune responses 

developed against bacterial pathogens such as Citrobacter rodentium and Escherichia 

coli and requires CASP11 (286, 306, 307). Binding of internalized LPS (released from 

endocytosed Gram negative bacteria) to procaspase-1 induces oligomerization, 

autoproteolytic processing and activation of procaspase-11 zymogens. Active CASP11 

can then cleave and activate its downstream substrates such CASP1 and GSDMD, 

leading to CASP1-mediated cleavage and activation of pro–IL-1β and GSDMD-

mediated formation of pores in the plasma membrane promoting pyroptosis (308). 

 

Genetic studies confirmed CASP8’s role in the regulation of NLRP3 inflammasome. 

Macrophages and dendritic cells from Rip3/CASP8−/− but not Rip3-/- mice demonstrated 

significantly reduced activation of both canonical (LPS/ATP, ATP/PAM) and non-

canonical (C. rodentium, E. coli) NLRP3 inflammasomes (286, 309). CASP8 and its 

binding partner FADD are required in both priming and activation of the NLRP3 

inflammasome (Figure-11C) Specifically, stimulation of the TLR signaling pathway 

activates NF-κB leading to transcriptional upregulation of pro–IL-1β and NLRP3, a 

priming process that partially relies on CASP8 activity. CASP8 is recruited to the NLRP3 
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inflammasome complex where it promotes cleavage and activation of procaspase-1. 

CASP8’s involvement in promoting CASP1-mediated processing and activation of pro–

IL-1β (as part of NLRP3 signaling complex) has been demonstrated during Salmonella 

typhimurium, Yersinia pestis and Listeria monocytogenes infections (286, 310, 311).  

CASP8 is also capable of directly binding and activating procaspase-1 (286, 309). 

 

Intriguingly, data from several other reports suggest a negative regulatory role for 

CASP8 in inflammatory immune responses. In a study, conditional knockout of Casp8 in 

dendritic cells resulted in a significant increase in LPS-induced NLRP3 inflammasome 

formation, CASP1 processing and subsequent IL-1β production (Figure-11D), which 

was abrogated upon genetic deletion of Rip3, siRNA (small interfering RNA) knockdown 

of Mlkl or Nec-1 treatment in vitro (312). In a study where the effect of CASP8 loss was 

investigated, conditional deletion or expression of an enzymatically inactive form of 

Casp8 in mouse skin led to an inflammatory-type local disease characterized by marked 

immune cellular infiltration of the dermis (by eosinophils, granulocytes and T cells), a 

phenotype that was not rescued upon genetic deletions of TNFR1, IL-1β or TLR4 (313).  

Consistent with this observation, in a study by Li et. al. conditional epidermal knockout 

of Casp8 resulted in an Atopic Dermatitis-like skin disorder in mice, characterized by 

infiltration of mast cells in the dermis with upregulation of Th2 cytokines (e.g. IL-9, IL-13) 

in the acute and Th1 cytokines (e.g. IL-12 and IL-18) in the chronic phases of the 

disease (314). In another study, tissue specific ablation of Casp8 in the gut and skin 

was associated with disruption of tissue homeostasis and severe inflammation 

characterized by infiltration of macrophages, neutrophils and T cells at both sites. 
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Interestingly, deleterious effects of Casp8 loss were rescued by Rip3 deletion or 

neutralization of TNF, suggesting that repression of necroptosis (an inflammatory mode 

of cell death) might be a mechanism by which CASP8 regulates inflammation (238).  

Therefore, our current understanding of CASP8 functions in immune processes is far 

from complete, and future studies are warranted to dissect the differential roles of 

CASP8 in regulating inflammatory responses.  
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Figure-11: Novel roles for Caspase-8 in regulation of IL-1β and the NLRP3 
inflammasome. 

A. Upon binding of fungi-derived PAMPs to the dectin receptor (a natural killer (NK)-cell-
receptor-like C-type lectin), it becomes tyrosine phosphorylated (presumably by Src 
kinases) and recruits the spleen tyrosine kinase (Syk). Subsequent formation of the 
CARD9–BCL10–MALT1 complex induces NF-κB signaling leading to upregulation of 
pro–IL-1β. Recruitment of ASC and CASP8 to the CARD9–BCL10–MALT1 complex 
induces activation of CASP8, which then processes pro–IL-1β to its mature form. B. 
Under normal conditions, CD95 signaling leads to formation of the DISC within which 
CASP8 becomes activated to induce apoptosis. In the presence of LPS, CD95 signaling 
induces activation of CASP8 and CASP8–dependent processing and activation of pro–
IL-1β. Under normal conditions chemotherapeutic drugs induce intrinsic apoptosis. In 
the presence of LPS, chemotherapeutic agents, doxorubicin and oxaliplatin as well as 
endoplasmic reticulum (ER) stress inducers, tunicamycin and thapsigargin promote 
CASP8 activation. Active CASP8 then cleaves pro–IL-1β into its mature form. C. 
CASP8 activity is necessary for both canonical and non-canonical NLRP3 
inflammasome activation. Stimulation of TLR4 signaling leads to NF-κB activation and 
up-regulation of pro–IL-1β and NLRP3, an event that partially relies on CASP8 activity. 
Stimulation of canonical or non-canonical NLRP3 signaling requires CASP8 for the 
formation of NLRP3 inflammasome. CASP8 is required for activation of procaspases -1 
and -11. D. CASP8 negatively regulates LPS-induced activation of the NLRP3 
inflammasome. Inactivation of CASP8 renders dendritic cells hypersensitive to LPS that 
activates NLRP3 inflammasome through a RIP1-, RIP3- MLKL-dependent mechanism. 
(Reproduced with permission from [Mandal, R., Barrón, J. C., Kostova, I., Becker, S., 
and Strebhardt, K. (2020) Caspase-8: The double-edged sword. Biochim. Biophys. acta. 
Rev. cancer. 1873, 188357] CopyrightElsevier). 
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1.2.5  Caspase-8 and Cancer  
	

Resistance to apoptosis is one of the hallmarks of cancer and it has been associated 

with both tumor development/progression and resistance to cancer therapy (315). 

Consistently, targeting of the apoptosis pathway has been proposed as a viable strategy 

to improve anti-cancer therapy response (316). CASP8, a canonical cysteine-aspartate 

specific protease, plays key roles during the initiation and execution of apoptosis (see 

earlier). Given its importance in death receptor-mediated apoptosis, CASP8 has been 

historically considered as a tumor suppressor (316). This notion is supported by the 

observation that CASP8 expression or its protease activity both of which are required 

for the execution of the apoptosis signaling pathway, are often impaired in cancer (65, 

110). Loss of CASP8 expression is commonly observed in malignant neuroendocrine 

tumors. Deletion of CASP8 has been linked to tumor aggressiveness and resistance to 

TRAIL-induced apoptosis in malignant neuroblastoma (66). CpG islands (the “ 5'—C—

phosphate—G—3' ” sequence of nucleotides on one DNA strand) are short interspaced 

DNA sequences that are rich in ‘GC’ content. Most CpG islands serve as sites of 

transcription initiation. Methylation of cytosines in CpG dinucleotides by DNA 

methytransferases is an important mechanism by which tumor suppressor genes (TSG) 

are silenced (317). CASP8 loss due to CpG island methylation of the CASP8 promoter 

has been shown to render primitive neuroectodermal brain tumors unresponsive to 

TRAIL-induced apoptosis (70). CpG island promoter hypermethylation underlies 

silencing of CASP8 in medullablastoma, glioblastoma multiforme (GBM) and small cell 

lung carcinoma (SCLC) as well. Notably, these neuroendocrine tumors most of which 

develop during childhood, arise from cells that do not form extensive integrin-mediated 
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cell-cell, cell-ECM (extracellular matrix) contacts, and thus are lacking access to potent 

survival signals (65). Hence, it might be possible to speculate that expression of CASP8 

is not well-tolerated in these tumors due to lack of a supportive microenvironment. Loss 

of CASP8 expression is strongly associated with poor survival outcomes in 

neuroendocrine tumors in contrast to epithelial-derived cancers in which an overt loss of 

CASP8 function is rather rare. In these tumors, downregulation of CASP8 function that 

occurs during disease progression is mainly caused by somatic mutations (Figure-12) 

(65). These CASP8 mutations (missense and frameshift mutations as well as deletions 

or allelic losses), most of which are loss-of-function in nature have been identified in 

colorectal, gastric and hepatocellular carcinomas as well as esophagus cancer (72, 73, 

318–320). During progression, carcinomas upregulate many different protumorigenic 

pathways including overexpression of endogenous caspase inhibitors (i.e. inhibitor of 

apoptosis proteins [IAPs]), activation of growth factor receptors (i.e. EGFR signaling) 

and/or non-receptor tyrosine kinase signaling (Src kinases) which can contribute to 

inhibition of CASP8 activity (65, 321–323). Thus, it is probable that the presence of 

multiple mechanisms compromising CASP8 function allows maintenance of CASP8 

expression in epithelial tumors. It is also reasonable to speculate that expression of 

CASP8 could be selected for in a tumor microenvironment under conditions whereby its 

pro-apoptotic activity is restricted, a phenomenon that can explain the upregulation of 

CASP8 observed in cervical and renal cancers during early disease stages (324, 325). 

Interestingly, expression of CASP8 is diminished with disease progression in these 

cancers. A possible explanation for the observed change in CASP8 expression is that 

cancers benefit from non-apoptotic activities of CASP8 (e.g. ability of CASP8 to 



	 58	

promote cell motility) during carcinogenesis, however, once established in a specialized 

oncogenic niche where they have become less-dependent on these functions, CASP8 

is downregulated allowing metastasis to occur (110). 

 

 

 

 

Figure-12: Caspase-8 mutations in various cancers 

A. Types of CASP8 alterations in different cancers B. Distribution of CASP8 mutations 
(Reproduced with permission from [Mandal, R., Barrón, J. C., Kostova, I., Becker, S., 
and Strebhardt, K. (2020) Caspase-8: The double-edged sword. Biochim. Biophys. acta. 
Rev. cancer. 1873, 188357] CopyrightElsevier). 
 
 

In a report by Helfer et. al., mouse embryonic fibroblasts (MEFs) derived from Casp8-/- 

mice showed impaired cell motility, which was restored upon inducible expression of 
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Casp8. Inhibition of Casp3, the downstream effector of Casp8 did not impact cell motility 

in WT MEFs, suggesting that the observed effect was independent of the pro-apoptotic 

function of Casp8. Rescue of cell motility upon expression of Casp8 in Casp8-/- MEFs 

was associated with activation of Rac (a member of the ‘Rho family GTPases’ that 

becomes active when bound to GTP, promoting cell movement through induction of 

structural changes in cytoskeleton), formation of lamellipodia and cell adhesion, cellular 

processes that are downstream of calpain activation (326). In another study, restoration 

of CASP8 in a CASP8-deficient neuroblastoma cell line promoted cell migration 

following activation of integrin signaling in vitro. Enhancement of cell migration by 

CASP8 did not rely on its catalytic activity; rather it was associated with recruitment of 

CASP8 to a multiprotein complex including focal adhesion kinase (FAK) and Calpain-2 

(CPN2), leading to calpain activation and targeting of CASP8 to the periphery in a FAK-

dependent fashion to potentiate cell migration (327). In a follow-up study by the same 

group, CASP8 was found to co-localize with Src at the leading edge of migrating cells 

upon stimulation of integrin signaling. Localization of CASP8 to the lamella of migrating 

cells was dependent on Src-mediated phosphorylation of its Y380, since a mutated 

CASP8-Y380F lacking the tyrosine residue targeted by Src kinase did not localize to the 

periphery or promote cell migration (328). The role CASP8 plays in promoting cell 

motility could contribute to tumor progression by enhancing migratory and/or invasive 

properties of cancer cells, providing a possible explanation for the upregulation of 

CASP8 in some cancer types. Therefore, CASP8 may act as a tumor suppressor or 

oncogene depending upon the specific cellular context. 

 



	 60	

 

1.2.6 Caspase-8 and HNSCC  
	

Integrative genomic analysis of HNSCC has uncovered that CASP8 is one of the most 

frequently mutated genes in HNSCC (Figure-12A). Somatic mutations of CASP8 have 

been detected in ~10% of HNSCC cases, with CASP8 mutations mostly occurring in 

oral cavity tumors (60, 74). 18% of HPV-negative oral squamous cell carcinomas 

(OSCC) showed somatic mutations of CASP8. The spectrum of CASP8 mutations in 

patient tumors (Figure-12B) and human-derived HNSCC cell lines (nonsense, splice-

site, and frame-shift mutations) indicates that they are likely to be inactivating mutations 

that compromise protein function of  CASP8, possibly sensitizing cancer cells to 

necroptotic stimuli (74, 139).  

SMAC (Second-Mitochondria-derived Activator of Caspase) mimetics are small-

molecule inhibitors that promote caspase activation and apoptosis through 

neutralization of IAPs (inhibitor of apoptosis proteins) (329). Preclinical studies have 

highlighted the therapeutic potential of SMAC mimetics through induction of cancer cell 

death directly (218) or via synergistic interaction with a variety of cytotoxic therapy 

approaches, including chemotherapy (330, 331) radiotherapy (332, 333) or 

immunotherapy (334). The SMAC mimetic Birinapant was found to enhance cytotoxicity 

induced by death ligands in a panel of HNSCC cell lines (335). Birinapant also 

synergizes with radiation to prevent tumor growth in various xenograft models of 

HNSCC bearing genomic amplifications of FADD and cIAP1 in vivo (335). Other SMAC 

mimetic compounds such as LCL161 and ASTX660 have also been shown to confer in 
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vivo radiosensitivity to HNSCC xenografts (336, 337). However, how inactivating 

mutations of CASP8 impacts necroptosis in HNSCC and whether modulation of the 

necroptosis pathway with these small molecule agents might have potential clinical 

utility in the context of CASP8 loss have largely been unexplored. Thus, the main 

objective of this thesis is to offer an insight into the loss-of-function mutations of CASP8 

and provide data to help understand whether necroptosis pathway could be used as a 

therapeutic target for enhancing anti-tumor response to conventional and/or targeted 

therapy approaches in HNSCC. 
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CHAPTER-2: Materials and Methods 

HNSCC Cell Lines 
	

Human derived-HNSCC cell lines were cultured in DMEM complete media 

supplemented with 10% FBS, Penicillin/Streptomycin, glutamic acid, non-essential 

amino acids, vitamins, pyruvate and Myco-Zap (Lonza), unless instructed otherwise. 

Cells were incubated in a 370C incubator, in 5% CO2 atmosphere and maintained as 

previously described (338). Features of the cell lines used in experiments are outlined in 

Table-2. Murine oral cancer (MOC) 1 cell line was provided by Dr. R. Uppaluri 

(Washington University School of Medicine) (339). All cell lines were authenticated by 

short tandem repeat (STR) profiling and cultured for no longer than 15 passages before 

use in experiments.		

	

Table-2: HNSCC cell lines. L, larynx; LN, lymph node; OC, oral cavity; P, pharynx; 

REC, recurrence; ATCC, American Type Culture Collection 

Cell line Primary 
site Age Sex TNM 

stage Culture media Primary Source 

Detroit-562 Pleural effusion 
(P) 

- F - DMEM, 10% FBS ATCC 

FADU HP 56 M - DMEM, 10% FBS ATCC 

HN30 P - - - DMEM, 10% FBS Dr. John Ensley, Wayne State University 

HN31 LN  
(HN30) 

- - - DMEM, 10% FBS Dr. John Ensley, Wayne State University 

JHU-011 REC  
(L)

- M T3N0 RPMI 1640, 10% 
FBS Dr. David Sidransky, Johns Hopkins University 

TR146 REC  
(OC) 67 F - DMEM, 10% FBS Dr. Thomas Rupniak, Imperial Cancer Research 

Fund, London 

UMSCC-1 REC 
 (OC) 73 M T2N0M0 DMEM, 10% FBS Dr. Thomas E. Carey, University of Michigan 

UMSCC-17A L 47 F T1N0M0 DMEM, 10% FBS Dr. Thomas E. Carey, University of Michigan 

UMSCC-25 
LN 
 (L) 50 M T3N0M0 DMEM, 10% FBS Dr. Thomas E. Carey, University of Michigan 
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Genomic Analysis 
	

The Cancer Genome Atlas (TCGA) data were obtained from the TCGA PanCancerAtlas 

Project (340) and analyzed for CASP8 mutations and RIP3 expression for HNSCC. Cell 

line RIP3 gene expression data is available through the Gene Expression Omnibus 

(GEO) (accession GSE122512) (341). 

Engineering of stable cell lines 
	

Cell lines were transduced with lentiviral shRNA constructs against CASP8 (shCASP8) 

or control scrambled shRNA, containing GFP and puromycin resistance gene (GE 

Dharmacon). shCASP8 and control cells were GFP-sorted and subjected to puromycin 

selection (1µg/ml). After antibiotic treatment, control and shCASP8 cells were assessed 

for protein expression of CASP8 by Western Blotting (WB). CRISPR/Cas9 sgRNA 

constructs were designed to knock out CASP8 in MOC1 cells (342). Knockout of 

CASP8 was validated via WB screening and sequencing.  

RIP3 was knocked down using lentiviral shRNA constructs (GE Dharmacon) in select 

MOC1 clonal cell lines carrying WT RIP3, as described above for CASP8. Select MOC1 

clones that show lack of protein expression of RIP3 were transduced with inducible 

lentiviral vectors encoding WT (Plasmid #73701) or kinase-dead mutant (D143N) RIP3 

(Plasmid #73703) purchased from Addgene (These plasmids were gifted by Dr. Francis 

Chen). Control pTRIPZ empty vector was obtained from MD Anderson Functional 

Genomics Core Facility. MOC1 cells transduced with control or RIP3 expression 

constructs were subjected to puromycin selection (1µg/ml). Expression of WT or D143N 

RIP3 was induced by Doxycycline (1µg/ml) for 72 hours and verified by WB.  
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For the in vivo experiments, inducible lentiviral shRNA constructs were designed 

against Luciferase (shLUC) or CASP8 (shCASP8) in collaboration with the MD 

Anderson Institute for Applied Cancer Science as described previously (343). MOC1 

cells transduced with shLUC or shCASP8 vectors were subjected to puromycin 

selection (1µg/ml), treated with Doxycycline (50ng/ml) for 72 hours and verified by WB. 

shRNA/sgRNA oligo sequences are outlined in Table-3.  

 

Table-3: List of shRNA and CRIPSR-Cas9 sgRNA oligo sequences used in the study 
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Cell proliferation and viability assays 
	

To evaluate cell proliferation, HNSCC cells were plated in 96-well plates at two 

densities: 50cells/well and 100cells/well. Cell density was measured using CellTiter-Glo 

(Promega). Luminescence reads were taken at the indicated time points and normalized 

to Day 0 reads to calculate cell doublings.  

To assess cell viability following drug treatments, 3-10 X 103 cells were plated in 96-well 

plates and allowed to attach overnight. Cells were then treated with 0.01% DMSO 

(mock treatment) or Birinapant, Z-VAD-FMK (or emricasan), TNFα (or TRAIL) and 

Necrostatin-1s either alone or in combinations at the indicated doses for 24 hours, after 

which cell viability was measured by CellTiter-Glo. Average luminescence values taken 

for each treatment condition were normalized to that of mock-treated cells from the 

same experiment to calculate % cell density. All treatments were carried out in 

triplicates or greater. The list of drugs/reagents used in the study can be found in Table-

4.  

 

Table-4: List of reagents/drugs used in the study. 
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Clonogenic survival assays 
	

HNSCC cells were seeded in 6-well plates at predetermined densities and allowed to 

adhere overnight. The next day, cells were treated with 0.01% DMSO (mock treatment) 

or Birinapant, Z-VAD-FMK (or emricasan) and Necrostatin-1s either alone or in 

combinations at the indicated doses. For radiosensitivity assays, treatments described 

above were followed by exposure to either 2, 4 or 6 Gray (Gy) radiation. 24 hour after 

treatments, media containing the drug dilutions were aspirated and replaced with fresh 

media. Colonies were allowed to form for 5-12 days, after which they were fixed in 

methanol and stained with crystal violet (2%). Wells containing surviving colonies were 

scanned and colonies with more than 50 cells were counted with the guidance of 

ImageJ software (NIH, Bethesda, MD). The number of surviving colonies per well was 

calculated for each treatment condition and normalized to that of mock-treated cells 

from the same experiment to calculate % colony counts. For the radiosensitivity assays, 

average surviving colony counts were normalized to those of mock-treated cells of each 

radiation dose from the same experiment to calculate surviving fractions. Log10 of 

surviving fractions were plotted. All treatments were carried out in triplicates. 

 

Annexin-V assays 
	

Annexin-V staining was performed in accordance with the manufacturer’s guidelines 

(BD Biosciences). Briefly, 2.5-7.5 X 105 cells were seeded in 6cm dishes and allowed to 

adhere overnight. The next day, cells were treated as indicated. All treatments were 

carried out in triplicates. 24 hour after treatments, media was collected from the dishes 
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and set aside to keep any floating cells. Adherent cells were harvested with trypsin and 

added to the previously collected media. The cells were then centrifuged, washed once 

in cold Phosphate Buffered Saline (PBS) and stained with Annexin-V APC (BD 

Biosciences) and 1µmol/L SytoxBlue (ThermoFisher) in Annexin-V binding buffer. 

Samples were mixed gently and incubated at room temperature for 30min after which 

they were subjected to flow cytometry analysis. Flow data were analyzed using FlowJo 

software. 

Western blotting 
	

2.5-7.5 X 105 HNSCC cells were seeded in 6cm dishes and allowed to adhere 

overnight. The next day, cells were treated as indicated. For radiosensitization studies, 

cells were exposed to 6Gy radiation. 24 hour after treatments, cells were washed once 

with cold PBS. Standard radioimmunoprecipitation assay (RIPA) buffer (containing 20 

mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM, 1 

mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride [PMSF] and a cocktail 

of protease inhibitors [Roche]) was then added to each dish/plate followed by incubation 

of the dishes/plates on ice briefly. Cell lysates were then obtained with use of a plastic 

cell scraper and centrifuged at 14,000 rpm at 4°C for 25 minutes. The supernatant was 

removed, and total protein concentration was measured using Bio-Rad Protein Assay 

(Bio-Rad). Protein samples were prepared using  5% β-mercaptoethanol (β-ME). Equal 

amounts of protein samples were then loaded onto 4-20% sodium dodecyl sulfate 

(SDS) gradient gels (Mini-PROTEAN TGX Stain-Free Precast Gels, BioRad) and 

subjected to polyacrylamide gel electrophoresis and transferred to polyvinylidene 

difluoride (PVDF) membranes using Trans-Blot Turbo Transfer System (ThermoFisher) 
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following manufacturer’s instructions. After transfer, the membrane was blocked using 

5% milk solution prepared in TBS-T buffer (containing 50mM Tris, 150mM sodium 

chloride and 0.1% Tween-20) for 1 hour on an agitator. Following the blocking step, the 

membrane was incubated with the primary antibody (5% milk in TBS-T) at a previously 

determined optimal dilution overnight at 40C on an agitator. After incubation, the 

membrane was washed for 10 min with TBS-T buffer about 3 times and incubated with 

an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (5% milk 

in TBS-T) at a previously determined optimal dilution for 1h at room temperature on an 

agitator. Protein signals were developed using PierceTM ECL Western Blotting Substrate 

(Thermo Scientific) on an X-ray film. The list of WB antibodies used in the study can be 

found in Table-5.  

   

Table-5:  List of antibodies used for western blotting in the study. 
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In vivo xenograft model 
	

All in vivo experiments were carried out with approval of the Institutional Animal Care 

and Use Committee (IACUC) at MD Anderson. 2 × 106 MOC1 cells transduced with an 

inducible shRNA against CASP8 were injected into the right flank of WT female 

C57BL/6 mice obtained from Envigo/Harlan Labs in the presence of Matrigel (Corning). 

3 days after inoculation, mice were randomized and placed on control (Global 18% 

Protein Rodent Diet) or DOX diet (doxycycline hyclate added at 625 mg/kg) obtained 

from Envigo to induce knockdown of CASP8 in vivo. Control and shCASP8 mice were 

randomized into 4 treatment groups (n=7-10 mice/each) 27 days after injection of cells, 

when the average tumor volume reached ~150 mm3. Treatments included Birinapant 

(15mg/kg Birinapant, every 3 days for 4 weeks, IP), radiation (5 X 2Gy, Monday to 

Friday for 1 week) or the combination (A detailed in vivo treatment schema is available 

in Figure-13). Tumor measurements were taken three times a week, and mice were 

euthanized when tumor burden has reached >1.5cm in any dimension. Tumor samples 

were collected from a subset of control and shCASP8 mice that were not recruited in 

the drug treatment study. These tumor samples were minced and cultured in medium 

for 48 hours. Cells shed from the tumors that have attached to culture dishes were 

collected, lysed and subjected to WB analysis for CASP8.  
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Figure-13: Treatment schema for in vivo experiments  

 

Statistical Analysis 
	

Kaplan-Meier method was used to calculate overall survival for the patient population. P 

values used to compare gene expression levels for necroptosis markers between 

different patient cohorts were computed using the Mann-Whitney U test. Student t tests 

were conducted to analyze in vitro data. For the in vivo studies, a two-way ANOVA test 

was used to make tumor volume comparisons between animal cohorts. Differences in 

survival rates between groups were compared using the log-rank (Mantel–Cox) test. All 

data were presented as mean±SD unless otherwise noted. P values < 0.05 were 

considered statistically significant.  
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CHAPTER-3: Caspase-8 mutations are associated with poor 

prognosis in HNSCC 

 3.1 Caspase-8 mutations are associated with poor overall survival in HNSCC 
	

Integrative genomic analysis of HNSCC has uncovered that Caspase-8 (CASP8) is one 

of the most frequently mutated genes in HNSCC, with somatic mutations detected in 

~10% of cases (60, 74). Analysis of the Cancer Genome Atlas (TCGA) dataset (340) 

revealed that CASP8 mutations are associated poor overall survival in HNSCC (Figure-

14).        

 

  	

Figure-14: Caspase-8 mutations are associated with poor survival outcomes in  
HNSCC. 

Kaplan-Meier survival plots showing overall survival for 284 HPV-negative oral cavity 
(OC) HNSCCs in TCGA by CASP8 mutation status.	P value was computed using log-
rank test.     
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3.2 Caspase-8 mutations are associated with radioresistance in HNSCC 
	

Emerging data have linked CASP8 mutations to a gain-of-function (GOF) phenotype in 

which mutant CASP8 robustly activates NF-κB signaling independent of the catalytic 

activity of CASP8 (344). WT CASP8 is also able to activate NF-κB signaling, although at 

a reduced level (344). It is known that NF-κB activation is directly associated with 

radioresistance.  Chemical inhibitors of NF-κB, as well as overexpression of IκB can 

radiosensitize tumor cells (345–347) and conversely, overexpression of NF-κB leads to 

radioresistance (348). Clinically, NFκB activity is associated with poor outcome following 

definitive radiotherapy in HNSCC (349, 350). Therefore, we next set out to determine 

whether poor overall survival outcomes might be linked to radioresistance in CASP8 

mutant HNSCCs. Analysis of the TCGA HNSCC dataset showed that CASP8 mutant 

patients treated with ionizing radiation (XRT) show significantly higher locoreginal 

recurrence (LRR) rates and worse prognosis when compared to WT patients (Figure-

15). To corroborate our observations in a pre-clinical setting, we selected a panel of 46 

HNSCC cell lines with known CASP8 status (351). Next, we examined the sensitivity of 

these cell lines to increasing doses of radiation using a standard clonogenic survival 

assay (352) and determined the level of radiosensitivity using survival fraction at the 

2Gy dose (SF2), since 2Gy is the dose typically used in clinical practice to treat HNSCC 

patients. 
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Figure-15: Caspase-8 mutations are associated with enhanced locoregional 
recurrence (LRR; see Top Panel) and worse prognosis (Bottom Panel) following 
ionizing radiation treatment in HNSCC 

(Published with permission from Dr. Heath Devin Skinner; University of 
Pennsylvania, Hillman Cancer Center)	
  
 
Interestingly, we found that CASP8 mutant HSNCC cell lines were significantly more 

radioresistant than those with WT CASP8 (Figure-16). 
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Figure-16: Caspase-8 mutations are associated with radioresistance in HNSCC. A 
panel of 46 HNSCC cell lines were sequenced for CASP8 and evaluated for sensitivity 
to radiation using clonogenic survival assays. Surviving fraction following 2Gy of XRT 
was used to determine radiosensitivity. (Cell lines with CASP8 mutation were marked in 
red). Cell lines were then grouped for CASP8 status and the average clonogenic 
survival data were shown for each group. Student t test was used for statistics. *p<0.05 
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3.3 Necroptosis emerges as a potential pathway to target in Caspase-8 mutant 

HNSCCs 

Since CASP8 is known to regulate necroptosis and necroptosis can be induced by 

radiation in a variety of cancers (353, 354) we next aimed to understand if necroptosis 

can be exploited to radiosensitize CASP8 mutant HNSCCs to radiation. We first 

explored whether necroptosis-related genes are differentially expressed between 

CASP8 mutant and WT tumors in TCGA. Our analysis revealed that the top differentially 

expressed genes between the two groups (CASP8 mutant vs. WT) include at least 3 

necroptosis-related genes: MLKL (mixed lineage kinase domain-like, p=3.39x10-10), 

FASLG (Fas ligand, p=1.97x10-9), and TNFRSF10A (TNF Receptor Superfamily 

Member 10A, also known as TRAIL receptor-1, also called DR4, p=2.63x10-7) showed 

higher expression in CASP8 mutant HPV-negative oral cancers (OCs) than their WT 

counterparts, suggesting that necroptosis might be a potential pathway to target in 

CASP8 mutant HNSCCs (Figure-17). 

 

Figure-17: Caspase-8 mutations are associated with upregulation of necroptosis-
related genes in HNSCC. Scatter plots show gene expression for MLKL, FASL and 
TNFRSF10A (TRAIL receptor) by CASP8 status in TCGA HPV- oral cancer samples. 
Mean values are shown by the bar. P values were computed using Mann-Whitney test. 
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CHAPTER-4: Loss of Caspase-8 predisposes HNSCCs to necroptosis 

4.1 Knockdown of Caspase-8 enhances reduction in cell viability in HNSCCs by 

Birinapant and zVAD-FMK through induction of necroptosis.  

Inhibition or mutation of CASP8 predisposes a wide variety of cancers to necroptosis  

(355). In an effort to understand how inactivating mutations of CASP8 that result in loss 

of protein function impact necroptosis sensitivity in HNSCC, we stably knocked down 

CASP8 using a short hairpin RNA (shRNA) in two CASP8 WT HNSCC cell lines, 

namely the human-derived UMSCC-17A cells and mouse-derived syngeneic oral 

cancer MOC1 HNSCCs (339).  

 

Figure-18: Effects of knockdown of Caspase-8 on in vitro cell proliferation and 
clonogenicity in HNSCCs. A. CASP8 was knocked down using shRNA in UMSCC-
17A and MOC1 HNSCC cell lines. WB was performed for the validation of CASP8 
knockdown. β-Actin was used as loading control. B. Control and shCASP8 UMSCC-17A 
and MOC1 cell lines were subjected to cell proliferation analysis by CellTiter-Glo. 
Luminescence reads were taken at the indicated time points and normalized to Day 0 
reads to calculate cell doubling. Samples were run in triplicates. Student t test was used 
for statistics. C. Control and shCASP8 UMSCC-17A and MOC1 cells were subjected to 
clonogenic survival analysis. Colony counts were used to assess baseline clonogenicity. 
Samples were run in triplicates. Student t test was used for statistics. 
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Knockdown of CASP8 alone did not significantly affect proliferative or colony-forming 

abilities of the cell lines (Figure-18). The UMSCC-17A and MOC1 CASP8 knockdown 

and scrambled shRNA control cells were treated with the SMAC mimetic Birinapant 

alone or in combination with the pan-caspase inhibitor zVAD-FMK at concentrations 

previously shown to be active (335). This combination is a standard method to 

experimentally induce necroptotic death (356). Cell survival was assessed by cell 

viability assay following treatments (Figure-19).  

  
 
Figure-19: Knockdown of Caspase-8 enhances reduction in cell viability in 
HNSCCs by Birinapant and zVAD-FMK through induction of necroptosis. UMSCC-
17A and MOC1 control and shCASP8 cells were treated with Birinapant (B [200nmol/L 
for UMSCC-17A; 1µmol/L for the MOC1]), zVAD-FMK (Z [5µmol/L for both the cell 
lines]), Necrostatin-1s (N [10µmol/L for both the cell lines]) or the combinations as 
indicated for 24 hours. Cell viability was assessed using CellTiter-Glo. Values 
normalized to nontreated cells from the same experiment to calculate % cell density. All 
treatments were carried out in triplicates. Student t test was used for statistics. *, 
P<0.05; **, P<0.001 for the indicated pairwise comparisons.  
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Knockdown of CASP8 significantly increased the sensitivity of UMSCC-17A and MOC1 

cells to single agent Birinapant and Birinapant in combination with zVAD-FMK. To 

confirm that this was a necroptotic death the RIP1 inhibitor, Necrostatin-1s was used. 

Importantly, reduction in cell viability was abrogated by Necrostatin-1s, indicating that 

the observed mode of cell death was necroptosis not apoptosis.  

4.2 Inhibition of clonogenic survival by Birinapant and zVAD-FMK is enhanced by 

knockdown of Caspase-8 in HNSCCs. 

Next, we tested the effect of Birinapant and zVAD-FMK on clonogenic survival in control 

and CASP8 knockdown UMSCC-17A and MOC1 cells, using standard clonogenic 

assay (Figure-20). Consistent with our CellTiter Glo cell viability findings, Birinapant 

and zVAD-FMK combination reduced clonogenic survival in both the UMSCC-17A and 

MOC1 cells. Reduction in clonogenicty induced by the given combination treatment was 

enhanced under knockdown of CASP8 in both the cell lines. The fact that the inhibition 

in clonogenic survival was reversed upon addition of Necrostatin-1s to the 

Birinapant/zVAD-FMK combination confirmed that necroptosis was the underlying mode 

of cell death. Further indication that this was not an apoptotic death is the inclusion of 

zVAD-FMK treatment, a pan-caspase inhibitor that blocks apoptosis, which enhanced 

cell death rather than prevented it when combined with the SMAC mimetic Birinapant, 

consistent with necroptosis. 
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Figure-20: Inhibition of clonogenic survival by Birinapant and zVAD-FMK is 
enhanced by knockdown of Caspase-8 in HNSCCs. Representative images of 
clonogenic survival assays. 24 hour after treatments (Birinapant doses reduced to 
50nmol/L and 250nmol/L for the UMSCC-17A and MOC1 cells respectively, for this 
assay. Other drugs used at the same concentrations as stated above), drug dilutions 
were washed out, colonies were allowed to form for 5-12 days, after which they were 
stained and counted. Surviving colonies were normalized to nontreated cells from the 
same experiment to calculate % colony count. All treatments were carried out in 
triplicates. *, P<0.05; **, P<0.001 for the indicated pairwise comparisons.  

 

4.3. Knockdown of Caspase-8 sensitizes HNSCCs to necroptotic death by 

Birinapant and zVAD-FMK. 

Enhanced necroptotic cell death observed under knockdown of CASP8 was further 

evaluated with Annexin-V staining (Figure-21). While Annexin-V staining is a method 
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conventionally used to detect apoptotic cells by its ability to bind to phosphatidylserine 

(PS), (exposure of PS on the outer plasma membrane is a hallmark of apoptosis), 

recent evidence has suggested that necroptotic cells also expose PS on their plasma 

membrane and therefore are detectable by Annexin-V (357).  

 

Figure-21: Knockdown of Caspase-8 sensitizes HNSCCs to necroptotic death by 
Birinapant and zVAD-FMK. UMSCC-17A and MOC1 control and shCASP8 cells were 
treated with Birinapant (B [200nmol/L for the UMSCC-17A cells; 1µmol/L for the MOC1 
cells]), zVAD-FMK (Z [5µmol/L for both the cell lines]), Necrostatin-1s (N [10µmol/L for 
both the cell lines]) or the combinations as indicated for 24 hours. AnnexinV-
APC/SytoxBlue staining was performed 24 hour after treatments. % Annexin-V positivity 
was used as a measure to assess cell death. All treatments were carried out in 
triplicates. *, P<0.05; **, P<0.001 for the indicated pairwise comparisons.  

 

Knockdown of CASP8 led to a significant increase in Annexin-V positive staining 

following treatment of UMSCC-17A and MOC1 cells with Birinapant alone and 
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Birinapant in combination with zVAD-FMK. Necrostatin-1s reversed positive Annexin-V 

staining induced by Birinapant in combination with zVAD-FMK in both the cell lines, 

suggesting the predominant occurrence of RIP1-mediated necroptotic cell death. 

4.4 Knockdown of Caspase-8 enhances the expression of necroptotic cell death 

markers induced by Birinapant and zVAD-FMK in HNSCCs. 

Next, we evaluated the expression of key cell death pathway markers in UMSCC-17A 

and MOC1 cells following Birinapant alone and Birinapant/zVAD-FMK combination 

treatments in the absence or presence of Necrostatin-1s by WB (Figure-22). 

  
Figure-22: Knockdown of Caspase-8 enhances the expression of necroptotic cell 
death markers induced by Birinapant and zVAD-FMK in HNSCCs. UMSCC-17A and 
MOC1 control and shCASP8 cells were treated with Birinapant (B [200nmol/L for the 
UMSCC-17A cells; 1µmol/L for the MOC1 cells]), zVAD-FMK (Z [5µmol/L for both the 
cell lines]), Necrostatin-1s (N [10µmol/L for both the cell lines]) or the combinations as 
indicated for 24 hours. Whole cell lysates were collected 24 hour after treatments and 
subjected to Western blot analysis for the indicated key cell death markers. β-Actin was 
used as loading control. 
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Knockdown of CASP8 was associated with a significant increase in the protein levels of 

phospho-MLKL and phopsho-RIP1 following Birinapant alone and Birinapant/zVAD-

FMK combination treatments in the UMSCC-17A and MOC1 cells, respectively. The 

increase in phosphorylation of the given markers was accompanied by a significant 

reduction in the total protein levels of RIP1, RIP3 and MLKL due to their proteosomal 

degradation at this 24 hour time point (260). Necrostatin-1s reversed the effects of 

Birinapant alone and the Birinapant/zVAD-FMK combination. Taken together, these 

data clearly demonstrate that loss of CASP8 sensitizes HNSCCs to Birinapant and 

Birinapant plus zVAD-FMK induced necroptotic cell death in vitro.     
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CHAPTER-5: Loss of Caspase-8 radiosensitizes HNSCCs through 

induction of necroptosis 

5.1 Knockdown of Caspase-8 enhances the radiosensitizing effects of Birinapant 

and zVAD-FMK through induction of necroptosis. 

The combination of SMAC mimetic Birinapant and radiation has been shown to be 

effective in HNSCCs with alterations in cell death pathway (335). Given CASP8 mutant 

HNSCC cell lines are more radioresistant than their WT counterparts and CASP8 

mutant HNSCCs show alterations in the necroptosis pathway, we sought to understand 

whether necroptosis could be exploited therapeutically to treat HNSCCs with 

compromised CASP8 status. To test this, CASP8 knockdown and scrambled shRNA 

control MOC1 cells were treated with increasing doses of radiation in combination with 

Birinapant and/or zVAD-FMK in the absence or presence of Necrostatin-1s, and 

assessed for clonogenic survival (Figure-23). Contrary to what we had hypothesized 

(that shRNA knockdown-mediated loss of CASP8 should render HNSCCs resistant to 

ionizing radiation) knockdown of CASP8 alone did not significantly impact 

radiosensitivity. Interestingly, single agent Birinapant and the Birinapant plus Z-VAD-

FMK combination rendered control cells more radiosensitive. Additionally, the 

radiosensitizing effects of Birinapant and Birinapant plus Z-VAD-FMK were significantly 

enhanced under knockdown of CASP8. The addition of Necrostatin-1s returned all 

colony counts to comparable levels to those treated with radiation alone, indicating that 

necroptosis is the underlying mechanism through which the cells were sensitized. 
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Figure-23: Knockdown of Caspase-8 enhances the radiosensitizing effects of 
Birinapant and zVAD-FMK through induction of necroptosis. MOC1 control and 
shCASP8 cells were treated with radiation (X [2,4 and 6 Gy]), Birinapant (B 
[125nmol/L]), zVAD-FMK (Z [5µmol/L]), Necrostatin-1s (N [10µmol/L]) or combinations 
as indicated for 24 hours. Representative images of clonogenic survival assays for the 
X(4Gy) conditions. Surviving colony counts were normalized to nontreated cells (cells 
treated with no drugs) of each radiation dose from the same experiment. log10 of 
surviving fractions were plotted. All treatments were carried out in triplicates. Student t 
test was used for statistics. *, P<0.05; when comparing surviving fractions following X+B 
treatments between control and shCASP8 cells. ǂ, P<0.05; when comparing surviving 
fractions following X+B+Z treatments between control and shCASP8 cells.  ƒ, P<0.05; 
when showing reversal of death upon addition of N to X+B+Z for the control cells. ƞ, 
P<0.05; when showing reversal of death upon addition of N to X+B+Z for the shCASP8 
cells. Ʒ, P<0.001; when showing reversal of death upon addition of N to X+B+Z for the 
shCASP8 cells. Symbols are placed at the radiation doses they refer to. 
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These results were further confirmed with assays for Annexin-V (Figure-24) and cell 

viability (Figure-25) that demonstrated similar necroptotic radiosensitization. 

  
 
Figure-24: Knockdown of Caspase-8 enhances the radiosensitizing effects of 
Birinapant and zVAD-FMK through induction of necroptosis. MOC1 control and 
shCASP8 cells were treated with radiation (X [2, 4 and 6 Gy]), Birinapant (B 
[250nmol/L]), zVAD-FMK (Z [5µmol/L]), Necrostatin-1s (N [10µmol/L]) or the 
combinations as indicated. AnnexinV-APC/SytoxBlue staining was performed 24 hour 
after treatments. % Annexin-V positivity was used as a measure to assess cell death. 
All treatments were carried out in triplicates. Student t test was used for statistics *, 
P<0.05; **, P<0.001 for the indicated pairwise comparisons. 
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Figure-25: Knockdown of Caspase-8 enhances the radiosensitizing effects of 
Birinapant and zVAD-FMK through induction of necroptosis. MOC1 control and 
shCASP8 cells were treated with radiation (X [2, 4 and 6 Gy]), Birinapant (B 
[250nmol/L]), zVAD-FMK (Z [5µmol/L]), Necrostatin-1s (N [10µmol/L]) or the 
combinations as indicated. After 24 hours, cell viability was assessed using Cell-Titer 
Glo. Values normalized to nontreated cells from the same experiment to calculate % cell 
density. All treatments were carried out in triplicates. Student t test was used for 
statistics *, P<0.05; **, P<0.001 for the indicated pairwise comparisons. 

 

5.2 Knockdown of Caspase-8 potentiates radiation killing by Birinapant and 

zVAD-FMK through induction of necroptosis leading to increased expression of 

necroptotic cell death markers. 

To further elaborate on the mechanism(s) that lead to cell death, we assayed the levels 

of key cell death proteins by western blot following radiation treatment (Figure-26). 
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Figure-26: Knockdown of Caspase-8 potentiates radiation killing by Birinapant 
and zVAD-FMK through induction of necroptosis, leading to increased expression 
of necroptotic cell death markers. MOC1 control and shCASP8 cells were treated 
with radiation (X [2, 4 and 6 Gy]), Birinapant (B [250nmol/L]), zVAD-FMK (Z [5µmol/L]), 
Necrostatin-1s (N [10µmol/L]) or the combinations as indicated. Whole cell lysates were 
collected 24 hour after treatments and subjected to Western blot analysis for the 
indicated key cell death markers. β-Actin was used as loading control. 
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Birinapant when combined with radiation led to phosphorylation of RIP1 in CASP8 

knockdown but not scrambled shRNA control MOC1 cells, a phenomenon which was 

accompanied by reduction in the protein levels of RIP1, RIP3 and MLKL, indicating 

activation of the necroptosis pathway. This phenotype was further enhanced by addition 

of zVAD-FMK to the treatment and reversed by the RIP1 kinase inhibitor Necrostatin-1s, 

indicating that the radiosensitizing effects of Birinapant and Birinapant plus zVAD-FMK 

manifest themselves through induction of necroptosis. 
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CHAPTER-6: Susceptibility to necroptosis is determined by RIP3 

expression in HNSCCs. 

6.1 Knockout of Caspase-8 is not always associated with enhancement of 

necroptosis sensitivity in HNSCCs. 

The observation that zVAD-FMK enhances Birinapant-induced necroptotic killing under 

knockdown of CASP8 might indicate inhibition of residual CASP8 activity. To further 

study how loss of CASP8 impacts necroptosis sensitivity, we genetically deleted CASP8 

in MOC1 cells using CRISPR-Cas9. To rule out clone specific off-target effects, we 

designed two different single guide RNAs (sgRNA) against CASP8 to generate multiple 

independent CASP8 knockout clones. Matching CASP8 WT clones were created using 

a non-targeting sgRNA. The MOC1 CRISPR clones were then subjected to Western 

blotting to confirm efficient knockout of CASP8 (Figure-27). 

 

Figure-27: Knockout of Caspase-8 in the MOC1 cell line using CRISPR-Cas9 
CRISPR/Cas9 was used to knock out Casp8 in the mouse-derived MOC1 cell line. 
Specifically, MOC1 parental cells were transiently transfected with two different small 
guide RNAs (sgRNA) designed against mouse Casp8 (sgRNA-mCASP8 #1 and 
sgRNA-mCASP8 #2) or a non-targeting sgRNA after which clonal selection/expansion 
was performed. Engineered clones were subjected to a Western blot screen to identify 
CASP8WT and CASP8 knockout (CASP8KO) MOC1 clones. 
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Next, necroptosis sensitivity was tested in 4 independent CASP8 WT and CASP8 

knockout clones following treatment with Birinapant or Birinapant in combination with 

zVAD-FMK in the absence or presence of Necrostatin-1s (Figure-28). 

 

Figure-28: Knockout of Caspase-8 is not always associated with enhancement of 
necroptosis sensitivity in HNSCCs. Indicated CASP8WT and CASP8KO MOC1 
clones were treated with Birinapant (B [1µmol/L]), Z-VAD-FMK (Z [5µmol/L]), 
Necrostatin-1s (N [10µmol/L]) or the combinations for 24 hours. Cell viability was 
assessed using CellTiter-Glo. Values normalized to nontreated cells from the same 
experiment to calculate % cell density. All treatments were carried out in triplicates. 
Student t test was used for statistical analysis. *, P<0.05; **, P<0.001 for the indicated 
pairwise comparisons. 

 



	 96	

Across the clones tested, two CASP8 WT clones (C1 and C2) and two CASP8 knockout 

clones (g1-1 and g2-1) showed sensitivity to Birinapant plus zVAD-FMK with 

Necrostatin-1s restoring cell density, indicating a predominantly RIP1-mediated 

necroptotic cell death. Intriguingly, however, among the CASP8 knockout clones, clone 

g2-2 showed complete resistance to Birinapant and Birinapant plus zVAD-FMK, and 

clone g1-4 demonstrated low sensitivity which was not reversed by Necrostatin-1s. 

Therefore, we concluded that these two clonal cell lines exhibit necroptosis resistance 

despite complete loss of protein expression of  CASP8. Additionally, two control clones 

(C4 and C5) also demonstrated necroptotic resistance, while one clone (C1) had 

enhanced sensitivity to necroptosis. 

6.2 Resistance to necroptosis is associated with lack of protein expression of 

RIP3 in HNSCCs.  

In an effort to understand the underlying mechanism for the observed differences in 

necroptosis sensitivity among the clones tested, we queried the expression of 

necroptosis proteins in them.  Western blot analysis of the whole-cell lysates obtained 

from the MOC1 clones and the parental cell line at baseline revealed considerable 

levels of RIP1 and MLKL for all the cells, but the clones with reduced sensitivity to 

necroptosis demonstrated lack of protein expression of RIP3 irrespective of CASP8 

status. Intriguingly, RIP1 and MLKL were detected in all the clones (they were rather 

uniformly expressed across clones) independently of the necroptosis sensitivity they 

displayed, suggesting that expression of RIP3 might be the determining factor for 

necroptosis sensitivity in HNSCCs (Figure-29).  



	 97	

  
 
Figure-29: Resistance to necroptosis is associated with lack of protein 
expression of RIP3 in HNSCCs. Indicated CASP8WT and CASP8KO MOC1 clones 
were subjected to Western blot analysis for necroptosis markers, RIP1, RIP3 and MLKL 
along with Caspase-8. β-Actin was used as loading control. 

 

6.3 Loss of RIP3 expression renders HNSCCs resistant to necroptosis.    

Next, we conducted knockdown and overexpression studies to further validate the role 

of RIP3 in determining necroptosis sensitivity in HNSCCs. shRNA knockdown of RIP3 in 

two necroptosis sensitive MOC1 clones, namely a CASP8 WT C2 and a CASP8 

knockout g2-1 clone resulted in acquisition of resistance to Birinapant plus zVAD-FMK 

induced necroptotic cell death (Figure-30A, -B) 
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Figure-30: Loss of RIP3 expression renders HNSCCs resistant to necroptosis.   A. 
RIP3 was knocked down using shRNA in two Necroptosis sensitive MOC1 clones: the 
CASP8WT C2 and CASP8KO g2-1 clones. Scrambled shRNA control and shRIP3 cells 
were subjected to WB for the validation of RIP3 knockdown. β-Actin was used as 
loading control. B. Control and shRIP3 C2 (CASP8WT) and g2-1 (CASP8KO) MOC1 
clones were treated with Birinapant (B [1µmol/L]), zVAD-FMK (Z [5µmol/L]), 
Necrostatin-1s (N [10µmol/L]) or the combinations for 24 hours. Cell viability was 
assessed by Cell-Titer Glo. Values normalized to nontreated cells from the same 
experiment to calculate % cell density. All treatments were carried out in triplicates. 
Student t test was used for statistical analysis. *, P<0.05; **, P<0.001 for the indicated 
pairwise comparisons. 

	

6.4 Expression of WT but not a kinase-dead mutant RIP3-D143N restores 

necroptosis sensitivity in HNSCCs.  

Inducible expression of WT but not a kinase dead (D143N) mutant of RIP3 in two 

necroptosis resistant MOC1 clones, namely a CASP8 WT C4 and a CASP8 knockout 
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Figure-31: Expression of WT but not a kinase-dead mutant RIP3-D143N restores 
necroptosis sensitivity in HNSCCs. A. Necroptosis resistant C4 (CASP8WT) and g2-
2 (CASP8KO) MOC1 clones were transduced with control, HA-tagged WT RIP3 or HA-
tagged D143N RIP3 inducible expression constructs. RIP3 expression was induced with 
a 48h Doxycycline (50ng/ml) treatment. Western blot analysis was performed to validate 
expression of WT or D143N RIP3 in the indicated clones. β-Actin was used as loading 
control. B. Cells engineered in the previous step were treated with Birinapant (B 
[1µmol/L]), zVAD-FMK (Z [5µmol/L]), Necrostatin-1s (N [10µmol/L]) or the combinations 
for 24 hours. Cell viability was assessed by Cell-Titer Glo.  Student t test was used for 
statistical analysis. *, P<0.05; **, P<0.001 for the indicated pairwise comparisons. 
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g2-2 clone rendered the cells sensitive to Birinapant plus zVAD-FMK induced 

necroptotic cell death (Figure-31A, -B). Taken together, these data suggest that the 

presence of functional RIP3 is required for susceptibility to necroptosis in HNSCCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 101	

 

 

 

 

 

CHAPTER-VII : RIP3 IS SILENCED IN MANY 

HNSCC CELL LINES, WHEREAS PATIENT 
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CHAPTER-7: RIP3 is silenced in many HNSCC cell lines, whereas 

patient tumors show considerable expression. 

7.1 Many HNSCC cell lines show loss of protein expression of RIP3. 

The observation that MOC1 clones lacking functional RIP3 protein show necroptosis 

resistance led us to test whether RIP3 levels determine necroptosis sensitivity in other 

HNSCC cell lines. To test that, we took a panel of 5 CASP8 WT and 4 CASP8 mutant 

HNSCC cell lines in which we evaluated the baseline expression for key necroptosis 

proteins by Western blotting (Figure-32).  

 

Figure-32: Many HNSCC cell lines show loss of protein expression of RIP3. Cell 
lysates obtained from a panel of 5 CASP8WT and 4 CASP8mutant human-derived 
HNSCC cell lines were subjected to Western blot analysis for Caspase-8 and key 
necroptosis markers. β-Actin was used as loading control. 

 

Among the cell lines tested, only two CASP8WT cell lines, namely UMSCC-17A and 

UMSCC-25 and one CASP8 mutant cell line, namely HN30 showed considerable RIP3 
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levels. RIP3 expression was lost in the rest of the cell lines, indicating that silencing of 

RIP3 might be common mechanism to evade necroptosis in HNSCCs.  

7.2 Loss of RIP3 is associated with unresponsiveness to necroptotic stimuli in 

HNSCCs. 

In an effort to understand if RIP3 levels correlate with necroptosis sensitivity in 

HNSCCs,  we measured inducibility of necroptotic death in those cell lines (Figure-33). 

 

Figure-33: Loss of RIP3 is associated with unresponsiveness to necroptotic 
stimuli in HNSCCs. A panel of 9 human-derived HNSCC cell lines, 5 CASP8WT 
(Detroit-562, FADU, JHU-011, UMSCC-17A and UMSCC-25) and 4 CASP8 mutant 
(HN30, HN31, TR146 and UMSCC-1) were treated with Birinapant (B [1µmol/L]), zVAD-
FMK (Z [5µmol/L]), Necrostatin-1s (N [10µmol/L]) or the combinations. 24 hour after 
treatments, cell viability was assessed by CellTiter Glo. Values normalized to 
nontreated cells from the same experiment to calculate % cell density. All treatments 
were carried out in triplicates. Student t test was used for statistics. *, P<0.05; **, 
P<0.001 for the indicated pairwise comparisons. 
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Consistent with our previous findings, across all the cell lines tested only the 3 cell lines 

that demonstrated considerable baseline protein levels of RIP3, the CASP8WT 

UMSCC-17A and UMSCC-25 cell lines and the CASP8 mutant HN30 cell line, showed 

sensitivity to Birinapant plus zVAD-FMK which was reversed by Necrostatin-1s, 

indicating that loss of RIP3 might render HNSCCs refractory to necroptotic stimuli.  

7.3 RIP3 is silenced in many HNSCC cell lines, whereas patient tumors show 

considerable mRNA expression of RIP3. 

We next evaluated RIP3 gene expression in HNSCC cell lines by using RNA 

sequencing (Figure-34A). Interestingly, mRNA expression of RIP3 correlated with RIP3 

protein levels in cell lines, and majority of the cell lines demonstrated low RIP3 

expression, suggesting that many HNSCC cell lines may be resistant to necroptosis, 

due to low levels of RIP3.  

 

Figure-34: RIP3 is silenced in many HNSCC cell lines, whereas patient tumors 
show considerable mRNA expression of RIP3. A. Scatter plot shows gene 
expression for RIP3 in a panel of 80 human-derived HNSCC cell lines. Mean values are 
shown by the bar. Cell lines used for the Western Blot analysis were highlighted. B. 
RIP3 gene expression in TCGA HPV-negative oral cancer (OC) samples. Mean values 
are shown by the bar. 
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Given our interest in the use of necroptosis as a therapeutic target in HNSCCs, we 

assessed RIP3 gene expression in HNSCC tumors using the publicly available The 

Cancer Genome Atlas (TCGA) HNSCC dataset (Figure-34B). Analysis of TCGA tumors 

confirmed high levels of RIP3 in most tumors, providing justification for therapeutic use 

of necroptosis in HNSCC. We hypothesize that the loss of RIP3 expression in many cell 

lines may be due to promoter DNA methylation that occurs in vitro (358, 359).  
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COMBINATION WITH SMAC MIMETIC 

TREATMENT SENSITIZES HNSCC TO 

RADIATION 

 

 

 

 

 

 

 

 



	 107	

CHAPTER-8: Loss of Caspase-8 in combination with SMAC mimetic 

treatment sensitizes HNSCC to radiation. 

8.1 Loss of Caspase-8 increases sensitivity to single agent Birinapant and 

Birinapant plus radiation in vivo, improving survival outcomes. 

On the basis of our in vitro observations that loss of CASP8 increases Birinapant 

sensitivity and enhances the radiosensitizing effects of Birinapant in MOC1 cells, we 

sought to assess the therapeutic efficacy of Birinapant alone or in combination with 

radiation in the absence or presence of CASP8 knockdown using the syngeneic MOC1 

model in vivo. To test this, we generated a MOC1 cell subline transduced with a 

doxycycline-inducible lentiviral CASP8 shRNA vector (343). Treatment of the CASP8 

shRNA-MOC1 cells with doxycycline, but not vehicle control, led to efficient knockdown 

of CASP8 in vitro (Figure-35).   

  
 
Figure-35: Validation of in vitro Caspase-8 knockdown using Tetracycline-
Regulated Inducible RNA interference (RNAi) system. MOC1 cells were transduced 
with lentiviral constructs designed against Luciferase (shLUC) or CASP8 (shCASP8) 
(343). The engineered shLUC and shCASP8 cells were cultured in the absence or 
presence of Doxycycline (50ng/ml). 72 hours after treatment, cells were passaged and 
cell lysates were obtained. This cycle was repeated 3 times. Cell lysates obtained from 
each cycle along with that from MOC1 parental cells were subjected to WB analysis for 
Caspase-8 . β-Actin was used as loading control. 
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The CASP8 shRNA-MOC1 cells were injected subcutaneously into the upper leg of 

syngeneic C57BL/6 mice and knockdown of CASP8 was achieved in vivo by feeding the 

animals doxycycline containing food or matching control diet throughout the study 

(Figure-36). 

  
 
Figure-36: Validation of in vivo Caspase-8 knockdown using Tetracycline-
Regulated Inducible RNA interference (RNAi) system. 2 × 106 MOC1 cells 
transduced with an inducible shRNA against Caspase-8 were injected into the right 
flank of WT female C57BL/6 mice obtained from Envigo/Harlan Labs in the presence of 
Matrigel (Corning). 3 days after inoculation, mice were randomized and placed on 
control (Global 18% Protein Rodent Diet) or DOX diet (doxycycline hyclate added at 625 
mg/kg) obtained from Envigo to induce knockdown of Caspase-8 in vivo. Tumor 
samples were collected from a subset of control (#664, #690) and shCASP8 mice 
(#366, #710) that were not recruited in the drug treatment study. These tumor samples 
were minced and cultured in medium for 48 hours. Cells shed from the tumors that have 
attached to culture dishes were collected, lysed and subjected to WB analysis for 
Caspase-8. β-Actin was used as loading control. 

 
Mouse cohorts with control and CASP8 knockdown MOC1 flank tumors were treated 

with Birinapant (15mg/kg intraperitoneally) every 3 days for 4 weeks, radiation (2 Gy) 

daily Monday to Friday for 1 week, or the combination when the tumors reached 150 

mm3 (335). The schema of in vivo treatments is included in the Materials and Methods 
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section. Treatment with radiation alone significantly inhibited in vivo tumor growth 

(Figure-37, Table-6) and improved survival (Figure-38, Table-7) in both the control and 

CASP8 knockdown animal cohorts. 

 

Figure-37: Loss of Caspase-8 increases sensitivity to single agent Birinapant and 
Birinapant plus radiation in vivo. 2 × 106 MOC1 cells transduced with an inducible 
shRNA against Caspase-8 were injected into the right flank of WT female C57BL/6 
mice. Mice were randomized and placed on control or DOX diet (doxycycline hyclate 
added at 625 mg/kg) 3 days post injection to induce knockdown (KD) of Caspase-8 in 
vivo (Please refer to Figure-36 for the WB images). Control and Caspase-8 KD mice 
were randomized into 4 treatment groups (vehicle control, 15mg/kg Birinapant, 5X2Gy 
radiation or combination, n=7-10/each) 27 days post inoculation when the average 
tumor volume reached ~150 mm3. Solid and dashed lines were used to represent 
control and Caspase-8 KD mice respectively for the indicated treatment groups. 
Radiation (X) started on Day 27: 2Gy of radiation given Monday to Friday for 1 week 
(Solid and dashed blue lines). Birinapant (B) started on Day 27: 15mg/kg Birinapant 
given intraperitoneally every 3 days for 4 weeks (Solid and dashed red lines). Black and 
green lines show vehicle control (NT) and combo (X+B) groups respectively. A more 
detailed treatment schema is available in the Materials and Methods section. Error bars 
represent standard deviation. 2-way ANOVA was used for statistical analysis. *p < 0.05, 
**p < 0.001 for the indicated pairwise comparisons. 
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Figure-38: Enhancement of in vivo sensitivity to single agent Birinapant and 
Birinapant plus radiation observed under Caspase-8 knockdown is associated 
with improved survival outcomes in mice. Kaplan-Meier survival curves representing 
each treatment group. Log-rank (Mantel-Cox) test was used for statistical analysis. *p < 
0.05, **p < 0.001 for the indicated pairwise comparisons. 

 
 
However, single agent Birinapant proved effective in delaying tumor growth only when 

combined with CASP8 knockdown (Figure-37, Table-6), a phenomenon which was 

accompanied by a significant survival benefit (Figure-38, Table-7). The radiation plus 

Birinapant combination further reduced in vivo tumor growth (Figure-37, Table-6),  and 

provided survival benefit in both the control and CASP8 knockdown animal cohorts 

(Figure-38, Table-7). However, mice bearing CASP8 knockdown MOC1 tumors 

demonstrated a significant increase in tumor growth delay (Figure-37, Table-6), and a 

significantly improved survival (Figure-38, Table-7) when compared to those bearing 

matching control tumors. 
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Table-6: p values for key pairwise comparisons in tumor growth analysis 

 

Table-7: p values for key pairwise comparisons in survival analysis 

Taken together, our results suggest that loss of CASP8 sensitizes HNSCCs to 

Birinapant and potentiates its radiosensitizing effects in vivo.  
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CHAPTER-9: Pharmacological inhibition of Caspase-8 sensitizes 

HNSCC to the SMAC mimetic radiation combination 

9.1  Chemical inhibition of Caspase-8 with emricasan sensitizes HNSCCs to 

radiation killing by Birinapant through induction of necroptosis 

Since only a subset of HNSCC contain inactivation of CASP8 by mutation, we sought to 

determine whether chemical inhibition of CASP8 could mimic knockdown of CASP8 for 

necroptotic radiosensitization. emricasan (IDN-655) is a potent pan-caspase inhibitor 

that was found to be clinically well-tolerated when it was tested to reduce liver toxicity in 

patients with chronic liver diseases (360). To test our hypothesis, we treated UMSCC-

17A and MOC1 parental cell lines with increasing doses of radiation in combination with 

Birinapant and/or emricasan in the absence or presence of Necrostatin-1s, after which 

we assessed cell viability by CellTiter-Glo (Figure-39). We found that emricasan 

enhanced the sensitivity of CASP8 WT UMSCC-17A and MOC1 cells to the radiation 

Birinapant combination in vitro. The increase in radiosensitizing effects of Birinapant 

achieved with the chemical (pharmacological) inhibition of Caspase-8 was reversed by 

the RIP1 inhibitor Necrostatin-1s, indicating that induction of necroptotic cell death was 

the underlying mechanism for radiosensitization.  
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Figure-39: Chemical inhibition of Caspase-8 with emricasan sensitizes HNSCCs 
to radiation killing by Birinapant through induction of necroptosis. UMSCC-17A 
and MOC1 parental cells were treated with radiation (X [2, 4 and 6 Gy]), Birinapant (B 
[50nmol/L for the UMSCC-17A cells; 250nmol/L for the MOC1 cells]), emricasan (E 
[1µmol/L for both the cell lines]), Necrostatin-1s (N [10µmol/L for both the cell lines]) or 
the combinations as indicated for 24 hours. Cell viability was assessed using CellTiter-
Glo. Values normalized to nontreated cells from the same experiment to calculate % cell 
density. All treatments were carried out in triplicates. Student t test was used for 
statistics. *, P<0.05; **, P<0.001 for the indicated pairwise comparisons. 

 

9.2  Chemical inhibition of Caspase-8 with emricasan potentiates reduction in 

clonogenic survival induced by Birinapant and radiation in HNSCCs. 

To corroborate our findings, we performed clonogenic survival assay following treatment 

of UMSCC-17A and MOC1 parental cells with radiation in combination with Birinapant 

and emricasan in the absence or presence, Necrostatin-1s as detailed above (Figure-

40).  
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Figure-40: Chemical inhibition of Caspase-8 with emricasan potentiates reduction 
in clonogenic survival induced by Birinapant and radiation in HNSCCs. UMSCC-
17A and MOC1 parental cells were treated with radiation (X [2, 4 and 6 Gy]), Birinapant 
(B [25nmol/L for the UMSCC-17A cells; 125nmol/L for the MOC1 cells]), emricasan (E 
[1µmol/L for both the cell lines]), Necrostatin-1s (N [10µmol/L for both the cell lines]) or 
the combinations as indicated for 24 hours. Representative images of clonogenic 
survival assays for the X(6Gy) conditions. 24 hour after treatments drug dilutions were 
washed out, colonies were allowed to form for 5-12 days, after which they were stained 
and counted. Surviving colony counts were normalized to nontreated cells (cells treated 
with no drugs) of each radiation dose from the same experiment. log10 of surviving 
fractions were plotted. All treatments were carried out in triplicates. Student t test was 
used for statistics. *, P<0.05; when comparing X+B to X alone for the indicated radiation 
dose. ǂ, P<0.05 and ǂǂ, P<0.001; when comparing X+B+E to X alone for the indicated 
radiation doses. ƞ, P<0.05 and ƞƞ, P<0.001; when comparing X+B+E to X+B+E+N for 
the indicated radiation doses.  
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Chemical inhibition of CASP8 with emricasan potentiated radiation killing by Birinapant 

in both the UMSCC-17A and MOC1 cell lines through induction of necroptosis. Taken 

together, our results suggest that targeting the necroptosis pathway through 

pharmacological inhibition of CASP8 (with a clinically well-tolerated caspase inhibitor 

like emricasan) could be a viable therapeutic strategy to radiosensitize HNSCCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 117	

 

 

 

 

 

 

 

 

CHAPTER-X: DISCUSSION 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 



	 118	

CHAPTER-10: DISCUSSION 

	

In this study, we found that CASP8 status regulates necroptotic death in HNSCC, and 

SMAC mimetic treatment may be useful to exploit this pathway for therapeutic benefit. 

SMAC mimetics have shown therapeutic potential in a variety of cancers, including 

HNSCC, through induction of cancer cell death directly or via synergistic interaction with 

other cytotoxic therapies such as chemotherapy, radiotherapy or immunotherapies (218, 

329–334). Previous studies of HNSCC have reported that SMAC mimetics, including 

Birinapant, might synergize with radiation to delay tumor growth in various xenograft 

models (335–337). We show for the first time that inhibition of CASP8 function can lead 

to enhanced radiosensitization by Birinapant through induction of necroptotic death 

(Chapter-5; Figures 23-26). Since CASP8 mutant HNSCCs might be more 

radioresistant than their WT counterparts (Chapter-3; Figure-16), combining SMAC 

mimetics with radiation is a potentially promising therapeutic strategy to improve 

radiation response in HNSCCs with compromised CASP8 status, and this combination 

should be further investigated in future studies.  

While previous reports have demonstrated that SMAC mimetics alone or in combination 

with radiation can suppress tumor cell growth in CASP8 WT HNSCC through induction 

of apoptosis (335, 337) we did not identify a large apoptotic component in most of the 

cell lines we analyzed. Rather, the apoptotic inhibitor zVAD-FMK enhanced cell death in 

our studies. This discrepancy may be due to the use of different HNSCC cell lines that 

reflect the genomic diversity of HNSCC. However, it may also indicate the broad 

therapeutic potential of these treatment combinations. It is likely that many HNSCC may 
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be sensitive to some type of cell death induced by a SMAC mimetic alone or in 

combination with radiation. The CASP8 status and other genomic alterations 

(FADD/BIRC2/BIRC3 amplification, RIP3 expression) may determine whether the death 

is necroptotic or apoptotic, but many genotypes will be sensitive. Additionally, we found 

that the mode of cell death for CASP8 WT cells can be pushed toward necroptosis by 

adding treatment with a caspase inhibitor, such as emricasan. The ability to tailor the 

mode of cell death could facilitate therapeutic synergy with other treatment agents, 

including immunotherapy. 

Immunotherapy is an exciting new treatment modality for HNSCC and many other tumor 

types, however, only a minority of patients respond. Some tumors seems to have an 

immunologically cold microenvironment that prevents an immunologic response (361). It 

has been argued, and recently demonstrated (362) that activation of necroptotic death 

can potentiate antitumor immunity. Rapid permeabilization of cellular membranes is the 

underlying mechanism for necroptosis, a phenomenon that is characterized by the 

release of cytoplasmic cellular content into the extracellular space leading to exposure 

of damage-associated molecular patterns (DAMPs) such as Calreticulin (CRT), ATP 

and High mobility group box-1 protein (HMGB1) as well as cytokines and chemokines. 

Release of these molecules as part of necroptotic cell death mechanism underlies the 

immunogenic nature of necroptosis, which could be detrimental to healthy tissues but 

may be useful as a treatment for cancer through induction of secondary anti-tumor 

immune responses (368). DAMPs, when released from the dying tumor cells (e.g. cells 

that have undergone necroptosis) attract antigen presenting cells (APCs; e.g. dendritic 

cells and macrophages) in the tumor microenvironment and induce APC maturation 
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through engagement with their surface Pattern Recognition Receptors (PRRs; e.g.	Low 

density lipoprotein receptor-related protein-1 [LRP-1, which recognizes CRT], 

Purinergic Receptor P2X7 [P2RX7, which recognizes ATP]  and  Toll-like receptor-4 

[TLR4, which recognizes HMGB1]), leading to their activation and induction of anti-

tumor immune responses (369). Consistent with this, in a study by Aaes et. al., 

inducible expression of Rip3 triggered necroptosis in a CT26 murine-derived colorectal 

carcinoma cell line, a phenomenon that was accompanied by release of ATP and 

HMGB1 from the dying tumor cells in vitro (370). In co-culture conditions, release of 

these DAMPs from the dying tumor cells stimulated in vitro maturation of bone marrow-

derived dendritic cells (DCs). When necroptotic cells were used in a tumor vaccination 

model in immunocompetent BALB/c mice, they prevented tumor growth in vivo, a 

phenomenon that was associated with enhanced cross-priming, proliferation and IFN-γ 

production of CD8+ T cells obtained from the draining inguinal lymph nodes of mice 

(370). Moreover, cells that undergo necroptosis can release pro-inflammatory cytokines 

such as IL-1α  and IL-6 (369). In a study by Schmidt et. al., treatment of the C4-I 

human-derived cervical carcinoma cell line with a double-stranded RNA (dsRNA) 

analog, Polyinosinic-polycytidylic acid (poly(I:C)) induced necroptosis and RIP3-

dependent IL-1α release from the dying tumor cells in vitro. Intriguingly, release of IL-1α 

from the necroptotic C4-I tumor cells was associated with enhanced IL-12 production by 

DCs in co-culture conditions (371). Taken together, these results highlight the 

immunogenic potential of necroptosis. It is, therefore, attractive to speculate that the 

treatments we have investigated could enhance responses to immunotherapy by 

inducing an immunogenic necroptotic death, a concept that is to be tested in future 
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studies using the syngeneic mouse oral cancer (MOC1) model. In light of the literature 

and our findings discussed in the previous chapters of this thesis, we hypothesize that 

inhibition and/or loss of CASP8 sensitizes HNSCCs to SMAC mimetic- or SMAC 

mimetic plus radiation-induced necroptosis leading to enhanced anti-tumor immune 

response in vivo (through mechanisms discussed above), characterized by enhanced 

APC maturation and cross-priming, proliferation and inflammatory cytokine production 

by cytotoxic CD8+ T cells, immunological events that predispose HNSCCs to 

immunotherapy such as immune checkpoint blockade (e.g. PD1 inhibitors such as 

nivolumab and pembrolizumab). 

Caspase inhibition has generally not been thought of as a useful therapeutic approach 

for cancer because the goal is to promote cell death rather than block it. However, a 

previous report showed that the caspase inhibitor emricasan renders clinically relevant 

models of acute myeloid leukemia (AML) susceptible to Birinapant induced necroptosis 

in vitro and in vivo (363). In our study, emricasan significantly enhanced the 

radiosensitizing effects of Birinapant in two preclinical models of HNSCC, through 

induction of necroptosis (Chapter-9; Figures 39-40). Emricasan is well tolerated in 

patients and is being tested in humans for the treatment of liver diseases characterized 

by hepatic inflammation and fibrosis (364). It is interesting to propose the combination of 

Birinapant (or other SMAC mimetics such as ASTX660 or LCL161) and radiation with 

emricasan to inhibit apoptotic death but promote necroptotic death, thereby using 

caspase inhibition for cancer therapy. 

Presence of RIP3 has been shown to be pivotal in determining the sensitivity of a 

variety of cancer types to necroptosis (356). In that study, the cancer cell lines that 
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showed lack of RIP3 expression were found to be resistant to the combination of TNFα, 

zVAD-FMK and the SMAC mimetic SM-164. Similarly, in another study where 8 colon 

cancer cell lines were tested for sensitivity to a TNFα, SMAC mimetic and zVAD-FMK 

combination, only those that were devoid of RIP3 at the mRNA and protein levels failed 

to undergo necroptosis (365). Consistent with these results, our data suggest that RIP3 

loss can be an underlying mechanism by which HNSCCs become resistant to 

necroptotic death stimulated with Birinapant and zVAD-FMK (Chapter-6; Figures 27-

31). Loss of protein expression of RIP3 in necroptosis-resistant HNSCCs coincided with 

low mRNA levels of Rip3 (Chapter-7; Figures 32-34), indicating a likely transcriptional 

regulation of RIP3. Intriguingly, in a study where mechanisms of RIP3 loss were 

investigated in various cancer cell lines, treatment of RIP3 lacking cells with the 

hypomethylating agent 5-aza-2′-deoxycytidine but not the proteosome inhibitor MG132 

restored RIP3 expression. Further analyses conducted by the authors revealed that 

RIP3 loss in those cells was associated with methylation of 4 CpG islands located 

downstream of the transcription start site (TSS) of Rip3 (358). Therefore, it is likely that 

DNA methylation is the underlying mechanism for loss of RIP3 in the preclinical models 

of HNSCC that we employed in our studies. Since cell lines grown in 2D culture are 

prone to increased DNA methylation (359) we evaluated RIP3 gene expression in 

HNSCC tumors using TCGA HNSCC dataset (Chapter-7; Figure-34). Analysis of 

TCGA tumors revealed that patient tumors show high levels of Rip3, providing 

justification for exploitation of necroptosis therapeutically in HNSCC, and suggesting 

that the silencing of RIP3 in some cell lines may be an artifact of 2D culture. 



	 123	

In conclusion, here we demonstrate that inhibition of CASP8 function enhances 

sensitivity of HNSCCs to Birinapant and Birinapant plus radiation through induction of 

necroptosis in vitro and in vivo, on the condition that RIP3 function is maintained. These 

results provide a strong clinical relevance for the combination of SMAC mimetics like 

Birinapant and radiation in CASP8 mutant HNSCCs, a therapeutic approach that might 

potentially be effective even in CASP8 wild-type patients with the use of a clinically 

tolerable caspase inhibitor, such as emricasan. Further studies to identify optimal and 

effective combination dose of emricasan with Birinapant and/or radiation in vivo are 

warranted as are combinations with immunotherapy. 
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