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Abstract 
 Cell death induced in response to ER stress, particularly in response to classical 

ER stress-inducing agents thapsigargin, brefeldin A and tunicamycin, has been shown 

to be dependent on the ER stress-dependent upregulation of the death receptor TRAIL-

R2 (DR5) (Lu et al., 2014). ER stress responses have additionally been associated with 

cytokine production and tumour-associated inflammatory responses. Here we show that 

ER stress-induced DR5 upregulation contributes to death receptor-dependent 

inflammatory gene activation and ultimately cytokine production. CRISPR-mediated 

ablation of the ER stress-associated transcription factor CHOP, death receptors TRAIL-

R1 (DR4) and DR5 and death receptor-associated molecule FADD afforded protection 

from ER stress-associated cytokine production. Overall, these data suggest that TRAIL-

R signalling may play a previously unappreciated role in solid tumour-associated, ER 

stress driven tumour inflammation, immune cell recruitment, angiogenesis and 

metastasis.     

Microtubule disruptors paclitaxel (Taxol) and docetaxel (Taxotere) are widely 

used chemotherapeutic agents that kill rapidly replicating tumour cells. However, these 

agents also trigger NFB activation and have been associated with metastasis and 

tumour progression. How these taxanes promote NFB activation and concurrent 

cytokine production is unknown. Here we implicate an ER stress-associated, TRAIL 

death receptor-dependent signalling pathway in the induction of inflammatory signalling 

in response to these agents. More precisely, we show that paclitaxel and docetaxel 

induce and ER stress response, which ultimately promotes a CHOP-dependent 

upregulation of the death receptor DR5. Taxane-induced cytokines are dependent on 

TRAIL death receptors and downstream death receptor-associated signalling molecules 

FADD and caspase-8. CRISPR-mediated ablation of the aforementioned molecules 

(CHOP, DR4, DR5, FADD and caspase-8) in HeLa cells afforded protection from taxane-

induced cytokine production. Collectively, these data suggest that death receptor-

induced inflammatory signatures may contribute to previously observed taxane-

associated tumour metastasis and tumour progression.              
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Introduction 

1.1 TRAIL Signalling 

1.1.1 A History  

The tumour necrosis factor receptor (TNFR) family of cell surface receptors have 

been shown over the past two decades to induce inflammation, cellular proliferation, 

survival, differentiation or apoptosis - playing diverse roles in regulating functions such 

as inflammation, haematopoiesis, morphogenesis, immune signalling, tumorigenesis 

and viral replication (Aggarwal, 2003). In 1975, TNF, the first of a subset of TNF family 

members termed “death ligands”, was shown to have the ability to kill some endotoxin-

induced cancers selectively (Carswell et al., 1975). However, it was quickly realised that 

the main function of TNF signalling is to promote inflammation – a property which was 

found to be responsible for the severe toxicity of this cytokine when introduced 

systemically (Roberts et al., 2011, Tracey et al., 1988, Tracey et al., 1987, Kettelhut et 

al., 1987). Interest then quickly turned to an additional death-inducing pathway: that of 

Fas/APO-1 which was found in a study aimed at characterising cell surface molecules 

involved in the control of the growth of malignant lymphocytes (Trauth et al., 1989). 

Monoclonal antibodies were raised against a human B lymphoblast cell line and 

subsequently tested against several malignant cell lines, including some patient derived 

leukaemic cells. Anti-Fas was found to induce apoptosis, or programmed cell death, in 

cell lines and xenotransplanted mice. A seminal study in the same year further 

characterised Fas as a target, with the introduction of a second anti-Fas antibody 

(Yonehara et al., 1989). However, anti-Fas antibodies were soon realised to cause 

apoptosis of primary human hepatocytes and to be lethal in mice due to an observed 

hepatotoxicity, as well as causing damage to the thymus and spleen (Ni et al., 1994, 

Ogasawara et al., 1993, Nishimura et al., 1997). 

Finally in 1995, two decades after the first description of TNF, TNF-related 

apoptosis inducing ligand (TRAIL) was identified due to its 65% sequence homology to 

Fas ligand (Wiley et al., 1995). Wiley et al. showed that TRAIL, in contrast to other death 

ligands, is widely expressed in a range of tissues. Subsequent functional studies 

demonstrated the ligands ability to selectively kill an assortment of cancer cells, with 

most untransformed lines being resistant (Walczak et al., 1999, Jo et al., 2000, El-Deiry, 

2001). Additionally, and importantly, TRAIL exhibited potent anticancer activity without 

the significant toxicity in normal tissues previously associated with CD95 and TNF 

therapies (Ashkenazi et al., 1999).  
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1.1.2 Apoptotic Signalling Pathways 

Apoptosis is a form of death which allows for cells to be effectively removed when 

damaged or sufficiently aged, while minimising damage to surrounding cells. Apoptotic 

cells are morphologically very distinct, displaying cell shrinkage, rapid condensation and 

fragmentation of chromatin and budding of apoptotic bodies which contain cellular 

material from the cell surface. Ultimately, these cells are recognised and ingested by 

phagocytes (Arends and Wyllie, 1991, Kerr et al., 1994).  

Three alternative signalling pathways signal apoptosis in mammalian cells – the 

cell extrinsic, cell intrinsic and granzyme B pathways (Bratton et al., 2000, Taylor et al., 

2008). The intrinsic pathway is triggered in response to DNA damage, UV radiation and 

other types of cell stress which initiate mitochondrial outer membrane permeabilisation 

(MOMP) (Norbury and Hickson, 2001). Channel formation promoted by pro-apoptotic 

members of the Bcl-2 family (Bax and Bak) allows for release of cytochrome c (along 

with other factors) from the space between the inner and outer membranes of the 

mitochondria. Conversely, antiapoptotic Bcl-2 family members such as Bcl-2, Bcl-xL and 

Mcl-1 prevent channel formation (Cande et al., 2002, Cory and Adams, 2002). Upon its 

release cytochrome c binds to Apaf-1, ATP and procaspase-9 in the cytoplasm, forming 

the ‘apoptosome’, leading to proteolytic activation of procaspase-9 (Cain et al., 1999, 

Zou et al., 1999). Caspase-9 cleaves and activates ‘effector caspases’, initiating a 

cascade of caspase cleavages - caspase-3, -6 and -7 being important effectors (Taylor 

et al., 2008, Slee et al., 1999). SMAC/DIABLO, another factor released during MOMP, 

promotes apoptosis by binding to and inactivating inhibitor of apoptosis (IAP) proteins, 

thereby preventing them from attenuating caspase activation (Du et al., 2000, Verhagen 

et al., 2000). Activated caspase-3 has been shown to proteolytically cleave over 1000 

intracellular substrates, ultimately leading to the phenotypical characteristics of 

programmed cell death. Poly (ADP) ribose polymerase (PARP), cytokeratins and 

laminins are examples, though there is a range of both structural and regulatory proteins 

on the list (Nicholson, 1999, Taylor et al., 2008). (Figure 1.1). 

The extrinsic pathway involves death receptor engagement and subsequent 

propagation of proapoptotic signals intracellularly. TRAIL is a type II transmembrane 

protein which signals via distinct receptors (Pitti et al., 1996, Wiley et al., 1995). It can 

be cleaved from the cell surface via its extracellular domain, then forming homotrimers 

that can recruit and bind to similarly complexed receptors on cellular membranes, 

(Hymowitz et al., 1999, Mongkolsapaya et al., 1999, Monleon et al., 2001). Currently, 

five concurrent receptors have been identified for TRAIL. Death receptor 4 (DR4)/TRAIL-

R1 and death receptor 5 (DR5)/TRAIL-R2 are two homologous death receptors which 

contain intracellular death domains (DD) and signal apoptosis (Pan et al., 1997, 
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Sheridan et al., 1997, Walczak et al., 1997). Two decoy receptors (DcR) –  DcR1 and 

DcR2, have been shown to bind TRAIL extracellularly but are unable to transduce 

signalling intracellularly. DcR1 lacks a cytosolic region and is anchored to the plasma 

membrane through a glycophospholipid moiety, while DcR2 contains a truncated and 

non-functional DD (Sheridan et al., 1997, Degli-Esposti et al., 1997, Marsters et al., 

1997). Osteoprotegrin (OPG) is an additional receptor which has been shown to bind 

TRAIL, though the function of this interaction is not fully understood (Emery et al., 1998). 

 

1.1.3 Death Receptor-Induced Cell Death 

Trimerised receptor complexes have been shown to induce programmed cell 

death most aggressively (Hymowitz et al., 1999), inducing apoptotic signalling by 

facilitating a conformational change and the oligomerisation of intracellular DDs 

(Hymowitz et al., 1999). Trimerised receptor DDs recruit the adaptor molecular Fas 

associated death domain (FADD) via homotypic interactions with a similar DD in FADD 

(Jeong et al., 1999). FADD binds to caspases-8 (and to some extent caspase-10) via it’s 

death effector domain (DED), allowing for clustering and trans-cleavage and 

autoactivation of these ‘initiator caspases’ by induced proximity (Cohen, 1997, 

Thornberry and Lazebnik, 1998, Carrington et al., 2006). This complex has been named 

the death-inducing signalling complex (DISC). Signalling mechanisms downstream of 

caspase-8 differ in mammalian cells depending on the cellular abundance of this 

caspase. In type II cells, where abundance of caspase-8 is relatively low and that of the 

caspase-3 inhibitor XIAP is high, it appears that there is not sufficient proteolytic 

presence to adequately cleave and activate downstream effector caspases (Cory and 

Adams, 2002). Instead, caspase-8 has been shown to cleave and activate BID, a Bcl-2 

family member with a BH3 only domain which can translocate to mitochondria and allow 

for permeabilisation of the mitochondrial outer membrane and cytochrome c release 

(Cory and Adams, 2002). However, in type I cells, where caspase-8 is more abundant 

and XIAP less abundant, caspase-8 can directly cleave and activate ‘effector’ 

proapoptotic caspases (Muzio et al., 1998). (Figure 1.1)      

 

1.1.4 IAPs As Regulators of Apoptotic Signalling Pathways 

An important modulator of these signalling pathways are IAPs. Their function as 

caspase inhibitors has been well elucidated, though it is clear that they have important 

other functions in inflammation, NFB activation and cancer. (Gyrd-Hansen and Meier, 

2010). The three-main mammalian IAPs – XIAP, cIAP1 and cIAP2 – are homologous, 

containing baculovirus IAP repeat (BIR) domains (Birnbaum et al., 1994), a ubiquitin-

associated domain, a really interesting new gene (RING) domain and a caspase  
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recruitment domain (CARD) (Dueber et al., 2011, Lopez et al.). The ring domain acts as 

an E3-ubiquitin ligase, while the ubiquitin-associated domain allows for binding of poly-

ubiquitin chains. Activation of the CARD domain has been shown to inhibit the E3-ligase 

activity of IAPs (Lopez et al.). Meanwhile, the zinc-binding BIR domains allow for protein-

protein interactions (Birnbaum et al., 1994). Type I BIR domains mediate interactions 

with a range of effectors such as TAB1, TAK1 and TRAF2, in some cases facilitating 

ubiquitination of these molecules. cIAP1 mediated binding and ubiquitination of TRAF2 

has been shown to mediate TRAF2 driven NFB activation. Similarly, cIAP2 and MALT1 

interaction has been shown to stimulate formation of ubiquitin-dependent complexes that 

drive NFB activation. (Samuel et al., 2006, Varfolomeev et al., 2006). Generation of 

K63- and M1-linked ubiquitin chains are particularly important for the formation of 

signalling complexes that promote MAPK and NFB activation. Especially important 

targets are the ubiquitin binding proteins NEMO and TAB2 which are the regulatory 

subunits of IKK and TAK1 kinase complexes respectively (Chen, 2012, Schmukle and 

Walczak, 2012). In the context of TNF signalling cIAPs which are recruited to the 

receptor-associated signalling complex allow for ubiquitination of RIPK1, which 

subsequently conscripts three complexes which function to drive inflammatory signalling 

– the kinase complex (TAK1-TAB2-TAB3), the IKK complex (NEMO-IKKα-IKKβ) and 

finally, the linear ubiquitin chain assembly complex (LUBAC) (Silke, 2011). Type II BIR 

domains containing cleft abundant in hydrophobic residues which allows for 

complimentary binding to IAP binding motifs (IBMs) found in caspases and 

SMAC/DIABLO (Verhagen et al., 2006, Wu et al., 2000). XIAP specifically inhibits 

caspase-3 and -7 by binding directly to the active site of these enzymes, thereby 

preventing substrate entry and inactivating them (Deveraux et al., 1997). Similarly, XIAP 

binds to the dimerization domain of caspase-9, thereby preventing dimerization-induced 

activation of this caspase (Feltham et al., 2011).  

IAPs are frequently seen to be upregulated in malignant tissues and this is often 

associated detrimentally with apoptosis resistance and the proliferation and survival of 

cancers – thus making them a very attractive target for drug development. The most 

widely developed therapeutic strategy to combat this effect are IAP antagonists (Fulda 

and Vucic, 2012). Specifically, mimetics of SMAC (an endogenous IAP antagonist) have 

been shown to directly trigger apoptosis of cancer cells, but also to sensitise cancer cells 

to cell death induced by cytotoxic agents such as conventional chemotherapies 

(LaCasse et al., 0000, Fulda, 2015, Zobel et al., 2006, Li et al., 2004). These antagonists 

bind to the BIR domains of IAPs, allowing for an activating conformational change and 

causing their autoubiquitination and proteosomal degradation (Sun et al., 2008).  



13 | P a g e  
 

The ripoptosome, a caspase-8/FADD/RIPK1 cytoplasmic death-inducing 

complex, assembles spontaneously in response to simultaneous deletion of cIAP1, 

cIAP2 and XIAP, (which occurs in response to genotoxic stress), as well as after 

treatment with SMAC mimetics. Ordinarily upon TNF stimulation, a TNFR1-associated 

complex I containing TRADD, RIPK1, TRAF2/5, LUBAC and IAPs forms, signalling 

canonical NFB activation. Inhibition of RIPK1 ubiquitination (by deletion of IAPs) leads 

to the formation of a cytoplasmic complex II (the ripoptosome) where FADD and 

caspase-8 are recruited to free RIPK1. Ripoptosome formation is negatively regulated 

by IAPs, via targeting of ripoptosome components for proteosomal degradation. SMAC 

mimetic-induced ripoptosome formation can prime cells for cell death (assumedly by 

depleting IAPs). It has been shown that a genotoxic or cell stress-associated second 

stimulus then activates death (Tenev et al., 2011, Feoktistova et al., 2011).  

 

1.1.5 Death Receptor-Induced Inflammation  

Sporadic studies have found that TRAIL stimulation induces activation of NFB 

and signals independently of apoptosis. This is interesting given that NFB activation in 

this context was classically associated with having an anti-apoptotic effect (for example 

via the upregulation of IAPs, Bcl-xL or cFLIP) and inhibition of NFB signalling (by 

overexpression of mutant ) has been shown to increase sensitivity for induction of 

apoptosis (Jeremias et al., 1998, Keane et al., 2000). It is notable however that it has 

been shown in several instances that TRAIL receptor engagement can also result in the 

production of proinflammatory cytokines and chemokines, the importance of which has 

been largely overlooked (Berg et al., 2009). Indeed, TRAIL stimulation has additionally 

been shown to promote cell proliferation, motility and invasion and metastasis in K-Ras 

driven tumours models such as non-small cell lung cancer (NSCLS) and pancreatic 

ductal adenocarcinoma (PDAC) (Hoogwater et al., 2010, von Karstedt et al., Azijli et al., 

2012).  

TRAIL receptors are upregulated in many malignant tissues (Oikonomou et al., 

2009). It seems paradoxical that death receptors are upregulated in cancers if indeed 

their main function is to confer sensitivity to death. A larger role for TRAIL in inflammatory 

signalling than has previously been appreciated may explain this. Indeed, TRAIL 

receptor expression has been, in some cases, associated with driving tumour growth 

(Baader et al., 2005, Siegmund et al., 2016). While it has been clear for some time that 

TRAIL receptor signalling can lead to diverse functions besides from apoptosis, the 

molecular determinants of these signalling pathways have been poorly understood until 

very recently.  
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A seminal paper in 2013 by Cullen et al. showed that engagement of the Fas 

death receptor-induced a plethora of chemokines which included IL-6, IL-8, CXCL1, 

MCP1 and GMCSF. It was elucidated that IL-8 and MCP-1 in particular were important 

for migration of phagocytic cells towards apoptotic cells, serving as what were dubbed 

“find-me” signals. They additionally showed that RIPK1 and IAPs are required for 

chemokine production (Cullen et al., 2013). Interestingly, release of receptor localised 

caspase-8 into cytoplasmic complexes has been shown to be necessary for effective 

apoptosis (Kang et al., 2008). It is interesting to note that levels of Fas stimulation that 

are insufficient to induce killing can still induce NFB, potentially making this a more 

physiologically relevant function of death receptor signalling (O' Reilly et al., 2009).  

Two very recent studies in Molecular Cell have highlighted the similar importance 

of TRAIL-induced inflammation. A study from our group highlighted the role of caspase-

8 as a scaffold, independent of its enzymatic functions, in propagating signals 

downstream of death receptors and FADD (Henry and Martin, 2017). The study showed 

that while caspase-8 knockout or knockdown ablated TRAIL-induced death and 

cytokines, caspase inhibition blocked cell death, but not cytokine production seen in 

response to TRAIL. Indeed, in some cell types, this inhibition increased the production 

of some cytokines. This is likely due to caspase inhibition leading to stabilisation of the 

secondary cytoplasmic signalling complex, which has been previously described in the 

context of both Fas (Geserick et al., 2009) and TRAIL (Varfolomeev et al., 2005). 

Varfolomeev and colleagues observed an initial receptor associated DISC of FADD and 

caspase-8 (complex I) and a secondary cytoplasmic complex which retains FADD and 

caspase-8 but also recruits NFB driving effector molecules such as RIPK1, TRAF2 and 

NEMO (Varfolomeev et al., 2005). Henry et al. additionally proposed the formation of a 

receptor-associated and potentially cytoplasmic “FADDosome” complex containing 

FADD, caspase-8, RIPK1, FLIPL, caspase-10, TRAF2, NEMO and TAK1 (Henry and 

Martin, 2017), a pathway which shows striking similarities to that of TNF-induced 

cytokine and chemokine production (Walczak, 2011). (Figure 1.2) 

Henry et al. additionally showed that TRAIL produces very physiologically 

relevant amounts of chemokines and cytokines that are capable of inducing chemotaxis 

of neutrophils and monocytes (Henry and Martin, 2017). Hartwig et al. similarly showed 

that TRAIL-induced CCL2/MCP-1 was capable of polarising macrophages towards the 

M2 phenotype (Hartwig et al., 2017) which has been shown to promote tumour growth. 

Elucidation of the importance of TRAIL-induced cytokines proposed many 

questions for previous studies and clinical trials which may have underestimated the 

importance of these effects. Additionally, while it is clear that the molecular pathway of  
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TRAIL-induced inflammation has now been described in detail, it is currently unclear in 

what specific contexts TRAIL may promote inflammation and where it may be most 

important physiologically. 

 

1.2 ER Stress 

1.2.1 ER Stress Pathways  

The endoplasmic reticulum (ER) is an essential organelle in eukaryotic cells that 

acts as the site of folding for transmembrane and secreted proteins, with many 

posttranslational modifications such as glycosylation and the formation of disulphide 

bonds being performed within (Araki and Nagata, 2011). The protein folding capacity of 

the ER is plastic and can increase rapidly and transiently in a number of different 

scenarios, including during plasma cell antibody secretion (Ma and Hendershot, 2003). 

Similarly, pathological, physiological and often environmental conditions can alter the 

homeostasis of protein folding in the ER, leading to an accumulation of misfolded 

proteins in the lumen (Walter and Ron, 2011).  Quality control mechanisms ensure that 

misfolded proteins are removed from the ER and that fidelity is maintained (Walter and 

Ron, 2011). The ER-associated degradation (ERAD) pathway, which is dependent on 

E3 ubiquitin ligases and proteosomal degradation, ensures that misfolded proteins are 

removed (Smith et al., 2011).  

The unfolded protein response (UPR) is a collective term used to describe a 

number of signalling pathways that have evolved to detect ER stress and maintain 

homeostasis within the ER. Three sensors, transmembrane proteins in the outer 

membrane of the ER, sense the accumulation of misfolded proteins in the lumen. 

Namely, PKR-like ER kinase (PERK), inositol-requiring enzyme  (IRE1) and 

activating transcription factor  (ATF6 ), are maintained in an inactive, monomeric state 

by the binding immunoglobulin protein (BiP) (Bertolotti et al., 2000a, Shen et al., 2002). 

Increased levels of improperly folded substrates (beyond the capacity of foldases, 

chaperones, glycosylases etc.) leads to sequestration of BIP away from these ER 

sensors, allowing for their oligomerisation, autophosphorylation and activation (Bertolotti 

et al., 2000b, Shen et al., 2002). Activation of these ER stress pathways leads to a 

widespread attenuation of protein synthesis and the upregulation of many genes, 

including those encoding foldases, glycosylases and chaperones - effects which 

collectively attempt to restore the homeostasis of the ER (Figure 1.3). 

PERK homodimerizes and autophosphorylates after BiP dissociation, becoming 

activated (Volmer et al., 2013). PERK attenuates translation directly by phosphorylating 

the eukaryotic translation initiation factor eIF2 thus inactivating the guanine nucleotide  
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exchange factor that recycles it to its active GTP bound form (Harding et al., 1999). 

General translation attenuation selectively promotes the translation of some transcripts 

that contain short upstream open reading frames in the 5’ untranslated regions. The 

bZIP, ER stress-associated activating transcription factor 4 (ATF4) is an example of this 

(Harding et al., 1999). ATF4 promotes the upregulation of an additional transcription 

factor named C/EBP homologous protein (CHOP), though it is notable that xBP1s and 

ATF6 may also upregulate CHOP (B'Chir et al., 2013, Ron and Walter, 2007). These 

transcription factors collectively upregulate genes that are associated with increased 

amino acid biosynthesis and transport, as well an increase in autophagy, of which amino 

acids are a by-product (B'Chir et al., 2013, Han et al., 2013). CHOP induction of the ER 

oxidase 1 (ERO1) promotes oxidative protein folding in an attempt to restore protein 

folding homeostasis (Marciniak et al., 2004). Increased reactive oxygen species (ROS) 

production due to increased disulphide bond formation and increased amino acid 

biosynthesis is combatted by PERK phosphorylation and stabilisation of the transcription 

factor Nrf2 (which mediates an antioxidant response) (Cullinan et al., 2003) and an 

enhanced glutathione synthesis (Rouschop et al., 2013). ATF4 additionally plays a 

cytoprotective role by upregulating genes involved in amino acid biosynthesis and 

transport (Harding et al., 2003). This collective ATF4/CHOP-dependent response has 

been termed the integrated stress response (ISR). 

The ERs second transmembrane sensor, IRE1, contains two functional domains 

– an endoribonuclease domain and a kinase domain. Upon BiP sequestration away from 

the receptor, IRE1 undergoes dimerization and autophosphorylation, which leads to a 

conformational change which in turn allows for allosteric activation of its 

endoribonuclease domain. The main downstream function of IRE1s endoribonuclease 

domain is direct cleavage of a 26-nucleotide fragment from the mRNA of x-box binding 

protein 1 (xBP1) (which is later re-ligated), allowing for the formation of the active 

transcription factor xBP1s (Lu et al., 2014b, Yoshida et al., 2001). xBP1s is a highly 

functioning transcription factor that upregulates genes such as those encoding foldases, 

oxidoreductases, glycosylases and ERAD machinery (Shoulders et al., 2013).  

ATF6 is a type II transmembrane protein with a carboxyl terminal that faces the 

ER lumen, while a bZIP transcription factor is at its amino terminal. In response to ER 

stress, following release from BiP, reduced monomeric ATF6 is transported to the Golgi 

apparatus in COPII coated vesicles (Haze et al., 1999, Yoshida et al., 1998). ATF6 then 

undergoes regulated intramembrane proteolysis by site 1 and site 2 proteases (S1P and 

S2P) (Ye et al., 2000), releasing an active bZIP transcription factor from its amino 

terminal which can then translocate into the nucleus. Active ATF6 upregulates genes 
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encoding foldases and ERAD machinery (Adachi et al., 2008), as well as xBP1 (Yoshida 

et al., 2001).  

 

1.2.2 ER Stress-Induced DR5 Upregulation and Cell Death   

Subsequent to ATF4 upregulation of CHOP, expression of GADD34 (a 

phosphatase subunit) is also induced. GADD34 dephosphorylates eIF2, allowing for 

the resumption of protein synthesis after unfolded proteins have been removed from the 

ER lumen (Marciniak et al., 2004). However, reestablishment of ER homeostasis is not 

always achievable. Chronic activation of ER stress leads to programmed cell death if the 

corrective measures of the UPR are insufficient (Wang and Kaufman, 2014). The 

molecular determinants of this have very recently been elucidated. (Figure 1.4) 

ER stress in some cases correlates with or activates the intrinsic or mitochondrial 

apoptotic pathway. Downregulation of antiapoptotic molecules has been observed in 

several instances of ER stress. For example, Mcl-1 has been shown to be 

downregulated due to the inhibitory effect PERK has on protein synthesis in response to 

2-deoxy-glucose, while Bcl-2 has been shown to be downregulated at the transcriptional 

level by CHOP (McCullough et al., 2001, Ramirez-Peinado et al., 2011). Additionally, 

IRE1-dependent JNK activation has been linked to phosphorylation and inactivation of 

Bcl-2 and Bcl-xL (Fan et al., 2000). BH3-only proteins such as Puma and Noxa also 

appear to be important in some contexts of ER stress-induced cell death, as knock-out 

of the latter desensitises cells to thapsigargin and tunicamycin (Kim et al., 2009, 

Reimertz et al., 2003). Noxa has additionally been shown to be upregulated in response 

to glucose deprivation and ROS dependent ER stress (Ramirez-Peinado et al., 2011, 

Verfaillie et al., 2013). Caspase-9 and caspase-3, but not caspase-8, deficient MEF cells 

are resistant to thapsigargin, tunicamycin and brefeldin A (Masud et al., 2007). CHOP 

has been shown to sensitise cells to ER stress by downregulating antiapoptotic Bcl-2 

family members, causing sensitisation to tunicamycin and thapsigargin (McCullough et 

al., 2001). 

There are also several mitochondrial-independent forms of cell death that occur 

in response to ER stress. While general activation of the ER membrane sensor IRE1 

appears to mediate prosurvival signalling, prolonged engagement can be proapoptotic. 

RIDD of ER associated mRNA and microRNAs is mediated in a sequence specific 

manner via IRE1s cytoplasmic nuclease domain and has been shown to be ultimately 

proapoptotic (Hollien et al., 2009, Lerner et al., 2012, Moore and Hollien, 2015, Hollien 

and Weissman, 2006). IRE1 has been shown to recruit apoptosis signalling kinase 1 

(ASK1), which in turn engages TRAF2 and its downstream target x-Jun N-terminal 

kinase (JNK) which has been shown to induce apoptotic pathways (Urano et al., 2000).  
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IRE1 has also been shown to promote mRNA mediated decay of antiapoptotic proteins 

(Chen and Brandizzi, 2013).  

Extended periods of cellular ER stress has for years been associated with death 

receptor upregulation, with classical ER stress inducing agents such as Tunicamycin 

being shown to increase surface expression of both DR4 and DR5 (Jin et al., 2004). 

While persistent ER stress in response to agents such as thapsigargin, tunicamycin or 

brefeldin A is associated with accumulation of DR5 via PERK-dependent upregulation 

by the transcription factor CHOP and apoptosis induction, regulated IRE1-dependent 

RNA decay (RIDD) has been shown to transiently reduce DR5 mRNA levels (Lu et al., 

2014a). DR5 has additionally been proposed to be upregulated in a PERK-dependent 

but CHOP-independent manner in response to these agents (Martin-Perez et al., 2012). 

DR5 was thus proposed as a molecule of convergence for several ER stress-associated 

signals, acting to control cell fate decisions depending of the context of ER homeostasis. 

In summary, unrelenting ER stress was shown to lead to a ligand-independent activation 

of DR5 signalling, leading to caspase-8-dependent apoptosis (Lu et al., 2014a).  

ER stress has also been linked with a ligand-independent, TNF-R1 mediated, 

induction of necroptosis, a regulated RIPK1/RIPK3 and mixed lineage kinase domain-

like protein (MLKL)-dependent form of necrosis (Saveljeva et al., 2015). Repression of 

TNF-R1, RIPK1 or MLKL led to a switch to apoptosis mediated cell death, while 

concurrent caspase inhibition mediated a switch back to RIPK1 dependent necroptosis 

(Saveljeva et al., 2015). More recently, it has been shown that persistent ER stress can 

lead to death ligand-independent cell death via caspase-8 under conditions of autophagy 

and apoptosis (Tomar et al., 2013). Autophagy is activated in response to ER stress and 

can degrade misfolded proteins, though it also plays an important role in apoptosis. 

Caspase-9, FADD and Atg5 were recruited to the membrane of autophagosomes, 

resulting in a caspase-8 dependent cell death. This phenomenon has been illustrated in 

response to tunicamycin and thapsigargin (Tomar et al., 2013). Additionally, RIPK1 has 

been proposed as an upstream interactor of caspase-8 in a death receptor-independent 

complex which induces apoptosis under unresolved ER stress conditions (Estornes et 

al., 2014). The authors proposed that RIPK1 regulates caspase-8 activity through its 

interaction with IRE1. 

 

1.2.3 ER Stress Inducing Agents 

Classically, three chemical activators have been used in studies of ER stress in 

vitro: Thapsigargin, Tunicamycin and Brefeldin A. 

Thapsigargin, a sesquiterpene lactone isolated from the Thapsia garancia plant, 

was widely used in traditional medicine (Gerard, 1974). Early studies attributed the 
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effects of Thapsia to the organic compounds called sesquiterpenoids, claiming that they 

cause histamine release (Christensen et al., 1997, Rasmussen et al., 1978).  Later 

studies elucidated that Thapsigargin is a specific inhibitor of the  ER Ca2+ ATPases, 

acting to arrest the pump and causing discharge of Ca2+ from the ER into the cytosol of 

cells (Thastrup et al., 1990). It does so irreversibly and very effectively, even at 

subnanomolar concentrations (Sagara and Inesi, 1991). Inhibition in this way ultimately 

causes apoptosis, a characteristic that was quickly exploited for cancer therapy 

(Christensen et al., 1999). Given the lack of cell type specific targeting associated with 

thapsigargin and its analogues, a  prostate cell specific, membrane antigen activated, 

prodrug was developed which took advantage of the expression of prostate specific 

antigen and carboxypeptidase prostate-specific membrane antigen specifically on 

prostate cancer endothelial cells (Denmeade et al., 2012). Mipsagargin (G-202) is 

currently in phase II clinical trials.  

Brefeldin A is a Candida albicans metabolite which was initially isolated for its 

apparent antibiotic properties (Tamura et al., 1968). There appears to be multiple targets 

for this molecule, though the main one seems to be ADP ribosylation factor, a factor 

responsible for the association of coat protein to vesicles trafficking at the golgi 

apparatus (Helms and Rothman, 1992). Brefeldin A reversibly impedes anterograde 

transport from the ER to the golgi, leading to an accumulation of proteins in the ER and 

a blockage in protein secretion (Klausner et al., 1992, Pelham, 1991). Prolonged 

exposure to Brefeldin A induces programmed cell death (Shao et al., 1996).  

Tunicamycin, isolated from Streptomyces lysosuperifcus in 1970, was initially 

observed for its antibiotic properties (Takatsuki and Tamura, 1971). It also selectively 

inhibits glycoprotein component formation in microorganisms, as well as protein 

glycosylation in mammalian cells (Takatsuki et al., 1975, Tkacz and Lampen, 1975, 

Olden et al., 1979)  

 

1.2.4 ER Stress And Inflammation 

It is now well known that ER stress can induce inflammation in a number of 

contexts, including in response to metabolic stress, glucose deprivation and ROS (Kim 

et al., 2015, Zhang and Kaufman, 2008). Malignancy-associated inflammation has 

additionally been associated with being ER stress derived in some cases (Verfaillie et 

al., 2013). Additionally, the ER stress-inducing agent thapsigargin has sporadically been 

associated with having proinflammatory effects, including stimulation of histamine 

release from immune cells, NFB activation and cytokine production (Keestra-Gounder 

et al., 2016, Kim et al., 2012). Also in line with this, treatment of tumour-bearing mice 

with thapsigargin induced ER stress-dependent infiltration of tumour suppressive 
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myeloid derived suppressor cells into the tumour microenvironment (Lee et al., 2014). 

Thus, we wondered whether DR5 upregulation in response to ER stress may be 

causative for cytokine and chemokine production that has sporadically been reported.    

 

1.3 Apoptosis Pathways in Cancer and Chemotherapy 

1.3.1 Apoptosis Pathways, Tumour Resistance and Chemotherapy  

Monoclonal agonistic antibodies against both DR4 and DR5 have showed potent 

tumour killing activity in preclinical in vitro and mouse studies (Chuntharapai et al., 2001, 

Ichikawa et al., 2001). These antibodies were subsequently put through numerous 

clinical trials and while agonistic TRAIL antibodies were well tolerated and widely 

anticipated, they showed disappointing results in clinical trials – both alone and in 

combination with chemotherapeutic drugs (Takeda et al., 0000). While TRAIL is a very 

attractive therapeutic target, a problem remains: many tumours eventually develop 

resistance. Disruption of death receptor signalling pathways has been associated with 

the development of resistance to TRAIL in tumorigenic cells, primarily due to a decrease 

in the expression of or malfunctioning proapoptotic molecules or an increase in the 

expression on anti-apoptotic molecules.  

High expression of TRAIL decoy receptors has been associated with conferring 

resistance, presumably by competing with DR4 and DR5 for TRAIL. DcR1 has been 

shown to be overexpressed in tumours of the gastrointestinal tract in response to 

genotoxic stress, conferring resistance from TRAIL induced-apoptosis (Sheikh et al., 

1999). Both DcR1 and DcR2 are differentially expressed in pancreatic cancer cells in 

comparison to normal pancreatic cells, while DcR1 has been found to be highly 

expressed in leukemic blasts and associated with poor outcome and resistance (Liao et 

al., 2001, Chamuleau et al., 2011).    

c-FLIP is a homologue of procaspase-8 which harbours a non-functional catalytic 

domain, but contains DEDs and is capable of binding to FADD in a similar manner to 

caspase-8 (Irmler et al., 1997). These interactions can prevent proapoptotic signalling 

from propagating downstream of death receptors. It has been proposed that high levels 

of c-FLIPs may contribute to TRAIL resistance by competing with caspase-8 and this 

appears to be the case in several instances (Leverkus et al., 2000, Harper et al., 2001, 

MacFarlane et al., 2002). It is possible that FLIP recruitment determines whether the 

outcome of death receptor engagement is apoptosis or survival. Interestingly, cFLIP has 

also been proposed to inhibit cell death in response to some chemotherapeutics 

(Longley et al., 2006).  

Death receptors are seen to be downregulated or not present in a range of 

resistant types of tumour. Impaired trafficking of DR4 and DR5 from intracellular 



24 | P a g e  
 

compartments to the cell membrane has been associated with TRAIL resistance in colon 

cancer cells (Jin et al., 2004). Both DR4 and DR5 are located on chromosome region 

8q, where loss of heterozygosity is frequently seen in cancers and is often associated 

with aggressive forms of disease (Adams et al., 2005, Yaremko et al., 1996). For 

example, this phenomenon has been attributed to loss of DR4 or DR5 function in studies 

in nasopharygeal, head and neck cancers and non-Hodgkins lymphoma (Ozoren et al., 

2000, Pai et al., 1998, Lee et al., 2001).  

A persistent mechanism that appears to account for the synergistic effect of 

TRAIL and widely used cytotoxic agents is the transcriptional upregulation of TRAIL 

receptors DR4 and/or DR5 (Gibson et al., 2000, Arts et al., 2004, Meng and El-Deiry, 

2001b). Ionising or -irradiation was early on shown to sensitise breast cancer cells to 

TRAIL-induced apoptosis, with the effect being attributed to irradiation-induced 

upregulation of DR5 (Chinnaiyan et al., 2000). An additional study showed a correlation 

between effectiveness of combined therapy with TRAIL and irradiation and cell types 

expressing at least one agonistic TRAIL receptor, FADD and caspase-8 or caspase-10 

(Marini et al., 2003). In human gliomas it has been shown that DNA damaging agents 

such as cisplatin and etoposide upregulate DR5 and that cooperative effects of 

combination therapy can be blocked with DR5-Fc neutralisation of TRAIL or with 

caspase inhibitors (Nagane et al., 2000).  Similarly in resistant colonic carcinoma cells, 

CPT-11 treatment caused a p53-dependent activation of DR5 which reconstituted a 

TRAIL-associated type I apoptotic pathway (Wang and El-Deiry, 2003). It is clear 

however that p53 is not necessary in all cases as the glucocorticoid dexamethasone 

elevated DR5 in glioblastoma, ovarian cancer, and colon cancer cell lines with mutant 

p53. This induction was inhibited by the transcriptional inhibitor actinomycin D (Meng 

and El-Deiry, 2001a). 

One particularly interesting synergy is that of TRAIL and taxanes. Cooperative 

effects have been shown in multiple cell types, including glioblastoma multiforme and 

prostate cancer, with the latter being attributed to an increased expression of DR4 and 

DR5 protein levels (Dorsey et al., 2009, Nimmanapalli et al., 2001). Initial TRAIL therapy 

formulations in combination with paclitaxel were disappointing, however. A phase II 

study combining Dulanermin (a soluble, recombinant TRAIL) and paclitaxel for treatment 

of NSCLC showed that the dual-therapy had no impact on overall survival or progression 

free survival of patients (Soria et al., 2011). The combination of paclitaxel and 

mapatumumab or tigatuzumab, agonistic antibodies against DR4 and DR5 respectively, 

made it as far as Phase II clinical trials in patients with advanced NSCLC (von Pawel et 

al., 2014, Reck et al., 2013). However, neither study elucidated any clinical benefit from 

additive therapies. Min and colleagues in 2015 developed a nanoparticle albumin-bound 
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paclitaxel formulation with TRAIL embedded, an effective method for delivering 

hydrophobic chemotherapeutics (Min et al., 2015). The formulation showed promising 

results in in vitro and in vivo pancreatic cancer models, even in comparison to a 

nanoparticle albumin-bound paclitaxel alone. Following clinical trials, paclitaxel albumin-

stabilised nanoparticle formulation called Abraxane was approved for metastatic 

pancreatic cancer, NSCLC and breast cancer as of September 2013 (Gradishar et al., 

2005). This leaves much hope for the combined formulation.  

It is interesting to note that some chemotherapeutic agents have classically been 

associated with secondary inflammation and NFB activation, ultimately leading to 

tumour metastasis and tumour recurrence (Toste et al., 2016). Cisplatin, paclitaxel, 

doxorubicin and 5’flourouracil are examples of chemotherapeutic agents which have 

been associated with inflammation and ultimate tumour metastasis in a range of different 

cancers (Ohta et al., 2006, Mabuchi et al., 2004, Vyas et al., 2014). Overall low response 

to Paclitaxel, especially in breast cancer patients, limits its clinical use, primarily because 

of recurrence after cessation of therapy (Gradishar et al., 2005). Initial data generated 

by our group (Henry C.M. & Sullivan G. personal communication) elucidated a role for 

DR5 in taxane-induced cytokine production. Here we aimed to elucidate this pathway 

further. 

 

1.3.2 Taxanes  

Taxanes, a class of microtubule disruptor including Paclitaxel, Docetaxel and 

Carbazitaxel have been widely used as a cancer chemotherapeutic since 1993 when 

Paclitaxel was first approved for use in ovarian cancer. They have since been used to 

treat lung, breast, prostate, head and neck and a range of other cancers. In 1971 the 

structure of an extract from the pacific yew tree, Taxus brevifolia (which was then named 

Taxol) was first elucidated following a natural products screening programme carried out 

by the US National Cancer Institute (Wani et al., 1971). The use of plant cell fermentation 

by Bristol-Myers Squib allowed for the more efficient production of Taxol (Paclitaxel) and 

the introduction of a new taxane – Docetaxel – which is produced from the European 

yew, Taxus baccata. Docetaxel went on to become a leading treatment for late stage 

breast cancer following a series of clinical trials (Jones et al., 2005, Nabholtz et al., 

1999). However, it was noted that while Docetaxel showed greater efficacy, Paclitaxel 

showed greater tolerance. This provided a rationale for providing more regular doses 

with the result of a greater overall outcome (Marchetti et al., 2002). Both early taxanes 

have since been shown to also be efficacious in early stage breast cancer (De Laurentiis 

et al., 2008, Ellis et al., 2009). Today Docetaxel (Taxotere) is in many cases the first line 
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treatment for prostate cancer, while Paclitaxel (Taxol) is the first line treatment for 

ovarian cancer. 

It was subsequently shown that Taxol prevented the replication of cancer cells 

by over-stabilising microtubules, thus arresting cells in the G2-M phase of the cell cycle 

due to inhibition of the normal processes of mitosis (Schiff and Horwitz, 1980). 

Preventing the formation of the mitotic spindle and disrupting sister chromosome 

orientation leads to chronic activation of the spindle assembly checkpoint and ultimately 

cell cycle arrest (Kelling et al., 2003, Musacchio and Salmon, 2007). Binding to tubulin, 

taxanes promote the assembly of microtubules by shifting the binding equilibrium of 

tubulin in favour of assembly, thereby reducing disassembly (Schiff et al., 1979, Diaz 

and Andreu, 1993, Diaz et al., 1993). The blockage of mitosis in this way has been shown 

to induce programmed cell death in cancer cells (Martin and Cotter, 1990, Wertz et al., 

2011). 

 

1.4 CRISPR-Mediated Gene Editing  

 Clustered regularly interspaced short palindromic repeats (CRISPR) are 

repetitive regions of prokaryotic genomes, that are found in approximately 40% of 

prokaryotes and almost all archaea. These genomes contain CRISPR arrays - non-

repetitive elements, which have been termed spacers, interspaced by direct repeats 

(Jansen et al., 2002, Kunin et al., 2007). In 2005, three separate groups identified the 

spacers between CRISPR repeats as derived from phage DNA or extrachromosomal 

DNA such as plasmids (Pourcel et al., 2005, Mojica et al., 2005, Bolotin et al., 2005). 

Bolotin et al. hypothesised that the spacer elements are traces of past invasions by 

extrachromosomal elements. These elements serve as a heritable sort of adaptive 

immune system against specific elements in prokaryotes (Morange, 2015). In 2007 this 

idea was illustrated when it was shown that after viral challenge, bacteria integrated new 

spacers derived from phage genomic sequences. Removal or addition of particular 

spacers modified the phage-resistance phenotype (Barrangou et al., 2007a). 

CRISPR-associated (Cas) proteins, which are encoded for by Cas genes which 

flank CRISPR arrays in the genome, are important players in the execution of the three 

steps of CRISPR-derived immunity - acquisition, integration and interference. CRISPR-

Cas systems are classified into “Types” based on the signature genes present. The most 

widely studied is that of Type II CRISPR systems, where Cas9 is the sole CRISPR 

associated nuclease required for interference (Makarova et al., 2011).  

Firstly, integration of short sequences from invading microorganisms are 

incorporated into the genome as spacers. Selection of protospacer sequence from 

invading genomes is dependent on the presence of an adjacent protospacer adjacent 
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motif (PAM) (Mojica et al., 2009). This requirement acts to prevent self-targeting of the 

PAM-free CRISPR loci. In some systems, spacer integration has been show to occur at 

the leading end of CRISPR repeats, causing duplication of the first repeat to maintain 

the repeat-spacer framework (Barrangou et al., 2007b). Secondly, CRISPR loci are 

transcribed and processed to form small guide RNA molecules called CRISPR RNA 

(crRNA). In type II systems, precrRNA which is transcribed from CRISPR arrays, is base 

paired by a trans-activating crRNA (tracrRNA) which has a sequence complimentary to 

the CRISPR repeat sequence (Deltcheva et al., 2011). This complex is stabilised by 

Cas9, allowing RNase III to cleave the precrRNA at the repeat (Garrett et al., 2015). 

Lastly, crRNA serve as templates for interference of target DNA (van der Oost et al.). In 

Steptococcus pyogenes, a commonly studied type II system, trimming by an unknown 

nuclease then occurs to convert a 30 nucleotide sequence to the 20 nucleotide sequence 

that acts as a template for Cas9 (Deltcheva et al., 2011). (Figure 1.5) 

The architecture of Cas9 is separated into two lobes – the nuclease lobe and the 

nucleic acid binding lobe. In its inactive state, Cas9 is restricted and incapable of DNA 

binding. However, it has been shown that upon association with a guide RNA, it 

undergoes a conformational change which allows for interaction with DNA (Jinek et al., 

2014). The nuclease domain contains a C-terminal end which is essential for initial PAM 

binding. In S. pyogenes, the PAM sequence recognised by Cas9 is a 5’-NGG-3’. Upon 

recognition of the PAM, the nucleic acid binding lobe encourages unwinding of target 

DNA in the 3’ direction, beginning at the seed region directly adjacent to the PAM 

(Anders et al., 2014, Sternberg et al., 2014). Two nuclease domains which are orientated 

to span and cleave opposite ends of double-stranded DNA. The RuvC domain is 

positioned to cleave the non-target strand, while the HNH domain is positioned to cleave 

the target strand (Nishimasu et al., 2014). Mismatches outside the seed region are more 

tolerated than those closer to the PAM (Cong et al., 2013). 

Jinek and colleagues engineered a combined single-guide RNA by fusing the 

previously described tracrRNA and crRNA. By manipulating the spacer sequence, they 

could use their fusion in combination with Cas9 to direct targeted cleavage (Jinek et al., 

2012). In 2011, Feng Zhang’s group in the Broad Institute of MIT and Harvard were the 

first to describe the adaptation of CRISPR-Cas9 for genome engineering in mammals. 

They demonstrated targeted cleavage of human genomes using two prepared Cas9 

molecules – from S. pyogenes and S. thermophiles respectively. They showed that Cas9 

could be directed towards genomic loci (Cong et al., 2013). In the same issue of Science, 

George Churches group showed very similar findings (Mali et al., 2013). 

Double-strand breaks such as those introduced by Cas9 are repaired primarily 

by two pathways in mammalian cells – non-homologous end-joining (NHEJ) or homology  
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directed repair (HDR). NHEJ is the most common repair mechanism that occurs. It is a 

rapid and efficient process that is active throughout the cell cycle. It is however, prone 

to errors and frequently leads to the introduction of base insertions or deletions at the 

site of repair. This can often lead to loss of function mutations. HDR is less efficient and 

only occurs in the G2 phase of the cell cycle but it has the advantage of being higher 

fidelity and less error prone as repair occurs based on the sequence of a homologous 

template strand (Shrivastav et al., 2008). Inhibitors of components of NHEJ complexes 

have been used in order to increase the occurrence of HDR so that genomes can be 

edited. This involves the introduction of Cas9 and a targeted sgRNA, along with a 

template strand to direct repair. However, utilising CRISPR to generate gene knock-outs 

relies on the naturally error prone NHEJ. Introduction of Cas9 and an sgRNA into a cell 

population will promote a diverse array of mutations and ultimately gene knock-out.  

 

1.5 Thesis Aims 

Here, we set out to explore whether: 

 

(A) ER stress-induced inflammation was dependent on the previously described 

upregulation of DR5 (TRAIL-R2) during this process.  

 

(B) Taxol-induced inflammation (and inflammation induced by related compounds) 

was also dependent on upregulation of one or more receptors for TRAIL. 
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Materials & Methods 

2.1 Materials 

Material Supplier & Product Code 

Rockefeller Park Memorial Institute (RPMI) 1640 Thermo Fisher Scientific, 31870082 

Dulbecco’s Modified Eagle Medium (DMEM) Sigma Aldrich, 51435C 

L-glutamine Thermo Fisher Scientific, 25030081 

Foetal bovine serum (FBS)  Sigma Aldrich, F242 

Trypsin-EDTA Sigma Aldrich, T4049 

10 cm plates Corning, CLS430167  

6 well plates Starstedt, 83.3920.005 

Paclitaxel Sigma Aldrich, T7402 

Docetaxel Sigma Aldrich, 01885 

Thapsigargin Sigma Aldrich, T9033 

Brefeldin A Sigma Aldrich, B6542 

Tunicamycin Sigma Aldrich, T7765 

SuperKiller TRAIL Adipogen, AG-40T-0002-C020 

CH11 Merck Millipore, 05-201 

zVAD-fmk Bachem, N-1560.005 

BV6 Thermo Fisher Scientific, 14025092 

TRAIL-R2-Fc Adipogen, AG-40B-0071-C050 

D-Glucose Sigma Aldrich, G8270 

Hanks Balanced Salts Solution Thermo Fisher Scientific, 14025092 

TRIZMA Base Sigma Aldrich, T1503 

Sodium dodecyl sulphate (SDS) Sigma Aldrich, L3771 

Glycerol Sigma Aldrich, G5516 

Bromophenol blue Sigma Aldrich, B0126 

-mercaptoethanol Sigma Aldrich, M6250 

Human IL6 ELISA DuoSet R&D Systems, DY206 

Human IL8 ELISA DuoSet R&D Systems, DY208 

Human CXCL1 ELISA DuoSet R&D Systems, DY275 

Human RANTES ELISA DuoSet R&D Systems, DY278 

Murine IL6 ELISA DuoSet R&D Systems, DY406 

Murine MCP1 ELISA DuoSet R&D Systems, DY479 

Murine CXCL1 ELISA DuoSet R&D Systems, DY453 

Murine RANTES ELISA DuoSet R&D Systems, DY578 

Tween – 20 Sigma Aldrich, P1379 

Bovine serum albumin (BSA) Sigma Aldrich, 05470 

Tetramethylbenzidine (TMB) Sigma Aldrich, 860336 
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Tetrabutylammonium bromide (TBABH) Sigma Aldrich, 426288 

N,N-Dimethylacetamide (DMA) Sigma Aldrich, 72336 

Potassium citrate Sigma Aldrich, 60153 

Hydrogen peroxide (H2Os) Sigma Aldrich, 289132 

Sulphuric acid Sigma Aldrich, 339741 

Glycine Sigma Aldrich, G8898 

Sodium chloride Sigma Aldrich, S7653 

Methanol Sigma Aldrich, 322415 

Ammonium persulphate Sigma Aldrich, A3678 

Amersham Protran 0.2µm Nitrocellulose  GE Healthcare, 10600001 

Anti-PERK Cell Signalling, C33E1 

Anti-IRE1 Cell Signalling, I4C10 

Anti-xBP1 Cell Signalling, D2C1F 

Anti-CHOP Santa Cruz Biotechnology, sc7351 

Anti-ATF4 Cell Signalling, D4B8 

Anti-DR4 Cell Signalling, D9S1R 

Anti-DR5 Cell Signalling, D4E9 

Anti-TRAIL Novus Biologicals, NB100-56518 

Anti-CD95 Santa Cruz Biotechnology, sc715 

Anti-TNFR1 Cell Signalling, C2SC1 

Anti-FADD BD Transduction Laboratories, 610400 

Anti-Caspase-8 Adipogen, AG20T0138C100 

Anti-Cas 9 Cell Signalling, 4C3 

Anti-IB BD Transduction Laboratories, 610690 

Anti-phospho IĸB BD Transduction Laboratories, 551818 

Anti-p65 Santa Cruz Biotechnology, sc372 

Anti-phosphop65 Cell Signalling, 3033P 

Anti-mTRAILR2 eBiosciences, CD262 

Anti-mFADD Santa Cruz Biotechnology, H181 

Anti-mFas Cell Signalling 80235 

Peroxidase Affini Pure goat anti-mouse IgG (H+L) Jackson Immuno Research, 115-035- 

003 

Peroxidase Affini Pure goat anti-rabbit IgG (H+L) Jackson Immuno research, 111-035- 

003 

SuperSignal chemiluminescent substrates Thermo Fisher Scientific, 34080 

Carestream Kodak Developer Sigma Aldrich, P7042 

Carestream Kodak  Fixer Sigma Aldrich, P7167 

UltraCruz Autoradiography film Santa Cruz Biotechnology, sc-201696 

Bacto tryptone Sigma Aldrich, T9410 

Yeast Extract Sigma Aldrich, Y1625 
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Bacto Agar Becton, Dickson, 214010 

Agarose UltraPure Thermo Fisher Scientific, 16500500 

Potassium chloride  Sigma Aldrich, P9333 

Magnesium chloride Sigma Aldrich, M8266 

Magnesium sulphate Sigma Aldrich, M7899 

PIPES Sigma Aldrich, P6757 

Manganese chloride Sigma Aldrich, M8054 

Calcium chloride Sigma Aldrich, C5670 

Dimethyl sulfoxide (DMSO) Sigma Aldrich, D2650 

Stbl3 bacteria Thermo Fisher Scientific, C737303 

lentiCRISPRv2 plasmid Addgene plasmid 52961 

pLentiGuidePuro plasmid  Addgene plasmid 52963 

Fast Digest BsmBI New England Biolabs, B7024 

Dithiolthreitol (DTT) Sigma Aldrich, D0632 

Fast alkaline phosphatase Thermo Fisher Scientific, EF0654 

Sodium iodide Sigma Aldrich, 217301 

Silica  Sigma Aldrich, S5505 

Ethanol Sigma Aldrich, 652261 

Ethidium bromide Sigma Aldrich, E7653 

Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich, E6758 

T4 polynucleotide kinase New England Biolabs, M0201 

T4 ligation buffer New England Biolabs, B0202S 

Quick ligase New England Biolabs, M2200 

Ampicillin Sigma Aldrich, A9393 

QIAprep Spin Miniprep Columns QIAGEN, 27106 

RNase A Roche, 10109134001 

QIAGEN Midiprep Kit QIAGEN, 12145 

Isopropanol Sigma Aldrich, W292907 

GenJet Transfection Reagent  SignaGen, SL100488 

HEPES Sigma Aldrich, H3375 

Blasticidin S hydrochloride Sigma Aldrich, 15205 

Puromycin dihydrochloride Sigma Aldrich, P9620 
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2.2 Methods 

2.2.1 Cell Culture and Stimulation 

HeLa and HCT116 cells were cultured in RPMI supplemented with 5% foetal 

bovine serum (FBS) and 100g/mL L-glutamine. A549, CT26 and SKOV3 cells were 

cultured in RPMI supplemented with 10% FBS and 100g/mL L-glutamine, 3LL cells 

were cultured in DMEM supplemented with with 10% FBS and 100g/mL L-glutamine. 

All cells were cultured in 10cm culture dishes at 37oC in 5% CO2. Cells were passaged 

when they reached 80% confluency with 0.05% trypsin-EDTA.  

For experimentation, cells were plated at a density of 2 x 105 cells/well in 6-well 

plates and cultured for a further 24h before treatment. Cells were stimulated with 

Paclitaxel, Docetaxel, Thapsigargin, Brefeldin A, Tunicamycin, TRAIL, CH11 or TNF at 

the indicated concentrations and for the indicated timepoints. For neutralisation 

experiments, neutralising antibodies were added alongside the above stimuli. For 

inhibitor experiments, cells were pre-treated with zVAD-fmk and/or BV6 for 1h before 

stimulation.   

Glucose free medium was prepared using glucose free DMEM supplemented 

with 10% FBS (dialysed against PBS to remove glucose) and 100g/mL L-glutamine. 

For control conditions, 25mM D-glucose was added to glucose free medium. Cell layers 

were washed with Hanks Balanced Salts Solution before treatment to remove traces of 

glucose.  

 

2.2.2 Cell Death Counts, Cell Supernatant Extraction and Lysate Preparation 

Cell death counts were carried out in 3 X fields of view/well. Each field of view 

contained approximately 100 cells (Henry et al., 2013, Hollville and Martin, 2001). Both 

detached dead cells and adhered cells were lysed using sodium dodecyl sulphate (SDS) 

lysis buffer (100mM Tris.Cl pH 6.8, 4% SDS, 20% Glycerol, 0.1% Bromophenol Blue, 

5% β-mercaptoethanol). Cell supernatants were centrifuged at 500g for 5 minutes to 

pellet dead cells. Supernatants were removed and kept. 100l of 1 X SDS lysis buffer 

was used to lyse and gather adherant cells in the bottom of each well using a cell scraper 

and combined with the above pellet. Cell lysates were then at a final concentration of 

approximately 2 x 106 cells/mL.   

 

2.2.3 Enzyme-Linked Immunosorbant Assay (ELISA) 

Human ELISA kits for IL6, IL8, CXCL1, RANTES were purchased from R&D 

Systems. Murine ELISA kits for CCL2, CCL5, RANTES, CXCL1 and IL6 were also 

purchased from R&D Systems. Phosphate-buffered saline (PBS) with 0.05% Tween-20 



34 | P a g e  
 

and PBS with 1% bovine serum albumin (BSA) were prepared as wash buffer and 

reagent diluent respectively. TMB substrate solution – M TMB and 6.5M TBABh in 

DMA – was made and added freshly to 2.5l H2O2 and 7.8mL 205mM potassium citrate 

(pH 4) directly before use. Finally, 1.8N sulfuric acid was prepared as ELISA stop 

solution.  

The ELISA was performed according to the manufacturer’s data sheet. Briefly, 

96-well plates were coated with 50l / well capture antibody overnight. Three washes of 

150l PBST / well were carried out. Wells were blocked for 1h with 150l reagent diluent, 

following which 50l of diluted (or neat) samples and standards were added in triplicate 

and incubated for 2h. Top standards were 1ng/mL, followed by x6 1:2 dilutions. Final 

standards were reagent diluent alone. Wells were again washed and 50l / well detection 

antibody was added for a further 2h. Following another wash step, 50l / well streptavidin 

conjugated to horseradish peroxidase (HRP) was added for 20 minutes (incubated in the 

dark). After a final wash, 50l TMB solution was added to the wells. 30l stop solution 

was used when the colorimetric change had developed. Absorbance was read at 450nm 

using a plate reader.   

 

2.2.4 SDS PAGE and Western Blot 

Whole cell lysates were fractionated on SDS PAGE gels (Table 2.1) and 

transferred to nitrocellulose membranes using Bio-Rad transfer rigs. Membranes were 

blocked for 1h in 5% non-fat milk, 0.05% sodium azide in tris-buffered saline (TBS). 

Membranes were then incubated with antibodies against PERK, IRE1, xBP1, CHOP, 

ATF4, DR4, DR5, TRAIL, CD95, TRFR1, FADD, Cas 9, IB, phosphoIB, p65, 

phosphop65 (all at 1:1000) and −actin (at 1:8000) for either 2h (at room temperature) 

or overnight (at 4oC). Membranes were washed a minimum of three times for 10 minutes, 

followed by incubation with a 1:2000 dilution of HRP-conjugated anti-mouse or anti-

rabbit secondary antibodies for 1h at room temperature. Membranes were washed 

again, then exposed to SuperSignal chemiluminescent substrate for 2 minutes. 

Following this, membranes were put in an exposure cassette and exposed to 

autoradiography film and the film was developed.  
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Table 2.1: Make-up of SDS PAGE gels.  

 

2.2.5 sgRNA Design 

Exon sequences genes of interest were isolated from www.ensembl.org. Exons 

as close to the 5’ end of the gene as possible were used (as the idea is to create a 

truncated or non-functional protein/transcript). Untranslated regions of exons were 

avoided. Sequences were checked against the CDS to be found in databeses such as 

those on NCBI. Exons were searched for targeted Cas 9 targets using the algorithm and 

sgRNA design tool at http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-

design (Doench and Fusi, 2016, Doench et al., 2014).  

Selected sequences (including an NGG at the end) were Blast n searched 

against the human genome database to be sure that there are no high specificity off-

target matches. The last 3-4 nucleotides (adjacent to the PAM) are the most important 

to avoid (Doench and Fusi, 2016, Doench et al., 2014). The following overhangs were 

added to selections, for cloning into pLentiguidePuro or lentiCRISPRv2 plasmids: 

 

Target Sequence:         1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 

Oligo 1 ->  5’- CACCG X X X X X X X X X X X X X X X X X X X X -3’ 

      3’-            C X X X X X X X X X X X X X X X X X X X X  CAAA -5’  <-Oligo 2 

  

Oligos 1 and 2 were sequenced in the 5’ to 3’ directions. 

 

2.2.6 Preparation of Competent Bacteria (Inoue Method) 

Stbl3 bacteria were streaked on lysogeny broth (LB) agar plates (1% bacto-

tryptone, 0.5% bacto-yeast extract, 1% NaCl, 1.5% agar) and grown overnight at 37oC. 

Single colonies were picked and grown in 3mL of LB (1% bacto-tryptone, 0.5% bacto-

yeast extract, 1% NaCl) overnight at 37 oC, 280rpm. Bacteria were then grown in 50mL 

 

 

12% Resolving 

Gel 

8% Resolving 

Gel 

Stacking Gel 

ddH2O 3.2 mL 4.6 mL 3 mL 

30% Accrylamide Mix 4 mL 2.6 mL 0.67 mL 

1.5M Tris, pH 8  2.6 mL 2.6 mL / 

1.0M Tris, pH 8.8 / / 1.25 mL 

10 % SDS 100 l 100 l 50 l 

10 % APS 100 l 100 l 50 l 

TEMED 10 l 10 l 5 l 

http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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cultures from an OD600 of 0.1 to an OD600 of 0.4-0.6 at room temperature, 280rpm in 

super optimal broth (SOB) (2% bacto trypyone, 0.5% yeast extract, 10mM NaCl, 2.5mM 

KCl, 10mM MgCl2, 10mM MgSO4, pH 7). Culture chilled on ice for 10 minutes, following 

which it was centrifuged at 2500g for 10 minutes at 4oC. Cell pellets were resuspended 

in 20mL of inoue transformation buffer (ITB) (10mM PIPES, 55mM MnCl2, 15mM CaCl2, 

250mM KCl, pH 6.7) and incubated on ice for a further 10 minutes before another 

centrifugation step. Pellets were resuspended in 4mL ITB and 7% DMSO, followed by 

another incubation on ice.  

 

2.2.7 Cloning of sgRNA into Guide Vectors (Figure 2.1) 

pLentiguidePuro plasmid was digested with BsmBI and dephosphorylated with 

alkaline phosphatase for 2h t 37oC as summarised in Table 2.2: 

 

Table 2.2: BsmBI digestion reaction of pLentiGuidePuro vector.  

 Digestion Control 

pLentiGuidePuro 5 g 5 g 

FastDigest BsmBI 1 L / 

Fast Alkaline Phosphatase 3 L 3 L 

10X Fast Digest Buffer 6 L 6 L 

100mM DTT 0.6 L 0.6 L 

ddH2O X L X L 

Total 60 L 60 L 

  

Entire 60L digestion reactions were mixed with 12L of 6X loading dye (30% 

glycerol, 0.25% bromophenol blue) and resolved on 0.6% agarose gels. Gels were 

stained with ethidium bromide (EtBr).  

Linearised, gel-trapped plasmid was extracted and gene-cleaned. Firstly, bands 

of interest were excised from gel under UV light and weighed. X3 volumes of 6M sodium 

iodide (NaI) was used to dissolve agarose at 56oC for 10 minutes. A g/mL silica 

suspension in 6M NaI was used to bind and extract DNA from the solution for 30 minutes 

at room temperature. A wash buffer (10mM Tris.HCl pH 7.5, 50mM NaCl, 2.5mM EDTA, 

50% ethanol) was used to wash the silica pellet twice, 1mL each time. 30L of 

DNase/RNase free ddH2O was used to elute DNA from the silica pellet.  

Designed, targeted single-stranded sgRNA oligos were phosphorylated and 

annealed together to create a double-stranded RNA duplex. 10 X T4 ligation buffer was  

  



Target Sequence: 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20

3’- C XXXXXXXXXXXXXXXXXXXX CAAA    -5’  <- Oligo 2

Target Sequence: 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20

5’- CACCG XXXXXXXXXXXXXXXXXXXX               -3’
3’- C XXXXXXXXXXXXXXXXXXXX CAAA   -5’ 

Target Sequence: 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20

Oligo 1 ->  5’- CACCG XXXXXXXXXXXXXXXXXXXX   -3’

A B

C

Target Sequence: 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20

5’- CACCG XXXXXXXXXXXXXXXXXXXX               -3’
3’- C XXXXXXXXXXXXXXXXXXXX CAAA   -5’ 

Annealed 

Together

BsnBI

Digested

Annealed sgRNA

Duplex Ligated Into 

Linearised

pLentiGuidePuro

pLentiguidePuro
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use as it contains ATP, which is required for the phosphorylation reaction. Reactions 

were set up as described in Table 2.3: 

 

Table 2.3: Phosphorylation and annealing of sgRNA oligos.  

 

Reactions were put into a thermocycler set as follows: 

37oC for 30 minutes  

95oC for 5 minutes 

ramp down to 25oC at 5oC/min  

 

Annealed oligos were diluted 1:200 in DNase/RNase free ddH2O. Double 

stranded RNA duplexes were then ligated into linearised pLentiGuidePuro overnight at 

room temperature. Reactions were set up as described in Table 2.4: 

 

Table 2.4: Ligation of sgRNA duplexes into linearised pLentiGuidePuro vector.  

 Ligation Control 

pLentiGuidePuro 50 ng 50 ng 

Diluted Oligo Duplex 1 L / 

2X Quick Ligase Buffer 5 L 5 L 

Quick Ligase 0.5 L 0.5 L 

ddH2O X L X L 

Total 11 L 11 L 

 

Ligations were transformed into 200L of super competent Stbl3 bacteria by heat 

shock. Bacteria were incubated on ice with ligation for 30 minutes to allow coating. 

Bacteria were heat shocked at 42oC for 40 seconds, followed by a 2-minute recovery on 

ice. 790L of LB recover media was added and this was incubated at 370C, 220rpm to 

allow expression of the ampicillin resistance cassette of the plasmid. 50L of the 

 Annealing Reaction Control 

Oligo 1 (100 M) 1 L / 

Oligo 2 (100 M) 1 L / 

10X T4 Ligation Buffer 1 L 1 L 

T4 Polynucleotide 

Kinase 

0.5 L 0.5 L 

ddH2O 6.5 L 8.5 L 

Total 10 L 10 L 
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transformation was plated on an LB agar plate containing 100g/mL ampicillin. Plates 

were incubated at 37oC overnight.  

Single colonies were picked from agar plates (from transformations with sgRNA 

duplexes of interest) and grown overnight at 37oC, 280rpm in 4mL of LB broth. Entire 

cultures were used to miniprep plasmid using QIAprep Spin Miniprep Columns. These 

were used as described in the manufacturers data sheet. Briefly, cultures were pelleted 

at 6800g for 3 minutes at room temperature. Pellets were resuspended in 250L of P1 

buffer with added 1g/mL RNase A. 250L of P2 buffer was added and mixed my 

inversion, then incubated for 5 minutes. 350L of P3 buffer was added and also mixed 

by inversion. Preparations were centrifuged at 6800g for 10 minutes. Supernatant was 

added to the column, which was then centrifuged at 6800g. The column was washed 

twice, with 500L of PB and 750 L of PE buffers respectively. 30L of DNase/RNase 

free ddH2O was used to elute DNA from the column. 1g of each preparation was sent 

to Sigma Aldrich for sequencing to confirm insertion of sgRNAs.  

 

2.2.8 Midi-Plasmid Preparation 

Plasmid midi-preps were carried out on successfully ligated sgRNA plasmids 

using QIAGEN midi-prep columns as described in manufacturers datasheet. Briefly, 50 

mL bacterial cultures were grown overnight at 37oC, 280 rpm. Cultures were spun down 

at 2500g for 10 minutes. Bacterial pellets were resuspended in 4mL of P1 buffer + 

1g/mL RNAse A. 4mL of P2 was added and mixed thoroughly by inversion x 6, followed 

by incubation at RT for 5 minutes. 4mL of P3 was added and mixed thoroughly by 

inversion x6, followed by incubation on ice for 20 minutes. Suspensions were centrifuged 

at 15’000g for 15 minutes at 4oC. QIAGEN midiprep columns were equilibrated with 5mL 

of equilibration buffer, followed by addition of supernatant from centrifugation step above 

to the column. Two washes – 10mL of wash buffer each – were carried out. Finally, 5mL 

of elution buffer was used to elute plasmid DNA from the column. 0.7 volumes of 

isopropanol – to precipitate plasmid DNA - was added and mixed well by inversion. This 

was incubated at RT for 20 minutes with inversion every few minutes. Suspensions were 

centrifuged for 30 minutes at 15’000g at 4oC. Pellets were washed in 1mL 70% ethanol 

and finally resuspended 1:1 in ddH2O and Tris-EDTA (10mM Tris, 1mM EDTA).  

 

2.2.9 GenJet Transfection of Plasmids into Mammalian Cells 

HeLa cells were plated a density of 105 cells/well of 6-well plates and cultured for 

24 ho. Medium on cells was replaced 60 minutes before transfection. 1g of plasmid 

was gently mixed with 50L of serum free RPMI or DMEM. 1L of GenJet transfection 
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reagent was mixed gently into 50L serum free media and added immediately to the 

DNA mixture – mixed gently and incubated at RT for 15 minutes. Complexed lipid 

mixtures were added dropwise to wells of 6-well plates. Empty, parental 

pLentiGuidePuro and PAAV-EGFP plasmids were transfected alongside as controls. 

GFP expression by cells was used to assess transfection efficiency. 

 

2.2.10 Selection of Cells for Uptake of Plasmid 

pLentiguidePuro plasmid contains a puromycin selection cassette under a 

mammalian promoter. Selection with puromycin was carried out over a period of 

approximately 7 days (Figure 2.2). Cells transfected with parental pLentiguidePuro were 

retained as a control cell line for future experiments – henceforth denoted as “wild type” 

cells. Selected cell populations were grown to confluency. Concentrated, untreated cell 

lysates at a density of 2 x 107 cells / mL were made and western blotted to confirm knock-

out at the protein level. In other cases, protein expression was induced with previously 

verified stimuli before knock-out could be confirmed.  
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Results 

3.1 Chapter 1 

3.1.1 ER Stress-Inducing Agents Induce Cytokine Production and DR5 

Upregulation In HeLa cells 

It is well established that cytotoxic agents thapsigargin, brefeldin A and 

tunicamycin potently induce ER stress in mammalian cells (Ashkenazi et al., 1999). It is 

well known that these agents are robust inducers of DR5 expression, with cell death in 

response to some of these agents being DR5 dependent (Ashkenazi et al., 1999). We 

initially confirmed these results in HeLa cells, as they have been widely used in similar 

studies (Figure 3.1 A). Consistent with the previous literature, robust phosphorylation 

and stabilisation respectively of ER membrane-associated sensors PERK and IRE1 was 

seen upon treatment with these agents. We additionally found substantial upregulation 

of transcription factors ATF4 and CHOP in response to a range of stimulant 

concentrations. Finally, we confirmed that while DR4 protein levels remained relatively 

constant with stimulation, expression levels of both splice variants of DR5 were 

dramatically upregulated. Preferential formation of a smaller molecular weight form of 

DR4 and DR5 after treatment with tunicamycin was also observed. This is likely 

explained by the inhibition of death receptor glycosylation by the drug as both DR4 and 

DR5 are known to be glycosylated during their synthesis (Wagner et al., 2007).  

We wondered, given recent findings by our group (Henry and Martin, 2017, 

Cullen et al., 2013), whether death receptor upregulation was instrumental in cytokine 

production in response to these agents. Inflammation has sporadically been associated 

with an ER stress phenotype and has been shown in response to classical ER stress-

inducing agents (Keestra-Gounder et al., 2016, Kim et al., 2012). Initial ELISA results 

showed that all three classical ER stress-inducing agents induce robust production of 

the cytokines IL-6 and IL-8 at a number of treatment doses (Figure 3.1 B). It was 

interesting that cytokine production was seen at drug doses that did not induce a large 

amount of cell death, suggesting that this was active secretion rather than a passive, 

death-dependent DAMP response. It was also notable that, particularly with exposure to 

tunicamycin, cytokines were produced at drug doses that induced the most potent ER 

stress response. We hypothesised that ER stress-induced cytokine production was fact 

dependent on upregulation of DR5 and the TRAIL receptor signalling pathway recently 

described by our group (Henry and Martin, 2017). To test this hypothesis, we used 

CRISPR technology to knock-out (KO) genes of interest, including: FADD, DR4, DR5 

and CHOP. 
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Figure 3.1 ER stress-inducing agents thapsigargin, brefeldin A and tunicamycin trigger DR5 upregula-
tion cytokine production and in HeLa cells
(A) HeLa cells were stimulated for 24hr with the indicated concentrations of Thapsigargin, Brefeldin A or Tuni-
camycin. Protein expression was analysed by western blot. 
(B) HeLa cells were stimulated for 24hr with the indicated concentrations of Thapsigargin, Brefeldin A or 
Tunicamycin. Cell death was measured based on cell morphology from counts of 3 fields per well (of approx-
imately 100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA. 
The error bars represent the mean +/- SEM of triplicate samples. 
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3.1.2 ER Stress-Induced Cytokines Are Dependent On FADD, An Important 

Adaptor In Death Receptor Signalling 

 Initially, CRISPR KO cell lines were generated in order to assess the 

dependency of ER stress-induced cytokines on FADD, an important downstream 

adaptor in both Fas and TRAIL death receptor signalling. Two FADD-specific sgRNA 

were designed using the Broad Institute sgRNA design tool. Chosen sequences are 

described in Table 3.1. Separate sgRNAs for each target were designed to remain as 

close to the beginning of the protein coding sequence as possible. Each sgRNA was 

designed with complementary overhangs for cloning into linearised sgRNA vector 

pLentiguidePuro (Figures 3.2 A & 3.2 B). Ligation of targeted sgRNA into 

pLentiguidePuro was confirmed by sequencing. Results are detailed in Table 3.2.  

Validated plasmids were transfected into HeLa cells that were stably expressing 

Cas9 (generated by Dr. Conor M. Henry), alongside parental pLentiguidePuro and 

pPAAV-EGFP to assess transfection efficiency (Figure 3.2 C). Each plasmid was 

transfected individually. Cell populations were then selected with puromycin for 5-6 days 

to enrich for cells that had taken up plasmid. Cells transfected with pLentiguidePuro and 

subsequently selected with puromycin are hereafter referred to as “wild type” cells and 

have been used as a control cell line.     

 Cell lysates were then prepared and used to assess KO of FADD by western 

blot. As Figure 3.3 A illustrates, FADD was successfully deleted in both HeLa sublines. 

Control treatments were then carried out to confirm that all cell types are responding to 

stimuli as would be expected. FADD null were initially treated with TNF, versus wild type 

cells, to confirm that they still actively produced cytokines (Figure 3.3 B). As FADD is 

an important adaptor in both TRAIL induced death and cytokine production, cells were 

then treated with a range of doses of TRAIL and as would be expected, both cell death 

and production of two independent cytokines (IL-6 and IL-8) were ablated in both 

independent FADD KO populations (Figure 3.3 C).  

Using a titration of classical ER stress-inducing agents, cell death and production 

of the cytokines IL-6 and IL-8 were compared in wild-type versus FADD-/- HeLa cells. 

Specifically, we investigated whether thapsigargin and brefeldin A-induced cytokines 

were FADD-dependent. In the case of thapsigargin, we found that there was a clear 

resistance to ER stress-induced cytokine production in the absence of FADD (Figure 

3.4 A). With brefeldin A treatment however, while IL-8 production was consistently 

reduced in the absence of FADD, IL-6 levels were less consistently affected (Figure 3.4 

B). However, these data strongly suggest that death receptor signalling is likely to play 

a role in ER stress-induced cytokine production.     
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Figure 3.3 CRISPR-mediated deletion of FADD in HeLa cells 
(A) Cell populations were puromycin selected after transfection with sgRNA targetting FADD. Cell lysates 
were prepared and protein expression was analysed by western blot. 
(B) HeLa wild type (WT) versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations of 
TNF. Cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 
100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(C) HeLa WT versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations of TRAIL. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 



HeLa FADD -/-

Wild Type
FADD KO #1
FADD KO #2

Thapsigargin (mM)

0

20

60

0

ng
/m

l
1.0

80

40

C
el

l D
ea

th
 (%

) IL-8IL-6

0 10 1.22.55

ng
/m

l

24hr
100

0.8

Thapsigargin (mM) Thapsigargin (mM)

Brefeldin A (mg/mL)

0

20

60

ng
/m

l80

40

C
el

l D
ea

th
 (%

) IL-8IL-6

ng
/m

l

24hr
100

Brefeldin A (mg/mL) Brefeldin A (mg/mL)

0

1.4
1.2
1.0
0.8
0.6

1.6

0

0.5

1.0

HeLa FADD -/-

Wild Type
FADD KO #1
FADD KO #2

0.6

0.4

0.2

0

0.4

0.2

0.6

0.8
1.0

1.5 IL-8

IL-8

A

0.4
0.2

0.6 0 10 1.22.55 0.6 0 10 1.22.55 0.6

0 10 1.22.55 0.60 10 1.22.55 0.60 10 1.22.55 0.6

Figure 3.4 ER stress-induced cytokine production is FADD-dependent
(A) HeLa WT wild type versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations of 
Thapsigargin. Cell death was measured based on cell morphology from counts of 3 fields per well (of approx-
imately 100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(B) HeLa WT versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations Brefeldin A. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Table 3.1: Summary of sgRNAs designed to target human FADD.  

 Sequence  PAM Exon  Strand  

FADD sgRNA 1 GAGGCATAGGAACTTGAGCT CGG Exon 1 Antisense 

FADD sgRNA 2 GCTCCAGCAGCATGGAGAAG AGG Exon 1 Antisense 

 

 

 

 

 

Table 3.2: Summary of sequencing results to confirm insertion of sgRNA targeting FADD 

into pLentiGuidePuro vector.  

sgRNA Sequencing Results  

FADD 

sgRNA 1 

3969455;Value Read;;FADD 1.2;ASM0094025;hU6-F;final result;978;">FADD 12_hU6-F -- 13991 of 
sequence 
CAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGT 
AGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCG 
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGGCATAGGAA 
CTTGAGCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGC 
ACCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTT 
AAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACAT 
ACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAG 
ATCCACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCT 
TTGCAGCTAATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAG 
CGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGG 
TGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAAC 
CGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTG 
CCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGATTACTTCACCTGGC 
TGCAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAAAATTCA"; 

FADD 

sgRNA 2 

3969455;Value Read;;FADD 2.1;ASM0094026;hU6-F;final result;950;">FADD 21_hU6-F -- 15965 of 
sequence 
AGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAG 
AAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAAC 
TTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGCTCCAGCAGCATGGAG 
AAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT 
CGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTTAAAAGAAAA 
GGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGA 
ATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCACTTTGGCGCC 
GGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTGCAGCTAATGGACCT 
TCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCC 
CGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAA 
AGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCG 
TGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGG 
CCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCAGTACGTGATTCTTGATCCGAACT";  
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3.1.3 ER Stress-Induced Cytokine Production Is Dependent On DR4 and DR5  

We next asked whether ablation of TRAIL death receptors (DR4/TRAIL-R1 or 

DR5/TRAIL-R2) would reduce cytokine production seen in response to ER stress. 

sgRNAs targeting human TNFRSF10A (DR4) and TNFRSF10B (DR5) genes were 

designed using the same methods described for FADD and are summarised in Table 

3.3. 

 

Table 3.3: Summary of sgRNAs designed to target human DR4 and DR5.  

 Sequence  PAM Exon  Strand  

DR4 sgRNA 1 GCGGGGAGGATTGAACCACG AGG Exon 1 Sense 

DR4 sgRNA 2 AAGTGTGGGGCTCTTCCGCG GGG Exon 2 Sense 

DR5 sgRNA 1 CCAGGACCCAGGGAGGCGCG GGG Exon 1 Sense 

DR5 sgRNA 2 CCTAGCTCCCCAGCAGAGAG CGG Exon 2 Sense 

 

sgRNA sequences were similarly cloned into pLentiguidePuro and plasmids 

were sent for sequencing to confirm insertion. Results have been summarised in Table 

3.4.  

DR4 and DR5 were deleted, either alone or in combination, from HeLa cells using 

CRISPR. Cell lysates were prepared and protein expression was analysed to confirm 

KO of DR4 and DR5 respectively (Figures 3.5 A & 3.6 A-C). As DR5 has previously 

been implicated as an important molecule in thapsigargin-induced death, cells were then 

treated with a titration of thapsigargin and cell death was analysed. Surprisingly, both 

DR4 an DR5 null cell populations were protected from thapsigargin-induced cell death, 

though DR5 ablation was substantially more effective (Figure 3.5 B). We next measured 

cytokines in the cell supernatants from this experiment and found that deletion of DR4 

or DR5 protected from thapsigargin-induced production of inflammatory cytokines IL-6 

and IL-8 (Figure 3.5 C). DR5 deletion supressed thapsigargin-induced cytokine 

production to a greater extent than loss of DR4. Interestingly, IL-8 production was 

affected more than IL-6.  

Control treatments were then carried out to confirm that all cell types responded 

to stimuli as would be expected. Wild-type, DR4, DR5 and DR4/DR5 KO cells were 

initially treated with TNF, versus wild type cells, to confirm that they were still producing 

cytokines as expected (Figures 3.7 A). DR4/DR5 KO cells were treated with a range of 

doses of TRAIL. As expected, both cell death and production of two independent 

cytokines (IL-6 and IL-8) in response to TRAIL was ablated in both DR4/DR5 null cell 

populations (Figures 3.7 B & 3.7 C).  
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Table 3.4: Summary of sequencing results to confirm insertion of sgRNA targeting DR4 

and DR5 into pLentiGuidePuro vector.  

sgRNA Sequencing Results  

DR4 sgRNA 1 3906695;Value Read;;pLentiguidePuro +DR4sgRNA 1.1;ASM000IH99;hU6-F;final result;981;"> 
pLentiguidePuro +DR4sgRNA 11_hU6-F -- 12993 of sequence 
ACACGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACG 
TAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCG 
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGCGGGGAGGATT 
GAACCACGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCA 
CCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTTAAA 
AGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAA 
CTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCACT 
TTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTGCAGCTA 
ATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCC 
CACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTA 
AACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCA 
GTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCC 
GCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCAGTACGTGAT 
TCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAAAATTCA"; 

DR4 sgRNA 2 3906695;Value Read;;pLentiguidePuro +DR4sgRNA 2.2;ASM0094001;hU6-F;final result;983;"> 
pLentiguidePuro +DR4sgRNA 22_hU6-F -- 12995 of sequence 
TACAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGAC 
GTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTAC 
CGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAAGTGTGGGG 
CTCTTCCGCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG 
CACCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTT 
AAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATA 
CAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGAT 
CCACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTG 
CAGCTAATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCA 
CATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGGCG 
CGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATA 
TAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGT 
GTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGC 
AGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAAAGTTCGA" 

DR5 sgRNA 1 3906695;Value Read;;pLentiguidePuro +DR5sgRNA 1.1;ASM0094006;hU6-F;final result;980;"> 
pLentiguidePuro +DR5sgRNA 11_hU6-F -- 14994 of sequence 
CAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGT 
AGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGT 
AACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCAGGACCCAGGG 
AGGCGCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCA 
CCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTTAA 
AAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACA 
AACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCC 
ACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTGCA 
GCTAATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACA 
TCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGGCGCG 
GGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAA 
GTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTG 
GTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCAGTAC 
GTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAAAATTCA"; 

DR5 sgRNA 2 3906695;Value Read;;pLentiguidePuro +DR5sgRNA 2.1;ASM0094006;hU6-F;final result;980;"> 
pLentiguidePuro +DR5sgRNA 21_hU6-F -- 14994 of sequence 
CAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGT 
AGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACC 
GTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCTAGCTCCCC 
AGCAGAGAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG 
GCACCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATT 
TTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACA 
TACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAG 
ATCCACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTT 
TGCAGCTAATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCG 
CACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGG 
CGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTA 
TATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGT 
GTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTG 
CAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAAAATTCA; 
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Figure 3.5 ER stress-induced cytokine production is dependent on death receptors DR4 and DR5
(A) Cell populations were puromycin selected after transfection with sgRNA targetting DR4 or DR5. Cell 
lysates were prepared and protein expression was analysed by western blot. 
(B) HeLa WT versus HeLa DR4-/- and HeLa DR5-/- cells were treated for 24hr with the indicated concentrations 
of Thapsigargin. Cell death was measured based on cell morphology from counts of 3 fields per well (of ap-
proximately 100 cells per field). 
(C) Cytokine concentrations in cell culture supernatants from cell supernatants in (B) were determined by 
ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.6 Generation of DR4, DR5 and DR4/DR5 null cell lines
(A) HeLa CRISPR KO were generated by GenJet transfection of sgRNA targetting DR4 or DR5, followed by 
selection using puromycin. DR5 KO clones were expanded from a single cell using limited dilution cloning. 
(B) HeLa CRISPR KO were generated by GenJet transfection of sgRNA targetting both DR4 and DR5, followed 
by selection using puromycin. DR4/DR5 KO clones were expanded from a single cell using limited dilution 
cloning. 
(C) Wild type HeLa cells and DR4, DR5 and DR4/DR5 DKO cell populations were grown up.
In (A-C) cell lysates were prepared and protein expression was analysed by western blot. 
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Figure 3.7 DR4/DR5 DKO HeLa cells are protected from TRAIL-induced cell death and cytokine produc-
tion 
(A) HeLa WT versus HeLa DR4/DR5-/- cells were treated for 24hr with the indicated concentrations of TNF. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(B) HeLa WT versus HeLa DR4/DR5-/- cells were treated for 24hr with the indicated concentration of TRAIL. 
Cells were visualised using phase contrast microscopy.  
(C) HeLa WT versus HeLa DR4/DR5-/- cells were treated for 24hr with the indicated concentrations of TRAIL. 
Cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 
cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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We next explored what effect this more comprehensive disruption of TRAIL 

signalling had on cytokine production in response to ER stress. Quite strikingly, KO of 

both DR4 and DR5 again conferred protection against cell death and cytokine production 

in response to thapsigargin treatment, with DR5 ablation having a marginally more 

impressive effect. Consistent with this, DR4/DR5 double KO cell populations showed a 

synergistic protective effect (Figures 3.8 A & 3.8 B). With regards to cytokine production 

in response to brefeldin A, a similar protective effect was seen in DR4/DR5 KO cells 

(Figure 3.8 C). 

 

3.1.4 ER Stress-Induced Cytokines Are Independent of TRAIL Ligand 

Thapsigargin, brefeldin A and tunicamycin treatments were carried out in the 

presence of a TRAILR2-Fc fusion protein in order to assess whether ER stress-induced 

cytokine production was dependent on autocrine or paracrine TRAIL ligand. However, 

neutralisation of TRAIL ligand has no effect on death or cytokine production seen in 

response to ER stress-inducing agents thapsigargin, brefeldin A or tunicamycin (Figures 

3.9 A-3.9 C).  

 

3.1.5 ER Stress-Induced Cytokines Are CHOP Dependent. 

As CHOP has been implicated in DR5 upregulation in response to ER stress, we 

next asked whether ER stress induced-cytokine production was CHOP-dependent. 

CHOP KO cell populations were generated in the same manner as described above for 

FADD KO cells. Two sgRNAs targeted against the human GADD153 (CHOP) gene were 

designed. These are summarised in Table 3.5. sgRNA sequences were cloned into 

pLentiguidePuro and plasmids were sent for sequencing to confirm insertion. Results 

are summarised in Table 3.6. 

Cells were treated with brefeldin A in order to upregulate the transcription factor 

CHOP so that KO could be confirmed at the protein level by western blot (Figure 3.10 

A). Control treatments were then carried out to confirm that all cell types responded to 

TNF as would be expected. Cells were initially treated with a titration of TNF versus wild 

type cells, to confirm that they still produced cytokines as expected (Figure 3.10 B). 

Using a titration of all three classical ER stress inducing agents, cell death and 

production of IL-6 and IL-8 in CHOP KO cells were compared to wild type HeLa cells 

(Figures 3.11 A-3.11 C). A striking reduction in cytokine production was seen in the 

CHOP KO cells when compared with the wild type cells with all three stimuli and at all 

doses. Interestingly, in the case of thapsigargin, a marked protection from cell death was 

seen in the absence of CHOP, while a very marginal protection was seen with brefeldin 

A-induced death. In conclusion, we have identified a CHOP/DR4/DR5/FADD-dependent 
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signalling pathway which links ER stress to inflammatory signalling in this context 

(Figure 3.12). 

 

 

 

Table 3.5: Summary of sgRNAs designed to target human CHOP.  

 Sequence  PAM Exon  Strand  

CHOP sgRNA 1 CCAGCTGGACAGTGTCCCGA GGG Exon 1 Sense 

CHOP sgRNA 2 AGCACATCTGCAGGATAATG CGG Exon 2 Sense 

 

 

 

 

Table 3.6: Summary of sequencing results to confirm insertion of sgRNA targeting CHOP 

into pLentiGuidePuro vector 

sgRNA Sequencing Results  

CHOP sgRNA 1 3969455;Value Read;;CHOP 1.1;ASM0094022;hU6-F;final result;951;">CHOP 11_hU6-F –  
14965 of sequence 
AGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGA 
CGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCT 
TACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCAGCT 
GGACAGTGTCCCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA 
AAGTGGCACCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATC 
CACAATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGC 
AACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGG 
GACAGCAGAGATCCACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACA 
GAGAGGAATCTTTGCAGCTAATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTC 
AGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTG 
CCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGG 
TGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAA 
CACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAA 
TTACTTCCACCTGGCTGCAGTACGTGATTCTTGATCCCAAGCT"; 

CHOP sgRNA 2 3969455;Value Read;;CHOP 2.2;ASM0094023;hU6-F;final result;979;">CHOP 22_hU6-F –  
15994 of sequence 
AGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGT 
AGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACC 
GTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAGCACATCTGC 
AGGATAATGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG 
CACCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTT 
TAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACA 
TACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGA 
GATCCACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAAT 
CTTTGCAGCTAATGGACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAG 
AGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAA 
GGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAG 
AACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTA 
AGTGCCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCC 
ACCTGGCTGCAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAAAGTTCG"; 

  

 

 

 



Figure 3.8 ER stress-induced cytokines are dependent on death receptors DR4 and DR5
(A) HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/-  cells were treated for 24hr with the indicated concen-
tration of Thapsigargin. Cells were visualised using phage contrast microscopy. 
(B)HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/- cells were treated for 24hr with the indicated concentra-
tions of Thapsigargin.
(C) HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/- cells were treated for 24hr with the indicated concentra-
tions of Brefeldin A.
In (B & C), cell death was measured based on cell morphology from counts of 3 fields per well (of approxi-
mately 100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.9 ER stress-induced cytokines are independent of TRAIL ligand
(A) HeLa cells were treated for 24hr with the indicated doses of Thapsigargin +/- the indicated doses of TRAIL-
R2Fc. 
(B) HeLa cells were treated for 24hr with the indicated doses of BrefeldinA +/- the indicated doses of TRAIL-
R2Fc. 
(C) HeLa were treated for 24hr with the indicated doses of Tunicamycin +/- the indicated doses of TRAILR2Fc.
In (A-C), cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 
100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.10 Generation of CHOP KO HeLa cells using CRISPR
(A) HeLa CRISPR KO were generated by GenJet transfection of sgRNA targetting CHOP, followed by selection 
using puromycin. Selected cell populations were treated for 24hr with the indicated concentration of Brefel-
din A. Cell lysates were prepared and protein expression was analysed by western blot.
(B) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated concentrations of TNF. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 

0

20

60

ng
/m

l80

40

C
el

l D
ea

th
 (%

) IL-8IL-6

0 1 0.250.5

ng
/m

l
24hr

100

TNF (ng/mL) TNF (ng/mL) TNF (ng/mL)

0

0.5

1.0

1.5

2.0
HeLa CHOP -/-

Wild Type
CHOP KO #1
CHOP KO #2

0

4.0

3.0

2.0

1.0

5.0 IL-8

0 1 0.250.5 0 1 0.250.5

A

CHOP
25

Mw(kDa) CH
OP 

KO 1

W
ild

 T
yp

e
CH

OP 
KO 2

46 Actin

W
ild

 T
yp

e

CH
OP 

KO 1

W
ild

 T
yp

e
CH

OP 
KO 2

W
ild

 T
yp

e

+ 10mg/mL
 Brefeldin A

B



Figure 3.11 ER stress-induced cytokines are CHOP-dependent
(A) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated doses of Thapsigargin. 
(B) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated doses of BrefeldinA. 
(C) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated doses of Tunicamycin.
In (A-C), cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 
100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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3.1.6 Glucose Deprivation-Induced Cell Death Is Death Receptor and FADD-

Dependent.  

As metabolic stress (which can induce ER stress), particularly nutrient 

deprivation frequently occurs in tumours, it is plausible that ER stress pathway activation 

under these circumstances may lead to death receptor upregulation. KO cells generated 

earlier in this study were used in order to assess whether ER stress-induced cell death 

in response to glucose deprivation was dependent on death receptor upregulation and 

downstream signalling. Mild protection from cell death seen in response to glucose 

deprivation was seen in the absence of DR4, with a more marked protection seen in the 

absence or DR5 or of both receptors (Figure 3.13 A & 3.13 B). Ablation of FADD also 

provided a similar protective effect to that seen in DR4/DR5 double KO cells. These 

results suggest that death receptors are relevant in physiologically relevant ER stress 

contexts. While glucose deprivation-induced cytokine induction was not analysed in this 

study, this analysis may give interesting results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3.13 Glucose deprivation-induced cell death is TRAIL-R and FADD-dependent
(A) HeLa WT versus the indicated HeLa knockouts were incubated in glucose free DMEM (-glucose) or DMEM 
supplemented with 25mM glucose for 24, 36 and 48 hr. Cell death was measured based on cell morphology 
from counts of 3 fields per well (of approximately 100 cells per field). 
(B) Cells from (A) were visualised using phase contrast microscopy.  
The error bars represent the mean +/- SEM of triplicate samples. 
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3.2 Chapter 2 

3.2.1 Taxanes Induce Cytokine Production, ER Stress and DR5 Upregulation  

Taxanes, paclitaxel and docetaxel, have previously been shown to induce 

cytokines in sporadic studies and have classically been associated with secondary 

inflammation and metastasis (Javeed, 2009, Kajiyama, 2007, Penson, 2000, Pusztai, 

2004). They have also been associated with DR4 and DR5 upregulation (Dorsey et al., 

2009, Nimmanapalli et al., 2001). Initial experiments carried out by our group (Henry 

C.M. & Sullivan G. personal communication) showed that DR5 is important for taxane-

induced cytokine production. To investigate further whether taxane-induced 

inflammation is dependent on DR signalling, we first confirmed that both paclitaxel and 

docetaxel robustly induce cytokines in HeLa cells over a range of doses (Figure 3.14 

A). Surprisingly, both taxanes also induce a robust ER stress response – causing 

phosphorylation of PERK, stabilisation and upregulation of IRE1 and upregulation of 

transcription factors CHOP and ATF4. Additionally, upregulation of both the long and 

short forms of DR5 was observed (Figure 3.14 B). Interestingly, sporadic associations 

between taxanes and ER stress have been made previously (Notte, 2015). Paclitaxel 

treatment in breast cancer cells has been shown to induce ATF4-dependent UPR (Notte 

et al., 2015). ER stress genes have additionally been implicated in paclitaxel induced 

apoptosis (Liao et al., 2008). In line with this, treatment with thapsigargin has been 

shown to increase the cell killing potency of paclitaxel or docetaxel by 10- to 12-fold (Wu 

et al., 2009). Given that taxanes have been associated tenuously with ER stress as well 

as death receptor upregulation, we wondered whether ER stress was in fact causative 

to death receptor upregulation in this case. It is plausible that ER stress acts more 

universally than is realised in this respect. We initially showed that taxanes induce NFB 

activation, manifesting in degradation of IB and accumulation of phospho- 

IB Similarly, accumulation of phospho-p65 was seen, while p65 remained relatively 

constant (Figure 3.14 C). 

To confirm that this phenomenon was not limited to HeLa cells. We additionally 

tested the colon cancer cell line HCT116, which has previously been shown to produce 

cytokines in response to TRAIL stimulation (Henry and Martin, 2017). Treatment with a 

range of concentrations of paclitaxel or docetaxel robustly induced cytokine production 

in these cells, particularly IL-8 (Figure 3.15 A). Similar to the response seen in HeLa 

cells, activation and upregulation of classic ER stress-associated markers was detected, 

as was a robust upregulation of DR5 (Figure 3.15 B).     

Two additional human cell lines were also tested – the NSCLC cell line A549 and 

the colon carcinoma cell line SKOV3, both of which have previously been shown to  



Figure 3.14 Taxanes Paclitaxel and Docetaxel induce cytokines and DR5 upregulation in HeLa cells
(A) HeLa cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(B & C) HeLa cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel for 
24. Cell lysates were prepared and protein expression was analysed by western blot. 
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.15 Taxanes Paclitaxel and Docetaxel induce cytokines and DR5 upregulation in HCT116 colon 
cancer cells
(A) HCT116 cells were stimulated for 48hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(B) HCT116 cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell 
lysates were prepared and protein expression was analysed by western blot. 
The error bars represent the mean +/- SEM of triplicate samples. 
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respond to paclitaxel (Penson et al., 2000, Pal et al., 2013). It was found that both cell 

lines additionally produce cytokines in response to both paclitaxel and docetaxel 

(Figures 3.16 A & 3.17 A). IL-6, RANTES and CXCL1 were among the cytokines 

produced. We additionally observed an ER stress response and DR5 upregulation upon 

taxane treatment in the SKOV3 cell line (Figures 3.16 B).  

Finally, we tested the two murine cell lines CT26 and 3LL. Both were found to be 

potent responders to treatment with paclitaxel. CT26 cells produced an abundance of 

CCL2, CXCL1 and RANTES (Figure 3.18 A), while 3LL cells produced CXCL1, 

RANTES and CXCL2 in response to taxanes (Figure 3.18 D). In both cases, doses that 

induced cytokine production did not induce much cell death (Figure 3.18 B & 3.18 F). 

While little death was seen at these doses, it was noted that cells had undergone a 

morphological change – appearing more rounded and condensed (Figures 3.18 C & 

3.18 F).  

 

3.2.2 Taxane-Induced Cytokine Production Is Dependent On Signalling 

Downstream Of Death Receptors.   

FADD and caspase-8 are important effector molecules downstream of the TRAIL 

receptors. FADD KO cell populations generated earlier in this study and caspase-8 KO 

cells that were generated by Conor M. Henry (and used in a study published in early 

2017 by our group (Henry and Martin, 2017)) were used to assess the importance of 

FADD and caspase-8 in paclitaxel-induced inflammatory cytokines. There was no 

apparent change in the induction/stabilisation/resting levels of ER stress-associated 

molecules PERK, IRE1, ATF4 or CHOP or death receptors DR4 and DR5 in the FADD 

KO cells (Figure 3.19 A). This suggests, as would be expected, that FADD may operate 

downstream of ER stress and CHOP induced DR5. A role for FADD in paclitaxel-induced 

cytokines was confirmed (Figure 3.19 B), with dramatic protection being observed in the 

FADD KO cells when compared to wild-type cells. Caspase-8 KO showed conflicting 

results – while levels of RANTES and IL-8 were reduced, high background levels of IL-

6 in caspase-8 null cells made this result inconclusive (Figure 3.19 C). There 

interestingly appears to be less DR5 at basal levels and less DR5 accumulating in 

response to paclitaxel treatment in these cells, while levels of ER stress-associated 

transcription factors CHOP and ATF4 remained constant (Figure 3.19 D). We concluded 

that signalling downstream of death receptors is indeed important for taxane-induced 

cytokine production. 

We next wanted to analyse what dependence taxane-induced cytokines have on 

effectors downstream of TRAIL receptors. Treatment with SMAC mimetic BV6 in 

combination with paclitaxel caused an increase in cell death and a concurrent decrease  
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Figure 3.16 Taxanes Paclitaxel and Docetaxel induce cytokines and DR5 upregulation in SKOV3 ovari-
an carcinoma cells
(A) SKOV3 cells were stimulated for 48hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(B) SKOV3 cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell 
lysates were prepared and protein expression was analysed by western blot. 
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.17 Taxanes Paclitaxel and Docetaxel induce cytokines production in A549 NSCLC cells
(A) A549 cells were stimulated for 48hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell 
death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells 
per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 

A



Figure 3.18 Taxane Paclitaxel induces cytokine production in murine CT26 and 3LL Cells
(A) CT26 cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cytokine 
concentrations in cell culture supernatants were determined by ELISA.
(B) CT26 cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell death 
was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells per 
field).
(C) Cells from (B) were visualised using phage contrast microscopy.
(D) 3LL cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cytokine 
concentrations in cell culture supernatants were determined by ELISA.
(E) 3LL cells were stimulated for 24hr with the indicated concentrations of Paclitaxel or Docetaxel. Cell death 
was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells per 
field).
(F) Cells from (E) were visualised using phage contrast microscopy.
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.19 Taxane-induced cytokine production is dependent on signalling downstream of TRAIL-Rs
(A) HeLa WT versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations of Paclitaxel.
(B) Cells treated as in (A).
(C) HeLa WT versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations of Paclitaxel. 
(D) HeLa WT versus HeLa FADD-/- cells were treated for 24hr with the indicated concentrations of Paclitaxel. 
In (A & D), protein expression was analysed by western blot. 
In (B & C), cell death was measured based on cell morphology from counts of 3 fields per well (of approxi-
mately 100 cells per field). Cytokine concentrations were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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in induced cytokines IL-6 and IL-8 (Figure 3.20 A). This may be explained by IAP 

antagonism preventing ubiquitination of RIPK1 downstream of TRAIL receptors, leading 

to the preferential formation of a soluble cell death-inducing ripoptosome-like complex 

II, as has been described downstream of the TNF receptor (Feoktistova et al., 2011, 

Tenev et al., 2011). Treatment with pan caspase inhibitor zVAD-fmk ablated cell death 

seen in response to paclitaxel, but dramatically increased production of IL-6 and IL-8 

(Figure 3.20 B). That a caspase-inhibitor would ablate cell death seen in response to 

paclitaxel is unsurprising as the intrinsic apoptotic pathway has been previously 

implicated (Wang et al., 2000). Increased cytokine production observed in the presence 

of zVAD may be due to caspase stabilisation and has been observed previously in the 

context of TRAIL-induced cytokine and chemokine production (Henry and Martin, 2017). 

This suggests that cytokine production is an active process, rather than just being a 

passive side-effect of necrotic cell release of intracellular cytokines. Dual treatment with 

both BV6 and zVAD-fmk ablated cytokine production and cell death seen in response to 

paclitaxel (Figure 3.20 B). Under these conditions, where both caspases and IAPs have 

been inhibited, TRAIL receptor signalling appears to be ineffectual, as would be 

expected.   

 

3.2.3 Generation of Fas KO Cells To Assess Whether Fas Plays A Role In Taxane-

Induced Cytokine Production  

Given that the adaptor molecule FADD is an important downstream effector of 

both Fas and TRAIL receptors, we wanted to assess whether Fas receptor plays also a 

role in taxane-induced cytokines. Targeted sgRNA were designed for the human CD95 

gene (Fas), using the Broad Institute design tool. Chosen sequences are summarised in 

Table 3.7. sgRNAs for each target were deliberately designed to target different exons, 

while remaining as close to the beginning of the protein coding sequence as possible. 

Each sgRNA was sequenced with complementary overhangs for cloning into linearised 

sgRNA vector pLentiguidePuro (Figures 3.2 A & 3.2 B). Insertion of targeted sgRNA 

into pLentiguidePuro was confirmed by sequencing. Sequencing results are summarised 

below in Table 3.8 

Plasmids were transfected into HeLa cells that are stably expressing Cas9 

(generated by CMH), alongside parental pLentiguidePuro and PAAV-EGFP. Cells were 

then selected with puromycin to enrich for cells that had taken up plasmids. KO was 

validated by western blot (Figure 3.21 A). Cells were treated, versus wild type cells, with 

a titration of CH11 to confirm that they no longer underwent apoptosis in response to 

anti-Fas stimulation (Figure 3.21 B & 3.21 C). It was also confirmed that these cells do 

not produce cytokines IL-6 and IL-8 in response to CH11 (Figure 3.21 D).  Finally, KO  
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cell populations were treated with TRAIL to confirm that TRAIL signalling had not been 

effected (Figure 3.21E).   

 

 

 

 

Table 3.7: Summary of sgRNAs designed to target human Fas.  

 Sequence  PAM Exon  Strand  

Fas sgRNA 1 GTGACTGACATCAACTCCAA GGG Exon 2 Sense 

Fas sgRNA 2 ACTGCGTGCCCTGCCAAGAA GGG Exon 3 Sense 

 

 

 

Table 3.8: Summary of sequencing results to confirm insertion of sgRNA targeting Fas 

into pLentiGuidePuro vector. 

sgRNA Sequencing Results  

Fas sgRNA 1 6069959;Value Read;;3.5 FAS 1;ASM0094134;hU6-F;final result;1020;">35 FAS 1_hU6-F –  
141034 of sequence 
CGATACAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTG 
ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTAC 
CGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGTGACTGACATCA 
ACTCCAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACC 
GAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTTAAAAG 
AAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTA 
AAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCACTTTGG 
CGCCGGCTCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTGCAGCTAATGG 
ACCTTCTAGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAG 
TCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGG 
AAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCC 
GTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGG 
CCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCAGTACGTGATTCTTGATCCCGAG 
CTTCGGGTTGGAAGTGGGTGGGAAAATTCCAAGGCCTTGCGCTTAAGGAGCCCCTTCCCCTCGGG"; 

Fas sgRNA 2 6069959;Value Read;;3.6 FAS 2;ASM0094135;hU6-F;final result;973;">36 FAS 2_hU6-F –  
13986 of sequence 
GAAACAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGAC 
GTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGT 
AACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGACTGCGTGCCCTGCCA 
AGAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT 
CGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTTAAAAGAAAAG 
GGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGAAT 
TACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCACTTTGGCGCCGGC 
TCGAGGGGGCCCGGGTGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTGCAGCTAATGGACCTTCTA 
GGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAG 
AAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGAT 
GTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGT 
TCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTTAC 
GGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCAGTACGTGATTCTTGATCCCGAGCTTCGGGT 
TGGAATGGGGT"; 

 

 

 

 



Figure 3.21 Generation of Fas null HeLa cells using CRISPR
(A) HeLa CRISPR KO were generated by GenJet transfection of sgRNA targetting Fas, followed by selection 
using puromycin. Cell lysates were prepared and protein expression was analysed by western blot. 
(B) HeLa WT versus HeLa Fas-/- cells were treated for 24hr with the indicated doses of CH-11. Cell death was 
measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells per field). 
(C) Cells from (B) were visualised using phase contrast microscopy. 
(D) HeLa WT versus HeLa Fas-/- cells were treated for 24hr with the indicated doses of CH-11. Cytokine concen-
trations in cell culture supernatants were determined by ELISA.
(E) HeLa WT versus HeLa Fas-/- cells were treated for 24hr with the indicated doses of TRAIL. Cell death was 
measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells per field). 
Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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3.2.4 Taxane-Induced Cytokines Are Fas-Independent  

Treatment of wild type cells versus Fas null cells showed that taxane-induced 

death and cytokine production was independent of the death receptor Fas (Figures 3.22 

A & 3.22 B). What was unexpected however, was that IL-8 production in response to 

paclitaxel was enhanced in the absence of Fas. This perhaps suggests that Fas may 

play a protective role from taxane-induced cytokines, though this would need to be 

investigated further. 

 

3.2.5 Taxane-Induced Cytokines Are Death Receptor Dependent  

We next investigated whether the absence of DR4 or DR5 may affect taxane 

induced cytokine production. We initially treated wild-type, DR4 and DR5 KO HeLa cells 

with paclitaxel to test this, finding that while DR5 ablation may provide a marginal 

protection, the result was not particularly convincing (Figure 3.23 A). We next tested 

both DR4/DR5 double KO cells with paclitaxel. Strikingly, DR4/DR5 DKO reduced 

paclitaxel-induced cytokines, while induced cell death remained unaffected (Figure 3.23 

B). This suggests that DR4 plays a role additionally, though this wasn’t seen in the single 

KO population. Perhaps DR4 is only important when there is no DR5 present. We 

additionally tested these cell lines with docetaxel treatment (Figure 3.23 C) and 

observed a similar result, with DR4/DR5 DKO cell populations showing a drastic 

protective effect, while death remained remarkably unaffected.  

Paclitaxel drug treatments were carried out in the presence of a TRAILR2-Fc 

fusion in order to assess whether taxane-induced cytokine production was dependent 

on autocrine or paracrine TRAIL ligand. Results conclusively showed that neutralisation 

of TRAIL ligand has no effect on death or cytokine production seen in response to 

paclitaxel, though the Fc-fusion dramatically protected from TRAIL-induced cytokine 

production (Figure 3.23 D). 

To assess this important observation in a more physiologically relevant 

experiment, we tested whether HeLa cells produce cytokines in response to shorter 

pulse treatments with paclitaxel, then following the cells until a 24 hr endpoint (Figure 

3.24 A). We found that 2 hr, 4hr and 8hr pulse treatments did indeed induce cytokine 

production. Indeed, at some doses, pulse treatments yielded more cytokines than 24 hr 

continuous treatment. This may be explained by the reduction in associated cell death 

when cells were pulse treated rather than exposed to cytotoxic drug continuously. We 

tested death receptor KO cell populations with an 8 hr pulse treatment of paclitaxel and 

found an even greater protective effect from taxane-induced cytokines than that seen 

with continuous treatments (Figure 3.24 B). We finally tested DR4 and DR5 upregulation 

in response to an 8-hour pulse treatment with paclitaxel and found robust induction of  



Figure 3.22 Taxane-induced cytokine production is Fas-independent
(A) HeLa WT versus HeLa Fas-/- cells were treated for 24hr with the indicated doses of Paclitaxel. Cells were 
visualised by phase contrast microscopy.
(B) HeLa WT versus HeLa Fas-/- cells were treated for 24hr with the indicated doses of Paclitaxel. Cell death 
was measured based on cell morphology from counts of 3 fields per well (of approximately 100 cells per 
field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.23 Taxane-induced cytokine production is TRAIL-R-dependent
(A) HeLa WT versus HeLa DR4-/- and DR5-/- cells were treated for 24hr with the indicated concentrations of 
Paclitaxel. 
(B) HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/- cells were treated for 24hr with the indicated concentra-
tions of Paclitaxel.
(C) HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/- cells were treated for 24hr with the indicated concentra-
tions of Docetaxel.
(D) HeLa WT, DR4, DR5 and DR4 + DR5 KO cells were treated for 24hr with the indicated concentrations of 
Paclitaxel +/- the indicated doses of TRAILR2-Fc
In (A-C) cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 
100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Figure 3.24 Taxane-induced cytokine production is TRAIL-R-dependent
(A) HeLa cells were treated for 2, 4 and 8hr with the indicated concentrations of Paclitaxel. After the indicated 
duration, the paclitaxel was removed, cell monolayers were washed and media was replenished with fresh 
media for 24hr. Cells were additionally treated for a further 24 hrs without replensihing media. 
(B) HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/- cells were treated for 8hr with the indicated concentra-
tions of Paclitaxel. After the indicated duration, the paclitaxel was removed, cell monolayers were washed 
and media was replenished with fresh media for 24hr. Cells were additionally treated for a further 24 hrs 
without replensihing media. 
In (A & B) cell death was measured based on cell morphology from counts of 3 fields per well (of approxi-
mately 100 cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(C) HeLa WT versus HeLa DR4-/-, DR5-/- and DR4/DR5-/- cells were treated for 8hr with the indicated concentra-
tion of Paclitaxel. Protein expression was analysed by western blot. 
The error bars represent the mean +/- SEM of triplicate samples. 
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DR5, as is seen with 24 hour continuous treatment (Figure 3.24 C). It was also observed 

that DR4 or DR5 induction was not seen in the respective null cell populations.  

 

3.2.6 Taxane-Induced Cytokines Are CHOP-Dependent 

Finally, we explored whether taxane-induced cytokines were dependent on the 

previously elucidated CHOP-DR5-FADD pathway. We tested whether taxane-induced 

cytokines were dependent on ER stress-induced CHOP by comparing taxane treated 

CHOP KO cells to wild type cells. Interestingly, western blot analysis showed that DR5 

upregulation in response to paclitaxel was ablated in CHOP KO cells (Figure 3.25 A). 

This suggests that DR5 upregulation is CHOP-dependent in this context. We then tested 

cell supernatants from taxane treated wild type versus CHOP null cells and found that in 

the absence of CHOP, paclitaxel induced IL-6 and IL-8 were dramatically reduced 

(Figure 3.25 B). Consistent with this, we found that docetaxel induced IL-6 was very 

much CHOP-dependent, though IL-8 was noticeably less so (Figure 3.25 C). In 

conclusion, we have uncovered an ER-stress-induced CHOP-DR4/DR5-cytokine 

signalling pathway that occurs in response to taxane exposure (Figure 3.26). This 

pathway may lead to unwanted cytokine production in response to taxane chemotherapy 

that is likely to facilitate tumour survival and/or progression.       

 

 

 

 

 

 

  



Figure 3.25 Taxane-induced cytokine production is CHOP-dependent
(A) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated concentration of Paclitaxel. 
Cell lysates were prepared and protein expression was analysed by western blot.
(B) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated concentration of Paclitaxel. 
Cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 
cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
(C) HeLa WT versus HeLa CHOP-/- cells were treated for 24hr with the indicated concentration of Docetaxel. 
Cell death was measured based on cell morphology from counts of 3 fields per well (of approximately 100 
cells per field). Cytokine concentrations in cell culture supernatants were determined by ELISA.
The error bars represent the mean +/- SEM of triplicate samples. 
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Discussion 

4.1 Chapter 1 

In this study, we have identified physiological contexts where TRAIL-induced 

inflammation may occur. To begin, ER stress-induced DR upregulation contributes to 

spontaneous and ligand-independent TRAIL receptor inflammatory signalling. While it 

was surprising that DR activation and signalling occurred in the absence of ligand 

stimulation, it has been shown previously that TRAIL receptor aggregation can lead to 

activation of death receptor signalling (Chan et al., 2000), so it is plausible that 

something similar may be happening here due to the robust upregulation of DR5 seen 

in our experiments. Regardless of previous controversy regarding the main mechanism 

of cell death induction in response to ER stress, and while ER stress-induced cell death 

was inconsistently associated with death receptors here, ER stress-induced cytokines 

are clearly death receptor-dependent. We have clearly illustrated an alternative output 

of the widely studied DR upregulation seen in response to ER stress. Inflammatory 

cytokine production was dependent on FADD, DR4 (somewhat), DR5 and CHOP. It is 

possible that this pathway mimics the CHOP-dependent DR5 upregulation that has been 

studied in some contexts of stress induced apoptosis, however this would need to be 

further elucidated as we have not shown here that DR5 upregulation in response to ER 

stress in CHOP dependent (Lu et al., 2014a). These results can be extrapolated to 

speculate as to what role DR upregulation and subsequent inflammation play in more 

specific contexts. Here we will focus on solid tumour-associated ER stress as an 

example.  

The importance of ER stress and death receptor-dependent death in malignant 

tissues has been explored for some time (Yamaguchi and Wang, 2004). However, more 

recently this ER stress pathway has been described in a number of specific physiological 

contexts including under conditions of glucose or nutrient deprivation or hypoxia (Iurlaro 

et al., 2017, Jiang et al., 2017). As solid tumours grow, cells become cut off from the 

vasculature and can become hypoxic and depleted of necessary nutrients. However, 

tumours adapt to these stresses, and particularly, adaptive ER stress responses have 

been observed in many different types of cancer – including breast, lung, prostate, skin 

and pancreatic cancers (Wang and Kaufman, 2014). Cancer initiation is classically 

attributed to loss-of-function mutations in tumour suppressor genes (such as p53 and 

PTEN) and gain-of-function mutations in oncogenes (such as HRAS and BRAF) – 

ultimately leading to uncontrolled proliferation and progression (Obeng et al., 2006). 

Loss-of-function and gain-of-function mutations have both been shown to lead to 
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increased protein synthesis rates and ultimately induce an ER stress response 

(Corazzari et al., 2015). 

Hypoxia leads to the production of ROS in mitochondria and the ER. During ER 

stress, this is contributed to by the increased disulphide bond formation and oxidative 

folding promoted by ERO1 (a transcriptional target of CHOP) during the ISR. It has 

been suggested that this increased capacity for withstanding oxidative stress is 

beneficial for tumour growth (Clarke et al.), with ERO1 being put forward as a predictor 

of poor prognosis in breast cancer models (Kutomi et al., 2013). In line with this, it has 

been shown that ablation of PERK in breast carcinoma cells results in impaired tumour 

growth and a reduction in the accumulation of ROS (Bobrovnikova-Marjon et al., 2010).  

Glucose deprivation and hypoxia have been linked to VEGF production and 

neovascularisation. Inhibition of PERK results in reduced tumour growth, vascularity and 

perfusion, with the UPR being proposed as the link between nutrient deprivation, hypoxia 

and the angiogenic switch (Wang et al., 2012). TRAIL DRs have very recently been 

shown to be important for glucose deprivation induced apoptosis in an ATF4-dependent, 

CHOP-independent manner – suggesting that regulation of DRs in this context is mainly 

at the transcriptional level. Nutrient deprivation in this manner was shown to upregulate 

both DR4 and DR5 TRAIL receptors (Iurlaro et al., 2017). It is plausible that, similar to 

what we have seen in our experiments, ER stress-induced death receptor upregulation 

under nutrient deprivation conditions may contribute to inflammatory outcomes. It is 

plausible that either nutrient excess and nutrients in short supply may in either instance 

contribute to TRAIL-dependent inflammation. Indeed, TRAIL receptor deletion in mice 

suppresses the inflammation of nutrient excess (Idrissova et al., 2015).  

Metastasis, or the process by which cancerous cells migrate from the primary 

tumour site to foreign body tissues, characteristically involves epithelial-to-mesenchymal 

transition (EMT) of cells and infiltration first into the tissue extracellular matrix and 

secondly into the two main mammalian circulatory systems – the lymphatic and 

cardiovascular systems (Nieto et al.). EMT is characterised by decreased expression of 

epithelial cell marker E-cadherin, with concurrent increased expression of mesenchymal 

markers such as fibronectin and vimentin. EMT-induced migration and extracellular 

matrix protein secretion has been shown to be dependent on ER stress and can be 

inhibited using pharmacological PERK inhibitors or by silencing ATF4 (Feng et al., 2014, 

Dey et al., 2015). IRE1 has additionally been shown to be a key regulator in the 

malignant switch of human gliomas, being required for the production of angiogenic 

factors IL-6, IL-8 and VEGF (Auf et al., 2010). Indeed, the production of proinflammatory 

cytokines and chemokines has been observed in a range of cancerous tissues 
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(Mahadevan et al., 2010, Marjon et al., 2004). Consistent with the production of this 

inflammatory milieu, excessive ER stress has been shown to increase tumour 

immunosurveilance and thus indirectly reduce tumour burden (Kepp et al., 2013). Knock-

out tumour models have highlighted the importance of ER stress effectors such as 

CHOP and ATF4 in tumour growth. In the N-diethylnitrosamine (DEN)-induced 

hepatocellular carcinoma model, knock-out of CHOP has been shown to reduce 

carcinogenesis (Scaiewicz et al., 2013). The PERK arm of the UPR has been implicated 

in the promotion of cancer cell growth and proliferation on several occasions 

(Bobrovnikova-Marjon et al., 2010, Blais et al., 2006).  

Here we have elucidated a key role for FADD in ER stress-induced cytokines, 

downstream of TRAIL receptors DR4 and DR5. However, we consistently saw that 

FADD ablation afforded a greater protection from ER stress-induced cytokine production 

than did ablation of DR4 and DR5. Thus, it is possible that alternative death receptors 

that use FADD as an adaptor (such as Fas) also play a role here. Caspase-8 and FADD, 

both important adaptor molecules in the TRAIL signalling pathway, have also been 

characterised in a number of studies as pro-tumorigenic molecules (Terlizzi et al., 2015, 

Fan et al., 2013). In many cases, null tumours or the deletion of these molecules appears 

to be beneficial for tumour clearance. One convincing study by Terlizzi and colleagues 

in a NSCLC model showed that pharmacological inhibition of caspase-8 limited both 

tumour growth and metastasis (Terlizzi et al., 2015). Strikingly, this correlated with a 

concurrent reduction in the release of proinflammatory cytokines such as IL-6 and IL-8 

into the tumour microenvironment (Terlizzi et al., 2015). Similarly, high expression levels 

of DR5, caspase-8 and FADD has been linked to poor prognostic outcomes in head and 

neck cancer patients with lymph node metastasis (Fan et al., 2013). Hartwig et al. 

additionally showed that deletion of FADD or shRNA stable knockdown of TRAIL-R2 

substantially reduced tumour burden in NSCLC and Lewis Lung Carcinoma mouse 

models. Importantly, cytokine levels (CCL2, IL-8 and IL-6) measured from lung 

homogenates were reduced in FADD deficient mice (Hartwig et al., 2017). It seems 

plausible that the absence of mTRAILR2, FADD or caspase-8, naturally occurring and 

tumour associated ER stress-induced inflammation is somewhat ablated. 

Conversely, mutant forms of caspase-8 which are found in numerous cancers 

have shed further light on the role of this molecule (Soung et al., 2005, Soung et al., 

2004). Spontaneous mutations favour the formation and progression of tumours, 

assumably due to the selection of mutant caspase-8 which can no longer promote 

apoptosis but can still bind to FADD, with an increased ability to activate NFB (Ando et 

al., 2013, Liu et al., 2002). Indeed, one study of head and neck cancers found that such 

a mutant caspase-8 was found to be constitutively bound to FADD (Li et al., 2014). 
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Tumour-associated overexpression of phosphorylated, cytoplasmic FADD has been 

associated with cell proliferation, NFkB activation and aggressive forms of lung cancer 

with a bad prognostic outcome (Bhojani et al., 2005, Chen et al., 2005).   
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4.2 Chapter 2  

We have shown that taxanes induce numerous cytokines in a range of different 

cell types. Previous studies have shown that taxanes induce activation of NFB and a 

number of inflammatory mediators (including IL-6, IL-8, IL-1 and VEGF) in various 

tumour cell types (White et al., 1998, Lee et al., 1997, Pusztai et al., 2004, Volk et al., 

2008). An analysis of the functions of these cytokines in tumour biology paints an 

interesting picture. IL-8, CXCL1 and CXCL2 have been shown to be important players 

in early stage neutrophil recruitment to sites of tissue inflammation (De Filippo et al., 

2013). When dysregulated or chronically expressed following constitutive NFB 

activation in solid tumours, these chemokines have been implicated in tumour formation 

- causing angiogenesis, tissue damage and ultimately being beneficial for tumour growth 

(Dhawan and Richmond, 2002). Particularly, enhanced proliferation and invasion of 

numerous malignant tissues has been attributed to CXCL1/CXCL2 signalling (Singh et 

al., 2009, Wang et al., 2006). Observed correlations of poor prognosis and IL-8 

overexpression has been attributed to cancer stem cell formation and an invasive 

phenotype (Chen et al., 2014). Other cytokines of interest, such as IL-6 and RANTES, 

have also been implicated in tumour progression. Chronic IL-6 expression is seen in 

malignant tissues in mouse models as well as human disease and it acts to support 

tumour growth and survival, while also being linked to angiogenesis. Conversely, IL-6 

has been shown to reorganise the T-cell response of the tumour microenvironment, 

particularly playing a role in the activation and survival of these leukocytes so that they 

may effectively act to clear tumour burden (Fisher et al., 2014). Previous studies also 

report the induction of markers associated with metastasis in response to paclitaxel, 

including mitogen activated protein kinase (MAPK) activation (Shtil et al., 1999). The 

invasive phenotype known as EMT has been observed following paclitaxel treatment in 

ovarian carcinoma models (Kajiyama et al., 2007). Similarly, paclitaxel has been shown 

to enhance liver metastasis in breast cancer mouse models (Li et al., 2016). Collectively, 

this suggests that taxane-induced cytokines are very likely to be protumorigenic.  

While taxane induced cytokines induce immune cell infiltration and concurrent 

angiogenesis and metastasis, taxanes also induce cell death via their role as microtubule 

disruptors. Microtubule disruptors, while exerting their effects on rapidly dividing cancer 

cells, also affect dividing non-cancerous cells – thus leading to the observed toxicity with 

which they are widely associated. It is therefore plausible that taxanes may act on tumour 

cells, tumour stroma and additionally on recruited immune cells to globally activate an 

immune response that leads to unwanted effects such as metastasis and invasion. 

Indeed, a compelling study by Liu and colleagues illustrates that chemotherapeutic 
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agents such as paclitaxel induce cytokines and angiogenic factors from both tumour and 

stromal cells, ultimately promoting an invasive phenotype (Liu et al., 2015). 

Immune cell infiltration and diverse activation of immune cell effector functions is 

commonly seen in patients treated with taxanes as well as in in vitro and in vivo models. 

Paclitaxel has been proposed to stimulate tumour-associated macrophage (TAM) 

cytotoxicity directly and induce the secretion of IL-12 and TNF-α and inducible nitric 

oxide synthase (iNOS). This activation has been linked to the activation of dendritic cells, 

natural killer cells and CD8+ T-cells by TAMs, resulting in tumour regression (Park et al., 

2013, Javeed et al., 2009). Conversely, in separate studies, paclitaxel-induced influx of 

TAMs was shown to be detrimental to chemotherapy response in mouse mammary 

carcinoma and breast cancer patients (Shree et al., 2011, DeNardo et al., 2011). 

Paclitaxel was additionally shown to promote the ability of murine BM–DCs to present 

antigens to T-cells in vitro by upregulating antigen-processing machinery gene 

components, costimulatory molecules and IL-12p70 (Shurin et al., 2009). Exposure to 

paclitaxel sustained the ability of 6-sulfo LacNAc dendritic cells (slanDCs) to produce 

proinflammatory cytokines and their potential to activate T-lymphocytes and NK cells 

(Wehner et al., 2013). 

 Docetaxel has also been shown to polarize immunosuppressive myeloid derived 

suppressor cells (MDSCs) toward an inflammatory M1-like phenotype, and to selectively 

kill MDSCs while sparing the M1-like cells (Kodumudi et al., 2010). A previous study in 

a murine melanoma model has attributed the anti-tumour activities of paclitaxel to a 

decreased accumulation and immunosuppressive activities of tumour-infiltrating 

MDSCs. The authors also interestingly noted the restoration of cytotoxic CD8+ T-cell 

effector functions in the tumour microenvironment (Sevko et al., 2013). This skewing 

towards a cytotoxic T-cell response has also been previously observed with docetaxel 

(Hodge et al., 2013). It is also interesting that immune cell profiles tend to differ between 

patients with favourable or unfavourable prognoses. A highly responsive to taxane 

chemotherapy group of breast carcinomas characterized by a high CD4, CD68 and 

CD20 and a low CD8 infiltration were identified by Garcia-Martinez and colleagues. The 

study also illustrated a rearrangement of the tumour infiltrating lymphocyte population 

after treatment with paclitaxel – while numbers of immunoregulatory CD4 and T-

regulatory lymphocytes were reduced, numbers of cytotoxic CD8+ lymphocytes were 

again significantly up (Garcia-Martinez et al., 2014). In a similar response, paclitaxel 

augments Th1 cellular immunity in patients with advanced non-small cell lung cancer by 

increasing the levels of circulating IFN-γ-secreting CD8 T-cells and IL-2-secreting CD4 

T-cells (Zhang et al., 2008). Paclitaxel specifically impairs viability and cytokine 

production in FOXP3+Treg cells, but not in FOXP3−CD4 effector cells (Zhu et al., 2011). 
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In line with this, treatment of mice bearing pre-existing squamous cell carcinomas with 

B cell-depleting αCD20 monoclonal antibodies improved response to paclitaxel-based 

chemotherapy. Improved responsiveness was dependent on altered chemokine 

expression by immunosuppressive macrophages that ultimately fostered tumour 

infiltration of activated CD8+ T cells via CCR5-dependent mechanisms (Affara et al., 

2014). The authors interestingly noted an increase in the expression levels of RANTES, 

CCL9, MCP3, CCL2, and CCL3 with combined treatment. It has previously been shown 

that B-cell responses, including the production of antibodies targeting tumour-associated 

antigens, in-fact facilitate tumour growth by promoting protumour immune responses and 

protecting tumour cells from cytotoxic CD8+ T-cell mediated killing (Gunderson and 

Coussens, 2013).  

Paclitaxel has very recently shown greater efficacy in several preclinical models 

– including NSCLS and triple-negative breast cancer - in combination with checkpoint 

blockade therapies (Lu et al., 2017, McArthur and Page, 2016). It is well known that 

cancer cells can be eliminated by cytotoxic CD8+ T-cells and infiltration of these T-cells 

into tumours is associated with a positive prognosis (Gajewski et al., 2013, Schreiber et 

al., 2011, Fridman et al., 2012). However, quite often in patients with established 

tumours, immune suppression has occurred and acts as a barrier to tumour clearance. 

CD8+ T-cells can be supressed in this context after their activation by increasing 

expression of immune checkpoint receptors such as cytotoxic T lymphocyte antigen-4 

(CTLA-4) and programmed death-1 (PD-1), increasing their susceptibility to apoptosis 

from ligation of these receptors. Within the tumour microenvironment, tumour cells and 

infiltrating regulatory lymphocytes are often seen to overexpress PD-L1, the main ligand 

for PD-1 (Keir et al., 2008). Unsurprisingly, therapies targeting T-cell inhibitory 

checkpoint signalling pathways with specific antibodies in order to re-establish an anti-

tumour response have been a success (Topalian et al., 2012). Checkpoint blockade 

therapies can be extremely effective but unfortunately some tumours which have not 

been pre-infiltrated by CD8+ T-cells appear to be resistant (Topalian et al., 2012, 

Schreiber et al., 2011). A recent study showed that immunogenic chemotherapy using 

agents such as cyclophosphamide can instigate T-cell infiltration into tumours and 

sensitise them to checkpoint inhibitor therapy (Pfirschke et al., 2016), and assumably 

paclitaxel acts similarly, as it is certainly immunogenic and capable of immune priming 

the tumour microenvironment (Swart et al., 2016, Soliman, 2017).  

While there is a plethora of studies clarifying the inflammatory outputs of 

paclitaxel, the mechanisms which promote this inflammation were previously unclear. In 

this study, we have shown that taxane-induced cytokine production in our explored 

context is dependent on TRAIL DRs and downstream DR signalling. Similarly to the ER 
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stress-induced inflammatory phenotype observed, DR aggregation due to robust 

upregulation is the likely cause of inflammatory signalling engagement (Chan et al., 

2000), inducing robust cytokine production. Downstream effectors FADD and caspase-

8 were also (and unsurprisingly) found to be important. While zVAD-fmk co-treatment 

blocked taxane induced cell death and concurrently increased cytokine production, 

SMAC mimetic BV6 had converse effects. Protection from taxane induced inflammatory 

outputs while concurrently increasing its killing ability may be beneficial therapeutically. 

Indeed, SMAC mimetics have been shown to sensitise to the cell death-inducing 

capacity of chemotherapeutic agents (Probst et al., 2010). SMAC mimetics such as 

Brinaprint have been shown to sensitise chemoresistant triple negative breast cancer 

cells to paclitaxel, suggesting that combination therapies may be a mechanism to 

overcome resistance (Panayotopoulou et al., 2017). Synergistic effects have also been 

seen in models of hepatocellular carcinoma and NSCLC (Tian et al., 2014, Greer et al., 

2011). It is interesting that these results have not previously been understood in terms 

of what we now know about TRAIL receptor signalling, but is clear that the DR-

dependent inflammatory signalling induced by taxanes will be effected by SMAC mimetic 

dual therapies.  

Surprisingly however, ablation of ER stress-associated transcription factor 

CHOP also lended protection against taxane-induced inflammatory outputs. While 

taxanes have previously been associated sporadically with an ER stress response (Notte 

et al., 2015), we show here an important physiological outcome of this response. CHOP 

ablation concurrently reduced expression of DR5, a molecule which we have additionally 

shown to be important. It can be speculated that CHOP-induced DR5 upregulation 

contributes to engagement of DR signalling in this context. Additionally, while we have 

shown here that taxanes induce an ER stress response, the mechanism of this induction 

is unknown. It is possible that microtubule disruption by taxanes directly causes changes 

in the curvature of the ER and induced activation of the ER membrane associated 

sensors (Schwarz and Blower, 2016). It is also possible that taxanes engage the ER 

stress response in a similar manner previously described for other xenobiotics – as the 

ER contains the majority of cytochrome P450 enzymes involved in xenobiotic 

metabolism and under conditions of prolonged exposure to xenobiotics, ER stress and 

apoptosis are initiated (Cribb et al., 2005).  

Importantly, elucidation of this signalling pathway introduces new possibilities for 

therapy. Despite this inflammatory phenotype, it is clear that taxanes are effective at 

killing and initially reducing tumour burden, yet they are often associated with secondary 

inflammation, drug resistance, relapse and tumour reoccurrence (Makker et al., 2013, 

Markman and Bookman, 2000). Liu and colleagues showed that in their in vitro and in 
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vivo models, cytokine blockade of molecules which they had found to be upregulated in 

response to paclitaxel dramatically protected from chemotherapy induced metastasis, 

while prolonging the median survival time of mice by approximately 40% (Liu et al., 

2015). With humans showing similar cytokine responses in response to taxane 

therapies, cytokine blockade combination therapies may prove fruitful in the context of 

taxane chemotherapy. 

While taxanes have exclusively been studied here, there are a number of other 

chemotherapeutic drugs which have classically been associated with inflammatory 

effects, as well as DR upregulation. As examples, etoposide, doxorubicin, cisplatin and 

5-flourouracil all warrant study. The use of each of these drugs has been linked to 

inflammatory cytokine production, metastasis, chemoresistance and ultimately tumour 

recurrence (Vyas et al., 2014). Additionally, as has been described above, these agents 

have been linked with death receptor upregulation, though Fas DR may prove to be more 

important in these contexts. In a manner similar to taxanes, it is plausible that this 

upregulation may lead to receptor aggregation and activation of inflammatory signalling. 
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4.3 Conclusions and Future Perspectives 

 Following the reinvigoration of interest in TRAIL induced NFkB activation and 

inflammatory signalling earlier this year by our group, the physiological contexts where 

TRAIL-induced inflammation is important remained to be explored. It is clear that while 

this aspect of TRAIL signalling had until now been remarkably overlooked, it is an 

exciting area to be studied. A picture of a globally relevant pathway of ER stress induced 

inflammation via DRs has been highlighted here. Providing the link between 

chemotherapy-induced inflammation and via ER stress-associated death receptor 

upregulation, as we have done in our study, will prove pivotal in taking the next step to 

understanding the physiological importance of TRAIL-induced inflammatory signalling. 

However, it is clear that there are still many avenues to be explored. Further examination 

of solid tumour associated ER stress and drug induced inflammation is likely to prove 

fruitful.  
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