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Abstract 
 

	  

1 Abstract 
This PhD thesis describes cellular responses to the induction of endoplasmic 

reticulum (ER) stress, focusing on the role of autophagy and cell death. Pro-survival 

role of unfolded protein response (UPR) is analysed by looking at the regulation of 

SESN2, protein responsible for the activation of pro-survival autophagy during ER 

stress. I show that two distinct arms of the UPR, IRE1 and PERK, can be involved 

in upregulation of SESN2. Next, the role of autophagy in the induction of cell death 

is examined, applying cellular models deficient in mitochondrial cell death pathway, 

a primary mode of cell death upon unresolved UPR. Our data shows that autophagy 

turns into a toxic mechanism in the absence of functional apoptotic machinery, and 

facilitates assembly of a novel cell death inducing complex. CASP8, a component of 

this complex, serves as an initiator caspase in the apoptotic cascade, providing 

efficient elimination of the affected cells. Finally, in this work I explore the 

possibility of ER stress to induce caspase-independent mode of cell death – 

necroptosis. Necroptosis has not been previously associated with unresolved UPR. 

We discovered that ER stress-induced necroptosis depends on RIPK1, RIPK3 and 

TNFRSF1A. Intriguingly, TNFRSF1A was involved independently of either of its 

ligands, TNF or LTA. Therefore I provided a new role for TNFRSF1A in 

modulating ER stress-induced cell death. Finally, we conclude that necroptosis 

during induction of ER stress is executed by the same mechanism as upon TNF 

stimulation – through MLKL-mediated plasma membrane permeabilization. This 

thesis provides a comprehensive overview on both pro-survival and pro-death 

mechanisms upon induction of ER stress, highlighting the importance of precise 

evaluation of different cellular systems in order to completely understand the 

mechanism behind the this type of stress response. 
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3 Abbreviations 
ACD – Autophagic cell death 

AKT1 – v-akt murine thymoma viral oncogene homolog 1 

AMPK – adenosine monophosphate-activated protein kinase 

ASK1 – Apoptosis-signal-regulating kinase 

ATF4 – activating transcription factor 4 

ATF6 – activating transcription factor 6 

BAK1 – BCL2-antagonist/killer 1 

BAX – BCL2-associated X protein 

BCL2 – B-cell CLL/lymphoma 2 

BCL2L11 – BCL2-like 11, apoptosis facilitator, also known as Bim 

BH – BCL2 homology 

BIR – baculovirus IAP repeat 

CAMK – Ca2+/calmodulin-dependent kinase 

CARD – caspase recruitment domain 

CEBPB – CCAAT/enhancer-binding protein-β 

cIAP1 – Cellular inhibitor of apoptosis 1 

CYLD – Cylindromatosis 

DAPK1 – Death-associated protein kinase 1 

DDIT3 – DNA-damage-inducible transcript 3/ C/EBP-homologous protein, CHOP 

DDIT4 – DNA-damage-inducible transcript 4 

DED – death effector domain 

DISC – death-inducing signalling complex 

DR – death receptor 

EIF2S1 – eukaryotic translation initiation factor 2, subunit 1 alpha 

ER – endoplasmic reticulum 

ERO1α – ER oxidoreductin 1 alpha 
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FADD – FAS-associated protein with death domain 

FOXO1 – Forkhead box O1 

FYCO1 – FYVE and coiled-coil domain containing 1 

HSP90AA1 – heat shock protein 90kDa alpha (cytosolic), class A member 1 

HSP90B1 – heat shock protein 90kDa beta/ glucose-regulated protein, 94kDa, 
Grp94 

HSPA5 – heat shock 70kDa protein 5/glucose-regulated protein, 78kDa, Grp78 

IAP – inhibitor of apoptosis proteins 

IP3R – inositol 1,4,5-trisposphate receptor 

IRE1 – inositol-requiring enzyme 1/	  endoplasmic reticulum to nucleus signaling 1, 
ERN1 

JNK – c-JUN NH2-terminal kinase/ mitogen-activated protein kinase 8, MAPK8 

LAMP1 – lysosomal-associated membrane protein 1 

LC3 – light chain 3/ microtubule-associated protein 1 light chain 3 alpha, 
MAP1LC3A 

LTA – lymphotoxin α 

MLKL – Mixed lineage kinase domain-like 

MOM – mitochondrial outer membrane 

MOMP – mitochondrial outer-membrane permeabilization 

MOMP – mitochondrial outer membrane permeabilization 

MTOR – mammalian target of rapamycin 

MTORC1 – mammalian target of rapamycin complex 1 

Nec-1 – Necrostatin 1 

NF-κB – nuclear factor-κB 

NFE2L2 – nuclear factor erythroid 2-related factor 2, NRF2 

PE – phosphatidylethanolamine 

PERK – pancreatic ER kinase (PKR)-like ER kinase/	  eukaryotic translation 
initiation factor 2-alpha kinase 3, EIF2AK3 
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PI3K – phosphatidylinositol 3-kinase 

PIK3C3 – phosphatidylinositol 3-kinase, catalytic subunit type 3, Vsp34 

PIK3R4 – phosphoinositide-3-kinase, regulatory subunit 4 

PP2A – protein phosphatase 2A 

RB1CC1 – RB1-inducible coiled-coil 1, FIP200 

RIDD – regulated IRE1-dependent decay of mRNAs 

RING – really interesting new gene 

RIPK1 – receptor (TNFRSF)-interacting serine-threonine kinase 1  

RIPK3 – receptor (TNFRSF)-interacting serine-threonine kinase 3 

ROS – reactive oxygen species 

SERCA – sarco/endoplasmic reticulum Ca2+ ATPase 

SESN2 – Sestrin 2 

SQSTM1 – sequestosome 1, p62 

SREBPs – sterol regulatory element binding proteins 

TBR3 – tibbles-related protein 3 

TNF – tumor necrosis factor  

TNFRSF10A – tumor necrosis factor receptor superfamily, member 10a, TRAIL 

TNFRSF1A – tumor necrosis factor receptor superfamily, member 1A 

TNFRSF1B – tumor necrosis factor receptor superfamily, member 1B 

TRADD – TNFRSF1A-associated via death domain 

TRAF2 – tumor necrosis factor receptor-associated factor 2 

TRAF2 – TNF receptor associated factor 2 

TRIB3 – Tribbles homolog 3 

TSC – tuberous sclerosis complex 

ULK1 – unc-51 like autophagy activating kinase 1 

UPR – unfolded protein response 

UVRAG – UV radiation resistance-associated genes 
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XBP1 – X-box-binding protein 

ZBTB24 – zinc finger and BTB domain containing 24, BIF1 



Introduction 
 

4 Chapter I. Introduction 

4.1 Historic Prospective on the Studies of the ER 

4.1.1 Discovery of the Endoplasmic Reticulum 

Two Dutch spectacle makers, Zaccharias Janssen and his son Hans while 

experimenting with lenses in a tube in 1590 discovered that they can significantly 

enlarge the nearby objects. Almost a century later, in 1673 the first microscopic 

observations by Anton van Leeuwenhoek were published in Philosophical 

Transactions of the Royal Society of London [1], but only after the invention of the 

electron microscope by Max Knoll and Ernst Ruska in 1931 the study of the 

subcellular components became possible [2]. Keith R. Porter, the author of the term 

endoplasmic reticulum (ER), was also the first one to make an observartion of a 

lace-like reticulum as a formation in cells at the 1600x magnification in 1945 [3]. In 

the same acrticle he notes identical vesicle-like bodies, ranging in size from 100 to 

150 µm along the strands of the reticulum that would be later identified by George 

E. Palade as ribosomes [4]. The intriguing part is that the term ‘endoplasmic 

reticulum’ only first appeared in a figure legend in one of Porter’s later articles [5]. 

Only a few years later he actually introduce a term ER defining it as a basophilic 

component of the cytoplasm [6]. Isolation of the microsomic components of the cell 

and the study of their biochemical composition by Claude allowed to define two 

different parts of the ER – smooth ER and rough ER, that were similar in the 

biochemical components but distinguishable by the presense of the microsomal 

RNA [7, 8]. By 1965 Remmer and Merker had already performed the first studies on 

the changes in the content of smooth ER induced by different lipid soluble drugs in 

liver. The development of new membranes within the cell containing drug 

metabolizing enzymes suggested a role of this organelle in drug detoxication and 

also synthesis of lipids [9]. Studies using carbon tetrachloride were very important 

for the characterization of the functions of the rough ER. They allowed the 

identification of morphological changes such as swelling and dissociation of the 

ribosomes from this organelle upon treatment of liver cells [10]. In addition, the 

failure of the cells to incorporate labelled aminoacids allowed the scientists of the 

time to connect the rough ER and protein synthesis [11]. 
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4.1.2 Protein Folding and Quality Control in the ER 

The first studies connecting the ribosomes with protein folding were mostly 

performed in bacterial cells [12, 13]. It was proposed that the synthesis and folding 

of the proteins is a general event that is happening through the association of mRNA 

and ribosomes, and thus takes place on the surface of the rough ER [14, 15]. 

The first questions concerning the native protein structure and its involvement in the 

function of those proteins was proposed in the mid twenties, by the studies of 

denaturation-renaturation studies of haemoglobin in vitro [16]. Development of the 

X-ray analysis in order to determine three-dimensional models of the proteins gave a 

lot of insight into the complexity of the protein folding machinery of the cell [17]. 

More precise studies confirming the role of the amino acid sequences in protein 

folding were done much later, suggesting that its a spontaneous process that is 

directed towards reaching the lower energy conformation [18]. By 1987, Ellis 

suggested the existence of molecular chaperones, to describe the proteins that ensure 

proper molecular folding of polypeptide chains and their correct assembly into 

oligomeric structures [19]. By 1989, it was well accepted that ER membrane and 

lumen are the place where correct, and effective folding of the proteins occurs. This 

is facilitated by the entire set of enzymes present within the ER, required for folding 

and the assembly of newly synthetized proteins [20, 21]. 

The movement of the proteins from the ER through the Golgi has been shown with 

the help of the immunoelectron microscopy in 1981 by several groups [22, 23]. This 

transport is necessary for further incorporation of those proteins into lysosomes or 

plasma membrane, but not all of the proteins would be transported – some of them 

are retained in the ER. In the following 10 years, the importance of this sorting has 

been shown by the studies on different ER exit signals that are coded by the 

aminoacid sequences and happen in a GTP dependant manner [24, 25]. Studies on 

protein oligomerization were the first ones to shed light on a possible control of the 

folding in the ER. The following results also suggested that protein folding should 

take place in the ER and that the conformation of the proteins would affect the 

decision whether proteins would be transported from the ER or retained within the 

ER lumen [26]. A study by Doms et al monitoring the effects of mutations of 

Vesicular Stomatitis Virus G Protein on protein folding, the quaternary structure, 
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and intracellular transport further suggesting that there should be certain quality 

control mechanisms within the ER [27].  

4.1.3 UPR and ER Stress Terms 

Heat shock response was already well characterized by the time several groups 

introduced unfolded proteins into cells and monitor the response. This is why, when 

studies were done looking at the overexpression of unfolded proteins in cells, it was 

quite common to use heat-shock response as a readout [28]. Discovery of the 

glucose-regulated proteins, HSPA5 (heat shock 70 kDa protein 5/ glucose-regulated 

protein, 78 kDa, Grp78) and HSP90B1(heat shock protein 90 kDa beta/ glucose-

regulated protein, 94 kDa, Grp94) as major constituents of the endoplasmic 

reticulum suggested they could have a role in sensing unfolded proteins and 

participating in the cellular response. The group of Joe Sambrook looked at the 

expression patterns of these two proteins in response to overexpression of 

haemagglutinin in simian cells. They concluded that only malfolded haemagglutinin 

was not transported from the endoplasmic reticulum and caused expression of 

HSPA5 and HSP90B1 [29]. Association of HSPA5 with unfolded proteins was 

shown to cause their retention within the lumen of endoplasmic reticulum. In the 

same year, regulatory domains within the promoter of HSPA5 were identified [30], 

although it was not until 1993 that a detailed study characterizing the response 

elements within the promoter was performed. This was also the first comprehensive 

study characterizing the presense of the unfolded protein response (UPR) elements 

and mentioning the term unfolded protein response in the context of a signalling 

cascade that leads to the activation of a transcriptional program within cell [31]. A 

year later, Peter Walter’s group published a review characterizing the unfolded 

protein response in yeast – this was the first comprehensive overview of the effector 

proteins known at the time, that would be affected when misfolded proteins 

accummulated within the ER [32]. It is interesting to note that the term ER stress 

was mentioned before the signalling pathways of the UPR were even proposed to 

exist [33]. 

4.2 Unfolded Protein Response Signalling 

The UPR is orchestrated by three ER transmembrane receptors – pancreatic ER 

kinase (PKR)-like ER kinase/	  eukaryotic translation initiation factor 2-alpha kinase 3 

(PERK/ EIF2AK3, from here on PERK), activating transcription factor 6 (ATF6) 
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and inositol-requiring enzyme 1/	  endoplasmic reticulum to nucleus signaling 1 

(IRE1/ ERN1, from here on IRE1) (Fig. 1). In un-stressed cells, all three UPR 

receptors are kept inactive through their association with the ER chaperone, HSPA5. 

Upon ER stress, unfolded proteins accumulate in the ER lumen resulting in the 

dissociation of HSPA5 from PERK, IRE1 and ATF6, subsequently activating the 

three receptors of the UPR [34, 35]. 

	  

Figure 1. UPR is orchestrated by three ER-intermembrane sensors - PERK, ATF6 and IRE1. Upon 
induction of ER stress HSPA5 dissociates from PERK, ATF6 or IRE1, leading to their activation. PERK is 
responsible for phosphorylation of EIF2S1, leading to translation shut down. Nevertheless this translation block 
allows cap-independent translation, leading to increase in ATF4. Activated ATF6 translocates to Golgi where it 
is cleaved to produce an active transcription factor. IRE1 has a dual activity, upon activation. RNase activity is 
responsible for generation of the spliced XBP1, transcription factor encoding for molecular chaperones, or 
RIDD, not well studied degradation of selected mRNAs, believed to be possibly involved in death signalling. 
IRE1 kinase activity results in recruitment of TRAF2 and activation of the JNK signalling. 

4.2.1 IRE1 

IRE1 is a type I ER transmembrane protein containing a serine/threonine kinase 

domain and an endoribonuclease. Once the UPR was known to exist, the search for 

the potential signal transducers from the ER to the nucleus started, and IRE1 was the 

first receptor to be identified [36-38]. There are two IRE1 isoforms in humans, 

IRE1α and IRE1β. IRE1α is ubiquitously expressed, whereas IRE1β expression is 

restricted to the epithelial cells of the intestine and the lungs [39]. Most of our 

understanding of IRE function is based on studies of IRE1α (from here on IRE1). 

Upon activation, IRE1 is known to oligomerize through self-assembly of the 

cytosolic region, leading to RNase activation [40]. Auto-phosphorylation at 

serine724 and ADP binding are other events that can be observed upon induction of 

IRE1-dependent pathway [41]. Activation of IRE1 is closely associated with pro-
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survival pathway, providing cells an opportunity to readjust to unfavorable 

conditions, that cause an increase in the amount of unfolded proteins [42, 43]. IRE1 

transmits the UPR signal through excision of a 26 base nucleotide intron from X-

box-binding protein 1 (XBP1) mRNA, which is then ligated by RtcB ligase [44]and 

translated to produce XBP1 spliced (XBP1s) [41]. XBP1s is an important pro-

survival gene in the UPR machinery. XBP1s transcriptional activity leads to the 

translation of stable transcription factors involved in the activation of ER regulatory 

proteins [45]. XBP1s has been shown to be crucially important for the activation of 

unfolded protein response element, controlling the expression of the ER-associated 

degradation system, helping to degrade unfolded proteins in the ER [46]. 

Interestingly, acetylation of XBP1 by p300 and deacetylation by sirtuin 1 have 

recently been shown to provide post-translational modifications that can enhance or 

inhibit XBP1 transcriptional activity [47]. The RNase activity of IRE1 has recently 

been linked to a process referred to as regulated IRE1-dependent decay of mRNAs 

(RIDD). RIDD was first described in D. melanogaster where IRE1 activity was 

shown to mediate the rapid decay of ER localized mRNAs [48]. Subsequent studies 

have also verified the existence of RIDD in mammalian cells [49]. While this 

process relies upon IRE1 RNase activity it is distinct from XBP1 splicing. It has 

been proposed that upon oligomerization but not dimerization IRE1 trans-

autophosphorylation leads to a higher catalytic activity of the protein, making it less 

selective in the RNase activity and leading to the degradation of the ER-localized 

mRNAs [49]. This highlights a very important role for the phosphorylation of IRE1 

– it is not necessary for the pro-survival XBP1 splicing, while crucial for the pro-

apoptotic signalling mediated by c-JUN NH2-terminal kinase/ mitogen-activated 

protein kinase 8 (MAPK8/ JNK, from here on JNK) or RIDD. 

In addition to its ribonuclease activity, the cytoplasmic part of IRE1 is known to 

bind tumor necrosis factor receptor-associated factor 2 (TRAF2), resulting in 

activation of JNK [50]. This is one of the mechanisms necessary for the activation of 

nuclear factor-κB (NF-κB) upon ER stress [51]. Moreover activation of JNK has 

been associated with induction of apoptosis during ER stress by inactivating B-cell 

CLL/ lymphoma 2 (BCL2) and activating BCL2L11/ Bim (BCL2-like 11, apoptosis 

facilitator, from here on BCL2L11) [52, 53]. 
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4.2.2 PERK 

PERK – is a serine/ threonine kinase and a type I ER transmembrane protein 

(anchored to the lipid membrane with a stop-transfer anchor sequence and has the 

N-terminal domain targeted to the ER lumen). It was first cloned in 1999 by Harding 

and colleagues, and shown to be important for the attenuation of the protein 

translation in response to ER stress [54]. The N-terminus is responsible for the 

regulation of its dimerization, and is kept inactive through interaction with HSPA5, 

while the C-terminus is cytosolic and harbors its autophosphorylation sites and the 

kinase domain. PERK is activated by homodimerization and subsequent trans-

autophosphorylation once HSPA5 is released in response to accumulated proteins in 

ER lumen. 

PERK mediates the phosphorylation of the eukaryotic translation initiation factor 2, 

subunit 1 alpha (EIF2S1) resulting in cap-dependent translation attenuation. The 

proteins encoded by these mRNAs are generally involved in cell growth and 

proliferation, thus EIF2S1 phosphorylation reduces the protein load in the ER and 

attenuates cell growth and proliferation [55, 56]. EIF2S1 phosphorylation results in 

non-canonical translation of activating transcription factor 4 (ATF4) mRNA via an 

open reading frame in its 5’-untranslated region that is bypassed only when EIF2S1 

is inactivated [56]. ATF4 mRNA encodes for a cAMP response element binding 

transcription factor which activates a number of genes which play roles in amino 

acid metabolism, redox balance, protein folding, autophagy and apoptosis [34, 55, 

57, 58]. Although ATF4 is an essential player in the pro-survival response of the 

UPR, it also plays a key role in the pro-death response via the transcriptional 

upregulation of DNA-damage-inducible transcript 3/ C/EBP-homologous protein 

(DDIT3/ CHOP, from here on DDIT3)[59]. DDIT3 is reported to downregulate 

BCL2 [60] and upregulate transcription of certain BH3-only proteins [61, 62]. This 

favors BCL2-associated X protein (BAX) and BCL2-antagonist/ killer 1 (BAK1) 

activation which leads to mitochondrial outer-membrane permeabilization (MOMP) 

and initiation of the intrinsic apoptotic cascade [63]. However, while overexpression 

of DDIT3 has been shown to lead to cell cycle arrest or apoptosis, DDIT3 knockout 

mice show lower rates of apoptosis in response to ER stress [59]. Although DDIT3 

is thought to be a major factor in determining cell fate in response to ER stress it is 

clear that other factors are also involved as it will be discussed below. 
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Another PERK substrate is nuclear factor erythroid 2-related factor 2	  (NFE2L2, also 

known as NRF2), a transcription factor required for free radical scavenging, 

detoxication of xenobiotics and maintenance of redox potential [64]. PERK 

phosphorylates NFE2L2 and causes its nuclear translocation upon dissociation from 

kelch-like ECH-associated protein 1 [65]. Known targets of NFE2L2 are closely 

associated with redox homeostasis, and include glutamate cysteine ligase, both 

catalytic and modulatory subunits, hemeoxygenase-1, and glutathione S-transferase 

GST isoforms [66]. These genes contain AU-rich elements in their promoter region 

which is recognized by NFE2L2, and are also believed to be activated by ATF4 in 

response to ER stress, suggesting that these two transcription factors can act in 

synergy [67]. 

4.2.3 ATF6 

ATF6 is a type II transmembrane receptor and a member of the leucine zipper 

protein family, that is synthetized as an ER membrane-tethered precursor, with its C 

terminal domain located in the ER lumen and its N-terminal DNA-binding domain 

facing the cytosol [68]. Interestingly, it was identified soon after IRE1, however up 

to date it is the least studied arm of the UPR [69]. There are two isoforms of ATF6, 

ATF6α and β. Upon ER stress HSPA5 dissociates from ATF6, unmasking its two 

Golgi localization signals, allowing ATF6 to interact with the protein trafficking 

complex COPII, which causes translocation of ATF6 to the Golgi [70]. At the Golgi 

the 90 kDa ATF6 protein is cleaved by Site-1 protease/	  membrane-bound 

transcription factor peptidase, site 1 (S1P/	  MBTPS1) and Site-2 protease/	  

membrane-bound transcription factor peptidase, site 2 (S2P/	  MBTPS2) into its 

active 50 kDa fragment which translocates to the nucleus where it acts as a 

transcription factor [71, 72]. 

Activated ATF6 is responsible for the transcriptional upregulation of XBP1 [73], 

which function has already been discussed above. ATF6, together with XBP1, is 

capable of binding to the cis acting response elements, ER stress response element 

and UPR element, activating the expression of ER-localized chaperones [74]. The 

expression of ATF6 alone is enough to fully activate transcription from ER stress 

response element, in contrast to the ability of XBP1s to fully activate the UPR 

element [46]. Moreover, activation of ATF6 has also been described to regulate an 

array of miRNAs to alleviate ER stress [75].  
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4.3 Autophagy 

Autophagy (Greek, phagy – eat, auto – self) is a pathway of a regulated intracellular 

degradation of certain proteins, protein complexes or whole components of the cell 

by the activity of the lysosomal enzymes. This requires the sequestration of those 

components by functional lysosomes containing the necessary enzymes [76]. 

Autophagy was first described in 1966 by Christian de Deuve, who identified 

double-membraned structures during his studies of mammalian cells using electron 

microscopy [77]. The molecular machinery of autophagy was extensively 

characterized in yeast by Yoshinori Ohsumi [78], and later was found to be 

evolutionarily conserved following the identification of the mammalian orthologues 

of yeast autophagy genes (Reviewed in [79]). 

Autophagy can be separated into 3 main types – macroautophagy (fusion with the 

lysosomes precedes engulfment of the components by the double-membraned 

vesicle called autophagosome), microautophagy (fusion of the components with the 

lysosomes due to the proximity to the lysosomal membrane) and chaperone-

mediated autophagy (recruitment of the components to the lysosome is mediated by 

the interaction with	  heat shock 70 kDa protein 8 (HSPA8/ Hsc70) [80]. 

Macroautophagy (from hereafter referred to as autophagy) is characterized by 

formation of the double-membraned vacuoles, autophagosomes. Autophagosomes 

are capable of engulfing large amounts of cytosolic components such as unfolded 

protein aggregates, damaged organelles and invading pathogens such as bacteria 

[81]. There have been long debates over the source of the lipids that form the 

autophagosomal membranes, with endoplasmic reticulum, mitochondria and plasma 

membrane being potential sources [82]. Autophagy is ongoing at basal levels in 

eukaryotic cells allowing the cell to function optimally by removing unwanted 

substrates which may otherwise lead to cellular toxicity [79, 83, 84]. Eukaryotic 

cells are continuously exposed to environmental changes which inflict minor 

stresses on the cell, disrupting its homeostatic environment. These constant 

fluctuations in the cell’s environment can result in the accumulation of misfolded 

protein aggregates, reactive oxygen species (ROS) and damaged organelles. 

The autophagic process requires the induction of a double membrane which is 

subsequently elongated by two specialized ubiquitin-like conjugation systems. The 

expanding double membrane is capable of sequestering large amounts of 
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cytoplasmic components such as unfolded proteins, protein aggregates and 

organelles. This elongated double membrane encloses to form a cytosolic dense, 

double-membraned vacuole termed an autophagosome. The mature autophagosome 

binds to a lysosome forming an autolysosome, where the autophagosome’s contents 

are released into the lysosomal lumen and degraded by resident cathepsins [84]. The 

core machine of autophagy consists of 4 major functional units: (1) the unc-51 like 

autophagy activating kinase 1 (ULK1)–ATG13–RB1-inducible coiled-coil 1 

(RB1CC1, RB1CC1 previously) in mammals kinase complex, (2) the class III 

phosphatidylinositol 3-kinase (PI3K) complex I, consisting of phosphatidylinositol 

3-kinase, catalytic subunit type 3 (PIK3C3/ Vps34, the only PI3K in mammals), 

phosphoinositide-3-kinase, regulatory subunit 4 (PIK3R4/ Vps15, formerly p150 in 

mammals), BECN1 and ATG14, (3) two ubiquitin-like protein conjugation systems 

(ATG12 and light chain 3/ microtubule-associated protein 1 light chain 3 alpha 

(LC3/ MAP1LC3A, from here on LC3) and (4) ATG9 and its cycling system [76]. 

Next, the different stages of the autophagy pathway (autophagy induction, vesicle 

nucleation, origin of the phagophore, autophagosome elongation and maturation of 

the autophagosome) are discussed, implementing the complexity of this unique 

process (Fig. 2). 
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Figure 2. Autophagic process.	  Autophagic process can be divided in several stages, depending on the 
components involved – induction of autophagy, vesicle nucleation, elongation of the phagophore, maturation of 
the autophagosome and finally fusion with the lysosome that results in formation of the autolysosome.  

4.3.1 Autophagy Induction. ULK1 Induction Complex 

The induction of autophagy requires the activation of the ULK1 induction complex, 

a complex which consists of four known proteins, ULK1/2, ATG13, RB1CC1 and 

ATG101 [85]. This complex is essential for the induction of a small double 

membrane known as a phagophore or an isolation membrane.	  ULK1 interacts with 

ATG13 and RB1CC1 in basal conditions. Upon activation of ULK1 by upstream 

signals it phosphorylates both ATG13 and RB1CC1 allowing the optimal kinase 

activity of this complex. Kinase activity of ULK1 is indispensable for 

phosphorylation of BECN1 and that is crucial for optimal activation of PI3K 

complex in presence of ATG14 promoting autophagosome formation [86]. Other 

reports though outline the importance of ATG14 in BECN1 phosphorylation and 

activation upon autophagosome formation. The authors agree that the presence of 

ATG14 in the complex with BECN1 and PI3K is the driver of maximal 

autophagosome formation in both yeast and mammals [87]. 

The induction complex is regulated by two kinases, mammalian target of rapamycin 

(MTOR) complex 1 (MTORC1) and adenosine monophosphate-activated protein 

kinase (AMPK), via a series of phosphorylation events [88, 89]. It has long been 

established that MTOR is a key kinase in the regulation of autophagy [84]. It exists 

in two different complex forms, MTORC1 and MTORC2. MTORC1 is involved in 

autophagy regulation and the complex is made up of MTOR, regulatory associated 

protein of MTOR, complex 1 (RAPTOR), mammalian LST8 (MLST8) and the 
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recently identified partners AKT1 substrate 1, proline-rich (AKT1S1) and DEP 

domain containing MTOR-interacting protein (DEPTOR) [90]. In normal resting 

conditions MTORC1 phosphorylates ATG13 and ULK1/2 keeping the ULK1 

induction complex inactive [91]. AMPK is the main sensor of intracellular energy 

under conditions of starvation or environmental stresses [89]. AMPK has been 

recently shown to play a crucial role in the positive regulation of the induction 

complex. Six AMPK phosphorylation sites have been identified on ULK1 (S467, 

S555, T574, S637, S777, S317) which all result in the activation of ULK1. AMPK 

can also negatively regulate MTORC1 via the tuberous sclerosis complex (TSC) to 

relieve MTORC1 inhibitory effects on ULK1 [88, 89]. Taken together, it is believed 

that ULK1 activation occurs in a stepwise series of phosphorylation events. First, 

MTORC1 is inactivated, resulting in the dephosphorylation of ULK1 at S757 which 

facilitates AMPK binding. AMPK then activates ULK1 via a series of 

phosphorylation events. To add further complexity to this process, active ULK1 is 

capable of relaying feedback messages to both MTORC1 and AMPK. It 

phosphorylates MTORC1 resulting in its inactivation [92]. In contrast, ULK1 has 

also been shown to phosphorylate AMPK’s three subunits resulting in its 

inactivation and thus resulting in a negative feedback loop [93]. It is clear that there 

is great complexity in the regulation of the induction complex, and different stress 

responses may result in different phosphorylation events to activate ULK1 

(reviewed in [94]). 

4.3.2 Vesicle Nucleation. PI3K Complex 

The induction of the isolation membrane via the ULK1 induction complex requires 

the activation of the PI3K complex (also known as the BECN1 complex) for vesicle 

nucleation, expansion and curvature of the membrane. Mammalian cells have two 

forms of the PI3K complex, PI3K complex I and II. The PI3K complex I consists of 

the PIK3C3, PIK3R4, BECN1 and ATG14. PIK3C3 is the only class III PI3K in 

mammals. Its main function is to produce phosphatidylinositol 3-phosphate by 

phosphorylating phosphatidylinositol, an event shown to be crucial for formation of 

early autophagosomal membrane. Inhibitors of PI3K complex such as 3-

methyladenine, wortmannin and LY294002 result in inhibition of autophagosome 

formation, emphasising the importance of the PI3K complex in the autophagy 

process [95-98]. Stable complex of PI3K and PIK3R4 can associate with BECN1, 
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later serving as binding partner for autophagy regulators such as ATG14L, UVRAG, 

BCL2, etc. [86]. 

ATG14L has been shown to increase stability of BECN1 and PIK3C3 and functions 

as the mediator which recruits the PI3K complex I to the isolation membrane. PI3K 

complex II consists of PIK3C3, PIK3R4, BECN1 and UV radiation resistance-

associated genes (UVRAG), while ATG14 does not associate with this complex. 

UVRAG interacts with zinc finger and BTB domain containing 24 (ZBTB24, 

formerly called BIF1) and localizes to the isolation membrane. ZBTB24 has an N-

BAR domain which has been shown to bind membranes and cause them to undergo 

curvature. In summary PI3K complex I is the part of the nucleation stage while 

PI3K complex II is responsible for the expansion and curvature of the membrane 

[99]. 

4.3.3 Autophagosome Elongation 

Ubiquitin-like conjugation systems constitute a common evolutional mechanism of 

highly controlled multi-step post-translational modifications of proteins. The 

elongation of the phagophore requires two ubiquitin-like conjugation systems, the 

ATG12-ATG5 conjugation system and the LC3 conjugation system. During the 

ubiquitination an E1 activating enzyme, an E2 conjugating enzyme and an E3 ligase 

are required for the transfer of the ubiquitin chain onto the substrate. In autophagy, 

the E1 activating enzyme for both ATG12 and LC3 is ATG7 and the activation 

process is ATP-dependent.  

Following activation, ATG12 is conjugated to ATG5 through an isopeptide bond 

with the help of ATG10, serving as an E2 conjugating enzyme. This complex further 

interacts with ATG16 through ATG5. ATG16 function is not entirely elucidated, 

however because its C-terminal contains seven WD repeats it is believed to serve as 

a platform for protein-protein interaction at the autophagosomal membrane [100]. 

This complex has recently been shown to be internalized by clathrin-dependent 

endocytosis from the plasma membrane and together with ATG9, contribute to the 

formation of the pre-autophagosomal structures [101]. Recruitment of ATG12-

ATG5-ATG16 complex to the autophagosomal membrane requires the formation of 

phosphatidylinositol 3-phosphate by the PI3K complex, however the exact 

mechanism for its recruitment is unknown. 
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The E1 enzyme, ATG7, and the E2 enzyme, ATG3, facilitate the binding of 

phosphatidylethanolamine (PE) to LC3s exposed glycine residue, via the PE amino 

group via an amide bond. ATG3 is indispensable for this conjugation, as ATG3 KO 

mice have complete defect of LC3-I to LC3-II conversion. Interestingly, there is 

some evidence that ATG12-ATG5 conjugate can serve as an E3 ligase enzyme to 

facilitate the conjugation of LC3 with PE [102, 103]. The lipidated form of LC3 is 

recruited to the autophagosomal membrane, and is thought to require the ATG12-

ATG5-ATG16 complex as a platform. 

4.3.4 Maturation of the Autophagosome 

The final stage in the autophagy pathway is the transport and fusion of the mature 

autophagosome to the lysosome. The trafficking of the autophagosome to the 

lysosome is facilitated by the cytoskeleton, specifically the microtubule network. 

The FYVE and coiled-coil domain containing 1 (FYCO1) functions as an adaptor 

protein between autophagosomes and the microtubule network to promote the 

trafficking of autophagosomes on the lysosome. Multiple binding partners of 

FYCO1 have been identified at the autophagosomal membrane. A complex between 

FYCO1, phosphatidylinositol 3-phosphate and LC3 is believed to be formed on the 

autophagosomal membrane at the maturation stage. This adaptor complex is 

believed to bind to kinesins through FYCO1 and facilitate microtubule plus end–

directed transport of autophagic vesicles [85, 104]. 

It has been shown that fully formed autophagosomes can bind to early endosomes 

forming structures known as amphisomes, before binding to lysosomes. However, 

this stage of the autophagic pathway is not clearly understood and it remains unclear 

whether the endocytic pathway is required for autophagosomal degradation [85]. 

The binding of the autophagosome to the lysosome is facilitated by lysosomal-

associated membrane protein 1 (LAMP1)/ LAMP2 on the lysosomal membrane. 

ATG9 is believed to be involved in the transport of the SNARE machinery, VAM9, 

VAM7 and VTI1B to the autophagosome to facilitate the fusion of the 

autophagosomal with the lysosomal membranes[85]. 

4.3.5 Selective Autophagy 

Initially autophagy of organelles and protein aggregates was considered a non-

selective process. However, identification of the autophagy receptor proteins 
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provides compelling evidence for the selective targeting of cargo for autophagy [99]. 

Publications reporting selective autophagy include evidence for selective 

degradation of mitochondria (mitophagy), ER (ER-phagy/ reticulophagy), ribosomes 

(ribophagy), peroxisomes (pexophagy), Golgi (crinophagy), endosomes 

(heterophagy), pathogens (xenophagy), aggresomes (aggrephagy) and lipids 

(lipophagy) [100-108]. It is becoming clear the autophagy is a relatively selective 

and regulated process.  

There are several proteins which have been identified to be required for the selective 

removal of specific substrates, including the autophagy receptors sequestosome 

1(SQSTM1/ p62, from here on SQSTM1), NBR1, BNIP3L, NDP52, Smurf1/ 

optineurin, etc. They all contain a specific domain that recognises the specific 

substrate to be targeted to the autophagosome in addition to the LC3-interacting 

region (LIR) which mediates the interaction with the autophagosome membrane 

bound LC3 family members LC3/ GABARAP/	  GABARAPL2 [99, 110, 111]. 

Autophagy receptor proteins are quite well characterized both structurally and 

functionally; however, there is not that much known about the regulation of these 

proteins in response to cellular stress responses. 

4.3.6  Origin of the Phagophore 

The origin of the autophagic membrane has been a subject of debate for many years. 

Early publications investigated the origin of the phagophore by fractionating the 

autophagosomes from rat hepatocytes and carrying out biochemical assays such as 

immunoblotting for protein markers of various membrane structures in the cell. 

These studies did not identify any positive markers and thus hypothesized that the 

autophagosome was in itself a unique organelle and thus was generated via de novo 

synthesis [105, 106]. However, major advances in microscopy techniques and 

identification of new autophagy markers led to new insights into the origin of the 

phagophore which refuted earlier studies. Recent publications have convincingly 

described the phagophore originating from structures in the ER membrane termed 

‘omegasomes’ [97], as well as from the mitochondria [107] and the plasma 

membrane [108] (reviewed in [109]). It is likely that the phagophore’s origin is not 

from a unique location in the cell, and that, depending on the stress, cell type, or the 

extent of autophagy required all of these structures may contribute to the formation 

of the phagophore. An interesting work from Rubinsztein’s lab recently showed how 
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important the clathrin-mediated endocytosis is for the formation of the pre-

autophagosomal structures. They showed how ATG16L, after pinching off the 

plasma membrane, fuses with the endosomes and forms phagophores during both 

basal and starvation induced autophagy [110]. More recently, they also showed that 

ATG9 associates with the plasma membrane and following the transferrin receptor 

internalization fuses with the early endosomes that would later fuse with the ATG16 

containing vesicles in SNARE-dependent manner [101]. 

4.4 Autophagy Regulation by ER Stress 

ER stress and autophagy are very elaborate and complex systems. It is well 

established that autophagy is upregulated in response to ER stress; however, less 

emphasis is put on its importance as a mediator in relieving ER stress. How ER 

stress can affect various stages of autophagy including autophagy induction, vesicle 

nucleation and elongation of the phagophore is discussed below focusing on what is 

known about autophagy machinery genes being transcritionaly upregulated by UPR 

signalling and a summary of the regulatory components presented in Table 1.	    
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ER stress 

component 

Regulating 

molecule 

Autophagy 

component/phase 

Regulation mechanism 

IRE1 JNK ULK1/induction IRE1 induces the calcium flux from the ER 

through activation of JNK, therefore activating 

the induction complex through AMPK 

mediated phosphorylation of ULK1 

 JNK PAC induction 

and vesicle 

nucleation 

JNK activation leads to BCL2 

phosphorylation, and as a consequence BECN1 

is activated 

ATF6 AKT1 ULK1/induction HSPA5, that can be also regulated by DDIT3, 

localizes with AKT1, inactivating and leading 

to subsequent MTOR downregulation 

PERK ATF4 ULK1/induction PERK activation induces DDIT4 expression 

through activation of ATF4, that in turn is 

involved in MTOR inhibition and subsequent 

activation of ULK1 induction complex 

 AKT1 ULK1/induction HSPA5, mainly regulated by ATF6, localizes 

with AKT1, inactivating and leading to 

subsequent MTOR downregulation 

 DDIT3 PAC induction 

and vesicle 

nucleation 

DDIT3 expression causes BCL2 inhibition and 

therefore BECN1 activation 

 ATF4 Elongation of the 

phagophore 

Transcriptional upregulation of ATG12 and 

LC3 

 DDIT3 Elongation of the 

phagophore 

Transcriptional upregulation of ATG5 

Table 1. Role of the UPR in regulation of the components of autophagic machinery 

4.4.1 Autophagy Induction 

4.4.1.1 Calcium Release 

ER is the site of the cells Ca2+ stores and is required for the folding of nascent 

proteins by Ca2+-requiring molecular chaperones in the ER lumen. The release of 

Ca2+ from the ER lumen to the cytosol can be both an inducer of ER stress or/ and a 

result of ER stress. A broadly used pharmacological inducer of ER stress 
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thapsigargin is an inhibitor of the sarco/ endoplasmic reticulum Ca2+ ATPase 

(SERCA) pump. Thapsigargin inhibits the reuptake of Ca2+ into the ER lumen and 

thus results in depletion of ER Ca2+, resulting in malfunctioning of ER chaperones 

and accumulation of unfolded proteins in the ER lumen. Moreover ER stress has 

been shown to be involved in the modulation of Ca2+ flux through inhibition of ER-

resident BCL2. Under resting conditions ER-localized BCL2 is important for the 

maintainance of ER Ca2+ stores [111]. JNK-mediated phosphorylation of BCL2 

affects the latter’s ability to control the ER Ca2+ stores [112]. An increase in 

cytosolic Ca2+ has been shown to lead to initiation of autophagy by Ca2+/ 

calmodulin-dependent kinase (CAMK) kinase-β which is activated in response to 

increased cytosolic Ca2+ and subsequent activation of AMPK [113]. AMPK in turn 

is involved in autophagy activation through inhibition of MTORC1 and direct 

phosphorylation of ULK1 [114, 115]. 

Another factor which contributes to ER stress-induced Ca2+ release is DDIT3-

mediated transcriptional upregulation of ER oxidoreductin 1 alpha (ERO1α), 

enzyme providing oxidative environment to facilitate disulfide bond formation. 

Under resting conditions ERO1α plays an essential protective role at the ER; 

however, at high levels of calcium ERO1α stimulates activity of the inositol 1,4,5-

trisposphate receptor (IP3R) resulting in the release of Ca2+ into the cytosol. It has 

been reported that DDIT3-mediated transcriptional upregulation of ERO1α is 

required for Ca2+ release in response to ER stress and that knockdown of either 

DDIT3 or ERO1α prevents Ca2+ release and delays ER stress induced cell death 

[116, 117]. These findings provide another support that autophagy induction in 

response to fluctation in the cytosolic Ca2+ is directly regulated by ER stress in those 

conditions [113]. 

It is possible that a feedback mechanism between these two processes also exists, 

allowing autophagy to regulate the extent of ER stress-mediated autophagy through 

Ca2+ signalling. It has been shown that in T lymphocytes, defective in autophagy, ER 

Ca2+ stores are increased due to a defect in redistribution of stromal interaction 

molecule-1, resulting in ER expansion upon defective Ca2+ flux to those cells [118]. 
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4.4.1.2 DDIT4 

The expression of Regulated in development and DNA damage responses 1/	  DNA-

damage-inducible transcript 4 (REDD1/ DDIT4, from here on DDIT4) mRNA is 

upregulated in response to several different stress stimuli, including ER stress [119]. 

During ER stress, DDIT4 expression is regulated by the PERK-ATF4 arm of UPR. 

Experiments with perk-/- and atf4-/- MEFs demonstrated that ER stress failed to 

induce DDIT4 mRNA in these cells [119]. In support of a role for PERK signalling 

in this process, overexpression of ATF4 in HEK293T cells was sufficient to induce 

upregulation of DDIT4 [119]. Moreover, further studies identified that activation of 

DDIT4 during ER stress depends on ATF4 and its downstream effector 

CCAAT/enhancer-binding protein-β (CEBPB) [120]. DDIT4 transactivation leads to 

inhibition of MTOR in a TSC1/ TSC2-dependent manner, that will consequently 

activate the autophagic pathway upon the release of ULK1 from MTORC1 complex 

[115, 120, 121]. 

4.4.1.3 AKT1 

The PI3K-v-akt murine thymoma viral oncogene homolog 1 (AKT1) pathway is a 

pro-survival pathway involved in cell growth and proliferation through the positive 

regulation of MTORC1 [122]. ER stress results in the inactivation of the AKT1 

pathway, contributing to the decrease of MTOR activity and subsequent autophagy 

induction [123, 124]. The mechanism of how ER stress and the UPR can inhibit the 

AKT1 pathway is still unclear, however a few possible mechanisms have been 

proposed. 

The ER chaperone, HSPA5 which is transcriptionally upregulated by ATF6, has 

been demonstrated to prevent phosphorylation of AKT1 at S473 and thus inhibiting 

the pathway downstream of the AKT1 [125]. HSPA5 was shown to interact with 

AKT1 at the plasma membrane in response to ER stress, however it is still unclear 

whether there is a direct interaction or if other factors are required [125, 126]. On 

the other side, Tribbles homolog 3 (TRB3), a negative regulator of the AKT1 

signalling pathway, is transcriptionaly upregulated in response to ER stress through 

DDIT3 and ATF4 working in conjunction [127]. TRB3 has been shown to direcly 

bind to AKT1 and inhibit its downstream signalling [128]. Knockdown studies 

demonstrated that both ATF4 and DDIT3 are required for the transcriptional 

upregulation of TRIB3. However, high protein levels of TRB3 can act in a negative 
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feedback loop, via binding to ATF4 and DDIT3 which targets them for degradation 

[127, 128]. 

4.4.2 Vesicle Nucleation 

4.4.2.1 DDIT3 

DDIT3 expression during ER stress is tightly correlated with the inhibition of BCL2 

expression both at the protein and transcript level providing a direct link between 

ER stress and BECN1 activation [129, 130]. As previously discussed, BECN1 is a 

core component of the PI3K complex that is required for PAS induction and vesicle 

nucleation, and can be tightly regulated by anti-apoptotic BCL2 family members 

[131, 132]. 

4.4.2.2 JNK 

In response to ER stress, Apoptosis-signal-regulating kinase (ASK1) is recruited by 

the IRE1-TRAF2 arm where it mediates signalling by MAP kinases, JNK and p38. 

JNK activation results in phosphorylation of pro-apoptotic proteins enhancing their 

activity and also phosphorylates anti-apoptotic BCL2 inhibiting its activity [133, 

134]. Under resting conditions, PI3K remains inactive due to the association of the 

anti-apoptotic proteins BCL2 and BCL-XL with the BH3 domain of BECN1. JNK-

dependent phosphorylation of BCL2 and BCL-XL results in their dissociation from 

BECN1’s BH3 domain and the activation of the PI3K complex [135]. 

Study of cells deficient in IRE1, ATF6 or PERK showed that IRE1 plays a 

significant role in induction of autophagy, as measured by the intensity of LC3 

punctate formation and LC3-I conversion to LC3-II [136]. The importance of 

transient JNK activation was highlighted in the promotion of pro-survival autophagy 

against prolonged autophagy that leads to initiation of apoptosis [137]. Independent 

studies, using dihydrocapsaicin treatments, confirmed that ER stress-induced 

autophagy relies heavily on transient activation of JNK signalling [138]. 

4.4.2.3 DAPK1 

Death-associated protein kinase 1 (DAPK1) is a CaMK-regulated serine/ threonine 

kinase. CaMK is activated during ER stress in response to calcium fluctuations and 

is responsible. It is believed that protein phosphatase 2A (PP2A) is involved in the 

dephosphorylation of DAPK1 in response to ER stress; however the involvement of 
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other phosphatases may also play a role in this process. This dephosphorylation 

allows activated CaMK to bind DAPK1 promoting the downstream signalling 

cascade. DAPK1 is a positive regulator of autophagy and it exerts its effects via the 

phosphorylation of BECN1 [139]. DAPK1-mediated phosphorylation of BECN1 

reduces its affinity for BCL2 and thus causes dissociation of BECN1, allowing the 

formation of the PIK3C3 complex [140]. 

4.4.3 Elongation of the Phagophore 

4.4.3.1 PERK-ATF4-DDIT3 

As discussed above the elongation of the phagophore requires two events to occur, 

the conversion of LC3-I to LC3-II and the covalent binding of ATG12 to ATG5. 

During stress-induced autophagy ATG5, ATG12 and LC3-I are quickly engaged in 

autophagosome formation, and thus these genes must be transcriptionally 

upregulated in order to keep increasing the flux through the pathway. PERK 

activation results in the transcriptional upregulation of ATG5, ATG12 and LC3-I 

[141, 142]. ATG12 is transcriptionally induced in response to ER stress in a PERK-

EIF2S1-dependent manner, however the precise transcription factor involved in its 

upregulation has yet to be identified [141]. LC3-I and ATG5 are transcriptionally 

upregulated through the PERK-EIF2S1 arm; however, LC3-I is induced by ATF4 

whereas ATG5 is upregulated by DDIT3 [142]. Therefore, during ER stress-induced 

autophagy PERK replenishes cellular supplies of ATG5, ATG12 and LC3-I, 

allowing for sustained autophagy flux. 

4.4.3.2 XBP1 

Forkhead box O1 (FOXO1) has been described as a major regulator of autophagy in 

various cell lines, both as a cytosolic protein and a transcription factor [143, 144]. 

For example, acting as a transcription factor FOXO1 is involved in BNIP3 

expression and neuronal survival [145]. On the other hand, acetylated cytosolic 

FOXO1 binds to ATG7, can promote autophagy in response to stress and leading to 

cell death [146]. Studies in Hungtington’s disease mouse models have demonstrated 

that XBP1 deficiency leads to increased levels of macroautophagy in cells, and this 

was correlated with high expression of FOXO1 [147]. This suggests that ER stress 

can also act as a negative regulator of autophagy, being unfavourable for the 

physiological outcome in this particular disease model. 
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4.5 ER stress and Autophagy in Disease 

As we discussed in detail before, both autophagy and ER stress are cellular 

adaptation programmes to variuos stresses. Thus is not surprising that both of those 

processes can be tightly involved in disease progression and can be used as 

therapeutic targets for developing novel drugs [83, 148]. 

4.5.1 Diabetes 

ER stress and defective ER stress signalling has been shown to be implicated in the 

development of experimental and clinical diabetes [149]. PERK, one of the three 

UPR receptors, is highly expressed in pancreatic β-cells and is essential for their 

development. Nevertheless, chronic activation of PERK is implicated in both Type 1 

and 2 diabetes [150]. Autophagy is a beneficial prosurvival mechanism of β-cells 

that decreases with aging. Defect in autophagic removal of accumulated unfolded 

proteins explains the increase in the incidence of diabetes Type 2 with age due to 

reduced β-cell function [151]. Moreover, studies on mice deficient in autophagy or 

obese mice showed that autophagy is requiered for appropriate UPR response to 

lipid injury, and defects in it may contribute to progression from obesity to diabetes 

[152, 153]. According to the study of Martino et al., autophagy could also be 

implicated in the development of diabetes, as they saw marked autophagy induction 

during treatment of human pancreactic islets with palmitic acid, but not with glucose 

[154]. While little is known about the exact interplay between the autophagy and ER 

stress in diabetes, most of the evidence points in favor of targetting autophagy as a 

protective mechanism of β-cells for ameliorating ER stress, perhaps through the 

PERK arm [155]. 

4.5.2 Neurodegenerative Diseases 

Cellular stresses leading to the development of neurodegenerative diseases are very 

often coupled with the induction of the ER stress [156]. This is not surprising, as 

neurodegenerative diseases are commonly associated with impaired clearance of 

misfolded proteins, placing the UPR as the key pro-survival response. UPR ability to 

mediate an autophagy response, is also very important in the context of 

neurodegenerative diseases, as it is beneficial to increase autophagy in order 

topromote the clearance of protein aggregates [157]. PERK arm may be a potential 

therapeutic target as it can promote a protective chaperone response of neuronal 

cells in response to accumulation of beta-amyloid as in Alzheimer’s disease model 



Introduction 
 

35 
 

[158]. Although bifunctional role of PERK in cellular survival has to be very 

carefully considered in such case. Phophorylation of EIF2S1 could be advantageous 

by decreasing the protein load,while overexpression of ATF4 can lead to 

upregulation of pro-apoptotic components such as BCL2L11 [159]. 

4.5.3 Cancer 

Since unresolved ER stress is associated with the induction of apoptosis, this cellular 

response could be of interest while developing therapeutic strategies. However 

induction of autophagy at the same time with the UPR, provides cancer cells with a 

possible survival mechanism. This is why a number of laboratories have been 

developing cotreatment therapies, combining ER stress inducers with autophagy 

inhibitors in various cancer types. For example, synergy has been shown between 

bortezomib (proteasome inhibitor that leads to induction of both ER stress and 

autophagy) and chloroquine for the treatment of lymphoma [160]. Cotreatment with 

HSPB1 siRNA (would cause activation of ER stress) with chloroquine has been 

proven to be an efficient way of limiting the prostate cancer cell growth [161]. 

Treatment with the BRAF inhibitors in melanoma has shown to induce pro-survival 

UPR and cause activation of downstream protective responses. Therefore BRAF-

resistant tumors can be sensitized to the inhibitors of BRAF by combination with 

autophagy inhibitors [162]. 

However, dual role of autophagy in cancer progression should be also considered in 

this instance [163, 164]. Some types of cancer like human high-grade gliomas, are 

much more prone to die through induction of autophagic cell death, suggesting a 

therapeutic benefit of ER stress inducing agents, as they could induce a mixture of 

apoptosis and autophagic cell death. Overexpression of DDIT3 alone is sufficient to 

decrease cell viability in human high grade glioma cell lines though the induction of 

both cell death modalities, thus establishing the therapeutic potenital of the ER stress 

pathway [165]. The role of autophagy in cell death in the context of cancer is 

discussed in detail in the section below entitled the physiological relevance of 

autophagy-mediated celll death (page 52). 

Another clinical approach that could be developed from the current knowledge of 

autophagy and ER stress interplay would be the specific targetting of IRE1 branch 

during tumor development. Tumors often develop under conditions of hypoxia, and 



Introduction 
 

36 
 

inhibiting the IRE1 branch was shown to suppress tumor angiogenesis, while also 

decreasing the levels of autophagy, therefore substantially decreasing the 

prosurvival mechanisms of the tumor cell [166]. 

4.6  Cell Death Modalities – Apoptosis 

When cellular stresses are prolonged or unresolved it leads to induction of cellular 

death pathways. For many years the scientific knowledge defined two main types of 

cellular death – unregulated, so named necrosis (Greek νεκρός, "dead"), and 

regulated, mediated by certain executors, so called apoptosis (Greek: apo - from/ off/ 

without, ptosis – falling). Later, apoptosis has been defined to be of two main types 

– intrinsic or mitochondrial cell death pathway, and extrinsic, or death receptor 

mediated (Fig. 3). 

	  

Figure 3. Mechanism of apoptosis. Extrinsic apoptosis activated through engagement of death receptor in the 
activation of CASP8. Activation of intrinsic apoptotic pathway results from disturbances in the mitochondria and 
the signalling cascade is commenced by CASP9. Both pathways converge at the activation of executor caspases, 
3/7, leading to the cleavage of the downstream targets, ensuring execution of apoptosis. 

4.6.1 Intrinsic Apoptotic Pathway 

Intrinsic apoptotic pathway is primarily activated in response to various intracellular 

stresses, such as oxidative stress, endoplasmic reticulum stress, and any factors that 
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can disturb the mitochondrial membrane potential, etc. Moreover, activation of 

mitochondrial cell death pathway could also be a consequence of death receptor 

signalling pathway (see below). Stresses that lead to the permeabilization of the 

mitochondrial outer membrane cause the release of mitochondrial components, such 

as cytochrome c [167]. Upon release of the cytochrome c from mitochondria it binds 

to APAF-1, opening its’ nucleotide binding domain and leading to conformational 

change. As a result of deoxyadenosine triphosphate (dATP) binding, a second 

conformational change exposes oligomerization and caspase recruitment domain 

(CARD), facilitating an assembly of an oligomeric complex with CARD in the 

center. Upon recruitment of caspase 9 (CASP9), this complex is termed the 

apoptosome, a wheel-like activator of the mitochondrial cell death pathway cascade 

[168]. 

4.6.2 Extrinsic Apoptotic Pathway 

Death receptor (DR) mediated cell death pathway is usually initiated upon the 

presence of certain extracellular death signals – death receptor ligands. Upon 

binding of the ligand, the death receptors oligomerize and initiate the signalling 

cascade, inducing formation of multi-molecular complex at the plasma membrane. 

Composition of the complexes varies depending on the type of the receptor. FAS 

(CD95 or APO-1 receptor), TNF receptor-1/ tumor necrosis factor receptor 

superfamily, member 1A (TNFR1/ TNFRSF1A, from here on TNFRSF1A) and 

TNF receptor-2/ tumor necrosis factor receptor superfamily, member 1B (TNFR2/ 

TNFRSF1B), death receptor 3/ tumor necrosis factor receptor superfamily, member 

25 (DR3/ TNFRSF25), TNF-related apoptosis inducing ligand receptor- 1/ tumor 

necrosis factor receptor superfamily, member 10a (TRAIL-R1/ TNFR1SF10A or 

DR4), TRAIL-R2/ tumor necrosis factor receptor superfamily, member 10b (DR5/ 

TNFRSF10B in humans) and p75/ tumor necrosis factor receptor superfamily, 

member 1B (TNFRSF1B) are the receptors containing death domains and capable of 

engaging the cellular apoptotic machinery. The ligands of those receptors belong to 

TNF gene superfamily. FASL (also called CD95) ligand binds to FAS receptor, TNF 

and lymphotoxin α (LTA) bind to TNFRSF1A, Apo3 (Apo3L or TWEAK) binds to 

DR3, TRAIL/ TNFS10 (Apo2-L) binds to TNFRSF10A and TNFSF10B [169]. 

Upon activation of the receptors adaptor molecules are recruited via their death 

domains (DED) forming death-inducing signalling complex (DISC) at the 
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cytoplasmic tails of the engaged DR. Those adaptor molecules facilitate the binding 

of the signalling molecules, again varying depending on the receptor type. The 

multi-cellular complexes in their turn activate a signalling cascade that could not 

only result in cell death as could be expected from the name of the receptor family, 

but as well could lead to the pro-survival signalling [170]. In case of pro-apoptotic 

signalling, death receptors would initiate caspase-dependent cell death by two 

distinct mechanisms depending on the cell type – so called type I and type II. In 

cells activating extrinsic apoptotic pathway through type I mechanism, activation of 

the death receptor would initiate proteolytic cleavage of caspase 8 (CASP8) and 

caspase 10 (CASP10) generating an active form of caspases. In type II cells only a 

limited amount of CASP8 would be activated, although it is sufficient for proteolytic 

cleavage of BID. Truncated BID (tBID) would translocate to mitochondria where it 

would activate pro-apoptotic BAX and BAK1, mediating release of cytochrome c 

from mitochondria and activating intrinsic apoptotic cell death pathway [167]. It is 

believed that type I and II may have different amounts of inhibitor of apoptosis 

proteins (IAPs), that are capable of blocking the executioner caspases unless 

supressed by proteins that are released from mitochondria [168].  

4.6.3 Role of BCL2 Proteins in Apoptosis 

Members of the BCL2 family possess one or more of the four conserved motifs, 

called BCL2 homology (BH) regions. BCL2, BCL-w, BCL-XL, MCL1 are examples 

of anti-apoptotic family proteins that contain all four BH domains. BCL2 family 

members that contain BH1-3 domains and a modified version of BH4 as in case of 

BAX, BAK1 and BOK (allowing them to form pores within the membranes) 

promote apoptosis. BH3-only proteins, such as BID, BCL2L11, BAD, PUMA, etc. 

promote apoptosis by inhibiting the anti-apoptotic BCL2s as well as facilitating 

BAX/ BAK1 oligomerization [171]. There are several models explaining how BAX 

and BAK1 could become activated in order to form the pore in the mitochondrial 

outer membrane (MOM). One of the models suggests a direct activation pathway, 

where tBID, BCL2L11 or PUMA activate BAX/ BAK1, while the other is based on 

the presence of complexes between constitutively active BAX/ BAK1 and anti-

apoptotic BCL2s that would inhibit them. In the case of the second model, active 

BH3-only proteins interact with anti-apoptotic BCL2s allowing the release of BAX/ 

BAK1 from the inhibitory complexes and subsequent formation of the MOMP pore 
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[171]. It is important to understand that the protein ratios between the pro-apoptotic 

and anti-apoptotic BCL2s can act as a natural rheostat within the cell, allowing the 

execution of the task that has the higher concentration of the participating members 

– either survival or apoptosis. BAX and BAK1 are crucial for the release of 

cytochrome c into the cytoplasm, allowing the transmission of stress signal from the 

affected mitochondria to the apoptotic machinery, and cells deficient in BAX and 

BAK1 are very resistant to intracellular stresses [172, 173]. 

4.6.4 ER Stress-Induced Apoptosis 

As discussed above, UPR response is pro-survival initially, although if unresolved 

can lead to cell death. ER stress-induced cell death is predominantly executed 

through the intrinsic cell death pathway as it is associated with disturbances within 

the cellular homeostasis. BCL2 family members, especially those resident in the ER 

play a very important role mediating this pro-death response [130]. Pro-apoptotic 

BCL2 family members BAX and BAK1 positively modulate the amplitude of IRE1 

signalling by interacting with the cytoplasmic domains of IRE1 resulting in 

increased XBP1 splicing and JNK phosphorylation [174]. Binding of BAX and 

BAK1 to IRE1 is negatively regulated by transmembrane BAX inhibitor motif 

containing 6/ BAX Inhibitor 1 (TMBIM6/ BI-1), a transmembrane protein localized 

to the ER and nuclear envelope. Under prolonged ER stress, TMBIM6 expression 

attenuates IRE1 signalling, shutting down the pro-survival response mediated by 

XBP1 [175]. Recent work by Hetz and colleagues, has proposed another layer of 

regulation mediated by BH3-only BCL2 family members. Under mild ER stress, 

BH3-only proteins BCL2L11 and PUMA bind IRE1, via their BH3 domain, and 

stimulate its RNase activity. However, upon sustained or chronic ER stress, BH3-

only protein resume their pro-apoptotic function and target mitochondrial mediated 

pathways committing the cell to death [176]. BCL2 and BCL-XL are believed to be 

involved in modulating ER Ca2+ concentrations by interacting with the IP3R 

channel, therefore when inhibited during apoptosis this will contribute to the 

collapse of cellular calcium homeostasis [130]. 

The recruitment of TNF receptor associated factor 2 (TRAF2) to IRE1 has been 

linked to several pro-apoptotic pathways the most well defined being the IRE1-

TRAF2-JNK axis [50]. The association of IRE1 with TRAF2 triggers 

phosphorylation cascades culminating in JNK activation. Phosphorylation of BCL2/ 
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BCL-xL by JNK can reduce their anti-apoptotic ability while phosphorylation of 

BID and BCL2L11 by JNK has been demonstrated to increase their pro-apoptotic 

potential [177-180]. Therefore, IRE1-mediated JNK activation may represent a 

mechanism through which IRE1 can provide a feedback signalling in response to the 

ability of BCL2s to regulate activity of IRE1, as discussed above. Moreover, ER 

stress is known to induce translocation of BAX to the mitochondrial membrane, 

facilitating formation of BAX homo-oligomeric pores in the MOM [130]. On the 

other hand activated BAX and tBID can cause the release of the ER luminal proteins 

by increasing the ER membrane permeability and alleviating pro-apoptotic 

signalling [181]. 

Prolonged RIDD signalling has been associated with increase in apoptosis [182]. 

The switch between anti-apoptotic XBP1s signalling and pro-apoptotic RIDD may 

be dependent upon the conformational state of IRE1 as discussed in the section on 

IRE1.  

Transcription of DDIT3 during ER stress has been shown to be important for 

upregulation of BCL2L11 in TP53-dependent manner, contributing to apoptosis. 

BCL2L11 is an important mediator of ER stress-induced cell death. It is a BH-3 

only protein that can insert itself into the MOM, activating BAX. Knockdown of 

BCL2L11 in MCF-7 cells significantly attenuated ER stress-induced cell death 

clearly highlighting a role of BCL2L11 in the execution of ER stress-induced 

apoptosis. Closer examination of the specific pathways regulating BCL2L11 

revealed that a combination of transcriptional upregulation via DDIT3 and 

posttranslational modification by phosphatase 2a (PP2A)-mediated 

dephosphorylation that enables sustained BCL2L11 expression [183].	  DDIT3 has 

also been reported to downregulate BCL2 suggesting that this transcription factor 

may shift the balance of BCL2 family members in favour of pro-apoptotic by those 

means ensuring propagation and execution of the apoptotic signal [184]. Other 

transcriptional targets of DDIT3 include ERO1α and TRB3. ERO1α expression 

leads to the creation of a hyperoxidizing environment within the ER which may 

promote cell death [185]. Additionally, ERO1α has been reported to activate the 

IP3R stimulating calcium release from the ER [186], leading to calcium overload in 

mitochondria and apoptosis. TRB3 is an intracellular pseudokinase that modulates 

the activity of several signal transduction kinases. It has been suggested that TRB3 
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promotes apoptosis through binding AKT, preventing its phosphorylation and 

reducing its kinase activity [128, 187]. In addition DDIT3 mediated enhancement of 

GADD34 permits protein phosphatase 1 (PP1) dephosphorylation of EIF2S1 thus 

lifting translational inhibition [188]. Release of this translational block permits 

production of pro-apoptotic proteins, further committing the cell to death. Inhibition 

of EIF2S1 dephosphorylation, by treatment with salubrinal, inhibited ER stress-

induced apoptosis underscoring the contribution of releasing translational inhibition 

to progression of cell death [189]. Indeed, the importance of GADD34 signalling for 

ER stress-induced apoptosis is clearly evident in knockout mice which displayed 

resistance to ER stress-induced kidney damage [185]. Nevertheless, the requirement 

for DDIT3 in ER stress-induced apoptosis it is not absolute as ddit3-/- MEF cells still 

undergo apoptosis in response to prolonged ER stress albeit with much slower 

kinetics [185]. 

4.6.5 Caspases 

Apoptosis was initially described as the complex cellular morphology produced by 

the sum of caspase-dependent proteolytic events [190]. Caspases are main drivers of 

apoptosis that are quite well conserved between species. Caspases are cysteine-

dependent aspartate-specific proteases. They have a conserved Cys side chain and 

selectively cleave peptides and proteins on the carboxy-terminal side of Asp 

residues. At least 13 caspases have been identified in mammals, with 11 present in 

the human genome (Table 2). Caspases can be separated in two main groups 

depending on their place in the cell death signalling cascade – initiator caspases and 

executioner caspases [191]. Caspases exist in cells in the form of inactive zymogens 

and contain three domains – amino-terminal domain, large subunit and a small 

subunit. Assembly of caspase molecule into dimers facilitated by adapter proteins is 

necessary for their activation. Initiator caspases possess an extended amino-terminal 

region that contains adaptor domains (CARD or death effector domain (DED)) 

necessary for the oligomerization and activation by auto-catalytic intra-chain 

cleavage. Effector caspases are activated by proteolytic cleavage mediated by an 

initiator caspase, resulting in the active form of caspase with several orders of 

magnitude higher catalytic activity. Active effector caspases degrade multiple 

cellular targets leading to cell death [167, 192]. One of the best characterized target 

of caspases are anti-apoptotic BCL2 family members, although the list is constantly 
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growing with more pro-survival proteins being characterized that are needed to be 

shut down by the well-orchestrated machinery of apoptosis [191, 193]. A group of 

caspases, called inflammatory caspases, are rather responsible for mediating innate 

immune responses than apoptosis. In response to inflammatory responses they form 

inflammasomes, that are discussed in more detail below [194]. 
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Name Function Ref 

Caspase1/ 

CASP1/interleuki

n-1β-converting 

enzyme, ICE 

Initiator caspase activated by the inflammasome, 

processes IL1B, IL-1α and IL-18 leading to their 

secretion, contributes to apoptosis of the 

macrophages, mediates pyroptosis 

[167, 

194-

196] 

Caspase 2/CASP2 Initiator caspase activated at the PIDDosome in 

response to DNA damaging agents or heat shock, 

promotes cytoskeleton degradation, plays a role in cell 

cycle regulation 

[197, 

198] 

Caspase 3/CASP3 Executioner caspase, together with CASP7 is a key 

protease in apoptosis, targets cellular structural 

substrates, facilitates DNA fragmentation during 

execution of apoptosis 

[199] 

Caspase 4/CASP4 Human ortholog of CASP11  [168] 

Caspase 5/CASP5 Human ortholog of CASP11 [168] 

Caspase 6/CASP6 Executioner caspase [168] 

Caspase 7/CASP7 Executioner caspase, functions overlap with caspase-3 [199] 

Caspase 8/CASP8 Initiator caspase activated at the death receptor, 

mediates extrinsic apoptosis 

[170] 

Caspase 9/CASP9 Mitochondrial initiator caspase, activated at the 

apoptosome 

[167] 

Caspase 

10/CASP10 

Initiator caspase, highly homologous to CASP8, may 

be involved in CD-95 induced cell death 

[168] 

Caspase 

11/CASP11 

Pro-inflammatory caspase, necessary for CASP1 

activation in bone marrow derived macrophages, 

pyroptosis mediator, absent in humans 

[194] 

Caspase 

12/CASP12 

Pseudogene, murine caspase that can inhibit CASP1 

in protease-independent manner, ER-specific 

apoptotic pathway mediator in mice 

[168] 

Caspase 

14/CASP14 

Expression restricted to cornifying epithelial cells, 

however dispensable for keratinocyte apoptosis 

[168] 

Table 2. Caspases and their function 
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4.6.6 Caspase Inhibitors 

The first knowledge about the existence of naturally occurring caspase inhibitors 

came from studies of viruses and the discovery of viral FLICE and ICE inhibitor 

proteins (vFLIPs) [200, 201]. The first widely studied viral inhibitor was CrmA, 

expressed by the cowpox virus, it efficiently inhibits CASP1, CASP8 and CASP10 

[202]. 

IAPs, which are highly conserved throughout evolution, can inhibit caspases 

endogenously. They were first identified in baculovirus and have baculovirus IAP 

repeat (BIR) domain, really interesting new gene (RING) and the CARD [203]. 

RING domain is responsible for the E3 ubiquitin ligase activity and modulates 

ubiquitination and proteasomal degradation of substrates or inactivation of their 

substrates. CARD domain is necessary for recruitment and oligomerization of 

proteins involved in cell death regulation [204]. 

XIAP is the mostly studied mammalian inhibitor of caspases, and also the most 

potent inhibitor in vitro, potently inhibiting CASP3, CASP7 and CASP9. It is the 

only IAP capable of directly inhibiting enzymatic activity of caspases [204]. Cellular 

inhibitor of apoptosis 1/ baculoviral IAP repeat containing 2 (cIAP1/ BIRC2) and 

cIAP2/ BIRC3 on the other hand are indirect inhibitor of caspases, acting by 

maintaining canonical NF-κB activation and inhibiting transition into a CASP8 

mediated death inducing complex upon TNF stimulation. Their anti-apoptotic 

potential depends on their E3 ubiquitin ligase activity [205]. Importance of cIAPs in 

the inhibition of caspases is highlighted by the fact that their depletion leads to 

spontaneous formation of a death inducing platform that can result in both apoptosis 

or necroptosis depending on the cellular content [206]. Interestingly, in the context 

of the inflammasome, cIAP1 and cIAP2 could be facilitating activation of the 

CASP1, as macrophages deficient in CASP1 activation had reduced IL1B 

processing. On the contrary, several other groups did not confirm those findings by 

using Smac mimetics, compounds that mimic the inhibitory effect of mitochondrial 

Smac on the cIAPs. Further studies are still required to completely resolve the role 

of cIAPs in regulation of pro-inflammatory caspases [205]. 

Development of chemical inhibitors of caspases has been greatly facilitated due to 

the fact that all of them are cysteine proteases. Availability of crystal structures of 
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different caspases allowed the design and development of competitive inhibitors that 

would act as pseudosubstrates for caspases, possessing structures that allow them to 

bypass the cellular membrane and could be potentially used in clinic [202]. 

Extensive work is being done in this field, as development of selective caspase 

inhibitors is a very interesting topic with a therapeutic application. 

4.6.7 Non-Apoptotic Roles of Caspases 

CASP1, CASP4, CASP5 and CASP12 in human and CASP1, CASP11 and CASP12 

in mice belong to the group of pro-inflammatory caspases. They are activated at the 

inflammasome after the stimulation of the pattern recognition receptors [194, 196]. 

Activated pro-inflammatory caspases in turn cleave pro- IL1B and pro-IL18, 

facilitating the secretion of these cytokines and propagation of the inflammatory 

response [168]. The models of CASP1 activation by 4 different types of 

inflammasomes (NLRP1, NLRP3, IPAF and AIM2) are the most well-described 

[207]. Recently some pro-apoptotic caspases (CASP8, CASP3, CASP7) were also 

associated with induction of inflammation-mediated activation of the microglia, 

causing neuronal death and development of neurodegenerative diseases [208].  

Caspases are the crucially important molecules in the coordination of apoptosis and 

regeneration during maintenance of the tissue structure and function. Liver 

regeneration and skin wound healing is impaired in mice deficient for CASP3 and 

CASP7, confirming the ability of the caspases to propagate the signal from the 

damaged tissue [209]. 

CASP1 has been shown to regulate the lipid metabolism pathways by promoting 

sterol regulatory element binding proteins (SREBPs) activation [196]. CASP2 has 

been described to regulate cell cycle progression by regulating the levels of TP53 

[197] in addition to a very recently proposed role in autophagy inhibition [210]. In 

the absence of CASP8, proliferating T cells undergo necroptotic cell death 

(discussed in more detail below), characterized by high levels of ROS and 

uncontrolled autophagy, highlighting the important role of this caspase in cellular 

survival and proliferation. Interestingly, this process is dependent on pro-CASP8, as 

cleavage-resistant mutant of CASP8 was still rescue the phenotype of CASP8 

deficient T cells [211, 212]. 
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4.6.8 Interplay between Apoptotic Machinery and Autophagy 

Autophagy is a general pro-survival response, while apoptosis is directed towards 

the shut-down of all the cellular processes. It would be expected so that apoptotic 

machinery would have an inhibitory effect on the progression of autophagy. Indeed 

very recent work by Tiwari and colleagues, characterized CASP2 as one of the 

negative modulators of the autophagic response under normal conditions. In addition 

they showed that upon induction of stress through regulation of ROS levels and 

MTOR and AMPK pathways are modulated by CASP2 [210]. ATG3 and BECN1 

have been described to be inhibited by caspases. Intriguingly the cleaved fragment 

of BECN1 has been proposed to translocate to mitochondria and the truncated 

fragment has been shown to induce permeabilization of mitochondria in vitro [213]. 

Combined action of caspases and calpains can also irreversibly degrade AMBRA1, 

inactivating the autophagic machinery. Calpain mediated cleavage fragment of 

ATG5 can exert similar effects on the promotion of apoptosis [214]. 

Nevertheless upon induction of stress several BH-3 only proteins, such as NIX or 

PUMA, can promote autophagy by competitively disrupting interaction between 

BECN1 and anti-apoptotic BCL2 proteins, such as BCL2 or MCL1 [214]. 

Supporting evidence from Rubinsztein’s group suggest that BCL2L11 has inhibitory 

effect on autophagy by recruiting BECN1 to microtubules in resting conditions, 

while upon induction of stress, phosphorylation of BCL2L11 promotes autophagy 

by releasing BECN1 [215]. 

Nevertheless, there is also evidence to suggest that in certain conditions autophagic 

machinery could also serve as a platform for the induction of cell death or promote 

cellular degradation on its own (Reviewed in [214], discussed in detail in the section 

about Autophagy-mediated cell death).  

4.7 Cell Death Modalities - Necroptosis 

In addition to the classical apoptotic cell death pathway, more alternative cell death 

pathways are emerging recently. One of them, necroptosis, is an example of re-

evaluation of the previously well accepted notion of necrosis being solely 

unregulated cell death pathway. Necroptosis is a form of cell death regulated by 

RIPK1 and/or RIPK3 kinase activities (Reviewed in [216]).  
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4.7.1 RIPK1 

The first study connecting receptor (TNFRSF)-interacting serine-threonine kinase 1 

(RIPK1) with the activation of a caspase-independent cell death was only published 

in 2000, by the group of Jürg Tschopp [217]. Originally RIPK1 was identified in a 

screen for FAS binding proteins, as it can bind to it through the death domain. 

Unfortunately more precise studies on the mechanism behind the necroptosis 

induction and the role of receptor-interacting protein RIPK1 in the process has been 

substantially slowed down by the fact that ripk1-/- mice die on day 1-3 after birth 

[218]. 

Interestingly, RIPK1 is a member of RIP family of proteins, that all possess an 

active kinase domain. Importance of RIPK1 kinase domain in cell death execution 

advanced substantially after the discovery of necrostatins. Necrostatin 1 (Nec-1) is a 

chemical inhibitor of RIPK1 kinase activity that has been validated in several studies 

to be highly specific to RIPK1 [219, 220]. Studies in RIPK1 knockout MEFs 

showed that it can only block necroptosis in ripk1+/+ but not in ripk1-/- mice [221]. 

Receptor (TNFRSF)-interacting serine-threonine kinase 3 (RIPK3), another member 

of a RIP family, also possesses a functional kinase domain that has been shown to 

participate in necroptosis. More importantly, both RIPK1 and RIPK3 have been 

demonstrated to interact through the unique homotypic interaction motif (RIP 

homotypic interaction motif (RHIM)) [222]. Discovery of this interaction, together 

with the advances made in the characterization of the complex II upon TNFRSF1A 

stimulation suggested existence of the necroptosis initiating complex, so called 

necrosome [223]. 

4.7.2 RIPK3 

The role of RIPK3 in necroptosis induction has been discovered by implying siRNA 

genetic screens. MEFs from ripk3-/- mice are resistant to necrosis and animals do not 

develop inflammation during tissue damage in an acute pancreatitis model [224]. 

Recent studies have also shown that RIPK3 is capable of executing a RIPK1-

independent pathway of necroptosis, highlighting the importance of this protein. 

Using TNF stimulation several groups showed that even in the absence of such 

important cell death modulators as CASP8 or RIPK1, cells were executing caspase-

independent RIPK3 dependent mode of cell death [225, 226]. 
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4.7.3 Additional Regulators of Necroptosis 

The role of BCL2 family proteins in apoptosis is undisputable. Intriguingly, genetic 

screen for genes involved in necroptosis facilitated the characterization of the role 

for BMF in death receptor induced necroptosis [220]. 

FAS-associated protein with death domain (FADD) has been shown to be an 

important molecule in both receptor-mediated apoptosis and necroptosis. FADD is a 

well-defined adaptor necessary for activation of CASP8 [227]. Furthermore, 

stabilization of FADD by preventing its proteasomal degradation has been shown to 

facilitate necrosome formation and enhance cell death upon caspase inhibition [228]. 

However, recent data would suggest that inactivation of FADD by phosphorylation 

alone is enough to drive necroptosis upon IFNγ stimulation [229]. 

4.7.4 Mechanism of Necroptosis upon TNFRSF1A Stimulation 

Necroptosis is a relatively newly described cell death modality. It is best 

characterized in cells in response to TNF. TNF is a proinflammatory cytokine that 

has been widely studied as one of the potent necroptosis inducers. First studies in 

mouse using TNF-positive serum showed that treatment with this cytokine can 

induce necrosis-like changes in mice organs [225, 230]. L929 cells, a murine 

fibrosarcoma cell line, was initially widely used to study the effects of TNF, due to 

the high sensitivity of this cell line to the drug [231]. However, since this mode of 

cell death was believed to be necrotic or unregulated mode of cell death, there was a 

lack of research into the precise mechanisms of its regulation. Lymphotoxin alpha 

(LTA), is another ligand that can bind to TNFRSF1A, shares chromosomal location 

with TNF.. In respect to signalling through TNFRSF1A both of the ligands have 

been shown to have a very similar affinity to the receptor and are capable of 

activating both NF-κB or cell death pathways [232]. 

Upon stimulation TNFRSF1A oligomerizes and induces recruitment of TRAF2, 

RIPK1 to the intracellular domain of the receptor [233]. RIPK1 stays 

polyubiquitinated by cIAPs in this complex, allowing the optimal NF-κB activation 

[234]. When RIPK1 is deubiquitinated it dissociates from the TNFRSF1A and forms 

a cytosolic complex with FADD, TNFRSF1A-associated via death domain 

(TRADD), CASP8 and RIPK3. Cell death proceeds through activation of CASP8. 

Active CASP8 in turn cleaves RIPK1 and RIPK3 inactivating them. In conditions 
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when caspases are inhibited, RIPK1 and RIPK3 are capable of autophosphorylation 

and formation of a necrosome [233, 235, 236] (Fig. 4). 

	  

Figure 4. TNFRSF1A signaling pathway. Upon binding of the TNF ligand to the receptor it leads to the 
activation of TNFRSF1A. Recruitment of polyubiquitinated RIPK1 allows for pro-survival NF-κB signalling. 
Deubiquitination of RIPK1 allows formation of a cytosolic death-inducing complex that could either lead to 
apoptosis or necroptosis. Activation of RIPK1 and RIPK3 in case of necroptosis leads to phosphorylation of 
MLKL, promoting the formation of the pores within the plasma membrane. Resulting sodium flux contributes to 
the membrane rupture and execution of necroptosis. 

K-63 linked ubiquitin chains on RIPK1 have been shown to be necessary for the 

optimal NF-κB activation upon stimulation of the TNFRSF1A. They promote 

recruitment of RIPK1 to the cytosolic part of the receptor, facilitating the formation 

of a multi-protein complex that signals towards TAK1-mediated phosphorylation of 

IKK. cIAP1 and cIAP2 are E3 ubiquitin-ligases that are necessary for RIPK1 

ubiquitination, both in physiological conditions (as upon TNF stimulation) and in 

case of disease-mediated promotion of cell survival by hyperactivation of pro-

survival NF-κB signalling, as seen in cancer cells [234, 237]. Deubiquitination of 

RIPK1 is believed to be a crucial event for the switch to the pro-death signalling. 

There is no universal agreement so far on the deubiquitinase that is solely 

responsible for that event. Studies from Cylindromatosis (CYLD) deficient cells 

showed that induction of necroptosis is delayed upon TNF stimulation or caspase 

inhibition in those cells. Moreover, it has been shown that higher levels of RIPK1 
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ubiquitination are present in the soluble fraction of cells upon same stimulation. 

This, in addition to the well accepted idea that ubiquitination status of RIPK1 is 

important for necrosome assembly, would confirm the involvement of CYLD in 

RIPK1 de-ubiquitination upon certain necroptosis inducers [238, 239]. Another de-

ubiquitinating enzyme that has been shown to have a role in activation of RIPK1 is 

A20. It has been shown to cleave the K-63 ubiquitin chains from both RIPK1 and 

TRAF6 [240]. Nevertheless, involvement of A20 in regulation of necroptosis still 

remains controversial, as knockdown of this protein sensitized cells to necroptosis 

instead of inhibiting it, as would be expected [235]. Just recently, a new study 

proposing a possible mechanism of RIPK1 de-ubiquitination by TRIM27-USP7 

complex has been published. In their work authors show that in their system this de-

ubiquitination may positively regulate induction of apoptosis by TNF/ CHX 

stimulation. However, they did not look at the effect of this modification on 

induction of necroptosis [241]. All in all, there is some conflicting data on RIPK1 

de-ubiquitination in the area, and although the discovery of this switch could be a 

very exciting finding – this question still remains unresolved. 

4.7.5 Role of MLKL in Necroptosis 

Mixed lineage kinase domain-like (MLKL) is a pseudokinase, as it lacks two of the 

three conserved catalytic residues necessary for optimal phosphoryl transfer activity. 

Phosphorylation of MLKL by RIPK3 is what drives necroptosis, as could be 

concluded by studies involving mutagenesis of the MLKL pseudokinase site 

resulting in propagation of RIPK3 independent necroptosis [242, 243]. It has been 

suggested that upon induction of necroptosis RIPK1, RIPK3 and MLKL form a 

complex, that in turn can activate some of the downstream events associated with 

necroptosis, such as ROS generation or JNK phosphorylation [244]. 

Phosphorylation of RIPK3 is crucial for recruitment of MLKL to this complex, 

placing MLKL downstream of the activation of the necrosome. Interestingly, 

activated hRIPK3 does not interact with mMLKL and other way around, 

highlighting the significance of this interaction that is encoded in the protein 

sequence [245]. The importance of MLKL in necroptosis has been confirmed by 

generation of knockout mice. mlkl-/- mice develop normally, although MEFs and 

macrophages isolated from those mice are resistant to necroptosis induction. Despite 

the fact that necrosome formation is not affected in cells from mlkl-/- mice, the 
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animals were resistant to cerulean-induced acute pancreatitis [246]. Homo-

oligomerization of the full four-helical bundle domain (4HBD) in the N-terminal 

part of MLKL alone is enough for binding to phosphatidylinositol phosphates 

allowing translocation to lipid rafts of the plasma membrane. This induces 

membrane permeabilization and sodium influx to the cell increasing osmotic 

pressure, leading to membrane rupture and execution of necroptosis [247, 248]. 

4.7.6 Events Downstream of the Necrosome Formation 

Certain differences during the downstream signals in apoptosis and necroptosis were 

observed in studies looking at the functions of MLKL in necroptosis. Interestingly, 

the two processes can be separated by looking at the types of the ions that are 

fluctuating. Necroptosis is associated with the sodium flux into the cell, while 

apoptosis can be characterized by the flux of calcium and potassium [247]. Initial 

studies connected generation of reactive oxygen species and mitochondrial 

membrane depolarization with one of the events mediating necroptotic cell death 

downstream of the necrosome activation [249]. However, recent work by Tait and 

colleagues demonstrated in a very elegant way that mitochondria are not 

indispensable for necroptosis execution. In their study they depleted the cells from 

mitochondria by mitophagy and successfully demonstrated that under those 

conditions cells were still capable of dying through necroptosis, through both RIPK1 

kinase and/ or RIPK3 mediated pathway [250]. 

4.7.7 Physiological Relevance 

Physiological role of necroptosis has been under debate for quite a long period of 

time. Most of the studies of necroptosis have been performed in cell lines using 

caspase inhibitors in order to unmask this cell death modality. Nevertheless, there is 

some evidence that necroptosis could be happening during certain physiological 

conditions in vivo (non-alcoholic steatohepatitis [251], chronic intestinal 

inflammation [252], acetaminophen-induced liver injury [253]) or in certain human 

cancers where apoptotic machinery is compromised creating chemotherapeutically 

resistant cancers.  

Important knowledge about the physiological relevance of necroptosis has been 

acquired from studies in RIPK3 knockout mice [224]. Myocardial infarction has 

been historically associated with necrotic tissues, therefore leading to a reasonable 
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question whether necroptosis is involved in the post-ischaemic adverse remodelling. 

Linkermann and colleagues were able to show that during ischemia-reperfusion 

injury necroptosis serves as a primary mode of organ damage in mice [254]. ripk3-/- 

mice show less hypertrophy 30 days after the experimental infarction, accompanied 

with the diminished inflammatory response and lower levels of ROS generated. This 

could be explained also by the role of RIPK3 in the inflammatory pathways, but the 

protective effect of Nec-1 in the models of myocardial ischaemia would support the 

role of necroptosis in cellular damage upon myocardial infarction [255, 256]. 

It is well accepted that multiple types of cancers are resistant to chemotherapeutics 

through various ‘blocks’ of the classical apoptotic pathway, both at the level of the 

mitochondrial cell death pathway or death receptor signalling cascade. Induction of 

necroptosis, as an alternative mode of cell death, could be a very attractive 

alternative strategy to overcome the resistance of cancer cells to classical apoptotic 

stimuli [257, 258]. A very important role for necroptosis has been characterized in 

response to Obatoclax (GX15-070), a therapeutically promising small-molecule 

inhibitor of anti-apoptotic BCL2 proteins. It is currently under clinical evaluation for 

the treatment of haematological malignancies and solid tumors. Use of this drug for 

treatment of rhabdomyosarcoma, which is reported to have elevated levels of 

MCL1, proved that Obatoclax can induce assembly of necrosome on the autophagic 

membrane causing cell death [257]. Therefore induction of necroptosis could 

represent one of the alternative cell death pathways that are necessary to be engaged 

in order to overcome cancer cell resistance to death stimuli. 

Moreover, several more reports and studies are providing evidence that necroptosis, 

especially RIPK3-dependent can be acting as a regular cell death response upon 

stimulation of extracellular receptors, such as TLR3. In this case TRIF is the 

indispensable RIPK3 partner, not RIPK1. This provides evidence for one of the 

earliest evolutional adaptations for the anti-viral defence, as most of the viruses 

encode natural caspase inhibitors, and RIPK3-dependent necroptosis is a great mode 

of alternative anti-viral defence. Necroptosis acts as a secondary cell death pathway 

to ensure that cells are eliminated even in conditions where CASP8 is inhibited 

[259]. 
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Another very interesting role for necroptosis-induced cell death has been discovered 

recently, proposing that noise-induced sensory hair loss in the basal region of the 

cochlea, is at least partially due to necroptosis. This model also confirmed the 

flexibility of the cell to switch from apoptosis to necroptosis and vice versa 

suggesting that to completely rescue the cell, one needs a combination of both 

CASP8 inhibitors and the knockdown of RIPK3 [260]. 

4.8 Cell Death Modalities – Autophagy-Mediated Cell Death 

In addition to the pro-survival role of autophagy, recently a new role of this process 

in cell death is emerging. Autophagic cell death (ACD) is still a controversial topic, 

there is no clear mechanism of ACD and very little knowledge on how to 

discriminate between ACD and pro-survival autophagy signalling [261]. What is 

clear, however, is that in certain conditions, inhibition of the autophagic pathway 

can result in reduced cell death. From the literature, morphological descriptions of 

autophagy-mediated cell death include excessive levels of autophagosome formation 

and subsequent necrotic-like cell death or apoptotic-like cell death. Inhibition of 

autophagy reduces cell death in these systems [172]. 

Increasing number of studies demonstrate autophagy-mediated cell death, but the 

only convincing evidence so far, is that depending on the cellular content, autophagy 

may also act as a destructive process, enhancing the levels of cell death. 

ATG5 is a key molecule involved in propagation of the autophagic membrane. What 

is more interesting is that it has been shown to play a role independently of 

autophagy in several cellular conditions. For example, upon DNA damage ATG5 

can localize not only in the cytoplasm, but as well translocate to nucleus where 

through association with survivin it can affect the composition of chromosomal 

messenger complex although this would only lead to cell death if autophagy is 

inhibited [262]. Generally, when apoptosis is being executed it would be beneficial 

to inhibit any of the pro-survival processes that have been activated in cells 

therefore, there should be a mechanism restricting autophagy if it is not the process 

driving cell death. This mechanism is evident from ATG5 cleavage by calpains 

which leads to its translocation to mitochondria where it has been shown to be 

involved in cytochrome c release [263]. 
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Adding to all the controversy about the autophagic cell death, there have been 

described another version of autophagy dependent cell death – autosis. This type of 

cell death has been characterized with the help of cell-permeable Tat-BECN1 

peptide that would induce autophagy at lower doses and cell death at higher doses. 

Taking advantage of this non-pharmacological autophagy inducer authors were able 

to characterize cell death that was dependent on cellular Na+/ K+ATPase and could 

also be observed in cells dying from starvation or cerebral hypoxia-ischemia [264]. 

Build-up of the autophagic membranes can also serve as an alternative platform for 

activation of CASP8 or RIPK1/ RIPK3 mediated cell death, showing how excessive 

activation of the pro-survival pathway can eventually contribute to cell death [257]. 

4.8.1 Physiological Relevance 

Hydrochloroquine, an inhibitor of autophagy is currently in clinical trials, and has 

been reported to be beneficial for the treatment of pancreatic tumour xenografts, that 

develop in conditions of wild type TP53. Very interesting evidence on the role of 

autophagy in tumorigenesis comes from the studies in pancreatic cells. It seems that 

in pancreatic tumours driven by RAS in absence of TP53, autophagy could actually 

be a tumour promoter. Most probably this could be due to the fact that in absence of 

TP53 those tumours enhance glucose uptake and autophagy is needed for the 

efficient recycling leading to tumour progression [265]. This is a very important 

point for consideration knowing that multiple cancer cells would actually develop 

due to mutations of TP53. 

4.9 Alternative Cell Death Modalities 

According to the official Nomenclature of cell death, the list of described forms of 

regulated cell depending on morphological or intracellular features is growing every 

year [266]. In addition to the cell death modalities described above, several other 

modes of regulated cell death that could be of interest in the context of ER stress 

response are briefly discussed. 

4.9.1 Ripoptosome-Mediated Cell Death 

As described above in detail, cIAPs are the guardians of cell survival as provided by 

their role in caspase inhibition. It is not surprising, that upon depletion of cIAP1 and 

cIAP2 by pharmacological inhibitors, Smac mimetics or genetoxic stress, cells 

would assemble intracellular platforms that could either activate necroptosis 
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executed by RIPK1 or apoptosis that would proceed through CASP8 activation. 

Interestingly, within the ripoptosome RIPK1 kinase activity is necessary for the 

CASP8-mediated cellular cascade, discriminating this type of cell death from 

complex II upon extrinsic apoptosis [206, 267]. 

4.9.2 Pyroptosis 

CASP1 activation is usually considered to be pro-inflammatory; however excessive 

activity of CASP1 can cause pyroptosis. Pyroptosis is most frequently executed 

upon infection with intracellular pathogens. This programmed cell death is 

considered to be non-apoptotic and is characterized by cellular swelling, plasma 

membrane rupture and release of the pro-inflammatory contents. CASP1 inactivates 

metabolic enzymes during pyroptosis to limit the cellular energy supply in addition 

to activating CASP7 directly leading to DNA cleavage and nuclear condensation 

[168, 207]. 
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5.1 Cell Culture and Treatments 

MCF7 cells were purchased from ATCC, casp9+/+ and casp9-/- Mouse embryonic 

fibroblasts (MEFs) were a kind gift from Tak Mak, bax-bak1+/+ and bax-bak1-/- 

MEFs were a kind gift from Craig Thompson, , HEK 293T/17 cells were purchased 

from ATCC (CRL-11268), L929 cells were a kind gift from Peter Vandenabeele. 

MEFs, L929, MCF7 and 293T cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) from Sigma (#D6429) supplemented with 10% heat inactivated 

fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin. For 

MCF7 and L929 cells 2 mM L-Glutamine (Sigma #G7513) was added to the media. 

In case of MEFs sodium pyruvate and NEAA were added. HCT116 colon cancer 

cells were cultured in McCOYs 5A medium modified from Sigma (#M9309) 

supplemented with 10% heat inactivated FBS, 100 U/ml penicillin and 100 mg/ml 

streptomycin. All cells were cultured at 37°C, 5% CO2 in a humidified incubator. 

Cells were seeded at an appropriate number 24 h prior to treatment.  

Cell line name Source p53 status Reference 
casp9+/+ and casp9-/- MEFs Derived from 15.5 days 

embryos 
SV40 

immortalized 
[268] 

bax-bak1+/+ and bax-bak1-/- 
MEFs 

Derived from 13.5 days 
embryos 

SV40 
immortalized 

[269] 

L929 Murine fibrosarcoma WT [270] 
HEK293T/17 Human embryonic kidney SV40 

immortalized 
 

MCF7 Breast ductal carcinoma WT [271] 
HCT116 p53+/+ and HCT116 
p53-/- 

Colorectal carcinoma WT or KO [272] 

perk+/+ and perk-/- MEFs Mouse embryonic 
fibroblasts 

N/A [57] 

xbp1+/+ and xbp1-/- MEFs Mouse embryonic 
fibroblasts 

N/A [273] 

Table 3. Source of the cell lines used in the work 

To induce cellular stresses, cells were treated with thapsigargin (Tg, Sigma #T9033), 

tunicamycin (Tm, Sigma #T7765), brefeldin A (BFA, Sigma #B7651), etoposide 

(Eto, Sigma #E1383) at the indicated concentrations for the indicated time. To 

inhibit autophagosome degradation, cells were treated with 20 µM of chloroquine 

(CQ, Sigma #C6628) every 24 h. To inhibit caspases, cells were treated with 20 µM 

of Boc-D-FMK (Cambridge Bioscience #1120-20C). To inhibit RIPK1 kinase, cells 
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were treated with necrostatin-1 (Nec-1, Santa Cruz Biotechnology #4311-88-0). 

Chemical formulas of the compounds and corresponding references are listed in the 

Table 4.  

Chemicals/Inhibitors Structure Source Cat N Reference 

Brefeldin A 
 

Sigma Aldrich B7651 [274] 

Thapsigargin 
 

Sigma Aldrich T9033 [274] 

Tunicamycin 
 

Sigma Aldrich T7765 [274] 

Necrostatin-1 
 

Santa Cruz 
Biotechnology 

4311-88-
0 [219] 

Boc-D-FMK 
 

Cambridge 
Bioscience 

1120-
20C [275] 

MKC4488 

Not publicaly available, 
obtained through a 
collaboration with 

MannKind 
MannKind 

Corporation - - 

GSK PERK Inhibitor 
 

Toronto Research 
Chemicals G797800 [276] 

Etoposide  Sigma Aldrich E1383 [277] 

Chloroquine  Sigma Aldrich C6628 [278] 
Table 4. List of chemicals and inhibitors used.  
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5.2 Plasmids 

Plasmids (Table 5) were transformed into competent Escherichia coli strain DH5α 

cells. In an eppendorf, 1µl of plasmid was added to 25 µl of DH5α cells and 

incubated on ice for 30 min. The eppendorf was placed on a heat block at 42°C and 

the cells were heat-shocked for 30 sec. Cells were placed directly back onto ice and 

left to recover for 2 min. 250 µl of LB Broth was added to the cells and placed into a 

37°C shaker for 1 h at 200 rpm. Following incubation, 50 µl of the transformation 

mixture was spread onto an agar plate containing the appropriate antibiotic, 100 

µg/ml ampicillin or 30 µg/ml kanamycin. The plate was incubated overnight at 37°C 

to allow for colony formation. A Colony was inoculated in 5 ml of LB broth 

containing the appropriate antibiotic (starter culture) and placed into a 37°C shaker 

for 6 h. 1 ml of starter culture was added to 100 ml of LB broth containing the 

appropriate antibiotic, and placed into a 37°C shaker overnight. The following day 

the culture was centrifuged at 5,000 × g for 20 min to pellet the bacterial cells 

containing the plasmid of interest. Plasmid extraction was carried out using Qiagen 

maxi-prep kit (#12163). 

Vector Insert Selection 

marker 

Species 

PGIPZ Empty GFP/Puro - 

PGIPZ Atg5 shRNA GFP/Puro M 

PLKO Fadd shRNA Puro M 

PLKO Casp8 shRNA Puro M 

PLKO Tnfrsr1a shRNA Puro M 

PLKO Atg7 shRNA Puro M 

PEGFP-

C2 

GFP-LC3 cDNA  GFP-Fusion H 

Plenti6 Ripk1 shRNA GFP M 

Plenti6 Ripk3 shRNA GFP M 

Plenti6 miCTRL GFP - 

PMD2.G VSV G None HIV Packaging 

PRSV Rev None HIV Packaging 

psPAX2 none None HIV Packaging 
Table 5. List of plasmids that were used in the work 
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5.3 Transfections 

Transfection of plasmids into MEF cells was carried out using the transfection 

reagent Turbofect (Fermentas; #R0531). MEFs were seeded at 100,000 cells/well in 

a 6-well plate 24 h prior to transfection. Transfection of MEFs with Turbofect 

requires a 1: 2 ratio of DNA to lipid. 2 µg of DNA per well, and 4 µl of Turbofect 

per well, were directly added to empty DMEM medium and incubated for 25 min at 

RT. During the incubation period the medium from the cells was replaced with 1ml 

of fresh DMEM medium containing only 10% FBS. Following incubation of DNA 

and lipids, the DNA-lipid complexes were added drop wise to the dish and returned 

to the incubator for 4 h. The transfection mixture was removed after the 3 h 

incubation and replaced with fresh growth medium. The next day the transfection 

efficiency was determined by fluorescent microscopy and the cells were treated as 

discussed in the results section.  

Transfection of siRNAs into MCF7 cells were performed using Lipofectamine 2000 

(Life Tecnologies, #11668019). Cells were seeded 24 h prior to the transfection at 

750,000 cells per T75. Briefly, 10 nM of SESN2 siRNA (Dharmacon, L-019134-02-

0005) were mixed with 24 µl of Lipofectamine 2000 in 250 µl of OptiMEM and 

incubated for 10 min. During the incubation media was changed to antibiotic free. 

Mixture was added drop by drop and cells were put back into the incubator for 4 h. 

Next, media was changed and cells were left to recover for 24 h. After the recovery, 

cells were reseeded for the experiment that was performed 36 h post-transfection. 

For transfection of siRNAs in L929 cells appropriate amount of siRNA (10 nm in 

case of MLKL, 5 nm for TNF, LTA) was dissolved in 250 µl of OptiMEM. After 5 

minutes 24 µl of INTERFERin (Polyplus, #409-50) were added, mixture was 

vortexed for 10 sec and left for 10 min at room temperature. During incubation cells 

were trypsinized, counted and seeded in T25s in antibiotic free media. Transfection 

mix was added to the cell suspension and cells were put into the 37°C incubator. 4 h 

after the media was changed and cells were left to recover for 24 h before seeding 

them for experiments.  

5.4 Lentivirus Production 

Transfection of plasmids into 293T cells was carried out using the transfection 

reagent JET PEI (Polyplus, #101-01N). 293T cells were primarily transfected for the 

production of lentiviruses. A day before transfection 10×106 293T cells were seeded 
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into a T175 flask. The following day the 293T cells were 60-70% confluent. The 

cells were transfected with a mixture of 4 plasmids, 3 lentiviral packaging plasmids 

(6 µg of pMD2.G, 14 µg of psPAX2 and 6 µg of pRSV-Rev) and 14 µg of the 

transfer plasmid. DNA was diluted in 500 µl of sodium chloride solution in one 

eppendorf tube and in 80 µl of JET PEI was added to 500µl of sodium chloride 

solution in another Eppendorf tube. Solutions were incubated at RT for 5 min. 

Following incubation the JET PEI mixture was added into the DNA mixture, 

pipetted up and down, and left to incubate for 20 min. During incubation the media 

was removed from the 293T cells and replaced with 15 ml of DMEM containing just 

10% FBS and returned to the incubator for 20 min. After the incubation period the 

media was again removed from the cells and replaced with 15 ml of fresh DMEM 

10% FBS. The transfection mixture was then added drop wise to the cells and 

returned to the 37°C incubator.  

Lentivirus for pGIPZ-Atg5 shRNA (Open Biosystems,# RMM4431-99342719), 

pGIPZ-empty (Open Biosystems,# RHS4349), pLKO-empty, pLKO-Casp8 shRNA, 

pLKO-Fadd shRNA, pLKO-Tnfrsf1a shRNA, pLENTI6-empty, pLENTI6-Ripk3 

shRNA, pLENTI6-Ripk1 shRNA, was generated by co-transfecting the above 

transfer plasmids with a 2nd generation lentivirus packaging system (Addgene, 

pMD2.G,#12259, psPAX2,#12260, pRSV-Rev,#12253) using JET PEI transfection 

reagent  into HEK 293T cells as discussed above. 24 h post transfection the 

supernatant (containing lentivirus) of the transfected cells was harvested and 

replaced with 15 ml of fresh growth medium. The second round of lentivirus harvest 

was carried out 24 h later. The supernatant containing the lentivirus was filtered 

through a 0.22 nm Nalgene filter to remove any cells.  

5.4.1 Lentiviral Transduction 

Lentivirus was used to generate stable subclones MEFs or L929 cells. Cells were 

seeded at a low density (30-40% density) in a 6-well plate the day before 

transduction. On day of transduction, lentivirus was incubated with 5 µg/ml of 

polybrene for 5 min. Media was removed from the cells in the 6-well plate and 1.5 

ml of lentiviral-polybrene mixture was added per well. The plates were then 

centrifuged for 90 min at 1500 rpm (400 g) at room temperature. Following 

centrifugation cells were placed directly into the incubator and left overnight. The 

next day, virus was removed and replaced with fresh complete medium.  
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Once the cells recovered and were proliferating normally they were selected with the 

addition of 1 µg/ml of puromycin or 5 µg/ml of blasticidin for 5 days. After 

selection cells were left recover for 2 passages before seeded for experiments. 

Stable cell lines generated: casp9-/- MEFs pGIPZ, casp9-/- MEFs Atg5 shRNA, casp9-

/- MEFs Atg7 shRNA, casp9-/- MEFs Ripk1 shRNA, casp9-/- MEFs miCTRL, casp9-/- 

MEFs pLKO, casp9-/- MEFs Fadd shRNA, L929sa miCTRL, L929sa Ripk1 shRNA, 

L929sa Ripk3 shRNA, L929sa pLKO, L929sa Tnfrsf1a shRNA.  

5.5 Microscopy 

To monitor autophagosome formation, casp9+/+ and casp9-/- MEFs were transfected 

using Turbofect, as discussed above, with a vector expressing a GFP-LC3 fusion 

protein. 24 h post-transfection MEFs were treated with Tg for 6, 12 and 24 h. 

Following treatment cells were fixed using 10% Formalin. Cell nucleus was stained 

using 0.5 µg/ml solution of 4-6-Diamidino-2-phenylindote (DAPI), a DNA 

Intercalating fluorophore with an emission max of 460 nm. The cells were 

visualized using confocal microscopy at 40X magnification.  

For imaging the nuclear morphology of L929 cells upon induction of ER stress after 

indicated timepoints cells by thypsinization and transferred onto slides using the 

cytospin (3 min for 250 rpm), fixed with 4% paraformaldehyde in 1xPBS. Following 

the washes with PBS, cells were stained with 5 µL of Vectashield DAPI (H-

1200 Vector Laboratories). Slides were imaged using the OLYMPUS IX51 

fluorescent microscope.  

5.6 RNA Extraction 

Cells were seeded in a T-25s at 70-80% density. After indicated timepoints the 

flasks were placed on ice; cells were scraped into the media and transferred to an 

eppendorf. Samples were centrifuged at 1,000 g for 5 min at 4°C to pellet the cells. 

Cells were resuspended and lysed in 500 µl of TRI reagent (Invitrogen,  #9738) and 

incubated for 5 min at room temperature (RT) to allow cell lysis. 100 µl of 

chloroform was added to each tube and vortexed for 10 sec. Samples were incubated 

at RT for 2 min, vortexed again and centrifuged at 12,000 g for 15 min at 4°C. 

Following centrifugation the upper aqueous phase containing the RNA was pipetted 

into a clean eppendorf tube. 250 µl of isopropanol was added to the aqueous phase 

and placed at -20°C overnight to allow the precipitation of RNA. Following 
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incubation samples were centrifuged at 12,000 g for 15 min at 4°C. Supernatant was 

removed and the RNA pellet was washed in 500 µl of 75% ethanol. Sample was 

centrifuged at 12,000 g for 5 min at 4°C. Supernatant was removed and RNA pellet 

was left to dry at RT for 5-10 min. RNA was resuspended in DEPCI water, 

depending on the size of the pellet and heated at 60°C for 10 min to allow complete 

resuspension. RNA concentration was determined by measuring absorbance at 260 

nm using the NanoDrop. RNA was stored at -80°C.  

5.7 cDNA Synthesis  

In order to assess gene expression the RNA was reverse transcribed into the cDNA. 

2 µg of RNA were incubated 1 U DNase-1, 1 µl of 10X DNase-1 buffer at room 

temperature (RT) for 15 min to allow degradation of any DNA contamination. The 

DNase was inactivated with 1 µl of 25 mM at 65°C for 8 min. 1 µl of Oligo dT 

(cDNA primer) was added to the reaction mixture and incubated at 65°C for 2 min 

(denaturation) followed by 42°C for 2 min to allow the primer to anneal to the 

poly(A) tail of the mRNA. To the reaction mixture, 10 µl of master mix was added 

which contained 2.6 µl sterile dH2O, 4 µl of 5X 1st strand buffer, 2 µl of a 100 mM 

DTT (dithiothreitol), 1µl of 10mM dNTPs, 0.4 µl superscript II. Mixture was 

incubated at 42°C for 50 min for cDNA synthesis followed by 75°C for 10 min to 

inactivate superscript reverse transcriptase.  

5.8 Conventional Polymerase Chain Reaction (PCR) 

For conventional-PCR, a reaction mixture was made up, containing 2 µl of cDNA 

product, 2 µl of a 100 nM forward and reverse primer (Table 6), 4.5 µl dH2O and 

12.5 µl 2x Go Taq mastermix (Promega). The reactions were placed in a 

thermocycler and cDNA was amplified under the following conditions:  

1- 94ºC for 3 min  

2- 94ºC for 30 sec  

3- 55ºC for 30 sec 

4- 72ºC for 30 sec 

5- 72ºC for 7 min  

The reaction mixtures underwent 25 (step 2 to step 4).  
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Gene Forward Primer Reverse Primer 
Atg7 5’- TTCCAAGGTCAAAGGACAAA -3’  5’- ACAGCTTTAGGACAATCTGG -3’ 

Tnfrsf1a 5’-CAGTCTGCAGGGAGTGTGAA-3’  5’-CACGCACTGGAAGTGTGTCT-3’  

Gapdh 5’-ACCACAGTCCATGCCATC-3’ 5’-TCCACCACCTGTTGCTG-3’ 

Table 6. Primer sequences for conventional PCR 

5.9 Real Time PCR 

Assays for SESN2, Tnf, Lta, Mlkl and Gapdh were purchased from IDT. cDNA is 

diluted down and ~40 ng is used per 10 µl reaction. cDNA, Brilliant III Ultra-Fast 

QPCR Master Mix (Agilent) and 20X Taqman gene expression assays (IDT) are 

added to a fast optical MicroAmp 96-well plate (Applied Biosystems) in triplicate. 

The plate was sealed and centrifuged 400 g for 1 min. The plate was placed into the 

thermocycler and subjected to 40 cycles of PCR (Hold at 95ºC for 3 min, then 40 

cycles at 95 ºC for 12 sec, and 60ºC for 30 sec). Relative gene expression was 

evaluated by ∆∆CT method and Gapdh/GAPDH was used as the house keeping gene 

to normalize gene expression. 

5.10 Protein Sample Preparation and Sodium Dodecyl Sulphate-

Polyacrylamide Gel Electrophoresis 

Cells were seeded in appropriate dishes, after treatment scraped into the media and 

centrifuged at 4000 g for 5 minutes at 4°C. The pellet was washed with PBS, 

centrifuged and PBS was removed from the cell pellet. Cell pellets were lysed in 2x 

lysis buffer (4% SDS, 120 mM Tris HCl pH=6.8, 10% glycerol, 100 mM DTT and 

dash of bromphenol blue). Volume of the buffer was determined by the cell count. 

The protein samples were boiled at 95°C for 5 min and either stored at -20°C or 

directly loaded on to an SDS-PAGE alongside a protein molecular weight marker. 

The composition of the gels was as described in Table 7. The SDS-Gels were placed 

in a tank containing running buffer and electrophoresis was carried out at 50 V 

through the stacking gel followed by 90 V till the front dye reaches the bottom of the 

gel. 
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Reagents 8 % Resolving 

gel (ml) 

12 % Resolving gel 

(ml) 

5 % Stacking gel 

(ml) 

H20 4.6 3.4 2.72 

30% Acrylamide 2.6 4 0.65 

1.5M Tris, pH 8.8 2.6 2.6 - 

1.0M Tris, pH 6.8 - - 0.58 

10% SDS 0.1 0.1 0.04 

10% APS 0.1 0.1 0.04 

TEMED 0.006 0.004 0.004 

Total Volume 10 10 4 
Table 7. Components of the SDS-PAGE gel. 

5.11 Western Blotting 

For blotting of the proteins, the SDS-PAGE gel was sandwiched between a sponge, 

filter paper, gel, nitrocellulose paper, filter paper, and a sponge. The proteins were 

transferred onto the nitrocellulose paper for 90 min at 110 V in transfer buffer (10 

mM CAPS at pH 11 and 20% methanol). Nitrocellulose membrane was blocked 

with 5% non-fat milk in PBS containing 0.1% Tween. The membranes were 

incubated with the primary antibody under optimal antibody conditions. Membrane 

were then washed 3 times with PBS-T (0.1% Tween in PBS) and further incubated 

in the appropriate horseradish peroxidase-conjugated secondary (Table 8) antibody 

for 2 h at room temperature. Antibodies were visualized using Western Lightning 

ECL substrates (Perkin Elmer).  
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Antibody Company Catalogue 

number 

Host Incubation 

conditions 

Anti-Goat IgG (H+L) Jackson #705-035-003 donkey 1 h RT 

Anti-Mouse IgG (H+L) Thermo #31430 goat 1 h RT 

Anti-Rabbit IgG (CS) CST #3678 mouse 2 h RT 

Anti-Rabbit IgG (H+L) Jackson #111-035-003 goat 1 h RT 

ATG5 CST #8540 rabbit 0/N 4°C 

Actin Sigma #A-5060 rabbit 1 h RT 

CASP3 CST #9662 S rabbit 0/N 4°C 

CASP8 CST #4790 S rabbit 0/N 4°C 

CASP9 CST #9508 S mouse 0/N 4°C 

DDIT3 Santa Cruz #sc-793 rabbit 0/N 4°C 

CASP3 cleaved CST #9664 L rabbit 0/N 4°C 

cleaved-PARP CST #9544 S rabbit 0/N 4°C 

FADD Santa Cruz #sc-5559 rabbit 0/N 4°C 

LC3 Sigma #L7543 rabbit 1 h RT 

SQSTM1 ENZO #PW9869 rabbit 0/N 4°C 

PARP (FL + cleaved) CST #9542 L rabbit 0/N 4°C 

phospho-EIF2A CST #9721 S rabbit 0/N 4°C 

RIPK1 BD biosciences #610459 mouse 0/N 4°C 

RIPK3 Sigma Aldrich #R4277 rabbit 0/N 4°C 

XBP1  Abcam #619502 rabbit 0/N 4°C 

Total-EIF2A CST #9722 rabbit 2 h RT 

TRADD Santa Cruz #sc-7868 rabbit 0/N 4°C 

SESN2 (human specific) Sigma Aldrich #WH0083667M

3 

mouse 0/N 4°C 

HSPA5 CST #3183 rabbit 0/N 4°C 

Cleaved-CASP8 CST #9429 rabbit 0/N 4°C 

SESN2 Proteintech #21346-1-AP rabbit 0/N 4°C 

Table 8. Antibodies used in Western Blot 
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5.12 Immunoprecipitation 

Cells were seeded at the appropriate density in 10 cm dishes 24 h prior to treatment. On 

day 0 (harvesting samples), the plates were placed on ice and the cells were washed with 

ice cold PBS. Next, 1 ml of ice-cold NP-40 buffer (150 mM NaCl, 1% NP-40, 10% 

glycerol, 10 mM Tris pH=8) containing protease inhibitors (Roche, 1 tablet/10 ml) was 

added to the plates, on ice. Plates were put on the shaker at 4°C for 1 h. Cell lysates were 

scraped and added to an eppendorf, and centrifuged at 15,000 g for 10 min at 4°C. Next, 

60 µl of the lysate was added to 60 µl of 2x Sample Buffer (composition described 

above) this was boiled at 95°C for 5 min, and then stored in -20°C. This was the pre-IP. 

The remainder of the lysate was subjected to the addition of 2.5 µl of antibody and 

overnight rotation at 4°C. The next day, 60 µl of 50% beads slurry was added to the 

lysate and rotated at 4ºC for 3 h. After incubation the beads were centrifuged at 3,000 g 

for 1 min at 4°C, the supernatant was discarded. The beads were washed with 1 ml of ice 

cold NP-40 buffer, and then centrifuged at 3,000 g, 4°C, for 1min. Supernatant was 

discarded. The washing step was repeated 10 times in case of Atg5 antibody with the few 

seconds vortex after each wash and 3 times with no vortex in case of FADD IP. After the 

last wash, the beads were centrifuged at 10,000 g for 30 sec. All the supernatant was 

discarded. 60 µl of 2X SB was added to the bead pellet and vortex briefly. Samples were 

boiled at 95°C for 5 min, and then put back on ice. Samples were centrifuged at 10,000 g 

for 1 min. Samples were loaded on SDS page immediately or frozen at -20°C. 

5.13 Enzyme-Linked Immunosorbent Assay (ELISA) 

TNF ELISA was performed according to the manufacturer’s protocol using the kit mouse 

TNF from eBioscience (#88-7324-22). Briefly, the ELISA plate was coated with 50 

µl/well of TNF antibody (capture antibody) diluted in coating buffer (PBS), sealed and 

incubated overnight at 4°C. The next day the coating buffer was aspirated off and the 

wells were washed 3 times for 1 min with wash buffer (PBS-T-0.05%). Excess liquid 

was removed by blotting plate on tissue paper. The wells were blocked with 200 µl/well 

of 1x Assay diluent (5% BSA in PBS-T-0.05% Tween) and incubated at room 

temperature (RT) for 1 h. After incubation, assay diluent was aspirated off and the wells 

were washed 3 times as previously described. Standards were prepared ranging from 

62.5-1,000 pg/ml of recombinant mouse TNF. 50 µl of media from the cells treated with 

appropriate stimuli and 50 µl of the standards were added to the plate and incubated on 

the shaker at RT for 2 h. After incubation, wells were aspirated off and washed 3 times as 
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previously described. The detection antibody (Avidin-HRP) was diluted in 1x assay 

dilutent. 50 µl of detection antibody was added to each well and incubated for 30 min at 

RT in a dark area. Following incubation, the wells were aspirated off and washed 7 times 

with a soak period of 1-2 min for every wash. 50 µl of substrate solution 

(Tetramethylbenzidine) was added to each well and incubated at RT for 15 min. The 

reaction was stopped after incubation with 25 µl of stop solution (1M H3PO4). The plate 

was read at 450 nm. 

5.14 Clonogenic Survival Assay 

Cells were seeded at very low densities in a 6-well plate and subjected to treatment with 

tunicamycin alone or in combination with Boc-D-FMK. After 24h (in case of casp9+/+) 

and 72 h (in case of casp9-/-) treatment the media was removed from the cells and 

replaced with fresh growth medium. For cells that were co-treated with Boc-D-FMK the 

inhibitor was added for the next two changes of media. The remaining live cells on the 

plate were allowed to recover and grow for 10 days. Following 10 day recovery the 

media was removed from the cells, the cells were washed with PBS and then stained with 

crystal violet solution (2.5% methylene blue, 20% methanol) for 10 min at room 

temperature. Excess stain was removed by washing with dH2O and plates were imaged. 

A replicate plate during each experiment was used to determine the cell counts, as cells 

were trypsinized and counted using haemocytometer.  

5.15 Flow Cytometry Analysis of Cell Viability 

Following treatment, cells were trypsinized and transferred to an eppendorf. Cells were 

let recover from trypsinization for 10 min at 37°C. The cells were collected by 

centrifugation at 1000 g for 5 min at 4°C. The supernatant was removed and the cells 

were resuspended in 50 µl of ice-cold calcium buffer (10 mM HEPES/NaOH, pH 7.4, 

140 mM NaCl, 2.5 mM CaCl2), containing annexin V-FITC (1ul sample) and incubated 

in the dark for 15 min on ice. Prior to analysis 300 µl of ice-cold calcium buffer 

containing 4 µl of PI (50 µg/ml) was added to the cells immediately before analysis, 

which was performed using FACSCalibur flow cytometer (Becton Dickinson) or 

FACSCanto. For the single staining with propidium iodide cells were harvested in the 

same as described above, however after the centrifugation they were at once re-

suspended in 300 µl of ice-cold calcium buffer containing 4 µl of PI (50 µg/ml) and 

analysed on the cytometer immediately. In case of L929 cell pellet was resuspended in 

PBS containing 5 nM of Cytox Red (Invitrogen #S34859) and incubated for 15 min on 
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ice before acquiring the samples on the flow cytometer. The percentage of cell death is 

calculated as follow: % Cell death = (# Cytox Red+/(# Cytox Red+ + # Cytox Red-))*100.  

5.16 Cytochrome c Release Analysis by Flow Cytometry 
Mitochondrial cytochrome c release was quantitatively determined as previously 

described [279]. Briefly, cells were harvested following treatment, permeabilized (50 

µg/ml digitonin 100 mM KCl in PBS), fixed (4% Paraformaldehyde in PBS), blocked 

(0.05% Saponin, 3% BSA in PBS) and stained overnight with 1:200 anti-cytochrome c 

antibody (BD Pharmingen, #556432). The following day cells were washed, incubated 

with anti-mouse-FITC (Sigma-Aldrich, #F2012) and analysed by flow cytometry using 

FACs Calibur flow cytometer (Becton Dickinson) detecting FITC fluorescence in FL-1. 

The percentage of cells with low FITC positivity (indicative of cytochrome c release) 

was quantified.  

5.17 Analysis of DEVDase Activity 

The activity of effector caspases, DEVDases, was determined fluorometrically. Caspases 

recognize their substrates by the presence of a DEVD* peptide sequence. Effector 

caspases cleave their protein substrates after D*. The DEVDase assay exploits this 

characteristic of effector caspases in order to quantify the caspase activity in a cell 

population. The tetrapeptide motif DEVD has been used to develop caspase-specific 

fluorogenic peptide substrate Acetyl-L-Aspartyl-L-Glutamyl-L-Valyl-L-Aspartic Acid α-

(4-Methyl-Coumaryl-7-Amide) (Ac-DEVD-MCA). When the effector caspases cleave 

the peptide substrate, AMC is released which fluoresces at 460 nm.  

Following treatment, cells were scraped into the media and pelleted by centrifugation at 

1000 g for 5 min at 4°C. The cell pellet was washed in PBS and centrifuged as before. 

The cells were re-suspended in 50 µl of PBS and 25 µl was transferred to duplicate wells 

of a microtiter plate and snap-frozen in liquid nitrogen. To initiate the reaction, 50 µM of 

the caspase substrate Ac-Asp-Glu-Val-Asp-α-(4-methyl-coumaryl-7-amide) (DEVD-

AMC, Peptide Institute Inc Cat# 3171-v) in assay buffer (100 mM HEPES, pH 7.5, 10% 

sucrose, 0.1% CHAPS, 5 mM DTT and 0.0001% Igepal-630, pH 7.25) was added to the 

cell lysates. Liberated free AMC was measured by a Wallac Victor 1420 Multilabel 

counter (Perkin Elmer Life Sciences) using 355 nm excitation and 460 nm emission 

wavelengths at 37°C at 60 sec intervals for 25 cycles. The data was analysed by linear 
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regression and enzyme activity was expressed as nM of AMC released × min−1×mg−1 

total cellular protein. 

5.18 Statistical Analysis 

Cell death and data is expressed as mean ± SD for three independent experiments. Real 

Time data is expressed as mean ±SEM for three independent experiments. Differences 

between the treatment groups were assessed using Graphpad’s Two-tailed unpaired 

student’s t-tests. The values with p<0.05 is considered statistically significant and values 

with p<0.005 is considered very statistically significant. 
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6 Chapter III. ER stress-induced autophagy: Role of SESN2 

6.1 Introduction and Research Rationale 
Sestrins (SESNs) are members of a family of highly conserved stress-response proteins, 

transcriptionally activated by TP53 [280]. The family consists of three members, Sestrin1 

(SESN1), Sestrin 2 (SESN2) and Sestrin3 (SESN3). Initially the role of the SESNs 

family was attributed to the regeneration of peroxiredoxins via TP53. Peroxiredoxins are 

a family of thiol containing peroxidases that are crucial for the reduction of endogenously 

produced peroxides in eukaryotic cells. It was also noted that knockdown of SESN2 lead 

to the senescence of human fibroblasts in culture, providing a physiological relevance of 

this protein [281]. SESN2 has also been reported to be implicated in the inhibition of the 

MTORC1 signalling. In response to genotoxic stress SESN2 can activate AMPK by 

proximity-induced phosphorylation, causing phosphorylation of TSC2, and subsequent 

MTOR inhibition [282]. Inhibition of MTOR is crucial for activation of the autophagy 

induction complex, ULK1/2-ATG13-ATG101 [88]. Overexpression of SESN2 induces 

autophagy as indicated by an increase in the LC3-I to LC3-II conversion rate [283]. 

Moreover, a more recent study suggested that SESN2 can directly promote 

phosphorylation of SQSTM1 by ULK1, further enhancing autophagic process [284]. A 

comprehensive study on the role of SESN2 in TP53 proficient and deficient cells 

concluded that SESN2 plays a TP53-dependent role in the induction of autophagy under 

various stress conditions, such as nutrient depletion, rapamycin, lithium, and thapsigargin 

(Tg). In the same study authors evaluated the effect of the knockdown of SESN2 on the 

levels of autophagy, concluding that it had a similar effect as knockdown of DRAM1, 

another TP53-responsive autophagy inducer [285]. Despite the existing knowledge on the 

contribution of SESN2 to autophagy induction and cell proliferation, there is a lack of 

understanding of the role of SESN2 in cancer. SESN2 participates in cell survival upon 

stress through the induction of autophagy, while the role of SESN2 as an inhibitor of 

MTOR activity is important for the inhibition of the cellular proliferation. For example 

SESN2 induces protective autophagy in response to the activation of the PIK3CA-AKT1 

pathway by 2-deoxyglucose stimulation [286], while the inactivation of the steroid-

thyroid-retinoid nuclear receptor TR3 inhibited MTOR-dependent cell proliferation 

through induction of SESN2 in lung cancer [287]. Therefore SESN2 can contribute to 

both pro-survival and pro-death signalling depending on the cell type and the stressor 

used. Main limitation for considering SESN2 as a relevant therapeutic target in cancer is 
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the fact that cancer cells often harbour mutations in TP53. TP73 and TP63 are two 

homologues of TP53, that bind and activate transcription of the majority of TP53-

responsive promoters [288]. Both TP53 and TP63 have been linked to the induction of 

autophagy upon genotoxic stress however via differential mechanisms. TP53 have been 

shown to be responsible to the activation of SESN2 while TP63 activate autophagy by 

increasing expression of another MTOR inhibitor DDIT4 [289]. Interestingly, 

knockdown of either TP53 or TP63 in the system abolished the inactivation of MTOR 

upon genotoxic stress, confirming the importance of those two proteins in the induction 

of autophagy by genotoxic stress. In the same study the authors made a very important 

therapeutically relevant observation – even in cells with hyperactive AKT1 

overexpression of SESN2 would still activate AMPK and subsequently inhibit MTOR 

[289].  

The physiological importance of SESN2 induction has been demonstrated in the mouse 

model of Alzheimer’s disease [290]. Amyloid β peptide causes accumulation of 

hydrogen peroxide that causes oxidative stress by those means intoxicating the cells 

[291]. The group of Yang hypothesized that this could be the therapeutic condition where 

both anti-oxidant and autophagy inducing roles of SESN2 could be involved. They 

showed that primary cultures of cortical neurons are more susceptible to death when 

exposed to amyloid β if the expression of SESN2 is downregulated. The authors 

attributed this effect with reduced autophagy and increased oxidative stress. Interestingly, 

amyloid β the induction of ER suggesting a role for the UPR in the possible role of 

SESN2 in the model of Alzheimer’s disease [290].  

A recent study by Bruning et al proposed mechanism of MTOR inhibition by SESN2 in 

response to ER stress induction. Authors showed that ATF4 is necessary for this event, 

and subsequent inhibition of MTOR is leading to induction of autophagy.	  One caveat of 

this study is the sole use of overexpression systems and a focus the PERK arm of the 

UPR [292]. The second study, by Park et al, explored the involvement of SESN2 in the 

hepatic toxicity, as induced by the dietary or genetically induced obesity. The authors 

conclude that C/EBPβ, acting downstream of the PERK arm, is responsible for induction 

of SESN2 in obesity-induced UPR [293]. Therefore there is no clear evidence in the 

literature so far about the mechanism of SESN2 induction upon unresolved UPR.  
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The aim of this study was to elucidate 

• Whether SESN2 can be upregulated during ER stress in a TP53-independent 

manner 

• What is the exact role of SESN2 in ER stress-induced autophagy 

• Which branch of the UPR is involved in the upregulation of SESN2 in response 

to ER stress 
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6.2 Results 

6.2.1 SESN2 is up-Regulated during ER Stress in TP53-Independent Manner 
ER stress was induced in MCF7 cells by treatment with various concentrations of 

brefeldin A (BFA) and thapsigargin (Tg) (Fig. 5A-B). Dosages which caused a 20 

to 30% increase in PI uptake (confirming membrane permeability and cell death) 

at 24 h, 0.5 µg/mL of BFA and 1 µM of Tg, were selected for further studies as 

they allow for assessment of both pro-survival and pro-death UPR signalling. 

Time-course studies showed a time-dependent decrease in viability as measured 

by PI uptake in response to both BFA and Tg (Fig. 5C). Next the expression of 

SESN2 upon treatment with BFA (Fig. 5D) and Tg (Fig. 5E) in MCF7 cells was 

examined by Western blot, using the antibody specific for SESN2. As can be seen 

in Fig. 5E upregulation of SESN2 occurred in response to both BFA and Tg.. 

Interestingly, upon treatment with BFA the levels of SESN2 were lower at 24 h 

than at 12 h, while upon Tg treatment the expression of SESN2 was still 

increasing. I did not observe major differences in cell viability between the two 

treatments, although BFA is known to usually be a more potent inducer of the 

UPR than Tg, but the SESN2 levels could suggest that there could be a different 

kinetics of autophagy activation in between the two ER stress triggers. Upon 

blotting for SESN2 using 2 different antibodies we observed a double band that 

could indicate post-translational modifications (phosphorylation or acetylation). I 

did not address this possibility within the scope of this work, and could not find 

any existing evidence in the literature for such modifications.  
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Figure 5. Induction of ER stress leads to TP53-indepent upregulation of SESN2 in MCF7 cells. (A-B) 
MCF7 cells were treated with increasing concentrations of BFA (A) and Tg (B) for 24 h. Viability was 
measured by propidium iodide (PI) staining. Average PI positive cells were evaluated after the 3 independent 
repeats. (C) MCF7 cells were treated with 0.5 µg/mL of BFA or 1 µM of Tg for indicated time and viability 
was measured by flow cytometry by looking at the PI uptake. Mean of the 3 independent repeats is shown. 
(D-E) MCF7 cells were treated with 0.5 µg/mL of BFA (D) or 1 µM of Tg (E) for indicated time, lysates 
were probed with antibody specific to SESN2. Actin was used as a loading control. Representative image of 
at least 3 independent repeats is shown.	  

 

SESN2 has been previously shown to be upregulated in a TP53-dependent 

manner; therefore we sought to determine if TP53 plays any role in the induction 

of SESN2 upon ER stress. To validate these data a genetic approach was taken by 

utilizing HCT116 TP53-/- cells. When the levels of SESN2 were compared 

between TP53+/+ and TP53-/- HCT116 cells, only a slight decrease in SESN2 

levels upon treatment with Tg was detected. However upon etoposide treatment 

SESN2 was upregulated in TP53-dependent manner as it failed to be induced in 

TP53-/- HCT116 cells following etoposide treatment (Fig. 6). Interestingly, we did 

not observe major differenes in LC3-I to LC3-II conversion, indicating that the 

levels of autophagy are also not affected in TP53-deficient cells.  

	  



ER Stress-Induced Autophagy: Role of SESN2 
 

75 
 

	  

Figure 6. TP53-independent induction of SESN2 in HCT116 TP53+/+ and TP53-/- cells. (A) HCT116 
TP53+/+ and TP53-/- cells were treated with 0.5 µM of Tg for indicated times and for 12 h with 50	  µM of 
etoposide. Samples were harvested and probed for SESN2 and LC3-I to LC3-II conversion. Non-specific 
band appearing when Proteintech SESN2 antibody is used marked with *. Actin was used as a loading 
control. Data is representative of three independent repeats. (B) Lysates from HCT116 TP53+/+ and TP53-/- 
cells were harvested and probed with the antibody specific for TP53. Actin was used as a loading control. 
Data is representative of three independent repeats. 

6.2.2 Induction of SESN2 upon ER Stress is Associated with Induction of pro-
Survival Autophagy 

As discussed above (see page 68), SESN2 has been shown to be involved in 

proximity-induced phosphorylation of AMPK and autophagy induction through 

inhibition of MTORC1. Therefore, I examined whether inactivation of MTORC1 

and conversion of LC3-I to LC3-II as a marker for autophagy induction can be 

detected during ER stress in MCF7 cells (Fig. 7A-B). Indeed, a time-dependent 

decrease in phospho-MTOR was observed, indicative of the inactivation of the 

MTORC1. This decrease corresponded to the induction of autophagy, as 

determined by LC3-I to LC3-II conversion. These data confirms the role of 

MTORC1 inhibition in autophagy induction in response to ER stress. When 

monitoring the levels of autophagy it is crucial to evaluate autophagic flux, as 

some drugs may lead to a block in autophagic degradation rather than an increase 

in the actual autophagy levels [76]. To do so I used a chemical disruptor of the 

lysosomal pH, chloroquine (CQ), that blocks the autophagic flux. Higher levels 

LC3-I to LC3-II conversion in BFA or Tg, co-treated with CQ in comparison with 

the samples that were treated with ER stressors alone confirmed that ER stress 

induces autophagic flux in MCF7 cells rather than a blockage in the autophagy 

pathway (Fig. 7C-D). Since autophagy is known to be involved in both pro-

survival and pro-death signalling I investigated the role of autophagy on cell fate 

under ER stress conditions. Cell viability was measured when CQ was used in 

combination with ER stress inducers, BFA and Tg, and a 20% increase in 

sensitization to ER stress-induced cell death was observed (Fig. 7E-F). The block 

in autophagic flux caused by CQ impaired the clearance of damaged organelles 
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and protein aggregates thereby inhibiting the pro-survival function of autophagy, 

suggesting that the UPR leads to the induction of pro-survival autophagy in an 

attempt to restore cellular homeostasis and increase cell survival. To validate this 

it would be important to perform a genetic knockdown of the components of the 

autophagic machinery, such as ATG5 or ATG7, as it could provide convincing 

evidence on the pro-survival role of autophagy in response to unresolved UPR.  

 	  

Figure 7. UPR induces pro-survival autophagy in MCF7 cells. (A-B) MCF7 cells were treated with 0.5 
µg/mL of BFA (A) or 1 µM of Tg (B) for indicated time. Lysates were probed for LC3-I to LC3-II conversion 
as well as total and phospho-MTOR. Actin was used as a loading control. A representative image of 3 
independent repeats is shown. (C-D) MCF7 cells were treated with 0.5 µg/mL of BFA (C) or 1 µM of Tg (D) 
alone or in combination with 20 µM of chloroquine. Samples were harvested and analyzed by Western blot 
for LC3-I to LC3-II conversion. Actin was used as a loading control. Representative image of 3 independent 
experiments is shown. (E-F) MCF7 cells were treated with 0.5 µg/mL of BFA (E) or 1 µM of Tg (F) alone or 
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in combination with 20 µM of chloroquine. Cell viability was measured by flow cytometry looking at the PI 
uptake. Results from 3 independent experiments were presented as a mean.  

6.2.3 Knockdown of SESN2 Decreases Autophagy and Cell Survival upon ER 
Stress 

ER stress is known to regulate autophagy on several levels [294]. SESN2 has been 

previously shown to be important for autophagy induction and cellular survival 

upon genotoxic stress, but not much is known about its role during other types of 

stresses. Given that other ER stress regulated proteins have been shown to be 

necessary for induction of autophagy I wanted to assess the overall contribution of 

SESN2 to autophagy induction during ER stress. To address this question MCF7 

cells were treated with 10 nM of SESN2 siRNA. It has been previously shown that 

SESN2 is important for the pro-survival autophagy in response to genotoxic stress 

[285], therefore I first validated the successful knockdown by looking at the 

viability of cells upon etoposide treatment (Fig. 8). As one would expect, 

blocking a pro-survival pathway lead to a significant sensitization in response to 

etoposide.  

	  

Figure 8. Validation of the SESN2 knockdown. Viability of MCF7 cells transfected with SESN2 or Ctrl 
siRNA was determined by PI staining after treatment with 100 µM of etoposide. Mean of 3 independent 
experiments is shown, statistical significance was determined using t-test. 

As can be seen in Fig. 9A siRNA treatment abolished the induction of SESN2 

upon ER stress compared to scramble control treated cells. Upon siRNA mediated 

knockdown of SESN2 I observed delayed inhibition of MTORC1 as evaluated by 

the dephosphorylation of MTOR (Fig. 9A). Moreover, the levels of the 

phosphorylation of p70S6 kinase, kinase phosphorylated by the active MTORC1, 

were higher in cells transfected with SESN2 siRNA in comparison with the cells 

that were transfected with control siRNA (Fig. 9A). Collectively these data 
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suggest a role for SESN2 in ER stress-induced MTORC1 inhibition. Therefore, it 

was important to determine whether the levels of autophagy would also be 

affected in response to ER stress in SESN2 siRNA treated cells. I monitored 

autophagic flux in response to ER stress, by co-treating cells with chloroquine in 

combination with Tg. Autophagic flux was lower in cells that were transfected 

with SESN2 siRNA as compared with the cells transfected with control siRNA 

(Fig. 9B). Therefore, SESN2 contributed to the MTORC1 inhibition and 

deficiency in this protein leads to the lower levels of the autophagic flux upon 

induction of ER stress. Importantly, cells that had lower levels of SESN2 were 

also more susceptible to ER stress-induced cell death as detected by both the loss 

of plasma membrane integrity (measured by PI uptake) and CASP9 cleavage, a 

marker of mitochondrial apoptosis (Fig. 9C-E).  

 	  

Figure 9. Role of SESN2 in ER stress induced autophagy and cell death. (A) MCF7 cells were transfected 
with sesn2 or control (Ctrl) siRNA. Cells were then treated with 1 µM of Tg for indicated timepoints and 
lysates analyzed for the expression of SESN2, P-MTOR, MTOR and P-p70S6K. Actin was used as a loading 
control. Representative image of 3 independent experiments is shown. (B) Autophagic flux was evaluated in 
cells transfected with SESN2 or Ctrl siRNA by addition of 20 µM of chloroquine upon treatment with 1 µM 
of Tg after 24 h. Actin was used as a loading control. Representative image of 3 independent experiments is 
shown. (C) Cleavage of CASP9 was assessed by immunoblotting after the treatment with 1 µM of Tg of 
MCF7 cells transfected with SESN2 or Ctrl siRNA. Actin was used as a loading control. Representative 
image of 3 independent experiments is shown. (D-E) Viability of MCF7 cells transfected with SESN2 or Ctrl 
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siRNA was determined by PI staining after treatment with 0.5 µg/mL of BFA (D) or 1 µM of Tg (E). Mean of 
3 independent experiments is shown, statistical significance was determined using t-test.  

6.2.4 Direct Involvement of the UPR Machinery in Regulation of SESN2 
As the involvement of TP53 in the induction of SESN2 levels in response to ER 

stress was ruled out, I was interested in depicting which branch of the UPR was 

responsible for ER stress-mediated SESN2 induction. To answer this question I 

took advantage of XBP1 and PERK knockout MEFs; these cells were subjected to 

ER stress and SESN2 induction and autophagy was monitored (Fig. 10A-B). 

Interestingly, under ER stress conditions I observed a complete loss of SESN2 

induction in xbp1-/- MEFs in comparison with xbp1+/+ MEFs upon treatment with 

thapsigargin (Fig. 10A). This was confirmed in MCF7 cells by the use of an IRE1 

RNase inhibitor that blocks active XBP1s production. IRE1 inhibitor prevented 

the induction of SESN2 upon ER stress, validating the findings we got from xbp1-

/- MEFs (Fig. 10C). Two groups recently published that the PERK arm could be 

involved in regulation of SESN2 in response to ER stress [292, 293], therefore I 

also checked levels of SESN2 in perk+/+ versus perk-/- MEFs upon treatment with 

Tg. Lower levels of SESN2 in perk-/- MEFs were observed (Fig. 10B), confirming 

the published findings. Interestingly, we previously observed lower levels of 

XBP1 in the perk-/- MEFs [295], suggesting that perhaps this could be a reason for 

lower levels of SESN2 in response to stress. In order to confirm the findings in a 

mammalian cellular system I used selective chemical inhibitors to block IRE1 

RNase activity or PERK kinase activity. The results demonstrate that both 

inhibitors blocked ER stress-induced up-regulation of SESN2 in MCF7 cells, 

although it seemed that IRE1 inhibitor did it more efficiently (Fig. 10C). Another 

interesting observation is that PERK inhibitor also affected levels of XBP-1, 

perhaps contributing to the decrease in the levels of SESN2. This was similar to 

the effect observed in perk-/- MEFs. Moreover, when I overexpressed XBP1s I 

could detect an increase in the levels of SESN2 (Fig. 10D). The increase in the 

levels of SESN2 levels observed in the sample transfected with the vector 

overexpressing XBP1s was lower than in conditions of Tg treatment, although the 

levels of XBP1s were higher comparing the two samples. This could mean that for 

optimal upregulation of SESN2 activation of both PERK and IRE1 arms is 

needed, confirming the findings observed in MEFs.  



ER Stress-Induced Autophagy: Role of SESN2 
 

80 
 

 	  

Figure 10. Involvement of UPR in modulating the levels of SESN2 upon ER stress. (A) xbp1+/+ and xbp1-

/- MEFs were treated with 1 µM of Tg for indicated time. Lysates were probed for expression of SESN2, 
XBP1s, ATF4, LC3-I/ LC3-II. Actin was used as a loading control. Representative image of 3 independent 
repeats is shown. (B) perk+/+ and perk-/- MEFs were treated with 1 µM of Tg for indicated time and protein 
lysates were analyzed by Western blot for levels of SESN2, XBP1s, ATF4, PERK, LC3-I/ LC3-II. Actin was 
used as a loading control. Representative image of 3 independent repeats is shown. (C) MCF7 cells were 
treated with 0.5 µg/mL of BFA and 1 µM of Tg alone or in combination with PERK inhibitor, IRE1 inhibitor 
or both. Levels of SESN2, P-PERK/ PERK, sXBP1 and LC3-I/ LC3-II were analyzed by immunoblotting 
with specific antibodies. Actin was used as a loading control. Representative image of 3 independent repeats 
is shown. (D) MCF7 cells were transfected with 0.5 µg of the empty vector or a vector expressing XBP1s for 
24 h. A sample was also treated for 24 h with 1 µM of Tg. Lysates were harvested and analysed for the 
expression of SESN2 and XBP1s by Western blot. Actin was used as a loading control. Representative image 
of 3 independent repeats is shown.  

  

6.3 Discussion 
ER stress is known to activate transcription of a cohort of genes that aim to restore 

cellular homeostasis or, if conditions are too severe, then promote cell death [34]. 

In this study I focused on the expression of SESN2, as connection between the 

UPR and SESN2 has not yet been fully established and this link may provide a 

very important connection between induction of ER stress and AMPK-mediated 

autophagy induction. Therefore, I investigated whether expression of SESN2 can 
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be detected in breast cancer cells following induction of UPR. Chemical inducers 

of ER stress led to a marked upregulation of SESN2. Although several studies 

have already demonstrated a tentative link between UPR and SESN2 [292, 293], 

there is as yet an uncompleted understanding of the regulation and role of SESN2 

in ER stress. In order to establish whether UPR can play a role in TP53-

independent upregulation of SESN2 I examined levels of this protein in HCT116 

TP53-/- cells. The results show that even in TP53 deficient cells treatment with ER 

stress inducer Tg still leads to marked upregulation of SESN2. This is important 

because SESN2 is a TP53-responsive gene. The results suggest that the 

mechanism by which the UPR machinery up-regulates SESN2 is independent of 

the transcriptional activity of TP53. This is a very important finding, as so far 

there is only one very recent study by Park et al. [293] suggesting a TP53-

independent transcription of SESN2.  

Upregulation of SESN2 has been described to be important for MTOR inhibition. 

Indeed, I observed ER stress-caused inactivation of MTOR as demonstrated by 

dephosphorylation of S2481. Auto-phosphorylation of this site has been reported 

to be a precise marker of the catalytic activity and signalling potential of MTOR 

[296]. As a consequence of MTOR inhibition one would expect to observe 

autophagy induction. I looked at the LC3-I to LC3-II as a marker of autophagy in 

MCF7 cells upon ER stress. The increase in LC3-I to LC3-II conversion when Tg 

or BFA was combined with chloroquine, as compared with Tg or BFA treatment 

alone, ruled out a block in autophagic degradation and allowed to assess 

autophagic flux. Autophagy is generally accepted as a pro-survival response, 

while under certain conditions it can serve as a platform for the activation of the 

cell death inducing complexes [257]. Therefore, I examined the role of autophagy 

in ER stress-induced cell death, by blocking the autophagy flux and measuring the 

amount of cell death over time. Blocking the autophagic flux prevents the 

clearance of damaged organelles and protein aggregates, therefore contributing to 

ER stress and sensitizing the cells to the treatment if the role of autophagy is pro-

survival in our cell model. A significant sensitization of cells to ER stress-induced 

cell death was observed, supporting a pro-survival role for autophagy in MCF7 

cells.  
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SESN2 is not the only protein that could be involved in the inhibition of 

MTORC1 and autophagy induction during ER stress as it was discussed in detail 

in the introduction (see Table 1). Therefore, it would not be surprising if cells 

deficient in SESN2 would still activate autophagy, albeit with altered kinetics. 

Expression of SESN2 was decreased by siRNA and significant sensitization of 

cells to ER stress-inducing agents at the earlier time-points was observed. At the 

initial stage autophagy is an important mechanism reducing the unfolded protein 

burden within the cell caused by ER stress. This sensitization is explained by 

lower autophagic flux in cells deficient for SESN2, limiting the pro-survival 

potential of the autophagic process. Importantly, the defect in the inactivation of 

MTORC1 could lead to the aggravation of ER stress by increasing the burden of 

newly synthetized proteins. Depletion of SESN2 decreased two different pro-

survival adaptations induced in response to ER stress. Hence, it was not surprising 

that the expression of pro-apoptotic markers such as cleavage of PARP or CASP9 

was accelerated in cells in which SESN2 was knocked down by siRNA, 

explaining the differences in viability.  

I took advantage of the XBP1 and PERK knockout MEFs and monitored 

expression of SESN2 in these cells under ER stress conditions. Surprisingly 

expression of SESN2 in xbp1-/- MEFs was almost undetectable when compared 

with xbp1+/+ MEFs. Consistent with this I also observed lower levels of 

autophagy. However, lower levels of ATF4 were detected in xbp1-/- MEFs in 

comparison to their wild type counterparts, making the results more difficult to 

interpret. Nevertheless this could happen due to the adaptations that knockout 

cells undergo in order to overcome the deficiency of genes. Lower rates of SESN2 

induction in perk-/- MEFs closely resembled what has been previously reported 

[293]. Yet I observed lower levels of XBP-1 in perk-/- MEFs comparing with 

perk+/+ MEFs possibly responsible for the reduced induction of SESN2 in 

response to ER stress. This result suggested XBP-1 may be important for 

regulating SESN2 levels in addition to the recently published role for PERK 

[293]. Interestingly, despite the lower levels of SESN2 in both knockout MEF 

models the conversion from LC3-I to LC3-II in perk-/- MEFs was higher than in 

their wild type counterparts, while xbp1-/- MEFs showed an opposite trend. 

Results from the knockout cell lines can be difficult to interpret – a deficiency in 
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one gene can lead to a compensatory effect up-regulating the expression of other 

genes. Therefore, I used a human cell model (MCF7) and showed that either an 

IRE1 RNase inhibitor or PERK kinase inhibitor, in combination with Tg or BFA, 

prevented up-regulation of SESN2. Interestingly, lower levels of XBP1 were 

observed when PERK inhibitor was combined with the chemical inducers of the 

UPR, which is another interesting result supporting a very tight crosstalk between 

different arms of the UPR. Importantly, overexpression of XBP1s alone to the 

levels similar that are seen with the treatment with Tg did not induce the 

expression of SESN2 to the same extent as upon induction of ER stress. The 

results suggests that PERK and IRE1 arms could act in synergy or that there is a 

much tighter cross-talk between the two arms of the UPR than previously thought. 

Another option is that one arm of the UPR can easily substitute for the deficiency 

of the other when there is chronic UPR malfunction. Both observations are 

intriguing, especially in light of the fact that selective inhibitors for both the 

PERK and the XBP1 arms are being widely developed as therapeutic anti-cancer 

drugs. The eventual use of such inhibitors in a clinical setting would have to take 

into account that long-term administration of the inhibitors could be compensated 

by another arm of the UPR.  

Importantly, a recent study showed the mechanism of MTOR inhibition by 

SESN2 in response to ER stress induction. The authors showed that ATF4 is 

necessary for this event, and subsequent inhibition of MTOR leads to induction of 

autophagy. However, this study relied on overexpression systems, and did not 

analyse in depth the involvement of any other UPR branches [292]. Another study 

by Park et al. focused on the role of Sestrin2 in the model of chronic ER stress in 

models of non-alcoholic liver fatty disease. Authors focused on the role of SESN2 

in the MTORC1 inhibition rather than induction of protective autophagy upon 

stimulation with palmitic acid. They showed that in those conditions SESN2 is 

regulated by C/EBPβ, transcription factor activated downstream of PERK [293]. 

This was a very exciting result, however this study is different, since I focused on 

role of SESN2 in autophagy during chemically induced UPR in breast cancer 

cells. Several cancer therapies involve treatment with drugs inducing ER stress 

and it is very important to understand a precise mechanism of how cells activate 

pro-survival pathways in order to escape the toxicity of those drugs. Importantly, 
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as I show that ER stress plays a TP53-independent role in SESN2 induction; those 

findings could be translated in order to overcome the resistance of TP53 mutant 

breast cancers.  

This is a comprehensive study of the role of the UPR in the induction of SESN2 – 

importantly IRE1-XBP1 arm is identified as a novel pathway important for 

SESN2 induction. There were no detectable differences in the levels of SESN2 in 

response to stress combined with the overexpression of the ATF6 suggesting that 

this arm of the UPR does not have a role for the up-regulation of SESN2 upon ER 

stress.  

This study shows new evidence of the cross-talk between the two UPR arms, 

IRE1 and PERK in their regulation of SESN2. The results highlight the 

importance of SESN2 for the autophagy induction during ER stress, marking the 

potential of modulation of SESN2 as a possible therapeutic target in breast cancer. 

In this work I focused on the role of SESN2 on the induction of protective 

autophagy upon ER stress. Knowing the role of SESN2 for the activation of 

AMPK, one could assume that the role of UPR in the regulation of this protein 

could also play a role in maintaining the energy balance during stressful situations 

within cells. Basal splicing of XBP1 has been observed in breast cancer models 

[297], therefore suggesting that SESN2 could play a very important role for the 

regulation of cellular processes in the conditions that have not been looked within 

the frame of this work.  
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7 Chapter IV. Mechanism of Cell Death in Cells 

Compromised in the Mitochondrial Cell Death 

Pathway upon Induction of ER Stress 

7.1 Contributions 
This work is a part of a manuscript accepted to the Autophagy journal, July 2014.  

Deegan S, Saveljeva S, Logue SE, Pakos-Zebrucka K, Gupta S, Vandenabeele P, 
Bertrand MJM, and Samali A, (2014) Deficiency in the mitochondrial apoptotic 
pathway reveals the toxic potential of autophagy under ER stress conditions. 
Autophagy, In Press  

The contributions to the experimental results are as follows: 

Fig. 11 – A-B – SD, SL, and KPZ; D-E – SD; C and F – SS.  

Fig. 12 – A-B, E-F – SD; C-D – SS.  

Fig. 13 – A – SD; B-C – SL; D – SS. 

Fig. 14 – A-B – SL, SD; C-F – SS; G – KP, SL 

Fig. 15 – A-D – SS; E – KP, SS. 

Fig. 16 – A-C – SD; D – SL; E – SS. 

Fig. 17 – A-B, F – KP; C-D, GH – SS, SD; E – SD. 

Fig. 18 – SD.  

Fig. 19-Fig. 22 – SS. 
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7.2 Introduction and Research Rationale 

Internal stresses, such as DNA damage, endoplasmic reticulum (ER) stress or 

cytotoxic stress, trigger signals which converge upon the mitochondria via 

regulation of BCL2 family proteins [130, 298, 299]. The importance of 

mitochondria-mediated death signals in stress-induced death have been 

demonstrated by numerous studies; using cells either overexpressing anti-

apoptotic BCL2 family members, such as BCL2L1/BCL-xL, or cells lacking 

integral pro-apoptotic proteins, such as CASP9 deficient (casp9-/-) mouse 

embryonic fibroblasts (MEFs) or BAX and BAK1 double knockout (bax-bak1-/-) 

MEFs [300, 301]. A clear inhibition of stress-induced death is evident within 

these cells, which underscores the reliance on, and importance of, mitochondria-

mediated death processes [302]. While studies investigating stress-induced cell 

death in these cells clearly demonstrate a defect in cell death induction, their fate 

upon long-term exposure to sustained stress has not been explored thoroughly. 

Though defective in the primary route of cell death, these cells will eventually 

succumb to death through the activation of alternate death pathways, albeit with 

much slower kinetics. How cells with a non-functional mitochondria-mediated 

death pathway instigate death upon sustained stress is still a matter of debate with 

several studies implicating autophagy and autophagy-mediated cell death [257]. 

Several studies have proposed that components of the autophagic pathway can 

contribute to cell death. For example, overexpression of the autophagy gene ATG5 

has been reported to induce death in both HeLa and MCF7 cells [303]. Numerous 

studies using cells impaired in mitochondria-mediated death signals have reported 

a form of cell death that can be blocked by autophagy inhibitors such as 3-

methyladenine or the knockdown of key autophagic genes, such as Becn1 or Atg5 

[172, 301]. The mechanism by which autophagy can contribute to death in cells 

with compromised mitochondria-mediated death signals is unclear, with several 

studies linking it to caspase activation and apoptosis while others reported a 

caspase-independent mode of cell death [172, 304]. 

Our lab was interested in characterizing the mode of death activated upon 

sustained exposure to endoplasmic reticulum stress, in cells with a compromised 

mitochondria-mediated death pathway. To achieve this I examined the response of 

casp9-/- and bax-bak1-/- MEFs to prolonged exposure to ER stress inducing agents. 
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Based on previous knowledge in the field, the goal of my research was to 

elucidate: 

• if delayed cell death in apoptotically compromised cells is associated with 

caspase activation 

• the role of autophagy in this type of cell death 

• the formation of a novel cell death inducing complex  

• the components of that complex 
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7.3 Results 

7.3.1 Cells Devoid of a Functional Mitochondrial Death Pathway Remain 

Susceptible to Cell Death in Response to Sustained ER Stress 

Following treatment with ER stress-inducing agents, tunicamycin (Tm) and 

thapsigargin (Tg), both casp9+/+and casp9-/- MEFs triggered the unfolded protein 

response as determined by phosphorylation of PERK, its downstream target 

EIF2S1 and upregulation of the ER chaperone protein HSPA5 and the pro-

apoptotic transcription factor DDIT3/CHOP and splicing of the pro-survival 

transcription factor XBP1s (Fig. 11A-B). Interestingly, we observed differences in 

the UPR induction between the two cell lines, that could be explained by the role 

of caspases in ‘turning off’ the pro-survival processes, as has been previously 

shown in the case of the autophagy (reviewed in [305]).While casp9+/+ MEF cells 

rapidly demonstrated morphological changes typical of apoptosis (cell shrinkage 

and detachment) upon Tg and Tm treatment (Fig. 11C), casp9-/- cells appeared 

largely refractory to ER stress-induced apoptosis with the majority of cells 

displaying normal cellular morphology following 48 h of treatment (Fig. 11C). 

Analysis of cell death, via propidium iodide (PI) staining, demonstrated clear PI 

uptake in casp9+/+ cells following 24 h of treatment (Fig. 11D-E). Since casp9-/- 

MEF cells were clearly refractory to ER stress-induced cell death for up to 48 h of 

treatment (Fig. 11D-E), we wanted to examine the response of these cells to 

sustained stress. Following 72 h of ER stress, casp9-/- MEF cells started to display 

clear morphological signs of cell death (Fig. 11C). Similarly, following 72 h of 

Tg or Tm treatment casp9-/- cells displayed PI positivity (Fig. 11D-E) 

demonstrating that while these cells are clearly refractory to ER stress-induced 

death they are not resistant when subjected to prolonged exposure.  

Annexin V has been used for many years as a marker of apoptosis due to its high 

affinity for phosphatidylserine (PS). PS exposure on the outer leaflet of the 

plasma membrane precedes the permeabilization of the plasma membrane, 

therefore double staining with PI and AnnexinV allows to distinguish between 

early apoptotic, late apoptotic cells and necrotic cells [306]. I applied this method 

and found that both casp9+/+ and casp9-/- MEFs had AnnexinV positive PI 

negative population, indicating early apoptosis after the treatment with 

tunicamycin (Fig. 11F). Hydrogen peroxide treatment, a known inducer of 
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necrotic cell death, was used to confirm that in the case of necrotic cell death we 

detect a population of cells that are PI-positive/ Annexin V negative. With both 

treatments a significant increase in the population of PI-positive/ AnnexinV-

positive cells was detected, characteristic of both late apoptotic and late necrotic 

cells. The results of this experiment suggest that even in the absence of CASP9 

cells seem to initiate another mode of cell death that is still associated with certain 

apoptotic characteristics.  

	  

Figure 11. Apoptotically compromised cells undergo delayed cell death in response to ER stress. casp9+/+ and casp9-/- 
MEFs were treated with (A) 0.5 µM of Tg or (B) 0.5 µg/ml of Tm for the indicated times and lysates immunoblotted for 
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expression of ER stress markers HSPA5, PERK, DDIT3, EIF2S1, P-EIF2S1, XBP1s. Actin was used as a loading control. 
(C) Representative phase contrast images of casp9+/+ and casp9-/- cells as treated in (A) and (B) (D-E) casp9+/+ and casp9-/- 
MEFs were treated with (D) 0.5 µM of Tg or (E) 0.5 µg/ml of Tm for the indicated times followed by analysis of 
propidium iodide (PI) uptake at the indicated time points. (F) Cells were co-stained with Annexin-V as a marker for 
externalization of phosphatidylserine, indicative of apoptosis and propidium iodide (PI) as an indicator of total cell death. 
Following co-staining of the cells FACS analysis was carried out. Cells were treated with 0.5 µg/mL of Tm for 72 h or with 
5 mM H202 for 1 h. Results are representative of at least 3 independent experiments. Error bars represent the mean ± SD. 

 

7.3.2 Stress-Induced Cell Death is Accompanied by Caspase Activation in Cells 

Lacking a Functional Mitochondrial Death Pathway 

Our data indicates that casp9-/- MEFs remain susceptible to cell death upon 

sustained exposure to ER stress. To determine the mode of cell death I examined 

caspase activation in these cells. Surprisingly, I was able to detect processed 

CASP3 in the lysates of casp9-/- MEF subjected to prolonged ER stress (Fig. 12A-

B). This was an interesting finding, therefore it was necessary to evaluate if any 

differences in MOMP between the two cell lines can be detected; perhaps 

explaining the different kinetics of CASP3 processing. I evaluated MOMP by 

tetramethylrhodamine ethyl ester (TMRE) staining. TMRE is a positively 

charged, cell permeable molecule that accumulates in healthy and active 

mitochondria [279]. I did not detect any significant variations between casp9+/+ 

and casp9-/- MEFs (Fig. 12C), indicating that the differences observed in CASP3 

processing are not due to a different rate of MOMP. bax-bak1-/- MEF cells would 

not undergo MOMP in response to ER stress due to an inability to form pores in 

the outer mitochondrial membrane. While clearly refractory to ER stress-induced 

death compared to bax-bak1+/+ counterparts (Fig. 12D), bax-bak1-/- MEFs also 

displayed increased PI positivity and activation of CASP3 in response to 

prolonged ER stress (72 h) (Fig. 12E-F).  
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Figure 12. Apoptotically compromised cells undergo a delayed caspase-dependent cell death in response to ER 
stress. casp9+/+ and casp9-/- MEFs were treated for the indicated times with (A) 0.5 µM Tg or (B) 0.5 µg/ml of Tm and 
lysates immunoblotted for CASP9, CASP3, PARP and actin. (C) TMRE positivity of casp9+/+ and casp9-/- treated with Tg, 
Tm for 24h was analysed by FACs. CCCP was added for 3 hours as a positive control for the mitochondrial membrane 
depolarization. (D) bax-bak1+/+ and bax-bak1-/- MEFs were treated with 1 µg/mL of Tm for indicated timepoints. Cell 
viability was analyzed by PI uptake. (E) bax-bak1+/+ and bax-bak1-/- MEFs were treated with 1 µg/ml of Tm for indicated 
times and lysates were immunoblotted for CASP9, CASP3, PARP and tubulin. (F) bax-bak1+/+ and bax-bak1-/- MEFs were 
treated with 1 µg/ml of Tm for indicated times and CASP3-like activity was determined by DEVD-AMC hydrolysis. 
Results are representative of at least 3 independent experiments. Error bars represent the mean ± SD.  

The processing of a downstream effector caspase, such as CASP3, requires the 

presence of an upstream initiator caspase. This assumption was verified using the 

pan-caspase inhibitor, Boc-D-FMK. Addition of Boc-D-FMK to casp9-/- cells 

subjected to sustained ER stress reduced processing of pro-CASP3 confirming a 

requirement for an upstream initiator caspase (Fig. 13A). Given that I had 

previously verified these cells are devoid of CASP9 (Fig. 12A) I examined the 

processing of the upstream initiator caspase, pro-CASP8, in casp9-/- cells exposed 

to sustained stress. Exposure to ER stress inducing agents triggered pro-CASP8 

processing in cells devoid of a functional mitochondria-mediated pathway (Fig. 

13B-D), suggesting that CASP8 may function as the apical caspase in this novel 

death pathway.  
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Figure 13. Involvement of CASP8 in delayed cell death in apoptotically compromised cells (A) casp9-/- MEFs were 
treated with 0.5 µM Tg with or without Boc-D-FMK for the indicated times and lysates immunoblotted for PARP and 
cleaved CASP3. (B-C) casp9-/- MEFs were treated with (B) 0.5 µM Tg or (C) 0.5 µg/ml of Tm for the indicated times and 
lysates immunoblotted for cleaved CASP8. (D) bax-bak1+/+ and bax-bak1-/- MEFs were treated with 0.5µM of Tg for 
indicated times and lysates were immunoblotted for cleaved CASP8 and actin. 

7.3.3 Knockdown of CASP8 Prevents ER Stress-Induced CASP3 Activation and 

Reduces the Death of casp9-/- Cells 

To confirm that CASP8 is functioning as the initiator caspase in our model I 

knocked down expression of pro-CASP8 in casp9-/- MEFs via shRNA (Fig. 14A-

B). casp9-/- MEFs transduced with either the pLKO control vector or CASP8 

shRNA were treated with the ER stress inducing agents Tm and Tg for the 

indicated time points. Whole cell lysates were prepared and assessed by 

immunoblotting for processing of pro-CASP3. As predicted, Casp8 knockdown 

resulted in almost complete inhibition of pro-CASP3 processing confirming that 

CASP3 processing occurred in a CASP8 dependent manner (Fig. 14A-B). I also 

determined the effect of Casp8 knockdown on stress-induced cell death in casp9-/- 

cells by analysing cell death via PI uptake. A significant reduction in cell death 

was evident in casp9-/- Casp8 shRNA transduced cells compared to their pLKO 

vector transduced counterparts demonstrating that CASP8 expression is necessary 

for both effector caspase activation and cell death in casp9-/- cells (Fig. 14C-D). 

Moreover, I wanted to determine whether the knockdown of CASP8 would have 

an effect on the long-term survival of casp9-/- MEFs. The ability to form colonies 

was evaluated in Casp8 shRNA casp9-/- MEFs in comparison to pLKO casp9-/- 

MEFs. Casp8 shRNA casp9-/- MEFs formed significantly more colonies, 

compared to their pLKO casp9-/- counterparts indicating reduction of pro-CASP8 
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can enhance long-term survival and recovery after the initial stress (Fig. 14E). To 

verify that this long-term survival was a result of reduced caspase activity 

clonogenic assays were also carried out in the presence of the caspase inhibitor 

Boc-D-FMK. Inclusion of Boc-D-FMK increased clonogenic survival following 

prolonged exposure to ER stress in pLKO casp9-/- MEFs although to a lesser 

extent than what was observed by specific Casp8 knockdown (Fig. 14E). This 

could be due to incomplete caspase inhibition by Boc-D-FMK (Fig. 12F). 

Importantly, no further increase in clonogenicity was observed in Casp8 shRNA 

casp9-/- MEFs treated with Boc-D-FMK (Fig. 14E), indicating that the increase in 

long-term survival was specifically a consequence of reduced pro-CASP8 levels. 

Sustained mitochondrial function is required for long-term cell survival. To 

determine if knockdown of Casp8 reduced the proportion of cells undergoing ER 

stress-induced MOMP I looked at the decrease in TMRE positive cells, and did 

not observe any significant differences between two cell lines (Fig. 14F). 

However as discussed above, CASP8 can amplify cell death signal through 

mitochondria, more precisely through cleavage of Bid. Therefore cytochrome c 

release was analyzed, which is a more direct measurement of MOMP than TMRE 

in pLKO and Casp8 shRNA casp9-/- MEFs. Interestingly, following prolonged ER 

stress Casp8 shRNA casp9-/- MEFs exhibited less cytochrome c release compared 

to control cells (Fig. 14G).  
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Figure 14. Knockdown of CASP8 protects casp9-/- cells from ER stress induced cell death. casp9-/- MEFs were stably 
transduced with pLKO or Casp8 shRNA lentivirus. (A-B) pLKO and Casp8 shRNA casp9-/- MEFs were treated for the 
indicated times with 0.5 µM Tg (A) or 0.5 µg/ml of Tm (B) and lysates immunoblotted for pro-CASP8, cleaved CASP3 
and actin. (C-D) pLKO and Casp8 shRNA casp9-/- MEFs were treated with 0.5 µM Tg (C) or 0.5 µg/ml of Tm (D) for the 
indicated times and cell viability analysed by propidium iodide (PI) uptake. (E) pLKO and Casp8 shRNA casp9-/- MEFs 
were treated for 72 h with 0.5 µg/mL of Tm alone or in combination with 20 µM of Boc-D-FMK. Treatment was washed 
off and allowed to form colonies for 10 days. Boc-D-FMK was replenished for first 3 days of the recovery. Colonies were 
stained with crystal violet and pictures taken (F) ) pLKO and Casp8 shRNA casp9-/- MEFs were treated with 0.5 µM of Tg 
or 0.5 µg/mL of Tm for 24 hours. TMRE positivity was evaluated by flow cytometry. (G) pLKO and Casp8 shRNA casp9-

/- MEFs were treated with 0.5 µM of Tm for 72 h. Cytochrome c release was analyzed by quantifying loss of FITC staining 
by flow cytometry. Results are representative of at least 3 independent experiments. Error bars represent the mean ± SD.  
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7.3.4 Death Receptor Signalling does not Contribute to ER Stress-Induced 

Caspase Activation and Cell Death Induction in CASP9 Deficient Cells 

The above data indicates that sustained ER stress triggers pro-CASP8 processing 

leading to downstream effector caspase activation in casp9-/- cells. Classically, 

pro-CASP8 processing is associated with engagement of the extrinsic death 

receptor pathway. Ligation of death receptors present on the cell surface trigger 

formation of the death inducing complex and enable recruitment and activation of 

pro-CASP8. To determine if CASP8 activation in casp9-/- cells exposed to long-

term ER stress was a consequence of death receptor activation I employed a 

blocking antibody strategy. The functionality of blocking antibodies against TNF 

and TNSF10, as well as recombinant mouse Fas:Fc chimera was verified in MEFs 

treated with their respective ligands (Fig. 15A-B). casp9-/- MEFs were treated 

with ER stress-inducers in the presence of blocking antibodies after which cell 

death was assessed by PI uptake and pro-CASP8 processing examined by Western 

blotting. Inclusion of blocking antibodies directed against TNF, FAS or TNSF10 

failed to block ER stress-induced cell death in casp9-/- MEFs (Fig. 14C-D) nor did 

it prevent processing of pro-CASP8 (Fig. 14E) indicating pro-CASP8 processing 

is occurring via a death receptor independent mechanism. 
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Figure 15. Role of death receptors in the activation of CASP8 upon ER stress in casp9-/- MEFs. (A) casp9-/- MEFs 
were pre-treated with 1 µg/mL of cyclohexamide and 50 ng/mL of TNF blocking antibody, 100 ng/mL of Fas:Fc or 500 
ng/mL of TNFSF10 blocking antibody in case of samples co-treated with blocking antibodies. An hour later treatment with 
100 ng/mL of TNF, 50 ng/mL of FAS or 50 ng/mL of SuperKillerTRAIL (TNFSF10) was performed. Cell viability was 
analysed by propidium iodide exclusion measured by flow cytometry. (B) casp9+/+ MEFs were pre-treated with 1 µg/mL of 
cyclohexamide and 500 ng/mL of TNFSF10 blocking antibody for an hour. 50 ng/mL of SuperKillerTRAIL (TNFSF10) 
was added for 24 h and cell viability was measured by propidium iodide (PI) staining. (C-D) casp9-/- MEFs were pre-
treated with 50 ng/mL of TNF blocking antibody, 100 ng/mL of Fas:Fc or 500 ng/mL of TNFSF10 blocking antibody for 
an hour. For the next 24 hours cells were treated with 0.5 µM of Tg (C) or 0.5 µg/ml Tm (D) and cell death estimated by 
propidium iodide staining. Protein samples from the same treatments were also harvested and expression of cleaved CASP8 
was evaluated by Western blot (E). Actin was used as a loading control. Results are representative of at least 3 independent 
experiments. Error bars represent the mean ± SD. 

7.3.5 Stress-Induced Cell Death is Associated with an Induction of Autophagy in 

both Wild-Type and CASP9 Deficient Cells  

Cellular stress has been associated with the enhancement of autophagy. This 

dynamic and necessary cellular process is predominantly pro-survival but in 

certain instances can contribute to and mediate cell death. To determine if stress 

induction enhanced autophagy, casp9+/+ and casp9-/- MEFs were transfected with a 

construct expressing GFP-tagged LC3. Following induction of ER stress, a change 
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in GFP-LC3 expression from a diffuse pattern evident throughout the cell, to a 

punctate staining indicative of autophagosome formation in both casp9+/+ and 

casp9-/- cells was observed (Fig. 16A). To confirm the induction of autophagy in 

cells, I also examined LC3-I to LC3-II conversion by Western blotting. (Fig. 16B-

C). As increased LC3-I to LC3-II conversion can also reflect defective 

autophagosome degradation, autophagic flux was examined by adding the 

lysosomal inhibitor, chloroquine (CQ). CQ in combination with Tm increased 

LC3-II accumulation to a greater degree than CQ alone or Tm alone, confirming 

that the enhanced LC3-I to LC3-II conversion observed during ER stress is due to 

an increased rate of autophagy rather than a decrease in autophagosome 

degradation (Fig. 16D-E).  

	  

Figure 16. ER stress-induced cell death in apoptosome compromised cells is associated with the induction of 
autophagy. (A) casp9+/+ and casp9-/- MEFs were transiently transfected with GFP-LC3 expressing plasmid, treated with 



Mechanism of Cell Death in Cells Compromised in the Mitochondrial Cell Death 
Pathway upon Induction of ER Stress 

 

98 
 

0.5 µM Tg (24 h post-transfection) and analyzed at the indicated times for LC3-GFP puncta. Representative fluorescent 
images are shown. (B-C) casp9+/+ and casp9-/- MEFs were treated with (B) 0.5 µM Tg or (C) 0.5 µg/ml of Tm for the 
indicated times and lysates immunoblotted for LC3-I to LC3-II conversion. (D-E) casp9+/+ or casp9-/- MEFs were treated 
with 20 µM CQ alone, 0.5 µg/ml Tm alone, or a combination of 20 µM CQ and 0.5 µg/ml of Tm for the indicated times and 
cell lysates immunoblotted for LC3-I and LC3-II and actin. Results are representative of at least 3 independent 
experiments. Error bars represent the mean ± SD. 

7.3.6 ATG5 and ATG7 are Required for ER Stress-Induced Caspase Activation 

and Cell Death Induction in CASP9 Deficient Cells 

Autophagy has been reported to have pro-death properties, typically observed in 

conditions where the intrinsic apoptosis pathway is compromised. It is unclear 

how autophagy executes cell death; however, recent reports have implicated 

autophagy-mediated activation of CASP8 as a possible mechanism [307, 308]. 

The above data indicate that sustained ER stress activates CASP8-mediated 

apoptosis in casp9-/- cells independently of death receptor activation. Additionally, 

levels of autophagy are enhanced in the casp9-/- cells compared to the casp9+/+ 

cells. To assess the role of autophagy on cell death in this context, I knocked 

down key autophagy genes to inhibit autophagosome biogenesis. To do so, I 

transduced the casp9-/- cells either with an empty vector or with a vector 

expressing Atg5 shRNA. Knockdown of Atg5 in casp9-/- cells inhibited ER stress-

induced autophagy as determined by a reduction in LC3-II levels compared to the 

vector only transduction (Fig. 17A-B) verifying a functional knockdown. 

Remarkably, the knockdown of ATG5 greatly reduced CASP8 and CASP3 

activation upon prolonged treatment with Tg and Tm (Fig. 17C-D). Furthermore, 

knockdown of Atg5 in casp9-/- cells also correlated with a reduction in cell death 

as determined both by morphology and PI uptake (Fig. 17E, G-H). In addition, 

knockdown of Atg5 in casp9-/- cells resulted in significantly more colony 

formation compared to vector only controls following exposure to sustained ER 

stress (Fig. 17F).  
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Figure 17. Role of Atg5 in the induction of cell death in casp9-/- cells. casp9-/- MEFs stably expressing pGIPZ or Atg5 
shRNA were generated and treated for the indicated times with (A-B) casp9-/- MEFs stably expressing pGIPZ or Atg5 
shRNA were treated with 20 µM CQ alone, 0.5 µg/ml Tm alone, or a combination of 20 µM CQ and 0.5 µg/ml of Tm for 
the indicated times and cell lysates immunoblotted for LC3 and actin. (C) 0.5 µM Tg or (D) 0.5 µg/ml of Tm after which 
lysates were assessed by immunoblotting for ATG5, cleaved CASP8, cleaved CASP3 and actin. (E) Atg5 shRNA and 
pGIPZ casp9-/- MEFs were treated for the indicated times with Tg after which cells were fixed and stained with H&E. 
Representative images are shown. (F) casp9-/- MEFs stably expressing pGIPZ or Atg5 shRNA were treated with 0.5 µg/ml 
of Tm for 72 h. Treatment was washed off and allowed to form colonies for 10 days. Colonies were stained with crystal 
violet and pictures taken (G-H) casp9-/- Atg5 shRNA and casp9-/- pGIPZ MEFs were treated for the indicated times with 
(G) 0.5 µM Tg or (H) 0.5 µg/ml of Tm and cell viability analysed by propidium iodide (PI) uptake. Results are 
representative of at least 3 independent experiments. Error bars represent the mean ± SD. 

Importantly, the knockdown of Atg5 in casp9+/+ cells did not protect but instead 

sensitized the cells to ER stress-induced death, which is concordant with the well-

accepted pro-survival role of autophagy in MEF cells undergoing ER stress (Fig. 
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18A-B). These results demonstrate divergent roles for Atg5 which pivot on the 

integrity of the mitochondrial cell death pathway. 

	  

Figure 18. Knockdown of Atg5 sensitizes casp9+/+ MEFs to ER stress-induced cell death. casp9+/+ MEFs stably 
expressing pGIPZ or Atg5 shRNA were generated and (A) treated with 0.5 µM Tg for 24 h after which RNA was extracted, 
ATG5 and GAPDH expression analyzed by RT-PCR. (B) casp9+/+ pGIPZ and Atg5 shRNA MEFs were treated with 0.5 
µg/ml of Tm for indicated times and cell viability analysed by propidium iodide (PI) uptake. Results are representative of at 
least 3 independent experiments. Error bars represent the mean ± SD. 

 

To confirm that the protective effect of Atg5 repression in casp9-/- cells is not 

specific to ATG5 and rather reflects general autophagy inhibition, the expression 

of another autophagy regulator, Atg7, in casp9-/- cells was diminished using 

shRNA against Atg7 (Fig. 19A). The knockdown of Atg7 did not decrease 

significantly LC3-I to LC3-II conversion, however the autophagic flux evaluated 

by combination with chloroquine was slightly lower after 48 and 72 hours of the 

treatment with tunicamycin, confirming the effect of the knockdown (Fig. 19B-

C). As shown in Fig. 19D-G, Atg7 repression resembled the effects of Atg5 

repression in these cells, however to a lesser extent. We could observe significant 

protection against ER stress-induced cell death, however a delay in CASP3 

processing was rather minor, most probably due to the inefficiency of the 

functional knockdown. Together these results demonstrate the crucial role of the 

autophagic machinery in CASP8 activation and cell death induction in cells with a 

compromised mitochondria-mediated death pathway.  
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Figure 19. Role of Atg7 in ER stress-induced cell death in casp9-/- MEFs. pLKO and Atg7 shRNA casp9-/- MEFs were 
generated by lentiviral transduction and the levels of the knockdown were confirmed by RT-PCR (A). (B) casp9-/- MEFs 
stably expressing pLKO or Atg7 shRNA were treated with 20 µM CQ alone, 0.5 µg/ml Tm alone, or a combination of 20 
µM CQ and 0.5 µg/ml of Tm for the indicated times and cell lysates immunoblotted for LC3 and actin. (C-D) pLKO and 
Atg7 shRNA casp9-/- MEFs were treated for the indicated times with 0.5 µM Tg (C) or 0.5 µg/ml of Tm (D), cell lysates 
prepared and immunoblotted for cleaved CASP8, cleaved CASP3 and actin. (F-G) pLKO and Atg7 shRNA casp9-/- MEFs 
were treated for the indicated times with 0.5 µM Tg (F) or 0.5 µg/ml of Tm (G) and cell viability analysed by propidium 
iodide (PI) uptake. Results are representative of at least 3 independent experiments. Error bars represent the mean ± SD.  

7.3.7 Assessing the Role of the Adaptor Protein FADD in Stress-Induced pro-

CASP8 Activation 

Pro-CASP8 requires an adaptor protein to facilitate its recruitment to an activating 

platform, enabling its clustering and auto-activation [309]. FADD is a well-known 

adaptor of pro-CASP8. To determine if FADD was required for the activation of 
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CASP8 in the system casp9-/- cells were transduced with lentivirus carrying Fadd 

shRNA. I first tested whether the extent of knockdown generated in these cells 

was sufficient to provide protection to a death trigger known to rely on FADD, a 

combination of TNF and cyclohexamide. Fadd shRNA treated cells were less 

sensitive than the pLKO transduced cells to the TNF/cyclohexamide stimulation, 

confirming the functionality of the Fadd knockdown (Fig. 20A). Next, to assess 

the requirement for FADD in our model, Fadd shRNA and pLKO transduced 

casp9-/- cells were subjected to prolonged ER stress stimulation. Processing of 

pro-CASP8 and pro-CASP3 was slightly delayed in the Fadd shRNA casp9-/- 

cells when compared to their empty vector transduced counterparts (Fig. 20B-C), 

however the effect was very modest. Quantification of cell death revealed a 

decrease in PI positivity, particularly at later time points, in the Fadd shRNA 

casp9-/- cells compared to the pLKO transduced casp9-/- cells (Fig. 20D-E). 

However it should be noted that while Fadd shRNA casp9-/- cells the Fadd 

knockdown was incomplete (Fig. 20B-C). Analysis of FADD expression found 

that although Fadd shRNA casp9-/- cells had lower basal levels of FADD, 

exposure to ER stress-inducing agents resulted in an increase in FADD 

expression, which may be blunting the effect observed in these cells (Fig. 20B-C). 

Therefore it would be necessary to strengthen this result using a different shRNA 

or siRNA-mediated knockdown.  
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Figure 20. Knockdown of Fadd delays cell death in casp9-/- MEFs upon induction of ER stress. casp9-/- MEFs stably 
expressing pLKO or Fadd shRNA were generated via lentiviral transduction. (A) pLKO and Fadd shRNA casp9-/- MEFs 
were treated with TNF alone (100 ng/m), cyclohexamide alone (1 µg/mL) or a combination of TNF and cyclohexamide for 
24 h after which cell viability was analysed by propidium iodide (PI) uptake. Results are representative of at least 3 
independent experiments. Error bars represent the mean ± SD. (B-C) casp9-/- MEFs stably expressing pLKO or Fadd 
shRNA were treated for the indicated times with (B) 0.5 µM Tg or (C) 0.5 µg/ml Tm, cell lysates prepared and 
immunoblotted for cleaved CASP8, cleaved CASP3, FADD and actin. (D-E) casp9-/- MEFs stably expressing pLKO or 
Fadd shRNA were treated for the indicated times with (D) 0.5 µM Tg or (E) 0.5 µg/ml of Tm and cell viability analysed by 
propidium iodide (PI) uptake. Results are representative of at least 3 independent experiments. Error bars represent the 
mean ± SD. 

7.3.8 Role of RIPK1 in the Induction of Cell Death in casp9-/- upon Induction of 

ER Stress 

RIPK1 has been shown to be important for the activation of CASP8 in the context 

of the ripoptosome [267]. I was interested in detecting any role for RIPK1 in cell 

death in CASP9 deficient cells. Kinase activity of RIPK1 has been previously 

reported to be important for the activation of CASP8 in the context of the 

ripoptosome [206]. Therefore I applied Necrostatin 1 (Nec-1), a highly specific 

RIPK1 kinase inhibitor and measured the viability of cells upon induction of ER 
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stress (Fig. 21A-B). Co-treatment with Nec-1 did not significantly affect the 

viability of casp9-/- cells, ruling out the hypothesis of the RIPK1 kinase domain 

involvement in CASP8 in apoptotically compromised cells. RIPK1 has been 

previously shown to be involved in the induction of non-apoptotic RIPK1/RIPK3-

dependent necroptosis [235]. To address the involvement of necroptosis ER 

stress-induced cell death in casp9-/- cells I knocked down expression of RIPK1 by 

shRNA, and characterized the response of those cells to treatment with Tm (Fig. 

21C-D). I could not detect any significant differences in cell viability after 48 or 

72 h of treatment. Interestingly, upon examination of apoptotic markers a marked 

increase in the activation of CASP8 and CASP3 was observed.  

	  

Figure 21. Effect of the RIPK1 inhibition on cell death induced in casp9-/- upon ER stress. casp9-/- MEFs were treated 
for indicated times with 0.5 µM Tg (A) and 0.5 µg/ml of Tm (B) alone or in combination with 20 µM of Necrostatin 1. Cell 
viability was evaluated by propidium iodide (PI) uptake. (C) miCtrl and Ripk1 shRNA casp9-/- MEFs were treated with 0.5 
µM of Tm for indicated times and lysates analysed for RIPK1, CASP3, PARP, CASP8. (D) miCtrl and Ripk1 shRNA 
casp9-/- MEFs were treated with 0.5 µM of Tm for indicated times and membrane permeability was analysed by propidium 
iodide staining. Results are representative of 3 independent experiments. Error bars represent the mean ± SD. 

7.3.9 Prolonged Stress Triggers the Assembly of a Novel pro-CASP8 Activating 

Protein Complex 

My data indicates that pro-CASP8 is the apical caspase in the apoptotic pathway 

mediating death of casp9-/- cells exposed to prolonged ER stress. Furthermore, the 
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knockdown studies show that CASP8 activation depends on the adaptor protein 

FADD and the autophagy proteins ATG5 and ATG7, suggesting that these 

proteins may be involved in formation of a complex enabling pro-CASP8 

recruitment and activation. To address this question ATG5 was 

immunoprecipitated from casp9-/- cells subjected to prolonged ER stress and 

probed for pro-CASP8 and FADD (Fig. 22A). I could clearly detect both pro-

CASP8 and FADD in ATG5 immunoprecipitates from lysates of casp9-/- cells 

treated with Tm (Fig. 22A). To validate these interactions, reciprocal 

immunoprecipitations were carried out using an anti-FADD antibody. Upon 

immunoprecipitation of FADD in Tm treated casp9-/- cells both pro-CASP8 and 

ATG5 were detected (Fig. 22B). These results indicate the formation of a protein 

complex, upon sustained ER stress, in casp9-/- cells consisting of FADD, ATG5 

and pro-CASP8. To determine if formation of this complex was a general 

characteristic of cells devoid of a functional mitochondrial death pathway I again 

utilized bax-bak1-/- cells. As observed in casp9-/- cells, analysis of lysates from 

bax-bak1-/- cells demonstrated processing of pro-CASP8 upon exposure to ER 

stress (Fig. 22B). Immunoprecipitations using anti-FADD antibody revealed the 

formation of an identical FADD, ATG5 and pro-CASP8 complex in Tm treated 

bax-bak1-/- (Fig. 22C). 
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Figure 22. Assembly of a novel cell death inducing complex in cells compromised in mitochondrial cell death 
pathway upon induction of ER stress. casp9-/- MEFs were treated with a combination of 0.5 µg/ml of Tm for 72 h with 
20 µM of Boc-D-FMK added for the last 48 h followed by immunoprecipitation with (A) a control IgG antibody or 
antibody specific for ATG5 or (B) a control IgG antibody or antibody specific for FADD. Immune complexes were 
analysed by immunoblotting for ATG5, FADD and pro-CASP8. IgG heavy chain band is marked as *. (C) bax-bak1-/- 
MEFs were treated with a combination of 0.5 µM of Tg for 48 h with 20 µM of Boc-D-FMK added for the last 24 h 
followed by immunoprecipitation with a control IgG antibody or antibody specific for FADD. Immune complexes were 
analysed by immunoblotting for ATG5, FADD and pro-CASP8. Results are representative of at least 3 independent 
experiments. Error bars represent the mean ± SD. 

 

7.4 Discussion 

Intracellular stress induces cell death predominantly via activation of the 

mitochondrial apoptotic pathway, which involves cytochrome c release, 

apoptosome formation and effector caspase activation. The importance of this 

pathway for stress-induced death has been illustrated in many studies utilising 

bax-bak1-/-, casp9-/- or apaf-1-/- cells, all of which have shown a reduction in death 

compared to their wild-type counterparts upon exposure to intracellular stress 

[172, 301, 304]. In this study I confirm the importance of mitochondria-mediated 

death signals for the efficient transduction of stress-induced death as illustrated by 

reduced levels of cell death in both casp9-/- and bax-bak1-/- cells exposed to ER 

stress-inducing agents. However, while these cells are clearly impaired in their 

ability to activate stress-induced cell death in the short term, prolonged stress 
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increased PI positivity, indicative of cell death. This observation in itself is not 

unexpected as cells exposed to prolonged stress, even those with compromised 

mitochondria-mediated death pathways, will undergo death via alternate 

mechanisms. For example, effector caspase processing has been observed in bax-

bak1-/- cells and BCL2 overexpressing HeLa cells upon prolonged cellular stress 

[304, 308]. However, those reports failed to demonstrate the exact mechanism of 

cell death. Likewise, I detected active CASP3 in casp9-/- cells following 

prolonged exposure to cellular stress. Downstream effector caspases are reliant on 

upstream initiator caspases to enable their activation. To this end, death receptor 

independent processing of pro-CASP8 in stress-induced casp9-/- cells was 

observed which when knocked down, via shRNA, abolished CASP3 activation 

and decreased cell death.  

Knockdown of pro-CASP8 expression while inhibiting cell death also enhanced 

long-term survival as illustrated by increased colony formation (Fig. 14E). ER 

stress-induced death proceeds via the intrinsic pathway and is associated with the 

onset of MOMP. MOMP is generally considered an “all or nothing” event that 

represents the point of no return for the cell. While this is true in the majority of 

instances it may not hold true for cells unable to trigger downstream effector 

caspases. Tait and colleagues have recently demonstrated that cells in which 

caspase activation is impaired can undergo an incomplete form of MOMP upon 

treatment with a death stimulus [310]. Furthermore, incomplete MOMP correlated 

with cellular recovery in long-term assays. In our study I observed long-term cell 

survival following sustained ER stress in casp9-/- cells (Fig. 14E). This enhanced 

long-term survival could be mimicked in wild-type MEF cells subjected to ER 

stress by the addition of Boc-D-FMK (Fig. 14E) indicating that a blockade in 

caspase activation can exert a long-term survival benefit following ER stress. 

Examination of mitochondrial membrane potential which is often dissipated as a 

result of MOMP, by TMRE staining, in casp9+/+ and casp9-/- cells (Fig. 12C) did 

not reveal any pronounced differences between cell lines. To specifically examine 

MOMP cytochrome c release in Casp8 shRNA and pLKO casp9-/- cells following 

induction of ER stress was analysed. Casp8 shRNA casp9-/- cells did not release 

cytochrome c to the same extent as their pLKO counterparts (Fig. 13G). While 

assembly of the pro-CASP8 activation complex occurs independently of 
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mitochondrial events (as observed in bax-bak1-/- MEFs) CASP8 mediated 

activation of pro-CASP3 would allow CASP3 feedback onto the mitochondria 

leading to further loss of mitochondrial integrity as has been described previously 

[311].  

In both casp9+/+ and casp9-/- cells I observed LC3-I to LC3-II conversion upon 

induction of ER stress which is indicative of autophagy induction. Addition of the 

autophagy inhibitor chloroquine confirmed that the observed increase in LC3-II in 

both casp9+/+ and casp9-/- cells was a result of increased autophagic flux. 

Interestingly, the increase in autophagic flux was more pronounced in the casp9-/- 

cells. The induction of autophagy upon ER stress is not surprising as it is a pro-

survival mechanism known to be enhanced by exposure to cellular stress. 

However, knockdown of the essential autophagy gene, Atg5, in both casp9+/+ and 

casp9-/- MEFs revealed a differential role for autophagy depending upon whether 

the cell had a functional or non-functional mitochondria-mediated death pathway. 

In casp9+/+ cells, inhibition of autophagy accelerated stress-induced cell death. In 

contrast, Atg5 knockdown in casp9-/- cells inhibited both stress-induced caspase 

activation and cell death. These results highlight that inhibition of autophagy in 

wild type cells enhances cell death possibly by further activation of the 

mitochondrial pathway, but this is blocked in the casp9-/- cells. Autophagy 

becomes toxic in cells with a defective mitochondrial cell death pathway by 

activating an alternative apoptotic pathway. These results suggest that two 

differing signalling mechanisms can be activated in cells depending on whether 

they have functional or non-functional mitochondria-mediated death pathway. In 

cells with a functional mitochondria-mediated pathway autophagy is triggered as 

an adaptive pro-survival mechanism, which, upon induction of cell death is most 

likely “turned off” once apoptotic signals have been triggered. Indeed, recent 

studies have demonstrated CASP-mediated cleavage of multiple ATG proteins 

including ATG3, ATG4, ATG7 and BECN1, which, in certain cases is linked to 

an enhancement of apoptosis [303, 307]. In cells with a non-functional 

mitochondria-mediated death pathway, autophagy is prolonged and initially 

provides a degree of protection for the cells. However, my findings indicate that 

when cells are exposed to sustained high levels of stress the autophagosome may 

be acting as a platform enabling complex formation facilitating pro-CASP8 
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activation and cell death. This highlights the importance of autophagy and 

autophagosome formation in the activation of caspases and cell death in cells with 

impaired mitochondria-mediated death pathway. While emphasizing the obvious 

importance of autophagy to this process it does not address the mechanism of pro-

CASP8 processing.  

Initiator caspases, such as pro-CASP8, require formation of a multiprotein 

complex for recruitment, dimerization and autocatalytic processing. Classically, 

pro-CASP8 processing is linked to extrinsic death signals leading to assembly of 

the DISC. However, recent novel pro-CASP8 activating platforms have been 

reported [307]. Given the obvious requirement for the autophagosome during 

stress induced death in casp9-/- cells we speculated the autophagosome was acting 

as a platform enabling pro-CASP8 processing. Reports within the literature have 

previously reported possible interactions between the adapter protein FADD, 

ATG5, pro-CASP8 and in certain instances RIPK1 [303, 312]. Intriguingly, I 

found that while inhibition of RIPK1 kinase activity did not seem to have any role 

in ER stress-induced cell death the knockdown of this protein caused 

enhancement of apoptotic markers while not affecting the rate of cell death 

significantly. Activation of CASP8 in conditions of TNFRSF1A activation leads 

to inactivation of RIPK1, preventing this kinase from activating necroptotic 

signalling cascade. In contrast, caspase inhibition is necessary for execution of 

RIPK1/RIPK3 dependent necroptosis. I hypothesize that perhaps in conditions of 

ER stress, CASP8-mediated apoptosis is not the only mode of cell death, although 

it is predominant. A certain level of necroptosis may also be contributing to the 

outcome of cell death. Therefore when RIPK1 expression is lowered by shRNA 

we can release the inhibitory effect of necroptotic machinery on caspase-mediated 

cell death, without affecting the general outcome of cell death. There would be a 

need to perform single cell analysis in order to completely understand the role of 

RIPK1 in ER stress-induced cell death in apoptotically compromised cells.  

The differences in cell death inhibition I observed upon Atg5 and Atg7 

knockdown could mean that autophagosome formation is required for pro-CASP8 

activation. To test this I immunoprecipitated ATG5 from lysates of Tm treated 

casp9-/- cells and probed for pro-CASP8. The results indicated that indeed ATG5 
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and pro-CASP8 interacted in casp9-/- cells exposed to prolonged stress. For 

recruitment to multiprotein complexes pro-CASP8 requires the presence of an 

adapter protein with the best examples being FADD and TRADD. A direct 

interaction between ATG5 and FADD facilitated by the death domains of FADD 

and the C-terminal regions of ATG5 was previously reported [303]. I found that 

FADD was required for ATG5-mediated cell death and CASP8 activation, but 

was not necessary for the induction of autophagy indicating FADD acts as an 

adaptor protein linking a pro-apoptotic signalling molecule (most likely a caspase) 

to ATG5. Indeed in co-immunoprecipitation studies, immunoprecipitation of 

ATG5 clearly pulled down FADD. These data indicate an interaction between 

FADD, ATG5 and pro-CASP8. Reciprocal immunoprecipitations using FADD 

antibody confirmed the interaction between FADD, ATG5 and pro-CASP8. Given 

the importance of FADD to complex formation the knockdown of FADD should 

block pro-CASP8 recruitment and processing. I was able to generate stable Fadd 

shRNA casp9-/- cells which, by immunoblotting displayed a significant reduction 

in FADD expression and possessed a functional knockdown since TNF combined 

with cyclohexamide induced death was reduced in these cells. Likewise when I 

treated Fadd shRNA casp9-/- cells with inducers of ER stress I observed a delay in 

pro-CASP3 and CASP8 processing and could detect a moderate protection in total 

cell death. Examination of FADD expression in these cells following treatment 

with stress inducing agents revealed a significant up-regulation in FADD 

expression positively correlating with the length of treatment, which may explain 

the absence of a drastic effect on cell death which we would expect to observe in 

absence of FADD. This observation by itself is interesting as it suggests stress 

increases FADD levels in cells, which in turn recruits pro-CASP8 and acts as a 

bridging partner to ATG5.  

My results show that when mitochondrial apoptosis compromised cells are 

exposed to prolonged ER stress stimuli, a novel CASP8 activating complex is 

assembled. I have demonstrated pro-CASP8 functions as the initiator caspase in 

this system and show that its processing is dependent on the induction of 

autophagy. Autophagosomal membrane can act as a platform for the assembly of 

this complex and through immunoprecipitation experiments confirm the formation 

of a multiprotein complex consisting of pro-CASP8, ATG5 and FADD upon 
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treatment of ER stress inducing agents. This complex is analogous to the 

intracellular death inducing signalling complex, recently described by Young and 

colleagues [307]. My findings further demonstrates the existence of such a 

complex; however we are the first group to immunoprecipitate the protein 

complex containing endogenous ATG5, FADD and CASP8. Furthermore, I have 

revealed an alternative mode of ER stress-induced cell death executed in 

conditions where the mitochondrial-mediated apoptotic pathway is compromised. 

Whether this novel death pathway is specific to ER stress or can be applied to all 

forms of cellular stress in cells with a compromised intrinsic pathway is a 

question that would need to be further elucidated.  

Disturbances in the apoptotic machinery are one of the key hallmarks of cancer 

progression. MCL1 and BCL2 are frequently over-expressed in cancers, granting 

cells resistance against mitochondrial apoptotic stimuli [171, 313]. In this study I 

show that although the intrinsic pathway is compromised cells can still undergo 

cell death, albeit at a slower rate. By understanding these alternate death 

mitochondria-independent pathways we may be able to enhance/trigger death in 

chemo-resistant cells. I characterized a non-canonical role of autophagy that could 

turn beneficial for the development of combination therapies to treat cancer. I 

believe that autophagy induction should promote survival of the healthy cells 

while sensitising cancer cells to cytotoxic drugs, providing a very attractive 

therapeutic approach. 
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8 Mechanism of ER stress-induced necroptosis 

8.1 Introduction and Research Rationale 

ER stress is widely reported to induce caspase-dependent apoptotic cell death. 

While few studies support implication of the receptor extrinsic pathway, the vast 

majority of them attribute the killing to the activation of the mitochondrial 

intrinsic pathway [314]. It must be noted that apoptosis is however not the only 

way for a cell to die, and recent studies have highlighted the importance of 

necroptosis, a regulated form of necrosis that relies on the enzymatic activity of 

the RIPK1 and RIPK3, in the pathogenesis of various human diseases [315, 316]. 

Necroptosis has so far mainly been studied in the context of death receptor 

signalling. It is best described as a consequence of TNFRSF1A activation, and 

was shown to prevail as the primary mode of cell death when CASP8 is inhibited 

[317-319].  

In contrast to most cells, the murine fibrosarcoma L929sA cells do not require 

caspase inhibition to undergo TNF-mediated necroptosis, rendering these cells of 

particular interest for the in vitro study of necroptosis. Treatment with TNF 

induces rapid necroptotic cell death in this cell line, characterized by swelling and 

disruption of cell membrane. Treatment with caspase inhibitors (such as zVAD-

FMK) or overexpression of the viral inhibitors of caspases (such as CrmA), do not 

protect this cell line from TNF induced cell death. Instead the inhibition of 

caspases sensitize L929sA to cell death executed in the absence of apoptotic 

markers [320]. Treatment with caspase inhibitors alone can induce necroptotic cell 

death in L929sA cells. Multiple studies used zVAD in an effort to determine the 

mechanism of necroptosis induced upon caspase inhibition. It was found that 

zVAD can activate PKC–MAPKs–AP-1 pathway which in turn can stimulate 

autocrine production of TNF [321]. Interestingly, the first evidence about the role 

of the RIPK1 in this type of cell death was implicated through the use of the 

HSP90AA1 inhibitor, geldamycin. Disruption of the HSP90AA1 function resulted 

in a switch from necroptosis to apoptosis. RIPK1 is a client protein for the 

chaperoning function of HSP90AA1, therefore suggesting the involvement of this 

kinase in cell death [322]. 
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A very precise study by the group of Peter Vandenabeele proposed a model in 

which multiple members of the complex II allow preferential activation of 

apoptosis or necroptosis in L929sA cells stimulated with TNF [235]. 

Nevertheless, L929sA cells retain the ability to undergo apoptosis, when 

stimulated with known apoptotic stimuli, such as staurosporine [323]. Moreover 

switches to TNF-mediated apoptosis have also been reported when components of 

the necroptotic machinery are repressed [235, 324].  

The aim of this study was to  

• Confirm the ability of L929sA cells to undergo necroptosis in response 

to ER stress 

• Evaluate the involvement of RIPK1 and RIPK3 in this mode of cell 

death 

• Determine the role of TNFRSF1A and it’s ligands in this mode of cell 

death 
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8.2 Results 

8.2.1 ER Stress Induces Caspase-Independent Necroptosis in L929 Cells 

In order to determine kinetics of ER stress induction in the L929sA cell line, I 

stimulated the cells with three different compounds reported to be strong inducers 

of ER stress, namely brefeldin A (BFA), thapsigargin (Tg) and tunicamycin (Tm). 

ER stress induction by these compounds was confirmed by monitoring the 

expression of several ER stress markers, such as XBP1s, HSPA5 and DDIT3 (Fig. 

23).  

	  

Figure 23. Induction of ER stress in L929sA cell line. L929sA cells were treated with 2.5 µg/mL of Tm, 
0.5 µg/mL of BFA, or 2.5 µM of Tg for indicated times. Lysates were harvested and immunoblotted with 
antibodies against XBP1s, HSPA5 or DDIT. Actin was used as a loading control. Blots shown are 
representative of 3 independent experiments. 

 

Further the kinetics of cell death induction were examined using increasing 

concentrations of Tm, BFA and Tg. I observed that each compound triggered 

death of the L929sA cells in a dose-dependent manner (Fig. 24A-C), and that 

~30-50% of cell death was obtained after 24 h of stimulation with the different 

compounds used at the respective concentration of 0.5 µg/mL BFA, 2.5 µM Tg 

and 2.5 µg/ml Tm (Fig. 24D). A comparable amount of cell death was obtained 

after the treatment of the cells with either 30 ng/ml of TNF for 4 h or with 10 nM 

of staurosporine (St) for 24 h, two triggers respectively used as positive controls 

for necroptosis and apoptosis induction in these cells (Fig. 24E-F). To evaluate 

whether the death induced by the different ER stressors was relying on caspase 

activation, I monitored processing of CASP9 and CASP3 as well as cleavage of 

the CASP3 substrate PARP by immunoblotting cell lysates obtained after 

stimulating the cells with 0.5 µg/mL of BFA, 2.5 µM of Tg and 2.5 µg/ml of Tm 
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over a period of 24 h (Fig. 24G). In a manner similar to TNF stimulation and 

contrary to St treatment, none of the ER stress inducers lead to caspase activation 

(Fig. 24G), which was confirmed by DEVDase assays performed on lysates 

collected 24h post-stimulation (Fig. 24H). It was obvious that none of the ER 

stressors are inducing cell death associated with caspase activation in L929sA 

cells. I focused on BFA treatment for simplicity of the study, but repeated the 

main findings as well with the Tg treatment, as will be shown further. In line with 

these results, pre-treatment with the pan-caspase inhibitor Boc-D-FMK protected 

the cells from St-mediated killing, but not from BFA- or TNF-induced death (Fig. 

24I). To test whether the caspase-independent death caused by the administration 

of the ER stressors could result from necroptosis induction, I next evaluated the 

potential protective effect of inhibiting RIPK1 kinase activity with Nec-1. As 

shown in Fig. 24J, RIPK1 kinase inhibition protected L929sA cells from BFA-

induced death as efficiently as following TNF stimulation, but had no effect on 

staurosporine-mediated killing.  
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Figure 24. ER stress induces necroptosis in L929sA cells. (A-F) L929sA cells were treated with increasing 
concentrations of BFA (A), Tg (B) and Tm (C) for 24 h, with 0.5 µg/mL of BFA, 2.5 µM of Tg and 2.5 
µg/mL of Tm over a period of 36h (D), or with 10 nM of St up to 36 h (F) and 30 ng/mL of hTNF up to 8h 
(E), and the percentage of cell death was determined by flow cytometry following Cytox Red staining. (G) 
Immunoblots of cell lysates isolated following treatment with 0.5 µg/mL of BFA, 2.5 µg/mL of Tm and 2.5 
µM of Tg for the indicated period, as well as with 10 nM of St (24 h) and 30 ng/mL of hTNF (4 h). (H) 
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CASP3 activity measured by DEVD assay after 24 h of treatment with 0.5 µg/mL of BFA, 2.5 µg/mL of Tm 
and 2.5 µM of Tg, as well as after 24 h with 10 nM of St and 4 h with 30 ng/mL of hTNF. Blots shown are 
representative of 3 independent experiments. (I-J) Cell death evaluated by flow cytometry after Cytox Red 
staining of L929sA stimulated with 0.5 µg/mL of BFA (24 h), 10 nM of St (24 h) and 30 ng/mL of hTNF (4 
h) in the absence and presence of 10 µM of Boc-D-FMK (I) or 20 µM of necrostatin 1 (Nec-1) (J). Viability 
results are an average of at least 3 independent experiments.  

Apoptosis and necrosis were initially described as two opposing cell death modes, 

characterized by the different morphology. I was interested to see if it is possible 

to detect any differences in the cellular morphology upon induction of ER stress 

in L929sA cells. Unfortunately, it was very difficult to compare the morphology 

of cells treated with St with any of the other treatments. St is a broad kinase 

inhibitor, and morphologically cells treated with this well-described apoptotic 

inducer do not present with classical apoptotic morphology, such as cell shrinkage 

and formation of apoptotic bodies. Instead a different approach was taken and 

nuclear morphology by DAPI staining was examined (Fig. 25). Apoptotic nuclei 

shrink and demonstrate popcorn-like morphology that could be detected after 

treatment with St. Interestingly, nuclei of cells treated with ER stress inducers 

resembled cells treated with TNF exhibiting a swollen morphology and lost 

integrity of the nuclear membrane. Together, these results demonstrate that ER 

stress induces a cell death mode that closely resembles TNF-induced necroptosis 

in L929sA cells (Fig. 25).  
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Figure 25. Nuclear morphology of L929sA cells upon induction of cell death. L929sA cells were treated 
with 0.5 µM of BFA, 2.5 µg/mL of Tm and 2.5 µM of Tg, as well for 24 h with 10 nM of St and 4 h with 30 
ng/mL of hTNF. Cells were spun down on to the slides, fixed with paraformaldehyde and stained with DAPI. 
Images were obtained using the Olympus IX51 microscope. Images shown are representative of 3 
independent experiments. 

 

8.2.2 Knockdown of RIPK1 Shifts ER Stress-Induced Necroptosis to ER Stress-

Induced Apoptosis 

In order to further characterize the role of RIPK1 during ER stress-induced death, 

I stably knocked down RIPK1 expression in L929sA cells. Surprisingly, and in 

contrast to the Nec-1 effect, I found that RIPK1 knockdown did not protect the 

cells from BFA-mediated death (Fig. 26A). In the context of TNF signaling, it 
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was previously reported that, contrary to Nec-1, RIPK1 knockdown does not 

protect L929sA cells from TNF cytotoxicity but instead sensitized them by 

allowing a switch from necroptotic to apoptotic death [235, 324]. I therefore 

wondered whether a similar mechanism was occurring upon ER stress induction. 

To test this hypothesis, I monitored caspase activation by immunoblotting and 

DEVDase assays in lysates of control and RIPK1-depleted L929sA cells treated 

with BFA, or TNF used as a control. I found that RIPK1 knockdown resulted in 

detectable levels of caspase activation both following TNF and BFA stimulation 

(Fig. 26B-C). Interestingly, although Boc-D-FMK was very efficient in inhibiting 

caspase activation (Fig. 26B), it did not protect RIPK1-depleted cells from BFA 

treatment, and only had a limited protective effect following TNF stimulation 

(Fig. 26A). Because a switch back to RIPK3-dependent necroptosis was reported 

in RIPK1-depleted L929sA cells stimulated with TNF in presence of CASP8 

repression [235], I next investigated the effect of RIPK3 depletion on the death of 

RIPK1 repressing cells stimulated with BFA and Boc-D-FMK. As shown in Fig. 

26D-E, additional RIPK3 depletion did not protect RIPK1-depleted L929sA cells 

from BFA alone but provided a significant protection in conditions of caspase 

inhibition (Fig. 26D). As expected, RIPK3 knockdown also provided further 

protection to the RIPK1-depleted L929sA cells stimulated with TNF and Boc-D-

FMK (Fig. 26D). Together, these results highlight the high similarities in the 

death pathways activated by TNF and ER stress inducers in L929sA cells. 
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Figure 26. RIP1K1 repression shifts ER stress-induced necroptosis to ER stress-induced apoptosis. (A) 
Ctrl and RIPK1-depleted (miRipk1) L929sA cells were treated for 24 h with 0.5 µg/mL of BFA, or with 30 
ng/mL of hTNF (Ctrl cells were stimulated for 4 h and RIPK1-depleted cells for 2 h in order to induce a 
comparable amount of cell death), alone or in combination with 10 µM of Boc-D-FMK, and viability was 
evaluated by flow cytometry following Cytox Red staining. (B) Immunoblots of cell lysates of Ctrl and 
RIPK1-depleted L929sA cells isolated following treatment for 24 h with 0.5 µg/mL of BFA, or with 30 
ng/mL of hTNF (Ctrl cells were stimulated for 4 h and RIPK1-depleted cells for 2 h in order to induce a 
comparable amount of cell death), alone or in combination with 10 µM of Boc-D-FMK. Blots shown are 
representative of 3 independent experiments. (C) CASP3 activity in Ctrl and RIPK1-depleted L929sA cells 
measured by DEVD assay after 24 h of treatment with 0.5 µg/mL of BFA as well as after treatment with 30 
ng/mL of hTNF (Ctrl cells were stimulated for 4 h and RIPK1-depleted cells for 2 h in order to induce a 
comparable amount of cell death). (D) RIPK1-depleted (Ctrl/miRipk1) and RIPK1/RIPK3-depleted 
(miRipk1/shRipk3) L929sA cells were treated for 24 h with 0.5 µg/mL of BFA alone or in combination with 
10 µM of Boc-D-FMK, and the cell viability was evaluated by flow cytometry after Cytox Red staining. Cells 
were also treated with 30 ng/mL of hTNF (2 h). Viability results are an average of at least 3 independent 
experiments, t-test was used to determine the significance of the results. (E) Lysates from Ctrl, RIPK1-
depleted and RIPK1/RIPK3-depleted L929 cells probed for RIPK1 and RIPK3 to validate the efficiency of 
the knockdowns. Actin was used as a loading control.  

 



Mechanism of ER Stress-Induced Necroptosis 
 

121 
 

8.2.3 TNFRSF1A Mediates ER Stress-Induced Necroptosis 
Given the strong similarities in the killing of L929sA cells by TNF and ER stress 

inducers, I wondered whether the death induced by ER stress in these cells is 

mediated by TNF-induced signalling. Indeed previous studies have reported NF-

κB-mediated autocrine production of TNF upon ER stress induction in certain 

cells [325]. I therefore first evaluated this possibility by testing the effect of 

TNFRSF1A knockdown on ER stress-induced death. Although not complete, the 

extent of TNFRSF1A knockdown that I obtained was sufficient to protect the cells 

from TNF-induced necroptosis, but had no significant protective effect on BFA 

cytotoxicity (Fig. 27A-B). Nevertheless, the finding that Nec-1 had lost its 

protective effect in these cells raised the possibility of a switch to another, RIPK1 

kinase-independent, cell death modality (Fig. 27A). This assumption was 

confirmed when analysing caspase activation by immunoblotting and DEVDase 

assays. I observed that knockdown of TNFRSF1A induced a switch from RIPK1 

kinase activity-dependent necroptosis to RIPK1 kinase-independent apoptosis 

following ER stress induction (Fig. 27C-E). It was a very interesting observation, 

so I wanted to make sure that this is not something is observed only in response to 

BFA treatment. I validated the switch to apoptotic mode of cell death using Tg 

treatment (Fig. 27E). Importantly, the apoptotic cell death was fully prevented 

when co-treating the TNFRSF1A-repressing cells with the caspase inhibitor Boc-

D-FMK (Fig. 27A). These findings therefore demonstrate that TNFRSF1A is the 

upstream mediator of necroptosis in L929sA cells undergoing unresolved ER 

stress, and illustrate the ability of these cells to still switch to apoptosis when 

TNFRSF1A signalling is inhibited at the level of the receptor itself. 
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Figure 27. Ligand independent role of TNFRSF1A in ER stress induced cell death. (A) Ctrl and 
TNFRSF1A-depleted (shTnfrsf1a) L929sA cells were treated for 24 h with 0.5 µg/mL of BFA alone or in 
combination with 20 µM of necrostatin 1 (Nec-1) or 10 µM of Boc-D-FMK, and viability was evaluated by 
flow cytometry following Cytox Red staining. Viability results are an average of at least 3 independent 
experiments, t-test was used to determine the significance of the results. Functionality of the knockdown was 
confirmed after treatment with hTNF (A). (B) Knockdown of TNFRSF1A was validated by RT-PCR with 
specific primers. GAPDH was used as endogenous control. (C) Immunoblots of Ctrl and TNFRSF1A-
depleted L929sA cells lysates isolated after treatment for 24 h with 0.5 µg/mL of BFA or with 30 ng/mL of 
hTNF (4 h). Blots shown are representative of 3 independent experiments. (D) CASP3 activity in Ctrl and 
TNFRSF1A-depleted L929sA cells measured by DEVD assay after 24 h of treatment with 0.5 µg/mL of BFA 
alone or in combination with 10 µM of Boc-D-FMK. (E) Immunoblots of Ctrl and TNFRSF1A-depleted 
L929sA cells lysates isolated after treatment for 24 h with 2.5 µM of Tg or with 30 ng/mL of hTNF (4 hours). 
Blots shown are representative of 3 independent experiments. 
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8.2.4 TNFRSF1A Mediates ER Stress-Induced Necroptosis Independently of 
Ligand Binding 

Having established that ER stress kills L929sA cells by triggering TNFRSF1A-

mediated necroptosis, I next asked whether this was occurring as a result of 

autocrine TNF production. To address this I first analysed the ability of L929sA 

cells to secrete soluble TNF following ER stress induction by the enzyme-linked 

immunosorbent assay (ELISA). I found that stimulation with BFA over a period 

of 24h did not induce detectable levels of soluble TNF in the cell medium (Fig. 

28A). By contrast, LPS stimulation, a known inducer of TNF secretion, leads to 

detectable amounts of TNF in the medium (Fig. 28A). To further exclude a role of 

extracellular TNF, I next incubated the cells with a TNF blocking antibody prior 

to ER stress induction. As shown in Fig. 28B, the addition of the TNF blocking 

antibody did not affect BFA or Tg cytotoxicity, but efficiently blocked cell death 

induced by exogenous TNF. The export of secreted proteins is likely blocked 

under severe ER stress conditions, thus I hypothesized that activation of 

TNFRSF1A by its ligands could occur in the alternative manner without the 

requirement of the ligand secretion. Another member of the tumor necrosis 

family, LΤΑ, was recently reported to be as potent as TNF in mediating apoptosis, 

necroptosis and inflammatory signals through binding to TNFRSF1A [232]. I 

therefore analyzed the transcriptional upregulation of the genes encoding these 

two TNFRSF1A ligands by Q-PCR analysis. As shown in Fig. 28C, BFA 

treatment resulted in the upregulation of both TNF and LTA mRNA transcripts, 

therefore still supporting a potential role of their encoded proteins in ER stress-

induced death. We then analyzed the effect of repressing TNF and LΤΑ on the 

killing potential of BFA. The efficacy of TNF and LΤΑ knockdown was 

confirmed by Q-PCR (Fig. 28D). I found that the knockdown of TNF and LΤΑ 

had no effect on BFA cytotoxicity when compared to control siRNA treatment 

(Fig. 28E). Importantly, we confirmed that the lack of protective effect was not 

due to a switch to RIPK1 kinase-independent apoptosis, as observed upon the 

knockdown of TNFRSF1A. In contrast to TNFRSF1A-depleted cells (Fig. 27), 

BFA treatment did not induce caspase activation in the TNF- and LTΑ-depleted 

cells (Fig. 28F). Accordingly, these cells were still protected by Nec-1 while Boc-

D-FMK had no effect on their viability (Fig. 28E). These results clearly 
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demonstrate that ER stress induces TNFRSF1A-mediated necroptosis in L929sA 

cells independently of ligand binding.  

	  

Figure 28. Role of extracellular TNFRSF1A ligands in ER stress-induced necroptosis. (A) The release of 
TNF in the medium after treatment with 0.5 µg/mL of BFA for indicated time points was measured by 
ELISA. As a control, L929sA cells were also treated with 0.01 µg/mL of LPS for 24 h. Mouse TNF standard 
was used for the standart curve. (B) L929sA cells were treated with 20 ng/mL of mTNF (12 h), 0.5 µg/mL of 
BFA (24 h) or 2.5 µM of Tg (24 h) in the presence or absence of 12 ng/mL of TNF blocking antibody. 
Viability was evaluated by flow cytometry following Cytox Red staining. (C) The induction of Tnf and Lta 
mRNAs following treatment with 0.5 µg/mL of BFA for the indicated period of time was evaluated by Q-
PCR analysis. (D) Levels of Tnf and Lta mRNA after siRNA-mediated knockdown. (E) Ctrl, TNF-depleted 
(siTnf) and LTA-depleted (siLta) L929sA cells were stimulated for 24 h with 0.5 µg/mL of BFA in absence 
or presence of 20µM of necrostatin 1 or 10 µM of Boc-D-FMK, and cell viability was evaluated by flow 
cytometry following Cytox Red staining. Viability results are an average of at least 3 independent 
experiments, t-test was used to determine the significance of the results. (F) Immunoblots of Ctrl, Tnf-
depleted and Lta-depleted L929sA cells lysates isolated after treatment for 24 h with 0.5 µg/mL of BFA or 4 
h with 30 ng/mL of hTNF. Cells treated with 10 nM of St were used as control for apoptosis induction. Blots 
shown are representative of 3 independent experiments. 

8.2.5 Role for MLKL in ER Stress-Induced Cell Death in L929 Cells 
MLKL has been recently described as a key molecule responsible for the 

execution of necroptosis [248]. Since the mode of necroptosis observed upon ER 

stress closely resembled TNF-induced cell death, I questioned whether cell death 

would be executed through a similar mechanism. To address this question I 
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knocked down MLKL expression with siRNA in L929sA cells (Fig. 29A), and 

treated them with ER stress inducers (Tm and BFA) as well as with TNF (Fig. 

29B-C). Analysis of apoptotic markers by Western blot showed that knockdown 

of MLKL switched the mode of cell death to apoptotic, in case of all the drugs 

used (Fig. 29B-C). This suggested that in the absence of MLKL a switch to 

apoptosis occurs, in a similar manner as in case of TNFRSF1A. Those results 

were surprising, as one would expect that the knockdown of MLKL could have a 

protective role in ER stress-induced cell death. However, this proved that the 

mechanism of ER stress-induced necroptosis is modulated by the same executer as 

during TNF-induced necroptosis.  

	  

Figure 29. Role of MLKL in ER stress-induced necroptosis. (A) Levels of TNF and LTα mRNA after 
siRNA-mediated knockdown. (B-C) L929 cells transfected with Mlkl siRNA or Ctrl siRNA were treated with 
0.5 µg/mL of BFA (B) or 2.5 µg/mL of Tm (C) for 24 h and 30 ng/mL of hTNF for 4 h and expression of 
apoptotic markers was evaluated by Western Blot. Actin was used as a loading control. Blots shown are 
representative of 3 independent experiments. 

8.3 Discussion 
Cell death is a crucial process for multicellular organisms, as it ensures proper 

morphogenesis, establishment of the immune system, elimination of damaged 

cells and maintains homeostasis. Apoptosis, a process relying on the activation of 

the caspase cascade, has long been considered the only form of regulated cell 
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death, but existence of additional forms of controlled cell death is now well 

established [326, 327]. These can be triggered independently of apoptosis 

induction or as back-up safety mechanisms in situations where the apoptotic 

machinery does not operate properly, such as a result of genetic mutations or 

chemical/microbial inhibition.  

Necroptosis, or programmed/regulated necrosis, is a non-apoptotic, caspase-

independent, inflammatory type of cell death that relies on the enzymatic activity 

of RIPK1/ RIPK3 and on the pseudo-kinase MLKL [315, 316]. Necroptosis has 

attracted a lot of attention recently due its demonstrated role as alternative cell 

death modality during infection [328], as well as for its contribution to the 

pathogenesis of several human diseases, such as ischemic brain injury,	  myocardial 

infarction and stroke, renal ischemia-reperfusion injury,	  pancreatitis, and 

inflammatory bowel diseases (for review [315, 329]). Conditions such as infection 

and hypoxia/ischemia are physiological ER stress inducers, and ER stress-induced 

cellular dysfunction and death have been associated with diseases that are known 

to be mediated, at least in part, by necroptosis [330, 331]. However, whether ER 

stress could directly trigger necroptosis was unknown. Indeed, studies in the ER 

stress field have so far mainly focused on the ability of ER stress to kill by 

activating the intrinsic apoptotic pathway [314]. In this study, I provide clear 

evidence that unresolved ER stress, induced by three different compounds, can 

also result in necroptosis induction. This highlights a potential molecular link 

between ER stress, necroptosis and the establishment of the aforementioned 

diseases. In addition, the fact that ER stress can trigger an inflammatory type of 

cell death, in contrast with apoptosis, which in many conditions is considered 

immune-silent, opens doors for future studies on the role of ER stress in 

inflammation-driven pathologies.  

In the cellular system studied I found that ER stress-induced necroptosis in the 

L929sA cell line was mediated by TNFRSF1A. This finding is in line with earlier 

studies implicating TNFRSF1A signalling in the cellular response to ER stress 

[325, 332]. As previously reported following TNF stimulation [235], I observed 

that RIPK1 kinase inhibition by Nec-1 protected L929sA cells from ER stress 

cytotoxicity while the knockdown of RIPK1 induced a switch to apoptosis. The 
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plasticity in the cell death modality induced was further highlighted by the switch 

back to RIPK1-independent necroptosis when caspases were inhibited. Indeed, 

RIPK1-depleted L929sA cells could only be rescued from ER stress-induced 

death by the combination of caspase inhibition and the knockdown of RIPK3. 

Importantly, the ability of the cells to adapt to an alternative cell death route was 

not only observed upon repression of a downstream executioner, but also when 

knocking down the receptor itself. Indeed, a switch from necroptosis to apoptosis 

was also detected upon the knockdown of TNFRSF1A. Together, these results 

highlight the difficulty in preventing cell death under ER stress conditions due to 

the ability of the cells to circumvent blockade of one specific pathway by 

activating alternative death routes. These findings are of major importance for the 

success of therapeutic strategies which are aimed at inhibiting ER stress-mediated 

death. In this context, our results show that Nec-1 is a good candidate, as the 

allosteric inhibition of RIPK1 kinase activity does not allow a switch to another 

death mode. This finding alone is very exciting; however we cannot provide an 

exact mechanism of how this is achieved right now. Moreover, these results also 

highlight the importance of proper cell death typing when evaluating the 

contribution of certain proteins in the death induced by ER stress.  

Involvement of MLKL in ER stress induced necroptosis was not surprising, as 

this pseudokinase is the best characterized mediator of necroptosis downstream of 

RIPK1/RIPK3. The failure of MLKL knockdown to protect the cells from ER 

stress-induced cell death was unexpected as we hypothesized that if we block cell 

death downstream of the cell death complex activation it would block cell death 

completely. It seems that severe stresses, such as ER stress lead to cell death even 

in the absence of an executor of a primary mode of cell death, well-illustrated by 

the results following MLKL knockdown. As it was discussed above, in cells 

deficient in the mitochondrial cell death pathway prolonged ER stress induction 

would cause execution of CASP8-mediated cell death. One would expect the 

necessity of blocking all the modes of cell death in order to protect cells 

completely from ER stress-induced cell death. Therefore almost complete 

protection granted by use of Nec-1 is a very curious observation, suggesting some 

additional roles for RIPK1 kinase activity in ER stress-induced necroptosis or 

apoptosis. 
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Surprisingly, I observed that signalling by TNFRSF1A during ER stress was 

occurring independently of ligand binding. These results are in contrast with those 

from Hu and colleagues who suggested a model of ER stress-induced TNFRSF1A 

activation resulting from IRE1-mediated NF-κB-dependent autocrine production 

of TNF [325]. Nevertheless, these results support the study of Yang and 

collaborators, which suggested ligand-independent activation of TNFRSF1A at 

the ER membrane during ER stress [332]. Interestingly, ligand-independent 

signalling by TNFRSF1A at the ER was also recently reported in the case of TNF 

Receptor-Associated Periodic Syndrome (TRAPS). TRAPS is an autosomal 

dominant auto-inflammatory disease associated with heterozygous mutations in 

TNFRSF1A [333]. In this study, the authors showed that TRAPS-associated 

mutant TNFRSF1A molecules are retained in the ER and unable to bind TNF but 

still capable of signalling to NF-κB and to cell death. Of note, in my study, it is 

unknown whether the ER stress-induced ligand-independent TNFRSF1A 

signalling originates at the plasma membrane or intracellularly. However, 

knowing that severe ER stress conditions alter export of membrane proteins, it is 

reasonable to speculate that it also originates from intracellular compartments, and 

potentially from the ER.  

In conclusion, this study reveals the ability of ER stress to induce RIPK1-

dependent necroptosis, which opens new doors for future work on the implication 

of ER stress in pathologies resulting from the inappropriate induction of this 

inflammatory type of cell death.
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9 General discussion 
 

9.1 ER Stress and its Complexity 
The Unfolded Protein Response is a condition linked with the pathogenesis of 

several diseases including neurodegeneration, diabetes and cancer [294]. In some 

instances, UPR signals contribute to pro-survival mechanisms while in others it 

has been linked to pro-death signals. Therefore, precise links connecting the pro-

survival with pro-death pathways are crucial for understanding the mechanisms 

behind the development of these diseases. Through the work presented in this 

thesis I examined different cellular mechanisms behind the role of the UPR 

signalling in cellular fate. The initial role of UPR in restoring cellular homeostasis 

was demonstrated through regulation of SESN2, a protein that contributes to the 

activation of pro-survival autophagy. However, chronic or unresolved UPR can 

trigger death by stimulating mitochondrial cell death pathway. By examining cell 

death in MEF models with compromised mitochondrial cell death pathway we 

uncovered a novel cell death mechanism relying on the toxic potential of 

autophagy. Ultimately, I evaluated the involvement of another alternative cell 

death mode, necroptosis, for the induction of ER stress-induced cell death in 

L929sA cells. The fact that ER stress can induce several different modes of cell 

death confirms the complexity of this cellular process. In addition to a classical 

ER stress response multiple stresses, such as hypoxia, oxidative stress or 

starvation may also lead to induction of UPR as a secondary coping mechanism, 

this is why it is important to study the impact of this signalling on cellular survival 

and death.  

 

9.2 Pro-Survival Mechanisms in Response to ER Stress 
The work presented in this thesis demonstrates the close crosstalk between the 

UPR and pro-survival autophagy. Several drugs used in cancer therapies have 

been shown to pro-survival autophagy via ER stress mediated mechanisms, 

highlighting the importance of establishing a precise connection [334]. In 

addition, resistance of cancer cells to current therapies has been an emerging 

problem. It has been known for a while that certain cancers have acquired 
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resistance through modulation of cellular pro-survival pathways. For example, 

resistance of BRAFV600E mutated melanomas to BRAF inhibitors has been shown 

to be modulated through ER stress-mediated cytoprotective autophagy [162]. 

Combination therapies including a cytotoxic compound in conjunction with an 

inhibitor of a pro-survival pathway may provide a means of circumventing 

resistance. Indeed, the broad spectrum autophagy inhibitor, chloroquine, has been 

recently used as radiosensitizing and chemosensitizing compound due to its ability 

to inhibit lysosomal degradation and autophagic flux [335]. Unfortunately 

chloroquine is an example of late stage autophagy inhibitor and is not specific to 

stress-induced autophagy. Since autophagy is an important basal process helping 

to maintain the functioning cellular environment [336], blocking it in a 

nonspecific general manner would have detrimental consequences on healthy 

cells. Upstream inhibitors designed to specifically block stress-induced autophagy 

represent an attractive therapy. SESN2 is a good example of a stress-induced gene, 

necessary for the activation of autophagy in response to the disturbances in 

normal cellular homeostasis. Blocking this type of autophagy would restrict the 

ability of cancer cells for adaptation and survival in harsh conditions.  

It is well demonstrated that most cancers have higher basal levels of ER stress, 

due to the environmental burden that is caused by uncontrolled growth of tumour 

cells. In this work additionaly to recently published data on the role of the PERK 

arm in the induction of SESN2 I have shown how XBP1s downstream of the IRE1 

activation can be involved in regulation of SESN2 in conditions of chemical-

induced ER stress (Fig. 30).  



General Discussion 
 

131 
 

	  

Figure 30. SESN2 induction during ER stress. Upon induction of unresolved UPR both IRE1 and PERK 
arms can contribute to the induction of SESN2, facilitating induction of pro-survival autophagy.  

Basal XBP1 splicing in breast cancer is a good example of an adaptation to the 

highly 'crowded' hypoxic environment of the tumour. Recent evidence from 

Glimcher’s laboratory suggests that XBP1s by acting in cohort with HIF1α can 

promote tumorigenicity and progression of the disease [297]. However the authors 

did not explore a possibility for the involvement of pro-survival autophagy in his 

process. HIF1α has been previously shown to participate in autophagy induction 

through upregulation of several genes necessary for the propagation of autophagy 

[337]. Interestingly, SESN2 has been reported to be a transcriptional target of 

HIF1α in macrophages and murine fibroblasts [338]. In conjunction with our 

finding that XBP1s can regulate SESN2 during ER stress this highlights a 

possibility of SESN2 being a common transcriptional target between XBP1s and 

HIF1α. My lab colleagues are currently investigating the mechanism how IRE1 

RNase inhibitor sensitizes breast cancer cells with basal XBP1 splicing to 

starvation or hypoxia. It is necessary to elucidate whether this effect depends on 

autophagy, as a pro-survival response necessary for the tumors to overcome the 

harsh environmental conditions they are exposed to within the tumor 

microenvironment. We are considering a possibility, that knockdown of SESN2 
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could also serve as a good target in sensitization of the breast cancers to 

chemotherapeutics.  

On the other hand there is a whole range of diseases that are associated with 

prolonged ER stress and could benefit from the enhancement of autophagy. 

Neurodegenerative diseases are a good example of the cellular condition where 

enhanced autophagic clearance of protein aggregates could be used as a disease 

prevention and treatment strategy. Rapamycin, an inhibitor of MTORC1, has been 

proposed to decrease cognitive defects and reduce amyloid-β levels in mouse 

model of Alzheimer's disease [339]. SESN2 has not been extensively studied in 

the context of neurodegenerative diseases, however a few reports exploring the 

ability of this protein to induce autophagy or inhibit cellular proliferation through 

MTORC1 exist. SESN2 in D. Melanogaster prevented the age-associated 

pathologies and increased the lifespan of the animals [280, 340], while deletion of 

SESN2 caused a more severe phenotype in a mouse model of Alzheimer's disease 

[290]. A recent study has shown, that in addition to the direct effect on the 

activation of AMPK, SESN2 can also exert an effect on the ULK1-mediated 

phosphorylation of SQSTM1 [284]. This may promote the direct degradation of 

protein aggregates by the autophagic machinery, therefore suggesting that SESN2 

could be a new exciting candidate in neurodegenerative disease area.  

9.3 Cell Death Induction during ER Stress 
Autophagy is especially interesting in the context of the ER stress response, as in 

addition to well-described pro-survival autophagy its lethal potential has been 

emerging in the last decade. SESN2 is involved in AMPK-mediated MTOR 

inhibition, stimulating autophagy induction. It would be challenging to find out 

whether in the context of cancer cells that are capable of dying through 

autophagy-mediated cell death this protein would have a role for induction of cell 

death. However, considering our findings in cells compromised in mitochondrial 

cell death pathway that would rather be unlikely. The absence of the apoptotic 

machinery is what seems to drive a prolonged stress response and unrestricted 

survival processes eventually could be the cause of cell death.  

Resistance of cancer cells to classic death stimuli has emerged as one of the most 

important problems for the development of new therapies. Acquired resistance 
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granted by high levels of anti-apoptotic molecules or absence of the effectors of 

apoptosis is another issue edge of the problem. B-cell lymphomas often harbour 

chromosomal translocation activating anti-apoptotic BCL2, endowing them with 

survival advantage when exposed to stress [341]. In the context of cancer cells it 

is very important to preserve the health of the surrounding healthy cells, and 

enhancement of autophagy could be a very good approach. In this way we would 

be protecting the healthy surrounding cells while efficiently sensitizing the cancer 

cells to the induction of autophagy-mediated cell death. A recent study by Fulda's 

lab suggested that certain drugs can induce autophagy-dependent death-activating 

complexes in cells that are resistant to classical death inducers [257]. The toxic 

potential of autophagy in casp9-/- and bax-bak1-/- MEFs is a great example of the 

flexibility of cellular stress management mechanisms, showing how a pro-survival 

process can be used as a platform for the induction of cell death.  

	  

Figure 31. Hierarchy of pro-survival and pro-death decisions upon unresolved ER stress. Upon 
induction of ER stress cells activate pro-survival pathways, such as autophagy, in order to decrease the 
amount of unfolded proteins. However, if the stress persists, intrinsic apoptosis is executed. In conditions 
when this pathway is compromised and stress persists, autophagic machinery serves as a platform for the 
assembly of cell death-inducing complexes, that could both lead to caspase 8-dependent apoptosis or 
RIPK1/RIPK3-dependent necroptosis.  
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It would be very interesting to connect the findings described in L929sA cells 

with the cell death-inducing complex that is assembled in response to stress in 

casp9-/- MEFs (Fig. 31). We showed that in the absence of the preferred cell death 

pathway, cells could switch to an alternative mode of cell death. Interestingly, the 

switch in the two cell models we used follows completely different kinetics. 

L929sA cells switch very fast, suggesting that the primary switch is happening 

most probably within the same complex, while casp9-/- MEFs are dying only upon 

prolonged stress through assembly of a completely new cell death inducing 

complex, most probably absent when primary mode of cell death is available. The 

L929sA cell line is a very specific cellular model. Currently, it is not well 

understood why upon several treatments it preferentially would succumb to 

necroptotic as opposed to an apoptotic mode of cell death. The dependence of this 

cell line upon TNF signalling may be the reason of the high sensitivity of this cell 

line to any disturbances in the TNFRSF1A pathway. However, a ligand 

independent involvement of the TNFRSF1A let us hypothesize that perhaps 

TNFRSF1A can be activated due to the simple clustering of the protein within the 

membrane of the ER or Golgi. The possibility that ER stress could be capable of 

forcing the activation of the receptors intracellularly in certain conditions is 

exciting [342]. It is intriguing to know that this alone may be sufficient for the 

activation of the downstream pathway, leading to cell death. The rapid kinetics of 

the death-receptor activated cell death is the reason we can unmask this process in 

L929 cells. Intrinsic stressors, such as ER stress, rarely activate death receptor 

mediated cell death, since the mitochondria is always the first sensor of such 

conditions. In the case of casp9-/- MEFs excessive accumulation of the autophagic 

membranes may be serving as a platform to facilitate the assembly of 

macromolecular complexes in order to activate CASP8. We did not detect any 

role for death receptors for cell death regulation in casp9-/- MEFs, however we 

only assessed their extracellular contribution. On the other hand we did not get the 

chance to address the role of autophagy for the induction of cell death in L929sA 

cells. A possible connection between autophagy-mediated cell death and ER 

stress-induced necroptosis is possible and future experiments would be necessary 

to prove or disprove this connection.  
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9.4 The Role of Different Cell Death Modalities in Disease 

As it was discussed in detail above, different cell death modalities can be induced 

upon stimulation with the same type of stress depending on the cellular content. 

The mode of cell death executed becomes very important in context of various 

diseases.  

Mice impaired in both Atg16l1 and Xbp1 develop severe spontaneous Crohn’s 

disease-like transmural ileitis. The lacks of two different components of the main 

pro-survival pathways preserving the homeostasis of the intestinal epithelium 

causes mice to develop acute and chronic inflammation within their intestines that 

eventually leads to intestinal inflammatory disease phenocopying human small 

intestinal Crohn’s disease. While the integrity of the overall epithelial layer is not 

impaired, the number of epithelial cells undergoing cell death closely correlated 

with severity of inflammation [343], positioning that cell death of individual 

epithelial cells could be a driver of tissue inflammation. Implicitly, this may 

suggest that a mode of cell death other than apoptosis, which usually does not 

elicit an immune response, is involved, highlighting the importance of 

characterizing the precise mode of cell death in such conditions.  

Neurodegenerative diseases are closely associated with the higher levels of ER 

stress due to accumulation of incorrectly folded proteins and protein aggregates 

[156, 344]. In case of such pathologies diminishing ER stress together with the 

prevention of cell death is highly beneficial. Therefore it is very important to 

precisely determine which type of cell death is primary, and evaluate if a switch to 

an alternative mode of cell death could be possible.  

Finally, in the context of multiple types of cancer cell death is a final goal of the 

treatments designed. However, caution is necessary, as depending on the type of 

cell death the immune response of the surrounding tissues or immune system can 

be different, therefore, determining the response to the tissue damage [345]. 

Immune system contributes to a natural defence mechanism of the body against 

transformed cells. Executing necroptosis, a mode of cell death associated with the 

release of DAMPs (reviewed in [346]), could be a very attractive approach for 

developing alternative cancer therapies, especially considering the benefit of 

stimulating the immune system in order to increase the natural defence of the 
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body against tumor cells. On the other hand, exploring alternative cell death 

modalities in order to overcome resistance of cancer cells to the induction of 

apoptosis has already been proven to be an efficient therapeutic approach [257].  

9.5 Future Directions 
I would like to determine whether pro-survival role of SESN2 would be important 

in the context of chemotherapeutic treatments used in breast cancer. It would be 

extremely interesting to use a panel of chemotherapeutics to determine if they lead 

to the induction of ER stress in several breast cancer cells. In addition to MCF7 

cell line MDA-MB-231 cells would be included, harbouring mutant TP53, to 

strengthen the TP53-independent role of ER stress-induced SESN2-mediated 

autophagy. We would screen whether any of those cell lines would respond to 

treatment with chemotherapeutics (taxol, fluorouracil) by activating ER stress and 

SESN2-mediated autophagy. Final goal would be to determine whether 

knockdown of SESN2 would sensitize the cells to apoptosis induced by any of 

those drugs.  

It has been described by several research groups that numerous cancer models can 

have high basal levels of ER stress in order to cope with the harsh tumour 

microenvironment. We can hypothesise that blocking a pro-survival signalling in 

cancer cells at the basal level could inhibit their proliferation. Of special interest 

would be to look into cancers that have basal XBP1 splicing, such as breast cancer 

or multiple myeloma [297, 347]. Therefore we would assess if those cancers have 

higher levels of SESN2 in normal growth conditions leading to higher levels of 

basal autophagy. Targeting SESN2 would be quite a different approach in 

comparison with the current approach of targeting IRE1 RNase activity, as it 

would not affect RIDD (that has been reported to be important for activation of 

cell death [348]).  

I think it would be interesting to apply the knowledge on alternative caspase 

activating platforms in apoptotically compromised cells in response to different 

triggers (glucose deprivation, genotoxic stress, heat shock, etc). We suspect that 

several other stressors could activate a formation of a similar caspase activating 

platform on the autophagosome, especially considering a recent study by the lab 

of Simone Fulda [257]. In order to address that we would use casp9-/- MEFs 

deficient in autophagy genes treated with different death triggers and determine 
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whether the role of autophagy is cytoprotective or cytotoxic. Furthermore, we 

would characterize the precise molecular composition of the complex by mass 

spectrometry. That would expand our knowledge on the autophagy-mediated cell 

death and help us understand the precise mechanism behind it.  

Finally, it would be very important to use a physiological model of cells with a 

block in a mitochondrial cell death pathway to confirm the toxic potential of 

autophagy. As it was mentioned above, such cancers as diffuse B cell lymphomas 

may have acquired resistance to mitochondrial cell death stimuli by 

overexpression of BCL2 [349]. We would test our hypothesis on cell lines derived 

from this type of cancer, by treating them with ER stress inducers and monitoring 

whether resulting cell death would depend on autophagic machinery or CASP8. 

We will also test the hypothesis of sensitization those cells to chemotherapeutics 

by co-treating the cells with autophagy activators and monitoring the cellular 

response. This could lead to a development of very attractive therapeutic 

strategies, as in case of cells with intact mitochondrial cell death pathway (healthy 

population of surrounding cells) autophagy enhancement should promote cellular 

survival and decrease toxicity of chemotherapeutics.  

The study provided in this thesis on ER stress-induced necroptosis is limited to 

one cell model. Despite the fact that it is a model cell line to study necroptosis, it 

is very important to establish a second cellular model for the ER stress-induced 

necroptosis. Cells exposed to prolonged stress when the action of caspases is 

inhibited should eventually succumb to cell death. Using the well-characterized 

model of casp9-/- MEFs that have stable knockdowns for CASP8 we could check 

whether co-treatment with Nec1 could provide additional survival benefit to cells 

upon ER stress. If it is the case, we would confirm that TNFRSF1A plays a death-

inducing role in those conditions, confirming the findings in L929 cells.  

Moreover, I would like to explore the ligand-independent activation of 

TNFRSF1A in response to ER stress by determining the localization of active 

TNFRSF1A complex. This can provide a very interesting insight into the diseases 

where TNFRSF1A plays a ligand-independent role and also expand our 

knowledge about alternative platforms for death receptor activation. Finally, it 

would be exciting to apply a model of TRAPs disease for those studies, determine 

whether inflammatory cell death is dependent on RIPK1 kinase activity. This 
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would offer a new therapeutic possibility for the management of this genetic 

disorder.  

9.6 Concluding remarks 
The focus of this thesis was to characterize the survival and death responses to 

induction of ER stress. During the work compiled in this thesis was performed 

certain advances in the area were made, providing additional evidence and 

supporting the data that was obtained in the scope of this work. Importantly, I 

believe that after completion of this thesis several new and exciting discoveries 

were made, helping advance the scientific knowledge (summarized in Table 9). 

Before the start of 
this work 

Knowledge that 
advanced during the 
time this work was 

performed 

Novel findings provided 
in this thesis 

SESN2 is induced in 
a TP53-dependent 
manner 

ATF4 and C/EBPβ may be 
involved in regulation of 
SESN2 

Both PERK and IRE1 
arms are involved in ER 
stress-mediated induction 
of SESN2 

Cells compromised 
in mitochondrial cell 
death pathway are 
resistant to ER stress 

Autophagy and CASP8 
may be involved in cell 
death in cells 
compromised in 
mitochondrial cell death 
pathway upon stress. 

 

ATG5-FADD-CASP8 
form a cell death inducing 
complex upon unresolved 
ER stress in cells 
compromised in the 
mitochondrial cell death 
pathway 

ER stress induces 
cell death by 
apoptosis 

TNFR1 can play a ligand-
independent role in certain 
diseases 

ER stress can induce 
necroptosis by TNFR1-
dependent however ligand-
independent mechanism 

Table 9. Summary of the scientific knowledge before and after completion of this thesis 

 I first focused on the pro-survival role of autophagy by establishing a novel link 

between the UPR and induction of autophagy. Further we showed that even well-

accepted pro-survival responses, such as autophagy, could be used in order to 

eliminate cells under unresolved stress. Those findings made me curious to what 

additional alternative cell death modes could be induced in response to ER stress. 

I discovered that unresolved stress can induce necroptotic TNFRSF1A-dependent 

and ligand-independent mode of cell death in L929 cells. In the light of those 

findings, it is very important to understand that a critical view on the current 
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knowledge in science is needed, and very often we need to re-evaluate the current 

well-accepted views in the certain areas of science. As an example, we show that 

even autophagy can serve as pro-death mechanisms. Moreover, a well-defined 

pro-apoptotic trigger, ER stress, can also induce necroptosis. Those findings 

highlight the plasticity of cellular stress responses, emphasizing the importance of 

the 'benefit of the doubt' when it comes to research. 
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