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Abstract

Chronic or unresekd stress calead to cell deathand nduction of apoptosis is crucial
when the cellular adaptive mechanisms are not able to resolve persistent stress.
Malfunction of the apoptotic process causeddigckadeof the mitochondrial apoptotic
pathwayallows cells to resisstressinducing agents antb therefore evade cell death.
However, if the mitochondrial apoptotic pathway is impaired, certain stress stimuli can
activate an alternative cell death pathway. Indeed, in cells in wéoche of the
components of the mitochoral death pathway, such as casg@sare deficient, a delayed
mode of cell deathssociated witlproteins involved irautophagy{ATG5) and apoptosis
(caspas@) has been observed upon prolonged stress. This alternate cell death pathway
leads to theactivation of caspas® in an autophaggependent mechanisr@aspass

acts asan initiator caspase in this model, activgtexecutioner caspas#ésat carry out

cell death Autophagy normally playa pro-survival role and is involved imaintaining
cellular homeostasiglowever, in response to various stresses such as genotoxic and ER
stress the level ohutophagy is greatly increaseshd autophagynay contributeto

cellular demise Furthermore while the expressiorof many autophagyelated genes
(ATGs)is regulated down s t r e a m-ATF#, thepreEise Wnderlyingnechanisms

are not yet fully explained.

The aim of this study was to investigate stieskiced cell death under condit®af
caspas® deficiency In this thesis| demonstrate thatarious stress stimuli induce cell
death and caspa$eactivation.The samestressnducing agents alsactivateautophagy
and ATF4 through phosphorylation of elF2Moreover, | elucidate a common,
alternative cell death pathway activaiadesponse tdistinct forms ofstress. Finallyl
conclude thatthe integrated stress respon$SR) pathwayis not involved in the
regulation ofautophagydependenstressinduced cell deathlThe work presented in this
thesisprovidesa first comprehensive overview ah alternative cell death pathwayd
contributes to a bettemderstandingf the mechanisswof cell death particularlin cells
that are refractory to apoptosi¥he thesis describesellular responses to various
stressesand highlights the importance of the giteath role of autophagy in this novel

death pathway.
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Chapter 1: Introduction
1.1 Contribution

This work is a part of thiterature review Thi Integrated Stress RespohBakos
Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, GormariVA EMBO reports
(2016) 17, 1374395

Sections covered by ISR review are as foow

13;13.1;1.3.2.1;1.3.2.2;1.3.3.1,1.3.3.2, 1.7

1.2 Cellular Stress

Cellular gressresponses ar@ physiological response to fluctuationghe environment.
Stressstimuli such as genotoxic stress, nutrient stress, temperature shock, ionizing
radiation, hypoxiaor endoplasmic reticulun(ER) stresscontinuouslydisruptcellular
homeostasisin response talifferent stressescells activate specific strategies to repair
the damage do build tolemnceandavoid rapid cell deatilherefore the cellularstress
response constitutess defensemechanismof cells againstinternal or external insults.
Exposure to prolonged stress may cause irreversible changée structure and
function of cells and their integral componeatsd can haveserious consequees for
cellular functionality(Kultz, 2005. Depending orthe nature, duration and intensity of
stress cells can induce several stress response pathweyish, although initially

promote survivalfican ultimately inluce cell deathpathwayqFulda et al., 2010

121 ER stress

ER stress is caused liye accumulation of unfolded and misfolded proteins within the
ER (Hetz et al., 2016 Environmental stresses that result in changes in cellular energy
levels calcium concentrati® redox status, and protein degradation, cause
accumulation and aggregation of unfolded proteins within the ER as they reduce the
protein folding capacity of therganelle(Rutkowski et al., 20065zegezdi et al., 2006
Disruptions in protein homeostasis induce ER stress and activate the unfolded protein
response (UPRanadaptive signal transduction pathwiiat promotes aestoation of

physiological ER functiorand praeostasigHetz et al., 2016 However, if ER stress is
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persistent an@verwhelns the capacity bthe UPR to restore homeostasis, it can also

trigger apoptosigLogue et al., 2013

1.2.1.1UPRsignaling

Cells recognize and sense @meeumulation of unfolded and misfolded proteins through
three ER transmembrane receptors: pancreatic ER kinase -(RERER kinase
(PERK), activating transcription factor 6 (ATF6), and inosieduiring enzyme 1
(IRE1) (Fig. 1.1) (Hetz et al., 2015Szegezdi et al., 2006All threebranches of the
UPR become activated when there is an imbalance between unfolded proteins,
misfolded proteins, and chaperones.dennormal physiological conditions, athree
ER transmembrane receptors Amind tothe ER chaperone glucesegulated protein
78 kDa (&RP78). However, during ERstress,GRP78 shows a higher affinityfor
misfolded or unfolded proteinandthus dissociatefrom the all ERreceptors resulting

in thdr oligomerization and activatiofWalter and Ron, 2031

PERK

PERK (also known as PEK, EIF2AK3) is a type | transmembrane protein localized in
the ERmembraneThis kinase consists of an ER luminal sensing domaiteKidinal)
which contains chaperone bindinites and is important for dimerization and a cytosolic
domain (Gterminal) whichharborsSer/Thr kinase activityHarding et al., 1999.iu et

al., 2000. Once activated, PERK phosphorylagesaryotictranslation initiation factor

2 alpha(e | B Rdding to an overall decrease in protein translation, thereby limiting the
load of nascent polypeptides the ER and facilitatingthe folding of proteins already
present inthe ER (Bertolotti et al., 2000Harding et al., 200QaHarding et al., 1999
Phosphorylation of elF Wesults in thereferential translation dkTF4 mRNA. ATF4 is

a transcriptionfactor which activates gene expression programcluding factors
involved in protein folding, amino acid metabolism, oxidative strasd the regulation

of apoptosis and autopha@groemer et al., 201,Rzymski et al., 2009

Anothertarget ofactive PERK is nwlear factor (erythroidlerived2)like two (NRF2)
which isinvolved in cellular redox homeostasis. NREEo known adNFE2L2, is a
member ofthe basic leucine zipper (bZIRJass oftranscription facta. It regulateshe

Pagel7of 221



expression of antioxidants thptotect cells against oxidative stress. Under unstressed
conditiors, NRF2 isboundby the suppressor protelitelch-like ECHassociated protein
1 (KEAP)) in the cytosol(Cullinan et al., 2008 Understress conditioewhen theUPR
is triggered PERK activationleads to phosphorylation of NRFE# Thr80resulting in
KEAP1 dissociationLo et al., 200% This allows NRF2 to transloca¢ to the nucleus
where it acts as a major regulatortioé expression of antiogant genes containing the
Antioxidant Respons&lement(ARE) (Hybertson et al., 2031 Thus, NRF2 activity
leads toareductionof ROS and DNA damage in cellgotecing cells from the harmful
effectsof oxidative stresgDonnelly et al., 2018 Furthermoreit hasalsobeen shown
thatthePERK/ el F2U/ ATF4 pathway is required no
also for activation oénotherarm of the UPR, ATFgTeske et al., 2091

ATF6

AnotherER transmembrane receptor is ATF6. Thereta®i s of or ms of ATFG6,
and ATF@®, and both are expressadall cell types. ATF6 is a type Il transmembrane
receptor and belongs the basic leucine zippetranscription factor superfamilyJpon
dissociation of ®P78, ATF6 translocateto the Golgi apparatughere itundergoes
cleavage by Site 1 (S1P) and Site 2 (S2P) proteases which sdleasetive fragment
of 50 kDa(Haze et al., 1999 Procsd ATF6 translocates to the nucleus whets
as a transcription factdor genes involved in protein folding such as protein disulfide
isomerase (PDI)ER chaperore GRP4 andGRP78 as well as XBP/1the latter of
which is integral to the IRE1 pathwé@yalter and Ron, 201 amamoto et al., 2007

IRE1

The evolutionaty oldest branch ofhe UPR is triggered by the activation of IRE1. In
mammal i an cells there are tlwo |iIREAfUor ms exfp
ubiquitously in all cell types, whereas IRE1s expressedonly in epithelial cells
(Tirasophon et al., 2000IREL1 is a type | transmembrane protein containirigihinal

luminal and Gterminal cytoplasmic domasnThe N-terminal domain is regulated by

GRP78 bindng, while thecytoplasmic domain contaiboththe serinethreonine kinase

domain andthe endoribonuclease domainwhich confer IRE1 with dual enzymatic

activity (Hetz et al.,2015. Upon activation, the endoribonuclease domain of IRE1
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removes a 2énucleotide intron fromXBP1 mRNA, which isthen translatedinto a
transcription factor known a¥BP1s (Calfon et al., 2002Tirasophon et al., 2000In
the nucleusXBP1s activates anumberof genesincluding ER chaperonesantioxidant
enzymes P58°%, as well asfactors involved in ER-associated protein degradation
(ERAD), andlipid biosynthesigHetz et al., 2015/an Huizen et al., 2003P58 plays

a criticalrole in the UPR as itis responsible foa negative feedback loojmat relieves

t he -edpénhdebtranslational block. P88 achieves this bpinding to PERK and
inhibitingi t s abil ity t o (vanhaizep atalr, 002Adddionally, F 2 U
IRE1 RNase activity is also involved ia mechanism known asegulated IRE4
dependent decayRIDD). RIDD is implicated in the degradation of H&calized
MRNAS, ribosomal RNAs and microRNASletz et al., 2016 It has beersuggested
that IRE1 RNase activity haw/o outcomesthe first is XBP1mRNA splicing, which is
reported to bepro-survival in cancer andhe second iRIDD, which is preapoptotic
(Chen and Brandizzi, 2013

IRE1 also possessdsnase activity.During prolongedER stressIRE1 can initiate cell
death throughhe c-Jun Nterminal kinase (JNK) pathwagj.ogue et al., 2013Jrano et
al., 2000Q. Activation ofthe IRE1 serinethreonine kinase domain leads to recruitment of
the adaptor molecule TNFeceptorassociated factor 2 (TRAF2). Nexassociation of
IRE1 with TRAF2 recruits apoptosissignatregulatingkinase (ASK1) which in turn
activates JNK leading to phosphorylation of BZLlfamily proteins(Yamamoto et al.,
1999. JNK can act either as a suppressor of apopmspghosphorylahg BCL2, or as
an activator of apoptosidy phosphorylaing BH3-only proteins(Hetz et al.,, 2015
Logue et al., 2013 Additionally, JNK throughits phosphorylation of anthpoptotic
BCL-2 proteins andhe subsequent lease of Beclinl, can also initiate autophady
promoteadaptation to ER streg®eegan et al., 201Finha and Levine, 2008This
effect is eplained inmore detail inthe Autophagy subsection.
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Figure 1.1. Schematicof the classicalUPR. Upon ER stress caused by accumulation of unfolded and
misfolded proteins withinthe ER lumen, GRP78 dissociates from PERK, ATEFGnd IRE1l. PERK

di merizes and autophosphoryl ates |l eading t@a subseq
block in the translation of caglependentnRNAs and promotesthe preferentialtranslation ofATF4
mMRNA. ATF4 is a bZIP transcription factor which regulates the expressidovafistreantarget CHOP,
which in turn controls expression of GADD34. GADD3#%s a phosphatasehat carries out the
dephosphoryl ati on o finthe Gdig2hy site A firdtedise (S4P) and sita 2 pratease
(S2P) togenerateactive ATF6.The endoribonuclease domadf IRE1 carries outunconventional splicing

to generateX-box binding protein 1s (XBP1s), in addition to activatiohregulatedRE1-dependat
decay (RIDD). All three branches tfie UPR generate bZIP transcriptidactors that regulatethe
expression of genesvolved in cellular adaptation programmes, autophagy and apoptosis. For more
detail, see main textodified from (Cubillos-Ruiz et al., 201/Hetz et al., 2013eegan et al., 2013

1.2.2 Genotoxic stress

Genotoxic stress is caused by exposure to toxic agents such as UV irradiation, ionizing
radiation and alkylating agentshat caug® damage to cellular DNA and thususe
various mutations anpotentiallyneoplasticprogressior(Garciade Teresa et al., 2017
Lavigne et al., 201,7Kultz, 2005. Many commonly used chemotherapeutics such as
etoposide, doxorubicin, cisplatimnd 5fluorouracil have the capacity to covalently

modify DNA moleculesand thudriggerthe activaton of anadaptive signaling pathway
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known asthe DNA damage response (DDR)Voods and Turchi, 20)}3Environmental
agents such asaflatoxing are alsoknown to modify DNA,and are thus alsgotent
carcinogengKultz, 2005. The DNA damage response is a protective signaling pathway
mediated bythe transcription factor p53, which has the abildysense DNA damage
and regulate the transcription of target genes involved in genomic integritthand
maintenanceof DNA stability. Although cells have evolved the ability to repair DNA
damage, other toxic agents may compromise these responses, leacktigi¢ath(De

Zio et al., 2013 It has been shown thatxgosure to genotoxic agents such as
doxorubicin also activates doubigtranded RNA dependent protein kinase (PKR)
(Peidis et al., 2001

Gamma irradiation is a cytotoxic stress that leads to DNA damagieprcbduction ¢
reactive oxygen species (RO®xposureto girradiation results irdamageto cellular
macromoleculesthe mostwell-characterized of which argnglestrand breaks (SSB)

and doublestrard breals (DSB) to DNA . The destructiveeffects ofgrays are also
mediated by the generatioof ROS which causeprotein oxidation and thus potentiate
the overall damage signgdDaly, 2013. DNA damage is sensed by DNA repair
programssuch as homologous recombination (H&)d honhomologous enpbining
(NHEJ). A failure in these DSB repair programkeads tocell death. Cell dehtinduced

by girradiation can be related to cell cycle arrest as mosttramsformedirradiated
cellsare arrested at the G1/S or G2/M checkpoints. In contrast, cancer cells activate cell
cycle arrestin the G2 phaségVucic et al., 2005 Additionally, p53 is known to be
essential for induction of apoptosis after exposurgitoadiation (Halacli et al., 2018
Radiation therapy is commonly used in the treatment of many types of cancer.
Interestingly, it has been shown that combined therapy with both radiation and high
temperaturetreatmentcan induce apoptosis ira prostate carer cell line (Li and
Franklin, 1998.

1.2.3 Metabolic stress
Metabolic stress is caused by an imbalance in cellular metabdlignto decreased
glucoselevels (Chaube and Bhat, 201&Vellen and Thompson, 2010Two main

metabolic pathways glycolysis and mitochondrial oxidation are responsible for
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maintaining homeossss in cells (Lee and Yoon, 2015 Defectsat any stags of these
pathwaysresult in imbalance in glucose metabolism and force cells to activate
alternative pathways to sustain metabolic procefdémg et al., 201)/ It has been
shown that under mild metabolic stress cells actitre@®ERK/Akt adaptation pathway.

However,exposure tsustained metabolic stress pronsagtracellular signategulated

kinase(ERK2)-dependent activation @GCN2/ el F2U/ ATF 4 ¢Shih | deat

et al., 201% Nutrient homeostasis is sensed by specific kinases such as adenosine
monophosphatactivated protein kinase (AMPK) and mammalian target of rapamycin
(mTOR) (Wellen and Thompson, 20L0Both of thee kinasesare sensitive to
metabolite deficiency and are involved in induction of autophagy. AMPi#Kasnain
sensor of ATP in cells and inhibits growth and proliferation in response to a drop in
energylevds. mTOR is directlyregulatedby amino acid availabilityand controk

translation, proliferation and autopha@d§im et al., 201

1.2.4 Cytoskeletal damage: microtubule polymerization stress

Microtubules together with actirfilamentsand intermediatélaments arethe principal
components othe cytoskeleton(Parker et al., 2094 Microtubule damage leads toeth
destabilizationand loss of the cytoskeleton. This damagesrupts not only the
intracellular architecture but also impaobany processethat include cell movement,
intracellulartrafficking, and mitosis. Microtubules arcomposed cdic o mb i nat i on
tubulin andb-tubulin isotypes that fornineterodimergParker et al., 2004 Tubulin
heterodimers polymerize to form microtuball®&licrotubule stability is regulated by the
binding of GTP to b-tubulin resultng in polymerization (Xiao et al., 200%
Microtubules arevery sensitive to pharmacological agents and physical egsssh as
high and lowtemperature Cell stresshas a negative impact anicrotubule stability
resulting in microtubule depolymerizatioifXiao et al., 200G The integrity of the
microtubule skeleton is important for growth and proliferatidicrotubulescarry aut
their main cellular functionduring cell division wherethey are involved in the
separation of chromosommduring mitosis and aranintegral component of centrioles.
Thus, alteratiosin microtubuleintegrity arereported to cause cell cycérest,mostly
in G1 phase. Compounds that disturb microtubule stabilitynédely used incancer

treatment due to theiability to disturb mitosis (Parker et al., 20034 For example,
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colchicine inhibits microthule polymerization by binding to both isotypes of tubulin
resuling in mitotic arrest. Incontrast, Taxol promotesmitotic arrestby inhibiting
microtubuledepolymerizatiorand thusstabiliang the microtubule polymert hasalso
beensuggested that malfunctionstime microtubule network are not directly correlated
with cancerdevelopmenbut rather affecthe cellular response tchemotherapeutic$n

this waycontribuing to chemotherapyesistancend tumordevelopment

1.3 TheIntegrated Stress Response

In response to diverse stress stimuli, eukaryotic cells activate a common adaptive
pathway, termed the integrated stress response (ISR), to restore cellular homeostasis.
The core event in this pathway is the pho:
of the elF2U kinase family, which | eads t
induction of selected genes, including the transcription factor ATF4, that together
promote cellular recovery. The gene expression program activated by the ISR optimizes

the cellular response to stress and is dependent on the cellular context, as well as on the
nature and intensity of the stress stimuli. Although the ISR is primarily -aysxaval,
homeostatic program, exposure to severe stress cansiljivalingtowardscell death
(PakosZebrucka et al., 2016

13.1 ISR Activation-e | F2U ki nases

The el F2U kinases act as early responders
are four members of the family: PKiRe ER kinase (PERK)Perkins and Barbgr
doublestranded RNA dependent protein kinase (PKR), heneegu |l at ed el F2 U
(HRI) andgeneral control noderepressible 26CN2) (Fig. 1)(Donnelly et al., 2013

Wek et al.,, 2006 Al | four el F2U kinases caalyticr e ext
kinase domains but possess distinct regulatory donfiasiing et al., 199%®Berlanga

et al., 1998Shi et al., 1998Chen et al., 1991Ramirez et al., 199Meurs et al., 1990

Each el F2U kinase dimerizes arnldavoiaetalgphosop
2014). However,each kinase sponds to distinctenvironmental and physiological
stressegFig. 12), which reflects theiuniqueregulatory mechanism®onnelly et al,

2013.
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1.3.2 Components of the ISR

13. 2. 1el F2U

el F2U, amrd F 2tbgétieo form the elF2 compleand el F2U i s th
regulatory subunit of this complex since it contains both the phosphorylation and RNA
binding sites. Under normal conditioredF2 plays a key role in the initiation of mMRNA
translation and recognition of the AUG start coddackson et al., 201@ain, 199%. It

forms a ternary complex with GTP and MBINAI that binds the 40S ribosome subunit,
and together with two small initiation faxs, elF1 and elF1A, forms the 43S jpre
initiation complex (PICYLomakin and Steitz, 2012\itken and Lorsch, 20)2The 43S
PI'C is recruited capof mRNXAN aprocess thdt ig faglitatechby n e
the elF4F complex among others. The elF4F complex consists afatdeinding
protein elF4E, elF4G whiclctsas a scaffold protejrand the RNA helicase elF4A
(Hinnebusch and Lorsch, 2012The interaction between elF4G and elF3 further
stabilizes thé?IC leadingto its migration to the AUG start codghomakin and Steitz,

2013 Aitken and Lorsch, 2012Hinnebusch, 2011 Upon binding of the MetRNAI
anticodon and # AUG start codon, elF1 dissociates from the complextee@TP on

elF2 is hydrolyzed with the aid of elF5. This leads to dissociation of thé G[BR
complex from the 40S ribosomal complex and its recycling for another round of
initiation of MRNA translation. Exchange of GDP for GTP is catalyzethbyguanine
nudeotide exchange factor elF2B and this converts elF2 back to its active form
(Jackson et al., 201@ain, 199%.

In response tofl SR activation, phosphor-nédatede d el |
exchange of GDP for GTP, thereby preventing formation of the 43S PIC. This results in

t he gl obal eap-deendana pratem syntloetis amdicomitant translation

of selected mRNAghat contain a short upstream open reading frame (UORF) in their 5'
untranslated regisn( 560 UTR) . Exampl es of these prefe
includeATF4, ATF5 CHOP,and GADD34 (Hinnebusch, 2011Palam et al., 2011 ee

et al., 2009 These mMRNAs do not requicap recognition by the elF4F complex, and

their translation relies on a-meitiation mechanism or direct recruitmentrdfosomes to

internal ribosomerdry sites (IRESJChan et al., 20103
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Phosphorylation of elF2U occurs at S51. H
prevents el F2U phosphoryl ati on permittineg
conditions of ER stress or glucose deprivatig8cheune et al., 200). Early work
showed that mi ce with ho nmphasphgrgatioh sitmmdié¢ at i on
shortly after birth due to prolonged hypoglycemia, demonstrating the importance of
translation initiation in glucose metabolig@cheuner et al., 20D1These data suggest

that el F2U phosphorylation is crucial for
i ver and pancr e aphosphdryagon is kequired fior indacton ef | F 2 U
gluconeogenic enzymes and insulBcheuner et al., 20D1Also, it is noteworthy that

el F2U S51A/ S51A ME F cell s ar e hyper sens
supplementation by neessential amino acids and a redgagent, which indicates that

el F2U phosphorylation protect (Scheampaeata.st met
200). Mor eover cells with homozygous el F2U S
autophagy upon viral infection, starvatjar ER stresgKouroku et al., 20Q7Talloczy

etal., 2000 Thus, the phosphorylation of -el F2U
induced autophagy

13.2.2ATF4

ATF4 is a 3%Da protein consigtg of 351 amino acidéAmeri and Harris, 2008 The
expression of stresgsponsive ATF4s regulated transcriptionally, trdasionally and
posttranslationally. Although ATF4 is expressed constitutiaelyhe mRNAlevel in
most norstressed cellsstimuli such as ERstress, hypoxia, amino ag¢idnd glucose

deprivation induce both transcription and translation of A{&#eri and Harris, 2008

ATF4 is translationally upregulated ime | F2 U p h o sdppendenty rhaarteri o n

This reversible phosphorylation results in selectivendiation of specific mMRNAs

containing upstream paradingframes( u ORF) i n t hei ATFAMBNATR i ncl
ATF4 contairs two conserved UORF implicated in translational regulatio®TF4

(Vattem and Wek, 2004 This mechanisnof translatioml controlis highly conserved,

andyeast regula thelevels of Gendp (a functional homologue of ATF4) using a very

similar mechanisnm{Hinnebusch, 2005Hinnebusch and Natarajan, 2003%ince yeast

do not hae PERK, global inhibition of translation éependent omactivation of Gen2p
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(the yeast homologue of GCN2) and el F2U0 p!
(Hinnebusch and Natarajan, 2002 his results in preferential synthesis of Gcndp, a
transcription factor which controlthe expression of genes involved in amino acid

synthesis and transpdHinnebusch, 2005

Translational control of yeasbCN4 requires four uORF¢Mueller and Hinnebusch,
1986. When the ternary complex is abundant, rilmoss initiate scanning at uUORF1
and reinitiate at inhibitory downstream uORFs that preclude translaticheoGCN4
coding sequence (CDS). Under aminadadepletion, more time is required for the
ribosome to renitiate translation due to low levels dérnary complexallowing
ribosomego scan through uUORF4 and-irgtiate at theGCN4CDS (Hinnebusch, 1997
MouseATF4 has similar features t6CN4 (Lu et al., 200% The mouse gene contains

t wo UORFs (uUORF1 and uORRZPACOSHFgt2)vehilee | oc a
humanATF4mRNA contains three upstream open reading frames (UORF1, uORF2, and
UORF3)(Harding et al., 2000aUnder normal cellular conditions, translation of mouse
Atf4 mRNA isinitiated atuORF1 thatencodes a peptide jutreeamino acids in length

and reinitiates at UORF2. This precludes translationAd®4 mRNA because, unlike
GCN4 the uORF2 (UORF3 in human) sequence overlaps wititfideCDS in an out
of-frame mannerAmeri and Harris, 20Q8Vattem and Wek, 20Q4Harding et al.,
20003. In stressedadls, ribosomes scan through uUORF2 anthitgate at theAtf4 CDS
(Vattem and Wek, 2004Vek et al., 2006

ATF4 acts aghe master transcription factor during the ISR and also has an important
role in regulating both normal metabolic and redox processes. Allftfs a vital
functionin many tissues and plays a cent@k in the regulation of obesity, glucose
homeostasis, @ngy expenditure and neuralplasticity. Atf4 knockout mice have
reveakd critical roles for ATF4 in embryonic lens formatighlettmann et al., 2000
Tanaka et al., 1998fetatliver hematopoiesigMasioka and Townes, 2092and bone
development(Yang et al., 2004 Atf4 knockout mice are also smaller and leaner
(Masuoka and Townes, 200&uggesting a role for ATF4 in lipid metabolism. They
have decreased fat mass caused by a reduction in the volume rather than number of

cells, suggesting that deletion of B4 increasgfat mobilization and suppresstatty
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acid synthesigWang et al., 2010 Knock out ofAtf4 in mice has also revealed a
physiological role in thrmoregulation as these mice exhibit higher core body
temperatures in response to cold str@agang et al.,, 2013 ATF4 has also been
implicated as a vital mediator of muscle weakness and atrophy in ageing sraszle
reduction in its expression improves muscle quality, stremagith mass in micéebert et

al., 2015. Although the role of ATF4 in models of learning and memory formation is
somewhat controversial, with both positive and negative effects sugd8slealiski et

al., 2015 Trinh et al., 2012Wei et al., 2012 CostaMattioli et al., 200%, targeted
knockdown ofAtf4 in the mouse hippocampussindicated that it is necessary for

memory formation and neural plastic{®asini et al., 2015

During stressful conditions, elevated translation AfTF4 mRNA facilitates
transcriptional upregulation of stresssponsive genes. ATF4 regulates transcription of
its target genes through binding to C/EBPF response element (CARE) sequences
that can mediat transcriptional activation in response to various whifiilberg et al.,
2012 Kilberg et al., 2009Fawcett et al., 1999 During amino acid starvation these
sequences function as amino acid response elsr{®ARE) and ATF4 is the only
transcription factor known to bind all known AARE sequen@@€hir et al., 2013
Averous et al., 20Q4Siu et al., 200R ATF4 can form homoand heterodimers with
several other bZIP transcription factors, including its downstream target GAOE

and Harris, 2008Siu et al., 200RUpon ER stress and amino acid depletion in mouse
cells, ATF4 alone, or together with CHOP, preferentially binds to proximal promoter
regions of target genes, includiidgf3, Ppplrl5a, Trib3Wars and Rpl7 (Han et al.,
2013. Although it is well established that ATF4 alone reguléiteexpression of genes
involved in amino acid transport armosynthesis, Kaufman and colleagues showed
that, in response to ER stress, ATF4 and CHOP interact to regulate common genes
involved in cellular amino acid metabolic processes, mRNA transjatdod the

unfolded protein response (UP@®an et al., 2013

13.2.3 CHOP

C/EBP homologous protei(CHOBP), also known as DDIT3/GADD15%elongs tothe

basic leucine zipper transcription factor superfamily. It is a downstream target of ATF4;
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however its expression islsoenhanced by ATF8liang et al., 2004 It has been shown
that CHOP activity can biecreasedt theposttranslational level biye IRE1I-ASK1-p38
MAPK pathway (Kim et al.,, 2008 CHOP is well known to promote cell death upon
exposure to lethal stress by upregulating pro-apoptotic BCL2 proteins NDXA and
PUMA (Bertolotti et al., 200pas well asTRB3 (Ohoka et al., 200Q5Elevated leved of
CHOP are required to trigger apoptosiaduced by UV irradiationDey et al., 2010
However, CHOP expression alone is not sufficiergxecutedeathand itwas suggested
that CHOP expressiorof prolonged duration leads to increased sensitivity to UV
irradiation. In addition, CHOP enhancetheexpression of additional transcription factors
which are involved irthe cellular stress respoasOne of CHOR6 glownstream targeis

ATF5 and CHORP is required for its transcription in response to different stress stimuli.
CHOP binds to CARE elements in the ATF5 promoter. Together, CHOP and ATF5
enhance praleath sigalling in response to ERresgTeske et al., 2033

Together, ATF4 and CHOP bindo specificcis-regulatoryelemens in the promotes of

their target genes, leadj to the transcriptional pregulationof genes involved irthe
induction and developmeat autophagyB'Chir et al., 2018
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INTEGRATED STRESS RESPONSE
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Figure 1.2 Schematic of thelntegrated Stress Responssignaling in mammals. Nutrient deprivation,

ER stress, viral infection and heme deficiency actieatea mi | y o f ,6SCN22RERK PKRa s e s

and HR| thatleadtop hos phoryl ati on of abldeRdlcapddpbndentramshatemt r es u
and promotesthe preferental translation ofATF4 mMRNA and other ISRpecific mMRNAs. ATF4 ighe

main effector ofthe ISR and regulatethe expression of CHOP and other genes involved in adaptation

and survival . Dephosphoryl ation of e liseanslitutivdy r egul a
expresed and GADD34 which is induced by stress. Arrows denote activation or induction, while blunt

lines indicate inhibitionModified from (PakosZebrucka et al., 2016
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1.3.3 Cellular outcome ofthe ISR

1.3.3.1 Autophagy regulation bthe ISR

Throughits activation of autophagy, the ISR can regulate cell survival and cell death
pathways. Autophagy promotes the bulk removal and degradation of unfolded proteins

or aggregates as well as damaged organellese alsio serving as a means to replenish
depleted amino acids for building proteiaad to provide energy to a starved cell.

Al t hough the precise mechanisms by which
are still poorly understood, it is interesting tot@ that distinct intrinsic and extrinsic

stresses that lead to phosphorylatoneodl F2U have al so been S
autophagy. For example, ERrste ss | eads to increased phos
subsequent upregulation thfe autophagy receptoiSQSIM1, NBR1, and BNIP3L in a
PERK-dependent manndDeegan et al., 20)5Pharmacological inhibition of PERK
abolishedthe transcriptional upregulation of these autophagy receptors in mammalian

cells (Deegan et al., 20)5In addition, PERKme di at ed phosphoryl at
mediates increased ATG12 and LC3 conversion upon expression of7/@ohg@regates

in C2C5 cell§Kouroku et al., 200) In fact, the PERK an of the UPR can regulate all

stages of autophagy including inductionsie¢e nucleation, phagoplr®elongationand
maturation(Deegan et al., 20)3Consistent wittthis, another study showed that ER

stress caused by bluetongue virus induces autophagy thittelBERK-e | F2 U pat hwa
in infected cells(Lv et al., 201%. In that stugl, both pharmacological inhibition of

PERK activity or genetic silencing of el F2
of the autophagy marker LCRv et al., 201%. Furthermore, induction of autophagy

during hypoxia is also dependent on PERK di at e d el F2U phosph
disruption of PERK signaling or exposure mitantcells with non-phosphorylatable

el F2U S5 1 Aresults indegyepse levelsof MAP1LC3B and ATGHanscripts

(Rouschop et al., 2010t hasalsobeen shown that GCN2ediated phosphorylation of

el F2U is essenti al for i nduction of autopl
(Ye et al.,, 201D While GCN2 knockout cells displayed reduced lsw&l LC3, the

e | FS5IA mutant cells could not induce LC3 procesgivig et al., 201 Similarly,

S51 o f hasalsdbged demonstrated to be important for amino acid starvation
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induced autophagy in yeast and MERFslloczy et al., 200R Together, these findings
identifye | F2U phosphoryl at i o navaiety ofdiffezentsteessesr a |

andtheinduction of autophagy.

Downstream of eF2U phosphoryl ation, ATF4 has
autophagyinduction. However, it has been suggested piatesses triggered eyl F 2 U
phosphorylation other than selective translatioA®F4 mRNA might also be involved

in the activation of autophagyKroemer et al., 2000 During hypoxia, ER stressr

amino acid deprivation, ATF4 transcriptiolyaupregulags essential autophagy genes
involved in autophagosome biogenesis and function, apllc3b and Atg5 (Deegan

et al., 2015B'Chir et al., 2013Rzymski et al., 2010 ATF4 can alsgromoteincreased
expression of regulated in development and DNA damage response 1 (REDD1; also
known as Ddit4)which suppresses mTOR complex 1 (mTORC1) activity leading to
autophagy induction upon ER stress and starvaf@ennis et al., 2003 ATF4
activation due to amino acid deprivation stimulates the upregulation of several genes
involved in autophagy includingAtg3 Atg5 Atg7, AtglQ Atgl2 Atgl6 Becnl
Gabarap Gabarapl2 Map1lc3h and SgstmIB'Chir et al., 2018 By upregulatig key
autophagy genes, the ISR contributes to increased autophagic flixghékp cell to

deal with the stress caused by hypoxia and nutrient deprivation through enhanced
recycling of cytoplasmicomponents and maintenance of celudesynthetic capacity

and ATP levels, e.g., by supplying amino acids dier novoprotein synthesis and
providing substrates for the tricarboxylic acid cycle, such as amino acids and free fatty
acids(Ye ¢ al., 2010 Rzymski et al., 2009 It is worth noting that different autophagy
genes can have different levels of dependence on ATF4 and CHOP signaling and that
the activation of such genes is determined by the ratio of ATF4 and CHOP proteins that
are bound to specificisregulatory elements, thus allowing subtle tuning of gene
expression that can be tailored to msepécific cellular needgB'Chir et al., 2018

I nterestingly, a c y tphgsphorylaion againseconditionsahati o n
mimic viral infection or induce ER stress has been reported to occur through the
activation of pathways that promote cell survival, such as PI3K and its downstream
target Akt/mTOR(Kazemi et al., 2007 In this regard, it is also of interest to consider

the effect of proteasome inhibition on survival signaling by the ISR. Proteasome
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inhibition, e.g., using bortezomib, leads to activation of the ISR through GCN2 as a
result of depletion of amino acidsrfprotein synthesigSuraweera et al., 2012In
mammalian cells, the depletion of amino acids due to proteasome inhibition also
activates autophagy through mTOR in an attempt to restore amino acid levels.
Supplementation with criticalnaino acids that are depleted by proteasome inhibition
attenuates el F2U phosphor (SBuravedracehal.,a26l@ s upp
Thus, amino acid depletion constitutes a link between autophagy induction and ISR
activation to praote the survival of cells.

1.3.3.2 Cell death signaling bthe ISR

The ISR encompassepathways that can lead the induction of cell death if the
adaptive response does not restore homeostasis. These are mainly regulated through the
transcriptionalctivity of ATF4 and some of its downstream targets, particularly CHOP
and ATF3. One of the best studied mechanisms ofi8Rced cell death is through
ATF4-mediated activation of CHOP. CHOP is a trangmipfactor that promotes cell
death signaling tlmugh multiple mechanisms. In several cellular models CHOP has
been shown to induce cell death by upregulation of the-&ig pro-apoptotic BCL2
family members BCL2L11land BBC3, thus promoting ER stmedasced apoptosis
(Galehdar et al., 201®uthalakath et al., 20p7CHOP can also contribute to cell death
by enhancing expression of one of the death receptors, DR5, that plays a role in
induction of apoptosis under ER stréZ®u et al., 2008 In addition, CHOP induces
expression of t h edistorbsithd axédzing ERi@ineht of ER t
(Marciniak et al., 2004 Additionally, CHOP can further regulate gene expression by
binding to other ATF/CREB family melners, such as ATF4 or ATF3, thus altering their
DNA binding specificity(B'Chir et al., 2018 CHOP is also essential for induasti of
PPP1R15Awhich is important for both adaptation and cell death signgMuayciniak

et al., 2004 It is important to note that although there is a sgstiablished role for
CHORP in cell death signaling, CHOP expression @lennotsufficient to induce cell
death. In fact, CHOJéeficient cdls are only partially resistant to ER stresduced cell
death indicating the role of others factors in mediating cell deadler these conditions
(Young et al., 2016
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ATF4 can also itself promote cell deathfor instance, througdirect transcriptional
activaton of the preapoptotic BCL2 family member PMAIP1, which was found to
mediate ER stressduced cell death in neuroectodeintumor cells(Armstrong et al.,
2010. ATF4 can also promote cell dedil forming heterodimers with CHOP or with
ATF3, both of which are transcriptional targetsAdiF4. ATF4ATF3 heterodimers can
increase the transcription of PMAIP1 and thus promote apoptosis through the intrinsic
pathway.ATF4 and CHOP together can also indube pseudokinasd RB3. Under
normal conditionsTRB3 regulates NF6 Binduced gene expressiowhile during the
cellular response to ER stress it negatively regulates ATF4, thus limiting the
transcription of other ATF4lependent stress responsive ge@ksisse et al., 2007
Moreover, TRB3 can interact with CHOP and downregulate its own induction through a
negative feedback loop whereby it repses ATFAHOP transactivatiofOhoka et al.,
2005. Notably, HEK293 and HelLa cell;y which TRB3 was silenceddisplayed
increased resistance to ER straghiced apoptosi@Ohoka et al., 2005 Additionally,

the ISR can also promote cell death through translational and posttranslational
regulation of the caspase inhibitor X chromosome linked inhibitor of apoptosis (XIAP)
(Hiramatsu et al., 2004 PERK has been shown to downregulate XIAP translation
through phosphoryl ation of el F2U, whil e
through the ubiquitirproteasme systen{Hiramatsu et al., 2034

During prolonged ER stress, ATF4 induces an amino acid transporter network which
leads to mMTORC1 activation, inhibition of autophagyd phosphorylation of multiple
factors includingeukaryotic elongation factor 2 (eEF2) and, as spokitively regulates
translation(Guan et al., 2004 While this series of events could serve to restore cellular
homeostasis it can also contribute to cell desathcution dung chronic ER stress, as
constant synthesis of nascent peptides without production of mature proteins causes

proteotoxic stress.

Although apoptosis is the main cell death pathway regulated by ISR, it can also trigger
other forms of cell deht For example, the ISR can imite ATF4dependent necrosis,

especially in response to glucose deprivation, as recently repntieguingly, ATF4
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dependent apoptosis can be induced blje@xyglucose in the same cellular model

(Leon-Annicchiarico et al., 2015

1.4  Autophagy

The termautophagywas first coined in 1963 by Christian de Duve to describe the
process of seléating (Klionsky, 200§. Autophagy isa portmanteauof two words
derived from Greekfi a ut o0 0 w hdnesdifa ma a i gth @ay Yhe molecular
mechanism of autophagy was initially described in yeast by Yoshinori Ohsumi; in 1993
he discovered 15 genes that are essential foadheation of autophagy in eukaryotic
cells.Both de Duve and Ohsumiere awarded the Nobel Prize; de Duve in 1974Her
discovery of the lysosome and in 2016 Yoshinori Ohsumi received the Nobel Prize in

Physiology oMMedicinefifor his discoveries afnechanisms for autophagyy

Macroautophagy (hereafter referred to as autophagy) ievalutionarily conserved,
lysosomalmediated,catabolic procestor the bulk degradation of proteins, organelles
and other cellular componer(isevine and Klionsky, 2004 Autophagyis characterized
by the induction of a small isolation membrane knasra phagophore, which elongates
to form adouble membraneacuole known as aamutophagosome (Fig. 1.3)he mature
autophagosomises withalysosometo createa single membrane vacuokmown as an
autolysosomewhereresident cathepsins degrade the cont@itsemer et al., 2010
The coreautophagymachinery consists of a family of proteins knoastheautophagy
related protein (ATGjamily, and can be regulated bgriouscellular stresses such as
starvation, ER stress, hypoxia, heat shamkmicrobial infection(Ding et al., 2007
Yorimitsu et al., 2006 During basal conditions cells utié autophagy fothe turnover

of organelles and protein aggates however during conditions of cellular stress
autophagys upregulated to remove damaged cellular componentsandain nutrient
and energy homeostasisiplicating autophagy as a psurvival process during periods
of cell stressIn certain casedhowever,autophagy can also contribute to cell death
(Salazar et al., 200&roemer and Levine, 2008evine and Yuan, 20Q5Autophagy is
involved in many physiological processes, including differentiation and development,
cell growth control, aging, nutrient and energy homeostassl innate immunity

(Levine and Klionsky, 2004 Malfunction of theautophag process has been suggested
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to contributeto developmentabbnormalities, neurodegeneration, cancer, aging, heart
disease and inflammation (Galluzzi et al., 2017h Levine and Kroemer, 2008
Rubinsztein et al., 2007

14.1 Autophagy induction

The induction of canonical autophagy starts with the assemitheofultiprotein ULK
complex consisting of ATG13ATG101, scaffold protein FIP20Gand the ULK1/2
kinase(Galluzzi et al., 2017a Therole of ATG13 in this complex is to mediate the
interaction between FIP200 and ULR1(Jung et al., 2009 The ULK complex is
regulated upstrea by the mammalian TOR Ser/Thr kinase (mTOR) which forms two
multiprotein complexes, nTORC1 and mTORC2. mTORC1 isvolved in autophagy
regulation and apart from mTORgnsists oORAPTOR, GL and PRAS4(Efeyan and
Sabatini, 2010Kroemer et al., 201,(Hara et al., 2002 Additionally, AMP-activated
protein kinase (AMPK) also regulates the ULK comp(€im et al., 2011 mTORC1 is

a key regulator of autophagy. Under basal condstioim ORC1 binds to and inhibithe
ULK complex through direct phosphorylation of ATG13 and ULK. HowewRiring
nutrient deprivation AMPK senses ATP depletion and phosphorylates mTOR within
MTORCL1. This event leads to dissociation of mMTORC1 from ULK suosequent
phosphorylation of ULK by AMPKKim et al., 201). However, ULK can also further
phosphorylateATG13 and FIP200 within the complex. It is also suggested that, ULK
through its phosphorylation of AMPK can mediate a negative feedbackloop for
autophagy inductiofLoffler et al., 201). The released ULKpromoteghe induction of
theisolation membrane also known as a phagophore

14.2 Vesicle nucleationi Beclin1

Vesicle nucleation is initiated by the multiprotein Clasphibsphatidylinositol Xinase
(PI3K) complex The main function of this complex ighe production of
phosphatidylinositeB phospha (PI3P) thatis required for vesicle elongationn
mammalstwo PI3K complexeshave beerdentified both of which are essential for
autophagosomtrmation. The PI3K complex | consists ofeBlin 1 (BECN1) VPS34
VPS15,and ATG14 (Itakura and Mizushima, 2009The lipid kinase VPS34 plays

crucial role in the accumulation of phosphatidylinositgpl®sphate (PI3P) molecules
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on membraneswhile ATG14 is responsible for membrane curvat(Peegan et al.,
2013. Therefore, complex I is involved in an easkageof autophagosome formation.
The PI3K complex Il consists of VPS34, VSPHnd Beclin 1. The other regulatory
proteins in thiscomplex areAMBRA1, UVRAG, and endophilin B1/Baxinteracting
factor 1(BIF-1) (Itakura and Mizushima, 2009Beclin 1 interactswith BIF1 through
UVRAG and promotesautophagosome formatiofKang et al., 2011 AMBRAL is
activated by ULK1 ancaonstitutesa scaffoldwith which Beclin 1is associatedBoth
UVRAG and AMBRA are positive regulators aefutophagy(ltakura and Mizushima,
2009. It has been shown th8eclin 1 isa BH3-only proteinwhich interacts with arti
apoptotic BCL-2 (Liang et al., 1998 leading to negative regulaton of autophagy
(Pattingre et al., 2005 Of note ATG14 in complex | competes with UVRAG in
complex lIfor interacton with Beclin1 (He and Levine, 2010

The core of both complexes isonstituted byVPS34 and Beclinl. While VPS34
produces PI3Rvhich isrequired for further expansion tifeautophagosomal membrane
and binding of WIPIL and WIP{2, Beclin 1 is important for localization of ATG
proteins to the isolation membrafiéang et al., 2011

Beclin 1 is also linlked to apoptosis. It has been shown that effecspases cleave
Beclin 1 affecting its ability to induce autophadyut promoting apoptosi&hu et al.,
2010. Moreover,in response to starvation, JNK phosphorylates BCWhich in turn
dissociate from Beclinl leading to autophagy inductigkvei et al., 2008 However,
the interaction of ERocalized BCL-2/BCL-X, with Beclin 1 results in autophagy
inhibition (Kang et al., 2011

14.3 Autophagosome elongation

The &pansion of autophagosome membranes requires two conjugation systems: the
ATG5-ATG12 system anthe ATGS8 system These systems are crucial for membrane
elongationandcompletionand areregulated byubiquitin-like reactiors (Kroemer et al.,

2010.
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14.3.1 ATG5ATG12 conjugation system

The core event in this system is tlevalentbinding of ATG12 to ATGb5. This reaction

is mediatedoy the E1-like enzyme ATG7 and the Hike enzyme ATG10. Next, the
ATG12-ATG5 conjugate forms a complex associating with ATG16. In contrast, ATG16
is bound to ATG5 ira noncovalent manngiYang and Klionsky, 2010 Incorporation

of the ATG5ATG12-ATG16 complexrequires activation ofthe PI3K complex.
Moreover, the ATG5-ATG12-ATG16 complex & in turn required for the second
conjugation systerand acts aa E3-like enzymeg(Deegan et al., 2013

The expression of ATG5 is regulated by several factorsseathdo be stress stimulus
and cell typespecific. Classical inducerof autophagy such as starvation or rapamycin
have been shown tmaintainlow levek of ATG5 while apoptotic stimuli such as
etoposideor staurosporia increasethe levels of ATG5 thus regulang the overall
outcome of autophagyf sujimoto and Shimizu, 2005

1.4.3.2 LC3 conjugation system

There isa single ATG8 conjugationsystemin yeast, while in mammsilthe ATG8
family consists ofthree subfamilies:g-aminobutyric acid receptaassociated protein
(GABARAP), Golgrassociated ATPase enhancer of 16 kDa (GATB) and
microtubuleassociated protein 1 light chain 1 (LC3). Moreouwbere are also three
variantsof LC3, LCA, LC3B, and LC3C LC3B plays the predominant roleith regard
to autophagyShpilka et al., 2011

The second system requires the conjugation of LC3lifmch In thefirst step thepro-
form of LC3 is cleaved by the proteasd G4 to generate LG3 with an exposed
glycine at the Gterminal end Next, phosphatidylethanolamin@PE) is bound to the
exposed glycinef LC3-I in a reactionfacilitatedby the E1-like enzyme ATG7 anthe
E2-like enzyme ATG3 to form LG3l. Recruitmentof LC3-1l to the autophagosomal
membraneequires the ATGRATG12-ATG16 complexTheLC3 conjugatiorsystem is
important forthe elongation and closure of autophagic membrébeggan et al., 2013
Kroemer et al., 2010

Page37of 221



Lipidated LC3Il is stably associated with autophago® membranesnd is used as a
hallmark for detection of autophag$imilarly, the @nversion of LC3 to LC3I

constitutesa biochemicakeadout of autophagy induction.

14.4 Autophagosomeamaturation

In the final stage, theutermembrane othe enclosedautophagosome fusedgth the
lysosomalmembrane tdorm the autophagolysosome. This molecular event reqtives
involvementof several proteins frordifferent cellular compartmentutophagpsome
lysosome fusion is regulated by RAB protejnfor example Rab7which bind to
LAMP1/2 on thelysosomalmembrane Additionally, the SNARE complextogether
with ATG9 are also involved in thiseaction(Galluzzi et al., 2017aDeegan et al.,
2013. Moreover, the microtubule network is also important in intracelluke#ficking
of the autophagosome tgsosomes. Following fusion, mature autophagolysasnes
digest the cargo of engulfed cytoplaimough the action dfysosomalacid hydrolases

including cathepsins.
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Figure 1.3. Schematic of canonical autophagyin mammals. Autophagy initiation requires mTOR
kinase inhibition and AMPKnediated phosphorylation dhe ULK1/2 complex. Following ULK1/2
stimulation vesicle nucleation involvethe activation ofthe dass Ill PI3K complex.Vesicle elongation
requires two ubiquitidike conjugation systems. One pathwayolves theprocess of covalent bindinaf
ATG12 to ATG5, which is mediated by ATG7 arfiTG10. Next, ATG5ATG12 is noncovalently bound
to ATG16 to form a complex necessary for the second conjugation reaction. In the second, te@8tion
is cleaved bythe protease ATG4 to expose tigéycine in the Gterminal end and form soluble L&3
LC3-l is further processed by two ubiquilike enzymes, ATG7 and ATG3 resuling in the
phosphatydylethanolamé (PE) conjugation and formation of L3 which is attached to the
autoplagosomemembranes The mature doublmembraned autophagosome fuses witbogpmes to
create singlanembrand autolysosomes where tlegradatiorprocesses occur. For madetails see the
main text. Arrows denote activation or induction, while blunt lines indicate inhibiNwodified from
(Cicchini et al., 2015Green and Levine, 2014

14.5 Non-canonical autophagy

Autophagy is a highly controlled processchestrated by thATG proteins. The core
event in this process ihe formation of the doublkenembrane autophagosomes. The
ATG proteins control the autophagicocessrom the induction to the maturation of the
autophagosometherefore they have beenconsideredas essentiacomponerg of

autophagy. However, it hasow been shown that autophagoses can be formed
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independentlyf some of thecore autophagy componenis a manner whicldoes not
requirethe involvementof the ATG proteins(Codogno et al., 2031 This alternative
mode of autophagosome ffioation has been teednon-canonical autophagy in order to
distinguish it from canonical autophagyn which thefull set of ATG proteins is
required. However, i n accordance with th
committe® i t I S s ug g epessiedindependentdeendenrtuophagy
only following experimental verification (Galluzzi et al., 2017a Experiments
demonstratingheindependencef ULK, Beclin-1, VPS34, ATG5, ATGTor autghagy

in various experimental settirmgiggest the existence alternativeforms of autophagy
(Ma et al., 2015Wu et al., 2014Cheong et al., 2031 The existence oélternative
autophagy is also supported lay in vivo study where this autophagic mode was
observedn several embryonic tissué¥ishida et al., 2009

Nishida andcolleagueseported theexistenceof ATG5/ATG7-independentautophagy

that was characterized by the presence of autophagogbhsésda et al., 2009 This
pathway was not associated witlC®I| to LC3-1l conversion but was regulated bye

ULK and Beclin 1 complex in response to etoposide. Moreover, the autophagosomal
membrans were derived from late endosomandthe transGolgi. The importance of
ATG5/ATG7-independent autophagy was evatuaduring erythrocyte differentiation
(Nishida et al., 2009 A similar study by the groupf Shimizu further supported the
idea that ULKXdependent and ATGindepenert autophagy isan important pathway

for theremoval of mitochondria frordevelopingreticulocytes (Honda et al., 2004

There is an increasingody of literaturedescribingBeclin l-independent autophagy.
The first study abouhe Beclin-1-indepeneén pathway came from the Chu gmuwvho
implicated this modalityin neuronalcell death(Zhu et al., 200} Similarly, studies
carried out in breast cancer cellstive Codogno laboratory also reportBeclin 1- and
VPS34independentautophagy.The authorshowed that resveratreinducedBeclin 1-
independent autophagy acts as a cell death mechanism indeperadecaspase.
Moreover, this alternative autophagy was dependent on ASGarlatti et al., 2008

Alternative autophagy displays the same features of the autophagic process as

conventional autophagy, anghoreover, the function is alsamilar andis related to the
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bulk degradation of the cytoplasmic contéDupont et al., 2017 However, itseems
that this alternative mode of autophagy is induaely in certaincellular settingsand in

response tgpecific stress stimul

15 Cell death modalities

In accordance with theecommendatiaiof the Nomenclature Committee on Cell Death
(NCCD) from 2015, there are two main types of cell death: accidental cell death (ACD)
and regulated cell death (RCD). While ACD is induced by exposure to severe physical,
chemica) and mechanical stresses that lead to rapid and uncontrolled cell death, RCD is
a gendt program whichis activated inresporse to conditions of extracellular and
intracellular stress. In generahCD constitutesa complete mode of cell death that
cannotbe prevented by pharmacological or genetic intervention. In contrast, RCD can
usuallybe modulated either by pharmacological compounds or genetic approaches, and
this mode of cell death is often considered a response to unresolvedPstrgsanmed

cell death (PCD)s atype of RCDwhich is induced by physiological stress during
development Cell death modalities are defined by morphological and biochemical
criteria(Galluzzi et al., 2016

151 Apoptosis

The termapoptosiswas first coined by Kerr, Wyllieand Currie in 1972 to descrilze
mechanism of controlled cell deattiKerr et al., 1972 Apoptosis is a natural,
physiological form of cell death that eliminates superfluous, irreversibly damaged
toxic cellsfrom the body withoutthe induction ofan immune responsean particular
those cells containing pathological mutations. It is a programmed-cettructive
processinvolving charactestic biochemical and morphologicavents Apoptosis is
accompanied by shrinkage, nuclear chromatin condensation, membranendylebbi
cellular and nuclear fragmentation (karyorrhexiaghd creation of apoptotic bodies
(Taylor et al., 2008 Horvitz, 1999 Kerr, 2003. Biochemical manifestatios of
apoptoss includeactivation of caspasgroteass, DNA fragmentationand exposure of
phosphatidylserine on the surface of the plasma membfBagor et al., 2008
However, it hasalso beenreported that cgase activatiomoesnot alwayslead to

execution of cell deatAnd thatcaspase&an also be involved in biological processes
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other than apoptosis. For example, cas{fasand caspas@ are required for
thrombopoiesis while caspaB8ewasfound to beinvolved in macrophagic maturation
(Galluzzi et al., 2008and in the development of liver cancer througiroliferation
associated DNA damagBoege et al., 20)7Similarly, exposure of phosphatidylserine

is not auniqudy apoptotic feature, as it has been shown that this event is also associated
with necroptosis(Zargarian et al., 20}7 Apoptosis playsan important role inthe
maintenance ofiomeostasis; howevedysregulation othe apoptotic pathway can lead

to manydiseases such as cancer, neurodegenerationautoimmunityFavaloro et al.,

2012.

15.1.1 Role othe BCL-2 protein family n apoptosis

Apoptosis is regulated by thevolutionaily conserved Rell lymphoma2 (BCL-2)
protein family In mammalsthere are at least 20 members that are divided into three
main groups: (1pantrapoptotic (2) pro-apoptotic and (3) BH3only proteinsbased on

the presence of BGR homology (BH) domaingihan et al., 2017

The BCL:-2 proteinsof the antiapoptotic group have four BH domains ahdir role is

to inhibit apoptosisThe members of this grougirectly bind to BH3only proteins to
prevent BAX and BAK oligomerization. To this group belong BZLBCL-XL, BCL-
W, MCL-1, BCL-B, and BCLAl (Szegezdi et al., 2009The preapoptoticgroup
consistsof BAX, BAK, and BOK. These proteins have three Bbmainsand alsoa
transmembrane (TMdomain and arethereforeassociated with membranes. BAX and
BAK arekey regulatos of the mitochondridmediated apoptotic pathwagediated by
mitochondrial outer membrane permeabilizatigMOMP). Because MOMP s
considered the point of no return of tiérinsic apoptotic pathway, BAX and BAK act
as gatekeepsof MOMP (Chipuk et al., 2006 Exposure to stress activates cytoplasmic
BAX which subsequently translocates tbhe mitochondrial memtane whereit
oligomerizes with BAK leading to release of cytochrom&his event is essential for
mitochondriadependent caspase activatimmd subsequent cell degfhait and Green,
2010. Of note,BOK hasrecentlybeenshown to induce MOMP and trigger@ggosis in
the absence of BAX and BAW.lambi et al., 2015
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The BH-3-only protein familyconsistsof BIM, PUMA, NOXA, BAD, HRK, BIK, BID,
BMF and BNIP3, which allonly bear the BH3 domai The role of these proteinsts
promote apoptosi€Taylor et al., 2008 Interestingly, although BNIP3 possess the BH3
domain, it is not as potent as oth@o-apoptotic members of the BHBly proteins
(Chinnadurai et al., ZIB). Therefore, there is a controvensfat type of cell death is
triggered by BNIP3It has been shown thBNIP3 is &sociated with the mitochondria
and isinvolved in necrosigVande Velde et al., 2000autophagy(Azad et al., 2008
Daido et al.,, 2004 and apoptosigBurton and Gibson, 2009Regula et al., 2002
Moreover, BNIP3 was also shown to induce cell death in cells lacking Bpafspase

9 and caspas@é (Vande Velde et al., 2000

Activation of BAX and BAK is regulated by their direct or indirect interaction with
other BCL-2 family members. BAX and BAK activity can be directly promoted by
BH3-only proteins such as BIM and BID. For examplaspase3- mediatedcleavage of
BID results in its activatioriLi et al., 1998. Truncated BID (tBID) directly promotes
oligomerization of BAX and BAK, the effectors of MOMP. In the other, indirect
scenarip BH3-only proteinsare required for neutralization of aafpoptotic proteins
that are inproteincomplexes with BAX and BAK. Thus, BH8nly proteinsantagonize
antrapoptotic proteins, whilat the same timehey directly activak BAX and BAK
which effectively trigger MOMRChipuk and Green, 2008

BAX and BAK are crucial for cell death induced by several apoptotic stimuli. It has
been shown that Bax#k” double knock ouVEFsareresistanto cell death caused by
ER stress serum deprivationor radiation(Szegezdi et al., 200%ei et al., 200
Similarly, Bax/Bak™ mice display numerousabnormalities in neurological and
hematopoietic systemandaretherefore resisint tocell death duringievelopmenaind
tissue homeostasitindsten et al., 2000 Moreover, it has been also showrat Bax

and Bak deficient cellor cellsoverexpressig BCL-XL undergo necrotic cell death in
response to prolonged ER strégfiman et al., 2008
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15.1.2Caspases

Caspases (cysteine aspartic aspecific proteases) are family of proteases, which
cleave proteins after an aspartate (Asppidue Fourteen caspaseshave been
characterized imotal inmammas, 11 have beendentified in humasg two areunique to
mice, and one isfound only inbovines (Zhivotovsky, 2003 Table 1.1 presents an
overview of caspaseélthough caspasactivation is éhallmark of apoptosis, not all the
caspases are involved in the apoptqiocess caspasé, caspasd, caspas®, and
caspasd? triggerthe inflammatay responseThe @spasesnvolved in apoptosisre
divided into two main groups: the initiator caspasetuding caspase, -8, -9, and-10
and the effector caspaseensisting of caspase, -6, and-7 (Degterev et al., 2003
Cohen, 199) The initiator caspases process and activate downstream substrates
resulting in activation of effector caspases which include cashasaspasé, and
caspas€ (Zhivotovsky, 2003Wang and Lenardo, 2000

All caspases share similar features such as the presence of the conserved QACXG
pentapeptidecontaning the activecysteinesite andthe ability torecognze andcleave
specific tetapeptidesequencegDegterev et al., 2003The domain structure is also
similar amongcaspasesastheyall consist ofa pro-domain, largeand small domaifLi

and Yuan, 2008hivotovsky, 2003 Caspases amdnstitutivelysynthetized as inactive
pro-enzymes Zymogers). Activation of caspases requireslimerization and
autoproteojtic cleavage at a specific aspartic acid residue betiedarge and small

subunis.

The initiator caspases are characterized byptiesenceof a large predomain.So far,
two distinct pro-domainshave beendentified the caspase activation and recruitment
domain (CARD)and the dead effector domain (DED)Degterev et al., 2@&). The
effector caspasesn the other handpntain short pralomairs. Depending onthe stress
stimuli, activation of effector caspases aubsequentell deathoccus by three main
routes (1) the extrinsic pathway, (2jhe intrinsic pathway and (3) granzyme Bhe

extrinsic and intrinsic pathwayse illustrated in Fig. 1.4
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Table 11 Characterization of caspases

Caspase | Pro-domain Function Function in | Organisms Ref.
apoptosis
Caspasel CARD Inflammation Human and
mouse
Caspase2 CARD Apoptosis Initiator Human and
mouse (Galluzzi
Caspase3 Short Apoptosis Effector Humanand | etal.,
mouse 2016
Caspased CARD Inflammation Human Degterev
Caspaseb CARD Inflammation Human etal,
Caspaseb Short Apoptosis Effector Human and | 2003
mouse Szegezdi
Caspase? Short Apoptosis Effector Human and | etal.,
mouse 2003
Caspase8 DED Apoptosis Initiator Human and
mouse
Caspase9 CARD Apoptosis Initiator Human and
mouse
Caspasel0 DED Apoptosis Initiator Human and
mouse
Caspasell CARD Inflammation Mouse
Caspasel2 CARD Apoptosis Initiator Mouse
Caspasel3 Orthologue of caspasé Bovine
Caspasel4d Short Differentiation Human and
mouse
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15.1.3Intrinsic pathway

The intrinsic apoptotic pathwaylso calledthe mitochondrialmediatedpathway is
activated in response to intracellular stress sigsatsh asheat, radiation, nutrient
deprivation, viral infection, hypoxjeDNA damage andER stressThe mtochondrid-
mediated apoptotic pathway is tightly controlled by the BClamily proteins. While
the preapoptoticproteins BAX and BAK induce cell deatthe antiapoptotic BCL-2
and BCLXL proteinsplay important role in inhibiting cell death.Most apoptotic
stimuli initiate an imbalance between pfapoptotic and antpoptotic proteinsywhich
determine the decision regardingalld $ate (Tait and Gree, 2013. Once activated
BH3-only proteins promoteBAX-BAK oligomerization inthe mitochondrid outer
membrane resulting in pore formatjomhich is consideed as the point of no return
(Tait and Green, 20)3MOMP results inthe subgquent release of intramembrane
space proteins such as cytochromethe second mitochondriderived activator of
caspasédirect inhibitor of apoptosibinding protein with a low isoelectric point
(Smac/DIABLO), and a serine proteasethe high temperatureequirement protein
A2/0Omi (HtrA2/0Omi) into the cytosol(Tait and Green, 201Mu et al., 2000Cai et al.,
1998. The eleased cytochrometogether with ATP and apoptotic proteasgivating
factorl (Apafl) form a caspase activation platformalled the apoptosome
(Chinnaiyan, 199p The goptosome recruits, oligomerizesd activates proaspas®
through the interactionof its CARD domainswith those ofApaf-1. In the intrinsic
pathway caspase9 is an initiator caspase which leads to proteolytic @dgavand
activation ofthe downstream effector caspases cas{asad caspase (Taylor et al.,
2008. All componatsof this pathway includingdCL-2 protein,cytochromec, Apaf-1,
and caspas® areessentiafor the mitochordrial-mediatedcell deathpathway In their
absence, cells aresistanceo various apoptotic stimu{Janssen et al., 200Wei et al.,
2001).

In the intrinsic pathway caspase activity can be also regulated by gphe&apoptotic
proteins that are releas® from the mitochondria such a$mac/DIABLO and
HtrA2/Omi. Indeed, it has been shown that bd@mac/DIABLO and HtrA2/Omi
indirectly regulatecaspase activity thoughe suppression of embers of thénhibitors

of Apoptosis ProteinglAPs) family (Du et al., 200D IAPs are characterized by the
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presence of théaculovirus IAP repeats (BIRJomairs to which Smac/DIABLO and
HtrA2/Omi bind with their N-terminal IAP Binding Motif (IBM) resulting in
neutralizationof IAPs (Suzuki et al., 2004 Although Smac/DIABLO can interact with
XIAP, clAP1 andclAP2, it has ability toenhanceonly clAP1 and clAP2 ubiquitination
resulting in their proteasomal degradatigiang and Du, 2004 In contrast,
Smac/DIABLO binds to the BIR3 domain of XIAP disrupg the interaction of XIAP

with caspas® and thus enhances casp8@sactivity and apoptosi¢Srinivasula et al.,
2007). HtrA2/Omi cleaves and degrades the IAP resulting in enhancement of caspase
activity and induction of apoptos(Suzuki et al., 2004 Alternatively, HtrA2/Omi can

also regulate caspase activation through cleavage of unidentified target leading to
MOMP and subsequent release of cytochram@&uzuki et al., 2004 Interestingly,

while the release of cytochrome c under stress seems to be a general response, the
cytochrome alependent activation of caspase®bserved only iwvertebrategSaelens

et al., 2004

Endonuclease G (Endo G) is a specific nuclease localized in the mitochondrial
intermembranespace. In response to apoptotic stimuli andofelhg MOMP, EndoG
translocates from the mitochondria to the nucleus, wlodgaves genomic DNA
independent of caspase activityi et al., 200). Similarly, the release of apoptosis
inducing factor (AIF) during MOMP is crucial for chromatin condensation and DNA
fragmentation(Susin et al., 1999 Although, both Endo G and AlFhave bee proposed

to serveas effectors of caspasedependent apoptosig has been also shown that
downstream caspase activation is required for the release ofGadd AlF(Arnoult et

al., 2003. However, it has been proposed tHatlowing MOMP, while there is
simultaneous release of mitochondrial intermembrane space qteins such as
Smac/DIABLO, HtrA2/Omi and cytochrome, ¢here is B0 a selective and slower
release of AIKMunozPinedo et al., 2006

15.14 Extrinsic pathway

The extrinsic apoptotic pathwaglso calledthe death receptor pathwainvolves the
binding of death ligands to transmembrane death receptoran@mmbers of theleath
receptor family,which include tumor necrosis factor 1 (TNFR1), Fas (also known as
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DR2, CD95, APQGL), APO3 (also known as TRAMP, LARD, DR3, WSL1), TNF
relatad apoptosisnducing ligand receptor 1 (TRAIR1; also known as APQ and
DR4), TRAIL-R2 (also known as KILLER, TRICK2 and DRS5), ectodysplasin A
receptor (EDAR), nerve growth factor receptor (NGFRitid death receptor 6 (DR6)
contain multiple cysteineich repeats irthe extracellular domain and death domain
(DD) in the cytoplasmic tai{Locksley et al., 2001Ashkenazi and Dixit, 1998 The
presence of th®D is crucial fortranslatingthe death signals from the cell surfact®
downstream events that lead to apoptosis. The receptors are activated by binding to
specific members of theTNF ligand family. Upon ligation of the death receptprs
cytoplasmicadapter proteins arecruited. Inthe case offas ligand Fad.) and TRAIL
that bind to transmembrane death recept@D95 and TRAIL-R1/TRAIL-R2,
respectively the adapter proteifrasassociated death doma{FADD) is recruited,
whereas the binding of TNIFto the TNFR1 receptor results in theecruitmentof the
adapter protein TRADRogether withFADD and RIP(Wajant, 2002Hsu et al., 1996
FADD, in turn associates with proaspaseé throughits death effector domain (DED)
leading tothe formation ofthe deathinducing signaling complex (DISGKischkel et
al., 1995. Once precaspase is recruited to the DISQ@, dimerizesandundergoesutc
processlg to generate its active formlext, activatd caspase carries oufproteolytic
cleavage and subsequent activatiorntlef effector caspases caspa&sand caspase.
Crosstalk between the extrinsic and intrinsic pattsstiyough the caspastmediated
cleavage of prapoptotic BID (tBID) to initiate the mitochondrial pathwayas also

beenreported
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Figure 1.4 Intrinsic and extrinsic apoptosispathways The intrinsic pathways activated in response to
intracellular stresstimuli andinvolves activation othe BH3-only protein family. Oncectivated BH3-
only proteinstrigger MOMP leading to release of cytochromewhich promotesthe formation of the
apoptosomeomplex Active caspas® processsthe downstream effectgrcaspase3 andcaspas€’. The
extrinsic pathway is activated throudigation of death receptors. This results in recruitmentthed
adaptor protein FADD angbro-caspase 8Activated caspas8, in turn, proteolytially cleaws the
downstream effectgrcaspase and casase?7. In addition, active caspa8ealso cleaveshe BH3-only
protein BID. Truncated BID (tBID}riggersMOMP and leaithg to apoptosome formation and effector
caspase activatiorizollowing MOMP, Smac/DIABLO and HtrA2/Omi are released from mitochondria
into the cytoplasm wherghey inhibit X-linked inhibitor of apoptosi{XIAP) leading to caspase
activation. Additionally, the release of other mitochondrial proteins into the cygosblas AlF and Endo
G trigges caspaséndependent apoptosidlodified from (Tait and Green, 2010raylor et al., 2008
Saelens et al., 20p4
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15.2 Necrosisand Necroptosis

In 2009 the definition of necrosis was +evaluated in accordance with the
recommendationsf the NCCD. Previouslybased on morphologica&kiteria necrosis

was defined as Type Il cell death. Necrosis is a form of nonapoptotic and accidental of
cell death (Fink and Cookson, 2005 Like apoptosis necrosis can occur during
developmentbut unlike apoptosis necrotic cells displayack of or limited chromatin
condensation and caspase activatidiorphologically necrosis is characterized lay
increase in cell volume (oncosis), swellingarfjanellesand early plasma membrane
rupture resulting in loss of intracellular content. The process of necrosis leads to ATP
depletion, lipid peroxidation, enhanced generation of reactive oxygen species (ROS) and
mitochondrial dysfunction and nuclear dinges(Kroemer et al., 2009 Generally
necroticcell death is accompanied by inflammation due to release of dasgeciated
molecular patterns (DAMPS]Taylor et al.,, 2008 Necrosis is induced by nen
physiological stress such asygital or chemical stimulfor example heat and osmotic
shock, freezingand thawing(Nicotera et al., 1998 Although wellcharacterized bits
morphological changes, thesee still no biochemical markerthat can be usetb

identify necrotic cell death.

Although necrosis was defined asuncontrolled and unregulated form of cell death, it
has recentlypeenshown that necrotic death calsobe executeéh acontrolledfashion
(Sosna et al., 20)4Necroptosis is a form gfrogrammedhecrosis which is induced by
extracellular stimuli such ake TNF family andthe Toll-like receptors TLR3, TLRA4.
Stimulation ofthedeathreceqpor TNFR1 by TNFU is the most
In 1988 Laster reported that TNF induced both apoptotic and necrotic cell deestier

et al.,, 1988 Necroptosis is defined as a caspagipendent death pathway that
depends othereceptorinteractingprotein kinase 1 (RIPK)-RIPK3 complex Ilb called
the necrosome anavhich can be inhibited by necrostatin(Kaczmarek et al., 2013
Galluzzi et al., 2012 Necroptosis also requires inhibition of casp@seither by
pharmacological ogeneticintervention.Mixed lineage kinase like protein (MLKL3$ a
downstream target of RIPK3which is crucial for necroptosis inductiq¢un et al.,
2012. Necroptosisg negatively regulated by FADD, caspd&sand FLIR (Kaczmarek
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et al., 2013 Cho et al., 2011 As in necrosis,necroptotic cells are morphologically
characterized by cellular swelling, organelle swelling and incdeasembrane
permeability. Unlike apopte cells, cells undergoing necropbsis do not exhibit

chromatin condensation and caspase activation.

15.3 Autophagy mediated cell death

Autophagic cell death (ACD) wasriginally defined by morphologicalchanges
characterized bthe massive vacuolization of the cytoplasm in the absence of chromatin
condensation. This mode of cell death whsssifiedas Typell programmed cell death.
However, in accordance with the NCCD recommendation from 2012 and updated in
2015, autophagic cell death descrilzeype of cell death that can be inhibited using
pharmacologicatompounds or genetic approaches targedingast two components of

the autophagic machinefalluzzi et al., 2015Galluzzi et al., 201 In addition,with
respectto biochemical changes it has been proposed that autophagic cell death is also
associated with the lipidation of LC3 and degradation of {Ba&luzzi et al., 2016
Importantly, it wassuggested that the termutophagic cell deaffshould be replacehly

@eath mediated by autophdgy

Although cell death mediated bgutophagyis still a controversial topic, there is
increasing evidence supporting arole for autophagy in cell deathHowever the
molecular mechasis of this mode of cell deatfemain unclearlt also remains to be
determinedvhetherautophagy and apoptosis act in the saigealingpathway, angdin

this way, contribute to stresmiduced cell death. It is important to note that the same
autophagic gnes such asATG5and ATG7, can be involved irboth pro-survival and
pro-death autophagy. Thereforegharacterizing the induction and execution of
autophagic cell death is of high interest in order to find new possibifitieghe
treatmentof cancer andther human diseaseAutophagy has been shown to promote
physiological cell death ddrosophilamelanogastesalivaryglands. Inhibition of class

| PI3K and the knockdown of specifauitophagygenesfor exampleatg3, atg6, agt7 or
atgl2reduced cell dath in vivo (Berry and Baehrecke, 2007n the cellular setting
autophagy has been shown to contribute to cell death in cells lacking Bax and Bak or
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caspases. For example, Yu aocolleaguesdescribe Atg7- and Beclin 1-dependent
nonapoptotic cell death in L92€ells in the presence of-YAD-fmk, a pancaspase
inhibitor (Yu et al.,, 2004 Similarly, selectivecytotoxic stimuli have been shown to
induce autophagic death associated with upregulation of Atg5/Atg6 in BaxIB&EKs
(Tsujimotoand Shimizu, 2005 Recently, autophagosomal membranes wereetin&
cell death throughhe formation of the iDISC(Young et al., 201Pthat constituts a
platform for the activation of caspas@ either in apoptoticompetentor -incompetent
cells.

154 Autosis, analternative cell death modalty

Autosiswas first coined by Levine antblleaguesas a terncomprisingtwo cellular
processeaut cpahua gy far death. GAutosss iisandautophagygene
dependent, neapoptotic andnonnecroptotic form of cell death. It is characterized by
morphological features such as fragmentationtted ER in early stags and its
disappearanci later stage, enhanced cell sgbiate adhesignand nuclear membrane
changes. Focal perinuclear slved, nuclearshrinkageand appearanceof nuclear
derived roundvacuolelike balloons are the mosharacteristideatures of autosif.iu
and Levine, 201p6 Like autophagic cell death, autosis is characterizedrtipcreasd
number of autophagosomes and autolysosorBawmilarly to apoptosis autosis is
accompared by mild chromatincondensation. Autosis is induced by starvatithre
synthetic autophagynducing peptides TaBeclin 1and Tatv F L P | u2, -and
ischemia(Liu et al., 2013. Autosis is mediated by the NK*ATPase ionic pump and
can be inhibited by cardiac glycosides thateremical antagonists of NaK* ATPase
(Liu et al., 2013 Autosis has been shown to occur the presence of the
pharmacologicalcaspaseinhibitor zVAD and in cells deficient in Bax and Bak
Additionally, application of necrostatih or genetic ablation of Ripkl and Ripk3 were
not able to block autos(tiu et al., 2013.

16 Role of autophagy in cancer

Autophagy is a catabolic process that is involvedhia degradation of intracellular

proteins and damaged organelles. Autophagy is constitutively activeitdainbasal
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cellular homeostasiswhile during stress conditianit is responsible for sustaining
metalmlism and energy status. Recycling by autophagssential forcellular survival
under various stress condit®@rAutophagy isa tightly controlled and dynamic process
regulated by several ATG proteifisevine and Klionsky, 2004 Malfunctiors in the
apoptotic pathway contribute to many diseasech asneurodegenerativeonditions,
andcan alsde part othe pathogenesis of cancg/ong, 201). The role of autophagy

in cancer seems to be contgldpendentas autophagy can act either as a tumor

suppressoor tumor promoter.

Giventhat autophagy is a survival pathway wiltie ability to degrade macromolecules,
cancer cells rely on this pathway under hypoxic condstanmd nutrientdeprivation. In

this regard, autophagy promstéumor growth. It has been shown that pancreatic
cancers areharacterizedoy elevated levsl of basal autophaggyang et al., 20111
Indeed,this study highlighted the crucial role adutophagyin proliferationin vitro and

in vivo. Inhibition of autophagyeither by genetic or pharmacological appraach
significantly reduced pancreatic cancer growthresulted in tumor regression and
prolonged survival. Melanoma is another exampla cdncer witha high level of basal
autophagy.It has been shown that enhancedelsvof autophagy in aggressive
melanoma cells contributes tomor growth as autophagyrotectsthese cellsagainst
metabolic stress. Moreover, inhibition of autophagy resulted in cell death and high
levels of autophagywere correlatedwith survivd and resistance to theragXie et al.,
2013. Additionally, autophagy suppressestumorinduced inflammation thus
supporing tumor progression. In thisontext,autophagy was shown to cooperate with
apoptosis to preventing death by necrosis which is associated with inflammation
(Degenhardt et al., 2006 Moreover, recently it has been shown that
microenvironmental autophagy also supports tumor growth and survival implieating

role for nonrautonomouswutophagy irmalignancy(Katheder et al., 2037

As autophagy haghe capacity to disposeof potentially dangerouscytoplasnic
organelles, macromoleculesand pathogens, it haslso been implicated in the
suppressionof malignant transformation. In this context, inhibihoof autophagy

through genetic ablation diie core autophagy genégg5 and Atg7 results in celtype
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specific tumorigenesis(Takamura et al., 20)1In contrast, loss of the essential
autophagy gendeclin 1 was shown to initiate tumor formation in multiptegars,
including the liver and lurgQu etal., 2003.

Furthermore, it has been reported thalignanttumors areassociatedvith defective
autophagy. For exampl&eclin 1which actsas a tumorsuppressors monoallelicaly
deleted in 40% to 75% of human breast, ovarianpodtatecances (Qu et al., 2008
This notion was also supported by impairmentof the progression of thKRAS-
driven lung cancerby homozygous deletion @itg5 (Rao et al., 2014 Induction of
autophagic cell death can also be considered as isappressivelndeed,a study by
Martin and colleaguesshowed that deregulah of the oncogeneHRAS induced a
caspaseéndependent mode of cell death associated with autophagy thatpateidially
limit oncogenc Ras signalgElgendy et al., 201 In human cancemutatiors of the
core autophagygenesare notcommonand are limited to onla few genes such as
ATG7, ULK4, andFIP200(Amaravadi et al., 2026

1.7 Role ofthe ISR in cancer

Tumor cells are exposed to several cell intrinsic and microenvironmental stresses that
activate a variety of adaptive mechanisms to favor cell transformation and promote
cancer progression. Cancer cells are constantly challengdawbievels of oxygen
glucose and other nutrients due to poor vasculature and high metabokdeatkéng to
oxidative stressER stressand subsequent ISR activati{Bi et al., 200%. Therefore,

ISR activaton is oftenenhancedn tumors topromoteadapéationto physiological stress

andit contributes to the resistance of cancer cells @ovariety of stesses in their tumor
microenvironment. Recently, it has been shown that ATF4 contributes to mesenchymal
tumor metastasifDey et al., 201p Additionally, in the context of cancer biologyhe

ISR can also be activatéy cellautonomous insultsuch as thactivationof oncogens

like Rasand Myc (Hart & al., 2012 Denoyelle et al., 2006 Increased activity ofhe
protooncogeneMyce | i ci t s acti vati on pathivayréshlteng P ERK/ e |
cellular transformation and tumorigene§itart et al., 201 whereas amplifiedHRAS
inducesthe PE RK/ e | F pathwAyBfd4cellular senescence @ premalignant

model of melanomé@Denoyelle et al., 20Q6Activation of GCN2 was also reported in
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response to prolonged glucose deprivation in human fibrosarcoma and colorectal
adenocarcinoma celléve et al., 201p Although the precise mechanism by which
GCN2 is activated by uncharged tRNAs was not defiitedl suggested that cancer cells

use amino acids as an alternative source of carbon to produce energy thus indirectly
leading to theactivaion of GCN2 (Ye et al., 201D UV-irradiated mose embryonic
fibroblast cells alsactivatt GCN2 (Deng et al., 2002

In tumors, activation of ISR has bedescribedo exertanticancer effects. Howeves,
cytoprotective ISR can also be induced in response tecantier therapieand may

promote therapyesistance, as is the case in pancreatic ductal carcinoma celds1and
orthotropicmouse model subjected to gemcitabine treatr(feaiam et al., 20)5Drug-

induced enhancement of IS8gnalingt hr ough el F2U ki nases ca
combined therapies against resistant cancers as it can lead to G1/S checkpoint activation

t hr o u gflepedent @pletion of cyclin Stockwell et al., 2012 Inhibition of

ISR signaling through inhibitiorof thee | F2 U ki nas esa srdtegyoto r epr e
overcome cancer resistage and to taget neurodegenerative diseas@fere is an

i ncreasing number of el F2U kinase inhibit
phosphorylation. Some examples inhibitors include GSK2606414 and GSKZ6b&15

target PERK and prevent its autophosphorylatiémten et al., 2013 Axten et al.,

2012. It has been shown that deficiency in either PERK or GCN2 impacts on ATF4
expression and thus resultisdecreased resistance to hypoxic and nutrient stress leading

to reduced tumor cell growth both vitro andin vivo (BobrovnikovaMarjon et al.,

201Q Ye et al., 2010 Interestingly, both strategies to suppréssISR as well as to

enhance ISR signaling have been reported to inhibit tumor giowikio, which reflects

the dual roleof the ISR in promoting survival and cell deaf&hen et al., 2011Ye et

al., 2@.0). Therefore pharmacological modulation dhe ISR, aiming at inhibition or

enhancement of ISR signaling represemsaaising therapeutic strategy.
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Aims of the thesis
The main airs of this projectareto investigate the mode of strassluced cell death in

cells whose mitochondrial apoptotic pathway is compromiaedto examinea novel

stressinduced caspasmediatel death pathway dependent on autophagy.

Objectives

1. Toinvestigate if various stresses can induce cell death in cells that cannot
undergo apoptosis

2. To investigate the role of stresgluced autophagy in cell death

3. Toinvestigate the role ¢helSR inregulation of the alternative cell death

pathway in response to various stresses
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Chapter 2: Materials and Methods

2.1 Cell Culture
Caspas® (C-97) and Caspas@™* (WT; C-9"") Mouse Embryonic Fibroblasts (MEFs)

cells were obtained from Prof. Tak M&tom University of Toronto, Canada. MEFs

were maintained in Dulbeccobs modified E:
glucose supplemented with 10% (vol/vol) fetal bovine serum (FBS), penicillin (100

U/ml), streptomycin (100rg/ml), nonressential amino acidiNEAA), L-glutamine and

sodium pyruvate. Lentivirus transduced C&Sd®Fs expressing either pGIPZ or

pLKO vector were selected with addition o
anot her two passages in 2 eg/ ml lebfor pur om
recovery for 2 passages before experimental work. All reagents used in tissue culture are

certified and were purchag&om SigmaAldrich as peiTable 21.

2.1.1 Subculturing

Cells were cultured at 3T in a humidified 5% C@atmosphere. Thewere aseptically
passaged-3 times weekly. Before subculturing, cells distribution was monitored under
microscope. Since MEFs are adherent cells, 1x TrygBIiA was used to detach the
cells from flask foll owed by walsSolutionn s mal
After the cells have been dissociated into a sieglesuspension, they were diluted to

the desired concentration and transferred into culture flask with thleepted gowth

medium and incubated at 37 where they reattached, grew anddid.

2.1.2 Recovery of cryopreserved cells (thawing)

The vial with the cryopreserve@-9 MEFs was removed from the liquid nitrogen and
thawed by gentle agitation in a 32 water bath. When the ice crystals were melted the
vial was transferred to Eminar flow tissue culture hood. Next the thawed content
approx. 1 ml was added dropwise to 9 ml cold complete growth medium and mixed
thoroughly by gentle pipetting. The cell suspension was divided into two T25 flasks
with total voume of 5 ml and incudded at 37C. The cultures were examined aftert?4

and the medium was exchanged foesh media Cells were subcultured 48 after

thawing or as needed.

Pageb7 of 221



2.1.3 Cryopreservation (freezing)

Cryopreservation was carried out on the freshly thawed cellsthdétHowest passage
number. Before freezing cell culture was checked for contamination from bacteria or
fungi. The freezing medium consisting of 95% FBS and 5% DMSO was prepared in
advance. @ MEFs were detached with 1x TrypsiDTA and next collected b
gentle centrifugation 1000 x g for 5 min. The supernatant was discarded and cells were
resuspended in the freezing medium at a concentration of 19widble cells/ml
Immediately 1 ml of cells suspension was added to appropriate labelled vials with the
name of the cell line, concentration and the date. The vials were placed into freezing
container ontaining a preooled 1006 isopropyl alcohol and next the chamber was
transferred to a mechanical freezei 8°C for at least 24 hours. After 24 hours 80

°C, one vial was removed for quality control and the cells weswred aper normal

cell culture routines outlined above.

Table 21 Tissue Culture Reagents

Reagent Catalogue Number Company

DMEM-high glucose D6429 SigmaAldrich
FBS F7524 SigmaAldrich
PenStrep P0O781 SigmaAldrich
L-Glutamine G7513 SigmaAldrich
NEAA M7145 SigmaAldrich
Sodium pyruvate S8636 SigmaAldrich
RPMI-1640 R0883 SigmaAldrich
Hanksd® Bal an|H939%4 SigmaAldrich
TrypsinEDTA Solution T4174 SigmaAldrich
Puromycin P8833 SigmaAldrich
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2.2 Treatment

2.2.1 Drug treatment

Cells were seededlt therequired density40,000 cells/welin 12 well plates 100,000
cells/well in 6 well plates; 2,500,0@®IlIs/T25 flasksP4 h prior to stress treaént, the
medium was then removed and cells were replenished with medium containing required
drug <concentration. Al l the drugs were
instruction and dissolved in the dimethysulfoxide (DMSO). The druge wliquoted

ard stored at20°C. Inhibitors were added 1 h prior treatment or otherwise as specified.
Spautinl and PERKInhibitor werereplenished every 24 h whereas ISRIB was added

every 48 hAll drugs used in the experimental work are summarizédalrie 2.2

Table 2.2 Drug treatment

Drug Catalogue Number | Source/Supplier
Brefeldin A B6542 SigmaAldrich
Chloroquine diphosphate salt | C6628 SigmaAldrich
Etoposide E1383 SigmaAldrich
ISRIB SML0843 SigmaAldrich
PERK inhibitor Compound 44 Amgen
Paclitaxel T7402 SigmaAldrich
Rapamycin R-500 LC Laboratories
Spautinl SML0440 SigmaAldrich

222l nhi bitordés mechani sm of action

Brefeldin A (BFA) is a fungalderived antibiotic, macrocyclic lactone produced by
organisms such @enicillium brefeldianumOn themolecular level the mode of action
of BFA is implicated in intracellular traffickind3FA alters the structure and fuiaot of
Golgi apparatus (GA) anldadsto the reduction in the number of secretory cisternae in
Golgi stack. Defects in Golgi tabulation and its disassembly cause rapid block in
transport of secretory proteins from the ER to the Q&lgouich et al., 1998 This

Pageb9of 221



results in accumulation and aggregation of nascent proteins withiiRtheading to
activation of UPRMoon et al., 2012

Chloroquine (CQ) is a widely used antnalarial drug with other medical applications
in relation to amebiasis antleumatic disease. It is a lysosomotropic agleat impairs
lysosomal acidification inside the lysosome or inhibits autophago$gsusome fusion,

thusresulting indefects in theutophagic fluxSlater, 19938

Etoposide (Etop)is a podophyllotoxin extracted from the roots of thedophyllum
peltatum It is topoisomerasehibitorsthatforms a complex with topoisomerase Il and
DNA resulting in formation of doubistranded break@Montecucco et al., 20)%nd
subsequent cell deafNitiss and Wang, 1996

ISRIB (IntegratedStressResponsenhibitor) acts downstream of all foer | Fkih&bes

(GCN2, PERK, PKR and HRIyeversing the effects ofel F2U phos.phor vyl
(Sidrauski et al., 2033 The molecular mechanism dBRIB is based oreither
enhancing elF2B activity or reducing its sensitivity to elF2 phosphoryléBairauski

et al., 2015Sidrauski et al., 2013

Paclitaxel (Taxol) was isolated from the bark of th&@axus brevifok. It promotes
microtubule polymerization and stabilizatioits mechanism of action is mediated by
stabilization of the microtubule polymerization resulting in increased assembly of
tubulin (Weaver, 20140rr et al., 2008 Additionally, Taxol destroys the microtubule
structure and causes mitotic arrest, which subsequently leads to cel(Xieatlet al.,
2009.

Rapamycin (Rap) is an immunosuppressive and atdancer agent widely used in
research to monitor autophagThe mechanism of rapamycin action is mediated by
inhibition of MTOR protein kinase within mMTORCL1 resulting in induction of autophagy
(Law, 20085.

Spautin-1(Specific and potent autophagyinhibitor -1) inhibits two ubiquitin
peptidases, USP10 and USP13, which regulate the deubiquitination of Beclinl in Vps34
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complexes. Spautil indirectly leads to Beclin 1 degradation thokibits autophagy at
the induction stagéLiu et al., 201).

2.23 Gamma irradiation (g-IR) treatment

Prior to treatment cells were cultured in a T175 flask. On the day of the treatment cells
were trypsinized and diluted in fresh medium to final volume of 20 ml. Next the
suspension was split into two tubes one for control and the rest for treatmentveells
exposed t83 Gyand thercollected by gentle centrifugation at 300 x g for 5 min. The
supernatant was discarded and pellets were resuspended in fresh growth medium and

seeded at required density. Cells were left for recovery and harvested at cthtlimate

2.3Microscopy

Examination of the morphology of the cells in culture was carried out on daily basis.
The shape and appearance of the cells were monitored before subculturing, and during
the experimental settings. To analyze cytotoxicity and laeetf morphological
changes of cell death induced by stresswuli Olympus CKX41 inverted microscope

with bright field function was used.
2.3.1Bright Field Microscopy

C-9" MEFs cells, pLKO andCasB shRNA G9” MEFs and pGIPZ anétg5 shRNA

C-9" MEFs were treated witlBFA, Etop Taxoland g-irradiation for the indicated
timepoints. Before harvesting images of the cells were taken in bright field using the
Zeiss AXIO Vert. Al inverted microscope at 10x and 20x magnification.

2.3.2FluorescentMicroscopy

To monitor autophagosome formation.9€ MEFs cells were transfected with a vector
expressing a GFBC3 fusion protein as described below in Transfection section. After

24 h postransfection cells were subjected to treatment with either ldnefé,

etoposide and taxol alone or in combination with Spaltit indicated time of
treat ment cel | nucl eu s-[4-ettosyphenyl%[4-methgll- usi ng
piperazinyl}2,5-bi-1H-benzimidazole trihydrochloride trinydrate (Hoechst 33342)
(Molecular Probes; cat #-B670) a DNA stain which is excited by ultraviolet light and

Page6lof 221



emits blue fluorescence at 460 to 490 nm. The cells were visualized using the Operetta

High Content Imaging System in GFP green and blue channel at 20x magnification.

2.4Plasmid Isolation

Plasmid pEGFR.C3 (Addgene; cat # 24920) was transformed into competent
Escherichiacolst r ai n DH5U. The competent bacteri a
I nto eppendorf o fA 110 o vehline ofvptasmidnnexs ablded irmstd
competent bacteria and the content was mixed gently by pipette tip. The transformation
mixture was left on ice for 30 min incubation. Next eppenda$ placed on heat block

at 42C and bacteria were heat shocked for 30 sec to allow plasmid uptake. Itatyedia
eppendorf was placed back onto ice immediately and left for 2 min recovery. Next 250

el of LB Broth (no antibiotic) was added
incubated with lsaking at 200 rpm for 1 h at 32Z. Following incubation, the tal
content of transformation mixture was sSpr e
kanamycin. The plate was placed in the incubator upside flmwavernight incubation

at 37C. Next day well 3 defined colonies were added to 3 ml of LB Broth in 3
separated tubes containing 50 gg/ ml of kan
orbital shaker with vigorous shaking at 260 rfon overnight incubation at 3C. The

following day 1 ml of a starter culture from each tube was transferred into Zateepar
eppendorf s and centrifuge at 17000 x g for 1 min. The supernatant was removed and
bacterial cell pellets were re$lQphp&I0ded i n
mM EDTA) by vigorous pipetting. NexP2 bact e
buffer (0.2 M NaOH; 1% SDS) and suspensions were mixed gently by inversion. The

mi xtures were | eft for 1 min incubation on
5.5) was added to precipitate genomic DNA. Following incubation #m3n on ice

the mixtures were pelleted at 17000 x g for 15 min. Supernatants were removed to the

new eppendorfs and DNA plasmids were precipitated by addition of 0.7 volume of
isopropanol and left for 20 min incubation at room temperature. Next the plasmids were
pelleted at microcentrifuge at 17000 x g for 10 min. The supernatants were removed and

the pellets weravashed inl ml of icecold 70% Ethanol and centrifuged again. The
supernatants were removed and the pellets were left to air dry for 10 min. Following
dryingt he DNA was resuspe@dand i nherm = misn elra
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sterile TE (10mM Tris, 1 mM EDTA, pH 8; sterile by autoclaving) was added. To
visualize the plasmid-2 ¢ | ated plasngds Were run on a thégarose gel. After
visualization he starter culture with the best quality plasmid was chosen to be used
going forward. The following day the starter was centrifuged at 5000 x g for 20 min to
pellet the bacterial cells containing the plasmid of interest. Plasmid extraction was

carried ouin accordance with Qiagen mpiep kit (Qiagen; cat #12145).

2.5 Transfection
2.5.1 Transfection of cells with siRNA

Delivery of siRNAs into @ MEFs was optimized for cationitlipid transfection

reagent method. Transfection was carried out usingdiRECT1 transfection reagent
(Dharmacon; cat # -P00:01). G9” MEF were plated at 40,000 cells/well in total

volume of 1 ml in 12 well plates 24 h prior to transfection. Next day,M s i RNA
solutions for both notargeting siRNA (Dharmacon; cat #@1810-10-05) and ATF4

siRNA (Dharmacon; cat #-D4273701-0005) in 1x siRNA buffer were prepared.

Follow by that appropriate amount of sSiRNA and DharmaFECT1 were diluted with FBS

free medium and incubated for 5 min at room temperature. After incubatioeddilut

si RNA was mi xed with diluted Dhar maFECT1
incubated for 20 min at room temperature. During incubation culture media was
removed from wells and cells were washed with antibiibée media. Transfection mix

was added to & ¢ | of faeei bompi ete medium for a |
and a final siRNA concentration of 20 nM of ntangeting SIRNA and 20 nM of ATF4

siRNA. Cells were incubatedith transfection medium at 3Z in 5% CQ for 5 h. The
transfection mixturewas removed after 5 h and replaced with either fresh growth
medium for control samples or medium containing the appropriate drug concentration

for testing samples. Next, cells were incubated for desired time and harvested at

indicated time point for anadys.

Transfection of sSiRNA CHOP and Beclinl into MEFs was carried out as described
above. Briefly,either 20 nM o025 nM CHOPsIRNA (Dharmacon; cat #406206800-

0005) and 25 nM Becn&iRNA (Dharmacon; cat # 405589500-0005) were mixed

with 2.5maFEOGT1 Dhmaansfection reagent in 2

Page63of 221



incubated for 20 min at room temperature. Next, the mixture was added drop by drop to
800 ¢l of ant and cellstwere inctibatedeat “&nia 8% @Q for 5 h.

After incubation time the transfection mixture was removed and replaced with normal
growth medium and the cells were put back into the incubator for 24 h. The drug
treatment was carried out 24 h post transfection and the control samples faoboth
targeting siRNA and CHOP siRNA or noargeting siRNA and Becnl siRNA were
harvested on the time of treatment.

2.5.2 Transfection of cells with plasmid

Transient transfection of GFAEC3 expression plasmid into-&~ MEFs was conducted
using the transfction reagent Turbofect (Fermentas; cat # R053397 MEFs were

seeded at 40,000 cells/well in total volume of 1 ml in 12 well plates 24 h prior to

transfection. Transfection &9 MEFsc el | s requires 1:2.5 rat.i
of GFRLC3 epr essi on plasmid and 2.5 ¢l of Tur
mi xed in the same tube containing FBS fre

mixture was incubated for 20 minutes at room temperature to form -IENA
complexes. During this time theagyth medium was removed from the cells and cells

were washed once with antibiotic free medium. After incubation the -IyNé mixture

was addeddropwi se t o each wel |l of cells containi
volume of 1 ml. The medium in daevell was swirled gently to mix and then thelsel

were incubated for 5 h at 32. The transfection mixture was removed after indicated

time and replaced with growth medium in eacsliwCells were incubated at 37 for

24 h, then the transfection effaricy was determined by fluorescent microscopy and

treatment was applied.

2.6 Protein Sample Preparation

2.6.1 Harvesting cells

Cells were seeded in T25 flasks omwéll and 12well plates for protein sample
preparation. After treatment, cells were harvested at indicated times by scraping into the
media.Neither proteases nor phosphatases inhibitors were added to the khediia.

and floating cells were transferred into labelled 1.5 ml Eppendorf or 15 ml tube on ice

and next centrifuged a000x rpm for 5 min at 4C. After spin down the tubes were
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pl aced on ice, the supernatant was removVvec

of icec ol d 1x PBS pH 7.4 by gently resuspert

transferred into 1.5 ml Eppendorf and centrifuged at 40p6xfor 5 min at 4C. After
spindown the supernatant was removed from the cell pellets and discarded. [€te pel
were stored in-20°C freezer for up to a week prior to lysis until full time course was

collected.

2.6.2 Lysis of cells

All cells from an experiment were lysed together in 1x SIX&E lysis buffer prepared
freshly before use from 2x SBERAGE lysis buffer. Thecompositions of the lysis
buffers were described in theable 2.3 and Table 2.4. The volume of the 1x SDS
PAGE lysis buffer was determined based on the cell number. Briefly, the appropriate
volume of 1x SDSPAGE lysis buffer was added directly to pellet on ice. The pellet was
immediately resuspended by pipetting up and down sevenas and left on ice for 5

min. Next all samples were boiled at G5 for 5 min on the heat block. Later, all
samples were placed on ice for 2 min. After incubation, the samples were pulse
centrifuged at4000x rpm Samples could be used immedigptier aralysis or stored at
-20°C. Sonication was not carried out during preparation of protein extracts.

Table 2.3 2x SDSPAGE Lysis Buffer

Component Final Concentration
10% SDS solution 4% SDS

1 M Tris HCI pH 6.8 100 mM Tris HCI pH 6.8
Bromophenol Blue 0.1%Bromophenol Blue
Glycerol 20% Glycerol

dHO End Volume to 50 ml KO

Above composition is for 50 ml of 2x SEFFAGE buffer that can be stored at room
temperature for up to 3 months. Prior to use 2x -HB&E lysis buffer was diluted 1:2

in total volumeof 2 mil.
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Table 2.4. 1x SDSPAGE Lysis Buffer

Ingredient Vol ume (¢l)
2x SDSPAGE 950

b-mercaptoethanol 50

dH,O 1000

2.7 Polyacrylamide Gel Electrophoresis (PAGE)

Appropriate volume of the cell lysates for protein analysis were directly loadetiZnto
15% SDSPAGE gels alongside the color protein molecular weight marker, broad range
(11-245 kDa) (NEB; cat # P7712). Brieflfhe SDSPAGE gels were placed in a tank
and held vertically between the electrodes chamber during electrophoresis. The
compositon of the handcast gels is describedTable 2.5 The electrode reservoirs
were filled with the 1x running buffer (25 mM Tris base, 192 mM glycth&b6 SDS)

and electrophoresis was carried out at 60 V for 30 min followed by 90 V until the front

dye reachkd the bottom of the gel.

Table 2.5 Composition of the SDRAGE gel

Resolving gel 5%
Stacking

Components 12% (ml) | 15% (ml) gel (ml)
H20 3.4 2.4 3.4
30% acrylamide mix 4 5 0.85
1.5 M Tris pH 8.8 2.6 2.6 0.65
10% SDS 0.1 0.1 0.05
10% ammoniunpersulfate (APS] 0.1 0.1 0.05
TEMED 0.004 0.004 0.005
Total volume 10 10 10
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2.8 Western blot (Immunoblotting)
2.8.1 Wet (tank) transfer

Briefly, after separation by electrophoresis protein samples were transferred onto
nitrocellulose membrane. TIBDSPAGE gel and membrane were sandwiched between
sponges and filter papers in the following order: sponge, filter paper, gel, membrane,
filter paper, sponge. The sandwich was tightly closed in the cassette and submerged in
the cold transfer buffer (10 mI@APS pH 11, 20% (v/v) Methanol) in the tank which
was inserted in a box of ice. The protein samples were transferred onto nitrocellulose
membrane for 90 min at 110 V. After the transfer the membrane was stained with
Ponceau S to visualize the protein slacation. Next, the membrane was wakhe
several times with PBJ (0.1% Tween20 in 1x PBS) to remove the dye. Blocking of
nonspecific binding was achied by placing the membrane ifShonfat milk in PBS

T for 1 h at room temperature. After blockinge tmembrane was incubated with the
primary antibody under gentle agitation either for 1 h atrréemperature or overnight

at £C depends on optimal antibody condition. Membrane then was washed three times
with PBST and further incubated with the appr@te horseradish peroxidase
conjugated secondary antibody for21h at room temperature. The list of used
antibodies is summarized in thEable 7. Next, antibodies were visualized using
Western Lighting Plu&€CL substrates (PerkinElmer; cat # NEL 105001E#d
Western bloLuminol Reagent ImmunoCruz (SantaCruz; cat #28&8).

2.8.2 Semkdry transfer

Proteins in the sample were separated by gel electrophoresis and next transferred to
nitrocellulose membrane. The SIPAGE gel and membrane were sandwiched betw

filter papers. Four filter papers were soaked in the Anode buffer 1 (300 mMHTiis

pH 10.4, 20% (v/v) Methanol) and placed onto saturated anode plate with the Anode
buffer I. Next two filter papers were psoaked in the Anode buffer Il (25 mM Txis

HCL pH 10.4, 20% (v/v) Methanol) and placed on the top of the four filter papers,
removing any air trapped between the added filters. The membrane was equilibrated in
Anode buffer Il and then carefully placed on the top of the six filter papers. The SDS
PAGE gel was incubated in the Cathode buffer (25 mM-R@&. pH 9.4, 10 mM
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glycine, 20% (v/v) Methanol) and later gently placed on the top of the membrane. In this
step any trapped air was also removed. Next, six filter papers were soaked in the
Cathode buffeand then laid one by one on the top of the gel. During adding the filter
papers each layer was rolled out to remove the air trapped between the papers. The
cathode plate was saturated with the cathode buffer and then carefully placed onto the
transfer sick. The protein samples were transferred onto nitrocellulose membrane at a
constant current 230 mA for 75 min with limited voltage (25 V) and wattage (10 W).
Upon completion of the run the gel and membrane sandwich was disassembled and
membrane was incutid in the Ponceau S staining to visualize the protein translocation
and check the efficiency of the transfer. Next membrane was distaif®BST until
background cleared. Later membrane was proceed immunodetection protocol as
described above in ti#7.1 Wet transfer section.

Table 2.6. Antibodies used iWestern blot

Antibody Host Incubation Catalogue Company
Condition Number
Primary
ATF4 rabbit | O/N 4°C 11815 CST
Atg5 rabbit | O/N 4°C 12994 CST
Actin rabbit |1hRT A2066 Sigma
Beclinl rabbit | 1 hRT sc11427 Santa Cruz
CASR3 rabbit | O/N 4°C 9662 CST
CASPR8 rabbit | O/N 4°C 4790 CST
CASP9 mouse | O/N 4°C 9508 CST
CASRS8 cleaved| rabbit | O/N 4°C 8592 CST
CHOP mouse | O/N 4°C 2895 CST
Phosphee | F 2 rabbit | O/N 4°C 3398 CST
Totate | F 2 Ul rabbit |1hRT 5324 CST
LC3 rabbit |1 hRT L7543 Sigma
Secondary
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Anti-Mouse IgG | goat 1-2h RT 115035-003 Jackson
(H+L)
Anti-Rabbit 19gG | goat 1-2h RT 111-035-003 Jackson
(H+L)

O/N indicatesovernightincubation. RT is referred to room temperatiketL) indicatesheavy
and light chains ofamma immunoglobins.

2.9 Clonogenic assay (Colony forming assay)

pLKO and caspas@ shRNA G9” MEFs were seeded at two different, low densities
(10,000 and 20,000 cells/weih) a 6well plate 24 prior to treatment. Next day, cells
were subjected to treatment winefeldinA (0 . 3k Btdposidg5 0 )samd Taxol

(1 € M or exposed tarirradiation (33 Gy) After 72 h treatment the media containing
drug were removed from the cells and replaced with the fresh growth medium. The
fraction of remaining live cells on the plate was allowed to recover and retain the
capacity to produce colonies forlD days. Fobwing 7-10 day recovery the media was
removed from the cells and the cells were washed with 1x PBS pH 7.4. Next, cells were
stained with crystal violet staining solution (0.5%) (20% (v/v) methab@% crystal
violet) for 10 min at room temperature. Exgestain was removed by washing three

times with 1x BS pH 7.4 and plate was imaged.

2.10 Flow Cytometry Analysis of Cell Viability

Prior to treatment cell were seeded at low density in-avelR plate. Next day, cells

were subjected to the treatment fadicated time. Following treatment, media from
cells were transferred to an eppendorf anc
and harvested by trypsinization. Washed and trypsinized cells were collected in the
same eppendorf and centrifuge3000gfor 5 min at 4°C. The supernatant was removed

and the cells were xesdsppen®8& pH F0a@.clProb
of propidium iodide (PI') (50 e€g/ ml) was add:¢
Accuri C6 flow cytomete(Becton Dickinson) serial # 2783. Samples were analysed using

C flow software V.1.0.264.15.
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2.11 Statistics

The values were reported as meatandard error of the mean of three independent
experimentsDi f f er ences between the treatment gr
The significance level arép<0.05, **p<0.01, ***p<0.001 by twoway ANOVA

foll owed b-test Bhenwd-aay tANGVA showed significance differences

between the groups (p<0.03h multiple comparisonposthoctestst he Bonf err on

correction was appliefbr two-way ANOVA andthe HolrSi da k f ortesSt udent ¢
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Chapter 3: Investigation of stressinduced cell death in cells deficient in

the intrinsic apoptotic pathway: Role of caspase8

3.1 Contributions

This workwill be a part of a manuscrifor aresearch papér St r e s-soves$ siresse
inducing compleg Authors: Karolina Pakegebrucka (KPZ), 1zabela Glogowska (IG),
Katarzyna MnichShane Deegaigusan LogueAdrienre Gorman, Afshin Samali

Thecontribution to the experimental resultasfollows:

Treatment optimizatidnKPZ, 1G

Fig. 3.1 A(2x KPZ, 1x IG) B (2x KPZ, 1x IG) C (2x KPZ, 1x IG), D (1x KPZ,2x IG)
Fig. 35C (2x KPZ, 1x IG)

Fig. 3.6 C(1x KPZ, 2x IG)

Fig. 3.7 C (1x KPZ, 2x IG)

Fig. 3.8 C(2x KPZ, 1x IG)

3.2Introduction and Objectives

Cellspossessa diverse array of stress response pathways which help them adapt
to various stress stimulHowever if the stresis too severeor prolonged the cellwill
undergo cell death. Apoptosis and necrosis are the mosthagthcterised modes of cell
death executed in response to cellular streswever other forms of cell death have
recently been identified. Depending on the model and the stresssuséd|ternative
modes of cell death incledutophagydependent cell deaifTorricelli et al., 2012 and
necroptosis(Vandenabeele et al., 2010The molecular pathways that lead to the
activation of these alternative modes of cell death and the exact mechanics and
componats of the death signalling complexes involved are not clearly defined.
Similarly, the cellular respwes todifferent chemotherapeutic agents are not well

understood. Although seral reports suggest that apoptosithis cell death mode that is

Pagerlof 221



prefeentially induced ofby various anticancer drugsell death and thenolecular
mechanisra of its regulation requiréurther clarification. The molecular mechanisof
cell death inapoptosigesistant cells exposed to BFA,axol, girradiation and
etoposide (Etop)remain to be elucidateddow ER stressnducing agers and other
stress stimuli trigger cell death in€” MEFs isthe question undezxamination in this

thesis.

BFA is anantibiotic anda potent inducer oépoptosis in several human cancer cell lines
including epithelial ovarian carcinomachronic lymphoygtic leukemia, multiple
myeloma andfollicular lymphoma(Lee et al., 2013Wlodkowic et al., 200,/Carew et
al., 2006 Shao et al., 19961t has been shown that BFA indsceR stressnediated
apoptosisn Bcl-2-overexpressindollicular lymphoma cell{Wlodkowic et al., 200
Taxol is a chemotherapeutic agent with broad cytotoxic activity. & nsicrotubule
targeting drug which is widely used in the treatment of several resistant cancleras
ovarian, breastlung, and Ka p o s i(Weavers 20t4tiebomann et al., 1993
Apparently, Taxol induces apoptosis viee mitochondrialmediated pathwags shown
in ahuman breast cancer cell ligililler et al., 2013. The cytotoxic effect of Taxol is
concentratiordependent,and although its application is widely studied the precise
mechanism by which Taxol induseell death is still unclearTaxol induced Bci2
phosphorylation irthe PC3 prostate carcinoma cell limenich concomitarly with cell
death(Haldar et al., 1996 Moreover, inthe human colon cancer HTZD4 cell line
Taxol induced apoptosis via caspd@seactivation independdgt of death receptor
ligation (Goncalves et al., 2000Etop is aother commonly usedhemotherapeutic
agent withbroadanticancer activitylt has beerreported thaEtop induces apoptosis
throughthe mitochondriaimediated pathway angromotescaspase activation in several
cancer cell linesfor instance pancreatic and neuroblastoma cédfiang and Huang,
2013 Day et al., 2009 Although the effect oEtopwas already studied in-&" MEFs,

a detailed mechanism of hoftop triggers cell death has not beeported(Hakem et
al., 1998. Of note, inthe neuroblastoma cell line SK-As, Etop has been shown to
trigger apoptosis in a caspa®elependent mannefDay et al., 200P Besides

chemotherapeuticgadiotherapyis also currently usedas ananticancer strategyg
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irradiationwas showrto induce cell death vithe mitochondrid&mediated pathwain a
human lymphoblast cell linBishay et al., 2000 Furthermore, it is suggested tleat
irradiationinduced cell death is associated with p53 and subsegupptession of the
antrapoptoticBCL-2 proteins and induction of piapoptotic BAX (Zhou et al., 2003
Bishay et al., 200QArai et al., 199% However molecular insight into howrirradiation
triggers apoptosidgs lacking especially inthe context of cek defective in the
mitochondri&mediatedapoptotic pathway.

Activation of the intrinsiapoptotic pathway is commonly observed in cells treated with
radiation(Hao et al., 200bor most chemotherapeutic dru@g¥'ei et al., 2001Li et al.,
2000, and ischaractered bymitochondrial membrane permeabilizatiegtochromec
release, apoptosome formaticand caspas® activation. Given that caspaSeis an
initiator caspase ithe intrinsic apoptotic pathwayts function and the mechanisim of
its activationhas been widely studied. Indeed, it has been shown that deficiency of
caspas® protectscells from stressnduced cell deathn response t@poptotic stimuli
such as sorbitol, cisgin, Etop, Adriamycin or exposure to UV andrirradiation
(Hakem et al., 199&uida et al., 1998 Furthermore, depending on cell type and stress
stimulus four different apoptotic pathwaysave been proposdzased on caspafeand
caspase3 involvement: (1) caspa$ke and caspas8-dependent pathway; (2) casp#&se
and caspas&-independent pathway; (3) casp&sdependent and caspade
independent pathwawpnd (4) caspas@independent and caspa3®elependent mode of
cell death(Hakem et al.,, 1998 The existence of the casp#&edependent and
caspase&3-dependent nowanonical pathway also suggesthe possiblity of other
caspases such as caspa@seingthe apical caspase activated in the absencespasa

9. However, the molecular mechanism of stiedgsiced cell death in caspa8e
deficient MEFs was not elucidat¢blakem et al..1998. The requirement$or crucial
components ofhe intrinsic pathwayhave beerwidely examined sing various genetic
models.Cells deficienin the preapoptoticBCL-2 family proteinsBAX/BAK displayed
increasedesistance to apoptosighen treated with various stresslucing drugssuch

as Etop, staurosporie tunicamycin or thaspigarginShimizu et al., 2004Wei et al.,
2001). Furthermorethe overexpressionfanti-apoptoticBCL-2 family proteins has also
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been shown to be associated with resistance to proteasome inHib#ticssmann et al.,
2017). Similarly, deficiency in Apafl also prevents apoptosis induced by microtubule
polymerisation stresglanssen et al., 20pand Etop treatment(Perkins et al., 2000
Although clear inhibition of stresaduced cell death has been shown in these scenarios,
recent studies have implied that the same stress stimulus can also lead to cell death in
caspas®- or Bax/Bakdeficient cells(Lindsten and Thompson, 200&kert et al.,
2004). Malfunction in mitochondriaimediated cell deattcan in this waydelay
programmed cell death or alternativehayinducean alternate mode of cell death. It is
already well established that other forms of cell death such as autemieaggted cell
death or necroptosisan also be executed response to severe intracellular stress
stimuli (Fulda, 2013 Yuan and Kroemer, 2@] Brown and Attardi, 2005Brown and
Wilson, 2003. The exact mechanism used bglls deficient in caspas® to trigger
death upon sustained stress is still a matter of debate; howewgentstudieshave
implicatedcaspasé asthe apical caspase activated in responsent@acellular stress
when the intrinsic apoptotic pathway is compromigBPeéegan et al., 2014iCaro
Maldonado et al., 2030 0Of note, this caspas® activation was independent of death
ligands and was induced by nutrient deprivation and exposurBetgproteasome
inhibitor bortezomib(Laussmann et al., 201CarcMaldonado et al., 2030Although

the precise molecular mechanism is not well defined it seems that c8spaght
require the involvement of other cellular pathwaysh as autophagy execute cell
death.Previousstudies carried out in our laboratory revealed that caspdséicient

cells treated with ER stregsducing agents were resistant to ER stiadsiced cell
death when compared to their wild typeunterparts however, prolonged treatment
with ER stress did eventually induce cell death which was dependent on caspase
activation (Deegan et al., 201%aFurthermore,subsequenstudes demonstrated the
existence of alternative cell death pathwag response tounresolvedER stress
(Estornes et al., 201Deegan et al.2014h. It has been shown thaklls lacking
components of the mitochondrial death pathway, such as ceésmasBAX and BAK
undergo a dlayed form of cell death associated with the formatioma ofovel death
inducingcomplexwhich requires components thfe apoptosis (caspast FADD) and

autophagy (ATG5) machineipeegan et al., 2014bin our laboratorywe have termed
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this novel deatlinducing protein complexhe i s t r e s.sThis nowvet complex
constitutes a platform for activation of pcaspaseé which has been identified as the
initiator caspase in caspa8aleficient MEFs. Importantly, caspa8ewas required for
activation of downstream effector caspases eeltl death.Moreover, thiscaspasé
activation was found tobe dependent othe autophagy machinerfDeegan et al.,
20141. Exposure to sustained Ed®ess led to caspadependent cell death lwoth C-
9""MEFs andBax/Bak’” MEFs suggesting thengagemenof a novel alternativedeath
pathwayupon prolonged drug treatmektowever, there are still unanswered questions
in relation to thispathway First, we still do not know if this a general response to
various stresses or just ERtress Further, it remains unclear howeells lacking a
functional mitochondrial pathway utilize thadternative death pathwayhen subjected

to different types of severe stressBased on the fact that impairment of the
mitochondrial mthway is common in highlyesistah cances, understanding the
molecular mechanism of stres&luced cell death in cells defective in intrinsic
apoptosis seems to be crucial for the developmenmofe effective therags
Therefore, in this study-@" MEFs were chosen as a relevant model to investigate cell

death mechanissin cell deficient intheintrinsic apoptotic pathway.

Here, the effect of various stresses cell death was investigated i@ MEFs. In
particular,the role ofcaspas@ was examired in the context ofa signaling pathway
which was recently discovered to be involved stressinduced cell death in cells
defective inthe mitochondriaimediated pathway.
Theaims of this study wer® investigate:
1. Whether different cellulastresses can induce cell death iF9C
MEFs
2. Whether stresthduced cell death is associated with casjaaed
caspase activation in G9” MEFs
3. Whether caspas@ is essentidlor the execuion of cell death in €
" MEFs in response to different stress stimuli which would normally

trigger themitochondrial apoptotic pathway
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3.3 Results

33.1 C-9" MEFs undergo cell death in response to prolonged stress

It has been reported that the mitochondniediated apoptosis pathway is activated by
diverse stress stimuli including DNA damage, heat shock, UVganddiationas well

as exposure to chemotherapeutic ag€rag and Green, 20)0

In order to determine if cells with a compromised mitochondrial death pathway remain
sensitive to cell death in response to various stressesCh@tfiand G9” MEFs were
subjectedto prolonged treatmemntith B F A , Et op, -irrddiation Followingd o
thesetreatments, cells were stained with propidium iodide (PI) and cell death was
analyzed by flow cytometrylnterestingly, prolonging the time of exposure to BFA,
Etop, or Taxol increasedell deathfrom 10% at 24 h to approximately-3%% at 72 h

in C-9” MEFs (Fig. 3.1A-D). However, although exposure tgirradiation showed a
similar trend, the increase in cytotoxicity was not as evident as with other stresses. The
Pl uptake rose from 5% at 24 h to about 25% at 72 h post irradiati@se @ata
indicate that @’ MEFs arehighly resistahto stressstimuli compard with C-9"*
MEFs which exhibited approximately 75% dead cells within #2 (Fig. 3.1AD).
Moreover, in all cases-8"" MEFsdied more rapidly compadewith C-9” MEFs. The

+/+

strongestincorporation of Pl by MEFs was observed upon Etop treatment.
However, further investigations with time match controls are warranted in order to fully
understand observed chang&aken togetherC-9” MEFs undergoa delayed form of

cell death thboccurs at slower rate
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Figure 3.1C-9” MEFs undergo a delayed cell death in response to various stress€s9** and G9”
MEFs were treated wittA) 0 . 3 ¢ g/ (B)I5 OBMA,BEX) ogpM T a x(D)lexpaseddo 33Gy
irradiation and left for recovery for indicated tin@ell viability was assessed at the indicated time points
using flow cytometry and propidium iaté staining. The values were reported as mie&EM of three
independent experiments. The significatee| are*p<0.05, **p<0.01, **p<0.001
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In order to determine the phenotype of cell death indbbgeBFA, Etop, Taxol andy
irradiation in G97" MEFs, the morphological changes were analyzed during prolonged

treatment.

At the earliest time poirtested 24 h C-9 MEFs did not display characteristiof cell

death changes upon all treatments. However, during the treattnertells rounded up

andlost connectiomwith neighbouringcellsFo |l | owi ng, 72 h of BFA,
irradiation treément, G9 MEFs started to display clear morphological changes
characteristiof apoptosis such as detachment, and cell shrinkage 3R However,

further investigations with time match controls are warranted in order to fully

understand observethanges.

Taken together, the appearance of cell roundness and the abnormal morphology during
prol onged treat ment wirddiationBvesAmore Eirilarpgo, theT a x o |
morphology of cells dying by apoptosis suggesting that various stresses rigged t
apoptotic mode of cell death in@ MEFs.
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72 h

Etop

ctrl

Taxol

Figure 3.2Various treatments lead to cell death in G9" MEFs. C-9" MEFs were treated wit.3

e g/ mli BERVA EtSoQ, TaAxol and eptRpaadsledt for récoverBf8r in@oated time
points and assessed by bright field microscopy; magnification TBX.results shown are representative

of three independent experiments for BFA, Etop and Taxol and two independent experimeapts for
irradiation.

Pager9of 221



During apoptosis cells display nuclear condensation and DNA fragmentation, which can
be detected by staining with Hoechst 33342 and fluoresaeiwescopy(Purschke et

al., 2010. Hoechst 33342 is a blue fluorescent dye that stains the.ONérefore to
confirm that various types of stress induce apoptosis-#\ ®EFs Hoechst 33342
staining was performed Following prolonged treatmenwith BFA, Etop or Taxal
apoptotic cells were determined according to the changes in the nuclear morphology
including shrinkage, chromatin condensation and fragmentation. Nuclear staining with
Hoechst 33342 showed that the control, untreated cells haviaregd round nuclei. In
contrast, as illustrated in Fig. 3G-97 MEFs exhibited numerous cells with fragmented
nuclei upon BFA, Etop and Taxdleatmentat 72 h of treatment. Interestingly,
fragmentation of nuclei and shrinkage was strongly obsealsadl at the earlyime

points upon Taxoltreatment These resultssuggestthat BFA, Etop and Taxol induce
apoptosis in €@ MEFs. The observed nucléiagmentations also suggesaspase
activation.However, further investigations with time matcbntrols are warranted in

order to fully understand observed changes.
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Figure 3.3Nuclear morphology of C-9" MEFs exposed to prolonged treatment with various stress
stimuli. C-9" MEFs were treated with . 3 € g/ mt MBE® @9 M 0T dox thd indicated time
points. Cellular DNA was stained with & g / Holechst 33342 for 10 min at room temperature and
assessed by fluorescenegcroscopy; magnification 20X. The results shown are representative of three
independent experimentgellow arrows indicate healthy nuclei and red arrows depict apoptotic nuclei
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3.3.2 Death triggered by diverse cellular stresses inaspased’ MEF cells is

associated with caspas8 and-3 processing

Given that activation of caspases is a hallmark of apoptosis, the processing of caspases

was examineth C-9 MEFs in response to various types of stress.

As illustrated in Fig. 3.4AC exposure to sustained treatment with BFA, Etopaxol
triggered capase processing in both®®* and G9”- MEFs. Althoughthere wasnore

+/+

pronouncegrocessingf pro-caspasé and caspasgin G9"" MEFs, there was also a
significant processing of both caspases observéd htn C-9” MEFs (Fig.3.4).
Similarly, thee was substantialeavage of caspasein G-9""* MEFs compare with C-
97 MEFs. This suggests that casp@sie active and processcaspase in G-9"*

MEFs.In contrastthe observed processing of graspase and caspas®in G-9”

MEFs suggest that various stresses might activate alternate death pathway for caspase
processing when the primary route via activation of apoptosome is defétdivever,

further investigations with time match controls are warranted in order to fully

understand observed changes.

Taken together, tise data confirm that different types of streskssl to activation of
caspase and caspase in G9" MEFs. Caspas8 processing occurred an

apoptosonndependent manner bortay beassociated with caspa8eactivation.
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Figure 3.4Stressinduced cell death in G9” MEFs is accompanied by caspas@ and caspase
processing.C-9"" and G9” MEFs were treated wittA) 0 . 3 & g / (B)I50 eBMF AE and(B) 1€ M

Taxol Protein levels of processed caspase 8 (cl. GBSEnd caspasg (cl. CASR3), full length
caspas® (CASR9) and Actin were assessed at indicated time points by using Western blot. Blots shown
are representative of 2 independent experiments.
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3.3.3 Knockdown of caspaseB protects caspas®’ MEF from BFA -induced cell
death.

To confirm whether the knockdown of casp&swould have an effect on ERress
induced cell death in caspa8edeficient cellsthe stableC-9"~ MEFs transduced with
Casp8 shRNA lentivirus or pLKO empty lentivirugcontrol transducedell line),
previously generated in our laboratavmgre usedThe morphological changes of BFA
treated C-9” MEFs pLKO and @ MEFs expressingCasp8 shRNA were first
examined Bright field microscopy images were analyzed at the indicated time points
(Fig. 3.5A) Following treatment wh BFA, pLKO G97 MEFs died much more rapidly
with cell death observed as early as 24 h and almost completf lgability at 48 h as
illustrated by cellroundness and detachmemtsFig. 3.5A. In contrastCasp8shRNA
C-9" MEFs cells appeared largely refractory to stresthasnajority of cells were not
affected by longerm treatment.Casp8 shRNA G9 MEFs started to display
morphological signs of cell death at 72h (Fig. 3.5A).

In addition, cell death was examined by Pl uptéikg. 3.5C). FACS analysis revealed
that following treatment with BFA control pLKO-@" MEFs displayedincreasé cell
death ovetime, reaching around 65% celkathat 72 h.In contrastapproximately 25%

of cell death at 72 h was obseniedCasp8shRNA G9” MEFs. This result suggests
that knockdown of caspagesignificantly reduced cell death upon BFA treatment (Fig.
3.5C).

Next, to fully confirm that caspas® is the apical caspase in the examined cellular
system and is required for activation of effectaspasesWestern blot analysis was
carried out. Both pLKO @7 and Casp8 shRNA G9" MEFs were subjected to
treatment with BFA for 24 h, 48 h and 72h. Whole cell lysates were harvested at the
indicated time points and assessed for caspamed casp&s3 processing, and pro
caspase expressionWestern blot analysis revealed complete knockdofnaspase,

as determined by lack of detection of ym@spase in theCasp8shRNA G97 MEFs,
compare with its control pLKO G9” MEF where precaspas&® was observed. As

expected, knockdown of casp&&eesulted in almost complete inhibition of caspase
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processing confirminghat caspas& processing occurred in a casp8s#ependent

manner (Fig. 3.5B).

Furthermore, to investigate whether caspsdeficiency could provide long term
protection against BFA in-©@’ MEFs, a clonogenic survival assay was carried out after
72h of BFA treatment. As illustrated in Fig. 3.5D the presence of caSpasgLKO G

9" significantly reduced formation of colas comparm to the Casp8 sShRNA G9”-
MEFs. However, loss of caspa8esnhanced lonterm survival and allowed recovery
after initial stress. This demonstrates that k9’CMEFs, caspas8 is important for
execution of cell death following treatment wiBFA. In summary, these data
demonstrate that BFA induced casp@se&lependent cell death in-& MEFs.

Furthermore, caspasewas required for activation of the effector casgase
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Figure 35 Knockdown of caspase8 in C-9” MEFs protects against prolonged BFA treatment(A).

pLKO andCasp8shRNA G9'" MEFs were treated with . 3 ¢ g /fanthe ikli€afed time points and
assessed by bright field microscopy. Bhole cell lysates were subjed to Western blot for expression

of pro-caspas@ (CASRS8), cleaved caspas® (cl.CASR8) and caspasg (cl.CASR3) and Actin. (C)

Cell viability was assessed at the indicated time points by using flow cytometry and propidium iodide
staining. Values repsent the mean + SEM of three independent experiments. The significance levels
are*p<0.05, **p<0.01, ***p<0.001. (D) Clonogenic survival of pLKO a@dsp8shRNA G9” MEFs
treated with0 . 3 & g /fon72 hBAfieX 72 h the treatment was washed off arid eere allowedo

form colonies for 7 days. Colonies were stained with crystal violet and picture taken.
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3.3.4 Knockdown of caspaseB reduces processing of caspaSeand decreases cell

death induced by Taxol in caspas®-/- MEFs

In order to understand the mechanism of cell death induced by BaxiolpLKO G9”

and Casp8 shRNA G9” MEFs were subjected to prolonged treatment with Taxol.
Firstly, the cell death was determined by morphological changes using hetght f
microscoly. Upon exposure to sustaieh treatment with Taxol, pLKO control cells
displayed cell shrinkage and detachment wBksp8shRNA G9” MEFs appeared to

be resistant athe majority of celk did not show apoptotic features, suggesting that these
cells die in caspas8 dependent manner. Interestingly, in the absence of calpuadis
exhibited increase size and swelling (Fig. 3.6A). Because Taxol affects microtubule
network resulting in disruption in cytoskeleton therefore this observation may tagect

mechanism of action of Taxol.

To further determine if the phenotypes observe@dsp8shRNA G97 MEFsweredue

to loss of caspas®, both pLKO G9” andCasp8shRNA G97 MEFs were stained with

Pl and subjectetb FACS analysis. Assessment of ad#lath showed clear Pl uptake in
pLKO C-9” MEFs following 24 h of Taxol treatment reaching around 45% deas cell
within 72 h (Fig. 3.6C). In contrast, there was a significant reduction in Pl uptake in
Casp8shRNA G97 MEFs overthe time course,suggesting that caspa8ds required

for Taxokinduced cell death in-©" MEFs.

In the absence o& mitochondriamediated death pathway it has been shown that
caspase is an initiator for caspase cascade in response to intracellular(Bteesgmn et

al., 2014a Deeganet al., 2014b CaroMaldonado et al., 20301In order to further
specify whether caspaSewas an apical caspase in Taialuced apoptosis in-@"
MEFs Western blot analysis was performed. As etqek knockdown of caspase
reduced processing of poaspase and procaspas® (Fig. 36B). These results suggest
that caspas8 is aninitiator caspase required for activation of downstream effector

caspase3 upon polonged treatment with Taxol.

In another approach to deterraithe possible role of the casp&&en Taxolinduced

cell death in €@" MEFs, the effect of knockdown of casp&en longterm survival
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was examined. As illustrated in Fig6B. either presence or absence of cas{@adel
not affect colony formation in Taxdreated GO~ MEFs. There was a slight increase in
the number of viable coldes in Casp8 ShRNA G9” MEFs comparé with control
pLKO C-9" MEFs therefore, it raises the possibility of involvemeitcaspase in
Taxokinduced cell deathOf note, he cytotoxicity of Taxol has been widely stutlia
vitro through clonogenic assait has been shown that ability to form cdkswaries
depending on drug concentratiand administratiorf a higher dose of Taxalesuled

in an increase incell survival (Liebmann et al.,, 1993 In summary, these data
demonstrate that Taxol induces casp@stependent cell death in@ MEFs. Caspase

8 is required for downstream cleavage of casi3aseTaxol treated @ MEFs.
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Figure 36 Knockdown of caspase8 in C-97° MEFs protects against prolonged Taxol treatment(A).

pLKO and Casp8shRNA G9” MEFs were treated with ¢ M T dor the indicated time points and
assessed by bright field microscopy. (B)Whole cell lysates sdgcted taNVestern blot for expression

of pro-caspas@ (CASP-8), cleaved caspas®(cl. CASR8) caspass (cl. CASR3) and Actin. (C) Cell

viability was assessed at the indicated time points by using flow cytometry and propidium iodide staining.
Valuesrepresent the mean + SEM of three independent experinidmssignificance leveis*p<0.05.

(D) Clonogenic survival of pKO andCasp8shRNA G9" MEFs treated witht M T a x o h. Affeor 7 2
72 hthe treatment was washed off acells were allowed to form colonies for 7 days. Colonies were
stained with crystal violet and picture taken.
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3.3.5 Knockdown of caspaseB reduces processing of caspaSeand decreases cell

death induced bygtirradiation in caspase9” MEFs

To determine whetherirradiation induces caspa8edependent cell death bgbhKO

C-9 and CasfB shRNA G9" MEFs were subjected to-irradiation and left for
recovery for 24 h, 48 h and 72 h. The morphology of qe#atO C-9” MEFs at 72 h
posttreatment displayed changes typical for apoptosis such as: shrinkage, roundness
and detachment. In contra§asp8shRNA C-97- MEFs were resistant tg-irradiation

induced cell death, as exhidt by thenormal morphology othe cells (Fig. 3.7A).

These data, suggdsiat cell death induced layirradiation is caspase dependent.

Next, to determine whether caspd#bsds required for processing of downstream
executioner caspasein G9” MEFs, Western blotanalysis was performed. It was
confirmed that knockdown of caspa®eeduced processing of casp&séFig. 3.7B).
These results demonstrate that activation of effector ca§pasquires upstream
initiator caspas®. Given that caspases are hallmark ad@psis,the next aim waso
fully verify that observed activation of caspases contribute to cell death. To test whether
grirradiatiorrinduced cell death is triggered ataspasé-dependent manner Pl staining
was performed on both pLKO-@" MEFsandCasp8shRNA G9” MEFs. As expected
loss of caspas@ significantly reduced cell death over tin@asp8shRNA G97 MEFs
seemed to be protected agaig$tradiation stress. However, although the results were
found statistically significant, the overaletrd show that both pLKO-@" MEFs and
Casp8shRNA G9” MEFs slowly die reachingpproximatelyof 25% of dead cedlin

the presence of caspa8eand around 15% when caspd&seas absent (Fig. 3.7C). The
observed low level of cell deatbuggest that g-irradiation may require the intrinsic
apoptotic pathway and subsequent apoptosommatan to efficiently induce cell
death

Additionally, to identify whether knockdown of caspaseescud cells already exposed
to girradiation treatment measurement oéll ability for longterm survival was
performed. Indeed, irradiation of both pLKO-9C MEFs and Casp8 shRNA G97
MEFs with 33Gy was able to slightly increase colony formatioBdep8shRNA G9”
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MEFs comparavith pLKO C-97 MEFs, thusraisng the possibility of involvementf
caspase in g-irradiationinduced cell deathTaken togetherg-irradiation induces cell
death associated with casp&sectivation in €9 MEFs. Caspas8 is required for

activation of the executioner casp#sand subsequent cell death.
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Figure 3.7 Knockdown of caspase8 in C-9" MEFs protects against prolonged g-irradiation
treatment. (A). pLKO andCasp8shRNA G9”- MEFs were treated witB3GygIR for the indicated time
points and assessed by bright field microscopy ViBple cell lysates were subjected to Western blot for
expression of praaspas& (CASP-8), cleaved caspas®(cl. CASR8) caspasa (cl. CASR3) and Actin.

(C) Cell viability was assessed at the indicated time points using flow cytometry and propidium iodide
staining. Valuesrepresent the mean + SEM of three independent experini#mssignificance levesl
are*p<0.05, **p<0.01 (D) Clonogenic sutival of pLKO andCasp8shRNA G9” MEFs treated with
33GygIR for 72 h. 72 hposttreatmentmediawas washed off and celidlowedto form colonies for 7

days. Colonies were stained with crystal violet and picture taken
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3.3.6 Knockdown of caspaseB reduces processing of caspaseinduced byEtop

but does not decrease cell death in caspagé MEFs

To investigate whethecell deathinduced by Etop occurs isaspas& dependent
mannerin C-9"MEFs, control pLKO andCas8 shRNAC-9 MEFs were subjected to

prolonged treatment with Etop.

Bright field microscopy images were analyzed at the indicated time pdéistassessed

by morphology, prolonged treatment with Etop led to cell death of both pLKO and
Casp8shRNA G9” MEFs. Moreover, the features of apoptotic cell death were already
observed aearly stage of treatment with Etop ipLKO, while in Cas@B shRNA G9”
MEFs cell death appeared at 72 h (Fig. 3.8A). Knockdown of cagpdiEnot protect
cells against Etopreatment ashe majority of cells displagdroundness and detachment
similar to the pLKO control. Morphologicaxamination suggests that casp&ss not
required for cell death induced by prolonged treatment with etoposic® fnEFs.

To further déermine the role of caspasein cell deatlboth pLKO andCasp8shRNA
C-9” MEFs were stained with Pl and subjected to flow cytometry analysis. As
illustrated in Fig. 3.8C knockdown of caspdassignificantly reduced cell death induced
by Etop at 24 h and8 h of treatmentwhereas sustained exposure to Etop lead to cell
death of bottpLKO andCasp8shRNA G9’~ MEFs reaching approximately 35% dead
cells at 72 h (Fig. 3.8CAlthough analysis of cell death at 72 h was not statistically
significant there was stila clear trend that reduction of casp#&s&eads to a loss of

potency to protect cells against Etop over prolonged treatment.

Although, these results do not supporbke of caspas@ in Etopinduced cell death, it
does not mean that casp#ses not involved. Indeed, my previous data show that Etop
induce caspasgependent mode of cell death iR9C MEFs. Therefore to delineate the
importance of caspas®activationWestern blotanalysis was performed. As illustrated
in Fig. 3.8B complete knockdown of casp@swas determined by lack of detection of
pro-caspaseé in the Casp8shRNA G97 MEFs, compare to its control pLKO G97”
MEF. Moreover, knockdown of caspaleesulted in almost complete inhibiti@f both
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pro-caspaseé8 andcaspase& processing indicating that upon Etop treatment caspase

processing occurred in a casp&sgependent manner.

To determine whether knockdown of casp@sdirectly affectd the longterm survival

of C-9"" MEFs exposed to Etop, a clonogenic assay was performed after 72 h of
treatment. Since Etop treatment leads to DNA damage its application can inhibit ability
of cells to proliferate and division and thus limit clonogenicity. Assillated in Fig.

3.8B knockdown of caspa$edid not enhance loAgrm survival. Moreover, treatment
with Etop blocked formation of colonies in bqthKO andCasp8shRNA G9'~ MEFs

and did not allow for recovery. This suggests that prolonged treatmenEtgphmight

lead toanirreversible effect that is lethal for@" MEFs independent on caspde

Taken together, these results show that although ca8pas®ot required for cell death

in C-9” MEFs upon Etop treatment, it is indeed important for downstream effector
caspase activation. Knockdown of caspase C-9”~ MEFs appears to protect fan

initial phase of treatment, however cells eventually die when subject to prolonged

exposure td&top.
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Figure 38 Knockdown of caspaseB in C-9° MEFs cells does not protect against prolonged Etop
treatment. (A) pLKO and Casp8shRNA G9” MEFs were treated wit0 e M E torothe indicated

time points and assessed by bright field microscopy.WBble cell lysates were subjected to Western
blot for expression of proaspas@& (CASP-8), cleaved caspas®(cl. CASR8) caspasa (cl. CASR3)

and Actin. (C) Cell viability was assessed at the indicated time points using flow cytometry and
propidium iodide stainingValuesrepresent the mean + SEM of three independent experiniEms
significance leved are*p<0.05, **p<0.01 (D) Clonogenic suival of pLKO and Casp8shRNA G9”

MEFs treated wittb0s M  E foro7@ h. After 72 h the treatment was washed off and edsved to

form colonies for 7 days. Colonies were stained with crystal violet and picture taken
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3.4 Discussion

Apoptosis isthe preferential mode of cell ddainduced bychemotheragutics and
radiation It is alreadywell established that mitochondria are essentiatifelexecution

of cell death induced by mosipoptotic stimuli However, in many instances, cancer
cells develop resistance toonventional therapy likechemotherapeutic drugand
radiotherapy Indeed, malfunctions in the mitochondimakdiated pathway are common
in tumor cells and are associated with resistancedst mpoptotic stimul(Miyashita
and Reed, 1993 otem and Sachs, 1993The ability of cancer cells to proliferate and
evade cell death hena hallmark of canceilherefoe, anunderstanding of alternative
mechanisra of cell death wouldacilitate theidentification ofnovel targetshatcanbe

therapeuticallyexploitedto overcomealrugresistance

Previous work in our laboratory has demonstrated the existence rmfvel and
alternative stresmduced cell death pathway that could be exploited fotrdsment of
highly chemoresistant cancer celBeegan et al., 20134bThe study of Deeganet al
identified anatypical caspas8 activation pathwaynder sustainegharmacologicaER
stressin cells lacking the principle components of the apoptotic pathwisyng the
knockdown of caspasgin G-9” MEFsit wasshownthat caspas8 acts as the initiator
caspase which is required for both effectorpeag activation and cell deaith this
system Generally, activation of caspa8eis dependent on ligation of death receptor
(Ashkenazi and Dixit, 1998 However in this system blockade of death receptor
signalling showed that activation of caps&seid not depend omctivation of the
extrinsic pathway(Deegan et al., 2013b Additionally, application ofthe general
caspasénhibitor Bocd-fmk to G9” MEFs treated witlthe ER stressinducing agents
tunicamycin and thapsigarginsted in reluced processing of caspg&@mplicating
caspaseé8 as the apical caspase inthis examined cellular system. Despithese
intriguing findings, it remains uncleawhether this novel pathway is specific to ER
stress or represerdéisnore general respondigeat isactivatedin responséo awide range
of different stressesDuring treatmentcancer cellsare exposed twarious types of
stresses such as genotoxic stress andstedds as well agirradiation Therefore to

identify the molecular mechanismunderlying thealternative cell death pathways
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activated in response to variogsmmonly used chemotherapeuticells devoid of

functional caspas® were usedth this chapter

Mak and colleagues demonstrated that cells lacking functional ce®pasaesistant to

a wide range of prapoptotic insultshighlighting the importance of caspa@an the
mitochondrial pathwayHakem et al., 1998 This is also supported by studiglsowing
that caspas®-deficient MEFsare protected from Taxeinduced apoptosi§€lanssen et
al., 2007. Furthermore, cells devoid of caspd&seere alsshown to beesistant to ER
stress, suggesting that casp@ss indispensable for stresxluced apoptosieegan et
al., 2014y Several novel pathways have been identified mhight explan how cels
defective inthe intrinsic apoptotic pathwatrigger cell death when exposed to various
stresses. However, little is known about exposurehtoric stress. Similarlythere is
littte known aboutthe mode of cell death used by cells lacking a functional
mitochondrid deah pathway when subjected to stress. Since a variety of cellular stress
stimuli lead to disruption of homeostasis and subsequent cell daattidatingthe
molecular mechanissnunderlyingstressinduced cell death in resistant cells is of high

importance.

In this study, Ifirst investigated whether various stresses lead to cell deathSifi C
MEFs. Consistent witta previous study from our laboratorihe ER stressnducing
agent BFA was used in parallel with other stinsuich as Etop, Taxol argdirradiation.
Although all chosen stimuhavedifferent mods of action, theyhaveall been shown to
induce apoptosis in various cellular settin@$.note, in theanalysis presenteih this
chaptey the results wereomparedwith control (untreated) ainhe zero. The treated
samples were harvested at the indicated time and the changes catisettdatmens,
either in cell deattas determined by Pl uptake expression of protesof interestas
determined by Western blotyere analysedo the startcontrol. However, further
investigationswith time match controlsare warranted in order to fully understand

observed changes.

Following the kinetics of cell death induction isogenic C-9”* and G9’~ MEFs

confirmed that €7 MEFs displayed reducezkll death when exposed to various stress
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inducing agents agetermined byl uptake Moreover,it wasshown thatellsdefective
in the mitochondrial apoptotipathwayundewent a delayed form of cell death that
occurredat slower ratein reponse talifferent stress stimuliC-9” MEFs appeared to be
protected fotheinitial phase of treatmenhowever they eventually digin response¢o

prolonged exposure to various stresses.

Following prolonged treatment with different stimulchanges in morphology
characteristiof apoptosis weralsoobserved Therefore, to clarify whether apoptosis is

the primary mode of cell death in this system other methods for apoptosis detection such
as Hoechst stainingereused The obtained resultdearly suggest that BFA, Etpand

Taxol wereall capable of inducing chromatin condensation and nuclei fragmentation.

As it remains uncleawhether stressaduced cell death in cells defective the
mitochondri&mediated pathway is caspasependent ncaspaséndependentcaspase
processing was anagd upon prolonged exposure to celluaress. These data show
that the absence of casp&sdid not prevent caspa8eprocessing completeip C-97
MEFs. Indeed, there was a significant activationaspase3 detected at 48 h and 72 h
in response toBFA, Etop and Taxoltreatmentsin C-9” MEFs Caspas& is an
executioner caspasand thusrequiresprocessing by arapical caspaséor its full
activation Detection of caspas® processing confired its role in this system. Indeed,
processing of caspasewas noted to slowly increase over time reaclingaximum at
72 hin response tdBFA, Etop and Taxol treatmenin C-9° MEFs Furthermore,
through the use of a matched pafilC-9*""* and G9” MEFs, | provided evidence that C
9" MEFs suppressthe stressinduced activation of caspa8e At the same timel

+/+

detected pronounced processing of casaiseCG9"" MEFs suggesting that activation

of this caspase occurs vihe canonical intrinsic patvay. Therefore, based on those
findings, it seems thadn alternative death pathway is involved in caspase processing
and subsequent cell death in response to BFA, Etop and ffeashentsn C-9” MEFs
when the primary, canonical mitochondrAmediated pathway is compromised.
Together, the presented dataowedthat G9”~ MEFs wereinitially resistan to stress
inducedcell death however they eventually succumbed to cell deathresponse to

prolongedcellular stress. The delayed mode of cell death observeedih EFs was
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associated with caspase pessing. Furthermore, theedata also suggest that various

stresses trigger caspa@@rocessing in the absence of casgase

A previous study reportedhat several anticancer drugs such daunorubicin,
doxorwbicin or etoposide led tactivation of caspas@ in the absence of death receptor
signaling in Jurkat cells(Wesselborg et al., 1999The possibility that caspase
activation might be triggered by atmer pathway independent of classical death receptor
signalingin responséo ER stressvas demonstrated hifie groups of Vandenabee and
Bertrand(Estornes et al., 20)4Thisis also in agreement with our previous stwdyich
introduceda novel caspasé activation pathwayndependent ofleath receptor ligation

in cells compromised ithe mitochondrid&mediated death pathway when exposed to
sustairrd ER stress(Deegan et al.,, 2014b Furthermore, CarcMaldonado and
colleagueslso previouslydemonstrated that Bax/Baleficient MEFs mdergo caspase
8-mediated apoptosis upon glucose deprivati@aroMaldonado et al., 2030
Similarly, the studyof Laussmanret alidentified caspase as the apical caspaseBal-
2-overexpressinghuman cancer cells that are resistant to proteasome inhibition
(Laussmann et al., 20L1Consistent with these reportsly data providd convincing
evidence that BFA Taxol and girradiationmediated cell death relies on casp@se
activation. Indeed, knockdown of casp&sesignificantly inhibied cell death upon
prolonged treatment with all three stimuli amdoreover, it also reduced processing of
the downstream effector caspa3eThese results confirm that casp&sprocessing in
C-9" MEFs is dependent orcaspasé activation. Interestingly, it was noted that
although deficiency of caspagein G9” MEFs proteatd against cell death upon
prolonged stress, it Haa different effect on longerm survival inresponse twarious
stressesWhile upon BFA treatment, clonogenic assalearly demastrated a survival
advantage of caspasedeficient G9” MEFs comparewith the control, caspase
deficiencydid not protect efficientlyagainstTaxol andgirradiation. Indeed, although
the loss of caspas®ein G-9” MEFs providel longterm protection against Taxol, the
same response was observed in the control, howewasslightly leser extent. Based on
this observationl cannot rule out the possible involvement of casigase Taxol
mediated cell deatiHowever as already mentioned in the results section, the effect of

Taxol isnot onlydosedependent, bunayalsobe cell-type specific. It has been shown
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that either caspas®deficiency or Apafl deficiencyconferslong-termstress resistance
on MEFs, whereas deficiency of casp&s&as unable to rescue Jurkat selpon Taxol
treatment(Janssen et al., 20P7Additionally, Taxo] as an inhibitor of microtubule
depolymerisationalso affects the mitotic spindle, leading to mitotic arrest and
subsequent apoptosi¥von et al., 1999 Therefore, upon drug removal during leng
term survival assay some cellsmight escape the mitotic arrest andgae their
proliferative capacity resulting ina survival advatage.Furthermore knockdown of
caspasé8 in G9” MEFs proteatd against Taxdhduced cell death as determined by
morphological changes. However, tbhbservedincrease in size and swellirgf cells
may be a consequenceTdxold s k n o wn eriidrotubutesor doento thelcalls
undergoing a different mode of cell dedth the absencef caspasd&. This is in
agreement with the cell death analysis, as although knockdown of c&@sipa&e9”
MEFs significantly protected against prolonged Taxol treatnoaspase-deficient G

9 MEFs were still dying. Therefore, the s#yved swelling in the absence of caspases
could indicate thatdamageinduced by Taxolwas too severe andells ultimately
underwent either necrosis or necroptostwever, further investigations with time
match controls are warranted in order to fullglerstand observed changes

Although g-irradiation does exertanti-proliferative effecs, which could potentially
result in limited clonogenicity, my results showed that after exposure to that stress cells
were able to form colonies ether in the absence or presence of eB3pa36” MEFs.
However, similarly to Taxol treatment, there was a sligicrease inthe number of
viable colonies observed in casp#seeficient G9”~ MEFs. Therefore, it is difficult to
precisely determinthe effect of caspas® knockdown on cell survivah response tg-
irradiation. However, the possibility that casp&senay be partially involved is
demonstratedhy Western blotanalysis;thus its role cannot be rulieout by thee data.
Of note, there are also differences in casf®peocessing upog-irradiationcompare
with other stressespbserved in caspasedeficient G9” MEFs Caspas& is an
executioner caspase that is constitutively synthetized as an inactivenymme
(zymogen). Precaspase (35 kDa) consists od pro-domain, large subunit (17 kDa)
and small subunit (12 kD4d).iu et al., 200%. Processing of proaspase3 occurs ina

two-step process. The first reaction requires involvement of the initiator sesspach
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as capaseB, -10 9 or -2, leading togeneration ofan intermediate fragment p19,
consisting of large subunit p17 and flomain (Kavanagh et al., 20)4 The first
reaction also leads to the releasehef fragment p12 whighogether with p19createsa
pl19/p12 heterodimer. In the second reaction the processing of p19 to p17 is carried out
during autocatalytic processing leading to removal ofdmmain and generation of
fully active p17 fragmen{Kavanagh et al., 20]14.iu et al., 2005Martin et al., 1995

| nt er est i 4irrgdiagon altbopgh knockdown of caspasg in G9 MEFs
reduced processing of casp&sehe intermediat@l9 fragment of caspasg was still
observed. This could be explained by gussibility that, in the absence of casp&se
partial processing of pr@aspase€ occursdue to activity ofother caspasesuch as
caspase. This could be possible as it has beemwshthat in response to DNA damage
caspase is involved in apoptosi@BouchierHayes, 2010Giagkousiklidis et al., 2005
Moreover, grirradiation activate the intrinsic apoptotic pathway, wherapart from
cytochrome c, there is also release of other apoptotic factors such as Smac/DIABLO or
HtrA2/Omi from mitochondria into the cytosol, which aso involved in caspas®
activation (Wang and Youle, 2009 Indeed, it has been shown that S&&BLO
enhanced processing giro-caspase in o-irradiated SH-EP neuroblastoma cells
(Giagkousiklidis et al., 2005 Alternatively, processing of procaspase to its
intermediate fragment can also occuraigranzyme Bdependent manner, as has been
shown in Jurkat cell@Martin et al., 1995 However, the lack of appearance of the p17
fragment observed icaspas&-deficient G9 MEFs upon gamma irradiation could
also indicate that the autocatalytic cleavage of immature p19 fragment is blpcked
perhaps due to inhibition APSs (Roy et al., 199) Indeed, it has been recently shown
that the conversion of the intermediate p19 to p17 fragment chsa3is controlled by

the clAP2 in microglia cells(Kavanagh et al., 20)4 Additionally, the activity of
processed caspa8das been shown to be inhibited by XI&pon DNA damagéDatta

et al., 2000. However, further investigations with time match controls are warranted in
order to fully understand observed changes

The requirement for caspa8efor Etop-induced cell deathin C-9” MEFs was also
examined. Neither morphological observation nor quantification of cell death through Pl

uptake revealed anyprotection in caspasgdeficient G9” MEFs. However,it is
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interesting that knockdown of caspaeesulted inclear resistance to cell deather

the initial 24 h to 48 h of stress, while prolonged treatment with Etop eventuallyetesult
in cell death. This observation indicates that the duration of exposure had an effect on
Etop cytotoxicity. Moreover, the fachat at the initial phase of stress cells were
significantly protected raises the possibility that knockdown of caspasay switch
Etopinduced apoptosis tarmother form of cell death. My experiments showed that
caspase is required fothe activation oflownstream effector caspases. Indeed, loss of
caspas@ in G9" MEFs reduced processing of caspaseTherebre these results
together with Pl analysis clearly suggest that in the absence of c@spasther,
caspaséndependentorm of cell death occurs.

However, and interesting to note that the processing of ca8pgsen Etop differs from
grirradiation treatectaspaseé-deficient G9” MEFs. While in girradiated caspasg
deficient G9” MEFs the intermediate of caspe®e19 was detected, this was not
observed in response to Etdjpdeed, the knockdown of caspa&dn G-9” MEFs
almost completely reduced casp&serocessing upon Etop treatmeiihis can be
explained by the fact that, although in response to both treatcesgase is activated

and is required for processing of caspasé seems thgtrolonged treatment with Etop

in caspasé-deficient G9”~ MEFs might lead to an irreversible effeahdthe damage
inflicted on the cell is too severdgherefore the cells ultimatelynduce caspase
independent cell deatMoreover, deficiency of caspaSewas not able to rescued
MEFs after Etop as determined by clonogenic survival. These data provide evidence that
caspase is not required for Etompduced cell deathThus, &hough Etop drives
caspasé-dependent apoptosisn the absence of caspa8ecells can switch toa
caspaséndependeninode ofcell death. It has been already shown that loss of caspase

8 leads to RIP@lependent necroptogiKaiser et al., 2011

The datapresented in this chapter provide new, additional information about the
existence ofan alternative mode of cell death induced in response to various stresses.
The studyalso clearly reveals the importance of the mitochorldmadiated pathway
for the execution of stressduced cell death. The results also show that wihen
intrinsic apoptotic pathway is compromised cells can actieatealternative death

Pagel020f 221



pathway which effectively trigger cell death but with slower kinetidse dataalso
highlight the involvement of caspa8ein this alternative, stressmduced caspase
activation pathway in response to various stresses which corstaumpensatory
death pathway in cells devoid of functional caspas@dditionally, the d& here show
that depending orthe stressstimulus, cells can either utilize caspa8eto execute
apoptoticcell death or switch ta nonapoptotic mode of cell death. These results may
explain how cel defective inthe intrinsic apoptotic pathway exeeutell death when
subjected to prolonged treatment with different chemotherapeutics, implicatiogea
and alternative caspase activation pathwas/a potential target fothe treatmentof

highly resistant cancer cells.

In summary here it has beeshown thatvarious apoptotic stimuli induce cell death in
caspas®-deficient cel. A delayed mode of cell death associated witprocessing of
caspaseé8 and caspas@ was identified in response tdfdrent stresses. Thedata also
reveal that caspas8 acts ashe initiator caspase and is required for processing of
caspass& upon treatment with different stresses (Fig. 3.9). Importantlyddkereveal
that the involvement of caspa8ein the alternative death pathway is stresggnulus
specific Under conditiols of caspas® deficiency, exposure to BFA, Taxand ¢
irradiation trigges caspasé&-dependent cell death, while Etop drivascaspase-
independenmode ofcell death.However, here remainunanswered questions about
how is caspas& activated in thisalternative death pathway. What arthe other

components of this novel caspasediated death pathway?
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Figure 39 Various stresses induce caspaskemediated cell death in G9" MEFs. A graphic
represerihg a model ofthe stressinduced caspase activation pathway. Casgas®diates cell death in
cells deficient in caspaggin response to different stresses.
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Chapter 4: Role of stressnduced autophagy on cell death in cells
deficient in intrinsic apoptotic pathway in response to various stresses

4.1 Contributions

This work will be a part of a manuscriptfar r esear ch p amoelstre8sSt r es s
i nduci ng Auhom Kdraina ®akeZebrucka (KPZ2), 1zabela Glogowska (1G),
Katarzyna Mnich, Shane Deegan, Susague, Adrienne Gorman, Afshin Samali

Thecontributions to the experimental results aseollows:
Fig. 4.4 B(2x KPZ, 1x IG)
Fig. 4.5 B(1x KPZ, X IG)
Fig. 4.6 B(1x KPZ, 2x IG)

Fig. 4.7 B(1x KPZ, 2x IG)

4.2 Introduction and Objectives

Autophagy actsas apro-survival mechanism and is central to adaptation to cellular
stresses such as starvation, energy depletionsteeRs, oxidative stresand hypoxia.
Moreover, autophagy is alsavolved in innate and adaptive immune mechargsm

protecting againgtathoges and virus infectior{Levine et al., 2011

Although it plays a multifunctional role in cell survival, autophagy hatso been
implicated in cell deatlFitzwalter and Thorburn, 2018evine and Yuan, 2005It has
been shown that autophagywediated cell deathoccurs in cel defective in the
mitochondrid¥mediated pathway. Indeed, cells lacking Bax and Badét thushighly
resistant to apoptosisere described to undergonanapoptotic cell death associated
with autophagy(Ullman et al., 2008Buytaert et al., 20Q6Tsujimoto and Shimizu,
2005. Similarly, human cervical cancer celtsverexpressig BCL-2 are resistam to
apoptotic stimuli, but do trigger autophag-dependentcell death(Laussmann et al.,
2011). A study from our laboratory also showed that cells lacking either caspase
Bax and Bak are also protectagainstER-stress induce@poptosis;however they
eventuallysuccumb to cell death when exposed to prolonged treatment via autophagy
mediated cell deat{fDeegan et al., 2014b
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Several line of evidence wa connected autophagy with ggosis (Tsujimoto and
Shimizu, 2005 Yu et al., 2003 Although apoptosis is the best characterized and
understood programmed mode of cell deatee@ms thatlepending on cellular context
and stresstimuli, other pathways may provide an alternative mode of cell death.
Additionally, many apoptotic stimuli such ashemotherapeuticean induce both
apoptosis and autophagyhere is still controvess regarding whethecells undergo
autophagymediated cell deatbr whetherautophagy executes it by itsefflthough the
morphologcal appearancef cells undergoing such a form of cell deatleharacterized

by massive vacuolization of the cytoplasm andl#o& of chromatincondensation, there

is as yet no defined markerfor cell death mediated by autopha@evine and Yuan,
2005. The nvolvementof caspasess also questioned, as in some cellular settimg
caspas@lependent modef cell death(Laussmann et al2011) is proposed while in
othersa caspaseéndependenpathway has been implicat@dliman et al., 2008Inbal et

al., 202. Moreover, the inconsistency betweenvitro andin vivo studes also raises

questiors about thenatureof cell death mediated by autophagy.

A previous study by Shimuzet al exploreal theinvolvementof nonapoptotic cell death
dependent on autophagy in cells deficient in Bax and(Bakmizu et al., 2004 Using
pharmacological autophagy inhibition or knockdown of AtgBeclin 1they were able
to rescue cells exposed different type of stresses. The authors conalutat various
stimuli induce Ag5-, Beclin 1-dependent autophagy that is required for-apaptotic
cell death in Bax/Bakleficient cells(Shimizu et al., 2004 Similarly, the interaction of
Beclin 1 with BCL-2 proteins impksarole in cell deat{Kang et al., 201,1Wei et al.,
2008. Moreover, it has been shown that Bedlis involved in cell death mediated by
autophagy in response to variousesseqValentim et al., 2006Yu et al., 2004 A
recentin vivo study by Arakawa et aproposeda role for Atg5-dependent celileath in
Bax/Bak doublé&nockout mice in response to genotoxic strégg aithors showed that
Atgs is necessary for autophadgpendent death under condisoof apoptosis
deficiency Moreover, application of various typef stress indicated th&he observed
Atgb-dependent mode of cell death was stimgdpscific(Arakawa et al., @17). While
the first study suggestl nonaptotic cell death with necrotic features, the second

study demonstratedhat apoptosisvas the primary and mostommonmode of cell
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death. However, the mechanism of cell death was not fully elucidated and is still not
well understood. Furthermore, there is no clear evidence yet in the literature about the
mechanismof autophagydependent cell death upon chronic and unresolved stress in
cells defective irtheintrinsic apoptotigpathway. Althougha previousstudy carried out

in our laboratoryexplainedthe mechanisnpartially, it requiresfurther elucidation
Indeed, our study showed that in cells compromisedtlive mitochondrial apoptadt
pathway, autophagy is an important mediatorthef caspasa@lependent mode of cell
death. We showed that ERressinduced cell death isxecutedn a mannerwhich is
dependenton Atg5 and Ag7, proteinsthat are associated with autophagosome
formation(Deegan et al., 2013bIn this context, welescribedchoncanonical caspase
activation that requirethe adaptor protein FADDRhat isassociated with #5 resulting

in the formation ofthe novel deatinducing protein complext is proposed thathis

novel protein complexsimilarly to intracellular deatinducing complex(iDISC),
constitutes a platform fdheactivation of precaspaseé and the subsequeimitiation of

the apoptotic cascade and exemutof cell death(lurlaro and MunozPinedo, 2016
Young et al., 201 Thus, the autophagosomal membrane seems to be crucial for stress
induced cell death. Moreover, recently it has beeowshthatthe accumulation of
immature autophagosome&an also contribute to caspa®eependent cell death in
response to nutrient deprivatiqifang et al., 201)7 Therefore, the importae of
autophagic membranes in casp8sactivation independent of death receptor ligation

implicates autophagy in cell death.

In a pevious section ofthis thesisl showed thatC-9” MEFs have less apoptotic
responseo awide variety ofstressstimuli. Therefore, in this chapter, | employeddC
MEFs for further examinatignas they should constitutean excellent experimental
model systemin which to investigate autophagdependent cell death. Furthermore,
many apoptotic stimuli such ashemotherapeitts can also induce autophagy
Therefore the response of @ MEFs to various stresses which were alreauiployed

in Chapter 3vasinvestigated in more detail. As previously explainde,application of

thesedrugswith their diversanechanism of action allowdor a betterunderstandingf
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the mechanism of cell death in cells compromised the mitochondrid&mediated

pathway.

The results described belomghlight the importance o&n alternativestressinduced
caspasenediatedcell deathpathwaythat is dependent oAtg5, a protein involved in
autophagosommrmation This stressinduced cell death was investigatedhe context
of an alternative caspa$eactivation death pathwakat is activatedo compensatéor
deficiencyin the canmical intrinsic apoptotic pathway.
The ains of this chaptewereto elucidate:

1. Whether various stresses can induce autophagydfi IEFs

2. The exact role of A5 in stresgnduced cell death

3. Whether other components thfe autophag machiney upstream of

autophagosomimrmationare involved in stresduced autophagy
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4 3 Results

43.1 Diverse stresses lead to the induction of autophagy @97 MEFs

It has been shown that different types of cellular stress induce autophagy in cells
deficient in the mitochondriamediated apoptotipathway (Laussmann et al., 2011
Shimizu et al., 2004 With this in mind, to determine whether various stesssduce
macrautophagyin C-9” MEFs, both G9"* and G9" MEFs were subjected to
prolongedtreatmentwith either BFA, Etop, Taxol ogrirradiation. The changes in the
cellular level ofthe macrautophagy marker LGB was analyzed byVesternblot.
Upon  autophagy induction  cytoplasmic LC3 is conjugated to
phosphatidylethanolamine to form L&I3 which is recruited to autophagosomal
membanes The treatment of both-8"”* and G9’- MEFs with eitheBFA, Etop, Taxol

or girradiation resulted in an increasein LC3-ll levels over time (Fig. 4.1).
Interestingly, G9”- MEFs displayedhigh levels ofLC3-I at late timepoins (24 < h) in
response to allreatments However further investigation with time match controls is

needed in order to fully understand the observed changes
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Figure 41 Various stresses induc&C3 | to LC3 Il conversion in both C-9** and C-9” MEFs. C-9**

and G9” MEFs were treated wittA) 0 . 3 ¢ g/(B)5 0BEM, (L opM T a®)BBGyag n d
IR for the indicated times and whole cell lysates were subjectatfdstern blofor LC3-1 to LC3-1I
conversion and Actin.

To further confirmthat BFA, Etop, Taxol andyirradiation induce autophagy ithe
examined cellular system,-@~ MEFs were transfecteavith a GFRLC3 expression
construct. During autophagy L&Bassociates witltheinner and outer autophagosomal
membranesThis resultsin an accumulation of GFBPC3 puncta in cellsand can be
observedusing fluorescent microscopyAfter prolonged treatment with either BFA,
Etop or Taxol a significant increase in the number of cells with punctate fluorescence
was observed in ©" MEFs (Fig. 4.2A). A quantitative analysis of GFEC3
transfected cells showegtadual increasef total cells displayed positive puncta when
treated withBFA, Etop or Taxol for up to 48 (Fig. 4.28B). These results confirm a

strong rise imutophagosomeiogeness.

To further confirm thathe observed autophagosome increase-8/QVMEFs upon BFA,
Etop or Taxol treatment was due to autophagy induction and not impaired

autophagosomb/sosome fusionan autophagic flux experiment with addition of the
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lysosomal inhibitor, chloroquine (CQ) was performé&tie process of autophagic flux
includes the autophagosome formation, fusion with the Ilysosome, the
autophagolysosome formation atiek degradation step. Based on the observation that
LC3-Il is degradedn the autolysosome, thus the level of LIL®onstitutesa hallmark

for monitoring functional autophagy process. Increased conversioytagolic form of
LC3-I to the lipidated, membradsound form LC3ll can indicate induction of
autophagy or defectivaubophagosome degradatigWlizushima et al., 2000 Therefore,
administration of CQthat blocks degradation of L&8resultsin accumulation of LC3

Il. C-9"MEFs weresubjectecto treatment with BFA, Etop or Taxol with or without
CQ. Cells were harvested at the indicated time points and wistldysates were
assessed byestern blofor LC3-1 to LC3-1l1 conversion.Autophagic flux examination
showed thaadministration of CQ t@FA, Etop or Taxol enhanced the level of 3-G
compare with either CQ or treatment alone in9 MEFs, with a stronger ffct
observed at 48 h (Fig. 4.2CThese results confirm thain excessively high level of
autophagy is induced by BFA, Etop ®axol rather than autophagosome degradation.
These results confirm that BFA, Etop and Taxol induce functional autophags@in
MEFs.
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Figure 4.2Autophagy is induced by various stresses in-©@” MEFs. (A) Monitoring of autophagosome
formationin C-9"° MEFs. G9” MEFs were transfected with GAFC3 plasmid and 24 h posiansfection
were treated with 0.3 ¢eg/ ml BFA, 50 €M Et o-p
stained with 5 &g/ tmbhnalydis dlehpsntiandBGRLL3 was assassed by
fluorescent microscopy at 20X magnificatidi®) Three fields of at least 10CeMks/field were counted
from three independent experimer(8) Autophagic flux was evaluated in®@" MEFs in response to 0.3
eg/BHA, 50 aandd EtMopraxol b y -l t;bQ3-il ¢coversiom gnd AcBrdwas used
as a loading control.
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4 3.2 Role of ATG5in stressinduced cell death

As already mentioned in the introduction, the importance of ATG5 in autophagy
dependent cell death has been previously linked to apoptosis and subsequent non
canonical activation of caspa8elndeedautophagosonsawere shown to serve as a
platform for assembly of a caspase activating compiere FADD associates with
ATG5 and thus recruits caspa®&deading to downstream caspase activafddoung et
al., 2012 Bell et al., 2008

43.2.1Knockdown of ATG5 reduces stregsduced autophagy irC-9 MEFs

To demonstratehat stressnduced cell death in @ MEFs upon prolonged exposure
to various stresses is mediated by autophagy, autophagy was impasiehbing of
Atg5 gene expressior.o perform the experimental procedymeeviously generated in
our laboratoryC-9"" MEFs transduced wittAtg5 shRNA lentivirus or pGIPZ empty
lentivirus were used The functionality of Atg5 knockdown was confirmed by
autophagic flux. Both pGIPZ andtg5 shRNA G9" MEFs were treated either with
BFA, Etop or Taxol irthe presence or absence of CQ for 48 h prioestern blofor
LC3-I to LC3-II conversion. Autophagic flux was lower in cells that were transfected
with Atg5 shRNA & compare with the cells transfected with control pGIPZ. Although
conversion of LC3 to LC3-Il wasnot observed imtg5shRNA G9” MEFs with BFA,
Etop or Taxol aloneadministration oiCQ to BFA, Etop or TaxetreatedAtg5 shRNA
C-97" MEFssignificantlyincreased LC3I levels.As evident it is a lower accumulation
of LC3-1l in BFA, Etop and Taxol samples -t@atedwith CQ in Atg5 shRNA cells
compared with pGIPZ control cells (Fig. 4.3)These resultsonfirm that deficiency of
Atg5 gene expression reduced streskiced autophagy triggered by BFA, Etop and
Taxol, indicatingthat various stresses induce AT-@&pendent autophagy in-@
MEFs
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Figure 4.3Autophagic flux in C-9”° MEFs deficient for Atg5. C-9” MEFs stably expressing pGIPZ and

Atgbs hRNA were treated with 20 €M chloroquine alone
Taxol al one, or a combination of 20 €M chloroqui |
Taxol for the indicated times. Whole cell lysates were subjected stefveblotand analysed for LGBto

LC3-II conversion and Actin.
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4.3.2.2Knockdown of Atg5 inhibits ER stress stresgluced caspase activation and
death in G9” MEFs

To investigate whéer ATG5 contributes tcER stressinduced cell death in ©”

MEFs, pGIPZ and\tg5shRNA G9” MEFs were subjected to prolonged treatment with
BFA. Western blotanalysis of caspases processing was performedrilelwith cell

death analysis using ToPro3 staining. As expectatbckdown of Atg5 greatly
decreases processing of fraspaseé and caspas@ upon prolonged exposure to BFA

(Fig. 4.4A). Because, the pronounced activation of both caspases was detected in pGIPZ
C-9" MEFs, it suggests that ATG5 drivasaspaselependat mode of cell death.

Furthermore, knockdown of Atg5 in-&" MEFs also correlated with a reduction in cell
death asdeterminedby the ToPro3 staining. FACS analysis depicts that following
treatment with BFA,pGIPZ shRNA C-9” MEFs died much more rapidlwith
approximately 25% cell death observed as early as 48 h and almost 35% dead cells at 72
h. In contrast, knockdown of Atg5 in-&@ MEFs significantly reduced cedleath upon

BFA treatment (Fig. 4.4B)nterestingly under the initial stresst 24 hAtg5shRNA G

9" MEFs were not significantly protected against BFA, suggesting that ATG5 might
potentiallycontributego sustained stress.

BecauseAtg5 shRNA G9”- MEFs showed resistance to BFA, the clonogenic assay was
performed in order to investigatvhether Atg5 deficiency could also provide ldgagn
protection. As illustrated in Fig. 4.4C lack off&5 expression resulted in a marked
improvement of cell viability compare with the pGIBBRNA C-9" MEFs. Atg5
shRNA G9” MEFs were able to recovefter initial stress and proliferate. Therefore,
these resultsndicate that BFAnduced cell death is mediated in AT@Bpendent
manner.Taken together, the obtained results demonstrate that ATG5 contributes to BFA

-induced autophaggnediated caspastepadent cell death in © MEFs.
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Figure 4.4Knockdown of Atg5 reduces cell death upon exposure to sustained treatment with BFA,

in C-9” MEFs. (A) pGIPZ andAtg5shRNA G9” MEFs were treated with . 3 &g/ ml BFA. Whol
lysates were subjected Western blofor expression of AG5, cleavedcaspase (cl. CASR8), caspase

(cl.CASR3) and Actin (B) Cell death was assessed at the indicated time points by using flow cytometry

and ToPro3 stainingValues represent the mean + SEM of three independgperiments.The

significance level are ** = p<0.001 and * = p<0.05, n.s. indicates no significant differé@e.

Clonogenic assay of pGIPZ aAdg5shRNAC-9” MEFsafter 72h of BFA treatment.

4.3.2.3Knockdown of Atg5 inhibits Etopnduced caspase processiagd cell death in

C-9" MEFs
To investigate whéer ATG5 contributes to genotoxic stresduced cell deathhoth
pGIPZ andAtg5shRNA G9”MEFs were subjected to prolonged treatment with Etop.
Timecourse analysisrevealed that knockdown of Atg5 significantly decreases
processing of pre@aspas& and caspasg& compard with pGIPZ where pronounced
detection of these proteins was obseregdnat 24 h (Fig. 4.5A). Tlsi suggests that
Etoptriggersan ATG5-dependent caspase activation mechanism. Moreover, knockdown
of Atg5 in G9” MEFs significantly reduced cell death as determined by ToPro3 uptake
at 48 h and 72 h (Fig. 4.5B). Indeed, the FACS analysis depicts that following treatment
with Etop, @5IPZ shRNA C-9 MEFs died faster compatevith Atg5 shRNA G9™
MEFs. Similar to BFA treatmenta statistically insignificant lack of protectiorwas
observedof Atg5 shRNA G9 MEFs at the initial stress 24 h of Etop treatment,
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suggesting that ATGXontributes to Etopinduced cell death at the latest stage.
Furthermore, to investigate the importance of ATd&pendent cell death, the
clonogenic assay was assessed. The absence of ATG5 did not providertong
survival and was unable to resciigy5 shRNA C-97 after Etop. Interestingly, the same
effect was observed in the pGIPZ shRNA9C MEFs, suggesting that prolonged
treatment with Etop inhibits the proliferative ability of cells (Fig. 4.5C). The lack of
viable coloniegnayindicatethat the dosef Etop used can lead to irreversible damage
and cell cycle arrest whictannotbe restored. These results do not support the role of
ATGS5 in Etopinduced celldeath;however it does not mean that ATG5 is not involved
in this mode of cell death induced tBtop. Taken together, Etop drives AT&5
dependentaspasactivation and cell death in-&" MEFs.
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Figure 4.5 Knockdown of Atg5 reduces cell death upon exposure to sustained treatment with
etoposide inC-9" MEFs. (A) pGIPZ andAtg5 shRNA G9” MEFs were treated with 0 & M Et op.
Whole cell lysates were subjectedWestern blofor expression of AG5, cleavedcaspase (cl. CASR

8) caspas8 (cl.CASR3) and Actin (B) Cell death was assessed at the indicated time points by using
flow cytometryand ToPro3 staining/alues represent the mean + SEM of three independent experiments.
The significance level are *** = p<0.0001, n.s. indicates no significant differéG3eClonogenic assay

of pGIPZand Atg5 shRNAC-9” MEFsafter 72 hof Etoptreatment

4.3.2.4Knockdown of Atg5 reduces Taxeihduced caspase processing but does not
protect against Taxotinduced cell death irC-9" MEFs

To determine whethekTG5 contributes to cytosketal damagénduced cell death both
pGIPZ andAtg5 shRNA G97"MEFs were subjected to prolonged treatment with Taxol
and analysed for expressionmbcessingro-caspasé and caspasé by Westerrblot.

As illustrated in Fig. 4.6Aknockdown & Atg5 reducedprocessingf both caspas8

and caspas8 upon prolonged treatment with Taxol, whereas expression levels of these
proteins were unaffected in pGIRERNAC-9” MEFs.

Furthermore, FACS analysis with ToPro3 staining revealed Abg ShRNA G9”
MEFs were not priected against Taxehduced cell death. Although, thresultswere
statisticallyinsignificant, the trend of the increased cell death in both pGIPZAfytl

shRNA G9” MEFs was very clear. Both cell lines died rapidly reaching maximum of
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around 35% deackellsat 72 h (Fig. 4.6B). These data indicate that ATG5 is not required

for Taxokinduced cell death.

Because Taxol showedonflicting results, to clarify if ATG5 could protect against
sustained stress, clonogenic assay was ap@igldough knockdown ofAtg5 slightly
rescued € MEFs after initial stress, it also rescued pGBHRNA C-9” MEFs (Fig.
4.6C). These resultsuggest that ATG5 is not necessary for lbeign survival as

recovery after Taxol restored reproductive capability of cells.

Taken bgether, ATG5 is required for Taxwmiduced caspase activation, but is not
required for cell death. This might suggest that although ATGS5 is necessary for easpase
mediated cell death is not sufficient to execute cell death through this mechanism upon
Taxol treatment. Most likelyan alternative caspasadependent mode of cell death

might be induced in the absence of ATGS.
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Figure4.6 Knockdown of Atg5 in C-9 MEFs does not protect against prolonged Taxol treatment.

(A) pGIPZ andAtg5 shRNA G9”" MEFs were treated with & M T afor thé indicated time points.
Whole cell lysates were subjecteWesternblot for expression of AG5, cleaved caspase(cl. CASR

8) caspass (cl.CASR3) and Actin.(B) Cell death was assessed at the indicated timetpbly using

flow cytometry and ToPro3 stainingalues represent the mean + SEM of three independent experiments.
n.s. indicates no significant differend€) Clonogenic assagpf pGIPZ and Atg5 shRNAC-9" MEFs

after 72 hof Taxoltreatment

4.3.2.5Knockdown of Atg5 reducegirradiation -induced caspase processing but
does not protect againgtirradiation -induced cell death irc-9” MEFs

To evaluatewhetherthe alternative caspase activation pathwsaya general response
activated by various sts, the role of ATG5 in @ MEFs was investigatedh
responseo girradiation treatmentBoth pGIPZ andATG5 shRNA C-9” MEFs were
subjected to prolonged treatment wigkirradiation andWestern blotanalysis was

performed for precaspasé and caspas@ processingollowed by FACS analysis of
cell death.

Knockdown ofAtg5 decreases proaspasé3 and caspas@ processing aftetreatment
with g-irradiationas illustrated by Fig. 4.7A. Als@imilar to previous stressepGIPZ
shRNA C-9”" MEFs displayedpronouncedcleavage of both caspa8eand caspase

confirming apoptotic mode of cell death inducedgbgradiation in G9” MEFs. Unlike
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BFA and Etop, but like Taxol, knockdown of Atg5 in9C MEFs did not inhibitg
irradiatiori induced cell death ageterminedby ToPro3 staining. Although the results
were foundstatisticallyinsignificant the overall trend of ToPro3 uptake shoveeslow
increasein cell death of both pGIPZ an#itg5 shRNA C-97 MEFs. Furthermore and
interestingly Atg5 shRNAC-9” MEFs exhibited more cell death compaweith pGIPZ
shRNAC-9" MEFs as presented by Fig. 4.7B.

To this end, the measurementté celld ability for longterm survival was applied in
orderto identify whetherknockdown of Atg5 can rescue irradiateed€C MEFs. Again,
like Taxol treatment, exposure tpirradiation confered a survivaladvantagen both
pGIPZ andAtg5 sShRNAC-97 MEFs and restored a proliferative activity ofoC MEFs
independentbATGS5 (Fig. 4.7C). Thisuggesthat ATGS5 is not required for cell death
induced bygirradiation Taken togetherthese resultindicate that ATG5 is necessary
for grirradiationinduced caspase activation but it is not required for cell deathdifi C
MEFs.
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Figure 4.7 Knockdown of Atg5 in C-9” MEFs does not protect against prolongedyirradiation
treatment. (A) pGIPZ andAtg5shRNA G9” MEFs were treated witB3Gy IR and allowed to recover
for the indicated time point&hole cell lysates were subjectamWestern blofor expression of Atg5,
cleaved caspas®(cl. CASR8), caspase3 (cl. CASR3) and Actin.Cell death was assessed at the indicated
time points by using flow cytometry and ToPro3 stainiWiglues represent thmean + SEM of three
independent experiments.s. indicates no significant differencg€) Clonogenic assay of pGIPZ and
Atg5shRNAC-9" MEFsafter 72h of -IR exposure.

4.3.3 The impact of autophagy inhibition upstream of autophagosome elongation
on stressinduced cell death

To verify thatexaminedalternativestressinduced caspasectivation pathwayis not

specific to ATG5 but rather reflectsnvolvement of autophagy in general

pharmacological and genetic approaches were used to investigatemthetinhibition

of autophagy upstream of autophagosome elongationescue € MEFs from BFA,

Etop and Taxelnduced cell death.

4.3.3.1 Spautin-1 inhibits rapamycininducedautophagyin caspase9d deficient MEFs

To determine if spautif is functional, G9”~ MEFs were treated with rapamycin, a
widely used inducer of autophagy, either on its own or in combination with sgdautin

As already explained in Chapter 2: Material and Methodsl Specifically inhibits

Pagel230f 221



autophagythrough Beclin 1 ubigutination and its subsequent degradat{tiu et al.,
2011D).

To demonstrate that rapamycin is a potent induceausbphagy,C-9” MEFs were
transiently transfectedwith a GFRLC3 expression construct andtreated with
rapamycin.GFR-LC3 puncta were analysed using fluorescnce microscopy 24,38
and 72 h As illustrated in Fig. 4.8rapamycin caused a significant accumulation of
GFRLC3 punctain the G9” MEFs over the timecourséurthermore,it was also
examined whether prolonged treatment with rapamyeinld induce cell death in ©”
MEFs. To address this question Hoechsingtg was performed. As presented in Fig.
4.8 prolongedexposure to rapamycin in-€~ MEFs did notlead toeither chromatin
condensatioror nuclei fragmentation compadeto the control.These results indicate
that rapamycin does not induce cell death characterized by typical apoptotic features and
thus can be used to monitor cells with GEP3 puncta over prolonged timecourse.

Taken together, these findings imply that rapamycin is a poteat@ndf autophagy in
C-9" MEFsand can be used agasitivecontrol for futher experiments. Additionally,

rapamycininduced autophagy is not correlated with cell death.
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Figure 4.8 Autophagy is induced by Rapamycinin C-9”° MEFs. (A) Monitoring of autophagosome

formation in G9” MEFs. G9” MEFs were transfected with GREC3 plasmid and 24 posttransfection

were treated with 400 nM Rap for the indicated times. Cells weseettaa i ned wi t h 5 €g/ ml H
prior to analysis. The punctationf GFRLC3 was assessed by fluorescent microscopy at 20X
magnification.
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To examine pharmacological inhibition of stréisduced autophagy upstream of
autophagosome elongation, the effects of spdutimith rapamycintreatmentwas
investigated C-9" MEFs were transfected witthe GFRLC3 expression construct and
subjeced to prolonged treatment with rapamygieitheraloneor in combinationwith

SR1. Changes in GFR.C3 punctawere first examined bffuorescenmicroscopy.

As expected stimulation of GHRC3 transfected cells with rapamycin led to a
significant increase in the level of cells with GEE3 compare to vehicle control. A
quantitative analysis of GFEC3 transfected cells showed around 60% of total cells
displayeda positivepuncta when treated with rapamycin at 24 h. This level of cells with
GFPRLC3 was slightreducedover time reaching around 40% of total cells displayed a
positive GFRLC3 puncta at 72 h. Application of SPreducedthe number of cells
displaying GFRLC3 puncta from around 30% at 24 h to 20% at 72 h cordpare
rapamycintreatmentalone (Fig. 9A). To avoid misinterpretationof results, due to
treatmentand its effect on cell morplogy caused by cell deathlpoechst stainingvas
performedsimultaneously Therefore, cells with apagtic features, based on nuclear
morphology or celroundnessvere excluded from analys{&lionsky et al., 2015 As
illustratedin Fig. 49A either rapamycin or spautih did not have an effect on nuclear

condensation, thus the analysis was carried out for up to 72 h.

Based on these data, it can &@ncluded that spautih inhibits autophagy irC-9"
MEFs. Moreover these results also indicate that spdutias a potency tinhibit

autophagy ovea prolonged timecourse.
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Figure 49 Spautin-1 inhibits Rapamycin-induced autophagy inC-9" MEFs. C-9” MEFs transiently
transfected with GFRC3 were treated with 400 nM Rapamydih 1 0 €l Mnd $hE percentage of
GFPRLC3 positive punctate cells counted up to 72A). Representative fluorescent images are shown at
magnification 20x. (B) Three fields of at least 100 cells/field were counted from two independent
experiments he significance levat ** = p<0.001
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4.3.3.2Inhibition of autophagy with Spautinl slows cell death induced by BFA

To find out whether BFAnducedautophagys inhibited by spautii, C-9”- MEFs were
transiently transfected with GHEC3 and treated with BFA with or without SP As
predicted, after treatment with BFA a considerable increase in the number of cells with
GFRLC3 puncta ovethe timecourse wa®bserved compadeto the vehicle control
(Fig. 410A). Indeed, after exposure to BFA the number of cells with punctateL@BP
reached around 40% at 48 h of treatment (FigOB). Application of spautirl
significantly reduced number of cells with GREC3 punctaat 48 h comparkto BFA
alone as observed Hluorescencanicroscopy. A quantitative analysis confirms these
results indicating that spautihlowered the number of celtlisplaying GFPLC3 from
around 40% at 24 h to around 15% at 48 h of cotra#troempard to BFA alone.
Additionally Hoechst staining was carried out in order to exclude finalysis dying

cells. This allowed us to complete analysis up to 48 h.
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Figure 4.10 Spautin-1 reduces BFA-induced autophagosomeormation at the early time in C-9”

MEFs. C-9” MEFs transiently transfected with GREPC3 wer e treat edN wiQ he M. 3P ¢ g,
1 and the percentage of GEE3 positive punctate cells counted up to H8(A) Representative

fluorescent images are shown raqgnification20x (B) Three fields of at least 100 cells/field were

counted from three independent experimerf@pprox. 1502000 cells in total per replicateJhe

significance leveis ** = p<0.001 and, n.s. indicates no significant difference.
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To further confirm these results, the conversion of UC® LC3Il was also
investigated by Westerblot. G9”~ MEFs were subjected to prolonged treatment with
BFA in thepresencer absence of spautih Rapamycin was used as a positive control.
As illustratedin Fig. 411A prolonged prancubation withspautinl reduced the levelf
Beclin 1 protein progressively in timdependent manner. The strongest reduction of
Beclin 1either on basal level or BFA or rapamydamiuced wabservedat the latest
72 h time point. Interestingly, the effect of spaufinon Beclin 1was correlated with
LC3-1l level. Cotreatment with spautih significantly reduce the level of LCa3Il
compare to BFA alone at 24 Wwhereaso significant difference was observed at 72 h.
In contrastcotreatmenbdbf rapamycin with spautid reduced the level of LGB over the
timecourse(Fig. 4.17A), suggesting that spautih strongly inhibits rapamycimduced
autophagy.

However, the cell@r level of LC3Il alone may notorrectlyindicatethe functionality
of autophagy{Tanida et al., 2005 Therefore thelensitometriaatio between LC3 and

LC3-1l (LC3-II/LC3-I) which providesa more accurataneasuremenbdf autophagic
activity was analysedKlionsky et al., 2015 A quantitativeanalysisof Western blot
showed that spautih inhibitsfunctionalrapamycininducedautophagyat the latest time
point. A statistically insignificant reduction in LEHLC3-I was observedcausedby

spadin-1 in BFAIinduced autophagyFig. 4.1B). Even thoughBeclin 1 level was
decrease in the presence of spautin either with BFA or rapamycinthe effect on

functionality of autophagy e opposite.

Furthermore, these results suggest that spdulins a potency to significantighibit
autophagy induced by rapamycin anBeclin 1l-dependent mannewhereasit is not
efficient at inhibiting BFA-induced autophagy. It is also possible that this migha be
Beclin Lindependent event. However, furthexaminationneed to be performedin

order to fully validate thesgata.
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Figure 411 Spautin-1 decreasesBFA-induced autophagy at the early time but effectively reduces
rapamycin-induced autophagy inC-9" MEFs. C-9”° MEFs were treated with . 3 € g/ ml BFA al or
¢ MSP1 alone, 400 nM Raglone ora combination of BFA and SPand Rap and SP for up to 72h.

(A) Whole cell lysates were subjectéd Western blotfor expression oBeclin 1, LC31 to LC3-lI

conversion and Aati. (B) Densitometricanalysis of BFA, BFA+SH, Rap, Rap+SR at 72h normalized

to control. Results armeant SD,* = p<0.05.
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To this endto determinethe role of autophagin cell death Westernblot analysis for
caspaseé activation was carried out jparallelwith Pl staining on €7 MEFs treated

with BFA eitherwith or without spautifil. Cotreatment with spautirl had no effect on
BFA-induced caspas@ activation at the latest time points as illustrated in FigRAl.1
Interestingly while enhanced processing of caspdswas detectable at 48 h in
cotreatedsamples;there was a slightlecreasein caspas& processing at 72 h.
Moreover, FACS analysis through Pl uptake showed that sphsignificantly reduced

cell death compackto BFA alone at 72 hwhereasit has no significant effect at the
earliest time points (Fig. 422B). Taken togetherspautinl inhibits functional BFA
induced autophagy at the early time points. Cell death induced by BFA is slowed down

by spautinl at the latest stage of stress.
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Figure 4.2 Inhibition of autophagy by Spautinl slows cell death induced by BFA it€-9" MEFs. C-

9" MEFs were treated with . 3 € g/ ml B F A -laalor® wrea,combifiation &l BEAPand-$P

for up to 72 h(A) Whole cell lysates were subjectadWestern blofor expression of cleaved caspdse
(cl.CASR8) and caspas8 (cl.CASR3), LC3-l to LC3-lI conversion and Actin(B) Cell death was
assessed at the indicated time points by Pl uptékieies represent the mean + SEM of three independent
experimentsThe significance levas ** = p<0.001 and n.s. indicates no significant diffece.
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4.3.3.3Inhibition of autophagy upstream of ATG5 has not effect on cell death
induced by Etop and Taxol

Sincean enhanced level of autophagy has been showmediatecell death in cells
compromised in apoptotigathway(Deegan et al., 2014l5himizu ¢ al., 2004, it was
of interest to determine whether inhibition of autophagy upstream of autophagosome

formation would reduce stresmduced celdeathin C-9” MEFs

Spautinl was used téurtherinvestigate the rolef Etopand Taxolinduced autophagy
on cell death. Investigation of GHREE3 transiently transfected-9" MEFs cell
subjected tgrolongedireatment either with Etop or Taxol alone confirmed a significant
increase inthe number of cells with GFPC3 puncta over timecourse compare to the
vehicle control abservedby fluorescence microscopy and illustratedFig. 4.13A

and Fig. A respectvely. Following Etop treatment addition of spaulirsignificantly
reduced level of cells with GFEC3 at early time pointsindeed, therevere around
40% of cells with GFPLC3 puncta treated with Etop at 24 h whereas application of
spautinl reduced the numbef GFRLC3 cell to 20% (Fig. 43B). In contrast,a
statistically insignificant reductiomnvas foundin cells displaying GFR.C3 punctate
following Taxd treatment when cotreated with spattiover timecourse (Fig. 4B).

Additionally, Hoechststaining was performed tobservethe changes in thaucleus
upon bothtreatmentsand exclude from analysis cells with apoptotic features. Therefore
the quantifcation of GFPLC3 puncta was provided only up to 48 h.
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Figure 4.B Spautin-1 inhibits Etop-induced autophagosome formation at early timpoints in C-9”

MEFs. (A) C-9" MEFs transiently transfected with GEPC3 wer e tr eat eld 1vWi RetM 50 & M
1 and the percentage of GEE3 positive punctate cells counted up to 48 h. Representative fluorescent

images are shown ahagnification20x. (B) Three fields of at least 100 cells/field were counfien

three independent experimeiégprox. 15002000 ells in totalper replicate)The significance levek *

= p<0.05, n.s. indicates no significant difference.
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Figure 4.% Spautin-1 reduces Taxolinduced autophagosome formation irC-9"° MEFs. C-9"" MEFs
transiently transfected with GAPC3 wer e tr eat ed wi P-handlthe pevtentagexod |
GFPRLC3 positive punctate cells counted up to 7ZA). Representative fluorescent images are shown at
magnification20x. (B) Three fields of ateast 100 cells/field were counteflom three independent
experimentgapprox. 15002000 cells in totaper replicate)n.s. indicates no significant difference.
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Because spautih inhibited Etopinducedautophagyonly at the earliest time, to further
confirm these data LC3I to LC3-Il conversionwas also monitorethy Westernblot
upon prolonged prencubation with spautii. Etop elicited an increase in LdBlevel
overthetime course witha slight decreasavhencotreated with spautith only at 48 h.
Interestingly, no significant decrease iBeclin 1 level was observedn Etop in the
presence of spautih a reduction irBeclin 1was observeavhen spautifii was added

to rapamycin (Fig. 43A).
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Figure 4.5 Spautin-1 reduces Etop and Taxoinduced autophagy at the eaikst timepoint but
effectively reduces rapamycininduced autophagy inC-9” MEFs. C-9"° MEFs were treated wittA)
50 ¢M EMBDPp aMdTaxol a |-loafore,, 400 @M RaMaloBePor a combination of

Etop/Taxol and SR and Rap and SP for up to 72 h. Whole cell lysates were subjedted/estern blot
for expression of Beclit,, LC31 to LC3-1l conversion and Actin.

Similarly, Western blotanalysis showed that cotreatment @fxol with spautinl
reducel levels of LC3-Il only at early timepoints (Fig. 45B). Thus, the effect of
spautinl on Taxolinduced autophagy could be an early event. Moreaierilar to
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BFA and Etop, rapagtin-induced autophagy is strongly inhibited by spadtioverthe
timecourse (Fig. 43B).

These results confirm that spaufinvas not able to reduce significantly L-@3after
prolonged treatment with Etop and Tax®aken together, spautih inhibits autophagy
induced by Etop and Taxol only #te initial stages ofstress and has no effect on

prolonged treatment.

Finally, to investigate whiker the inhibitionof initial stage of autophagy witescue €
9" MEFs from Etop and Taxeinduced cell deathC-9 MEFs were subjected to
prolonged treatment with Etop and Taxol in firesenceand absence of spautinfor
up to 72 h. Cotreatment with spautirl had no effect on Eteimduced caspase
activation at the latest time pojts monitored byestern kot (Fig. 4.16A). Similarly,
processing of caspaSewas also detected at 72 h upon Etop and diccinabgeafter
addition of spautifl. In contrastcotreatment of Taxol with spautih showeda slight
reduction in both caspa$eand caspase processingt 48 h and 72 ,las illustrated by
Fig. 4.16C. Moreover, addition of spautih did not inhibit either Etojnduced or
Taxokinduced cell death as analgdey Pl uptake (Fig. 48B, D).

Taken together, these results confirm that Etop and Tadlice formaion of
autophagosomes. Spaufinreduces level of autophagosomes and-UG#ly at the

early time points. Inhibition of autophagypstream of autophagosome elongation
slightly decreases proaspasé and caspas@ processing upon Taxol. This might be
comelated witha reduction in autophagosomal membrane. Overall, spdutiad no
effect on cell death elicited by Etop and Taxol HWWEMEFs. These findings confirmed

that stimulation of autophagy upstream of autophagosome elongation is not involved in
Etop and Taxelnduced cell death.
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Figure 4.5 Inhibition of autophagy upstream of autophagosome elongatiomoes not affect cell
death induced by Etop and Taxol inC-9” MEFs. C-9" MEFs wer e
eM Taxol al dmlene orh omhinstiorSoP Etop and-SPor Taxol and SR for up to 72 h.

(A, C) Whole cell lysates were subjectedWestern blofor expression of cleaved caspaksécl. CASR

8) and caspasg(cl.CASR3), LC3-l to LC3-II conversion and Actin(B, D) Cell death was assessed at
the indicated time points by Pl uptak€alues represent the mean + SEM of three independent

experimentsn.s. hdicates no significant difference.

4 3.3.4Validation of Beclin 1siRNA

treated

wi t h

To exclude thepossibility ofa non-specific effect of spautii, a genetic approach with

siRNA was used tdnvestigatethe role of autophagy upon BFA, Etop and Taxol
condition. To validate th&nctionality of Beclin 1siRNA changes in the cellular level

of LC3-1l under basal and stregsduced conditiorwere analyzedRapamycin was used

as positive controlC-9” MEFs were transiently transfectedith Beclin 1siRNA and

subjectedo prolonged treatment with rapamyciWestern bloanalysis confirmed
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Beclin 1 knockdown under basal and rapamyriduced conditioa Reduction in
Beclin 1was more pronounced under rapamycin treatment compare to vehicle control
indicating the differences ithe functionality oftheautophagy process (Fig. Z)1

Ctrl siRNA Becn1 siRNA
DMSO Rap DMSO Rap

24 48 72 24 48 72 24 48 72 24 48 72 (h)
-Beclin 1

-LC3-I
-LC3-lI

-Actin

Figure 4.17Knockdown of Beclin-1 decreases rapamyciinduced autophagy in G9" MEFs. C-97
MEFs were treated with 400 nM Rapamycin for up to 72 h. Whole cell lysates were subjected to Western
blot for expression of Beclin 1, L&30o LC3-Il conversion and Actin

Because rapamycin is a potent inducer of autophagy its application could adheates
autophagic process at early tipoents,leading to a significant turnover 8eclin 1over

time. But because DMSO is nat autophagy inducethe increased level of LCBis a
result of accumulation of this protein overtimaherthan induction ohutophagy. Time
course analysis upon rapamycireatmentshowed thatthe level of Beclin 1 is
significantly reduced at 72 h. Ake hdf-life of Beclin 1 is around 60 (Lian et al.,
2011), this might explain effectiveness of knockdown at the latest time point. The level
of LC3-1l was considerablydecreased in rapamyeinduced Beclin 1 knockdown.
These results confirm thd@eclin 1 knockdown was efficienat redugng rapamycin
induced autopagy.
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4.3.3.5Knockdown ofBeclin 1does not inhibit stresenduced autophagy in €-/-
MEFs

To further confirmwhether Beclin 1 is required for stressluced autophagy Beclin 1
knockdown using siRNA was performed in9¢ MEFs. Transientlytransfected ells

were exposed to prolonged treatment either with BFA, Etop or Tanlrapamycin

was used as a positive control. Cells were harvested at indicated time and subjected for

Western blotnalysis for conversion of LCBto LC3-II.

As expectd, a significant decrease in L@3to LC3-1l level was observed upon
treatmentwith rapamycinwith Beclin 1siRNA (Fig. 4.18AC). The strongest reduction
in LC3-I to LC3-1l conversionwas detected at 7R. As explained previously, this is
correlatedwith the efficient reduction oBeclin 1level, which halflife is around60 h.
Interestingly, no major differencewas observedn the level of LC3l to LC3I
conversion upon BFA, Etop or Taxol treatment, indicating that the levels of autophagy
are not &0 affected irBeclin 1siRNA CG-9” MEFs As illustrated in Fig. 4. 8A-C the
strongest difference between tlevels of LC3-1 to LC3-1l conversion was observed
with BFA compard to the other stressedVestern blotanalysis confirmed also
knockdown ofBeclin1. Although Beclin 1seems to be efficiently reduced in Etop and
Taxol treatmentsit is difficult to conclude its efficiency under BFA treatment. But
because th&nockdownof Beclin lis efficient in rapamycin under all three treatments,

these redts cannotbe rulal out and are valid.

Taken together, theseaults revealedthat reduction oBeclin 1 did not affect BFA,
Etop or Taxolinduced autophagy but strongly inhibits autophagy induced by
rapamycin. BFA, Etop and Taxol might potentially induce autophagy in B#clin
independenmanner However, more examinatiameedsto be conduced to verify this

observation and | do not address this possibility within the scope of this work.
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Ctrl siRNA Becn1 siRNA
DMSO BFA Rap DMSO BFA Rap
24 48 72 24 48 72 24 48 72 24 48 72 24 48 72 24 48 72 (h)

-Beclin 1

-LC3-I
-LC3-lI

-Actin

B
Ctrl siRNA Becn1 siRNA
DMSO Etop Rap DMSO Etop Rap
24 48 72 24 48 72 24 48 72 24 48 72 24 48 72 24 48 72 (h)
-LC3-I
-LC3-lI
C
Ctrl siRNA Becn1 siRNA
DMSO Taxol Rap DMSO Taxol Rap
24 48 72 24 48 72 24 48 72 24 48 72 24 48 72 24 48 72(h)
-Beclin 1

-LC3-I
-LC3-II

Figure 4.B Knockdown of Beclin 1 does not reduce stressduced autophagy inC-9” MEFs. CG-97

MEFs were treated wittA) 0 . 3 8BRA(B)I50 e M (BLopM Taxol and 400 nM R
up to 72 h. Whole cell lysates were subjedtetVestern blofor expression of Beclinl, LGBto LC3-I
conversion and Actin.
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Thus far, the results showed that downregulatioBeclin 1in C-9~ MEFs did not
decreasé.C3-I to LC3II conversion upon BFA, Etop and Taxol treatment. Therefore, it
was important to determine whether the levelaotophagywould be affected in
response to various stressesBaclin 1 siRNA C-9 MEFs. Autophagic flux was
examinedin response to BFA, Etop and Taxah the presence or absence of CQ.
Western blotanalysis showed that autophagic flux was not affected in cells that were
transfected withBeclin 1siRNA as compaxk with the cells transfected with control
SiRNA. As illustraed in Fig. 4.9A-C, the same increase in LdBlevel was observed

in cells cotreated with BFA, Etop or Taxol and CQ. Because, the obtained results
showed thatBeclin 1 was not fully reduced it might suggest that tBeclin 1

knockdown was not efficient eagh toinhibit stressinduced autophagy.
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Figure 416 Autophagic flux in C-9"" MEFs deficient for Beclin-1. Ctrl andBeclin1siRNA CG-9" MEFs

were treated with (A) 0.3 gg/ ml

BOA,e M B)h ([CY ogMi BEc

alone or a combination d@FA, Etop or Taxol and CQ for 48 h. Whole cell lysates were subjected to

Western blot for expression of L&30 LC3-II conversion and Actin
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4.3.3.6Knockdown of Becnl does not inhibit stressduced caspse activation and
cell death in G9-/- MEFs

To determine theffect of autophagy inhibition upstream of AT®& cell fate under
diverse stress conditiptransient kockdown of Becnias performed in @’ MEFs.

It was observed that the abrogationBaclin 1gene expression was accompanied with
the strongest expression of processedgaspasé and caspase in the presence of
BFA, Etop and Taxol (Fig. 20A-C, left panel). Interestingly, upon Etdpeatment
morepronouncedctivation of caspase was observed iBeclin 1sSiRNA comparevith
the control siRNA (Fig. 20B left panel). It is important to netthat knockdown of
Beclin 1was not efficient in BFA, Etop and Taxol potentlyreduce caspase cleavage.
But because the same trend was observed in previous experimental segimgstiule
out these datahowever more investigation needidedone in order to fully examine role
of Beclin 1in C-97 MEFs.

Furthermore, knockdown dBeclin 1in C-9” MEFs did not affect stresaduced cell
death asleterminedy PI staining. FACS analysis showed that following treatment with
eitherBFA, Etopor Taxol knockdown oBeclin 1in C-9” MEFs was not able to rescue
C-97 MEFs (Fig. 420 A-C right panel).

These results indicate that inhibition of autophagy upstream of autophagosome
elongation does not affect BFA, Etop and Taixaluced cell deatin C-9” MEFs.
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Figure4.20 Knockdown of Beclin does not reduce cell death and caspa8eand caspase processing
upon exposure to sustaiad treatment with BFA, Etop and Taxol in C-9" MEFs . C-9" MEFs
transfected wittBecnlor Ctrl sSiRNA were treated wittA) 0 . 3 e g/ (B)5 OBFEAMM, (tLtop M
Taxol for indicated time after which lysates were subjetdatfestern blofor Becnl, cleaved caspa8e
(cl.CASR8) and caspasg8 (cl.CASR3) and Actin. Values represent the mean + SEM of three
independenéxperimentsn.s. indicates neignificant difference.
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4 4 Discussion

Autophagy maintains cellular homeostasis through degradatioallular components

It also acts as a mechanighat promotesadapation to a variety of differenttypes of
stressby recycling cellularmacromoleculesand byremoving protein aggregates and
dysfunctional cytoplasmic organell@Sing et al., 2007Yorimitsu et al., 2006Levine
andKlionsky, 2004. However, upon sustainezkposure tstress excessive autophagy
has been implicated ithe execution otell death. Autophagynediated cell deathas
been widely describeth cells deficient inthe intrinsic apoptoticpathway(Tsujimoto
and Shimizu, 2005 but the molecular mechanisrof this mode ofcell death and how
autophagyss linked with the cellular deathmachineryis still unclear and remains to be
fully elucidated

Given thatanalternativecaspasenediateddeath pathway is activated to compengate
a lack of caspas® or BAX and BAK, this raises the possibility thatsuch a pathway
might bea generalresponsedo cellular stressSince previous workarried out inour
laboratoryhad focusednly on ER stress, in this chapter | evaluhthe importance of
autophagy in this alternate death pathuwagesponseo additional cell deatipromoting

stimuli.

The experimentspresented irthe previous chapter partiallgharaterizedhow BFA,
Etop, Taxo) andgrirradiation trigger cell death in-@" MEFs. The results showethat
the examined stresses activai@pases; however not all the stresseserefully reliant
on caspas8 to induce cell deathsuggesting that apart frorthe novel caspase
activation pathwayexamined in this thesisother alternative pathways ara@so
potentially activated to execute cell death. However, if casi8asethe main driver of
cell death inthe cellular systermunderinvestigation a better understanding of how its
activation is regulated is still requiredtg5 contributesto autophagymediated cell
death throughits interactionwith FADD (Pyo et al., 2006 andin this way isalso
involved intheactivation of caspas@ (Deegan et al., 2014 oung et al., 201 2Bell et
al., 2008. Therefore in this chapter | focused on the role Atg as an essential

componenbf thealternative stresgiducedcaspase activatigpathway.
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Following BFA, Etop,andTaxol treatmers, functional autophagy was strongly induced
andwasdependent on ATGS.0 detect ATG5 the monoclonal antibody that recognizes
both the endogenous level of total ATG5 and AT&B512 conjugated form was used.

Of note,the level of p62 protein wbh serves as an alternative apptosx monitor the
autophagic activitywas not performed within the scope of this thesis, howkweas
previously tested in this cellular syster@ince p62 is degraded during functional
autophagy, the reduction in p62 level can be detected through Western blot. Indeed, in
our preliminaryexamination it waddifficult to conclude the changes in the cellular level
of p62 in G9”- MEFs. Moreover, application of autophagic flux in Atg5 deficier@”
MEFs did not show convincing results in p62 reduction upon tunicamycin treatment.
Furthermorejn addition to LC3 processing62 was also used asadoutof autophagic
activity in rapamycin doseesponse optimization. However, transient increase in p62
level in rapamycin doselependent mannevas observedn C-9” MEFs. Therefore, it

was difficult to conclude whether p@&®uld potentiallyserve as marker of autophagy in
C-9" MEFs Considering the fact thahe changes in the p62 level can be either cell
type or context specifi¢Klionsky et al., 201§ raises the possibility thatetection of
LC3-I to LC3-II conversion and autophagic flux with Q@ay be more accurateadout

of autophagy in €@” MEFs. Nevertheless, furthénvestigationof p62is needed in

order tofully understandstressinduced autophagiy C-9” MEFs

Although several studs have already demonstrated that various stessduce
autophagy, there is stiln ncomplete understanding about how autophagy contsbute
to cell death A recentin vivo study showed that ATG5 is implicated in cellular stress
responses such as inflammation, stiedsicedsenescencand apoptosis(Lin et al.,
2014. Moreovet it has been shown that in response to several apoptotic stibgdli A
could promote eitheapoptosisor activatepro-survival autophagy in Bax/Bakleficient
cells (Tsujimoto and Shimizu, 2005Interestingly, in this studythe authors shoed
that etoposide and staurasme upregulate expression otgad leading to cell death.
Moreover, the studypresentecby Kim and colleaguesshowedthat BaxBak MEFs,
althoughresistantto gamma irradiation, also induce autophagy whias correlated
with cell death, suggesting that in the absencé¢hefintrinsic apgtotic pathway,g

irradiationinduces an alternative cell death pathway dependent on autopfiagy et
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al., 2006. Inhibition of autophagy has also been shown to enharmekinduced

caspasealependenapoptosisn nasopharyngeal carcinonf@ong et al., 2007

The involvenert of ATG5 in stresdnduced cell death in © MEFs was tested by
knockdown of Atg5. Becaustll activation of caspaseé requiresthe formation ofa
multiprotein complex on membranes an involvementof Atg5 could mean that
autophagosomemembranesare necessaryfor this process The obtained results
demonstrate that #5 contributes to stresaduced caspasgependent cell deat
response tall treatments. Knockdown of Atg5 efficiently reduced processingro-
caspasé8 and caspas® upon BFA, Etop, Taxoland girradiation, suggestingn
involvement ofthe autophagy pathwayt is interestingthat BFA which triggers ER
stress, Etop andirradiation which induce genotoxic stressd Taxol which affects
microtubule polymerization all show dependency ontds; this suggest that the
autophagosomahembrane might be an essential platformtii@ractivation of caspases
and subsequent cell death irR9€ MEFs in response tdhese stress conditisnSome
recent reports support the idea tAag5 directly interact with FADD and precaspase
to mediate caspasgependent cell deatklYoung et al.,, 2012Bell et al., 2008
However,in contrast to these studiesy experimentshowthat Atgs was not required
for stressinduced cell deatin response tall treatmerg. Indeed, while BFAand Etop
induced cell death wadependenbn Atg5, cells lacking Atg5 still died in response to
Taxol andg-irradiation, suggesting thatother caspasmdependentell death pathway
is activated for instancenecrosis or necroptosis. This is an important observation, as so
far only afew reportshave provided insight intthe mechanism of Taxa@hduced cell
death(Impens et al., 20Q8orres and Hawitz, 1999. Yeng andcolleaguessuggested
that high concentratian of Taxol lead to necrosis due tothe accumulation of
microtubules and subsequent inhibition of cell cydle S phasgYeung et al., 1999
Indeed it has been shown that when apoptosis is defective, then ndaf@sover as a
cell death modalitfGolstein and Kroemer, 20p5However,the fact thaimy previous
data showed that the applied dose of Taxol induced cadpas@dent cell death
suggest that necroptosis rather than necrosis might execute cell deatisinetlular
setting. Indeedwhen caspases are ibhlied due to the loss of Asg Taxol can induce
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the necroptotic pathway to terminate@> MEFs This suggestshat necroptosisould
possiblyconstitutea backup not only to canonical apoptosis as already sugggsied
and Ryan, 2012 but, as shown in this studit may alsobe a compensatory pathway for
novel stressnduced caspase activation pathway C-9"° MEFs. However, further

investigationis neeadin order toconfirmthis phenomenan

Consistent with this, deficiency oftg6 in G9" MEFs was able to restoreellular
proliferaive ability after the initial stress of Taxol andrirradiation and confered a
survivaladvantage almost to tlsameextentasin the control shRNA cedl This might
suggest that &5 is necessary but not sufficient to execute Taxol girdadiation
induced cell death in-©” MEFs. In contrast, abrogation of Atg5 gene expression did
not rescueC-9” MEFs ina long-term survival assay upon Etaatmentike control
shRNA, but was able to rescued MEFs after BFA treatment. Therefore, these results
underline the facthatvarious stressgsossesslifferent mods of action andhatBFA is

the onlystress that alloed cellular recovey in C-9 MEFs in theabsencef Atg5. A
similar effect wasdescribedin Chapter 3 where in the absence of casgadeFA
restoredthe proliferative ability of C-9"" MEFs, confirming that although athe
examinedstressesctivatea novel caspase activation pathwdR stress induced by
BFA seems talependonly on this pathway to execute cell death. Consistent with this
several reportddemonstratethat prolonged ER stress promotes cell death through
sustained autophadjpeegan et al., 2014%ano and Reed, 2013 herefore, itseems
that compoundsthat selectively induce ER stress directly triggenovel caspase
activationcell deathpathwayin highly resistantcells and thusnerit consideation as
potential alternative therags This isa very interestingand important observation that
may facilitate a betterunderstading of the mechanism of action of drugstire context

of theefficient treatmenof differenttumors.

After examiningtheinvolvementof Atg5, | nexttested whether other compants ofthe
autophagic machinery are involved in strestuced cell death i€-9"" MEFs. Using
spautinl, a novel and specific autophagy inhibitor, | ledlat the effect of inhibitig
the initial stepsin the autopha@ processupstreamof autophagosomelongation. The
molecular mechanisry which spautinl blocks autophagy is through thaehibition of

Pagel49of 221



two specific ubiquitin peptidasgdSP10 andJSP13thatregulate the levelof Beclin 1.
The original study byLiu and colleagueshowed that spautih effectively blocled
Etopinduced autophagy in Bax/BakMEFs (Liu et al., 201)L The efficiency of
spautinl was validated against rapamycin, whichaiglassical inducer of mTOR
dependent autophadizaw, 2005. Both rapamycin and spautihwere potent ineither
promotng or inhibitng autophagyin C-9° MEFs respectively. Indeed, as a
consequence of rapamycin treatmeabservedan increase proportion ofcells positive
for GFR-LC3, while the addition of spautirl significantly reduced this nmber. As
explainedalready, accumulation of GHEC3 is correlated with an increabaumber of
autophagosonse therefore monitoring the number of cells with GFPLC3 puncta
providesan effective approach to monitor induction of autophagy.

Having established the efficacy of spaufinl now askedhow inhibition of autophagy
upstream of autophagosome elongation adfiécell death induced by BFA, Etppnd
Taxol. Spautinl1 treatmentsignificantly loweredthe number of cells with GRHRC3 at
48 h whenapplied to BFAtreated cells However, the increase in La3to LC3I
conversiomafter prolongedreatment although insignificant, clearly shstivat spautirl
was not able to efficientlyinhibit BFA-induced autophagy at the latest time point,
whereast significantly reduced rapamyecinduced autophagy. In comparis@ithough
spautinl treatmentsignificantly reducedhe number ofGFR-LC3-positive cells at the
initial stage of Etop treatment it was not atdesignificantly reducehis numbemupon
Taxol treatmentalthougha clear decreasing trend was observed. In addition, analysis of
LC3-I to LC3Il conversion confirmed that spautifl was not able toblock
accumulation ofLC3-11 upon prolonged treatment with Etop and Taxol, blustly
inhibited rapanycin inducedautophagy ovethe samdime course. This could suggest
that BFA, Etop andTaxol might bestrongerinducers of autophagy than rapamycin or
that their cytotoxic effects ovemhdmedthe capacity of cells to respond to spaditin
Therefore, evehough spautifl was repleniséd every 24 h during thduration of the
time courset was observedo lose its potency against BFA, Eiand Taxol. Thus,
following prolonged BFA, Etopand Taxol treatment, the increaseautophagosonse
seems to reachtaresholdevel above which enhanceditophagy isccompanieavith

cell death.This suggess that the cell death induced by these drugs strongly depends on
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autophagy.As spautinl should decreasthe levels of Beclin 1, | also looked at the
changes in thexpression levslof this protein. As expected, spaufinsignificantly
reducedthe levels of Beclin 1 upon rapamycin treatment. This is not surprising as
rapamycinis a classical inducer of autophagy that requires activation of all components
of the canonical autophaggathway implicating Beclin 1 as an essential part for this
pathway. Although | observed thReclin 1levels wereslightly reduced byhe addition

of spautinl to BFAtreated cellsspautinl addition did not bring about @nvincing
reduction inthe levelsof Beclin 1upon Etop or Taxdreatment Therefore, it is difficult

to conclude whetheBeclin 1is involved or notin BFA-, Etop and Taxolinduced

autophagy.

On the basisof previous reports suggesting thatitophagy carexhibit pro-death
propertes especially in cell defective inthe apoptotic pathwayand tofully address the
role of autophagy in stressduced cell deatithe activity ofPI3 kinase complexesas
blocked and the amount of cell death over time@as measuredThe class Il
phosphatidylinositol Xinasecomplex consiss of Beclin 1, VPS34VPS15 ATG14,
and NRFB2and plays an essential role in autophagosome elongé@atiuzzi et al.,
20173. Becausespautinl was able tanhibit autophagyinduced by BFA, Etopand
Taxol onlyin theinitial, early phaseof stress, | did not expect it would protect cells
from the effects of prolonged stress. Indeed, spatttinwas not able to either
significantly reduce praaspase8 and caspas@ processing or cell death as determined
by Pl uptakein response tgrolongedEtop treatment However, it indeedesulted in
lower levels ofcell death at the last timepoint of BFA treatment. Tdais potentially be
explained by the observation thatresponse t@FA treatmenta significant reduction
in GFRLC3 wasdetectedat 48 honly, therefore the decrease in cell deathight be
correlated witha reduction in autophagosomal membmar&milarly, catreatment with
Taxol slighty decrease caspase processingowever spautinl hadno effect on Taxal
mediated cell deatiThe reason for the lack ah effect of spautirl on cell death in €
9" MEFs uporprolongedtreatment with either Etop or Taxol atite onlypartial effect
with BFA is unknown, but from the experimental observatibran be speculated that
theamountof autophagosomes formed upon BFA, Etapd Taxol although reduced by
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spautinl in response tanitial stress, is sufficient for caspase activation and subsequent
cell death.

Spautinl indirectly promotesBeclin 1 degradationtherefore a sSiRNA approach was
used in order to avoitheside effecs of pharmacological inhibitiorBecauseBeclin 1is

an important molecule ithe autophagy processts loss could potentiallyimpact
autophag degradationTherefore, | examinedC3-I to LC3-Il conversion upon BFA,
Etop, and Taxol treatmentin the presence anabsenceof Beclin 1. My experiments
showed thatBeclin 1 efficiently reduced rapamycimduced autophagy but did not
affect BFA, Etop and Taxolinduced autophagylhis suggestshat BFA, Etop, and
Taxol might potentially induca non-canoncal form of autophagy that is independent of
Beclin 1. There are severatportssuggesting that this mode Bkclin l-independent
autophagy is also involved in cell dedthun et &, 2015 Scarlatti et al., 2008 For
example, the studpf Grishchuk et al. showed that in respomgevarious apoptotic
stimuli cortical neurons triggeBeclin Lindependent butATG5/ATG7-dependen
autophagy which is required for both caspdspendent andndependenpathwaysof

cell death (Grishchuk et al., 20)1 However, this exciting observation was not
examined within the scope diis thesis, since | focused on the role of autophagy in
stressinduced cell deatiHowever further investigations anearranted in ordeto fully
understand this phenomenon.

Interestingly, knockdown dBeclin 1was not able to reduce the level of streskiced
autophagyriggeredby BFA, Etop and Taxol. Thereforat would be surprising if cells
deficient in Beclin 1 would be protectedhgainst stresmduced cell death. Indeed
knockdownof Beclin 1 although not efficient, did not redudke processing of pro
caspase3 and caspas@ upon BFA, Etopand Taxol treatmestand also did not reduce
cell death. Becausgepool of siRNAs was usetb knockdowrBeclin 1, off-target effecd

can be ruld out. However,knockdown ofBeclin 1maynot alwayshave been dticient

to havea functional effect orthe conducte@xperimens. Therefore, to fully investigate
therole of Beclinl, it would be important to perform a stable genetic knockdown with
shRNA, as it could provida moredefinitive answer as tits role in stressnduced cell

death in G9”- MEFs. However, it is important to note that my experiments with sSiRNA
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mediatedknockdownof Beclin 1gave similar results to pharmacological inhibition with
spautinl, excepfor BFA treatment where spautinslowed down cell death.

Taken bgether, thedatapresented in this chapter show that stiedsiced cell death
associated withaspase processirignds to belependent on ATG5 but naecessarily

on the whole process of autophagy. Although the induction of functional autophagy is
crucial for the formation of autophagosomes, inhibition dhe initial stage ofthe
autophagy processhowed no effect on cell death. The importance 86GBA. in stress
induced cell death in-©" MEFs wasclearly confirmed. Thustheseresults support the
concept ofan alternative caspassctivation death pathway, which is dependent on
ATG5. However,it isimportant to mention that in thariginal studyof Deeganet al.,

the role of Ag7 was also examingeegan et al., 2014bAs ATG7 is responsible for
the covalent binding of ATG5 and ATG12 and the subsequent farmat the protein
complex ATG5ATG12-ATG16, it is also required for lipidation of LC8Yang and
Klionsky, 201Q. Therefore the role of ATG7 is linked to the elongation step of
autophagosome formation. Thus, knockdown of either Atg5 or Atg7 confirmethéat
novel deathinducing protein complewas not specific tqust Atg5 butratherreflectsa
more generahutophagiaesponse related sutophagosommembranegDeegan et al.,
20141. For that reasqgnn this chapter, although | specificafiycusedon ATGS | was
ratherinterested ints integralrole aspart ofthe autophagosome membrane rather than
in the ATG5 moleculeitself.

The experiments described in this chapteowed new evidender the crucial role of
ATG5-dependent cell death that is required daspasé activation in €9 MEFs in
response to various stresses (Fi@1. These results highlighthat various stresses
induce autophagy in caspa@eleficient MEFs. Although AGS is required for caspase
processing in response to different stresbesrequirements for BG5 were found to be
stressstimulus-specific. While BFA and Etofrigger ATG5-dependentell deathunder
conditiors of caspas®-deficiency exposure tdraxol andgirradiationwasobservedo

drive anATG5-independeninode of celdeath

This is the first timethat a pathwayinvolving ATG5 has been shown to induce cell

death in response to various stressCk® MEFs Since cell deathmodaliies are
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extensively studied in cells lacking the componentshefintrinsic apoptotic pdiway
due to their high resistance to various apoptotic stintiis novel caspase activation
pathwayseems to be aattractivealternativesignalingnetworkthat could be targetd
for therapeutipurposs.

C-9" MEFs

Cellular Stress

BFA Etop Taxol y-IR

\ /
\/

caspase-8

caspase-3

Cell Death

Figure 4.21Various stresses induce ATG&lependent caspasenediated cell death in G9” MEFs.
The graphic represents a modeltbé stressinduced caspase activation pathway. ATG5 triggaspase
8-mediated stresimduced cell death in cells deficient in casp@se response to different stresses.
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Chapter 5. Role of ATF4 and CHOP in stressnduced autophagy and
cell death in G9" MEFs

5.1 Introduction and Objectives

In response tovarety of different stresses, cellactivate acommonstress response

pathway characterized kghosphorylatiorofe | F 2 U . Il n mammal s, t his
is mediated by four el FandHR and iais ansmportnE R K , I
stimulator of an adaptive cellular program known asI8f The role ofthe ISR is to

protect cells from the negative consequences of several unrelated stresses such as
metabolic stress, pathogen infecti@mdER stress. Bwever, depending otine nature

of thestress, its frequency and intensityis also reported thahe ISR can switch to cell

death. Although the mechanisrby which the ISR mediate cell deathare not fully

clear, several reports have linked ATF4 andG@FHwith apoptosig¢PakosZebrucka et

al., 2016.

ATF4 and CHOP are basic leucine zipper (bZIP) transcription factors that are central to
the ISR. Elevated translation of ATF4 during stressful conditions facilitates
transcriptional upregulation of stresssponsive genes. In this progeATF4 can form
homo and heterodimers with several other bZIP transcription factors, including its
downstream target CHORmeri and Harris, 2008

The role of ATF4 is crucial as a mediatortive crosstalk between different stresses and

for the induction and regulatio of adaptation pathways, autophagy gutentially

apoptosis depending on stress duration and inte¢Mitsini et al., 2009. Studies have
shownthatthe preapoptotic effedof el F2 U of apehmedigetthough | at i o1
the induction of ATF4 and CHORJiang and Wek, 20051t is well established that

ATF4 exerts cytoprotective effedtsthe shortterm, whereas prolonged activation leads

to a switch to apoptosigian et al., 2013 Previous studies have described CHOP as a
pro-apoptotc protein that is involved in ER stresgluced cell deatfHan et al., 2013

Ohokaet al., 200%, andcells lacking CHORreprotected from stressduced apoptosis

(Marciniak et al., 2004&inszner et al., 1998
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Recent studies have connected ATF4 and CHOP with autoghdggtion. Stress
induciblee | F2U phosphoryl at i on autophagyirbresponse ®h o wn
hypoxia, starvationandER stresghrough transcriptional control of autophagy gebges

ATF4 and CHORB'Chir et al., 2013Rouschop et al., 20)0It has been shown that

ATF4 and/or CHOP regulatethe formation, development and function of
autophagosome®'Chir et al., 2013 ATF4 and/or CHOP can bind to the specdis
regulatoryelemens in the promotes of their target genes. In this context, ATF4 alone

has been shown to regulaBecnl, Maplic3b, Atg3, Atgl2, Atgl6Hnd Gabarapl2

while together with CHORt regulatesAtg7, p62,and Nbrl (B'Chir et al., 2013 In
addition, CHOP has been shown to directly reguddtsh, Atgl0and Gabarap(B'Chir

et al., 2013 Of note, this ATF4 and/or CHO&ependent transcriptional upregulation of
autophagy genes al so requires activation
different stresses such as starvation or ER stress complete activation of ISR signalling is
essential to maintain autophagy. ATF4 has also been shown to mediate autophagy
through directMapllc3b upregulation under severe hypoxiBzymski et al., 2010

Both ATF4-dependent autophagy through LC3 and CH@&pendent autophagy
through Atg5 constitute survival mechansniowever, intens stress can switch this

responséo a cytotoxicone(B'Chir et al., 2013

In the previous chapters described theactivation of an alternative death pathway in
response to various stresses #¥9'CMEFs. This novel pathwayacilitated cell death in
an Atgs-dependent manner leading to rmanonical caspas® activation.Induction of
the alternative stresaduced caspase activation pathwsgems to be necessdior
execuion of cell death in cefl lacking functional cgpase9, and which are thus
defective inthe mitochondrialmediated cell death pathwayloreover the importance
of this novel caspasactivation pathwayhas been shown ithe context of highly
resistam cells that rely on thisignalingmechanisnto overcome sustained stress. How
this alternative pathway is regulated is still not understoochasdot beenelucidated.
The fact that stressiduced cell death ithe examined cellular system is mediated by
Atgb, an autophagy componesuiggest thatthe ISR could bea potential regulator of
this novel caspasactivation pathwayGiven thatthee | FATB4 pathwy is essential

for the transcriptional upregulation & set of autophagy genes in response to various

Pagel560f 221

C



forms ofstress, hypothesizedhatthe ISR may participate in cell death in®@” MEFs,
andthat ATF4/CHOPmay beat the core of cellé decision to switch from a survival
response tothe induction of cell death. However, this interplay remains widely
uncharacterizedgespecially in relation to cell death mediated by autophag(}-g"
MEFs Despite increasing evidence thaee | F 2 U /CAQPFpathway is involved in
autophagy and cell deatthe role of the ISR and its componesin C-9” MEFs is
poorly characterized. Furthermoiie,s unclearwhetherthe ISR is required for direct
regulation of autophagyn this novel caspasactivation pathway,or whether it

potentialy regulaesother components of this pathway leading to cell death.

The main objectiveof the experiments described belowereto determine the rolef
the ISR inAtg5-dependentcell deathin caspas@®-deficient cells.In this chapterl
investigate!:

1. The role ofthe ISR, specificallyATF4 and CHOPRIn stressnduced autophagy
in responsao different apoptotic stimuli
2. Theroleof thelSR, specificallyATF4 and CHOPRIn stiessinduced celdeath

These approaches provide strong evidenceafpossible involvement athe ISR and
these two transcription factors in regulation of the novel caspase activation death

pathway in cells deficient itheintrinsic apoptotic pathway.
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5.2 Results

5.21 Various stresses induce ISR il€-9” MEFs

To investigate whethethe ISR signalling pathway is induced in response to different
stresses, both-8"" and G9""MEFs were subjected torolongedtreatmentwith either
BFA, Etop, Taxol orgirradiation. As already mentioned in Chapter 3, BFA 15 BR-
stress inducer, Etop anglirradiation cause genotoxic stress, while Taxol leads to
cytoskeletal damage. The changes in the cellular levéheflSR components were

analyzed byVestermblot.

The treatment oboth G9"* and G9” MEFs with eitheiBFA, Etop and Taxotesulted

in atime-dependent accumulation efl F2 U p h o s 4 duantitatie ariallyse of
rati o phosphorylated el F2U to total el F2U
inducedby various stressasver thetime course in both @"* and G9” MEFs(Fig. 5.1

A-D below panels)During ER stressthe enhanced level of ATF4 and CHOP is

medi ated in elF2U phosphorylation manner .
revealed thaBFA increaseghe level of ATF4 and CHOP if€-9"* and C-9" MEFs

(Fig. 5.1A). Similarly, prolonged exposure to Etop, Taxwl grirradiation led to
enhanced induction of ATF4 and CHOP iro€C MEFs (Fig. 5.1 BD). Interestingly, G

97 MEFs displayed high levels oATF4 and CHOPat late timepoins (24 h <) in

+/+

response to alltreatments compadewith C-9"" MEFs This could suggest that
enhanced ATF4 and CHOP levels at the latest time point might be associatédewith
delayed mode of cetleath observed in-@" MEFs. Importantly, thee data also imply
that the activation of ISR i8-9""* MEFs is more transient compareith that in G9”
MEFs, where activation of ISR is sustainétbwever, further investigations with time
match controlsare warranted in order to fully understand observed chamgss,
further investigation is required to determine the role of ATF4 and CHO®dh
MEFs Taken together, these results demonstrate that various stresses induc€4&R in

" MEFs
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Figure5.1 ISR is activated by various stresses in both-@"* and C-9" MEFs. C-9"* and G9”" MEFs
were treated witHA) 0. 3 e g/ (B)5 0B FeAM (©tlo E,M T a D) 33 GagRl for the
indicated times and whole cell lysates were subjectaifdsternblot for expression of phosphorylated
el F2U -R)e,l FRWOt al -Tg AF2, (CHPeand ActihDensitanetric analysis ofe | F2 U
P/ e TF& BFA, Etop Taxol and ¢IR normalized to control. &sults are man + SDof two
independent experiments
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5.2.2 Role of ISR and its components in stressiduced autophagy

To investigate whether the inhibition of ISR and its component redaatophagy
induced by BFA, Etop and Taxol in-€ MEFs pharmacological and genetic
approaches wengsed.

To address this @stion,first C-9” MEFs were subjected to prolonged treatment with
BFA, Etop and Taxol in the presence or absence of ISRIB. Cells were harvested at
indicated time and analyzed by Westdstot. As already explained in Chapter 2
Material and Method ISRIBs a potent inhibitor of | SR
phosphorylation.

As expected, ISRIB significantly reducéuke level of ATF4 upon all three treatments
over a prolonged time course. Levels of ATG5 following ISR inhibition were
comparable to theelels in those samples that were treated with BFA, Etop or Taxol
alone suggesting that inhibition of ISR has no significant effect on ATG5 level.
Additionally, ISRIB did not reduce conversion of LL8 LC3-Il at any time point as
illustrated in Fig. 5.2A, D and G The quantitative analysis of Western ldaonfirmed
thatinhibition of ISR has no effect eithef ATG5 or LC3I1l/LC3-I ratio (Fig. 5.2B, C,

E, F, H, ). These results demonstrate that inhibition of Eghalingby ISRIB results

in attenuabn of ATF4. Importantly, reduced lewebf ATF4 did not affect autophagy

markers.
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Figure 5.2Inhibition of ISR by ISRIB does not reduce autophagy markers upon exposure to
sustained treatment with BFA, Etop and Taxol in G9” MEFs. C-9" MEFs were treated with (A) 0.3
eg/ ml DBFAO (¢ M5 Etlor,Mfor(indicated time after which lysates were subjected to
Western blot for ATF4, ATG5, LGB to LC31l conversion and Actin.Densitometric analysiof
ATGb5and LC3II/LC3-I ratio of cotretedwith ISRIB samples BFA (B, CEtop (E, F), Taxol (H, I) over
the timecoursenormalized tacontrol. Results are mean + ®Dtwo separate determinatioabTaxol and

two indepemnlent experimentB(FA, Etop)
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Thus far, Ihaveshown that inhibitionof ISR did not reduce autophagy markers upon
prolonged exposure to different stresses. Therefore, it wiaseoéstwhether ISR plays
an important role inthe induction of autophagy. To test thian autophagic flux
experiment was perfored, C-9” MEFs were subjected to treatment with BFA, Etop or

Taxol, with or without CQ, in th@bsencer presence dSRIB.

Cells were harvested at the indicated time points and whole lysates were assessed by

Western blotfor LC3-1 to LC3-1l conversion.To confirm functionality of ISRIB the

level of ATF4 and CHOP was also monitored.

As predicted, ISRIB treatment decreased both ATF4 and CHOP under BFA, Etop and
Taxol treatment.Interestingly inhibition of the late stage of autophagy by CQ
significantly increasedlevel of ATF4; however this wasconsiderablyreduced by
addition of ISRIB in all thre¢reatmentsThe autophagic flux examination revealed that
although BFA, Etop and Taxol alone cannot significantly induce-LG®&cumulation
either with or without ISRIBadministration of CQ to BFA, Etop or Taxol enhanced the
level of LGII comparel with either CQ ortreatment alone in © MEFs Of note,
addition of ISRIB did not affect amcreasan LC3 processing with CQ upon BFA and
Etop (Fig. 5.3AD). However, by comparisonSRIB slightly decreasekC3-I to LC3-I
conversiorupon Taxol treatment with CQ, suggding that componentd ISR might be
involved in Taxolinduced autophagy (Fig. 5B). A quantitative analysis of Western
blot showeda statistically insignificant reduction in LEB/LC3-I, caused by ISRIB in
Taxokinducedautophagy (Fig. 5.3)F however more investigation need to be done in

order to fully examineffect of ISRIB on Taxelnduced autophagy in-8" MEFs.

Taken togetherthese resultsemonstrate that ISR and its components arenvotved

in induction of autophagy caused by BFAdaEtop but could be in Taxaohduced
autophagy. Considering the fact that ISRIB inhilstgnalingd o wnst r eam of
phosphorylation without affecting either basal or stiessd u ¢ e gohosphofylation

this raises the possibility that under Taxokatment, other mechanisms directed from
phosphorylated el F2U might be involved
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Figure 5.3ISR does not regulate stresinduced autophagy Autophagic flux in G9” MEFs with

inhibited ISR pathway. @ MEFs were treated with (A 0 . 3

Taxol

e gCml50BFAME) Hlo g M (

alone, 20 €M chloroquine (CQ)
48 h. Whole cell lysates were subjected to Western blot for expression of ATF4;l toCB3C3-II

conversion and Am. Densitometric analysis afamples BFA (B), Etop (D), Taxol YFover the time
course normalized to control. Results are mean ©f3@o independent experiments
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5.2.3 Autophagy is not dependent on ATF4

To determinewhetherstressinduced autophagin C-9” MEFs isregulatedby ATF4
the knockdown of ATF4 was performed. Both control #WF4 siRNA C-9"° MEFs
were subjected to prolonged treatment either with BFA, Etop or Taxchrsadgisedor
detectionof autophagynarkers byWesternblot.

As illustratedin Fig. 5.4 A C, E, the abrogation of # gene expression was confirmed

by reduced level of ATF4 protein triggered by BFA, Etop and TaZohversely Atf4
knockdown did not reduce ATGS legeh any of thethree treatmentSimilarly, loss @

ATF4 did not decrease LE3o LC3-Il conversion upon BFA, Etop or Taxol treatment.
The same, timelependent increase in LC3 processing was detected either in the
presenceor absenceof ATF4. The quantitative analysis of Western bldarther
confirmed that knockdownof Atf4 has nofunctional effect on BFA, Etop and Taxol
induced autophagy (Fi$.4B, D, B. These data show that BFA, Etop and Tarduce
ATF4-independent autophagy, aemonstratecby lack of sensitivity of autophagy
markers ATG5 and LC3II.

To furtherdemonstratehe role of ATF4 in stress induced autophagy, the autophagic
flux experimentwith or without CQ was appliedVestern blotanalysis confirmed that
ATF4 was significantly regced in Af4 siRNA samples compadewith the control
siRNA. Consistentvith the previous results, knockdown off Adid not reduce the level

of LC3-I to LC3-Il conversion compared withon-targetingcontrol siRNA. Moreover,

the autophagic flux examination showethanced levadf LC3-1l upon cotreatment of
BFA, Etop and Taxol with CQ compatavith either CQ alone or drug treatment alone
in both control and #4 siRNA (Fig. 5.5). These results confirm thain excessively
high level of autophagy is induced by BFA, Etop or Taxol either in the presence or
absence of ATF4As illustrated in Fig. 5.6 Qhe specific knockdown of ATF4 did not
affect LC3 processing upon Taxol treatment, suggestingAhg&d is not required for
stressinducedautophagyin this examined cellular systeriiaken together tise data
suggest that ATF4 is not essential for regakatautophagy induced by prolonged
treatment with BFA, Etop or Taxol in-&" MEFs.
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Figure 54 Knockdown of ATF4 does not reduceautophagy markers upon exposure to sustained
treatment with BFA, Etop and Taxol in caspase9 deficient MEFs. Ctrl and Atf4 siRNA C-97 MEFs
were treated wit@ (5% e0M)3Eilcogy Mnl TheBxhcated tihe after hich
lysateswere subjected to Western bfot ATF4, ATG5, LC3I to LC3-Il conversion and Actin. * denotes
non-specific band Densitometric analysis afC3-11/LC3-I ratio in samples BFA (B), Etop (D), Taxol (F)
over the timecourse normalized to control. Results are mean ©f3@0 independent experiments
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Figure 5.5Autophagic flux in C-9""MEFs deficient for ATF4. Ctrl andAtf4 siRNA G-9 MEFs were
treated with (A) 0.3 eg/ ml BFA, (B) 50 &M Etop, (C
or a combination of BFA, Etop or Taxol and CQ for 48 h. Whole cell lysates were subjected to Western

blot for expression of ATEA.C3-I to LC3-1I conversion and Actin
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