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Abstract

Programmedb-cell deathplays an important role in botiipe 1and type 2iabetesbut
analysis otandidatesurvivalfactorshasyielded aew hormones and growth factagghibiting
modesb-cell protection againstarious stressedlost of what is known about the mechanisms
of b-cell death comes from single timp®int, single parameter measurements of bulk
populations of mixed cells, which are inadequate for studying the heterogeneity in death
mechanisms. We simultaneously measured the kinetics of six distinct cell death mechanisms
by using a caspas® sensor and three vitayes, together with brigkield imaging This
allowed thecharacteriation ofthe timing and order of molecular events associated with cell
death in singleb-cells under multiple diabetic stress conditiongJsing this approach, we
identified several cell @ath modes where the orderesfents thatypically define apoptosis
werenot observedt is becoming increasingly apparent that islets release and respuoodsto
secreted factors than previously thoughdsystematic analysex their prosurvival effects
can assist in therapeutic developmeNisvel putativeautocrine/paracrinsignallingloopsin
isletswere identified by compiling resultsdm gene expreson datasetd-actors best known
for their roles in axon guidancBletrin andSlit families, were further characterized for their
pro-survival roles in ad | 4{cellsbwith the development of the liveell imagingbased, high
throughput screening methods capable of identifying factors that mothtzte death, we
screened the Prestwick library of small molecules and a custom library of endogenous factors.
Carbamazepinea Na" channel inhibitor,downregulated the prapoptotic and ERtress
signallinginduced bycytotoxic cytokines pointing thla® channels as a novel therapeutic target
in diabetesWhether specific cellular stresses associated with typeype 2 diabetes require
specificb-cell survival factors remains unknown. Guaamparison of 20@ndogenous soluble
factors, predicted to act dslet cells, under5 diabetesrelevantstress conditionsevealed
unique sets oprotectivesurvival factors for each streasdidentified a clster of survival
factorsthat exhibited generalized protective effectSince diabetes results from a deficiency
in functionalb-cell mass, these studies are important steps towards developing novel therapies

to improveb-cell survivaland function
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Chapter 1: Introduction

1.1 Pathophysiology of diabetesimp o r t a n-eceledeathf b

Over 32 million people worldwide are currentlwing with diabetes and by 283his
number is estimated to increase 82 Snillion people(l). Patients diagnosed with diabetes
have an increased risk of developing other complications including cardiovascular disease,
neuropathy, and retinopathy. The eventual outcome of these complicaionscludeheart
attack stroke, limb amputation, blindness, and kidney faillbm@&lorth America, 1 in 10 adults
are affected by diabetes and an estimat&dnmillion deathswvorldwidein 2013 are attributed
to diabetes and theessociated@omplicationg1). The economic burden trfeating diabetes is
massive with arestimated $@.3 billion in 2013 and a projected increase $19.6 billion in
2036 in Canada alon€l). Worldwide Fealthcare cost for diabetes was a staggerB¥$
billion. Given the costand reduced quality of life associated wdiabetes, research focusing
on thecauseprevention and cureof this disease is essential.

Diabetes is characterized by sustained elevation of fasting blood glucose levels caused in
part by an absolute or r el at-cell mass(Re3d). Thei ency
endocrine pancreas is made w«w@l éckel detllmy@Pilous c
c el | s-gells ¢hat grodUce and release hormones in a regulated manner. In réspbese
elevated blood glucose, tliecells releasensulin into the bloodstream, which acts on the
peripheral tissues, including liver, muscle, and fat, to stimulate glucose uptake and reduce
glucose productionF u n ¢ t i-aelhraass isb maintained by a balancee t wealh b
proliferation, neogenesis differentiation, and programmed cell death, 5). Postnatal
develgment and remodelling of the endocrine pancreas proceeda pétimatal wave ob-
cel | deat h, f o-tell poliferation(®yWhiteansas int & nfcellenassno f b
adultss nv ol ves |caltwrnoverwitiso w f | e-call hpsptosifior Hoimans this
level is estimated to be ~0.1% whi ch i s ¢ ompens acelepblifefabon by | ¢
(7-10). P r o g r e-celsdeathas pfesent in both type 1 and type 2 dial§Etgsl-1). Type
1 diabetes is characterized by t hellsbypmci f i c
inflammatory cytokines (TNFJ , -11bL -2I)FN el e as e d infmurecells@,al),i | t r at
which leads to an almost o mp | et e a-tell mass(12 nl3). Béth genetic and
environmental factors are thought to regulate tlog@ssion of type 1 diabetétudies have



implicatedb-c e | | apopt os i =ell auantigendor amtmen presenting ftellsbto
initiate thea c t i v a tcell specifio Fcelldandtriggerthe insulitis mediatd b-cell death
(2,149.Mo | ecul ar -aeli amigens introducedthrough infection or diet have also
been propose(?). Genetic susceptibility ttype 1 diabetes most commonly linked to genes
that play roles in the immune systeMutations in the major histocompatibility complex
regioncontaning the luman leucocyte antigegenes are believed to regulate the magnitude
and specificity of the autoimmune respohse-celbantigeng15, 16). Genotypic variation in
the noncoding variable number of tandem repeat region of the insulin gene is also associated
with autoimmune diabetes. Reduced number of tandem repeats in this regulatoryesgien
in lower expression of insulin in the thymus, whemmnity play a role inpromoting tolerance
through negative selection of insubpecific Flymphocyteq17). Although the initial triggers
of autoimmune diabetes is not fully understoddet r e scelldnass In pabients suffering
from type 1 diabetes may -cellethat s leernekpanded pyot e nt
pr ev e rcelldeath dubtotheongoiagut oi mmune at t ac-¢ellsamivél by pr
and proliferation12). Additionally, because the onset of type 1 diabetes may be triggered by
the initial apoptos s -0 €| Ibs, under st an d-celdeath niag evenwialyh ani s 1
allow us to target this destructive pathway to prevent or delay the onset of this (R¥ease

The progression of type 2 diabetes is commonly characterized by insulin resistance and
i ni tcell@dmpdnsation, followed by a decrease in insulin secretion due in part to increase
b-cell death(9, 11) (Fig. 1-1). Geneenvironment interactions dictate the onset of type 2
diabetes The major environmental component is a sedentary lifestyle, which mediates the
developnent of obesity and hyperlipidemidn obese individuals,he resulting insulin
resistancen metabolic tissues, including liver, fat, and musch often be compensated by
t he expaanslilonmads ba-ell responsertoette snetabolic derb@Bdl8).
However, failure to compensate for the insulin resistéaads to type 2 diabetes. This failure
is partially d-cekdedth®, 11). Pastmortenstudesfpancreatic sdmples
from type 2 diabetic patients revealed on averatfg@70% decrease io-cell massompared
to nondiabetic subject$9, 19, 20). Nonetheless, it is important to note tlaatlecrease n- b
cell masis not always observed type 2 diabetic subjec(®0). Contributors to thebserved
b-cell demise that ensues include glucotoxicity, lipotoxicity, ER stress, oxidative stress,

inflammaion, and amyloid depositiof21-27). Genome wide association studies halso



implicatedpolymorphisms imu mer ous ¢ e n ecsll developmdntsuevidal, anch b
function with the susceptibility to type 2 diabe(@8, 29). T h u s , e ndelasurgivaln g b
proliferation and functionrmay be critical for therapeutic interventions for both type 1 and type
2 diabetes. As a consequerafediabetes, chronic hyperglgmia persists, which has been
demonstrat ed tcealapopa$ig36-32). Although, samdidaté approaches have
ledtot he di scovery of e-celdsargwainte gliicarusligatioh @f these s o f
regulators remains elusive.

Islet transphntation is a promisingninimally-invasive therapy for type 1 diabetes that
was greatly advanced by the Edmonton Prot¢88i35). However, the high level di-cell
death during the isolation, pteansplant culturing, transplantation procedure, and-post
transplant engraftment stages often dictates the success of the transplant and the requirement
of islets from multiple donor§3-35). Additionally, transplanted islets are susceptible to the
recurrent autoimmune attack, and casggdependent apoptosis in the transplanted islets can
be induced by the same immunogrgssants that are required to prevent graft rejection for
successful islet transplantati(88-36). T h e r a t-eell apdptodisinmcudture can range
from 2 to 20%, while proliferation remains absésif-39). Reducing the level of apoptosis

both pre and pattransplantation will be beneficial to the success of this therapy.

1.2 Mec hani scelldeathf b
Numerous intrinsic and extrinsic signals are required for the maintenance of functional
b-cell mass by providing prsurvival and predeath signals. Mechatis studies on the
i nitiati on a rcel dgath oag make ssgnificant confribuions to the prevention
and treatment of type 1 diabetes and type 2 diabetes, in addition to improving the success of
islet transplantations. There are 3 commonlgrabterized forms of cell death distinguished
by morphologicabnd biochemicaleatures: apoptosis, necrosis, and autoplidd?2) (Fig.
1-2). Understanding theedundancy and exclusiveness of different mechanisms of cell death
has important implications for the detection and therapeutic manipulation of cell death.
Programmed cell deathiav apoptosis has been well characterized as an important
me ¢ h a n i-celhdeath®, 1. Apoptosis is a complex rde of cell death characterized by
a series of morphological features preceding the loss of plasma membrane integrity, including

plasma membrane blebbing, chromatin condensation and fragmentation, rounding up of the



cell, and cellular and nuclear volume wetion (40). Molecularsignallingassociated witithe
progression of apoptosis includesspase activation, phosphatidylserine translocation to the
outer leafét of the plasma membrane, mitochondrialeoutembrane permeabilizatioand
excessive generation of reactive oxygen spddi®s42). Apoptosis can be triggered by two
distinct signalling networks that share many regulatory components. EXxtrinsic apoptosis
proceeds when death receptors at the plasma membrane are activated by extracellular ligands,
including TNF-U , Fas | i ga @d#3. Akemalively, Ridtian of preapoptotic
signal by dependence receptorgluding netrin and nerve growth factor receptors, can occur
when the level of their speciftoophicligands is below a criticahreshold44, 45). Following
assembly of the death inducing signalling complexes, initiated at the cytoplasmic tails of the
death receptors, initiator procaspa8ew -10 are activated, which in turactivates effector
procaspas® and-7 to generate active proteagdg, 43). | n-cels, theproteolytic cleavage
of effector procaspase&anbe catalyzed directly by active casp&serin a mitochondrion
dependent manner resulting from cleavage of #ti@racting domain death agonist (BID) to
truncated BID (tBID)(42, 43). Mitochondrial outer membrane permeabilization (MOMP)
triggeredby tBID results inthe loss of mitochondrial transmembrane potential and the release
of cytochrome cfrom the mibchondrial intermembrane spa#2, 46). Assembly of the
apoptosome a multimeric complex involving apoptoticrqiease activating factor 1,
cytochrome c, and dATP/ATP, results in the activation of caspasafiich can subsequently
activate caspasg andcaspas€’ (46).

Intrinsic apoptosis results from exposure to ultravioldttligellular stress, and toxins,
which can trigger oxidative stress, DNA damage, cytosolf¢ @zerload,and ER stres&?).
The cascade of signalling events that follows often involve the activation-appgotic Bcl
2 family members BAX and BAK, triggering MOMP prior to the activation okffector
caspaseq2, 40, 43). Consequently, MOMP dissipates the mitochondrial transmembrane
potential, essential for ATP synthesis and various transport activities, releases toxic proteins
from the intermembrane space, including cytochrome c, apojasising factor(AIF),
endonuclease GENDOG), and direct IAPbinding protein with low pl (DIABLO) and
increases ROS production, as a result of inhibiting the respiratory @2auh7). In addition
to the loss of metabolic potential and the activation of proteolytic activity mddmte

caspases, DNA fragmentation oceas AlF and ENDOG translocatethe nucleug4?). The



caspase repressing activity of members of the inhibitor of apoptosis protein (IAP) family are
further blocked by DIABLO(42). The redundancy of signalling molecules involved in the
tempor al c as c ad e -calipomosi® autoghagl, @rad shécnosis hds oot tieen
well characterized on a single cell level, resulting in the uagpreciation of nompoptotic
forms of cell dath.

Autophagy is a catabolic process often favouring cell survival under conditions of
nutrient deprivation, hypoxia, ER stress, pathogen infection, and DNA da@@gts-50).
These conditions are relevant to the initiation and progressiahabetes. Also, in islet
transplantation, islet cells are exposed to hypoxia and nutrient deprivation prior to
vasculaizationand engraftment. The formation of double membrane vacuoles that sequesters
damaged organelles and harmful cytoplasmic contents, termed autophagosomes, is a defining
feature of autophagy, which concludes with the delivery of the contents to tserysdor
degradation and recyclin@8, 50). Autophagic cell death is characterized by the lack of
chromatin condensation and accumulation of autophagosomes, and does not necessarily
implicate autophagy as the cause of cell dgd®). Ablation of free fatty acidnducel
autophagy leadstoalc k o f ¢ o replldyper@asiaang imdaired glucose tolerance
(5. Di mi ni shed mai nt-celhnmasscbhy autophagy may dintreasentlzel
suscepth i | i t-cegll death urfiler basal and stressed conditions, and consequently affect
diabetes initiation and progressi@hl-53). The mutual inhibition between agopis and
autophagy further supports t he-celhealti48 %4 me nt

b-Cell death via necrosis has also been implicated in the pathogenesis of diabetes
56). Necrosis is often defed as cell death lacking the characteristics of apoptosis or
autophagy. In addition, key morphological features of necrosis include plasma membrane
rupture and swelling of cytoplasmic organel{é§, 57). Although initially believed to be an
uncontrolled form of cell deatleading to the release of inflammatory cellular contethisre
is accumulating evidenaipporting the notion that necrotic cell death is regulated by a defined
set of signalling events induced by oxidative stress, loss“3f@aeostasis, or ischen(i4o,
57, 58). In fact, apoptosis and necrosis may share common signalling pathways involving
mitochondrial membrane permeabilization through atwaof proapoptotic BeR family
memberg57, 59). Receptoiinteracting protein kinase 1 (RIP1) dependent ossris a well

characterizednechanisnof regulated necrosis that can be activated upon binding of tumor



necrosis factor U (TNFU) to T-Bactvity¢de é®p.t or 1
Consequently, RIP1 is deubiquitinated and associates with RIP3 to activate necrotic cell death.
Upon exposure to stress, inhibition of the apoptotic signallingackesby direct inhibition of
caspase activation or depletion of ATP (which is required for caspase activation) can favour
necrotic cell deatl{59, 61, 62). Cells that have entered an apoptotic cascade can undergo
secondary necrosis in the absence of phagocylysscavenger cell3) (Fig. 1-2). This
suggests that nftiple modes of cell death can-exist within the same cell and thbgve the
potential to substitute for each other. The complex interplay between different modes of cell
death further complicates the daddeathopment of
Understanding thenolecularprocesssbehind cell deatimay revelnovel therapeutic
targetsIn addition to the conmipx interplay between apoptosis, necrosis, and autophagy other
pathways can also procedthe diversity of the molecular pathways mediating cell death has
led to the characterization of new modalitieseif death that sometimes shamailar features
resulting from an array of biochemical signallimdjtotic catastrophes initiated by aberrant
mitosis leading to cell deaturing mitosis or interphase via apoptosis or nec(d6jsAnoikis
is an intrinsic apoptotic response of adherent cells to the detachment from extracellular matrix
interactiong42, 64). Parthanatos a caspase independent cell death pathmnjving DNA
damage induced by overactivation of p@lpP-ribose polymerases (PARPS), which can
further result in ATP and NAD depletion PAR accumulationloss of mitochondrial
membrane potentighnd subsequently AIF releg€®, 66). Pyroptosis is a caspadanediated
cell death pathway that exhibits morphological features of apoptosis and/or necrosis. The
activation of caspask leads to the mature processing of inflammatory cytokines interleukin
16 -Ih)L al8Y.It kemains controversial whether these new modalities constitute
unique cell death subroutines or whether they represent specific cases of apoptosis and/or

necrosis.

1.3 Therole of intracellular Ca?*i n t he mai réellbealthand finctoi b
Intracellular C3&" signalling regulates cell survival and cell death mechanisms.

Disruption of C&" homeostasis by diabetes related stresses, including cytotoxic cytames,

prolonged hyperglycemia afdy per | i pi demicee, | c drunicmp oalit amd i

death(67-69). Ca* plays anessentiakole in the modulation of glucostimulated insulin



secretiminb-c el | s . U p o n-cells takernp ¢luadse tloraugh glicose transpagrters
metabolize the glucose through glycolysis and the tricarboxylic acid cycle to generate ATP,
during which elevation in ER and mitochondrial?Céevels and a transient de®ase in
cytosolic C&' levels are observeq70-72). The increase ilfATP/ADP ratio stimulates the
closing of ATRsensitive potassium channels Ak channel), plasma membrane
depolarization, the opening of voltage gatetyphe C&* channels, and the resultinganflux
triggersinsulin releasg67). Disruption of glucsestimulated C& responses can lead
impaired stimuluss e cr et i on -calldypfunctiong and D

Disturbed cellulaCa* homeostasis s a t r-cel dpath(73).fBasal C# levels
are el evated pr i or-cdlsdreatet with aytoekend63) and blackingthe on i n
dominant L:.type C&" channels can prevent cell deattuced by TNFU a n ¢ (74#).Ahe
ER is one of the major organelle for intracellular?Catorage and signalling. €ais
sequestered in the ER when cytosoliels\are high and released from the ER when cytosolic
levels are low(70, 75). Activities of the sarco(endo)ymic reticulum calcium ATPase
(SERCA) pumps, inositol triphosphate receptors, and ryanodine receptors regulates the ER
C&* level. ER potein binding andmolecular chaperone activity requireBR C&* and
depletion of ER C& can result in protein misfoldg and induction of ER stre€g6, 77). The
unfolded protein response (UPR) is the protective mechanism by whilshtern on to
alleviate ER stress, triggering increase in expression of ER chaperones, degradation of
misfolded protein, and decrease in protein transld6@n77). In situations oexcessiveER
stress and prolonged UP&ttivation ofcell death cascades arediated by-Jun Nterminal
kinase (JNK), p38 mitogeactivated protein kinase (p38 MAPK), nuclear fadtappaB
( NF sEl)2,family members, an@CAAT/enhancer binding protein homologous protein
(CHOP)(77). The mitochondria is another organelle where disruption 6f §lgnalling can
lead tob-cell dysfunction(67, 78). Increases in cytosolic €aalso increasenitochondrial
Ca*, which if overloaded can trigger mitozhdrial mediated cell death pathways involving
loss of mitochondrial membrane potential and increase ROS prod(i&8joithe depletion of
ER C&*stores can consequently trigger accumulation in mitochondrfd] Geening of the
mitochondrial permeability transition pore, release of cytochromendactivation of the
apoptotic cascad¢78). Mitochondrial Ca?* uniporters sodiumcalcium exchangersand
permeability transition porealong with membraneagpential regulatesCa* handling n the



mitochondrig(78, 79). C&* homeostasis in the mitochondrial niais requiredor the activity

of met abol i ¢ enzy meketpglutarate; bna dsocitraje dphydrogenasds.e , U
involved in cellular respiration and the generation of A78). Consequently fisulin secretion

f r o-gellshs also modulated by mitochondr@de* (72). Persistent pathological disruption

of intracellular C&' levels and mobilizationa n i n f -telifenatioreanditrigger cell death.

1.4 Approaches fordefining the cell death molecular pathways

The signalling cascades dictating the different modalities of cell death are neither isolated
nor mutually exclusivg€40, 42). Multiple prosurvival and predeath pathways can often be
activated under stress conditions, anddiwsstalk between thegpathways complicates the
interpretation of the modalityontrollingthe eventual death of the celi3ell death pathways
are often defined by the use of specific chemical inhibitors or gene knockout/mutation studies.
Instead of blocking cell death, inliiing one pathway can often expose an alternative pathway
of cell deathln addition, many of the proteins involved in cell death pathvay® multiple
functions. For instance, cytochrome c is essential for electron transfer in the mitochondrial
respiratoy chain and can activate the apoptosome when reléasiee cytosol. RIP1 mediates
both apoptotic and necrotic cell death, but is also involved wd NB= -purvival signalling.
Caution must be taken when interpreting results from biochemical studies of whole cell
populations.

Gi v e n -cell death cab bdriven by multiple cell deatimodalities, it is important to
characterize both the extent of cell death miodiulation ofassociated pathways under various
stress conditions when d e v e |-cellp deatly Distihce r a p e u
morphological and biochemical characteristiave been utilized to distinguish between
different cell death pathways.Traditionally, the use os§ingle time pointbulk population
analysis has provided biochemical insigimi® the molecular pathways that are activated or
repressed prior to cell deatincluding terminal deoxynucleotidyl transferasediated dUTP
nick-end labelling (TUNEL) assays for the detection of DNA fragmentalimiferasebased
detection of ATP changegnmunoblotting for specific signalling cascadand RT-PCR
guantificationof changes in gene expressi@ingle parameter analysis of cell death cannot
accurately determine the modalities of cell death because several processes overlap in multiple

modalities and can also manifest in settings unrelated to cell death. While esndigleint



techniques cannot be usaa assess the temporal dynamiEtweencommonly occurring
processessed to differentiatbetween different modes.

Time-lapse video microscopgllows for single cell characterization, which reduces
complications assoaied with interpreting whole cell population datéith the development
of vital dyes andhovelbiosensor$or measuring activation of signalling cascades, microscopy
has surpassed its wddhownuse forstatic single time poinmnorphological characterizans.
Exclusion dyes like propidium iodide, which can only cross compromised plasma membranes,
are commonly used to label dead cells in both flow cytometry and imaging based(@says
Selective labelling of living cells is also possible with fluorogenic esterase subslilees
calcein acetoxymethylester, since membramgermeant fluorescent products are generated
through hydrolysis of the substrates by intradat esterasefNuclear morphology andell
numbers can be assessed with fluorescent chromatin dyes, like Hoechst 33342, or histone 2B
fluorescent fusion proteins, like H2BFP.Quantification of cellular ATP levels allows for an
indirect assessment oflceiability and combined with the use of other markers can provide
useful information on the mechanism of cell dedtte fluorescent biosensdior ATP/ADP
ratio, Percevahnd PercevalHR81, 82), and total ATP levels, ATear{83), display several
advantages over lucifase based assaysicluding norrinvasive reatime measurements,
single cellresolution and capability for multichannel imagindctivation of initiator and
executioner caspasesoften associated with apoptotic cell death. However, caspase activity
has also been demonstrated to elicit Aethal signalling functiong(84). Nonetheless,
monitoring the transientcaspase activatiom conjunction with other grameters is still
fundamentain apoptosis detection.

Direct reattime assessment of caspase activity can be accomplished with the use to
fluorescence resonance energy tran$t®ET) biosensors or fluorogensubstrates displaying
caspase sensitive cleme siteg85, 86). Indirecly, caspase activation can be monitored by
visualizing the characteristic ¢ellar consequences, including plasma membrane blebbing due
to the cleavage oRHO-associated coiledoil containing protein kinase IROCK1) and
changes in plasma membrane morphologye dio the cleavage of pannexin. 1
Phosphatidylserine translocation frahe inner to the outer leaflet of the plasma membrane is
triggered by theactivation ofphospholipid scrambalasetfiat perturbs thelasma membrane

asymmetry, and is an early event in apopt(&s. Externalization of phosphatidylserine can



be monitored with the binding of fluorescently labelled annexinV tepemeabilized cells.
The ability to simultaneously track in single cells specific morphological evegtsalling
modulations, protein translocations, and changes in metabolic statuadwascedour
detection of thérue extent of apoptotic cell deathmajor caveat o vitro single cell analysis
approach is the disruption of cekll interactionsTherefore, he relevance oin vitro cell
death mechanisms must be validated for their pathophysiological signifiedtficen vivo
studies

Mitochondrial membrane permeabilization is a critical event in apoptotic cell death and
the resulting consequencesan be monitored.Several dyes can monitor the loss of
mitochondrial transmembrane potentiaicluding rhodamine 123, tetramethylrhodamine
methyl ester (TMRM), and tetramethylrhodamine ethyl ester (TMRE). These dyes accumulate
in the mitochondria in propaan to the mitochondrial transmembrane potential, but they can
interfere with mitochondrial respiratioReactive oxygen specieRQS generation can also
be detected with dihydroethidium, a fluorescent probe that displag shift in its emission
upon xidation, and other commercially available fluorescent indicafdtsrnatively, ROS
induced DNA damage can be monitored with the nuadldacdization of the GFP fusion
protein of 8oxoguanine DNA glycosylase (OGG1), a DNA repair enzytmauclear spddes
(88). The use of fluorescently tagged mitochondrial intermembrane space proteins, like GFP
tagged cytochrome c, allows fdne monitoring of their cytoplasmic translocation(89).
Another feature of mitochondrial dysfunction is tlss@ciated morphological changes, which
can be monitored with nochondrial matrixtargeted fluorescent proteirabeit changes can
occur independently of cell death from mitochondrial fission and fusion dyné@@ics

Homeostatic regulation of intracellular €as crucial for maintaining cell function and
health (91). Tracking changes C&"* levels in response to cytotoxic conditions can help
decipher the mechanism of cell death. Cytosolic changes?hl&els carbe tracked with
small molecule fluorescent indicatoasd genetically encodethiosensorg92). Membrane
permeableacetoxymethyl (AM)esterderivativesof the small molecule C4indicators (for
example, Fur&-AM) become sequestered in the cell uptavage by intracellular esterases,
and ratiometric imagingllows for detection of rapid intracellular €aransients with high
signatto-noise ratio (92). Although very convenient for short term imagini@r(hours),

extended imaging (for days) in specific subcellular compartments requires the use of
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genetically encoded biosensors. Signal sequences can target the biosensorisetb def
subcellular locations, including the ER, mitochondria, Golgi, and plasma men@gxarigoth
ratiometricFRET-based sensorsid intensiometricsingle fluorescent proteibased sensors
(including, GCaMPsindGECOs) utilize the Caresponsive element CaM and a CaM binding
peptide to elicit conformational changes resulting in increase in FRET efficiency or
fluorescence intensitied the chromophores, respectivéd?-94). Chromophores that display
Ca&* dependenshifts in emission spectra (GERMECO) orexcitationspectra (GEXGECO)
haveallowed for ratiometric imagin¢p4). With a variety ofC&*indicators that are spectrally
distinct and can be spatially targeted, we can study thes@maallingdynamics in different
organelles and/or in conjunction with other signalling molecules.

Indications of atophagiccell death can bdetectedwith staticmethods of quantifying
autophagosome formation, includinglectron microscopy based quantification of
autophagosomes, immunoblotting fggitlated microtubul@ssocated protein 1 light chain 3
(LC3), and immunofluorescence imaging fongptate LC3 pattern. However, these techniques
cannot distinguish between the cause of autophagosome accumulationrwhstheéue to
increase in autophagy initiation or decrease in autophagic flux, associated with decrease in
autophagolysosome formation and degradation. Distinguishing between the two can be
achieved through monitoring of autophagosome formation andsitenfuvith lysosome with
tandem monomerimRFRGFRtagged LC3(95). Upon fusion of the autophagosome with
lysosome, the acidic environmtequenches GFP fluorescence while mRFP fluorescence is
retained, allowing for the detection of progression through autopMmyitoring autophagy
in combination with spectrally and spatially distinguishable indicators of apoptotic cell death
is crucial indetermining the mechanism of death.

Necrosis, whether it be regulated or not, alsorhagkersrelated to the loss of plasma
membrangermeability The passiveelease of a notistone chromathiinding proteinhigh
mobility group 1 HMGBL1), into the extacellular space can be monitored in cell culture
supernatants or witfluorescent protehtagged HMGB1(96). Peptidylprolyl isomerase A
release (PIA) in the early stages of regulated necrosis can also be mon{@iedTrhe
characteristic oncosithat occurs can be tracked over timdthough necrosis has been
associated withmitochondrial membrane permeabilization and RIP1 activation, the lack of

consensus on the biochemical changes defining necrosis has resulted rautine
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identification ofnecrosis by the@bsenceof apoptotic or autophagic featur@f)). With the
advancements in cellular imaging and palette of genetically encoded biosensors, underlying
molecular mechanisms that dictates therphological featurescan be simultaneously
detected.

15 Di s c o v ecellwurvovdl fadbors through candidate approaches

The | oss o-tell massniscatcriticalneaeht infihe pathogenesis of diabetes and
hi gh | ecelladéath sevdrely fimits the success of islet transplantddevelopment of
methods foi mp r o acell sugvivab as diabetes therapies can be achieved through advanced
understanding of the mechani s ms-celi dehth.ile t he
effects of a number of candidate growth factors on islet cell survigapesiiferation have
been studied. A list of these growth factors inolgdglucagonlike peptide 1 (GLPL),
fibroblast growth factor (FGF), transforming growth factor beta (-BGF , hepatocyt e
factor (HGF), insulidike growth factor (IGF), betaceilin, growth hormone, and lactogens
(98-100. Prosurvival effects of candidate growth factors obsefnvedtro andwith in vivo
mouse models suggests thatgun al o f pcelleleath catusediby aufoimmune attack,
transplantation stresses, and other stresses associated with diabetes can be attained by
harnessing islet cell survival factor signalling pathways activated by locally secreted factors or
circulding factors. GLP1, for example, has been shown to activate the-aguptotic
transcription factor Pdx1 through a calcium dependent signalling pathway, and increase
proliferation and decr-eelisfi®1-1@3p Althcdughsevidenceo f pal
suggests that there is an increase in islet transplant success whdne@hiession is locally
induced, the clinical application of GEP as an effective stimulao r -celf mags,
proliferation, and survival is unknowi04, 105). Overall, elucidating the effects candidate
growth factors has pr ovi decdlsavwval and praliferdtianc t i o n
However, an unbiased screen beyond characterizing candidate growth factors, where all the
secreted factors are tested as potential hits is necessdisgdver any factors that have been
overlooked.

The activation or mimicking of local autocrine and/or paracrine survival factor signalling
present within the islets would be the most ideal scenario for diabetes therapies. The localized

microenvironment bendogenous autocrine/paracrine signalling factors often eliminates their
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effects on peripheral tissues through local action, and preventstowetation through self
limiting feedback. Insulin, for example, has been shown to be a potent afichietfg islet
survival factor and physiological dosage of insulsayi n c r ecallspeolifebation (38).
Although insulin could potentially be used to preserve funatiesiet massn vitro prior to
transplantation, its metabolic effects limit its use as asprgival agenin vivo. Thus, the
search for other potent survival factors not involved in the regulation of metabolic pathways is
needed. Several growth factocsitical for pancreatic development can be found in the
literature; however, their functions in adult islets are currently unknown. Nonetheless, we
cannot overlook the promising effects of distally secreted endocrine fditeiSIP and GLP

1,acting top r o mecellesurvival and function.

1.6 Hypothesis and objectives

Efforts towards the discovery octllsurvvalel t he
and function through the use of hitfiroughput screening have led to the discovery of
interesting its (106, 107). However, higithroughput screens are often bioluminescence based
endpoint assays that are lirad by onedimensional readouts, lack of information on cell
health, and lack of temporal resolution. Higbntent imaging, on the other hand, allows for
detailed cellular morphological analysis, but is often tsoasuming.Advancements in
computational irage analysisoftware,microscope automation, and robotic liquid handling
has provided the tools required for multiple parameter, -bagttent, highthroughput
screening platforms.

The goal of this projecivasto identify and characterize endogenous factbat can
significantly i mprove s urcellsupan exposure ta dinedséd h u m
environments associated with diabetes. As a result, we may be able to harness these signals to
p r o maocellesurvival initially in islets cultured priowottransplantation and eventually in
individuals suffering from diabetes. We dsaultiple fluorescent probes to define the different
modes of cell death that occur under different stress conditions. Elucidating the -context
dependent distribution of variousechanisms of cell death may determine the success of
targeted therapeut i-cell death. Ikis corceiableothmatsthetapes foro nt r
p r o mo tcell sugvivdd may require inhibition of all forms of cell death through targeted

inhibition of upstream events or combinatorial therapies. Through the use ojpaatheter,
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high-content,96-well and 384well imaging platforns, we have simultaneously compadle
differentsmall molecules ansbluble factors for their efficaayn b-cell survival The specific
aims in the thesis are designed to testftiewing overall hypothesisnovel factors that
pr omot e-celasdruiMaltwill be identified through mulparameter, higitontent, high
throughput imaging, and their peurvival signalling mechasms will be validated.

The resultpresented in Chapter 3 detail the characterization dirtlieg and order of
molecular events associated with the o g r e s-celi deathundefr mufltiple diabetic stress
conditions Chapter 4 describes the use afultiple parameterjive-cell imagingbased
screeningmethod of the Prestwick librarfpr identifying small molecules thdtiock b-cell
deathin response to cytotoxic cytokinelew-up studies validating the protective effects of
a sodium channeihibitor, carbamazepine, and defining potential mechanism of action are
also presented in Chapter@hapter $eports the bioinformatic analgsof autocrine/paracrine
signalling loops in adult human and rodent islets and highlights the importance of unbiased
approaches for the discovery of novel islet growth factemsm our list of potential growth
factorswefounda group of molecules knawo provide axonal guidance cues during neuronal
development. Given the similarities between neuronal and endocrineepardevelopment,
we first took a candidate approach and characteril#dn and SItRobo presurvival
s i gnal dcallspwhich ane pfesented in Chapters 6 and 7, respectineBhapter 8, the
systematiccomparison othe protective effects &f06 solublefactorswas conducted under 5
diabetegelated stress conditions. The mydarameter, higltontent imaging assay revealed
unique sets of protective factors specific to each stress and a cluster of general protective
factors.Because the loss afifictionalb-cell mass results in diabetélse studies presented in

this thesis are important steps -tebswmivads deve
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Chapter 2: Materials and methods

2.1 Reagents

Chemicals were from Sigma (Bbuis, MO, USA) unless specified otherwidéetrin-1
rabbit monoclonal antibody was from Calbiochem (La Jolla, CA, USA). Polyclonal antibodies
to Netrin4 (rabbit), Neogenin (goat), UNC5A (goat), and UNC5C (goat) were from Santa
Cruz (Santa Cruz, CA, USARabbit polyclonal antibodies to SLIT1 and ROBO2 were from
Sigma. Polyclonal antibodies to SLIT2 (rabbit) and ROBO1 (goat) were Sanmta Cruz
Purchased antibodies included rabbit polyclonal SLIT3 and guinea pig polyclonal insulin from
Millipore (Billerica, MA, USA, mouse monoclonal glucagon from Sigma, and mouse
mo n o ¢ | -aatim from blovus (Littleton, CO, USA). Rabbit polyclonal antibodies to
phospheAkt (Ser473)phospheAkt (Thr308),Akt, Erk1/2, phosphéAskl (Thr845), ASK1,
phospheJNK (Thr183/TyrB5), JNK, caspas€é2, cleaved caspaSe mouse monoclonal
antibody phosphdrk1/2 (Thr202/Tyr204), and rabbit monoclonal antibody cleaved caspase
3 were from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclorC
antibody was from Thermo (Roickd, IL, USA). A list of antibody dilutions can be found in
Table 21. Drag5 nuclear stain was from Biostatus (Leicestershire, Wiljdated biologically
active recombinant mouse Ne#idn Netrin-4, SLIT1, SLIT2, and SLIT3 and recombinant
human TNFU, -11bL, amd wlehRNd from R&D Systems ( Minn
complete table of all recombinant proteins and manufacturer information can be fOatein
2-2.

2.2 Primary islet and cell line culture

Pancreatic islets were isolated frdmth male and female C57BL/6J mice (Jax, Bar
Harbor, MA, USA) using collagenase and filtratidsnless otherwise indicated, -1 20
weekold male and femalenice were used in the studiddouse housing guidieles and
experimental procedures were approvedhsyUniversityof British Columbia Animal Care
Committee. Human islets (>80% purity estimated by dithizone staining) and pancreata were
provided by Dr. Garth Warnock, collected via protocols approved bynheersity of British
Columbia Institutional Advisory Board. Donosgre men or women aged 23 to 56 years. None
of the donors were known to have diabetes. The islets were furdmeipicked using a
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brightfield microscope. Islets were cultured overniggt’C, 5% CQ) in RPMI1640 medium
(Invitrogen, Burlington, ON, Canada) withmM glucose (Sigma), 100 units/ml penicillin,

100 pg/ml streptomycin (Invitrogen) and 10% vol/vol FBS (Invitrogen) as described in more
detail elsewher€l08 109.MI N6 and HEK293T cells were cul't
eagleds medi um (I n2mMtglucosg,d0pits/ml@enicilan; 100 pg/opl 2 2
streptomycin and 10% vol/vol FBS as descrifieb, 110).

2.3 Analyses ofislet secetions

To measurdhe dynamics ofnsulin secretionmouse islets were perifus€d?) and
hormone secretion was measuusthg a rat insulinadioimmunoassakit (Millipore). Briefly,

150 sizematched islets were collected, suspended with Cytodex microcarrier beads (Sigma),
andplaced inta300 W perifusion chamber3.he islets were perifused at 350 pl/min in Krebs

Ri nger 6s s ol uglLiB8Aandtimerothveing Gn nmiviy: 4.8 KCI, 2.5 CaGJ 1.2
MgSQs, 1.2 KHPQy, 5 NaHCQ, 10 HEPES, 129 NaCl and 3 glucose. Fractions were
collected every 5 miand stored a20°C.

Netrin-1 secretion was measured from 100 hpraked human islets by ELISA (Enzo,
Farmingdale, N, USA) following perifusion ELISA kits used for quantification of SLIT1,
SLIT2, and SLIT3secretion from mouse isletgere from Uscn Life Science Inc (Wuhan,
Hubei, PRC)Supernatantérom 150 mouse isletsere collected following 2 h incubation in
KrebsRi n g e r 6 sontairdnig 8imM oo Ib mM glucos@rotease inhibitors (Roche) were

immediately added to avojaroteindegradation.

2.4 Gene expression analyes

Total RNA was isolated frothuman andnouse primary islet and MING6 cells using
Trizol followed by cleanup with RNeasy kit or directly witRNeasy Mini or Micro kits
(Qiagen, Mississauga, ON, Canada). Reverse transcription (gScript cDNA SuperMix; Quanta
BiosciencesGaithersburg, MD, USAor SuperScript 1ll; Invitrogepwas used to generate
cDNA. For RT-PCR,PCR amplification was carried out using 1 cycle of 94°C for 2min, 35
cycles of 94°C for 30s, 57°C for 30s, 72°C for 45s, and 1 cycle of 72°C for 5 min. Primers
were purchased from Integrated DNA Technologies (Coralville, IA, USAY. TagMan
guantitative RTPCR was conducted using probes frapplied Biosystems (Streetsville, ON,
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Canada)or Integrated DNA Technologies and PerfeCTa gP8#perMix (Quanta) on a
StepOnePlus device (Applied Biosystems, Streetsville, ON, Canada). Relative gene expression
changes were analysed ky™ or 2™ methods as indicated in the figure legends. Unless

specified otherveie,Hprtl or Ppiawere used as reference genes.

2.5 siRNA mediatedgeneknock-down

MIN6 and mouse islet cells dispersed with 0.01% trysdDTA (Invitrogen) were
transfected with a combination of Silencer Select sSiRNA (Ambion, Burlington, ON, Canada)
targetirg Slitl, Slit2 andSlit3. Cells transfected with scramble siRNA (Ambion) was used as
negative control. Neon transfection (Invitrogen) with 100 nM of each siRNA for MIN6 and
200 nM for dispersed mouse islet cells was ugeat. MING cells, the electroporatn settings
were 1200 V, 20 ms, arfipulses For dispersed islet cells, the electroporation settings were
1000V, 30 ms, and pulsesCells were analyzed bygntitativeRT-PCR and immunoblotting

at least 48 h following transfection.

2.6 Immunofluorescenceimaging

MING6 and dispersed islet cells were fixed in 4% wt/vol paraformaldehyde (10 min) and
permeabilized using 0.1% vol/vol Triton-X00 (10 min). Antigen retrieval was conducted on
de-paraffinized pancreas sections by boiling for 15 min in sodiumteitbaffer (10 mM
NasCsHs07, 0.05% vol/vol Tweer20, pH 6.0). Normal goat serum (10% vol/vol) was used for
blocking. Primary antibodiesTable 21) were incubated overnight at 4°MCA- (1:200,
Jackson ImmunoReseardWest Grove, PA, USA andAlexaFluor488-, -555-, and-647-
conjugated secondary antibodies (1:400; Invitrogen) were incubated for 1 Catp#0r to
mounting in Vectashield (Vector Laboratories, Burlington, ON, Candtigls were imaged
using an inverted microscope equipped with 0.75 NA 20d 1.45 NA 100x objectives. For
cell death assays, MIN6 and dispersed islet cells were seeded w&ll98ates and stained
with 0.05 pg/ml Hoechst 33342 (Invitrogen), 0.5 pg/ml propidiundide (Sigma) and
AlexaFluor647conjugated anexinV (1:500unless otherwise indicatednvitrogen) (76).
Following treatments, cells were imaged with ImageXpHe8S (Molecular Devices, Silicon
Valley, CA, USA) every 1 or & at 37°C and 5% C{§109). For proliferation analysi§38),
MING6 cells were seedk into 96well plates, 10 pMbromodeoxyuridine (BrdU) was
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supplemented to the media following 2 hours of treatment. Cells were stained with BrdU
Labeling Kit (Roche, Laval, QC, Canada) then imaged using ImageXpress Mictec(lar
Devices, Silicon Valley, CA, USA).

2.7 Immunoblotting

MING and islet cells were lysed with cell lysis buffer (Cell Signaling) containing protease
inhibitors (Calbiochem). Lysates were sonicated for 20 s then centrifuged for 10 min at 10,000
g. Prokin concentrations were determined using ieinbhoninic acid assay (Thermo
Rockford, IL, US. Proteins were separated on 8 or 12% wt/vol $ID&E gels and
transferred to polyvinylidene fluorideembranes. After blocking (0.2% wt/vaeblock, 0.1%
vol/ivol Tween20 PBS), membranes were probed with primary antibodiebl¢ 21),
followed by horseradish peroxidasenjugated secondary antibodies (1:3000; Cell Signaling).
Immunodetection was performed using enhanced chemiluminescence (Thermo). PathScan
intracellular signaling array was used for islet lysates with low protein yield, following the

manufactureds protocol (Cell Signaling).

2.8 Live cell imaging of second messengers

Dispersed mouse islet cells and MING6 cells were transfected with D3cpv, D1ER or
AmtD3cpv CFRYFP-FRET based biosensors ftie detection of cytosolicgndoplasmic
reticulum or mitochondrialCa"* (76, 92, 93, 111). Cells were transfected using the Neon
system (hvitrogen)and imaged 48 h latedlternatively, gtosolic C&" was imaged usingells
loaded withFura2-AM (Invitrogen).Dispersed mouse islet cells seeded onto glass coverslips
were | oaded wR-AMfor 80 manMt 3G°C. Féshort eerm (less than 2 hours)
C&'i maging, cells were incubated in Rimgeros
1 MgCh, 20 HEPES, 134 NaCl and 3 glucose. Solutions were maintained at 37°C and cells
were imaged using an inverted microscope at 5 or 10 s intervals (Zeiss 200m; Intelligent
Imaging Innovations, Denver, CO, USA) operated by Slidebook 5.0 software (Intelligent
Imaging Imovations). CFP excitation and emission was controlled B$0/25m and
470/3Dnm filters, respectivelyConformational change of tHeRET probeupon exposure to
elevated C# levels leads to increase RRET betweerCFP and YFPFRET withYFP was

measured sing a 535/30m filter and normalized t&€FPemission intensityLong termCa?*
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changes wergnaged with ImageXpre¥§RC systems at br 20min intervals under 37°C and
5% CQ conditionsin RPMI medium CFP excitation and emission was controlled by
438/24hm and 483/32nm filters, respectively. FRET with YFP was measured using a
542/27nm filter and normalized to CFP emission intensity.

For live cell imaging of cCAMPMING cells seeded onto glass coverslips were transfected
with the AKAR2 FRET probg€112 andimaged 48 h laterf-or cCAMP imaging, cells were
i ncubated i n Ringé@mrniVg: 55 KA, 2GaCbp InMgCl020 HBPES,i n g
141 NacCl, and 3 glucose. Solutions were maintained at 37°C and cells were usiageteiss
200m inverted microscopegoerated by Slidebook 5.0

2.9 Reporter for detectingcaspase3/7 activationi n-cels
To allow for multiplexing, the miGYDEVD-mKO FRET probe from AMiyawaki (85)
was changed to eBFH2EVD-eGFP FRET sensor for detection of casgz3eactivation.
Generating the triple reporter construct involved insertion of the new ca3ffasensor
downstream of thénsl1 promoterin replacemenbf the eGFP cassettfrom the published
lentiviral Ins/Pdx1dual reporter constru¢t110). TheeBFP2DEVD-eGFP FRET sensor was
cloned downstream of thesl promoter with flankingNhel and Kpnl restriction sites.
Following restriction digest of theublished dual reporter with Nhel/Kpnl restriction enzymes,
the Ins1 promotereGFP cassette was excised. Ligation of the remaining construct with the
Ins1lpromotereBFP2DEVD-eGFP FRET cssettgproduced the triple reporter construct.
Lentiviral particles were prepared as descripgtlo, 113). Briefly, HEK293T cells at
60%confluencever e tr ansf ect e dVSWiE andhFIVVETRYB-tplElenreporterp C |
constructs using FUGENEG6 (Roche) under serum free and antibiotics free conditions. 48 and
72 h following transfection, viral particles were coted from the culture media and
concentrated by centrifugation at 50,000 x g. The viral pellet was resuspendeeNiaQFis
EDTA buffer and stored aB0°C. Concentrated virusastitered in MING cells infected with
a serial dilution of the virus particl@s 96-well plates and imaged for reporter gene expression

on ImageXpres¥'°R° (Molecular Devices, Sunnyvale, CA, USA) 48 h following infection.
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2.10 Multi -parameter time-lapse cell death assay

For cell death assays, MIN6 and dispersed islet cells weredseed®6well plates and
infected with lentiviral particles carrying the triple reporter construct at MOI of 5. Cell death
experiments were conducted 48 h following lentiviral infection. Cells were stained with 50
ng/ml Hoechst 33342 (Invitrogen), 0.5 pd/propidium iodide (PI: Sigma) and 3:500 dilution
of annexin\fconjugated to AlexaFluor647 (Invitrogen). Following treatments, cells were
imaged with ImageXpre¥§R° (Molecular Devices) every-55 min at 37C and 5% CQ
Treatments included 5 and 20 mMugbse containing RPMI media supplemented with 10%
volivol FBS, a cytokine cocktail (25 ng/ml TNF, 10 Ad/, mi10Inky/ MR&IDF N
SystemsMinneapolis, MN, USAand/or 1 uM thapsigargin. Serum free conditions were used
to mimic nutrient deprivatiorHoechst and eBFP2 excitation and emission was controlled by
386/23m and 445/20m filters, respectively. Pand mRFPexcitation and emission was
controlled by 562/40m and 624/406m filters, respectively.Spatial restriction of Pl
fluorescence in the nucleuwslowed for analysis of Pl signal independent of cytoplasmic
MRFP.AlexaFluor647 excitation and emission was controlled by 628Mand 692/46m
filters, respectively. eGFP excitation and emission was controlled by 4r2/&@d 520/36m
filters, respectiely. The FRET probe is cleaved upon activation of caspéskeading to the
loss of FRET between eBFP2 and eGFP. FRET with eGFP was measured using an520/35
filter and normalized to eBFP2 emission intensity. Fapgse images of single cells were

analyzel using MetaXpress Software (Molecular Devices).

2.11 Multi -parameter cell death screening platform

MING cells expressing the eBFRXEVD-eGFP FRET sensor for detection of caspase
3/7 activation were seeded into-8ll platesat 20,000 cells/well. MIN6 ells were stained
with 50 ng/ml Hoechst 33342 (Invitrogen), 0.5 pg/ml propidium iodide (PI: Sigma) and 3:500
dilution of Annexin\tconjugated to AlexaFluor647 (Invitrogen). Cells were treated with test
drugs in the presence of 22.2 mM glucose containing DMEMiansuppleranted with 10%
volivol FBS and a cytokine cocktail (25 ng/ml TNF, 10 4@/ mLOl bbg/ MI&DI FN
Systems, Minneapolis, MN, USA)Ve employed the Prestwick Library of 1120 drugs, which
includes a diverse array of chemicals, including -paffent  drugs
(www.prestwickchemical.com). Compounds were pinned into the€bround bottom plates
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(Corning) at ~15 uM using a 0.7 mm diametes#6 tool equipped onto a Biorobotics Biogrid
Il robot. Final compound concentrations of ~8.5 pkEreattained when treatents were added
to the cellsat 1:2 dilution Following 30 h treatments, cells were imaged with
ImageXpres¥“R° (Molecular Devices, Sunnyvale, CA, USA) at 37°C and 5%.Clhe
excitation and emission filter sets used are described afove-lapse image for the
secondary screens were captured every 2 h and analyzed using MetaXpress Software
(Molecular Devices).

Mouse islets were dispersed and seeded inteng84plates at 4000 cells/well. 48 hours
following seeding, cells were washed 4 times with seinee RPMI medium, and stained with
60 ng/ml Hoechst 33342 (Invitrogen), 0.6 pug/ml prapm iodide (PIl: Sigma), and 100
dilution of annexinVconjugated to AlexaFluor647 (Invitrogen) for 1 hour prior to imaging of
basal cell death with ImageXpr&&$X© at 37C and 5% C®(114). Following treatments, cells
were imaged at 3 hour intervdts 60 hr. Treatments included 5 and 20 mM glucose serum
free RPMI medium supplemented with a cytokine cocktail (25 ng/m-ONF 10 A @/ ml
10ng/ml IFND : R&D ,IAnesedpelis VN, USA 1 uM thapsigargin, and/or 1.5 mM
palmitate (complexed to BSat 6:1 molar ratiqlLl14, 115. Serum free conditions were used
to mimic nutrient deprivation and eliminateyapotential synergistic effects with unknown
factors in the serum. Serum free conditions were achieved through sequential washing of the
cells with serum free RPMI medium. 10% vol/vol FBS was used as positive control for
unstressed cells. Factors were sfamred with Perkin Elmer Janus liquid handMfajtham,
Massachusetts, USAJo achieve a 10 nM final concentration, aliquots of 3 ul of each factor
at 300 nM were pinned into 384ell plates and stored a80°C. On the day of screening,
factors were thaed and 12 pof the stress treatment medium was added to each well, yielding
60 nM of each factor. Following imaging of the serum starved cells, 10 pl of each treatment
was transferred into each well using the onbdaraigeXpres¥'°R® robotics, resultingri the
final concentration of 10 nM. Hoechst excitatiordamission was controlled by 377r80
and 447/6nm filters, respectively. Pl excitation éremission was controlled by 54322
and59340nm filters, respectively. AlexaFluor647 excitation and emissvas controlled by
628/40m and 692/40m filters, respectively. Timéapse images of single cells were analyzed
using MetaXpress Software (Molecular Devices). Media were collected 72 hours following
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treatments and insulin in the media was assayed bgimagiunoassay (Rat insulin RIA Kit,
Millipore, Billerica, MA, USA).

2.12 Data analysis
Following image analysis using MetaXpress software (Molecular Devices), the level of
cell loss was calculated relative to the amount of viable cells present in the tirhprpito
the treatments. The level of PI+ and Annexin\+¢dlls were calculated relative to the total
cell count in each time point. The accumulation of cell loss, Pl+ cells, and AnnexiséHBI
was extracted from the area under the curve betwezht®urs and 248 hours. Zscore
values were determined for each individual screen basediomédian)/MAD, where MAD
represents the median absolute deviation. Data are expressed as mean + SEM unless otherwise
indicated.

2.13 Bioinformatics and database miring

Secreted factors and receptors expressed in mouse or human islet cells were identified
through bioinformatic database mining. Human islet genes were also confirmed in the
Massively Parallel Signature Sequencing (MPSS) data set of &udli(116). A mouse islet
Tagseq library was analyzed for RefSarpessions with tag counts >5 as descri{thed, 117,
118). Briefly, DNasel treatedotal RNA isolated from hangicked islets were used for Tag
seq libraries, sequenced to a depth of 7,481,000 tags. Tags with a cObimtesé considered
as not expressed. 7098 unique RefSeqs were identified. 4810 RefSeq transcripts were
expressed109. The transcriptomes dfuman and mouse FACS purifiéecells (110) were
also analyzed by microarrg$09). Dispersed mouse or human islet cells were stably infected
with reporter lentivirus for detectirigdxlandins1lpromoter activitieSRNA was isolated from
FACS purifiedPdx1'/Ins" cells, cRNA was generated, labelledddnybridized to MouseW&G
6 v2.0 Expression BeadChip (lllumina, San Diego, CA, USA) or Huma+®\s.0
Expression BeadChip (lllumina) for mouse or human samples, respectively. The Gene
Expression Analysis Module in BeadStudio 3.3 software (lllumina) wasfasé&ackground
correction and normalization. A particular probe set with a detectivalyg <0.05 was
consi der e die Gigndicamtlg exprassedlGeneexpression was confirmed using

T1Dbasg119). Interactions between the ligands and receptors were found via PubMed.
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2.14 Statistics

Data are expressed as mean £ SEM unless otherwise indicated. Results were considered
statistically significant when90.051 i n g St u dlemdordparing betivees 2 groups
or oneway ANOVA with Tukey-Kramerposthoc testwhen comparing between 3 or more
groups(GraphPad Prism; GraphPad, La Jolla, CA, USA).
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Table 2-1. List of primary antibodies

Antibody Manufacturer Source Dilution
Immunoblotting  Immunostaining
p-p38 MAPK (Thr180/Tyr182) Cell Signaling R 1:1000 -
p38 MAPK Cell Signaling R 1:1000 -
p-AKT (Serd73) Cell Signaling R 1:1000 -
p-AKT (Thr308) Cell Signaling R 1:1000 -
AKT Cell Signaling R 1:1000 -
p-ASK1 (Thr845) Cell Signaling R 1:1000 -
ASK1 Cell Signaling R 1:1000 -
p-BAD (Ser112) Cell Signaling R 1:1000 -
BAD Cell Signaling R 1:1000 -
Betaactin Novus Biologicals M 1:10 000 -
Cleaved Caspasg Cell Signaling R 1:1000 -
Cleaved Caspasé Cell Signaling R 1:1000 -
Caspasd 2 Cell Signaling R 1:1000 -
CHOP ThermoFisher M 1:1000 -
p-ERK1/2 (Thr202/Tyr204) Cell Signaling M 1:1000 -
ERK1/2 Cell Signaling R 1:1000 -
p-JNK (Thr183/Tyr185) Cell Sigraling M 1:1000 -
JINK Cell Signaling R 1:1000 -
Glucagon Sigma M - 1:1000
Insulin Millipore GP - 1:1000
Netrin-1 Calbiochem R 1:500 1:50
Netrin-4 Santa Cruz R 1:200 1:25
Neogenin Santa Cruz G 1:200 1:25
ROBO1 Santa Cruz G 1:200 1:25
ROBO2 Sigma R 1:500 1:100
SLIT1 Sigma R 1:1000 1:50
SLIT2 Santa Cruz R 1:200 1:25
SLIT3 Millipore R 1:1000 1:50
UNC5A Santa Cruz G 1:200 1:25
UNC5C Santa Cruz G 1:200 1:25

* Antibody source: rabbit (R), mouse (M), guinea pig (GP), goat (G)



Table 2-2. List of recombinant proteins and peptides

Gene Symbol Protein/Peptide Name Manufacturer*  Source*
ACRP30 adiponectin (NSO ceHlderived) R&D Systems H
ACRP30 adiponectin (Hi5 insect cellderived) Peprotech H
ADM adrenomedullin 52 Sigma H
AGT angiotensinogen, Angiothesin Il Sigma H
ANG1 angiopoietin 1 Peprotech H
ANGPT2 angiopoietin 2 R&D Systems H
ANGPT4 angiopoietin 4 R&D Systems H
ANGPTL3 angiopoietinlike 3 R&D Systems H
ANGPTL4 angiopoietinlike 4 R&D Systens H
AVP arginine vasopressin Tocris H
BDNF brainderived neurotrophic factor Peprotech H
BMP1 bone morphogenetic protein 1 R&D Systems H
BMP10 bone morphogenetic protein 10 R&D Systems H
BMP15 bone morphogenetic protein 15 (GDF9B) R&D Systems H
BMP2 bone morphogenetic protein 2 Peprotech H
BMP4 bone morphogenetic protein 4 Peprotech H
BMP5 bone morphogenetic protein 5 R&D Systems H
BMP6 bone morphogenetic protein 6 Peprotech H
BMP7 bone morphogenetic protein 7 (osteogenic protein 1) Peprotech H
BTC betacellulin Peprotech H
CALCA calcitoninrelated polypeptide alpha Sigma H
CARTPT cocaine and amphetamine regulated transcript peptidedBp Sigma H
CCK cholecystokinin (CCK Octapeptide) Tocris H
CCL11 chemokine (&C motif) ligand 11 (eotaxin) Peprotech H
CCL16 chemokine (&C motif) ligand 16 (LEC) Peprotech H
CCL17 chemokine (&C motif) ligand 17 (TARC) Peprotech H
CCL19 chemokine (&C motif) ligand 19 (MIP3 beta) Peprotech H
CCL2 chemokine (&C motif) ligand 2 (MCP1) Peprotech H
CCL20 chemokine (GC motif) ligand 20 (MIP3 alpha) Peprotech H
CCL25 chemokine (&C motif) ligand 25 (TECK) Peprotech H
CCL26 chemokine (GC motif) ligand 26 (EotaxitB) Peprotech H
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Gene Symbol Protein/Peptide Name Manufacturer*  Source*

CCL27 chemokingC-C motif) ligand 27 (CTACK) Peprotech H
CCL4 chemokine (&C motif) ligand 4 (MIR1 beta) Peprotech H
CCL5 chemokine (&C motif) ligand 5 (RANTES) Peprotech H
CCL7 chemokine (&C motif) ligand 7 (MCP3) Peprotech H
CD55 decay accelerating factor (DAF R&D Systems H
CFC1 cripto, FRL:=1, cryptic family 1 (cryptic) R&D Systems H
CHGA pancreastatin (382) Sigma H
CHGA WE 14 (324337) Sigma H
CHGA catestatin Sigma H
COPA xenin-8 Tocris H
CRH corticotropin releasing hormone Sigma H
CSF1 colony stimuating factor 1 (MCSF) Peprotech H
CSF2 colony stimulating factor 2 (GNCSF) Peprotech H
CSH1 placental lactogen R&D Systems H
CX3CL1 chemokine (€X3-C motif) ligand 1 (Fractalkine) Peprotech H
CXCL1 chemokine (€X-C motif) ligand 1 (GRO alpha) Peproech H
CXCL10 chemokine (€X-C motif) ligand 10 (IP10) Peprotech H
CXCL11 chemokine (&X-C motif) ligand 11 (iTAC) Peprotech H
CXCL12 chemokine (€X-C motif) ligand 12 (SDH alpha) Peprotech H
CXCL13 chemokine (€X-C maotif) ligand 13 (BCA1) Peproteh H
CXCL14 chemokine (€X-C motif) ligand 14 (BRAK) Peprotech H
CXCL16 chemokine (€X-C motif) ligand 16 Peprotech H
CXCL2 chemokine (€X-C motif) ligand 2 (GRO beta) Peprotech H
CXCL3 chemokine (€X-C motif) ligand 3 (GRO gamma) Peprotech H
CXCL6 chanokine (GX-C motif) ligand 6 (GCR2) Peprotech H
DLL1 deltalike 1 (Drosophila) Peprotech H
EDNS3 endothelin 3 Sigma H
EFNAL ephrinAl R&D Systems M
EFNA4 ephrinA4 R&D Systems H
EFNAS5 ephrinA5 R&D Systems H
EFNB1 ephrinB1 R&D Systems M
EFNB2 ephin-B2 R&D Systems M
EFNB3 ephrinB3 Sigma H
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Gene Symbol Protein/Peptide Name Manufacturer*  Source*
EGF epidermal growth factor Peprotech H
estrogen estrogen (estradiol, alpha) Tocris H
FGF1 fibroblast growth factor 1 (acidic) Peprotech H
FGF12 fibroblast growth factor 12 R&D Systems H
FGF17 fibroblast growth factor 17 Peprotech H
FGF18 fibroblast growth factor 18 Peprotech H
FGF2 fibroblast growth factor 2 (basic) Peprotech H
FGF21 fibroblast growth factor 21 Peprotech H
FGF23 fibroblast gowth factor 23 Peprotech H
FGF3 fibroblast growth factor 3 R&D Systems H
FGF5 fibroblast growth factor 5 Peprotech H
FGF7 fibroblast growth factor 7 (keratinocyte growth factor) Peprotech H
FGF9 fibroblast growth factor 9 (gliactivating factor) Pepotech H
FLT3LG fms-related tyrosine kinase 3 ligand Peprotech H
FRZB frizzled-related protein (sFRB) R&D Systems H
GAL galanin (230) Tocris H
GAST gastrin Sigma H
GCG glucagon Sigma H
GCG oxyntomodulin (OXM) Tocris H
GCG glucagonlike peptide I(GLP-1) Peprotech H
GCG glucagonlike peptide 2 (GLF2) Tocris H
GDF11 growth differentiation factor 11 (BMP11) Peprotech H
GDF15 growth differentiation factor 15 Peprotech H
GDNF glial cell line-derived neurotrophic factor Peprotech H
GHRL ghrelin Tocris H
GIP gastric inhibitory polypeptide Tocris H
GRN progranulin R&D Systems H
GRP gastrinreleasing peptide Tocris H
HBEGF heparinrbinding EGFlike growth factor Peprotech H
HGF hepatocyte growth factor (scatter factor) Peprotech H
IAPP isletamyloid polypeptide (amylin) Tocris H
IFNG interferon gamma Peprotech H
IGF1 insulin like growth factorl R&D systems H
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Gene Symbol Protein/Peptide Name Manufacturer*  Source*
IGF2 insulin-like growth factor 2 (somatomedin A) Peprotech H
IHH Indian hedgehog homolog (Drosophila) R&D Systems M
IL10 interleukin 10 Peprotech H
IL11 interleukin 11 Peprotech H
IL13 interleukin 13 Peprotech H
IL15 interleukin 15 Peprotech H
IL17 interleukin 17 Peprotech H
IL18 interleukin 18 (interferoryammainduadng factor) R&D Systems H
IL1alpha interleukin lalpha Peprotech H
IL1beta interleukin 1beta Peprotech H
IL22 interleukin 22 Peprotech H
IL25 interleukin 25 (Il-:17E) Peprotech H
IL27 interleukin 27 (11-:17D) Peprotech H
IL32 interleukin 32 (I1.-32 gamma R&D Systems H
IL33 interleukin 33 Peprotech H
IL4 interleukin 4 Peprotech H
IL6 interleukin 6 Peprotech H
IL7 interleukin 7 Peprotech H
IL8 interleukin 8 (CXCLB8) Peprotech H
INHA inhibin, alpha (InhibirLike Peptide, human) Sigma H
INHBA inhibin, beta 1 Activin A (Activin A) Peprotech H
INS insulin Sigma H
JAG2 jagged 2 R&D Systems H
KNG1 bradykinin Tocris H
LEP leptin Peprotech H
LTB lymphotoxin alpha2/betal R&D Systems H
MCH melanirconcentrating hormone Tocris H
MDK midkine (neurite groth-promoting factor 2) Peprotech H
MIF macrophage migration inhibitory factor R&D Systems H
NGF nerve growth factor (beta polypeptide) Peprotech H
NLGN1 neuroligin 1 R&D Systems R
NLGN2 neuroligin 2 R&D Systems H
NLGN4 neuroligin 4 R&D Systems H
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Gene Symbol Protein/Peptide Name Manufacturer*  Source*

NMB neuromedin B Tocris H
NP natriuretic peptide (atrial natriuretic facto28) Tocris R
NPW neuropeptide \A23 Tocris H
NPY neuropeptide Y Sigma H
NTF3 neurotrophin3 (NT-3, NGF2) Peprotech H
NTF4 neurotrophind/5 (NT-4/NT-5) Peprotech H
NTN1 netrin 1 R&D Systems M
NTN4 netrin 4 R&D Systems H
NTN4 netrin 4 R&D Systems M
NTNG1 netrin Gta R&D Systems M
OLFM1 olfactomedin 1 (noeliti) R&D Systems H
OSM oncostatin M Peprotech H
PACAP pituitary adenylate cyclase activating polypeptid&g8) Tocris H
PDGFA plateletderived growth factor alpha polypeptide Peprotech H
PF4 platelet factor 4 (chemokine {&-C motif) ligand 4) Peprotech H
PGF placental growth factor (PIGF) Peprotech H
PNOC [Phely ( CHMIBR)-Gly2]-Nociceptin Fragment-13 amide Sigma H
POMC Umel anocyte stimdSHRrt i ng ho Sigma H
POMC b-mel anocyte stimdSHRt i ng h o Sigma H
POMC >mel anocyte stinmdSHati ng ho Sigma H
POMC adrenocorticotropic horm@ACTH) Sigma H
POMC Met-enkephalin (MENK) Tocris H
POMC b-endorphin Sigma H
PPY pancreatic polypeptide Sigma H
PRL prolactin Peprotech H
PYDN dynorphinB Tocris H
PYDN dynorphinA Tocris H
PYY peptide YY Sigma H
REG3A regenerating islederived 3alpha R&D Systems M
SAAl serum amyloid Al (Ape5AAL) Peprotech H
SCG2 secretogranin Il (chromogranin C, secretoneurin) Sigma M
SCT secretin Tocris H
SEMA3A semaphorin 3A R&D Systems H
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Gene Symbol Protein/Peptide Name Manufacturer*  Source*
SEMA3C semaphorin 3C R&D Systems H
SEMA3E semaphorin 3E R&D Systems H
SEMA4A semaphorin 4A R&D Systems H
SEMA4G semaphorin 4G R&D Systems H
SEMASA semaphorin 5A R&D Systems H
SEMAGA semaphorin 6A R&D Systems H
SHH sonic hedgehog Peprotech H
SLIT1 slit homolog 1 (Drosophila) R&D Systems H
SLIT2 slit homolog 2 (Drosophila) Peprotech H
SLIT2 slit homolog 2 (Drosophila) R&D Systems M
SLIT3 slit homolog 3 (Drosophila) R&D Systems H
SST somatostatiriL4 Tocris H
TAC1 tachyki ni n,-negokigircfagmeno4d0) 1 ( U Sigma H
TFF1 trefoil factor 1 Peprotech H
TFF2 trefoil factor 2 (spasmolytic protein 1) Peprotech H
TFF3 trefoil factor 3 (intestinal) Peprotech H
TGFA transforming growth factor, alpha Peprotech H
TGFB1 transforming growth factor, beta Peprotech H
TGFB2 transforming growth factor, beta 2 Peprotech H
TGFB3 transforming growth factor, beta 3 Peprotech H
TNFSF10 tumor necrosis factor superfamily, member 10 (TRAIL) Peprotech H
TNFSF13B tumor necrosis factor superfamily, member 13b (BAF Peprotech H
TNFSF14 tumor necrosis factor superfamily, member 14 (LIGHT) Peprotech H
TNFSF15 tumor necrosis factor (ligand) superfamily, member 15 Peprotech H
TNFSF4 tumor necrosis factor (ligand) superfamily, member 4 Peprotech H
TNFSF9 tumor necrais factor (ligand) superfamily, member 9 Peprotech H
UCN urocortin Sigma H
UCN2 urocortin 2 Sigma H
UCN3 urocortin 3 Sigma H
VEGF vascular endothelial growth factor Peprotech H
VEGFB vascular endothelial growth factor B Peprotech H
VEGFC vascular adothelial growth factor C Peprotech H
VGF TLQP-21 Tocris H
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Gene Symbol Protein/Peptide Name Manufacturer*  Source*

VIP vasoactive intestinal peptide Sigma H
WNT1 winglesstype MMTYV integration site family, member 1 Peprotech H
WNT11 winglesstype MMTV integration site family, member 11 R&D Systems H
WNT3A winglesstype MMTYV integration site family, member 3A  Peprotech H
WNT4 winglesstype MMTYV integration site family, member 4 R&D Systems H
WNT5A winglesstype MMTYV integration site familyynember 5A R&D Systems H
WNT5B winglesstype MMTYV integration site family, member 5B R&D Systems H
WNT7A winglesstype MMTYV integration site family, member 7A  Peprotech H
WNTOB winglesstype MMTYV integration site family, member 9B R&D Systems H

serobnin (5HT) Tocris H

dopamine Tocris H

* Manufacturers: R&D Systems (Minneapolis, MN, USA), Peprotech (Rocky Hill, NJ, USA), Sigma (St Lot
MO, USA), Tocris (Avonmouth, Bristol, UK)

** Sourcehuman (H)mouse (M)rat (R)
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Chapter 3: Multi -parameter, single-cell, kinetic analysis revealsmultiple

modes of cell death in primarypancreatic b-cells

3.1 Introduction

The | osd mas$ plags a crucial role in the pathophysiological onset and
progression of diabetesNumerous intrinsic and extrinsic signaése required for the
mai nt enance -oell mdssbycptovidng prburviial and predeath signals.
Apoptosis, necrosjgind autophagic cell death are theee commonly characterized forms of
cell death(40, 41). Each modality iglistinguished by set ofmorphological featureand the
underlying biochemical changes. Téketection andherapeutic manidation of cell death for
the treatment of diabetes requires comprehensive knowledlye refdundancy and exclusivity
of different mechanisms of cell deaHowever, heinterpretatoro f t he di f f-er ent
cell death is often misled by the use of single parameterpeimi measurements in
heterogeneouwhole cell populations. Guidelinesqvided for the interpretation afifferent
modes of cell death require multiple readoutg,thase guidelines are often overlooked and
are rarely examined simultaneously in living cé§, 41, 120).

Here, we report a novek@arameter livecell imaging approach that enables sincgd
analysis of multiple cell death mechanisms and applied this approach to the study of primary
and transformegancreatid-cells exposed to multiple distinct stresses. Our results illustrate
the heterogeneity in cell death kinetics and demonstrate that the majority of piohoelly
die via mechanisms that are distinct from strictly defined apoptosis. Theseatioser have

implications for therapeutic efforts to blobkcell death.

3.2 Results
3.2.1 Detection of apoptoticandnora popt ot i c-cefideatmns of D

The potenti al for mul ti p-ced poputatibe complichtesc e | |
the development of therapeutics. Our attempt to determine the predominant modes of cell death
began withthe development of a multiplearameter live cell assay for the detection of
different phases of cell death. With the use of vital dyes and a ce3@adwity reporter
expressed under the control of thelpromoter Fig. 3-1A,B), we were able to tracke onset

of specific events during the progression of cell death and classify the mode of cell death for
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i ndi v tcels &ulturifig cells in a low concentration of Hoechst 33@AR5 pg/ml)
allowed for the detection of nuclear condensation. Impogtawi employed a concentration
of Hoechst 33342 that does not have significant effects on cell survival when compared to cells
that were not exposed to the nuclear dym.(3-1C). AlexaFluor647conjugated annexinV
allowed for the detection of phosphatisigtine translocation from the inner leaflet to the outer
leaflet of the plasma membrane, an early event in the classical apoptotic (d2dad?).
The dilution of AlexaFluor64-¢tonjugated annexinV employed also did not induce significant
levels of cell deathHig. 3-1D). The detection of late phase cell death was monitored with
propidium iodide (B incorporation, which marks the irreversible compromise of the plasma
membrane. Cells were transduced with lentiviral particles carrying B2 caspasé
FRET sensor expressed under the control ofrt&promoter, as well as mRFP driven by the
Pdx1promoter Fig. 3-1B). The temporal tracking of caspadactivation (decrease in FRET),
plasma membrane blebbing (brightfield imaging), nuclear condensation, annexinV
incorporation, Pl incorporation, and changesinsl or Pdx1 promoter activities can be
observed in a representative MING cell treated with cytokiR&s 8-1E). Due to interference
in the red channel and the weak activation ofRdel promoter in primary cells, we were
unable to simultaneously monitBdx1promoter activity and Pl incorpdrai on i n- pr i ma
cells. Nevertheless, these results clearly demonstrate that multiple molecular events in
programmed cell death can be distinguished at the soedjiéevel.

We next sought to determine the length of time required for each cell deatamsech
and the relative order in which they occur at the single cell level. When the time of onset of
plasma membrane blebbing, caspasctivation, Pl incorporation and nuclear condensation
were assessed relative to annexinV incorporation, 3D dot platsdividual cell analysis
allowed for the identification of different modes of cell deaftg( 3-2A,B). Cells that
underwent classical apoptosis were defined as undergoing plasma membrane blebbing,
caspase€ activation, nuclear condensation and anneximéoiporation prior to Pl
i ncorporation. Cell sapppabsiwsmdedwspt ayepmar P
simultaneously with one or more of the other events. Cells lacking all apoptotic features prior
to Pl incorporation were considered necrotic. IndiiNl primary mousé-cells undergoing
different types of cell death were categoriZEdy. 3-3A-D). Of the apoptotic cells analyzed,

plasma membrane blebbing always occurred first, followed by nuclear condensation and
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caspase activation. AnnexinV incorporation occurred tldsefore Pl incorporation in all
apoptotic cellsKig. 3-3A). Complete loss of GFP was used as an indication of protein loss,
which was often coincident with Pl incorporation. Casghaetivation is often associated with
apoptosis(40). Two types ohpdaptsdtiincGd delalrt dabht h i
activation were foundHig. 3-3B,C). The first form of partial apoptosis displayed plasma
membrane blebbfgnand caspas@ activation with a lack of nuclear condensatibig(3-3B).

The second form of partial apoptosis displayed nuclear condensation, eagéisation and
prolonged period of oncosis with a lack of plasma membrane blelBigg3(3C). We abko
identified a small number of cells undergoing necrotic cell death, which lacked any of the
apoptotic cell death features including casgasetivation Fig. 3-3D). Collectively, our data
suggests that nuclear condensation, caspas#ivation, angllasma membrane blebbing exist

in both apoptotic and partialpoptotic cell deathFig. 3-4). AnnexinV incorporation rarely
occurred in cells undergoing partegboptotic cell deathHg. 3-4B). Perhaps, cells that were
initially undergoing apoptosis were-reuted to other forms of cell deatlne to the cellular

state induced by specific stress conditions.

3.2.2 Temporal progression of cell death events in distinct stress conditions

It is not known whether the time courses of specific cell death events or theraéémp
relationships between cell death events are dependent on the type of stress. We asked this
guestion by exposing primabycells to hyperglycemia, cytokines, ER stress and/or nutrient
deprivation, and determining the onset of cell death events refatarenexinV incorporation
(Fig. 3-5). Detection of plasma membrane blebbing under all conditions was variable. The
delay in the initiation of nuclear condensation and caspaaetivation following plasma
membrane blebbing was dependent on the treatnoaditons. Often cells with concurrent
annexinV and PI incorporation did not display plasma membrane blebbing, suggesting
activation of normapoptotic pathways. Depending on the treatment conditions, the average
length of time between the detection of tinstfcell death morphological feature and last phase
of cell death (loss of membrane integrity) was between 10 to 20 h. Remarkably, some cells
initiated cell death up to 2 days prior to the loss of membrane integrity. Significant differences
can also be dderved between the absolute time of onset of different events for cells treated
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under low and high glucose conditiorisd. 3-6). These data provide evidence of a critical

window of time for reversing cell death after it has been initiated.

3.2.3 Primary b-cells predominantly undergopartial -apoptotic cell death

Apoptosis is the main mode o fcelldigd(d 1,de at h
30-32, 123 124), whereas contributions of other modes of cell death aen aiverlooked.
Using our multipleparameter single cell analysis, we were able to distinguish between
apoptotic, partiabpoptotic,andneapopt ot i ¢ mo ecellgleath,fwhigh canm@a r vy
be disassociated using cell population analyses of cell (feigtt8-7A,B). We found changes
in the rel at icelleungergang oetl teatlo displayihg ab four to none of the
apoptotic features assayed under the different stress condik@ns3{7C). Cells were
considered apoptotic if they underwatitfour apoptotic morphological/biochemical changes
(plasma membrane blebbing, nuclear condensation, ca8pastvation, and annexinV
incorporation) prior to Pl incorporation. Using these stringent criteria, we determined that
pri mar y -cells predeninafely undergo neapoptotic cell death in low glucose
conditions(Fig. 3-7D). Under conditions of ERtress or seruswithdrawal, no cells were
observed to follow the canonical apoptotic pathway. Interestingly, under serum containing
conditions, exposer to high glucose or a cytokine cocktail of TNIF, -11bL an-d | FN
increased the proportion of primalycells undergoing apoptotic cell death. Similarly, high
glucose increased the proportion of apoptosis in cells with thapsigadgiced ER stress from
0% to 16% Fig. 3-7D). As a control to demonstrate that our mphirameter assay could detect
multiple modes of cell death, including complete classical apoptosis, the same study was
conduct ed u sdelhlige, whichehasMeeNdhardrterized edmminantly undergo
apoptotic cell death. Indeed, under the same stress conditions, MIN6 cells predominantly
underwent complete classical apoptosig) (3-7E-H). Together, these data demonstrate that
pr i mar y-caifsoandsMENG bell line do not undergtassicallydefined apoptosis to the
same extent and glucose controls the mode of programmed cell death exhibited by individual

primaryb-cells.
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3.3 Discussion

Apoptosis i s the mo-=sdldeateand it is charattereetl byrao d e ¢
stereotypicalorder of molecular events. Few, if any studies, have examined whether the
apoptotic series of events occurs in single cells. In the present study, we clearly demonstrated
that most pancreatib-cells undergo forms of cell death that differ from strictifided
apoptosis. Our studies began with the elucidation of the complex and variable interplay
bet ween cell deat h rmedHani sTnhse welltdbgih mvessii ol eo
was simultaneously assessed using a live cell assay that detectethploeal induction of
plasma membrane blebbing, nuclear condensation, ca3pas&ivation, annexinV
incorporation, Pl incorporation and loss of GFP. We characterized the kinetic interrelationships
between cell death events in the context of multipleedegbassociated conditions that can
t ri gger tchlleeathnnslwing poofongéd exposure to hyperglycemia, inflammatory
cytokines and ER stre¢®, 11, 31, 32, 123 124). While some kinetic features were common
to all forms ofb-cell death, we also found significant differences in event timing and order
between distinct stresses.

The molecular mechanisms and progression of programmed cell death vizsaploave
been characterized, based mostly on whole cell population biochemical and flow cytometry
studies, as a series of events preceding the loss of plasma membrane integrity. The widely
accepted temporal and mechanistic model of apoptosis positsasrataomembrane blebbing,
chromatin condensation and fragmentation, rounding up of the cell, and cellular and nuclear
volume reduction all occur prior to the final loss of membrane integrity, which can be imaged
by the incorporation of normally membrane enmeant dyes, like propidium iodide, within
the nucleug40). Apoptosis can be triggered by two distinct signalling networks that share
many regulatory componentExtrinsic apoptosis proceeds when death receptors at the plasma
membrane are activated by extracellular ligands, including@NF Fas | i ganhd and
43). Following assembly of the death inducing signalling complexes, initiated at the
cytoplasmic tails of the death receptors, initiator procasgsesl-10 are activated, which in
turn activates effector pcaspase8 and-7 to generate active proteas@kl). Intrinsic
apoptosis results from exposure to ultraviolet light,utafl stress and toxins. The cascade of
signalling events that follows often involves the activation of-gpoptotic Bcl2 family
members (Bax, Bak, Bad, Bid), triggering mitochondrial outer membrane permeabilization
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prior to the activation of caspagq@s40, 43). Studies by our group and others have also focused

on the role of ER and cytosolic €a y n a mi -cedl suivival ahd function upon initiation

of the intrinsic apoptotic pathwaf/6, 111, 125 126). We have previously noted robust
glucosedependent differences between the mechanisntscell death with respect to the
involvement of notch sigtiang, netrin signalling, carboxypeptidase E, ACTRrate lyase,

Uchl1, and intracellular Carelease channels (IP3R, Ry&), 76, 109, 115, 123 125, 127,
128.Consist nt wi th ot her report s;cellddathlevel$3832does i
129, 130. Here, we found differences in the kinetics and mode of the core cell death events
between cells treated in low glucoaed cells treated in high glucose. To the best of our
knowl edge, this is the fir sicelldeatmmpaddationbysi ve
glucose.

The roles of signalling molecules involved in the temporal cascade of events leading to
b-cell apoposis, autophagy and necrosis have not been well characterized at the level of
individual cells, resulting in the undappreciation of nompoptotic and pseuelmpoptotic
forms of <cel |l de-aelldeath vihmdcnodisthds sl$odeen impidzn theb
pathogenesis of diabetg85, 56). Necrosis is often defined as cell death lacking the
characterigcs of apoptosis or autophagy. In addition, key morphological features of necrosis
include plasma membrane rupture and swelling of cytoplasmic orga(@|esy). Although
initially believed to be an uncontrolled form of cell death, there is accumulating evidence
supporting the notion that necrotic cell death is regulated by a defined set of signalling events
induced by oxidative stress, loss of 2Caomeostasis, and/or ischemi@0, 57). In the
conditions testeda s mal | fcellsunderwennhclassical rfecrogion treatment with
cytokines under high glucoseharacterized by oncosis, plasma membrane rupture and the lack
of apoptotic features (including plasma membrane blebbing, nuclear condensatiage8asp
activation and annexinV incorporation) prior to loss of plasma membrane intégdéed,
necr osi s -ceflaenih dds bakn dbserved upon treatment with dlone(56). We
werealsoable to identify other forms of partiapoptotic cell death, which shared some of the
apoptotic characteristiclO, 57). The term necroptosis has been used to describe similar
atypical apoptos#ike forms of programmed cell dea(®0, 131). Without characterization of
additional mechanisms at the single cell level, we were not able to further classify these cell

death modalities or determine their precise molecular mechanisms.
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We speculate that apoptosis was initially triggered in some of the cells, but due to the
change in cellular environment (e.g. lack of sufficiegitular ATP, loss of C& homeostasis,
or ischemia) apoptosis could not proceed to completion. Not suglyisiapoptosis and
necrosis may share common signalling pathways involving mitochondrial membrane
permeabilization through activation of proapoptotic-Bdiamily memberg57, 59). When
exposed to stress conditions, direct inhibition of caspase activation or deplesiinlaf ATP
(required for caspase activation) can inhibit apoptotic signalling and favowtinexeil death
suggesting that cell death modalitiesecast within the same cell and have the potential to
substitute for each oth€s9, 61, 62). I n our st uecellg partialdpoptotic dell vi d u a
deat h played a maj o fcell death undeodl thedabeletated stress r ol €
conditions tested. Additionally, we were able to determine the relative onset of eachtbell dea
feature and quantify their contribution to c
cells over time. The complex interplay between different modes of cell death further
complicates the devel opme-celideabf t herapeutics

Therapeutic 1 nt e-el deathhave the pofentiad o ¢redtabeteyy D
When looking at nuclear condensation or cas{3aaetivation alone, our data are consistent
with others esti mat i-oellstobb25hamptansttessediceanditbnsr at i o
or 90110 min under stressed conditions, respecti{@&d, 133). When we define #nduration
o f -cebbdeath as the length of time between the detection of the first cell death morphological
feature and last phase of cell death (loss of membrane integrity), we determined that the cell
death duration was usually between 10 to 20 h. mescells, plasma membrane blebbing was
initiated up to 2 days prior to the loss of membrane integrity. Thus, we provided evidence of a
critical therapeutic window of time for reversing cell death after it has been initiated.
Comprehensive understandingtoh e di f f e r -eefl deatimand thesfunaidnal &tate
o f -celbs under varying stress conditions will provide mechanistic insight into diabetes

initiation and progression.
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Figure 3-1. Live cell kinetic analyses of cell death inb-cells.

A. Schematic of multparameter live cell detection of multiple phaseb-o€ll deathB. Dual reporter lentivirus

that reportdnslandPdx1promoter activities and caspaleactivation (loss of FRET) in living-cells.C. MING

cells incubated with-1000 ng/mL Hoechst 33342 under 20 mM glucose 10% FBS conditions for 48 hours were
stained with 0.5 pg/mL propidium iodide (P1) 30 min prior to imaging. The total number of Pl positive cells were
analyzed (n =4, maan = SEM). Arrow represents concentration of Hoechst used in subsequentRsSHNE

cells incubated with indicated dilution of annexi®¥7 for 48 hours were stained with 50 ng/mL Hoechst and
0.5 pg/mL P1 30 min prior to imaging. The percentage of#ditive cells were analyzed (n = 9, mean + SEM).
Arrow represents dilution of annexir847 used in subsequent ass&/dING cells stably expressing RFP under

the Pdx1 promoter and caspa8eeBFRdevdeGFP FRET sensor under thesl promoter were stainedith
Hoechst, PI, and annexin®47. The cells were treated with a cytokine cocktail (25 ng/mL-UNEO ng/mL IL-

16, 10 ng/mL IFN9) and imaged every 5 min for 49 hours. Representative single cell images taken 13 hr 20 min
following treatment with cytokinecocktail (hr:min, time following treatment with cytokines). The various
fluorescent dyes and sensors are spectrally and spatially distinguishable to allow for the detection of different
modes of cell death and maturation states.
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Propidium lodide Incorporation
Propidium lodide Incorporation

Figure 3-2. Di f f er ent mecell adkathtidemified tbréugh Bsingle cell analysis of cell death
morphological features.

A-B.Di spersed mouse i sl e tcellspedifit caspast raporteyandestaiped with ldoeahs), t he b
PI1, and annexin\647 wereimaged for 60 hours. Cells were treated or 20 mM glucose RPMI mediuwmith

cytokines (25 ng/ml TN, 10 ng/ml IL-16, and 10 ng/ml IFMb), 1 uM thapsigargin or serum free conditions.

b-cells that underwent cell death during the time course were adalyzthe time of onset of plasma membrane

blebbing, nuclear condensation, caspasactivation, annexinV incorporation, and Pl incorporation. 3
dimentional plots of the time of onset of the indicated cell death events relative to the onset of annexinV
incor poration for i naklis{imasoakesintpurd).mary mouse D
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Figure 3-3. Cytokine exposure induced distinct apoptoticandnom popt ot i c-cefladeatms of b
A-D.Dispersed mouseisletcetist a b | y e x pcellspedfic cagpase repertefiand stained with Hoechst,

Pl and annexinV647 were treated with a cytokine cocktail (25 ng/mL TSR0 ng/mL IL-16, 10 ng/mL IFN

9) and imaged. Four distinct types of cell death were identifiedfoptosisB-C: partialapoptosispD: necrosis).

Top panel:representative images of single cells throughout the time course (hr:min, time following treatment
with cytokines).Bottom panel:Measured changes in the indicated features (nuclear condensapases
activity, annexin\¥647 intensity, propidium iodide intensity, GFP protein loss) were plotted.
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Figure 3-4. Schematic of distinct apoptoticandnora p opt ot i c-cefideattms of b

A. Schematic representation of the relative onset of individual events (plasma membrane blebbing, cell rounding,
nuclear condensation, casp&seactivation, annexin\b47 incorpordbn, oncosis, propidium iodide
incorporation, and GFP proteinlosB).Pr opor ti on of apoptot i-cellsfurdergoing es r em
partial apoptotic cell death displaying 1 to 3 of the apoptotic features.
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