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ABSTRACT

The endoplasmic reticulum (ER) is a multi-functiocallular compartment that functions
in protein folding, lipid biosynthesis, and calcium homasist Perturbations to ER function lead
to the dysregulation of ER homeostasis, causing tkanaulation of unfolded and misfolded
proteins in the cell. This is a state of ER stress.sHRBSs elicits a cytoprotective, adaptive
signaling cascade to mitigate stress, the Unfolded PrBesponse (UPR). As long as the UPR
can moderate stress, cells can produce the proper amopndteins and maintain a state of
homeostasis. If the UPR, however, is dysfunctiomal fails to achieve this, cells will undergo

apoptosis.

Diabetes mellitus is a group of metabolic disorders cbarnaed by persistent high blood
glucose levels. The pathogenesis of this disease irs/qdamcreaticB-cell dysfunction: an
abnormality in the primary function of tifiecell, insulin production and secretion. Activation of
the UPR is critical to pancreatfzcell survival, where a disruption in ER stress signaliag c
lead to cell death and consequently diabetes. Therecaeeat models of ER stress leading to
diabetes. Wolcott-Rallison syndrome, for example uogavhen there is a mutation in the gene

encoding one of the master regulators of the UPR, RK&REIR kinase (PERK).

In this dissertation, we show that Wolfram Syndrom&/EE1), an ER transmembrane
protein, is a component of the UPR and is a downstraggettof two of the master regulators of
the UPR, Inositol Requiring 1 (IRE1) and PERK. WFS1 mutatiead to Wolfram syndrome, a
non-autoimmune form of type 1 diabetes accompanied by bpticgohy and other neurological

disorders. It has been shown that patients develop d&bete to the selective loss of their



vii

pancreaticp-cells. Here we define the underlying molecular mechanidng-cell loss in
Wolfram syndrome, and link this cell loss to ER stres$ @ dysfunction in a component of the
UPR, WFS1. We show that WFS1 expression is localizethé@-cell of the pancreas, it is
upregulated during insulin secretion and ER stress, anthitivation leads to chronic ER stress

and apoptosis.

This dissertation also reveals the previously unkndwiction of WFS1 in the UPR.
Positive regulation of the UPR has been extensivelyied, however, the precise mechanisms of
negative regulation of this signaling pathway have not. Mereeport that WFS1 regulates a
key transcription factor of the UPR, activating traigern factor 6 (ATF6), through the
ubiquitin-proteasome pathway. WFS1 expression decreasesssixr levels of ATF6 target
genes and represses ATF6-mediated activation of thetERs sresponse (ERSE) promoter.
WFSL1 recruits and stabilizes an E3 ubiquitin ligase, HM&@eductase degradation protein 1
(HRD1), on the ER membrane. The WFS1-HRD1 complex itscATF6 to the proteasome and
enhances its ubiquitination and proteasome-mediated degradatding to suppression of the
UPR under non-stress conditions. In response to ERsstATF6 is released from WFS1 and
activates the UPR to mitigate ER stress.

This body of work reveals a novel role for WFS1 in tHeR, and a novel mechanism for
regulating ER stress signaling. These findings also iteliteat hyperactivation of the UPR can
lead to cellular dysfunction and death. This supportsithen that tight regulation of ER stress
signaling is crucial to cell survival. This unanticipatel® rof WFS1 for a feedback loop of the
UPR is relevant to diseases caused by chronic hyperamhivaet ER stress signaling network

such as pancreatfccell death in diabetes and neurodegeneration.
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CHAPTER |
INTRODUCTION

Diabetes mellitus is a group of metabolic disordeeratterized by chronic high blood
glucose levels or hyperglycemia. This disease can teddeart disease, kidney failure, and
blindness because excessive amounts of glucose cirgulatithe blood cause micro- and
macro-vascular complicatios The pathogenesis of this disease involves pancr@atel|
dysfunction. A defect in endoplasmic reticulum (ERjnaling contributes to defectivé-cell
function and diabet&). This thesis focuses on the discovery of a novel cowpioof ER stress

signaling, WFS1, and linking its dysfunction with ER stresediated diabetes.

1.1 ER Stress and the UPR

Productive folding of secretory proteins, as well asdingradation of misfolded proteins
are essential processes for normal cell functioes&lactions occur in the ER, a compartment in
eukaryotic cells that has a complement of chaperdak®ses, and oxidoreductases to perform
these specialized functions of protein quality coffrdProtein folding is an energy-demanding
process and it has been estimated that even undemlnoomditions, approximately 30% of
newly synthesized proteins are degré%i’éHAny disruption to the sensitive folding environment
of the ER leads to a state of disequilibrium and acumtlation of misfolded and unfolded
proteins. This state is called ER stress: the demandathaad of protein makes on the ER
exceeds its folding capacity Perturbations to the ER environment include an overvihglwf

chaperone capacity, alterations in redox state, redoakilm levels, or failure in the post-



translational modifications of secretory proteindiisTcompromises the ability of the ER to
produce properly-folded proteins. These perturbations carbalgaduced pharmacologically by
drugs such as tunicamycin (inhibits N-linked glycosylatiorpsigargin (disrupts ER calcium

levels), and dithiothreitol (disrupts ER redox state).

The Unfolded Protein Response (UPR) is an adaptive oHRu«tleus signal transduction
system that mitigates ER strsit monitors the folding capacity of the ER and triggers
signaling cascades which prevent the build-up of unproductiveenfaity toxic protein
products. This response is physiologically induced by proteirrlaage mutant protein
expression, and infectié"h(Figure 1.1). The UPR has four functionally distinctpaasses: 1)
upregulation of molecular chaperone genes to increaskndolactivity and reduce protein
aggregation, 2) translational attenuation to reduce ER waamlkhnd prevent further accumulation
of unfolded proteins, 3) ER-associated protein degradatioERo promote clearance of
unfolded/misfolded proteins, and 4) apoptosis when ER funitiertensively impairétf’. This
basic response is initiated by a transient inhibition pobtein synthesis, followed by
transcriptional induction of chaperones and ERAD actimaths long as the UPR can mitigate
ER stress, cells can produce proper amounts of proteinspanse to the need for them in order

to perform their normal functions.

1.2 The UPR Pathways

The UPR has three ER transmembrane master regulatossol requiring 1 (IRE1),

PKR-like ER kinase (PERK), and activating transcripfactor 6 (ATF6Y"" (Figure 1.2).
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Figure 1.1 Causes of ER Stress in CellThere are several sources of ER stress including: 1) mptatgin
expression, 2) protein overload, 3) shortage of chapesre®ldases, and 4) defects in trafficking.
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Figure 1.2 ER Stress Signaling Pathwayslhe UPR has (3) master regulators: IRE1, PERK, and ATE6h E
pathway serves a function in mitigating ER stress byndreasing the folding capacity of the ER or 2) attengati
general protein translation. In cases in which ER sitaenot be mitigated, apoptotic pathways are activated.



Immunoglobulin heavy chain-binding protein (BiP), an ERdesi chaperone, binds to each of
these regulators and is thought to keep them in an inatate when there is no stréds This
stable complex is broken when stress is present iBEhkimen, as there is competition between
accumulating unfolded/misfolded proteins and the UPR transsléareBiP binding. It is thought

that this competitive titration leads to activatioreath of these regulatés®?)
1.2.1IRE1

IRE1, a central regulator of the UPR, is a type | BRansmembrane
kinase/endoribonuclease. Its N-terminal luminal domaits @s a sensor for ER stfé8s
Mammalian cells have two IRE1 isoforms, IREAnd IREPB, which both have a function as
sensors of the UPR. IRk 1s ubiquitiously expressed, while tfasoform is uniquely expressed

in the epithelial cells of the gastrointestinal tfae¢t°®

Upon dissociation from BiP, IRE1
dimerizes and undergoes trans-autophosphorylation torgeactiv€®. Activation of the kinase
domain leads to the activation of its endoribonucleasetion, whereby the mRNA of the
transcription factor X-box binding protein 1 (XBP1) isisptl, resulting in the removal of a 3’
26 nucleotide intron that normally inhibits translationtiyding to the 5’ end of the mRNA™®
(Figure 1.3). Spliced XBP1, produced from this unconventiorisg reactioft* ®, encodes a
basic leucine zipper (b-ZIP) transcription factor, whi@nslocates to the nucleus and binds the
ER stress-response element reporter (ERSE) whiaghatet a variety of UPR target genes,
including genes that function in ERAD such as ER-degradatitiancingz-mannidose-like
protein (EDEM¥Y, as well as genes encoding foldases such as proteitfiidgisisomerase

(PDI)®. In this manner, the IRE1-XBP1 pathway functions todase the folding capacity of

the ER. In addition to splicing XBP1, IRE1 has also ts®wn to mediate the cleavage of



Figure 1.3 Master Regulators of the UPRIRE1, PERK, and ATF6 are all activated by ER strBf#3.(GRP78)
dissociates from these master regulators in the presa unfolded proteins. Once activated, each regulator
activates downstream targets which serve to mitigRtetes$°?.



additional mRNAs targeted to the BR. There is also another known XBP1-independent
pathway of IRE1, in which Jun N-terminal kinase (JNK)the downstream effector. This
pathway is activated when IRE1 activation is prolongedhere is a state of chronic ER stress.
This leads to the recruitment of TNF-receptor-assedidactor 2 (TRAF2) by IRE1, activation
of apoptosis-signaling-kinase 1 (ASK1), and consequentlyvaticin of JNK, leading to

apoptosi€®2®,
1.2.2PERK

PERK, a second transducer of the UPR, is primarily resplenfor regulating protein
synthesis during ER stré€d Like IREL, it is a type | ER transmembrane kinase &mid\i
terminal luminal domain is sensitive to ER stress. Wiedgased from BiP, PERK dimerizes and
undergoes trans-autophosphorylation via its cytoplasmics&iromaiff”. Activated PERK
directly phophorylates Ser51 on thesubunit of eukaryotic initiation factor 2 (el&2 its only
identified targéfg) (Figure 1.3). This in turn inhibits the formation of ribasa initiation
complexes and recognition of AUG initiation codons, himtgrijeneral protein synthe$i
This reduces the ER workload and protects cells from apisp?. It has been suggested that
this cell survival role of PERK is mediated by the repoassif cyclin D and p53 expression,
which leads to cell cycle arr&8P), as well as through the activation of NB-as a result of
inhibited KB translatioff°®. Concomitant with the inhibition of general translatiis the
selective translation of UPR target genes, as thesecipwbnic mRNAs have inhibitory
upstream open reading frames (UORFs) and are thus prefiyergiaslated by the ribosori®.
One of these mMRNAs is that of activating transcriptiactor 4 (ATF4), a b-ZIP transcription

factor that regulates UPR targets such as C/EBP-homolggoten (CHOP) and growth arrest



and DNA damage inducible gene 34 (GADD%4) as well as genes involved in redox balance
and amino acid syntheSR. Translational recovery is mediated by GADD34, a phospbatas

which dephosphorylates el&2™.
1.2.3ATF6

ATF®6 is the third transducer of the UPR and mediatdrasfscriptional induction. It is a
type Il ER transmembrane transcription fa€fdrwhen BiP dissociates from ATF6 upon ER
stress, ATF6 senses stress in its N-terminal luminaladorand is released from the ER
membrane. This dissociation also unmasks a Golgi conptatization signaf® that allows
ATF6 to transit to the Golgi where it is proteolytigatleaved by site 1 (S1) and site 2 (S2)
proteases, generating an active b-ZIP f&fofFigure 1.3). This mechanism of activation is
referred to as regulated intramembrane proteolysis (RIF$ processed form of ATF6, also
referred to as p60 ATF6, translocates to the nucleus witheir@ls to several promoter elements
in ER stress response genes and primarily upregulates &ig&s involved in protein folding
such as BiP, XBP1, glucose regulated protein 94 (GRP94) aRblalreticuliff® *®. ATF6 also
heterodimerizes with XBP1 to induce ERAD géfés ATF6 binding to some promoters
requires an additional transcription factor, nucleanscaiption factor-Y (NF-Y§‘®. ATF6
transcriptional activity has also been shown to be emithby phosphorylatidtf”. There are
two isoforms of ATF6, ATF& and ATF@, with fairly ubiquitous tissue distribution. The
isoform has been shown to be solely responsible fanstriptional induction of ER
chaperoné®?. It has been reported that unprocessed ATF6 is unstatilquickly degraded by

the ubiquitin-proteasome pathway to prevent hyperactivatione UPF".



1.3 Chronic ER Stress and Cell Death

There are two protein quality control outputs of the UPBmeostatic outputs and
apoptotic outputs (Figure 1.4). The goal of the UPR isstore homeostasis, however, this may
involve apoptosis to ensure that highly stressed cells dpradtice damaged secretory proteins.
Thus, ER stress can be classified into two groups: phgsiab and pathologic&f.
Physiological stress occurs when there is a high denaaimidtein load. This is acute stress that
is readily mitigated by the UPR. One example of thisaate post-prandial ER stress which
occurs in the pancreatfccell — there is a high demand for insulin biosynthesllswing a meal.

This category of stress is beneficial to the cell andhptes insulin biosynthesis in these ¢&lis

When ER stress is severe or prolonged such thahmiotasufficiently be resolved by the
UPR, cell death occurs via apopt§€i&. This prolonged stress can be attributed to an
insufficient UPR response, or hyperactivation of a camptb of the UPR (i.e. the UPR is not
regulated properly). An example of UPR hyperactivati@ulileg to apoptosis can be seen when
pancreaticf-cells are treated with an inhibitor of etFalephosphorylation, salubriffal.
Persistent activation of the PERK-ebFgathway is deleterious to these cells, most likely due to
the inhibition of general translation. There are afstethree pathways involved in ER stress-
dependent apoptosis which culminate in the activatidhegffector cysteine protease, caspase-
3: transcriptional activation of the transcriptionteacCHOP, activation of the kinase JNK, and

activation of ER-associated caspasé&1gFigure 1.5).

1.3.1CHOP Pathway

One of the main initiators of apoptosis by ER stres€HEP activation through the

PERK-ATF4 and ATF6 pathwa{/$ *®. CHOP is a b-ZIP transcription factor that is a renof
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Figure 1.4 Outputs of the UPR.There are (2) main outputs of the UPR for protein quaébtytrol: 1) homeostatic
outputs and 2) apoptotic outputs.
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Figure 1.5 ER Stress-Mediated Apoptotic Pathwayslhere are (3) main apoptotic pathways which are aetivat
when ER stress is severe and cannot be resolvedEl}JRK, 2) Caspase-12, and 3) CHOP. Activation of these
pathways results in the activation of capase-3 and induafiapoptosig®.
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the C/EBP famil{?°®. CHOP does not induce apoptosis directly, rather, CHfiPation leads
to the repression of the B cell lymphoma 2 (Bcl-2) geoenptef** *°) The Bcl-2 gene encodes
an anti-apoptotic protein that inhibits cytochrome casdein the cytosol. CHOP induction of
carbonic anhydrase ({7, death receptor 5 (DR&Y, tribbles-related protein 3 (TRE%Y, and
Bcl-X.“Y, may also be involved in ER stress-mediated apoptosisipport of this, CHOP
deletion promotes cell survival in mouse embryonic fibrobl@gtEFs) and several mouse
models of diabet&$®. However, CHOP activation is not the only pathwaylwed in ER
stress-mediated apoptosis. CHOP is not upregulated in PER#&ls in responses to stress,

however, these cells still undergo ER stress-inducédeatt®* 2°°)

1.3.2IRE1-JNK Pathway

Another initiator of ER stress-mediated apoptosicizvation of INK through the XBP1-
independent pathway of IRE1, which occurs when persistéiaBon of IRE1 is present.
Chronic activation of IRE1 leads to the IRE1-dependeatuignent of TRAF2, an adaptor
protein that couples JNK activation to plasma membraneptors through the recruitment of
ASK1%Y. This has been shown to be regulated by c-Jun N-termimisitory kinase (JIK). JIK
overexpression promotes an interaction between IRHL THRAF2 and consequently JNK
activatiof”’?. The mechanisms underlying the downstream targets oftiERs-mediated JNK
activation have yet to be defined, however, proteins ®fBtl-2 family are thought to also be
involved. Activation of INK has been shown to lead to phosylation of Bcl-2 and Bcl-Xand

consequently inhibition of their anti-apoptotic functiGfis®,
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1.3.3Caspase-12 Cascade

The third pathway leading to apoptosis is activatioraspase-12 from procaspase-12.
This pathway is thought to be ER stress-dependent, asspeseal? is cleaved in response to
ER stress and not by death receptor- or mitochondria-teediapoptotic signdf§=?
Procaspase-9 is the substrate for caspase-12: when ca8pas®ctivated, it cleaves procaspase-
9 to render caspase-9 active, which in turn activates sasP&. Calpains, C4-dependent
cysteine proteases, have also been shown to playednrghe activation of caspase??.In
addition to calpains, caspase-7 and TRAF2 may promotesead@aactivatioi*”. Caspase-12 -
/- mice are resistant to ER stress-specific apoptbsisnot to apoptosis from other cell death
stimuli®®. Humans, however, lack functional caspase-12, but ibbas suggested that human

caspase-4 substitutes the function of caspa$é12

1.4 Pancreatic-cells and the ER

Pancreatig3-cells, localized in specialized cell clusters callddtssof Langerhans and
composing approximately 2 percent of the pancreas, hawspéugalized function of controlling
blood glucose levels by synthesizing and secreting thedmee insuliff*. Insulin is secreted in
response to acute hyperglycemia which occurs post-ptgndiBhis secretory response
stimulates the biosynthesis and translation of theupsec proinsulin in the E®. This process
begins as the transcription of preproinsulin is activateepinsulin, which contains a signal
peptide, a B chain, a connecting peptide called the C-peptidean A chai?'®, is synthesized

in the cytoplasm and co-translationally translocated ifte ER. This translocation occurs
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through the Sec61 translocator complex via an interabetween preproinsulin’s signal peptide
and a signal-recognition particle (SRP) on the ER menebrahe signal peptide is cleaved by a
signal peptidase in the ER to generate proinsulin, which uinelergoes precise folding in the
lumen of the ER. Three disulfide bonds are formedalgzed by the ER-resident proteins
endoplasmic oxidoreductin 1 (ERO1) and protein disulfide isasee(PDI). Once proinsulin is
properly folded, it is transported to the Golgi apparang @ackaged into secretory granules.
Within these granules, proinsulin is processed to yieldireahsulin which is then released from
the granule in response to glucose stimulation and amt&la in blood glucose levéls 2

(Figure 1.6).

B-cells, with their high insulin client load, have beewurid to be very sensitive to
disruptions to ER homeostd&#s These cells are exposed to frequent energy fluctuagians
intermittent changes in blood glucose levels), and thusireequecise and proper folding of
proinsulin to respond to such changes. Any imbalance bettheeload of insulin translation
placed on the ER and folding capacity of the ER leadERostress and disruption ficell
homeostasis. A characteristic feature of these te#ishighly developed ER and high expression

of the UPR transducers, IRE1 and PERKS.

The IRE1-XBP1 signaling pathway is important for ER exjmm's’, and the IREd
isoform of IRE1 is highly expressed in the pancféag-cells also have been shown to have a
baseline activation of IRkl as measured by its phosphorylation. IRE1 signaling additip
has a key role in insulin biosynthesis (Figure 1.7). Supessithis signaling molecule inhibits

proinsulin biosynthesf® . This signaling pathway is XBP1- and JNK-independent, howtéee
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Figure 1.6 Insulin BiosynthesisPreproinsulin is synthesized and translocated intedhgh ER (RER) where its
signal peptide is rapidly cleaved to form proinsulin. H#isellfide bonds are formed. Proinsulin is further proegss
in the Golgi and packaged into clathrin-coated vesiclesn8ubin is cleaved to produce insulin crystals and C-
peptide, which are exocytosed in equimolar proportionstirgdloodstream upon stimulation by glucose or other
factors. A small amount of proinsulin or other intediates are also secretédlapted from Dodson G and Steiner

D, 1998.
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Pancreatic beta cells

Figure 1.7 Role of IRE1 and PERK in Insulin Biosynthes. In pancreati@-cells, IRE1 is a positive regulator
and PERK is a negative regulator of insulin biosynthesis
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downstream targets have yet to be identified. It is knotough, that the ER-resident
oxidoreductase ER@J] which functions in proinsulin folding, is upregulated. PERKalso
highly expressed in pancreatic is{éts PERK phosphorylation (i.e. its activation) is a negati
regulator of insulin biosynthesis (Figure 1.7). Insulin bikgsis from high glucose treatment in
PERK -/- mouse islets is enhanced compared to cortterhfiate islefé®. Recently, it has been
demonstrated that ATF6 may also have a function in regglansulin. Under ER stress, ATF6
is activated, leading to a decrease in insulin gene esiprE€, suggesting that ATF6 may have
dual functions: positive regulation of ER chaperonesraagative regulation of insulin promoter

activity.

Physiological ER stress in thfecell is beneficial and leads to the activation oulirs
biosynthesi§®. This is attributed to acute hyperglycemia. Exposurehe$é cells to chronic,
prolonged hyperglycemia, however, induces pathological difess. This leads tg-cell
dysfunction and death (Figure 1.8). There are other cafgesthological ER stress in these
cells: exposure to long-chain free fatty acids (e.g. patej*® ®” hyperinsulinemia which
occurs in the pre-diabetic std§e glucose deprivatid®?), islet amyloid polypeptide (IAPP)

expressiofi”; and exposure to inflammatory cytokines such aspllarid IFN"® (Figure 1.9).

1.5 The Pathogenesis of Diabetes

Diabetes mellitus, defined by chronic hyperglycemiaategorized into two groups: type
1 and type 2. The pathogenesis of both types is charactdnza reduction in the ability of the

pancreaticp-cell to synthesize and secrete insulin, as well ae@ease irf-cell mass by
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Figure 1.8 Types of ER StressThere are two types of ER stress: physiological andofigital. Physiological ER
stress is beneficial to thfecell and activates insulin biosynthesis. Patholodiflstress, however, occurs in these
cells when ER stress is chronic and not resolved by Bfe. his chronic stress can lead3toell dysfunction and
apoptosis, which can ultimately lead to diabetes.
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Figure 1.9 Sources of ER Stress ifi-cells. There are several causes of ER stress inptbell including: 1)
exposure to long-chain free fatty acids, 2) hyperinsulineB)i glucose deprivation, 4) mutant insulin expression, 5)
exposure to inflammatory cytokines, and 6) viral infection
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apoptosi€” ’® which leads to 1) toxic glucose build-up in the blood andrgrgy depletion in
peripheral tissues such as muscle, liver, and adiposgpdri, an autoimmune response leads to
the absolute deficiency of insulin, whereas type 2 is defimg a non-autoimmune relative
deficiency of insulin coupled with defective insulin signgl Of the diagnosed cases of
diabetes, approximately 95% are type 2. It is predictedttieahumber of affected individuals
with type 2 diabetes in the world will reach well 080 million by the year 2098, It is the
sixth leading cause of death by disease in the UnitedsStaid its estimated cost to the health
care industry is over $100billion/yé®}. Diabetes in general, therefore, is a significant bl
This is a progressive disease which leadg-tell dysfunction and ultimatelg-cell failure, as
these cells are no longer able to secrete enoughrninduk to defects in glucose-stimulated
insulin secretion (GSIS) and a reductionpitell mas$Y. In type 2 diabetesi-cell loss is
primarily due to a reduction ifi-cell number due to an increasephtell apoptosis, as seen in
animal models and type 2 diabetic pati€ht§® Chronic hyperglycemia (glucotoxicity) and
chronic hyperlipidemia (lipotoxicity) are two major facs contributing to thig-cell los&** &)
however the underlying mechanisms of this loss are ndit wnelerstood. Becausg-cell
dysfunction and apoptosis are main pathological compger@nthis disease, there has been a

focus in research to understand these underlying mecharfiusnt data suggests that ER

stress contributes f&cell death, autoimmunity, and insulin resistance ingodsi with diabetes.

1.6 ER Stress-Mediated Diabetes

ER stress and defects in the UPR have recently beplicated in type 1 and type 2

diabetes. Pancreafecells are very sensitive to perturbations in ER hastasis which can lead
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to the induction of apopto&id seen in both forms of diabetes. ER stress mayledsbto the
production of “neo-autoantigens” caused by insulin misfgdn the ER of thé-cell®®, which

may initiate the autoimmune response in type 1 diabetes.
1.6.1Genetic Forms of ER Stress-Mediated Diabetes

The relationship between ER stress and diabetes wsts demonstrated in a rare
autosomal recessive form of juvenile diabetes, WolRattison syndrome. In 1972, Wolcott and
Rallison described two brothers and a sister with infammget diabetes mellitus and multiple
epiphyseal dysplasf?. In this syndrome, mutations have been reported ifEtR@AK3 gene
encoding PERK®. Because these mutations are within the catalytic #ipaf®PERK, it is likely
that they cause a loss-of-function of PERK kinaseviae This loss of PERK kinase activity
leads to the reduction in the phosphorylation of eJFR2 substrate of PERK. When a high
workload is placed on the ER of tiecell, for example when insulin demand increases post-
prandially, phosphorylation of elk2s essential in mitigating ER stress and thereby pranote

cell survival®®.

Therefore, a loss-of-function of PERK and a consequdisruption in
translational attenuation during ER stress via decred$&d @hosphorylation, could directly
attribute top-cell apoptosis. This has been illustrated in severat@nmnodels. Indeed, PERK -/-
mice develop diabetes due to excessive ER stress mptoeils causing-cell apoptosig®.
Mutant mice carrying a heterozygous mutation in the phogion site of elFa
(Eif2s1"™R% become obese and, dueftaell dysfunction, diabetic when fed a high-fat &t

Collectively, these observations suggest thakell apoptosis in Wolcott-Rallison patients is

caused by excessive, unresolved ER stress and a detleetUi®R (i.e. PERK signaling).
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The negative regulator of PERK signaling, B58also functions in maintaining ER
homeostasis iff-cells. P58 is an important component of a negative feedback loog bige
these cells to inhibit elf2signaling and attenuate the UBR P58 knockout mice show a
gradual onset of glucosuria and hyperglycemia associated indgtbased apoptosis of islet

cells®Y, thus this UPR component may be involved in the patheigenédiabetes in humans.

Permanent neonatal diabetes may also be attributeccéssxe ER stress in tifiecell.
Neonatal diabetes is defined as insulin-requiring hypergligcavithin the first month of life.
This is typically associated with slowed intrauterinevgioand is a rare disorder. Permanent
neonatal diabetes, considered a genetic disorder,caaused by several types of mutations,
including mutations in insulin promoter factor 1 (IPF-1), arglits in lifelong dependence on
insulin injections. It has recently been shown thatations in the human insulin gene can also
cause this disord€f. This is an autosomal dominant disorder, with mutatipnimarily
occurring in critical regions of preproinsulin. This presioty leads to improper folding of
insulin, triggering the UPR. Severe ER stress lea@sdell apoptosis. In the mouse models of
this disease, the Munich and Akita mouse, mice hadenainant missense mutation in the Ins2
gené”™ °4 In the Munich mouse, there is a cystéifte-serine substitution, leading to a loss in
an interchain disulphide bond of proinsulin. In the Akitause, there is a cysteifi¢o-tyrosine
substitution. This mutation also leads to disruption aflgiside formation between the A and B
chain of proinsulin, causing insulin to misfold and accumulatdhe ER of thq?)-cell(g“). This
accumulation of misfolded insulin leads to severe EBssiB-cell apoptosis, and consequently

diabeteS®.
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1.6.2ER dtressin Type 1 Diabetes

Increasing evidence supports the role of ER stress-teddjicell death in the
pathogenesis of type 1A diabetes (i.e. autoimmune @igpekhe baseline of ER stres$aells
is higher than that of other cell types due to theosyre to frequent energy fluctuations and
high client load, insulin. It is therefore possible thaly additional ER stress applied to these
cells by genetic or environmental factors can lead ticdeelth.p-cells that undergo apoptosis as
a consequence of this additional, unresolved ER stoggaio misfolded proteins that can act as
“neo-autoantigens” — dendritic cells in the islets en@Rf stress-induced apoptoflecells and
stimulate the maturation di-cell-reactive T cells that mediate autoimmune destmcof
remainingp-cell$®®. There are several insults to fheell that can lead to excessive, unresolved
ER stress, triggering an apoptotic cascade and leading fordkluction of “neo-autoantigens:”

viral infections, other environmental stresses, as ageliitric oxide (NO) (Figure 1.10).

NO plays an important role ifi-cell apoptosis in type 1 diabet¥s Inflammatory
cytokines such ag-interferon (IFNy) and interleukin-g (IL-1B) in pB-cells induce the
production of NO, which leads t&-cell failure and consequently cell death. There is eviglenc
that this process is mediated by ER stf@sd$roduction of NO leads to the attenuation of the
sarcoendoplasmic reticulum pump*CaTPase2b (SERCA2b) and consequently the reduction
of calcium in the ER. This calcium depletion leadsd¢were ER stress and the induction of the
pro-apoptotic transcription factor CHEP? It has been shown that CHOP is induced by a NO
donor, S- nitroso-N-acety -penicillamine (SNAP), and pancreatic islets from CHOHRnice

are resistant to NO-induced apopt&8is
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Figure 1.10 ER stress and Type 1 DiabeteV¥iral infection, nitric oxide (NO), and other environmdrfizctors
cause ER stress in tfgecell leading to CHOP and ATF3 activation, and consequapibptosis. These apoptofic
cells are a potential source of “neo-autoantigens” wbahbe a potential source of an autoimmune attack, leading

to type 1 diabetes.
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Activating transcription factor 3 (ATF3), a pro-apoptotiariscription factor of the
ATF/CREB family, may also contribute to ER stressdiated apoptosis in type 1 diabetes.
ATE3 is induced by pro-inflammatory cytokines and NO. ATF3 dkomt mouse islets are
partially protected from NO- and cytokine-indudgdell apoptosis, while overexpression of this

transcription factor in mouse islets lead$-tcell dysfunctioff®".
1.6.3ER dtressin Type 2 Diabetes

As mentioned earlier, a contributing factor to the pgémesis type 2 diabetes is the
reduction of p-cell mas&”). Resistance to insulin action in peripheral tissues @dipose,
muscle, and liver) is one of the primary presenting featwf this disorder. This insulin
resistance leads to the hyper-production of insulin (ngoerinsulinemia) in thep-cell.
Hyperglycemia and type 2 diabetes develops only in patibatisare unable to sustain this
compensatory response of theell*®®. This increase in insulin biosynthesis overwhelms the
folding capacity of the ER, leading to chronic activatioh the UPR. This chronic,
hyperactivation of ER stress signaling can leag-tell dysfunction and death. There are several
components of ER stress signaling that could contributaisg-cell loss: IRE1-IJNK, CHOP,
and glycogen synthase kinas¢ 8GSK33). The IRE1 pathway is important in insulin
biosynthesis, where transient increases in insulin pradutgad to IRE1 activatiéf. Chronic
activation of IRE1 during prolonged increases in insulin bit®gis, however, may lead fo
cell death through IRE1-mediated activation of SKCHOP is also an important player of ER
stress-mediate@-cell death and may promote the progression of type 2ewid®. A third
signaling component, GSI83also plays a role ifi-cell death caused by ER stress. GBk3a

substrate of the survival kinase, BRP and it has been demonstrated that attenuation of Akt



26

phosphorylation during ER stress mediates dephosphorylati@85K33, leading to ER stress-

mediated apopto$i&?.

Insulin resistance, a feature of type 2 diabetes, leafisell exhaustion, glucotoxicity,
and hyperinsulinemia which place a massive strain on ItheftheB-ceII(S“). This, however, is
not the only source of stress for the ER. It hasntigdeen shown that free fatty acids (FFAS),
specifically long-chain FFAs, also indupecell apoptosi§® 4" Treatment op-cell lines with
the long-chain FFA, palmitate, increases levels of &8s markers such as ATF4 and spliced
XBP-1. In addition, it has been shown that circuatiFAs lead toB-cell lipotoxicity and

consequently excessive ER stf&s5

Recent studies also show an involvement of ER stresesulin resistance of liver,
muscle, and adipose tissues. IRE1-JNK signaling plays portamt role in the insulin-resistant
liver tissue of type 2 diabetes patients. Obesity leadg/peractivation of JNK signaling due to
severe ER stress, leading to serine phosphorylatiarsolim receptor substrate-1 (IRS-1), which
inhibits insulin actioft®®. Like B-cells, hepatocytes have a high baseline ER stresk'%yand
therefore may be sensitive to additional ER stredsadtbeen shown that high ER stress in liver
cells can be resolved via overexpression of the EReasichaperone oxygen-regulated protein
150 (ORP150), while suppression of this chaperone in mice ishihdulin sensitivit{°®

(Figure 1.11).
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Figure 1.11 ER Stress and Type 2 Diabete&R stress can lead to insulin resistance which leadscell
compensation (i.e. hyperinsulinemia). Hyperinsulinefgiacotoxicity) and exposure @#cells to circulating free
fatty acids (lipotoxicity) leads to excessive ER stieghese cells, leading to apoptosis and type 2 diabetes.
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1.7 Wolfram Syndrome: A Link Between Diabetes and a Defeste UPR
1.7.1WFS1: The Causative Gene for Wolfram Syndrome (WFS)

The focus of this thesis is the role of a gene, Wolfsgmdrome 1 (WFS1), in ER stress
signaling and the pathogenesis of diabetes. When we bégamhesis research, there was
preliminary evidence that suggested that WFS1 was locatizégk tmembrane of the ER — most
proteins localized to the ER membrane are in some mayved in the UPR. WFS1 was of
particular interest, as in 1998, mutations in this gene \ueked to a form of diabetes called
Wolfram syndromé&'? in which selectiveB-cell loss occurs. The question that we wanted to

answer was what was the mechanism of this cell dedtlwhy was it specific to thg-cell.

Wolfram syndrome (WFS), a rare autosomal recesss@dir characterized by diabetes
mellitus (DM) and optical atrophy (OA), was first desedbby Wolfram and Wagener in
19389, This syndrome is also described as DIDMOADafi2tes msipidus, Dabetes Mllitus,
Optical Atrophy, and [2afness), as patients also present with secondary eymept addition to
DM and OA, however DM and OA are the only necessamypsgms to make a diagnosis. DM
presents in the first decade of life, while OA followsthe second decdd¥ ***) Postmortem
studies reveal a non-autoimmune-linked selective IossrmfrpaticB-cellém). The nuclear gene
responsible for this syndrome was identified by two sepagabups in 1998 and named

WES 1112, 114)

WFS1 has been shown to be mutated in 90% of patientsWFR&™'®. More than 100
mutations of the WFS1 gene have been identified, moshwh are inactivating mutations and

located in exon 8 which encodes the protein’s transmemlaadeC-terminal domaifts®®)
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The WFS1 protein has been shown to be localized t&®eand while ubiquitously expressed,
it is highly expressed in the pancré®s?® This thesis work has identified WFS1 as being

specifically localized to thg-cell of the pancreas.
1.7.2Significance of Studying the Pathogenesis of WFS

WES is a rare disease, affecting approximately 1/100,000 iith Manerica with higher
frequency in the Middle East and East A Despite the rarity of this disease, the carrier
frequency is estimated at 1/1858. This thesis work illustrates WFS is an ER stresdiated
form of diabetesp-cells in which the function of WFS1 is suppressed, exhigit levels of ER
stress. These high levels of ER stress [&odll death attributed to WFS, may also be related to
more common forms of diabetes. It has been demoedttat various studies that first degree
relatives of WFS patients, as well as carriers, fmWgher prevalence of type 2 diabetes than
expected by chanfé> 2*% This is supported by recent genome-wide studies which have
identified WFS1 single nucleotide polymorphisms (SNPs) asected with an increased risk
for type 2 diabeté¥°3" Additionally, preliminary studies show a link betwéa#S1 mutations
and type 1A diabetes (i.e. autoimmune juvenile dialéi&®® This thesis focuses on
determining the function of WFS1 in order to better urtders its role in the pathogenesis of
Wolfram syndrome, as well as common forms of diabeéBgsdetermining its function, WFS1

could become a target for diabetes prevention and/ompthera
1.7.3Summary of Thesis Research: Linking WFS, a Defective UPR, and Diabetes

WFS1 has no homology with any known proteins and umisl work, its function was

unknown. Because WFS1 is an ER transmembrane proteinhypethesized that it is a
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component of ER stress signaling. Indeed, this theg&rniites that WFS1 is a novel component
of the UPR and is localized specifically to fheell of the pancreas. This data was supported by
studies which showed that mice lacking WFS1 develop diabde to excessive ER stress in
their p-cells, leading top-cell apoptosi$®>®. We demonstrate that WFS1 is a downstream
target of IRE1 and PERK signaling, and is upregulated duringtieBss It is a vital component
of thep-cell, as a lack of functional WFS1 is detrimentalhese cells. Here we show that WFS1
also controls a regulatory feedback loop of the ERsstisignaling network, by regulating the
protein levels of the ER transcription factor, ATF6. Tihsly of work demonstrates that WFS1
has an important function in the negative regulatiothef UPR, and our data suggests that
WEFSL1 prevents secretory cells (ifecells) from premature death caused by hyperactivation of

this signaling pathway. Figure 1.12 summarizes these noveidgmaof WFS1 function.
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Figure 1.12 WFS1 is a Novel Component of the UPR and Regulatdss Signaling Cascade WFSL1 is a
downstream target of IRE1 and PERK signaling and is upreguthuring ER stress. WFS1 regulates ATF6 protein
through the ubiquitin-proteasone pathway and acts as daweegggulator of this pathway.



32

CHAPTER Il

WFS1 IS A NOVEL COMPONENT OF ER STRESS SIGNALING AND

MAINTAINS ER HOMEOSTASIS IN PANCREATIC B-CELLS

SUMMARY

In Wolfram syndrome, a rare form of juvenile diabedesompanied by optical atrophy,
cell death of insulin-producing pancreagicells occurs, but in the absence of an autoimmune
response. It had been reported that mutations in the WFB4 @e responsible for the
development of this disease, however, the underlying mechsiniehind this selective
destruction of the3-cell caused by these mutations were not clear. Theidlakss dissertation
chapter reveal that WFS1 is a novel component of thelded protein response (UPR) and has
an important function in the maintenance of endoplaseticulum (ER) homeostasis in the
pancreaticp-cell. An imbalance between the protein folding capaoityhe ER and demand
placed on this organelle, disrupts ER homeostasis aindseER stress. The UPR is a
cytoprotective, adaptive response to mitigate this stressever, if the UPR is dysfunctional
and cannot properly abate stress, the cell will undemmptasis. WFS1 encodes an ER
transmembrane glycoprotein and its mMRNA and proteinraheced by ER stress. Its expression
is regulated by two master regulators of the UPR, iobsstquiring 1 (IRE1) and PKR-like ER
kinase (PERK), both ER transmembrane kinases. Supprestid/FS1 inp-cells causes ER
stress andg-cell dysfunction. Thus, this indicates that the pgdmesis of Wolfram syndrome

involves chronic ER stress and apoptosis in pancrgatidls due to a loss-of-function of WFS1.
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INTRODUCTION

In 1938, Wolfram and Wagener analyzed eight siblings, fourhadlwhad a combination
of juvenile diabetes and optical atrophy, providing thet fieport of Wolfram syndrome
(WFS)*°. A significant portion of patients with this diseadso develop diabetes insipidus and
auditory nerve deafness, thus this syndrome is also des@sb®IDMOAD syndrome ([Bbetes
Insipidus, Dabetes Mllitus, Optic Atrophy, and_Rafness}***®) however, diabetes mellitus
(DM) and optic atrophy (OA) are the only minimal criteto make a diagnosis: DM presents in
the first decade of life, while OA typically follows the second decade of fife". Of the other
symptoms, 73% of patients develop diabetes insipidus and 62élopgesensoneural deafness in
the second decade, 58% develop renal tract complicatidhs ihird decade, and 62% develop
neurological defects in the fourth decade. The mediarofdeath is thirty years, primarily due

to complications of DM, infection, respiratory failue:d suicide (Figure 2.1).

Although WFS patients are generally not obese, noihdg have insulitis, postmortem
studies reveal a selective losspetells in their pancreatic isléts”. Before this thesis research
was started, the mechanism underlying this cell death wésown. The nuclear gene
responsible for this syndrome was identified by two sepagabups in 1998 and named
WFS12 1) Families that exhibit WFS share mutations in a gemeding WFS1 protein —
WFS1 is mutated in 90% of WFS pati€he More than 100 mutations of WFS1 have been
identified, most of which are inactivating and locatedtle region which encodes the
transmembrane and C-terminal domain of the protein, &G In a survey of patient
mutations, 35% are missense, 25% are nonsense, 21% areshifi, 13% are inframe

deletions/insertions, and 3% are splice’&ite A majority of WFS patients are compound
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Figure 2.1 Symptom Progression in Wolfram SynndromeThe peak of each curve represents the median age of
onset of the complication and the intersections with xt-axis represents the ranges. DM: diabetes mel(@As;
optic atrophy; DI: diabetes insipidus; D: deafness; Renatal tract complications; Neuro: neurological
complication&*".
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heterozygotes for two mutations, most of which have mn¢ation that alters the C-terminal
tail**®. Even mutation of the last seven amino acids ofGHerminal leads to a full disease

phenotype, suggesting that this region may be importahettunction of WFS1 (Figure 2.2).

WEFS1 is a 100 kDa glycosylated protein that is localizedhé¢oendoplasmic reticulum
(ER) membraré®. Its N-terminal is cytoplasmic, while its C-terminial located in the ER
lumen. The C-terminal of WFS1 is highly conserved in theuse, rat, and human. N-
glycosylation is its only predicated post-translatiomaldification and it is projected to have
nine to eleven transmembrane domains (Figure 2.3). Northets dfloVFS1 mRNA in adult
tissues show that highest expression is found in thergam@nd brafht?. WFS1 has been
shown to be a calcium channel; ectopic expression BEWproduces an increase in calcium
concentration in the cytosol and exhibits novel casielective channel activities in the ER
membran€3®). This suggests that WFS1 may function in ER homeostHsiss, inactivation or

suppression of WFS1 may cause an imbalance in ER horsisosta

Imbalances in ER homeostasis elicit stress in thisn@lgg This organelle is critical for
the folding of newly synthesized secretory proteins, siscthe hormone insulin which regulates
blood glucose levels. ER stress is defined as an imbalstesen the folding capacity of the
ER and the demand placed on the ER for folding protdihe. Unfolded Protein Response
(UPR) is a cytoprotective, adaptive response to countdriacittess and return the ER to a state
of homeostasis. There are three main components dorébponse: 1) upregulation of genes
encoding folding enzymes, 2) general translational a#gmn, and 3) ER-associated protein

degradation (ERADY 1©. Accumulating evidence suggests that chronic and sewestrEss
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Figure 2.3 WFS1 is an ER Transmembrane ProteinVFS1 is a glycosylated ER membrane protein with its N-
terminal located in the cytoplasm and its C-terminakted in the ER lumen. It is predicted to have 9-11
transmembrane domaffis.
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levels and/or defects in the UPR causeell death and contribute to the pathogenesis of

diabeteg4?,

Inositol requiring 1 (IRE1), a sensor for unfolded and otikfd proteins in the ER, is a
master regulator of the UPR. IRE&1which is ubiquitously expressed, has a high level of
expression in the pancréds®*?) The accumulation of unfolded proteins in the ER causes
dimerization, trans-autophosphorylation, and consequeiaton of IRE1. Activated IRE1
splices X-box binding protein 1 (XBP1) mRNA, leading to téynthesis of the active
transcription factor XBP1 and upregulation of UPR targetegesuch as chaperofés®)
Prolonged ER stress activates an alternative IRE1 pathivaylRE1-JNK apoptotic pathway.
Here, IRE1 recruits TNF-receptor-associated factor 2AFB*Y which activates apoptosis
signaling kinase 1 (ASKY’, leading to the activation of c-Jun N-terminal proteinake
(INK)®. INK activation leads to apoptosis. TRAF2 recruitmalso causes clustering and
activation of caspase-12 at the ER membrane, alsontedad apoptosis’?. The IRE1-JNK
pathway is implicated in insulin resistance in patients wjpe 2 diabeté€®. Obesity leads to
ER stress in the liver, causing hyperactivation of JNdOa&ling and serine phosphorylation of

insulin receptor substrate-1 (IRS-1). Serine phosphoryglaiiolRS-1 inhibits insulin action in

liver cells.

PKR-like ER kinase (PERK), like IRE1, is a master ragl of the UPR and is activated
by the accumulation of unfolded/misfolded proteins in the ERRK is also highly expressed in
the pancred® " Activated PERK phosphorylates thesubunit of eukaryotic translation
initiation factor 2 (elFa), which leads to general translational attenuati@hmnotects cells from

ER stress-mediated apopt&Eis Mutations in PERK lead to the development of diabeltes
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Wolcott-Rallison syndrome, a rare form of juvenilebdites, there is a mutation in the EIF2AKS
gene encoding PERK PERK knockout mice develop diabetes due to a high &ER stress
in the pancreds' *® This suggests that Wolcott-Rallison syndrome is an s mediated

form of diabetes-cell death is caused by ER stress.

Increasing evidence supports the notion that high levellsRo$tress and defective UPR
signaling contribute to the pathogenesis of diabetes.likely that downstream components of
ER stress signaling maintain ER homeostasis in pamncfeaells. It was therefore possible that
Wolfram syndrome may fall into this category of an ERRstrmediated disease: the mutated
protein involved in this disease, WFS1, is an ER trandmame protein and most of these were
somehow involved in ER stress signaling. Before thisishesrk was started, the function of
WFS1 was unknown. In addition to this, when we did a dlogy search, the results were
dismal: WFS1 had no distinct homology to any known protddesause WFS1 is localized to
the ER membrane, this led us to hypothesize that it mevied in the UPR. This chapter will
outline our results from posing the questimMWFS1 involved in ER stress signalindere we
focused on investigating whether WFS1 was a componghedfPR and if it had a function in
maintaining ER homeostasis in the pancrepiezll, since these are the primary cells that are
affected in WFS. These studies revealed that, indaedyathogenesis of Wolfram syndrome is
ER stress-mediated; WFS1 is a downstream target of HREIPERK signaling, is upregulated
in response to ER stress, and when suppressed, it teadgtlevels of ER stress in pancreatic

pB-cells.
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MATERIALS AND METHODS
Plasmids, Cell Culture, and Transfection

INS1 832/13 cells were a gift from Dr. Christopher Newg@&rdke University Medical
Center). These cells were maintained in RPMI with 1084l fsovine serum (FBS). They were
transfected with siRNA directed against WFS1 using Cielé INucleofecto™ Kit V with the
Amaxa nucleofector device (Amaxa Biosystems, GaithegslVD). siRNAs for rat WFS1 were
designed and synthesized at Qiagen (Valencia, CA) dbwi for rat WFS1-1,
AAGGCATGAAGGTCTACAATT, for rat WFS1-2, AAGGCCATCAGCTGCTCAAT. COS7
cells were maintained in DMEM with 10% FBS and transfiketéh WFS1 expression vectors
using FuGene (Roche, Basel, Switzerland). Full-lengtham#WFS1 cDNA, as well as P724L
and G695V mutant WFS1 cDNA, was tagged with a Flag epitopeeacid pcDNA3 plasmid
was subcloned under the control of the cytomegalovirus @emThe P724L and G695V
mutations were introduced using the GeneTailor Site-RickMutagenesis System (Invitrogen,
Carlsbad, CA). Mouse embryonic fibroblasts (MEFs) wei@nmined in DMEM with 10%
FBS. Human fibroblasts from a patient with Wolfram symde and a control individual were
obtained from Coriell Institute (Camden, NJ) and Dr.mrARermutt (Washington University

School of Medicine). Human fibroblasts were maintaim@MEM with 10% FBS.

| mmunostaining

COS7 cells and frozen sections of mouse pancreatafiwedein 2% paraformaldehyde

for 30 minutes at room temperature and then permeabilizdd @it% Triton X-100 for 2
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minutes. The fixed slides were then washed with PBS, bloakt&d10% BSA for 30 minutes,

and incubated in primary antibody overnight at 4°C. Tlides were then washed 3 times in
0.1% Tween in PBS and incubated with secondary antitbad{t hour at room temperature.
Images were obtained using a Leica TCS SP2 AOBS confocabsnope with LCS software.
FLAG M2 antibody was purchased from Sigma (St. Louis,)M@d anti-WFS1 antibody was

generated as previously descrify&d

I mmunoblotting

Fibroblasts and INS1 832/13 cells were lysed with M-PERr¢E, Rockford, IL)
containing protease inhibitors. COS-7 cells were lysed®emor 15 minutes with ice-cold buffer
(20 mM Hepes, pH 7.5, 1% Triton X-100, 150 mM NaCl, 10% glycetoinM EDTA)
containing protease inhibitors. Insoluble material wasveied by centrifugation at 13,000 g for
15 minutes and solubilized in 10 mM Tris-HCIl with 1% SDS f@ minutes at room
temperature. After addition of 4 volumes of lysis buffihe samples were sonicated for 10
seconds. The lysates were normalized for total prqBnug per lane) and separated using a

4%-20% linear gradient SDS-PAGE (BioRad, Hercules, CA)edectroblotted.

| solating | dlets from Mouse Pancreata

Male C57/Bl6J and ob/ob mice were anesthetized bypetitaneal injection of sodium
pentobarbital. Pancreatic islets were then isolate@dmgcreatic duct injection of 500 U/ml of

collagenase solution followed by digestion at 37°C for 40ubeis with mild shaking. Islets were
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then washed several times with HBSS, separated frararamells on a discontinuous Ficoll 400

gradient, viewed under a dissecting microscope and haackael

Real-Time Polymerase Chain Reaction

Total RNA was isolated from cells by the guanidine-thioega-acid-phenol extraction
method. Total RNA (1 pg) was then reverse transcribéd @iigo-dT primer. For the thermal
cycle reaction, the ABI Prism 7000 sequencer detectiotersy$Applied Biosystems, Foster,
CA) was used with the following protocol: 50°C for 2 minut@S;C for 10 minutes, then 40
cycles of 15 seconds each, and 60°C for 1 minute. Usingevamtis for MEFs and mouse islets,
human GAPDH for human fibroblasts, and rat actin Ifid61 832/13 cells as a control, the
polymerase chain reaction (PCR) was performed in trigliéat each sample. All experiments
were repeated 3 times. Cyber Green (BioRad, Herculesa@d\the following primer sets were
used for real-time PCR: for mouse actin, GCAAGTGCTTGIFCGGAC and
AAGAAAGGGTGTAAAACGCAGC; for mouse WFS1, CCATCAACATGAICCGTTC and
GGGTAGGCCTCGCCATACA; for rat actin, GCAAATGCTTCTAGGGGAC and
AAGAAAGGGTGTAAAACGCAGC; and for rat WFS1, CATCACCAAGSCATCGTCCT

and AGCACGTCCTTGAACTCGCT.
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RESULTS
WFSL1 is a component of the IRE1 signaling pathway

The pathogenesis of Wolfram syndrome has been attdiliotenutations in the WFS1
gene, a glycoprotein localized to the R %2 The WFS1 gene encodes a 100-kDa protein
containing nine to eleven transmembrane dorffaind™® Membrane proteins in the ER are

often involved in the UPR %)

Measuring the expression levels of WFS1 by real-time R@Raled that WFS1 mRNA
is induced by ER stress and under the control of IREWiltitype mouse embryonic fibroblasts
(MEFs), induction of WFS1 mRNA was 3-5 fold by two EResft inducers, tunicamycin and
thapsigargin (Figure 2.4A). Although there was a marked inolucti WFS1 mRNA in wildtype
cells by both ER stress inducers, induction of WFES1 aptbgein level in tunicamycin-treated
cells, in which N-glycosylation was inhibited, was mdd&sgure 2.4B, lane 7), suggesting that
WEFS1 protein is unstable when N-glycosylation is inhibitdd. Irela-/- cells, WFS1 mRNA
induction under stress was attenuated (Figure 2.4A). By megsWFS1 protein expression
levels by immunoblot using anti-WFS1 antibody, this até¢ion of WFS1 induction in Ired/-
cells was confirmed (Figure 2.4B, lanes 5 and 8) Thesdtsesulicate that WFS1 is a

component of the UPR and that its expression is reggulay the IRE1 signaling pathway.
WFSL1 is co-regulated by the PERK signaling pathway

It has been demonstrated that the three arms of B, the IRE1, ATF6, and PERK
pathways, communicate with each other extensi/8lyin C.elegansit has been demonstrated

that there is redundancy in the IRE1 and ATF6 pathwaysatioos in either pathway are
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Figure 2.4 WFS1 is a Component of the UPR and Co-regulatedy IRE1 and PERK Signaling. (A)
Quantitative real-time PCR of WFS1 using reverse-trimetrRNA from wildtype (Ired™*, Perk’™), Irelo™, and
Perk” mouse embryonic fibroblasts (MEFs). Cells were utédkar treated with 2.5 mg/ml thapsigargin (Tg) or 1
mM tunicamycin (TM) for 3 h. The amount of mouse WFS1NARvas normalized to the amount of actin mRNA
in each sample (n=3; values are meas.e-m.). (B) Immunoblot analysis of WFS1 protein udiysgtes from
wildtype (Irela™, Perk™), Irela”, and Perk MEFs. Cells were untreated or treated with thapsigaft) or
tunicamycin (TM) for 3 h (n=4). The amount of actin iswh in the lower panel.
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relatively tolerated, however mutations in both armslblworm developmeft'®. There is also
overlap in the ATF6 and PERK pathways. For example, XiBRfanscriptionally activated by
botH!® ") This would suggest that while WFSL1 is regulated by IREfatiing, it is possible
that it could be co-regulated by another UPR pathwaydbasehe extensive crosstalk between

the UPR pathways.

WFS1 induction under stress was also measured in PERKEHs. In PERK -/- MEFs,
WFS1 mRNA induction was attenuated when the cells weegdad with the ER stress inducers
tunicamycin and thapsigargin as compared to control MBE#guile 2.4A). WFS1 protein
induction was also attenuated in these cells (Figure 2a4Bs 6 and 9). These results suggest

that WFSL1 is co-regulated by IRE1 and PERK signaling.

While there was no significant difference in baseMi&S1 mRNA content between
wildtype and both IRE1-/- and PERK -/- cells, at the protevel, both knockout cell types
exhibited a profound decrease in WFS1 protein expression.fdiieer suggests that WFS1
protein becomes unstable by chronic high levels of EBsstrbecause there exists a higher

baseline stress level in IRE1-/- and PERK-/- cells Wwiaie deficient in ER stress signaling.
Mutant WFS1 does not accumulate on the ER membrane

It has been reported that WFS1 gene mutations lead ¢ssaof-function of WFS1
protein. Nonsense or frameshift mutations of the WFS1 dgawk to a complete absence of
WEFS1 protein due to instability of the mutant pro‘ﬂéfh To extend this observation, the cellular
localization of mutant WFS1 was examined. Most of the W§&1e mutations in patients with

Wolfram syndrome occur in exon 8, which encodes the pretaiahsmembrane and C-terminal
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luminal domain&*? *#) The full-length human WFS1 gene was cloned using hiEsanclones
and then the P724L and G695V mutations, which occur in Woléymdrome, were introduced
by means of PCR-based mutagenesis. Like the majority % patients, these mutations are

localized to exon 8.

The cellular localization of wildtype and mutant WFSkhswthen determined by
immunostaining cells transfected with Flag-tagged wildtyp@24R, or G695V WFS1
expression vectors. Immunostaining of cells expressing widtwWFS1 showed a diffuse,
reticular staining pattern characteristic of the ER emdocalized with ER marker ribophorin |
(Figure 2.5A-C). Part of WF$1?*- showed a similar staining pattern and was also cdizech
with ribophorin I, suggesting that mutant WFS1 is als@lized to the ER membrane (Figure
2.5D-F). The signal intensity of WFST*. however, was much lower than that of wildtype
WFS1 (Figure 2.5D). In addition, the ER of cells expressmgant WFS1 showed a punctuate
staining pattern, indicating that mutant WFS1 tends to agggrégaure 2.5D-F). These staining
patterns and staining intensity suggest that newly syndtesmtant WFS1 protein, in contrast

to wildtype WFS1, is unstable and not properly expressed daRhmembrane.

When the aggregation of WFS1*-was assessed by SDS-PAGE immunoblot analysis of
detergent-soluble and detergent-insoluble lysates from Q@B transiently expressing these
proteins, the formation of insoluble, high-moleculargi®i complexes was much more
prominent in cells expressing WF84" than in cells expressing wildtype WFS1 (Figure 2.5G,
lower panel). WFS1 protein expression levels were alssumed in fibroblasts from a patient
with Wolfram syndrome and a control individual. WFS1 dmk mccumulate in the patient

sample (Figure 2.5H). Again, these results indicatertiwett of the newly synthesized mutant
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Figure 2.5 Loss-of-function of WFS1 on the ER Membrane Caes Wolfram Syndrome. (A-F)
Immunocytochemical staining of COS7 cells expressing-tdgged human wildtype (A-C) or P724L WFS1 (D-F).
Staining with anti-Flag monoclonal antibody shows tistritution of wildtype or P724L WFS1 protein (A and D).
Staining of the same cells with anti-ribophorin | batly shows the structure of the ER (B and E). Merged images
show the co-localization of WFS1 and the ER markeoptiorin | (C and F) (n=3). Bars: 10 pM. (G) High-
molecular-weight complexes of WFS1*" in detergent-insoluble fractions. Lysates from COSW deansfected
with Flag-tagged wildtype or P724L WFS1 expression vectors weparated into detergent-soluble (upper panel)
or detergent-insoluble (lower panel) fractions and imrbletted with anti-Flag antibody (n=3). (H) Immunoblot
analysis of WFS1 protein from fibroblast lysates abatrol individual (Control) and a Wolfram syndrome pdtien

(G695V/W648X) (n=4).
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WFSL1 protein is unstable and not expressed on the ER raeendt is likely, therefore, that

WEFS1 is caused by a loss-of-function of WFS1.
WFSL1 is important in sustaining ER homeostasis in pancreatig-cells

Immunohistochemistry experiments on mouse pancreata asindVFS1, anti-insulin,
and anti-glucagon antibodies revealed that WFS1 was ssqutein the islets of the pancreas,
where it co-localized with insulin, which is specific {&cells (Figure 2.6A). WFS1, however,
did not co-localize with glucagon, which is uniquextoells, nor was it expressed in the duct or
pancreatic exocrine cells. This suggests that WFS1 tieylarly important in the function of the

pancreatig@-cell.

It has been shown that WFS1 may have an importamtimadtimulus-secretion coupling
in insulin secretiol®*”. To determine WFS1 gene expression levels during insuliretiet,
mouse islets were pre-treated for 1 hour with 2.5 mM glyctsn stimulated for insulin
secretion with the insulin secretagogues, 16.7 mM gluaade30 mM KClI, for 1 hour. WFS1
gene expression increased after treatment with bothetagogues, as compared to an
unstimulated control (Figure 2.6B). WFS1 protein expression fiwduavas also confirmed

(Figure 2.6C). These data suggest that WFS1 upregulation istamptor insulin secretion.

ER homeostasis is important for insulin secretionabse proinsulin, the insulin
precursor, must be folded into its proper three-dimeasistructure in the ER in order to
become mature insulin. As a direct means of examiniegreékationship between the loss-of-
function of WFS1 and ER homeostasis, WFS1 expressianswppressed in thgcell line,

INS1 832/13, using siRNA directed against WFS1 (Figure 2.7F)sitippression of WFS1
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Figure 2.6 WFS1 is Localized to the Pancreatif-cell and Plays a Role in Insulin Secretion(A) Distribution of
WFS1 in mouse pancreata analyzed by immunohistochemistry aati-WFS1, anti-insulin, and anti-glucagon
antibodies. Merged images show the co-localization BSWand insulin (upper panel) and not WFS1 and glucagon
(lower panel) (n=3). Scale bars: 50 pM. (B) WFS1 is upeggdl by insulin secretagogues. Mouse islets were pre-
treated with 2.5 mM glucose for 1 h and then stimulateti W8.7 mM glucose or 30 mM KCI for 1 h. WFS1
MRNA expression was then measured by real-time PCRtandasdized to actin (n = 3; values are meanetm.).

(C) WFS1 protein is upregulated by high glucose. Moustsislere pre-treated with 2.5 mM glucose for 1 h and
then stimulated with 16.7 mM glucose. WFS1 and actin jorégeels were then measured by immunoblot (n=3).



50

BiP mRNA expression Ero1a mRNA expression

n
o w

n

Relative gene expression
& pre

Relative gene expression
o

o

Control Wris1 Control Wrfs1
siRNA siRNA siRNA siRNA
Cc D
Splliced Xbp-1 mRNA expression Total Xbp-1 mRNA expression

3.5 4

25 4

1.5 4

Relative gene expression
no

Relative gene expression
o

0.5 {

Control Wis1 Control Wrfs
siRNA siRNA siRNA siRNA
E F
Chop mRNA expression Wis1 mRNA expression
& 254 5
[} [7:]
w %]
L o 08
(e} o
& )
o 154 o 08
[ = =
@ [<4]
Rk 04
[00] 4]
= =
™ 05 02
[0] [5)
o i
0 0
Control Wris1 Control Wrfs1
siRNA siRNA siRNA siRNA

Figure 2.7 Inhibition of WFS1 Expression Causes a Highevel of ER Stress in Pancreati@-cells.INS1 832/13
cells were pre-treated with 5 mM glucose and transfeet#d SIRNA for WFS1 or scramble siRNA. Expression
levels of the ER stress markers BiP (A), ErdB), spliced Xbp-1 (C), total Xbp-1 (D), Chop (E), and W{§)
were measured by real-time PCR and standardizedito(act 3; values are meanste.m.).
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caused an increase in expression of the ER chaperorn&iBiRe 2.7A), a marker for ER stress,
as well as the other stress markers ERO4BP1, and spliced XBP1 (Figure 2.7B-D). This
suppression also increased the expression of anothestrEss marker, CHOP (Figure 2.7E).
However, the induction of CHOP mRNA was modest as combé&on its usual upregulation
under ER stress. These results indicate that WFSarhaaportant function in mitigating ER
stress and maintaining ER homeostasis in pancrgaedls. Therefore, the suppression of WFS1

in B-cells could cause chronic ER stress and apoptosisga tadls.

In order to analyze WFS1 expression levels under paloaloconditions, WFS1 mRNA
expression induction was measured in islets from thebothiabetes mouse model. Islets were
isolated from diabetic ob/ob and control C57/BI6 meed WFS1 mRNA induction measured
by treating the cells with 16.7 mM glucose. Induction of S¥FMRNA was significantly
attenuated in ob/ob mice as compared to control micgié 2.8). This suggests thaicells in

ob/ob mice are in a state of chronic ER stress an8 \Wiiduction is saturated.
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Figure 2.8 WFSL1 Induction is Attenuated in the Islets of ®/Ob Mice. Islets from control C57/Bl6 and ob/ob
mice were isolated and pre-treated with 2.5 mM glucosé farthen stimulated with 2.5 mM or 16.7 mM glucose
for 1 h. The expression levels of WFS1 and actin weresaned by real-time PCR and the induction of WFS1 by
16.7 mM glucose was calculated (n = 3; values are maaam.).
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DISCUSSION

This study has shown that WFS1 is a component of IREHIPERK signaling (i.e. the
UPR) and is important in the maintenance of ER hotas@s specifically in pancreatzcells
(Figure 2.9). WFS1 mutations in patients with Wolfram syndrdead to a loss-of-function of
WEFSL1. In addition, using siRNA, it was illustrated tHas suppression of WFS1 leads to a high
level of ER stress ifi-cells. These findings suggest that WFS1 protgaslls against ER stress
and, conversely, chronic ER stress is caused by a tdasation of WFS1 protein. Previous
studies have shown that WFS1 protein serves as a regofatoe ER ion channel, most likely
acting as a calcium chanftét 39 It has also been reported that the increase in produafio
cytosolic calcium in response to glucose is lower in itghets of WFS1 knockout mice as
compared to control mi€é”. These findings suggest that loss-of-function of WFSlsesu
abnormal calcium homeostasis in the ER, elicits #&ss, and triggers apoptosis in pancregatic

cells.

These findings also suggest that the pathogenesis ofaofiyndrome can be attributed
to a very high level of chronic ER stress due to thk &f functional WFS1 protein in pancreatic
B-cells. WES1 protein is localized to tRecell of islets, but not im-cells, duct cells, or exocrine
acinar cells. Although these other cells are alsov@dti protein secretion, WFS1 expression
levels in these cells is not detectable, as compargdctlls which are specialized in insulin
biosynthesis and secretion. Therefore, our findings &5Wexpression only if-cells and of
WEFS1 upregulation during insulin secretion, suggest that W&&h important component of
proinsulin folding and processing in the ER of pancre&iells. These results also show that

pathogenic WFS1 mutants do not accumulate in the solubtefia®f cells and make insoluble
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Figure 2.9 Model of the Role of WFS1 in Mitigating ER Stres. WFS1 is a component of IRE1 and PERK
signaling (i.e. the UPR) and is important in the maiatee of ER homeostasis, specifically in pancréatiells.
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aggregates. It is possible that the accumulation of pathio WFS1 mutants is toxic to
pancreatig3-cells, causing them to malfunction in patients with #éwh syndrome. This would

account for the selectiiecell loss which occurs in this disease.

The high levels of ER stress and pancrefiticell death in patients with Wolfram
syndrome may be related to tlfecell dysfunction in patients with type 2 diabetes. The
pathogenesis of type 2 diabetes is a result of the b resistance to the action of insulin,
which leads to the prolonged increase in insulin biosynthBsisause the folding capacity of the
ER is then overwhelmed, this peripheral resistancénsalin activates ER stress signaling
pathway€?. For this reason, chronic ER stres$4oells may lead t@-cell apoptosis in patients
with type 2 diabetes who are genetically susceptiblERcstress. Indeed, recent genome studies
show a link between WFS1 single nucleotide polymorphisms ¢5BRd an increased risk for

type 2 diabeté¥®3Y

While this chapter focused on determining if WFS1 playsl@in ER stress signaling in
pancreaticp-cells, the next will focus on determining the actuatction of WFS1 in this
pathway. This chapter demonstrated that Wolfram syndrena@ IER-stress mediated disease,
however, the actual mechanisms behind WFS1 function wetedefined. By defining the
function of WFS1, the pathogenesis of Wolfram syndracare be more clearly understood, as
well as type 2 diabetes. The next chapter will retleafunction of WFS1 in the UPR, making it

a real target for diabetes prevention and/or therapy.
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CHAPTER I

NEGATIVE REGULATION OF ER STRESS SIGNALING THROUGH

WFS1-MEDIATED ATF6 PROTEOLYSIS

SUMMARY

WFSL1 is a transmembrane protein localized to the ensimpdareticulum (ER). The
previous chapter demonstrated that WFS1 is a componerteotirtfolded protein response
(UPR) and mitigates ER stress in cells. Mutations in&S1 gene cause Wolfram syndrome, a
genetic form of diabetes, optic atrophy, neurodegeneratiad psychiatric illness. Accumulating
evidence indicates that pancredticell death and neural cell dysfunction in Wolfram symae
are attributed to high levels of ER stress in affecets. However, the function of WFSL1 in the
UPR, until now, has been unclear. Activation lewadlshe UPR are tightly regulated to maintain
ER homeostasis — hyperactivation can lead to cell dPatditive regulation of the UPR has been
extensively studied, however the precise mechanisms ga#time regulation of this signaling
pathway are not well documented. The data in this d#&gan chapter reveal that WFS1 controls
a regulatory feedback loop of the ER stress signalingvarkt WFS1 regulates a key
transcription factor of the UPR, activating trangtian factor 6 (ATF6), through the ubiquitin-
proteasome pathway. Activation of the ER stress respetmment (ERSE) by ATF6 is
attenuated by WFS1 expression. WFS1 recruits ATF6 toEanligase, HRD1, and the
proteasome, and enhances its degradation thereby suppresstigRh&uppression of WFS1

increases the expression of ATF6 target genes suchPaari P58%. Collectively, these data
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indicate that WFS1 has an important function in the megaégulation of the UPR, protecting

secretory cells from premature death caused by hyperactiatibis signaling pathway.
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INTRODUCTION

Productive folding of secretory proteins and degradation dbfdexd proteins are essential
to ensure normal cell function. Both these processearan the endoplasmic reticulum (ER).
Perturbations in ER function cause an imbalance betweese tprocesses, leading to the
accumulation of misfolded and unfolded proteins in the oftgarestate called ER stress. Cells
cope with ER stress by activating an ER stress signaletwork, also called the Unfolded
Protein Response (UPR). Activation of the UPR not aabults in the upregulation of gene
expression for molecular chaperones, but expands zbeosithe ER, decreases general protein
translation to reduce the ER workload, and degrades abh@noizins accumulated in the
ER®%) As long as the UPR can mitigate ER stress, celis praduce proper amounts of

proteins in response to the need for them and performrnbenal functions.

Secretory proteins are co-translationally translataie the ER, where they undergo folding
and post-translational modifications. A significant gidion of these proteins which are
synthesized do not reach their final destination astioimal proteins and are degraded by the
endoplasmic reticulum-associated degradation pathway [B&A. ERAD has several
functions: 1) degradation of mutant proteins which cannatppeopriately folded, for example,
degradation of theAF508 mutant cystic fibrosis transmembrane conductance ategul
(CFTR)(155), 2) degradation of proteins that lack their oligomerizafi@rtners, for example,
subunits of the T-cell receptor such as T&€R?, and 3) degradation of proteins whose
activities need to be attenuated to maintain homeostgiglation of metabolic pathways, for
example, 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG@Rate-limiting enzyme in

the mevalonate pathway in which sterols are synth#&iZe
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Degradation from the ER is initiated by dislocatiorihe proteins from the ER to the cytosol
through the Sec61 translocon channel, followed by ubiquibtepsome dependent
proteolysi§®®. Ubiquitination of proteins is fundamental to this distimaprocess, as blocking
this pathway inhibits transpéft’. Ubiquitination of proteins requires three enzymes: 1)
ubiquitin-activating enzymes (E1), which activate ubiquitinan ATP-dependent manner, 2)
ubiquitin-conjugating enzymes (E2), which conjugate ubiquitirige@s$sential cysteine residue,
and 3) ubiquitin ligases (E3), which transfer ubiquitintie target proteff?® (Figure 3.1). E3
ligases and the combinations of E2/E3 enzymes provide spgciic the ubiquitination of

target proteins.

HMG-CoA reductase degradation protein 1 (HRD1/Der3), is onghetest characterized
RING finger E3 ligases involved in ERAD, and was first idfeed by Hamptonet al. in
1996'Y. It has been shown to be involved in the metabojicedigulated degradation of
HMGR*? as well as other proteins such as CPY, Sec6f%m@nd TCRe™®?. It is a multi-
spanning ER membrane protein, with its C-terminal RING-idgeir located in the cytoplasm,
and is induced by ER stré$4®) Induction of HRD1 is regulated by the IRE1-XBP1
pathway*®®. Suppressor of lin-12-like protein (SEL1/HRD3), a lumen-aedrER membrane
glycoprotein that mediates protein-protein interactf§Aishas been shown to physically interact
with and stabilize HRD1, to modulate its ligase actt¥ify SEL1 and HRD1 form &RD
complex and interact via the N#erminal transmembrane region of HRD1. The regions of
SEL1 that control HRD1 stability reside solely in the Eimen, and in fact most of the SEL1
sequence resides in the ER lufith SEL1 has been shown to prevent the RING-H2 domain of
HRD1 from programming auto-ubiquitination, thus stabilizing HRdtein. This chapter will

illustrate that Wolfram syndrome 1 (WFS1) protein has dairfunction as SEL1, and HRD1 is
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Figure 3.1 The Ubiquitin Pathway.Free ubiquitin is activated by ubiquitin-activating enzyie(UbgE1), which
uses ATP to form a complex with ubiquitin. Subsequently, UbigEransferred to a ubiquitin-conjugating enzyme
E2 (UbgE2). UbgE2 then joins to the ubiquitin protein lig&8 (UbgE3), which facilitates the polymerization of
ubiquitin molecules on the target protein. Multi-ubiquitin inlsaserve to mark the target protein for degradation by
the 26S proteasom@\dapted from http://www.emdbiosciences.com/popup/cbc/proteasome_inbpii. html)
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indeed the E3 ligase for activating transcription factofA&F6), thus linking WFS1 with

regulation of upstream UPR signaling.

ATF6 is one of the three master regulators of the ¢YPRATF6 encodes a b-zIP-
containing transcription factor localized to the ER membt*®. Under ER stress, the N-

terminal DNA binding domain of ATF6 is cleaved and releasenh the ERY. The b-zIP

domain of ATF6 then translocates into the nucleus and ulategudownstream target genes,
such as BiP and XBP1, which function in protein folding pnocessing®*°*% (Figure 3.2).
Therefore, deletion of ATF6 compromises the secrepathway during ER stréd8>?) It has
been reported that the non-cleaved form of ATF6 is bietand quickly degraded by the
ubiquitin-proteasome pathway to prevent the hyperactivatiothe UPR™®. However, the
mechanism underlying this phenomenon has yet to be elutid&atedence in this chapter
reveals that WFS1 has a novel function in regulating DBl stabilizing and enhancing the

function of its E3 ligase, HRD1.

WFSL1 is a transmembrane protein localized to th€?ERt has previously been shown
that WFSL1 protein is a component of the UPR and migER stress in ceft&”. Deficiency of
functional WFS1 causes high levels of ER stress ardk lea Wolfram syndrome, a disease
characterized by juvenile onset diabetes and optical atfophy) WFS1 polymorphisms are
also implicated in common type 2 diabé&tes’>. Accumulating evidence indicates tHacell
death and neuronal cell dysfunction in Wolfram syndramee attributed to high levels of ER
stress in affected ceftd**5%9) However, until now, the function of WFSL1 in the UR&s been
unclear. This chapter outlines a novel function for WHR& a regulatory loop of the UPR

through proteolysis of ATF6. WFS1 interacts with and stadslthe ER E3 ligase, HRDL1. It then
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Figure 3.2 Cleavage and Processing of ATF8odel of ATF6 activation upon accumulation of unfolded preiei

in the ER. BiP dissociates from immature ATF6 (p90)aA®nsequence, Golgi localization signals in the luinena
domain of ATF6 are exposed and mediate exit from the EBdrGolgi, two subsequent processing steps by the
S1P and S2P proteases liberate the active ATF6 tranearfactor (p50) from the membrane. The processed ATF6
is transported into the nucleus and upregulates the trafstriftarget gené&s®.
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recruits ATF6 to HRD1 which enhances ATF6 ubiquitination. Uliciiagged ATF6 is then
targeted to the proteasome and undergoes proteolysishyhattenuating the UPR signaling

pathway.
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MATERIALS AND METHODS

Cdll Culture

Rat insulinoma cells, INS-1 832/13, were a gift from Drri€bpher Newgard (Duke
University Medical Center) and cultured in RPMI 1640 suppleatemtith 10% FBS. Mouse
insulinoma cells, MIN6, were maintained in DMEM with 132BS and 1% sodium pyruvate.
COS7 and Neuro2A cells were cultured in DMEM supplementdud 0% FBS. For generation
of cells inducibly overexpressing WFS1 and GFP, INS-1 832/13ystxbkessing pTetR were
transduced with a lentivirus expressing human WFS1-FLAGEBP, and cultured in 2 uM
doxycycline for 24 hr prior to protein/RNA isolation. Fgeneration of cells stably suppressing
WEFS1 or GFP, MING6 cells were transduced with a retusvexpressing shRNA against mouse
WEFS1 or GFP. For overexpression of ATF6, HRD1, and WIEE1S7 cells were transfected
with ATF6-HA, HRD1-myc, and WFS1-FLAG expression plasmidsing FUGENE 6
transfection reagent (Roche Applied Science, Indiamngpiiij). As a control for co-expression,
an equivalent amount of pcDNA3 plasmid was used. DTT, bgslamide, and MG132 were

purchased from Sigma (Saint Louis, MO).

Plasmids

ATF6 plasmids were provided by Dr. Ron Prywes (Columbiaveélsity). GRP78
reporter plasmid was provided by Dr. Kazutoshi Mori (Kyotavdrsity). HRD1-Myc plasmid
was a gift from Dr. Masayuki Kaneko and Dr. MasayukiniNma (Hokkaido University). TCiR

plasmids were provided by Ron Kopito (Stanford Universityy &IHK3 plasmids were a gift
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from Kazuhiro Nagata (Kyoto University). Entry vectodgstination vectors, and viral plasmids
for establishing lentiviral and retroviral cell lines wepeovided by Dr. Eric Campeau
(University of Massachusetts Medical School). shRNAresjaVFS1 and GFP were purchased

from the shRNA Library Core Facility at the UniversitiyMassachusetts Medical School.

I mmunoblotting

Cells were lysed in ice-cold TNE buffer (50mM Tris HBH 7.5], 150mM NaCl, 1mM
EDTA, 1% Nonidet® P 40) containing a protease inhibitor cock&dma, Saint Louis, MO)
for 15 min on ice then the lysates were cleared by ib@mirg the cells at 12,000 g for 20 min at
4°C. Lysates were normalized for total protein (8 per lane), separated using a 4%-20%
linear gradient SDS-PAGE (BioRad, Hercules, CA) andtedbtotted. Anti-WFS1 antibody
was a gift from Dr. Yoshitomo Oka (Tohoku University)ntAactin and anti-FLAG antibodies
were purchased from Sigma (Saint Louis, MO). Anti-HAtileody was purchased from
Stressgen (Victoria BC, Canada) and anti-ATF6 and GRE- antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antigemieetl was used for the anti-ATF6
antibody (membranes were incubated at 70°C for 30 min inaskimg buffer (2% SDS, 6.25
mM Tris-HCI, 100 mMpB-Me)). Anti-ubiquitin and anti-IRE1 antibodies were pursdad from
Cell Signaling (Danvers, MA). Anti-alpha 5 20S proteasomgbady was purchased from
Biomol (Plymouth Meeting, PA), and anti-PERK antiboslgs purchased from Rockland, Inc.
(Gilbertsville, PA). Anti-c-myc antibody was purchasedm Roche (Indianapolis, IN). Anti-

Hrdl antibody was generated in rabbits using a KLH-conjugatetthety}c peptide,



66

TCRMDVLRASLPAQS. Anti-alpha-1-antitrypsin  antibody as& purchased from

DakoCytomation (Denmark).

DTT Chase

Rat insulinoma cells, INS-1 832/13, were treated with 1nithiathreitol (DTT) for 2 hr.
The DTT was washed out with normal media (RPMI 1640 supgieed with 10% FBS) for O,
1, or 2 hrs. Cells were lysed and immunoprecipitatetl atti-WFS1 antibodies, as previously

described.

Fractionation

The endoplasmic reticulum was isolated from INS-1 832/118 asing an Endoplasmic
Reticulum Isolation kit (Sigma, St. Louis, MO). TE®R pellet was then lysed in ice-cold TNE
buffer containing 1% Nonidet® P 40 (NP40) and protease inhihitand the lysates were
cleared and normalized as described above. The ER dyEhte ml) were loaded on top of a
glycerol gradient (10-40%) prepared in PBS containing 1 mM Bhd 2 mM ATP, and
centrifuged at 4°C and 80,000 x g for 20 hr. Thirty-two fractiosere collected from the top of
the tubes. Two hundred pl of each fraction was preoguitatith acetone and the remaining
pellet was lysed with 50 pl of sample buffer. Preciptlaproteins were then separated using a

4%-20% linear gradient SDS-PAGE and electroblotted.
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I mmunoprecipitation

Cells were lysed in ice-cold TNE buffer with 1% NP40 anotease inhibitors for 15 min
on ice then the lysates were cleared by centrifugiagétis at 12,000 x g for 20 min &Gl For
immunoprecipitation of endogenous WFS1, 500 pg of wholeegélact from each sample was
pre-cleared and then incubated with Protein G Sepharosed¥t4lew beads (GE Healthcare,
Upsala, Sweden) and 4 ug of anti-WFS1 antibody O/N awtiCrotation. After incubation, the
beads were washed three times with TNE buffer foltbveg a final wash in 1x PBS. The
immunopreciptates were resolved by SDS-PAGE and thenectulp immunoblot. For
immunoprecipitation of ATF6, 6 pug of anti-ATF6 antiboags used, for HA 2 pg of anti-HA
antibody was used, and for Hrd1 4 ug of anti-Hrd1 antiboaly wsed. As a control, lysates were

immunoprecipitated as above using rabbit 1gG.

Real-time polymerase chain reaction

Total RNA was isolated from the cells by using RNeasyi Mih(Qiagen, Valencia, CA)
and reverse transcribed usingudg) of total RNA from cells with Oligo-dT primer. For the
thermal cycle reaction, the iQ5 system (BioRad, Hes;uCA) was used at 96 for 10 min,
then 40 cycles at 98 for 10 sec, and at 36 for 30 sec. The relative amount for each transcript
was calculated by a standard curve of cycle thresholdsefial dilutions of cDNA sample and
normalized to the amount of actin. The polymerase cteaction (PCR) was performed in
triplicate for each sample, then all experimentsenepeated three times. The following sets of

primers and Power SYBR Green PCR Master Mix (Appligasistems, Foster City, CA) were
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used for realtime PCR: for rat actin, GCAAATGCTTCTEGGGAC and
AAGAAAGGGTGTAAAACGCAGC; for rat BiP, TGGGTACATTTGATTGACTGGA and
CTCAAAGGTGACTTCAATCTGGG; for rat Chop, AGAGTGGTCAGTGGCAGC and
CTCATTCTCCTGCTCCTTCTCC,; for rat total XBP1, TGGCCGGGIGCTGAGTCCG and
ATCCATGGGAAGATGTTCTGG,; for rat EROL, GAGAAGCTGTAATAGCCACGAGG
and GAGCCTTTCAATAAGCGGACTG,; for rat GLUT2, GTGTGAGGAIAGCTGCCTAAA
and TTCGAGTTAAGAGGGAGCGC; for rat INS2, ATCCTCTGGGA®CCGC and

AGAGAGCTTCCACCAAG.

Luciferase Assay

COS-7 cells were mock transfected or transfected fwithength or cleaved ATF6 with
pcDNA3.0 or ATF6 with WFES1 expression plasmids along wath@RP78 (ERSE) promoter
luciferase reporter gene, wildtype ATF6 binding site luede reporter gene (ATF6GL3), or
mutant ATF6 binding site luciferase reporter gene (ATF6mM1Gisk)g Lipofectamine™ 2000

(Invitrogen, Carlsbad, CA). 48 hrs post-transfection, tgsavere prepared using a Luciferase

Assay System kit (Promega, Madison, WI). The lightdpied from the samples was read by a

standard plate reading luminometer. Each sample veasinetriplicate and normalized against
the signal produced from mock wells. All experiments wepeated three times and normalized

usingp-gal.
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WFS1 -/- Mice

WEFS1 -/- mouse pancreata were generously provided by Dn. Pdamutt (Washington

University in St. Louis).

Apoptosis Assay

To monitor apoptosis in INS-1 832/13 cells, 5xtells were treated with palmitate (50

pg/ml) for 24 hr and stained with Annexin V-PE followed by FA@nalysis.
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RESULTS

WFS1 suppresses ATF6 transcriptional activity

In order to further define the role of WFS1 in the URIR; assessed whether WFS1
expression could impact the function of components & WPR. We discovered that
transcriptional activity of a transmembrane trans@ipfactor and master regulator of the UPR,
ATF®6, is attenuated by WFS1 expression. Under ER sttes$|-terminal DNA binding domain
of ATF6 is cleaved and released from the ER to uprégW®R target genes in the nucléifs
%0 When full-length ATF6 was transfected with the ATF6 Imgdsite reporter gene, ATF6GLS3,
this reporter was induced 12-fold by ATF6 as expetiddin contrast, this induction was
reduced to 3-fold by co-transfection with WFS1 (Figure 3.8,danel). As a control, the ATF6
mutant site reporter gene, ATF6m1GL3, was transfected tithPATF6 and WFS1 expression
plasmids. As expected, there was no activity seenthigireporter (Figure 3.3, middle panel). It
has been shown that ATF6 strongly activates the @78 promoté*®. To confirm that
WFS1 regulates ATF6 transcriptional activity on the/BIRP78 promoter, full-length ATF6 or
cleaved ATF6 A ATF6), an N-terminal deletion mutant in which the b-ddémain is unmasked
and simulates processed ATF6, were co-transfected wisSMand a rat GRP78 promoter
reporter gene containing the ER stress response elemRSEJEThis reporter was induced by
both full-length and\ ATF6, however, only full-length ATF6 activity was suppessdy WFS1
expression (Figure 3.3, bottom panel). Collectively, ehesults indicate that WFS1 suppresses

ATF6 transcriptional activity before its translocatiorthe nucleus.
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Figure 3.3 WFS1 Suppresses ATF6 Transcriptional ActivityCOS-7 cells were transfected with a full-length
ATF6 expression plasmid or cleaved ATREATF6) with a WFS1 plasmid together with the following fecase
reporter genes: ATF6 binding site reporter (ATF6GL3), AT&ant site reporter (ATF6m1GL3), or rat GRP78
promoter (ERSE) (n=3).
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WFS1 and ATF6 form an ER stress-mediated complex

Both WFS1 and ATF6 are transmembrane proteins localizétetER'**®) raising the
possibility that the suppression of the ATF6 reporte¥iyS1 might be mediated by direct
interaction between the WFS1 and ATF6 proteins. Toicuarthis idea, the association of WFS1
with ATF6 was examined in the pancregicell line INS1 832/13 cells. Figure 3.4A (right
panel, lane 2) shows that WFS1 associated with ATF6rurmaestress conditions. To examine
whether this interaction was maintained during ER sttessditions, the cells were treated with
the ER stress inducer dithiothreitol (DTT). Figure 3.4A4lftipanel, lanes 3-5) shows that DTT
treatment of cells caused a dissociation of ATF6 flvFS1 in a time-dependent manner, with
almost complete dissociation 3 hours post-treatmdns ER stress-dependent interaction could
also be seen in cells treated with another ERsstnelsicer thapsigargin (Figure 3.5). To confirm
that this interaction is recovered post-stress, eedie treated for 2 hours with DTT and then
chased in normal media. As expected, the interacigkif F6 and WFS1 began to recover after
a 1 hour chase (Figure 3.4C, right panel). This interactiaid also be seen in a neuronal cell

line, Neuro2A (Figure 3.6).

WEFS1 functions in the degradation of ATF6 through the ubiquith-proteasome pathway

Suppression of ATF6 transcriptional activity by WFS1 arel fdrmation of an ATF6-
WFS1 complex led to the prediction that WFS1 regulafBS6Afunction at the post-translational
level. To test this prediction, we derived a pancrdatell line, MING cells, stably expressing a
small hairpin RNA (shRNA) directed against WFS1. Figure JIéA panel) shows that ATF6
protein levels were increased approximately 2-fold comparedrtrol cells. ATF6 mRNA was

unchanged in the WFS1-knockdown cells, but ATF6 target genel,as P38 and BiF'®'%?
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Figure 3.4 WFS1 Interacts with ATF6 in an ER Stress-Dependg Manner. (A) An anti-WFS1 antibody was
used to immunoprecipitate (IP) WFS1 protein from INS1 832klls untreated (UT) or treated with the ER stress
inducer DTT (1 mM) for 0.5, 1.5, or 3 hr. Imnmunoprecipisateere then subject to immunoblot (IB) analysis using
anti-ATF6 and anti-WFS1 antibodies (n=3). (B) INS1 832/13 eeflee treated with DTT (1mM) for 2 hr and then
chased in normal media for 0, 1, or 2 hr. WFS1 was immeegptated from cell lysates and immunoprecipitates
were analyzed by IB using anti-ATF6 and anti-WFS1 antibogfie8). The relative amount of ATF6 and WFS1

proteins were quantified using ImageJ software.
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Figure 3.5 WFS1 and ATF6 Form an ER Stress-Mediated ComplexAn anti-WFS1 antibody was used to
immunoprecipitate (IP) WFS1 protein from INS1 832/13 agtiseated (UT) or treated with 1 pM of the ER stress
inducer thapsigargin (Tg) for 0, 1, or 3 hr. Immunoprecipgatere then subject to immunoblot (IB) analysisgisin
anti-ATF6 and anti-WFS1 antibodies (n=3).
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Figure 3.6 The WFS1-ATF6 Complex in Neuronal CellsAn anti-WFS1 antibody was used to immunoprecipitate
(IP) WFS1 protein from Neuro2A cells. Immunoprecipitatese then analyzed using anti-ATF6 and anti-WFS1
antibodies (n=3).
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Figure 3.7 WFS1 Suppression Enhances ATF6 Protein and ATFBarget Gene Expression.(A) Total cell
lysates or nuclear extracts were prepared from m@usall lines, MING, stably transduced with a retrovirus
expressing shRNA against GFP (control) or mouse WFSd ,aaalyzed by immunoblot using anti-WFS1, anti-
ATF6, anti-CREB, or anti-actin antibodies (left pan®IIN6 cells expressing shWFSL1 or expressing shwFS1 and
rescued with a WFS1 expression plasmid were immunobloitbdmti-WFS1, anti-ATF6, and anti-actin antibodies
(right panel) (n=3; values are meanSb). (B) Total mRNA was prepared from INS1 832/13 cellducibly
expressing shRNA against WFS1 (Control = UT, shWFS1 = 2dp¥/cycline treatment for 48 hrs). Expression
levels of WFS1, ATF6, BiP, total XBP1, p58§ CHOP, ERO&, GLUT2, and INS2 were measured by quantitative
real-time PCR (n=3; values are meaBDB). ** p-value < 0.01
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were upregulated as predicted (Figure 3.7B). We reintroduaatdtiaidus expressing WFS1 into
the cells expressing shRNA directed against WFS1. Figure @Bigi& panel) shows that ATF6
protein expression levels were again reduced when WFS1 wa®deiced. ATF6 protein levels
were also measured in INS1 832/13 cells overexpressing WFEh prbtein was suppressed in
these cells (Figure 3.8A), while there was no significdnatnge in protein levels of the other two
master regulators of the UPR, IRE1 and PERK. This cdslul lze seen in a neuronal cell line
(Figure 3.9). ATF6 target gene mRNA levels were also supgtess thesep-cell lines
overexpressing WFS1 (Figure 3.8B). The relationship of WFSILAAF6 protein expression
was found to be dose-dependent: increased expression of Wa®ltb a decrease in ATF6
protein expression (Figure 3.10A). This is also a proteastapendent relationship. Treatment
of cells overexpressing WFS1 with the proteasome inhiM@A4.32 could rescue ATF6 protein
levels (Figure 3.10B-C). Two mutant variants of WFS1 albfiem patient samples were found
not to affect ATF6 protein levels in MIN6 cells expressifiRNA directed against WFS1
(Figure 3.11A). This was also confirmed in INS1 832/13 cells (Eigut1B) and neuronal cells

(Figure 3.11C).

To assess the impact of WFS1 on ATF6 protein degradatiolphexamide experiments
were performed. In MING cells expressing shRNA directednag&VFS1, there was a block in
ATF6 protein degradation (Figure 3.12A), while in cells ovpregsing WFS1, there was very
little ATF6 protein expression (Figure 3.12B). WFS1 could erdtance the degradation of two
other ER proteins which are susceptible to misfolding (Eigui3A-B), indicating that WFS1
specifically degrades ATF6 protein. WFS1 could also enhémeaibiquitination of ATF6. In
cells expressing shRNA directed against WFS1, thereamdscrease in ATF6 ubiquitination

after blocking the proteasome (Figure 3.14A), while in @alrexpressing WFS1 there was an
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Figure 3.8 WFS1 Suppresses ATF6 Protein ExpressiofA) Total cell lysates and nuclear extracts were prepare
from rat B-cell lines, INS1 832/13, transduced with an inducible lénisvexpressing GFP (control) or human
WFS1, treated with 2 uM doxycycline for 24 hr, and analyagimmunoblot (IB) using anti-WFS1, anti-ATF6,
anti-IRE1, anti-PERK, anti-CREB or anti-actin antibadi€or nuclear extracts, cells were treated with ImM DT
for 3 hr (n=3; values are meanSb). (B) Total mMRNA was prepared from INS1 832/13 cellsrexpressing GFP
(control) or WFS1. Expression levels of BiP, total XBRZHOP, EROd&, GLUT2, and INS2 were measured by

quantitative real-time PCR (n=3; values are me&D}. ** p-value < 0.01
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Figure 3.9 WFS1 Regulates ATF6 Protein in Neuronal CellfNeuro2A cells were either mock transfected or
transfected with a WFS1 expression plasmid. Lysates wealyzed by immunoblot (IB) using anti-ATF6, anti-
WES1, anti-IRE1, anti-PERK, anti-ATF4, and anti-actinitaodies (n=3; values are meanSb). The relative
amounts of WFS1 and ATF6 protein were quantified usingg&daoftware. * p-value < 0.05
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Figure 3.10 WFS1 controls ATF6 Protein in a Dose-Dependeiand Proteasome-Dependent Manner. (A)
COS7 cells were transfected with ATF6-HA or ATF6-HAdaWFS1-FLAG at a 1:1 or 1:2 ratio of ATF6:WFSL1.
Whole cell extracts were then subject to immunobB} ¢sing anti-HA, anti-FLAG, and anti-actin antibodies (n=3;
values are mean $D). (B) COS7 cells were transfected with ATF6-HAAGF6-HA and WFS1-FLAG and then
untreated (UT) or treated with the proteasome inhibitorlB®5(20 uM) for 3 hr. Whole cell extracts were then
subject to immunoblot (IB) using anti-HA, anti-FLAG, amdti-actin antibodies (right panel) (n=3). (C) INS1
832/13 cells inducibly expressing WFS1 were treated with 2 pijayeline treatment for 24 hr followed by
MG132 (20 uM) for 3 hr. Lysates were analyzed by IB using a8y anti-ATF6, and anti-actin antibodies (n=3;
values are mean $D). Image J software was used to quantify relative ate@miATF6 protein.
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Figure 3.11 Wolfram Syndrome Disease-Causing Mutant WFS1 Variants®Not Regulate ATF6 Protein.(A)
Total cell lysates were prepared from mogseell lines, MING, stably transduced with a retrovirugressing

ShRNA against mouse WFS1 and either mock transfect&é@nafected with WT WFS1-Flag or the mutant variants

P724L WFS1-Flag, and G695V WFS1-Flag. Lysates were then analgregl anti-ATF6, anti-Flag, anti-WFS1,

and anti-actin antibodies (n=3). (B) WT WFS1 or a diseassing mutant variant, P724L WFS1, expression was
induced in INS1 832/13 cell lines with 2 puM doxycycline (24. ANhole cell lysates were prepared and
immunoblotted (IB) with anti-ATF6, anti-WFS1, and anti-acantibodies (n=3). (C) Lysates from parental
Neuro2A cells and cells stably expressing WT WFS1 or theamh variant G695V WFS1 were analyzed by IB

using anti-ATF6, anti-FLAG, anti-WFS1, and anti-actin antibedie=3).
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Figure 3.12 WFS1 Enhances ATF6 Degradatior(A) MIN6 cells stably expressing shRNA to GFP(contral)

shRNA to WFS1 (shWFS1) were treated with 40 uM cyclohédarfCX) for 0, 2, and 4 hr. Total cell lysates were
analyzed using an anti-ATF6 antibody (n=3; values aranmeSD). (B) INS1 832/13 cells expressing GFP
(control) or WFS1 were treated with 40 uM cyclohexami¥)(for 0, 2, and 6 hr. Total cell lysates were analyzed

using an anti-ATF6 antibody (n=3; values are meaBD}). The relative amount of ATF6 protein was quantified
using ImageJ software.
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Figure 3.13 WFS1 Specifically Degrades ATFGA) COS7 cells were transfected with T&RA or TCRu-HA
and WFS1-FLAG at a 1:1 or 1:2 ratio of T&GR/FS1. Lysates were then immunoblotted with anti-EAtj-FLAG,
and anti-actin antibodies (n=3). (B) COS7 cells weresfemnted with mutant alpha-1-antitrypsin (NHK3) or NHK3
and WFS1-FLAG at a 1:1 or 1:2 ratio of NHK3:WFS1. Lysatese then immunoblotted with anti-alpha-1-
antitrypsin, anti-FLAG, and anti-actin antibodies (n=3).
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Figure 3.14 WFS1 Enhances ATF6 Ubiquitination.(A) ATF6 was immunoprecipitated (IP) using anti-ATF6
antibody from INS1 832/13 cell lines inducibly expressing Bi®d (treated for 48 hrs with 2 uM doxycycline) and
treated with MG132 (20 pM) for 3 hr. Immunoprecipitates wee:n immunoblotted with anti-ubiquitin and anti-

ATF6 antibodies, and input lysates were blotted with-&ME6, anti-WFS1, and anti-actin antibodies (n=3). (B)
ATF6 was immunoprecipitated, using an anti-ATF6 antibodymftNS1 832/13 cells expressing GFP (control) or
WFS1, then treated with MG132 (0.1 uM) O/N. Immunoprecipitatere then immunaoblotted with anti-ubiquitin

and anti-ATF6 antibodies, and input lysates were blotted amti-ATF6, anti-WFS1, and anti-actin antibodies
(n=3).



85

enhancement of ATF6 ubiquitination (Figure 3.14B). In WFS1méuse pancreata, ATF6
protein expression was strikingly higher than in cdnlittermate pancreata (Figure 3.15A),
indicating that WFS1 functions in ATF6 protein expresdioivivo. In samples from patients
with WFES1 mutations, there was a higher expressionl@iédprotein, as compared with control
samples (Figure 3.15B). Together, these results indibateWFS1 is important for regulating
ATF6 protein expression. Thus, when WFS1 is not presbate is increased expression of

ATF6 protein and hyperactivation of its downstream effiecto

These data raised the possibility that WFS1 is recquNF6 to the proteasome for its
degradation. As we predicted, WFS1 formed a complex Wwélptoteasome (Figure 3.16A), and
when glycerol-gradient fractionation was performed ER-isolated lysates, the proteasome,
ATF6, and WFS1 co-migrated in the same high-moleculaghvdractions (Figure 3.16B) and a

complex between them was formed (Figure 3.16C).

WEFS1 stabilizes HRD1, a novel E3 ligase for ATF6

Based on a homology search (http://www.genome.ad.jp/ketliys¥VFS1 has a very

distant homology to an integral membrane protein @ BR, SEL1/HRD3, which has an
important function in 3-hydroxy-3-methylglutaryl-CoA reducta@¢MGR) degradatioti®?.
SEL1/HRD3 has been shown to interact with and stabtle E3 ligase HRBY®), raising the
possibility that WFS1 could also interact with HRD1. liedeWFS1 and HRD1 form a complex
(Figure 3.17A). WFS1 also plays a role in stabilizing HRD1 gmotin cells expressing
shWFS1, there was suppression in HRD1 protein expression éFgju7B-C). In WFS1-/-

mouse pancreata, HRD1 expression was undetectable (Figure,3m8la in patient samples


http://www.genome.ad.jp/kegg/ssdb/
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Figure 3.15 WFS1 Regulates ATF6n Vivo. (A) WFS1 -/- and wildtype littermate mouse pancreata \&aedyzed
by immunihistochemistry using anti-ATF6 and anti-insimibodies (n=3). (B) Lysates from Wolfram syndrome
patient (ins483fs/ter544 and del508YVYLL) lymphoblasts and cbirtdividuals were immunaoblotted with anti-
ATF6, anti-WFS1, and anti-actin antibodies (n=3).
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Figure 3.16 WFS1 Forms a Complex with ATF6 and the Proteasom@) WFS1 was immunoprecipitated from
INS1 832/13 cells using an anti-WFSL1 specific antibody. Immretipitates were immunoblotted (IB) with anti-
alpha 5 20S proteasome and anti-WFS1 antibodies (n=3). (B)eVdkll lysates or ER-isolated lysates of INS1
832/13 cells were subject to immunoblot using anti-CREfi;actin, and anti-PDI antibodies (upper panel). ER-
isolated lysates of INS1 832/13 cells were subject to &maation using a 10-40% glycerol gradient. Fractions were
analyzed by immunoblot using anti-alpha 5 20s proteosomeA®R6, and anti-WFS1 antibodies (lower panel)
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(n=3). (C) WFS1 was immunoprecipitated (IP) from a mextof fractions 10-11 using an anti-WFS1 antibody and
IP products subject to immunoblot analysis using antiealph20s proteosome, anti-ATF6, and anti-WFS1
antibodies (left panel). ATF6 was immunoprecipitatednfra mixture of fractions 9 and 12, and IP products
analyzed by immunoblot with anti-alpha 5 20s proteosamaeaati-ATF6 (right panel) (n=3).
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Figure 3.17 WFSL1 Interacts with and Stabilizes the E3 LigasdRD1. (A) Hrd1 was immunoprecipitated (IP)
from INS1 832/13 cells and immunoprecipitates were sulbgeanmunoblot (IB) analysis using anti-WFS1 and
anti-Hrd1 antibodies (n=3). (B) Total lysates from INSI2A3 cells inducibly expressing shWFS1 (treated with
doxycycline (2 uM) for 48 hrs) were analyzed by IB using-#fS1, anti-Hrd1, and anti-actin antibodies (n=3;
values are mean $D). (C) MING cells stably expressing shRNA to GFP{oal) or shRNA to WFS1 (shwWFS1)
were treated with 40M cyclohexamide (CX) or 0, 0.5, 1, and 2 hr. Total lysatere analyzed using an anti-Hrd1
antibody (n=3; values are mearsb). The relative amount of HRD1 protein was quantifiedgibnageJ software.
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Figure 3.18 WFS1 Stabilizes HRD1n Vivo. (A) WFS1 -/- and wildtype littermate mouse pancreateevemalyzed
by immunohistochemistry using anti-Hrd1 and anti-insafitibodies (n=3). (B) Lymphoblast lysates from Wolfram
syndrome patients (ins483fs/ter544 and del508YVYLL) and comdoliduals were immunoblotted (IB) with anti-
Hrd1 and anti-actin antibodies (n=3).
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with Wolfram syndrome, there was less HRD1 protein egmwascompared to control samples
(Figure 3.18B). HRD1 expression did not affect WFS1 protepression (Figure 3.19). These

results demonstrate that WFS1 stabilizes and enhancésithi®n of the E3 ligase HRD1.

Based on the ability of WFS1 to regulate ATF6 protein, &l was its function in
stabilizing HRD1, it followed that WFS1 may be recruith@F6 to HRD1, and that ATF6 is a
substrate of HRDL1. In glycerol-gradient fractionatiaperiments of ER-isolated lysates, HRD1,
ATF6, and WFS1 were found to form a complex (Figure 3.20/DH suppression in cells
enhanced ATF6 protein stability (Figure 3.20B), while overexprassd HRD1 enhanced ATF6
protein degradation (Figure 3.20C). HRD1 also enhanced ATF6 ubmpiotn (Figure 3.21A),
while the lack of HRD1 decreased ATF6 ubiquitinationg(ffe 3.21B). Collectively, these

results indicate that the WFS1-HRD1 complex enhancdssAibiquitination and degradation.

WEFSL1 protects cells from hyperactivation of the UPR

Based on evidence that WFS1 regulates ATF6 in an ER -skependent manner, it
follows that in Wolfram syndrome, in which there idaak of functional WFS1 proteiri-cell
death is due to a hyperactivation of the UPR through the6Ad¥hway. Indeed, pancreafic
cells expressing shWFS1 are significantly more susceptiblER-stress mediated apoptosis
from palmitate treatment compared to control cellgyfe 3.22). Together, the data in this
chapter indicate that WFS1 is important for regulating-8protein expression. When WFS1 is
not present, there is increased expression of ATF6 prdtgperactivation of its downstream

effectors, and enhancement of ER stress-mediated agoptos
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Figure 3.19 HRD1 Does Not Regulate WFS1 Proteif@A) MING6 cells were mock transfected or transfectedwit
Hrd1-Myc expression plasmid and lysates were subject tify anti-WFS1, anti-Hrd1, anti-c-Myc, and anti-actin
antibodies (n=3). (B) INS1 832/13 cells were mock transfeor transfected with a Hrd1-Myc expression plasmid
and lysates were subject to IB using anti-WFS1, anti-Hadti;c-Myc, and anti-actin antibodies (n=3).
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Figure 3.20 HRD1 is an E3 Ligase for ATF6(A) ER-isolated lysates of INS1 832/13 cells were subject t

fractionation using a 10-40% glycerol gradient. Fractionsevanalyzed by immunoblot using anti-Hrdl, anti-
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ATF6, and anti-WFS1 antibodies (upper panel). Hrd1 was immudgpfeted from fraction 13, and IP products
analyzed by immunoblot with anti-Hrd1l and anti-ATF6 antibed{lower panel) (n=3). (B) MING6 cells stably
expressing shRNA to GFP (control) or shRNA to HRD1 [RbH) were treated with 40M cyclohexamide (CX)
for 0, 4, and 6 hr. Total lysates were analyzed usingnéipATF6 antibody (n=3). The relative amount of ATF6
protein was quantified using ImageJ software. (C) ATF$ iwanunoprecipitated (IP) using an anti-ATF6 antibody
from MING6 cells stably expressing shGFP (control) or RBH and treated with MG132 (20 pM) for 3 hr.
Immuoprecipitates were then immunoblotted with anti-ubiquand anti-ATF6 antibodies, and input lysates were

blotted with anti-Hrd1, anti-ATF6, and anti-actin antibodi@s3).
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Figure 3.21 HRD1 Enhances ATF6 Degradation Through its Interactn with WFS1. (A) COS7 cells
transfected with ATF6-HA expression plasmid (control) di=8-HA together with Hrd1-myc expression plasmids
(Hrd1) were treated with 4QM cyclohexamide for O hr, 4hr, and 6 hr. Whole cell lysateere subject to
immunoblot (IB) with an anti-HA antibody (n=3). Thelagve amounts of HRD1 and ATF6 proteins were
guantified using ImageJ software. (B) ATF6 was immunopreded (IP) using an anti-ATF6 antibody from INS1
832/13 cells either mock transfected (control) or tramsfewith a Hrd1-Myc expression plasmid and treated with
MG132 (20 puM) for 3 hr. Immuoprecipitates were then immurttddo with anti-ubiquitin and anti-ATF6
antibodies, and input lysates were blotted with anti-AE#fi-c-Myc, and anti-actin antibodies (n=3).
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Figure 3.22 Suppression of WFS1 Enhances Free Fatty Acid-lnded Apoptosis.INS1 832/13 cells inducibly
expressing shWFS1 (treated with doxycycline (2 pM) for 48 \wesg treated with palmitate (3@/ml) for 24 hr.
Cells were then stained Annexin V-PE followed by FACS aisin=3).
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DISCUSSION

In this chapter, evidence was provided that WFS1 plays @&atrote in regulating ATF6
transcriptional activity through the HRD1-mediated ubiqutiora and proteasome-mediated
degradation of ATF6 protein. Based upon the data provided, we prapgmthway for a
negative-feedback regulation of ER stress signalingor&tby WFS1 (Figure 3.23). Under non-
ER stress conditions, WFS1 prevents premature activaticER stress signaling through the
ATF6 pathway by recruiting it to HRD1 and the proteasooneubiquitin-mediated degradation
(Figure 3.23, upper panel). When stress is applied to thesitR, as through the chemical ER
stress inducer DTT, ATF6 is released from WFSL1. Itentleleased from the ER membrane and
translocates to the nucleus where it upregulates ssigaaling targets (Figure 3.23, lower
panel). While the concept of protein degradation-mediatettraloof signaling has been
established, for example the activation of the famedxBIFtranscription factor through

degradation of its inhibitoB™"?), it is a novel mechanism in the ER stress signalingomt

ER stress is caused by both physiological and pathologfitauli that can lead to the
accumulation of unfolded and misfolded proteins in the ERdpatysiological stimuli include
viral infection and mutations that impair client protedﬂdfng(m). Physiological ER stress can
be caused by a large biosynthetic load placed on thefdtRgxample, during postprandial
stimulation of proinsulin biosynthesis in pancreaicells. This stimulation leads to the
activation of ER stress signaling and enhancement uﬁn'nsynthesi‘é’o). Under physiological
ER stress conditions, activation of ER stress signafingst be tightly regulated because
hyperactivation or chronic activation of this signalingthpeay can cause cell death. For
example, when eukaryotic translation initiation fac2a (elF2x), a downstream component of

ER stress signaling, is hyperphosphorylated by the comp@luorsal in pancreatip-cells, the



98

peoatre i}

Figure 3.23 WFS1 Negatively Regulates the UPR Through ATF6 Prablysis.WFS1 controls steady-state levels
of ATF6 protein and actvation. Under non-ER stress camdif WFS1 recruits the ER transcription factor AT&6
the E3 ligase HRD1. HRD1 marks ATF6 with ubiquitin for pasi@mal degradation (upper panel). Under ER stress
conditions, ATF6 dissociates from WFS1, undergoes pratisolyand its soluble amino-portion (p60 ATF6)
translocates to the nucleus where it upregulates E§sstiget genes such as BiP, CHOP, and XBP1 (lower)panel
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result is the induction of apoptosis in these E&llsOur results show that WFS1 has an
important function in the tight regulation of ER stregmaling through its interaction with a key
transcription factor, ATF6, thereby protecting cellavirthe damaging effects of hyperactivation
of this signaling pathway; hyperactivation of ATF6 cardléa CHOP-induced apoptosis, as this

pro-apoptotic component of the UPR is a downstream tafget F6.

WEFSL1 is highly expressed in pancrediicells which are specialized for the production
and regulated secretion of insulin to control blood gludesels. Inf3-cells, ER stress signaling
needs to be tightly regulated for adaptation to thguieat fluctuations of blood glucose levels
and to produce the proper amount of insulin in response gontled for £°'°”) Higher
expression of WFES1 id-cells, therefore, prevents hyperactivation of ERssti@gnaling in these
cells which are particularly sensitive to disruption & Bomeostasis and dysregulation of the
UPR. Therefore, WFS1 has a role in protecfincells from premature death by acting as an ER

stress signaling suppressor.

Mutations in the WFS1 gene cause Wolfram syndrome, a geoetn of diabetes and
neurodegeneration. It has been proposed that a high et stress causdscell death and
neurodegeneration in this disorder. Collectively, ouultesuggest that a loss-of-function of
WFS1 causes the instability of an E3 ligase, HRD1, leadirige upregulation of ATF6 protein
and hyperactivation of ATF6 signaling. Therefore, we mtedhat a loss-of-function or
hypomorphic mutations of the WFS1, HRD1, or ATF6 gene canec&R stress-related
disorders, such as diabetes and neurodegeneration. Indéed, been shown recently that

common variants in WFS1 confer risk of type 2 diali&®snd there is a link between WFS1
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mutations and type 1 diabef€83® It has also been shown that ATF6 polymorphisms and

haplotypes are associated with impaired glucose homeoatastype 2 diabetés’.

ExcessiveB-cell loss is a component of both type 1 and type 2 didb@teherefore
WFS1 may have a key role in the protection of theses ¢edim apoptosis through the tight
regulation of ER stress signaling, thereby suppressindifiiietes phenotype. In addition, about
60% of patients with Wolfram syndrome have some mentstudiance such as severe
depression, psychosis, or organic brain syndrome, asaseiinpulsive verbal and physical
aggressiofi’?. Heterozygotes who do not have Wolfram syndrome ar@@6nfore likely than
non-carriers to have a psychiatric hospitalizdtidh and the relative risk of psychiatric
hospitalization for depression is estimated to be®*)1 Therefore, it is possible that
dysregulation of a negative feedback loop of ER ssgg®mling may have a pathological role in

psychiatric iliness, as well.

While the experiments in this chapter convincingly demotestizat a complex between
HRD1, ATF6, and WFS1 exists, more detailed studies willpbgformed in the future to
illustrate this more directly. For example, it wik lassessed whether or not HRD1 suppression
affects complex formation. In addition, experimeni# lae performed in which the interaction
between ATF6 and HRD1 can be better visualized. In thise,ctreating cells with the
proteasome inhibitor, MG132, would presumably enhance theatien between this E3 ligase
and its substrate. The possibility also exists thataffext that WFS1 expression has on ATF6p
could be due to post-translational modifications (e.gsphbrylation of ATF6). While this seems
unlikely, if this is occurring, the ATF6 antibody used maylonger bind to the modified ATF6.

Simple experiments will be performed using labeled arairids to assess the post-translational
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modifications of ATF6p. To further assess the role ofS&/Fon such modifications, ATF6

antibodies will be developed (e.g. a phospho-specific Adrbody).

From this data, it is evident that WFS1 plays a simitde in mammals, as HRD3 in
yeast, in that it promotes the stability and enhancesattivity of HRD1p. The loss of WFS1,
thus, may have two effects on ER stress: 1.) incrgasirF6 signaling by increasing the pool of
ATF6p and 2.) decreasing HRD1p stability. While the firseafleads to hyperactivation of the
ATF6 pathway, the second effect on HRD1p may independentijribute to ER stress by
promoting the build-up of misfolded proteins in the ER. ddion, it must be noted that the
induction of HRD1 by ER stress coupled by the stabilizing eff€&VFS1 may act as a switch
from the ATF6-mediated branch of the UPR to the IREdnth which acts later in the UPR.

This is achieved through the destruction of ATF6 by a faduS1, which is induced by IRE1.

In this study, we focused on determining the physiolodioaition of WFS1 in ER stress
signaling because of its implication in diabetes and neurodegtgon. WFS1 is a downstream
target of IRE1 and PERK signaling in the UPR, is upregdlateler ER stress, and then acts as a
switch, turning off the ATF6 pathway (Figure 1.12). We preptisat WFS1 has a critical
function in the regulation of ER stress signaling andigmes secretory cells, such as pancreatic
B-cells, from dysfunction and premature death caused byr&gipeation of ER stress signaling
through its interaction with the transcription factofr 6. WFS1 could therefore be a key target
for prevention and/or therapy of ER stress-mediateseages such as diabetes and
neurodegenerative diseases. While this chapter reveateded role for WFS1 in a negative
feedback loop of the UPR through its interaction withFA&Tthe next will demonstrate other

possible roles for WFS1, including maintaining the matunagtatus of the pancreaflecell.
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CHAPTER IV

DISCUSSION AND PERSPECTIVES

Diabetes mellitus is a disease that is reaching epidpraportions, with the predicted
number of affected individuals with type 2 diabetes mewr over 300 million by the year
20259 and its estimated cost in the US reaching over $100 bifsaf?®. A major problem
with current treatments for diabetes is the failurenetlications in the long-term maintenance of
normoglycemia — patients must change medications evé&fyyears and the issue of halting the
progression of the disease has not been adequately seftiress state called “secondary

n(177)

failure . It is therefore critical to understand the pathogeradisis disease.

The progression of diabetes stems from chronic hyperglie which leads t@-cell
dysfunction. This is a state of “glucotoxicity” — pro@ged exposure df-cells to high glucose
concentrations leads to reduced insulin secretion and ggmession due to the decreased
binding of the transcription factors PDX-1 and MafA to ihsulin gene promot&t®. One
mechanism to account for these detrimental effediseigproduction of reactive oxygen species
(ROSY*'" however, chronic hyperglycemia also induces ER &tfessccumulating evidence
suggests that there is a link between ER stresg-aetl function®®®, suggesting that one of the
mechanisms involved ifi-cell dysfunction is defective ER stress signaling orireadequate
UPR response. Indeed, it has been suggeste@l-ttedk failure is initiated by one or more of the
following defects in thep-cell: mitochondrial dysfunction, dysfunction in tigigeride/FFA
cycling, glucolipotoxicity, oxidative stress, and ER stfé¥sIn fact, ER stress and defects in the
UPR have been implicated in both type 1 and type 2 digffef& %% 1% This thesis work was

undertaken to further understand the mechanisms of ER stifg€ell death and dysfunction in
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the progression of diabetes. Knowledge of these mechantould potentially lead to the

development of novel therapies to prevent and thescomplex disease.

The goal of this work was to identify key regulators & PR that may contribute fo
cell death and dysfunction in the progression of disedde.took on studying a rare disease,
Wolfram syndrome, because research in uncommon diseasd®lp lead to answers for more
common diseases. Often, there is a single genetictdefach can allow one to focus on the
function of a protein or gene, and often that gene/praseinvolved in common diseases. An
example of this is retinoblastoma (RB), a rare, jueeditease in which tumors develop from the
immature retina. Here, there is a loss of the Rb dgeme chromosome 1%®. Since this loss is
linked with retinoblastoma, and Rb is found in all celldypstudying the molecular mechanisms
of tumor suppression by Rb has given insight into othemgoof cancer. Thus, Wolfram
syndrome seemed like a great target, as this diseasganswkelective loss @fcells leading to
the primary phenotype of diabetes. At the time tha thesis work was undertaken, indeed it
had been shown that Wolfram syndrome was caused by aionutat a single gene,
WFS1H214) |t had also been determined that WFS1 is an ER tranbra@e proteit?®. This
is when we made the link that WFS1 may have a fundtioBR stress signaling, due to its
subcellular localization, and th@tcell loss in Wolfram syndrome may be ER stress-medliate
Thus we attempted to take an orphaned, neglected diseaselatedit to common forms of

diabetes in which loss @fcell mass via apoptosis also océlr®)

In Chapter II, we presented evidence that WFS1 is indesnponent of the UPR and is
localized specifically to th@-cell of the pancreas. We demonstrated that WFS1 is asiozam

target of IRE1 and PERK signaling, and is upregulated undestiteBs. Suppression of WFSL1 in
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B-cells causes ER stress and cell dysfunction. Thia @ats supported by a study which was
published concomitantly with ours, which showed that nacking WFS1 developed diabetes
and this was attributed to excessive ER stress and ERsstrediated apoptosis in th@i
cells'3), This suggested to us that the pathogenesis of Wolframayednvolves chronic ER
stress and apoptosis in pancredkcells due to a loss-of-function of WFS1. Indeed our data
supports this hypothesis. These findings increased our unaengfasf the link between ER
stress and diabetes, however we did not have a olemht into the precise mechanisms

involved.

In order to understand the precise mechanism of Wolfsardreme and find ways to
relate this to more common forms of diabetes, we sotgletermine the function of WFS1
protein in the UPR. This was challenging, since WFS1 dotkave a distinct homology to any
known proteins. We therefore took the approach of loo&tngteracting partners of WFS1. We
started out determining if WFS1 could form a complex witly of the three master regulators of
the UPR: IRE1, PERK, and ATF6. In Chapter lll, we presgérgvidence of an endogenous
interaction between WFS1 and the master transcriptaotof of the UPR, ATF6. We
hypothesized that this interaction was dependent on thetleBs status of the cell. Our findings
supported this hypothesis and we found that the relatiomshigFS1 and ATF6 is ER stress-
mediated. We determined that WFS1, in fact, regulates6Adietein through the ubiquitin-
proteasome pathway: WFS1 recruits ATF6 to the E3 ligaRD)1H and the proteasome, and
enhances its degradation. This was quite an unexpectedf MES®L in the UPR as a negative
regulator. These findings further supported our observatlmatsWolfram syndrome is an ER
stress-mediated disease, as well as gave us insighthatorecise molecular mechanismpaf

cell loss in the presence of WFS1 dysfunction.
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Collectively, these data support the previous findings ligperactivation of the UPR is
detrimental to the cell — for example, hyperactivatidnlREL1, as measured by its chronic
phoshorylation, leads to cell death via the INK patf¥&3® Hyperactivation of any of the
three major pathways of the UPR, IRE1, PERK, or ATEBnately leads to activation of the
mitochondrial-caspase-3 pathway. With a lack of functi&S1, which occurs in Wolfram
syndrome, the ATF6 pathway becomes hyperactivated. Asiseam cell lines in which WFS1
is suppressed, as well as in WFS1-/- mouse pancreata arichMWa@yndrome patient cells,
ATF6 protein expression is higher, as well as ATF6 taggee expression. This hyperactivation
of the ATF6 pathway may be the primary reason Woells are selectively destroyed in this
disease. This is supported by the data that CHOP, a pptetipopcomponent of ER stress

signaling, is a target of ATES*¢48)

The body of this work demonstrates that there indeex lisk between ER stress and
diabetes, and that WFS1 is an important component dtEeRs signaling in thgcell. We were
then pleased, and not so much surprised, when severahgemole studies were published that
identified WFS1 polymorphisms are associated with an asem risk of type 2 diabet&§3) It
is likely that this is at least partly due to a losgafell function, as these polymorphisms are
associated with a reduction in insulin secréti§h But the question remaineWhy arep-cells
particularly susceptible to hyperactivation of the UfPiRough the WFS1-ATF6 pathwayhere
are several possibilities which exist that could provideegmanation for this. We always get
asked why other secretory cells are not particulargcsdd by ER stress-mediated apoptdsis.
cells should technically be robust cells, as they eneounbre energy fluctuations than other
cells of the body and they are under constant pressupgoduce and secrete insulin. Thus,

through evolution these cells should have developed astef@echanism against such stress.
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However, because of the constant demands of insulisytibesis, this has madgcells
dependent on an efficient UPR. In fact, baseline E&sstlevels are higher in these cells than
other cell€>™® Any additional stress, therefore, applied to thé calises there to be an
imbalance between the homeostatic outputs (e.g. chaperdaetion) and apoptotic outputs

(e.g. INK and CHOP activation) of the UPR. Lack of WE&uses such an imbalance.

Another theory is that there exists WFS1-like molesuh other secretory cells and that
WEFSL1 confers specificity on tiecell. While WFS1 is expressed in other cell types, ltighly
expressed in the pancregticell. Therefore, mutations in WFES1 will primarily ett these cells,
explaining why the first symptom to present in Wolfranmdipme is diabetes. This could be
defined as a cell type-specific ER stress response. €Reteother examples of this. OASIS, for
example, regulates the signaling of the UPR specifidalpstrocyte$’®, and CREBH has been

identified as a hepatocyte-specific UPR transdtfer

While mutations in WFS1 lead to hyperactivation of theFBTpathway, prior to cell
death, B-cell dysfunction also occurs in which there is an impant of stimulus-coupling
insulin secretiofi*”. Our studies also show that WFSL1 is upregulated duringjrirsecretion.
We also demonstrated that WFS1 is a downstream tar¢i@Edf and PERK signaling, both of
which are involved in insulin biosynthesis. Activation oElRenhances insulin biosynthé%tks
while PERK is a negative regulator of this pro&8ssit follows that WFS1 may have an
additional function of regulating insulin biosynthesisl/@n secretion in th@-cell. Interestingly,
activation of ATF6 by ER stress has also been showtetvease insulin gene expres§iin
ATF6 polymorphisms and haplotypes have recently been stmwe associated with impaired

glucose homeostasis and type 2 diabEfesThis raises the possibility that the interaction
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between WFS1 and ATF6 not only functions as a methockdalate the UPR, but also to
regulate insulin: by restricting activation of ATF6 bymating it to the proteasome, WFS1
prevents ATF6-mediated suppression of insulin gene expreddiis1may also in part explain
the association of WFS1 polymorphisms and type 2 diabetege 2 diabetes, there is a classic
decrease in insulin gene expresSfh Thus, there is a possible dual function of the WFS1-

ATF6 complex, which is quite unexpected.

WEFS1 has proven to be quite an interesting proteingeareh. Not only is it a negative
regulator of the UPR, but it is also possibly a regulatansulin biosynthesis. WFS1 may have
several other roles, as well. We have preliminary @dteh suggests that WFS1 may have a
function in the transdifferentiation of ngieells of the pancreas infacells. Based on published
findings, this is not all that far-fetched. Published dathcate that several components of the
UPR play a key role in the development and differéiotiaof various secretory cells from
precursors. IRE1 and its downstream effector, XBP1, egaired for B cell Iymphopoeié’réz'

8) XBP1 has also been shown to be central to theerdiftiation of dendritic ceff§®),
hepatocytd$®®, and exocrine pancreatic acinar ¢&lld PERK, another master regulator of the
UPR, is principal for bone and cartilage developm&ht while activation of the UPR
transcription factor ATF6, is important for myogen€8&i It has also been shown that both
pancreatic acinar cells, as well as duct cells candif@entiate intop-cells****Y) The role of
the UPR inB-cell differentiation and maturation has not beeretgsbut since the UPR has been
established to play a central role in the differentratbd other secretory cells, and npicells
can be transdifferentiated infecells, it follows that components of the UPR mayrb®lved in
the maturation and differentiation @fcells from nong-cell components of the pancreas. We

discovered that WFS1 expression in an acinar cell AR&2J, can induce insulin gene
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expression (Figure 4.1). In addition, long-term suppressiaddFS1 inp-cell cell lines leads to a
change in cell morphology, perhaps indicating a revar a more immature state (Figure 4.2).
Control cells form clusters similar to islets, whdBWFS1 cells grow in a monolayer and lose
this ability to form three-dimensional structures. Téugygests that WFS1 may be involved in
maintaining the mature status of tRecell which is defined as a glucose-responsive, insulin-
producing cell. This data is supported by a study which showerkdlcell morphology and
growth when WFS1 antisense constructs were expressediiMBR11 B-cells**¥.This is quite

an interesting prospect and needs further exploration.

WFS1 may not just be important in the pancregtezll. While it is highly expressed in
these cells, it is also expressed in the Br&in Neurological dysfunction also presents as a
symptom of Wolfram syndrome, however this typically wrscin the second decade of the
disease. The question that needs to be addressshlyisre f-cells the primary cells to be
affected when WFS1 is mutatedifain, if we go back to the concept tiffatells are professional
secretory cells with a critical dependence on the UPRakes sense why there would be a delay
in disease phenotype in neuronal cells. However, it@aom disputed that WFS1 does have an
important function in the brain. Several studies shat/ YMFS1 heterozygotes are more likely to
have psychiatric illness than homozygtég®. Thus, because WFS1 has a function in the
brain, it follows that it may also be implicated irhet neurologic diseases, most of which are
protein misfolding diseases, such as Alzheimer's and sokis. WFS1, therefore, may be
more important than what we originally thought, becauseraing to Dr. Gregory Petsko, we
are now facing an epidemic of neurologic diseases. Taie neason for this is that the age
pyramid is flattening because lifespan has more than dibsbiee 1840 — for ages 6fhe risk

for Alzheimer’s and Parkinson’s increases exponentiByythe year 2050, 32 million people in
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Figure 4.1 Expression of WFS1 in Acinar Cells Leads to Expssion of Insulin mRNA (INS2).Rat acinar cells,
AR42J, were infected with GFP or WFS1 expression leativiectors. The cells were cultured for 7 days in nbrma

media and insulin gene expression then measured by quantidivitme PCR and standardized to actin (n=3;
values are mean $D).
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Figure 4.2 Suppression of WFS1 ifg-cells Changes Cell MorphologyMousep-cells, MING, were infected with
scramble shRNA (left panel) or shRNA directed agaWiBS1 (right panel) lentivirus and cultured for 30 days in
normal media (n=5).
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the US will be over the age of 80 and half of them halve Alzheimer’s. The current cost of
these diseases is over $330 million per §&4rThus, understanding components of the UPR is

critical to approaching this epidemic.

Not only is understanding the mechanisms of the UPR irmpbfor studying protein
misfolding diseases, such as neurodegenerative disordergellags diabetes, but there is
increasing evidence that it may have a substantialinothe pathogenesis of cancer. Cancer
cells, unlike normal cells, display elevated activitytiid anti-apoptotic branch of the UBR.
Tumor cells have elevated levels of BiP, thought to Hefansive strategy for their survitfaf"

7 WFS1 could be considered a member of the anti-apoptatich of the UPR, as suppression
of WFS1 leads to the suppression of several anti-apophatiecules, such as AATR®. Thus,
manipulation of WFS1 expression could be an attractherapeutic modality for cancer

treatment (e.g. suppress WFS1 during chemotherapy).

Collectively, this thesis work suggests that WFS1 magrbattractive therapeutic target
for multiple diseases such as diabetes, cancer, n@ndodegenerative disorders. Based on
evidence presented in this work, WFS1 modulation may a&sodwlution to finding methods of
enhancing pancreatfzcell function, replication, and survival as a treattrfen diabetes. These
data illustrate that, indeed, it is important to notleetgresearching rare diseases, such as
Wolfram syndrome. Our studies have provided insight intonegative regulation of the UPR,
an area of research that has not been well-studiedhave shown that WFS1 is a complex
protein, and much more research needs to be undertakeltytunderstand its multi-functional
mechanisms. One area that would be particularly isiiage to look at is how WFS1 is actually

activated, an area that has elucidated us and others.
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