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Lay Abstract
Diabetic kidneydisease is the leading cause of kidney failure in developed
nations. This progressive disease leads to the loss of kidney function due to an
accumulation of scar proteins in the kidney over time. High glucose is a major factor that
causes this to occur. Olab studies specific kidney cells called mesangial cettsximal
tubule epithelial cellsand fibroblastshat produce scar proteins in the presence of high
glucose. We have shown that when these cells are treated with high glucose, this causes
the moement of a protein called GRP78 that normally resides inside the cell to move to
the cell ds surface where it can interact w
that the proteisalpha 2macroglobulin$é 2 Miynt egr i n b1 (I ntbll) , an
(TSP1)canbind to GRP78 on the cell surfagedcause ceito make scar proteins.
Preventingd 2 M r | from ndling to GRP78r preventing TSP productionprevents
mesrgial cells from making scar proteins when exposed to high glubosemouse
modelthat overproducethese scar proteins, we showed that preventing cell surface
GRP78 and U:2prkventsdareprot@igproduationand is thus novelpotential

treatmenbption for kidney disease.
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Abstract

Diabetickidney diseaséDKD) is the leading cause of end stage renal disease
worldwide and occurs in up to 40% of patients with diab&8tksstandard of care for
DKD treatment hasot kept upwith the current health epidemic, which has led to a heavy
economidoll andsubstantiahedth burden.Targetingeither cell surfacécs\GRP78,
activatedd 2na c r o g | oM*)uol prementing_tizeir interactiomay provide a novel
antifibrotic therapeutidarget for the treatment &KD and potentially noiabetic
chronic kidney diseag€KD) as well Previously our lalhas shown thatG-induced
csGRP78s a mediator of PI3k/Akdignalingand downstrearaxtracellular matrix
(ECM) proteinproductionin glomerular mesangial cel{C). However the ligand
responsible for activatingigh glucose (HG)nducedcsGRP78 had not yet been
determinedWe have shown thus far h a t  &h@olyendusly produced, secreizuak
activated d e n o t eid HGbg MIC, Which leads to its binding to and activation
thereof sGRP78 Further,U 2 hockdown oiJ 2 Mrteutralization attenuatekt
activation the production othe profibrotic cytokine connective growth tissue factor
(CTGF) and ECMroteinsfibronectinand collagen IVWe have also showthatintegrin
b I I n tatvahgmembraneeceptorassociatd with csGRP7&inder HG conditions and
likely acts as a teth@o presentsGRP78 completelgxtracellularlyon MC.
| nt eresti ngl yeyenihthd absenceof H@Eassafficiend to indue
csGRP78 translocatiofurther,n hi bi ti on of either c¢sGRP78 o
synthesis, secretion and signalingaof TGFbD

requiredsignaling partnefor csGRP78mediated profibrotic signaling o further our
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understanding of c¢csGRP78/ U2M*déds role in D
TGFDb1 s thgughits nompgpteolytic activanr thrombospondifl (TSP1)Here

HG-induced TSP1 expressideCM depositonand act i v awasegulatedd TGFb1
by the PI13k/Aktpathwayvia csGRP78 U 2 i MC. Furthermore, wessessed whether

this c¢csGRP78/ U2M* axis is relevant to pro
types including proximal tubule epithelial cells (PTEC) and renaldiitasts (RF)that

contribute to the pathogenesis of blatter stagddKD and nondiabeticCKD. We show
evidenceneret hat HG and di r e c,takey pathaogioregulatorefi t h T GI
kidney fibrosisjnduceGRP78 surfac&ranslocatiores well ashe endogenous production

and activatioro f  thboth PTECandRRE nhi bi ti on of either csG
prevented TGFb1l signal i napwethasadewnstreach EGMs S ma d
production Interestingly, inhiltion of this pathway underdirecGIFb 1 t r eat ment
preventSmad3activation implicating a roldor SmadindependenT GF b1 si gnal i ng
through this axis. We identified thk®own noncanonical G F Bignaling partners/es

associated protein (YAP) amicanscriptional ceactivator with PIZ binding motif (TAZ),

are mediateh y ¢ s GR P 7 8 Lastly, de eVaubted the potential therapeutic

benefitofi nhi bi ti ng c¢s GRP 7 8kKddey ibtosis modeknilaaecat i on i n
ureteral obstruction (UUQO). Here, we show evidence that inbibdf this signaling axis

using an inhibitory peptidean preventenal fibrosisWhetherthis peptide also prevent

fibrosis inDKD is currenly being assessed@ogether, thesstudiesstrongly implicate
targeting cs GRP ass/ndemifibroticrtherapewdicinterventiofor

early and late stage DKD, as well as a potential role irdmaimetic CKD.
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Preface

This i s a fAs anGhapierclhvi@ includeya lgemera ihtredudtioh .
concepts relevant to the overall thesis. Chaj#e3s and4 have been published jpeer
reviewed journals. Chaptéris presented aa manuscript whichs being prepared for
submission in a peegeviewed journalA preface will be found at the beginning of each
chapter to outline the contributions of all authansl the work performedLastly, Chapter
6 will include a general discussion that summarizes and analyzes all data preaented

well asproviding keylimitations and future directions
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1.1 DiabeticKidney Disease

DiabetedVellitus (DM) currentlyaffectsover536 million people worldwide, and
this number iexpectedo increase by 40% (to 783 million)by the year 245 [1].
Peoplewith DM suffer from chronic hyperglycemaue to the inability t@ither produce
insulin oreffectivelyuse insulirnto remove glucose from the blood strediype 1 DM
typically manifests irchildren or young adults whedpy their ability to produce insulin is
compromisediue to an autoimmune response in the body that attacks pancreatic beta
cells[1]. In type 2 DMpatients, hyperglyceraiisthe result ofnsulin resistance
secondary to poor diet andack ofexercise as well as unhealthy lifestyle habits such as
heavysmoking and drinkingHdowever,family history, ethnicityandage have also been
linked to the development of type 2 D¥]. Type 2 DM is the most common form of
diabetes, accounting for up to 90% of all DM patientsThi s di seasesd i ncr
prevalencénas been linked ta rise inurbanizationaccess to unhealthy foqddentary

lifestyle, as well asan aging populationl].

There aremany complications that can arise framtreated or poorlynanaged
DM, including damage to the heart, eyes, kidneys, and ngjvdliabetickidney disease
(DKD) is the leading cause of kidney failure in Canaadi¢h patients sufféng the
highest morbidity and mortality ratesmpared t@nyotherkidney failure patient group
[3]. Anywhere from 2040% of all DM patients will develop DKID4]. This progressive
disease leads reduedkidneyfunctionwhichis clinically defined asn increase in
proteinuriaandalbuminuria as well as a decrease in glomeiffilteation rate (GFR)The

hallmark of established DKD is persistent alouminwnith at least two measurements
2
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over3 months apart-urther the development afharacteristic pathologic changes
including glomerular matrix accumulati@mdthickening of tle glomerular basement
membranemanifest at the onset of DKvith tubulointerstitial fibrosigleveloping in its

later stageb]. The primary pathogenic factor DKD is hyperglycemid3], [5].

1.1.1 Current Treatment and Possible Treatment Directions

Currently there is no treatment that garventthe onset odevelopmenof DKD;
interventions and ¢latmentanat besbnly delaydiseaserogressionThe current
standard of care for DKD patients includésngiently controllingbloodglucoseas well
asblood pressure throughe useof angbtensin converting enzyme (ACHEhibitorsor
angiotensin receptor blockers (AREg)pe | and Il DM)and the use osodiumglucose
transport protein 2SGLT2)inhibitors (type Il DM only)[5],[6]. Howeve, the residual
risksassociated with DKD remain high, andiny of thes@atientswill still reachend
stagerenaldisease (EBD), requiring dialysisand eventually a kidney transplaihhere
are alsesevereadverse effects associated witlanycurrent treatmestwhich limit their
use intheclinic. The currenfack of effective clinical interventionseverely reducgthe
guality of life for DKD patientsyhile alsoplacinga significant economic burden on the
health care industryhus there § a major need tbetter characterizine mechaisms

driving DKD, to identify noveltherapeutic targets falisease intervention
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1.2Kidney Physiologyand Pathophysiology

T h e k $ ndam éugctioris maintaininghomeostasisThroughfiltration,
reabsorption and secretidhe bodycan be ridof excess fluid, waste products, and
harmful toxinsin the form of urinewhile maintaining a needed balancendter, ions,
and electrolyte§7], [8]. The kidneys also play a central roler@gulating blood presserr
(enzymatiaeleaseof renin), pH balancgreabsorption of biaghonate or secretion of
hydrogen ions)red blood cell productiothormonalreleaseof erythropoietinjand
calcium metabolisnthormonal release of caldpl) [8]. Thesefunctionsarefacilitated by
the nephron, the main functional uaftthe kidney[7], [8].

The constituents of the nephron include the renal corpuscle, tubules, and
collecting ducts whickeventuallydrain into theureter to be voided from the bodly].
The renal corpusclavhere blood filtration occurgs made up of the glomerulus and the
surroundingd o wma n 6 s The glpmeulusensists of a network of specialized
capillarieswith fenestrate@&ndothelial wah thatallow for the movement of fluidons or
molecules through these smafieningd8]. Surrounding thisapilary network are
afferent arteriolebringingbloodinto the corpuscle and efferent arterioles leaving this
structurecarryingnow filtered blood8]. Usinga difference in pressure betwebe
arteriolesentering and leaving the glomerulus allows for the passage dfraitiag
waste products to leave the bloodstre@ims preventsheremovalof larger molecules,
such as proteingnd red blood cellsandallowsthem to continue out of the glomerulus
and backinto systemic circulatiofi7]. The glomerur filtration barrieris made up of

three layershat allow for the selectivity of products and fluids that can leave the
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bloodstream baseash charge, shap@and sizeThese three components include the
fenestrated endothelial cett$ capillaries thefinger-like foot processes adpithelial cells
called podocyteand thebasement membraifig], [8]. The basement membrane is mainly
conprised ofextracellular matrix ECM) proteinswhich are produced hyesangial cells
(MC), residents offtemesangium whiclid in supporting glomeralr structure.The
B o wma n 6 s mavesgasméfiltrate, or capsular urindrom thecapillariestowards
the tubulasystemfor furtherprocessing

The tubules of the nephron consist of a proximal and distal component that is
delineated byhedescending and ascendilogp of Henle Here, reabsorption of
particular ions, glucose and watake place before finally reaching the collecting duct
the final drainage system leaditwgthe ureter andut of the kidney8]. A summary of

the general anatomy of a nephron barseen ifrigure 1-1.
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Figure 1-1. General anatomy of the nephron.

The nephron is the functional unit of the kidnBlood enters he Bowmanbdés caps
through theafferent arteriole. Within the capsule, the passing of fluid, ions and other
molecules into the surrounding space occurs through fenestrations in capillary walls.
Filtered blood leavesgia the efferent arteriole. Plasma filtrate then moves into the

proximd convoluted tubulginto the descending loop of Henle, the ascending loop of
Henle and into the distal convoluted tubule. Throughout this system the exchange of ions
such as sodium and chloride as well as the movement of water and glucose occurs. The
resuting filtrate moves into the collecting duehere it is concentrated and becomes the
final product of urine as it moves out of the kidnlesough the uretginot shown)yand

towards the bladder for removal from the bddymodified image taken from
https://courses.lumenlearning.com/swtdwtchessapl/chapter/nephrorsdructure/

(https://creativecommons.org/licenses/by/y.0/
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The earliespathologicindications ofDKD development include marked physical
changes to thglomerularstructurencludingbasement membrane thickeninggsangial
matrix expansionglomerular hypertrophyffacement opodocyte fooprocesssand
functionally, hyperfiltrationfollowed by albuminurig9]. As DKD progressesnesangial
matrix expansiorcontinues followed by tubulointerstitial fibrosiandatrophy of tubular
cells. These pathological effects manifest as a decli@HR andelevaed proteinuria
and blood pressur@&igure 1-2 and 1-3) [9]. Thus, evaluating the role of various kidney
cell types that are involved in both early and later stage DKdD is\portant

consideratiorwheninvestigatingnoveltherapeutiénterventions
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Figure 1-2. Morphological changes of the glomerulus and tubules in DKD.

At the onset of DKD, morphological chaagoccur in the glomerulus including

mesangial matrix expansion, basement membrane thickening, and podocyte foot
effacement. As DKD progresses, further changes can be seen occurring within e tubul
compartmenbf the nejrron where interstitial fibrosis and tubular atroglevelop. These
morphological changes result in the loss of function of the nephron and its ability to filter,
reabsorb andecrete water, ionsr other moleculesJnmodified image taken from

Thomas et al. (201B)0], see Appendix for license
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Diagnosis

Hyperglycemia |
[ Cellular injury Mesangial expansion, glomerulosclerosis, tubulointerstitial fibrosis and inflammation |
[ Microalbuminuria Macroalbuminuria S
GFR High Normal Low ESRD |
I Hypertension |
| Cardiovascular disease, infections, death |
| Kidney complications* |
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Figure 1-3. Typical progression of DKD.

Years since diagnosis is plotted alonghbezontal axisoutlining thetypical onset and
development oDKD. The primary pathologic factor of DKD is hyperglycemibich
induces these morphological changes in the kidDesegasemanifestatiortypically
includeshyperfiltration (measured as ancrease iGFR), glomerulamesangial
expansionand microalbuminuriadAs DKD progresseg)ypertensionglomerulosclerosis
and tubulointerstitial fibrosisccur alongsidéhe recruitment of inflammaty cellsto the
kidney. Here,reduced GFRindmacroalbuminuriare observedAs patients progress
towards end stage kidney disease, their residual risk for cardiovascular and kidney
complications increaseBatients readng end stage kidney diseassjuirekidney
replacement therggs such agslialysis and eventually a kidney transpldsmmodified

image taken froniRadica et al. (201J)1], see Appendix for license




Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

1.2.1 Kidney Fibrosis

One of the majooutcomes 0DKD as well as a strong correlate of its
progressionis the development of kidney fibrogi?], [13]. Here, an overproduction and
accumulation of ECM proteirguch as collagens I, lll and IV as well as fibronectin and
vimentin lead toreplacement of functional tissue wihartissuein glomerular and
tubular compartments, referred to as glomerulosclerosis and tubulointerstitial fibrosis
respectively12]. Thisultimately lead to loss of function of the kidneys a result of
hyperglycemiacontinual activation of resident kidney cdisads tanflammatory cell
recruitment to the kidney as well as #exretion of endogenoudlammatory cytokines,
such as transforming growth factorl  ( T @ bohnective growth tissue factor
(CTGH)[12).TGFb1 i s well k n oole mDKDaandhasbeen pr of i br ot
implicated in several pathogenic signaling pathwagressvarious kidney cell types
relevant to diseas@ncluding mesangial cells (MC), proximal tubule epithelial cells
(PTEC) and renal fibroblasts (RR)]. Previous studies have shown eithagh glucse
(HG) ordirectT GF b 1 t r e aesdie¢hase cebitgpeandpramotedibrotic
phenotyjic changes in the kidnef.hus, i nvestigating potenti al
inhibition across these renal cell typsa® of current interest ievelopingnovel anti

fibrotic interventions for DKD patients.

10
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1.22 Mesangial Cells

Glomerular resident cells known as M@ characterized as specialized
microvascular pericyte.he mesangium, an interstitial space betweapillariesis
home toMC along withendogenously producdtlCM proteing14.Due t o t hi s cel
distinctcontractility andability to respond to stretch, MC proedtructural support for
glomerularcapillary loops produce and regulate thenoverof mesangial matrixand
fine tuneglomerular capillary flow and ultrdfration, thus regulating GFRRL4]. The
predominant ECM proteins found within the mesangium inctadlegens IV and V,
fibronectin,and laminin.The composition and amount of ECM present is tightly
regulated by MChowever cansignificantly be altered in a diseasstate such as DKD

Hyperglycemiain combination withhypertensiorinduced glomerulamechanical
stretch causedVIC to secree growth factorscytokinesand matrix proteinsrhis leads to
MC matrix expansionbasement membrane thickening, anthainitial stagesof DKD,
MC proliferation[14]. The fibrosis that occurs duriidkD may be worsened by the
inflammatory response triggered by the secretion of these growth factors and cytokines
i ncludi ng T GHhRasea andhei€ificé iRvolvement inearlyglomerular
charges during@KD, MC have been #ocal point forinvestigatonto delay the
progression of this diseag@ur lab and others have gained much insight into the
molecular mechanisms involved in MC ECM deposition and its involvemd&ih [3].
However, our lab is expanding our knowledge into RMEC and RF promote
tubulointerstitial fibrosi@ndfurthercontribute to the pathophysiologgen irthe later

stages oDKD.

11
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1.2.3 Proximal Tubule Epithelial Cells and Renal Fibroblasts

PTECare responsible for up to 65% of reabsorption in the tubular compartment of
the kidney. Theyre made up of cuboidal epatial cellsdistinctfrom distal tubules due
to thar apparent brush border tHatilitatesincreased surface area for reabsorpfica].
There are mangleiotropicfunctions ofPTECthat regulate homeostasis in thady.

Some of these includeabsorbing almost all of filtered amino acids, solutessamall
proteins, regulating blood pH through reabsorptionpfo 80% of filteredicarbonate
andregulating glucose metabolism and gluconeogetiesisighreabsoption of filtered
glucos€15].

RF are spindldike mesenchymal cells thate crucial for the production and
regulation of erythropoietin and for normal embryological kidney developfhéht In
addition to tleir homeostatic and developmentales RF also provide structural support
and architecture to the kidney through their regulation of ECM deposittbn an
degradation in the tubulointerstitial kidney compartnj&}. The main ECM proteins
produced and secreted by RF include collagetl and IV, elastin, laminin and
fibronectin[18], [19]. Similar to MC, there is tight regulation ofZ8 production and
degradationn healthy kidneys, but thisilvquickly becomedysregulatedinder
conditions of cell stress, such as chronic hyperglycemia.

In a healthy kidney, PTE are not involved in ECM deposition and proliferation.
However, this cell type is vulnerable to injury fratppoglycemia, hypoxia, proteinuria,
and metabolic dysregulatig@0]. Although PTEC can elicit selepair mechanisms, with

ongoing injurysuch ashronic hyperglycemia in DKDiwbules will dedifferentiate to a

12
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secretoryprofibrotic, and proinflammatorphenotypd16], [21]. This typically leads to
the recruitment of inflammatory cells in the kidney, as well as the activatiosanbyRF
into myofibroblastspotentiatinga profibrotic and secretorgnvironment in the
surrounding tubulointetsium (Figure 1-4) [21]. Myofibroblasts are not found under
physiologic conditions and are thus indicatiteoa di seased st at-e
smooth muscl §8].aace dediffefetdig&ed Mip this secretory phenatype
both PTEC and RRlthough predominantlgnyofibroblasts are responsible for the
overproduction and accumulation of ECM proteins within the tubulointiafsti
compartment of the kidnedoth PTEC and RF seceagrowth factors, cytokines and
ECM thatpotentiatethis phenotpic changeleading to the development of
tubulointerstitial fibrosisThis axis is typically seen in later stages of DKIddhas been
correlated to kidney function declifiz2]. Thus, both PTEC and RF play a vital role in
the progression of DKD toward&SRD andshould be assesd(in addition to MC)when

evaluating novepotential therapeutic interventions for DKD.

13
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Figure 1-4. Fibrosis of various kidney compartments.

Periodic Acid Schiff (PAS) staining orehlthy kidney cortex (left) and fibrosed kidney
cortex (right),illustratingthe development ajlomerulosclerosigubulointerstitial
fibrosisand tubular atrophin diseased tissue (scale bepresents 100um). Unmodified

image taken fronbjudjaj and Boor (2019)6], see Appendix for license
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1.3 Transforming Growth Factor bl (TGFb1l)

The highly pleiotropic molecules of the
inhibins, bone morphogenic proteins, growth differentiatiotofacglial-derived
neurotropic factors and Thesemblecules are@respangibee T GF
for modulating important biological processes includietj growth, differentiation,
adhesion, proliferationpflammation tissue repairfibrosis, morphogenesis, and
apoptosig23]i[28]. Oft h e  SuBfenfily, three merhers are founchimammals,
namel y -3TTGHBOIL i s by far t he ismudsgenowslp undant i
produced by all resident renal cell tyg29].

After its synthesi s, Ttakdgdresiastivagotocr et e d
allow for interaction with its cell surface receptto<licit intracellular signaling
pat hways. TGFDb 1 carpaical osnongam@nicgdathvaaysbepegding on
the receptosites that are beinghosphoriated[29], [30]. Canonicallyact i vat ed T GFI
bi nds t agecaptordl (BRIG wiich causes theecruitmentot he TGFb r ecep
( T b,Rokalizing these two receptors to the sarakksurfacea r e a . thehb R |
phosphoryl at e s.Caaetothaecdptors laave deen activdRed, this
receptofligand complex is then endocytosed into the whlich promotes its association
with and phosphorylation of themall mothers against decapentaplegic (Smad) proteins,

Smad2 and Smad29], [31], [32] The now activated SmatRcomplexdissociates from
itsbi ndi ng si t e saoligomerik tomplax dith Sroad#his facilitates
the translocation of Smad?2/3fto the nucleusvhere they can nowteract with other

co-activators or repressors addve the transcription o6madresponsive gendgigure

15
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1-51[29],[31],[32J TGFb1 can al so signal -imdependennhnoni c al
pathways such gs38,extracellular regulated kinase (ERK)itogen activategrotein
kinase (MAPK) P13k, Junkinase, RheGTPases, integrin linked kinasgsK) , and
Hippo (YAP/TAZ) [30], [33].
1.3.1 TGFb1l and DKD
Throughboti t s canonical and noncanonical si
stronglyimplicated inthe pathogenesis of renal fibrosis through its ahittincrease the
production of ECM protein such as fibronectin, laminin and collagens | andkebrease
ECM degadation,and promotehe transition to anoresecretory and profibrotic
phenotypen many kidney cell typeshus potentiating the overproduction of EQ28],
[29], [30], [34]i[37]. Clearly, TG 1 p | ay s inaenalfibrogernesighus making
it an attractive target for therapeutic interveniioidKD andCKD.
Severakt udi es have ®mhbdionmas effecive tharap&ubcl
potentialas an antfibrotic. Using variousagents uch as TGFb1l newutraldi
anti sense TGFb oligodeoxynucl eotides, solu
TbhbR ki nas e samelibratdnl acoosveral kidaey disease modg9].
However,when studies moved inminical trialsi n hi bi t i aidnobprodu€eGF b 1
the same effect©ne trialshowed that treatment with thati-fibrotic agent Pirfenidone,
shown in part to funct i omprovedalbuminbriabut s att e
had no effect oeGFR Further, this study observed severe siffects in treatment
groups that led to high drop out rates in this sfi3@y. Anotherclinical studyassessed

the efficacy otheneut r al i zi ng alky2383G7Q dhystriblwvas T GF b 1

16
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terminated earlylue tolimited beneficial effects. Furtheffectivedosingwaslimited by

previous dose response studiest identified the tolerated dose of this antibf@8]. Due

to its pleiotropicnatureJ i r ect i nhi bi ti onThodinditeGdnd 1 i s no't
diseasespecificme t h o d s attenuafida Ehat allow for its homeostatic functions to

remain intactare of current interest arderapeutic value.

17
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Figure 1-5. Canoni cal TGFb1l signaling pathway.
After its activation, th@émhbhchi vdds etso TibtRsd &

thisreceptod i gand compl exds i nt erlatrh,iSoad2/3aret h  Sma
phosphorylatedresulting in their compleformationwith Smad4 This resulting complex

then translocates to the nucleudsere it carbind target genes and induce their

transcription. Unmodified image taken frdau et al. (202(QB5]

(https://creativecommons.org/licenses/by/y.0/
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1.478 kDaGlucoseRegulatedProtein ((RP78 andER Stress

78 kDa glucose regulated proté{BRP78)is commonly described aschaperone
protein in the endoplasmic reticulum (ER) thasists in the prop@roteinfolding and
degradation ofmproperly folded proteingt0], [41]. This function of GRP78 is required
to maintainproteinhomeostasiwithin the cell If ER homestasis is perturbe&R stress
results This typicallyleadsto a build up of unfolde@dr misfoldedproteins withinthe ER,
which leads to theactivation ofa repair mechanism calléde unfolded protein response
(UPR)[40]. During times of stress, cells initiate the UPR to try to return to homeostasis.
To overcome this ER streddPR activatiorwill terminag protein translationincreag
misfolded or unfoldegrotein degradatioand removal from the celandpromot proper
protein folding througlincreasedsRP78expressionn the ER[40]i [42]. There ardhree
ER transmembranproteins with which GRP7@iteractsthus regulating the UPR. These
proteins includénositolrequiring kinasd (IRE1), activating transcription factor 6
(ATF6) and PKRIike eukaryotid ni t i at i on f ac.tToinitiat2 the UPR,nas e (
GRP78 dissociates from these three proteins under conditions of ERwstriess
activategher signaling pathwayp10], [41]. If the cell stresgannot be overcontgy this
repairmechanismapoptotic pathwaywill be initiatedalso through the UPRI1].

Atypical localizations ofsRP78have been suggested to play an important role in
the pathogenesis of several diseases. The cell surface presentation of(GFHRIS78)
hasbeen shown toccuron tumour cellsvherebycsGRP7&anact as aeceptomwhich
initiates pro-survivalandantiap@ototic signalingthuscontributing to thenmalignancyof

seeral cances includingpancreatic, colorectal, breast, prostate and leukpt8]a49].
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csGRP78&as been implicated in varioagnalingpathwayslepending omhe cell type
expressingsSGRP78 where the activatinggandbinds(N- vs Gterminal)andthe
stimulus whichcausedts cell surfacdranslocabn [50]. Pathwaysthat are mediated by
csGRP78nclude RAS/MAPK, PI3K/Akt, and-MYC andimplicatethi s r ecept or 6 s
involvementin the proliferative and antipoptotic phenotype of many cancer cells
Localization of GRP78 to the cell surface has Heether implicatedn non
cancer pathologies-or examplegsGRP78 has been shown to act as a rectgtoell
internalization of viuses includingCoxsackie virus, dengue virus, Borna disease yirus
hepatitis BEvirus, Japanese encephalitis virus, human papillomavirsbusu virusand
Measles wvius (Figure 1-6) [51]i[58]. Here, csGRP78 allows for viral entry into cells and
ER-residing GRP78 allows for viral propagation and proliferafs$]. Increasing
literaturehas implicated aole for csGRP7&s a receptor for its own autoantibodies,
whereby their production occurs @s autoimmune response elicitafter extracellular
exposure of GRP7®tthe immune systen&RP78 autoantibodies have been identified
patient serum fromseveral malignancies such as rheumatoid arthritis, atherosclerosis
type 1 diabetesandprostate, gstric and ovarian cancf@0]i [64]. These autoantibodies
have beeshown to be specific to the-tdrminal region on csGRP78 where their binding
promotes tumour cell proliferation in cancer, acceleratafratherosclerotic lesion
growth and the pathogenesi$ rheumatoid arthriti$Figure 1-6) [59]. Patient samples
from immunemediated neurological disorders suchrastiple sclerosis, neuromyelitis
opticg andneuropsychiatric systemic lupus erytheéosais indicate an increase in GRP78

autoantibody productiofp5]. Overall csGRP78 presentation has namely been identified

20
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in pathologic settingand is not found on the cell surface of healthy ctllssmaking it

an attractive target for therapeutic intervention.

1.4.1 GRP78 Translocation to the Cell Surface
Theexacp at hway of GRP7 8 6csll strfaca khedglt tobet i on t o
regulaed byits ERretention sequenc&DEL [50]. This tetrapeptidesequencgound at
the Gterminus ofGRP78 interacs with and retains GRP78 locally withthe ER
preventing this proteil@novement to other areas of the cell or the cell surtebD&L
deletion has beeshown tofacilitate thecell surfaceranslocation oGRP78[50]. More
recently themechanism behind GRP78 csllrfacetranslocation hadeenshown to
involve modificationsto or a losghereof the GRP78 KDEL sequengerevening its
interaction with the ER KDEL receptard allowing forGRP7® eell surface
translocabn [50].
To facilitate GRP786s t rlsurasel cachapdroneon f r o
proteins such as DNAlke transmembrane protein (MTJ1) and proteirastvated
receptor 4 (Par4) are requirfdD], [66]i [69]. These cachaperones seem to differ
between cell types. Previous studies have shown the importance of MTJ1 for csGRP78
mediated signaling in macrophages while Par4 was relevant in prostate cancer and
trophoblastic cell§66], [68], [69] Thus,different chaperones that facilits®RP78
translocation to the cell surface may be cell and stimulus dependent.
Interestingly csGRP78 has been showmtesentwith all regions exposed at the
cell surfacg67]. This allows forligandbindingatvarious areas of the exposed csG&P7

this howeveris dominated by Nand Gterminus specifitigand binding which is able to
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activate distinct signaling pathways based on the terminus and ligasided (Figure 1-
6) [50], [67]. GRP78 contains both an AT#nding domair(for catalytic activity in
protein folding) and a substralending domain (required for its interaction with other
proteins)(Figure 1-7). In a study byTsai et al., the substrabending domain was shown
to becriticalf or GRP7806s | oc afaceizmpli ionationg h@eRE28 b s
interaction with other proteirts remain at the cell surfa¢@7]. Thus a potential ce
receptor that tethersGRP78 must be required for itgracellular signaling67], [70].
This requires further elucidation.

Previously, our lab has shown th#6 induceghetranslocation oGRP78to the
surface of MCOnce presented at tearface, csGRP7@®ediates HAnduced PI3k/Akt
signaling and downstream ECM product{@d]. We also showed th#he transmembrane
protein integr i Andlicdd, csGRRVEIE, suggedtisits poterttidl rolél G
as a tdter forthis completely extracellulareceptor However, the ligand which activates
csGRP78 to potentiatts profibrotic signalingabilities has not yet been identified.
Further, as PI3k/Aksignalinghas been shown tegulae T GF b 1 i [F2]i [D4K D
whet her ¢csGRP78 is medi at ithrogghthiS§pathday pr oduct
requires further assessmeniwus, better defining the molecular mecharssywhich

csGRP78 promotes fibrogenesidl be the focus of my thesis.
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EXTRACELLULAR
COMPARTMENT

Legend:

CYTOSOL Cank o7 Gl Caspose8/7/3
Figure 1-6. Signaling pathways mediated by cell surface GRP78.
csGRP78 has various ligands that can cause its activation and promote intracellular
signaling. Some of these ligands includeadherin, CRIPTO, alphardacroglobulin,
Par4, Kringle 5, various viruseGRP78a ut oant i bodi es, -synutleimgr i n b
Binding of different ligands promotes distinct signaling pathways through csGRP78 that
can be proliferative or prapoptotic depending on the terminus of GRP78 being bound.
Unmodified image taken from Hernandez and Cohen (202R)

(https://creavecommons.org/licenses/nc-nd/4.0).
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78 kDa
45 kDa 25 kDa
N-term NBD ! SBD g | C-term
ATPase activity Interaction
Ca?* binding sites with proteins

Figure 1-7. Structure of GRP78.
GRP78 is a 78kDa protein that primarily consists of an-Aiffling domain and a

substratebinding domain. The ER retention sequence KDHbuismd on the @erminus
of this protein. Unmodified image taken from Hernandez and Cohen (26R2)

(https://creativecommons.org/licensestimynd/4.0j).
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1.5alpha2-macr ogl obul i n (U2M)

Canonically, he pan protease inhibitalpha2-macroglobulin( U 2, kBN bind to
and inhibit a wide range of proteinases found in the bloodstream and allow for their quick
clearance from systemic circulatiorhis antiproteinases produced by many cell types
althoudh it is predominantly made in the liver U2 M i eslpraiein suel can betfound
in plasma at a concentration 6bJuM [76], [77]. Four identical subunitsomprise the
struct ur e atotédl mol@uir weight ohabout PRDa[78]. Each subunit of
U 2 Nbntains aspecific25amino acid sequence termed the bait region. Heoteinase
can interact witte a ¢ h s u b uandcleavethit redib?; Mhen all four subunits are
cleaveda conformational changeccurs,and tre proteinasebecomesnrapped in this
complex.This conformational changexposeseceptor recognition siteébatallow its
interacton with other proteins and ligandBigure 1-8) [77], [78]. This resultant complex
is considered the naoctteidv alt2eMt .f ofrhne ocfo nlf 20M, madt
causes this protein to move faster through adwmatured electrophoretic gel, giving it
the titl e fFgars19). This active &f 2adl form has been implicated in

various pathogenic signaling cascades as discussed [@alhyr 9], [80].
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A2M A2M* protease-A2M*
protease

W

bait —>
regions —

M

RBDs
Figure 1-8. Conformational change of alpha 2macroglobulin.

Upon protease cl eavage of ,acbhnéformatenaltchangegi on
occurs which 1) causes the entrapment of proteasssch subuniand 2) reveals

receptorbinding domais on this protein that allows for its interaction with cell surface
receptorsnmodified image taken frodMandooren and Itoh (202811 ]

(https://creativecommons.org/licenses/by/i.0/
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Slow-migrating form > ‘ '

u <«— Fast-migrating form

Figure 1-9. Comparison of native and activatedfast-form) U 2 M
Using rate electrophoresigyie 1 shows a sample of natb M compar ed to | a
activated or fastemigratingU2 M r unni ng Ufmodifiedgrhagettdken frame |

Birkenmeier et al. (200692], see Appendix for license
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151U2M and csGRP78

Cell surface GRP78 has beemell-characterizeas a receptdior U 2 M47], [80],
[83], [84]. U 2 Mbindsto the Nterminal domain bcsGRP78vhichinitiatessignaling
pathwayghatpromot cell proliferation and survivah cancer cellsSome of these
signalingcascades includbe ERK1/2, p38 MAPK, PI3KAkt, and NFkB pathways
which have beelimplicated inthe pathogenesis chncer and othatisease$47], [50].
Al t h o u g halstJalsto bindsis clearance receptahelow density lipoprotein
receptoflike protein(LRP1)(Kd ~40pM- 2nM), its binding affinity for csGRP78&
much higher in comparisqiKd ~ 150pM) and is the focus of cancandatherosclersis

investigation77],[85],[86].

15202 M akbd D

Increased expression & 2 M h a showm englomeruli, serum, and saliva of
diabetic patientf87]i[89]. Some of these studies associ at
poor glycemic control, although a recent stud2019did not detect any relation
bet ween glycemic control or f(howavdrdialaetice on an
did have significantyff her U2M ser um | ev e90FInterastimglyar ed t ¢
this study did find an assoclsaadahigher bet we en
albuminto-creatinine ratio (ACR), a measurement of microalbumin@@h ACR
elevation is characteristic KD progresses, and is ustmestimatehe degreef
albuminuria[91]. Using single cell (sc)RNAequencing datdjenon et al identified
focal segmental glomerular sclerosis (FSGfcifice n d o t h e éxpression U2 M

patterns in the kidney, implicating a potenpathogenigole for this protein in disease
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[92]. Furthermoreg | o me r u traascript le2elvere found to bsignificantly

increased in human biopsy samples from patients KD and also correlated with

poorer prognosif9?]. Togetherthese stugsi mp | i cat e U2M i asodi abet €
in DKD. However, hemolecularmechanism by whick) 2 Nbuld becontributing to the
development oDKD (likely mediatedby its known receptor csGRP7Bas notyetbeen

studied.Thus, the first aim of this thesis willevaluate the role ofHG-induced U 2 M

profibrotic signaling in MC.

1.6Integrirs

Integrins play a critical rolan celFECM interaction whereby the surrounding
ECM environment can impact intracellular signalithgpugh this transmembrane receptor
[93]. Integrins are found as alpha beta heterodimélseach subunit consisting of a
large extracellular ligantinding domaina single transmembra@main,and a small
cytoplasmic tailFigure 1-10). This allows for bidirectional signalingr crosstalk
between ECM proteins and theracellular environmentn humans, there are currently
18 Ueiagmht b i nt e g,withrdiffesentlcambinatioas okthesewubunits
yielding 24 heterodimer pai(Figure 1-11) [94. Each U and @istretubuni t h
extracellular ligand binding domathat contributeto the binding sitef the heterodimer
This allows for differentigand specificitieghat will induce signalingpased on the ligand
that bindsEach integrin pair is proposed to have a speaifitnonredundant function

[94]i [96].
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As mediators of ECMell interactions,ntegrinscan bind various components of
the ECM including fibrinogen, fibronectin, collagens asitdonectin. In addition to their
role as regulators of ECM assembly and produgctidegrins can bind other ligandsch
ashormones, growth factors, other cell sadaeceptors, and virusesich can activate
intracellular signaling pathways wiral internalization97], [98]. Recent studies have
shownthatintegrins exisin three forms at the cell surfg@n inactive bent formna
active low affinity extendedlosed form, and an active high affinity extendagaen form
(Figure 1-12) [99]. This configuration at the surface will determine the inte @a@ffmity
for its affiliated ligands or ECM partner&fter activaion, integrins will cluster together
at the cell surface toromote intracellular signalingndregulatecellular responses to the
surroundingenvironmen{98], [100].

One of thecentralintegrinrmediated intracellular signalingolecules is focal
adhesion kinase (FAKhich has been shown to regulatihesion turnovecytoskeletal
structure cell migrationand proliferationand crosgalk betweergrowth factofsignalng
and integring101]. In response to integrin activation and clustering at the cell surface,
FAK is phosphorylated which reveals binding sttest promo¢ t hi s ki naseds
interaction with other proteinacluding Src family kinases, phosphatidylinositekiBase
(PI3K), Akt, MAP kinases, and Rho GTPa$#82], [103] FAK and itsdownstream

signaling partners have been implicateganiousdiseasesettings
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Figure 1- 10. Structure of Integrins.

Both alpha and beta integrins are comprised of an extracellular dedthilpiecavhere
ligand-binding will occur, a transmembrane domand a small cytoplasmic domain
which facilitates integrinransmembrane signalingnmodified image taken from
Larjava et al(2011]104] (https://us.sagepub.comAeis/nam/preapprovedpermission

requestgournalg.
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Collagen receptors Leukocyte-specific

receptors

@

receptors,” Laminin receptors

Figure 1- 11 Integrin heterodimer binding receptors.

I ntegrin bl has tdfayimegsntsubbnitmakdng mpdhe largestt ner s
subfamily of integrin heterodimer pairs. Unmodified image taken from Hynes (2602)

see Appendix for license
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Outside-in signaling Inside-out signaling
Cell adhesion and migration, ECM
. assembly and remodeling
ngandO ECM
Active Active
(clustcred) (extended)
\
Inactive
PI3K integrin (bent) Talin

B~

|

Cell polarity, survival, and proliferation, cytoskeletal
structure, gene expression

Figure 1- 12 Integrin activation allows for inside-out and outsidein signaling.

Integrin heterodimerare inactive when in their bent confirmatidkctivation of integrins
allows for their interaction with variousndingpartners once tlse ligand binding sites
arerevealed. The activated conformataf integrins can allow for low or high affinity
interactions depending on theentation of théneterodimer pairOnce activated,
integrins can facilitate outsida or insideout signaling that mediate cell survival,
proliferation, migration, invasigmndECM organizationUnmodified image taken from

Gao et al. (2023)05] (https://creativecommons.org/licensesfiiynd/4.0).
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161 I ntb1l and csGRP78

The | argest subfamily of integrin pair:s
subunit. Il ntegrin bl (Intbl) has been i mpl
invasion, angiogenesis and metastasis of many cancers including liver, prostate,
pancreatic, iad breasf105]i [108]. A previous study in colorectal cancer cells showed
c s GRP78 f acmddiatdd &AKesignalingitorgimbte tumour cell migratign
invasion, ad metastasipl5]. This study implicatec s GRP 78 andecdtarsdd 1 as
the cell surfacéhat promote intracellular patlogic signaling. This data also supports a
role for I ntbl, a anmamhancthsigndingpartedorthe cept or ,
completely extracelluldy residing csGRP78However, this mechanism has not been

further studiedand requires elucidation

1.6.2Intb Jand DKD
Integrinsare known for theirole in both renal development and disease by
mediating cellular processes including cell proliferation, migration and syreath
differentiation and ECM assembly and producfi@8], [109]. As a cell surface receptor,
Il ntbl has different binding partners inclu
complex, and ECM residentisrombospondifl, fibronectin, collagen and laminja3].
Binding of thesdigandsto | n telxitfs outsidein signalingthroughFAK, P13k/Akt and
ERK. These signaling pathwagse known t@romotethe overproduction and
accumulation of ECM proteinghich contribute to the fibrotic phenotype seen in DKD

[93].
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I n vari ous r e mpraroted teel pathologicmerprodudtion ofECM
proteins such as fibrongg and collagenV withei t her HG or [1I0BF Db 1
[112]. Further,pharmacological inhibitioor deletiono f | shoivdd protective effects
resulting in alleviated proteinurendglomerulosclerosis as well asduced ECM
productionacrossseverakidney fibrosis model§adenine dietnduced renal injury
model, unilateral ureteral obstructiorode| adriamycinmediated glomerulosclerosis
model, and 5/6 nephrectomyode) [113], [114] Clearly, | playshalole in promoting
kidney fibrosis however the exact mechanism by which it does so has yet to be
determined.

Previously, our labhasshown thatHG-inducedcsGRP78nteracswith | n tob 1
MC and csGRP78 inhibition mediatdownstream FAK/Akt signalingnd ECM
production[71. Thi s dat a i d e n ttial doreeeptofornsGRPIY8 as a
tethering itto the cell surfaceandfacilitating this profibrotic signalingpathway Further
studies have alsmplicatedPI3k/Akt in the production of the weltharacterized
profibroti c [3]y[T2h [Ri5]HeweVeXtepotentialrole of both
csGRP7&ndl n taé phthologic regulateof T G F §ydthesis and signalinthrough
FAK/Akt, has not as yetbeenstudiégdn di rect i nhibition of
mechanism could disrugite development dfidneyfibrosis which would identify a
novelanttfibrotic therapeutic targeh DKD. Thus, this thesis will examine whether
the csGRP781 n t alnidis required for HG-induced T G F pibfibrotic signaling in

MC.
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1.7 Thrombospondifl (TSP1)

TSP1lis an ECMresidingmatricellularproteinthatregulates a multitude of
cellular processes through itgeractonswith components of the ECM as well matrix-
regulating enzymes, growth factpather extracellular moleculesid cell surface
receptorg116]. TSP1 is secreted from cells and deposited intstineundingeCM,
however unlike structurahatrix components, TSPdoes nohave adirect influenceon
architectural integrity of theCM butmodulates this procesisrough celmatrix
interactionsThis homotrimeriglycoprotein connected by disulfide bondsas distinct
binding partners, intermolecular interactipasd functional roledepending on the
structural domaitbeing boundFigure 1-13) [116], [117] Indeed TSP1 is involved in a
multitude of cellular processes suchcai adhesion, cell migration, apoptosis, ECM
organizationand growth factor activityevaluating a potential pathophysiologic role for
TSP1 has been ghrticularinterestin cancerfibrosis, and inflammationwhere many of
thesecellular processeare dysregulatefd 16]i [118].

Previous studies have implicat€8Plasa majorregulator of fibrosishrough its
roleof T G F factivation[117], [119) [121]. T G F b knownarofibrotic cytokineis
secreted in an inactiverfim whereby itis non-covalentlyboundto its latent association
protein (LAP). ThisN-terminal prepeptidedimerblocks the sitdor T G F finteraction
with its cell surface receptgrthus leaving this ligand unable to bind and activate
downstream profibrotic signalif@22], [123] The LARPT GF b1 i s t er med
latent complex, whicls thencovalently linkedt o t h e | dihdengproteihsGF b 1

(LTBP), the large latent complekTBP anchaos this latent complexo the nearby ECM
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through covalenbonds with fibronectin anfibrillin [124]. This facilitates locaand

targetedl GF b 1 a dRigure Bl¥)i Activationo f T @dn loctur through either

proteolytic cleavagérom LAP or a conformational changehi ch reveal s TGFbD.
binding sitesrendering this cytokine capable of signalif@P1 has been shown to

activat e TGF bpfotedlyticrmebtargsim wiaerelnite raceptor binding sites

are revealed without complete dissociation from the latent conip&1 has been

shown to bind both the small 1[a29)d[12llar ge | at
Several studies have identified tiRFK sequence in the secotypbe 1 repeats of TSP1
whichoutcompetetheRKPK s equence camserVe@ Beljubencd LKL oh h e

LAP. LSKL is found on the Nerminus of LAP and iacriticald et er mi nant of T
latency[125]i[128]. A second binding sit e edchofthefy@eFb 1 h a
1 repeats of TSP1. The sequence Wxbivids to the VLAL sequence of both LAP and

theacti ve domain of TGFb1 purpdrtedtsactsagacdockiog b i ndi
site that allowsgorrect orientation ofhe KFRK with theLSKL sequence to facilitate their

binding Further, as this Wxx\Wlikelgtgqplayamleinal so b
the conformati onal c(Rigume @-15)[120h E.25], [420]t | vat es T
Through this mechanism, TSBanr e veal TGFDb1 r e erdpringothis bi ndi n
profibrotic cytokine in its activéorm. Although TSPl isnottheoleact i vat or of T
its ability to do so has been implicated in the patholdgg&regulatiorof ECM

depositionwhich is ofparticularinterest in fibrotic diseas¢$17], [119], [130], [131]
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Figure 1- 13 Thrombospondin-1 structure, major ligands, andfunctions.

The Nterminal domain of TSP1 can interact with integrins prateoglycansType 1

repeats can interact with CD36, nitricoxide (NO)and | at ent TGFb1.

bind toneutrophil elastase and fibrin. Type Il repeats can bind atkegrin
heterodimers and FGFRastly, the Germinal domain of TSP1 canteract with CD47.
Depending on the binding partrfer TSP1, distinceffectssuch as cell migration, ECM
remodeling, coagulation, fibrosis, cell adhesion and apoptoltise elicited
Unmodified image taken from Gutierrez and Gutierrez (2025)

(https://creativecommons.org/licenses/byl4.0
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Figure1-14 Structure of | atent TGFb1l and downstrea

The LTBP is covalently bound to EClgroteins to tether this complex near tresired

site of activation. TheAP-T GF b1 compl ex i sthédlLdBPnAdftercov al ent
eitherpr ot eol ytic cleavage from the LAP or con
recognition sites, TGF MWIhitsreceptoendimgrsiesd 1 n it
revealedT GF b 1 cland toh @ krbceptor type Il which both recruits and causes
theautephosphoryl ati on qprodittgE b er § GEPtLor ecegpeée ol
complex.Here,downstream pathwaysuchas Smad signalin@re activatedUnmodified

image taken frontiromitsu and Hayashi (2012p4]
(https://creativecommons.org/licenses/by/M.0/
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Model of TSP1 interactions with the latent TGF-p
complex that mediate activation

LTBP

LAP LSKL binding
to mature RKPK is
necessary to
maintain latency

TSP1 KRFK competes
with RKPK for LSKL binding
to disrupt RKPK-LSKL interactions
necessary for latency

TSP1 TSRs

Figure1-15. TSP1 interaction with and activation of

The KRFK sequence found on thet&minus of the second tyfderepeat of TSP1,
recogni zes t he bonbARtheldKLssequieaceBinding of T&FA b1
this sequence ut ¢ o mp e t teus disfuiRghtHe latésomplexand revealing
TGFDb1 r ecept.o'hesdcond mndimggnots WxxXW, sicts as a docking site to
engire the correct orientation of TSP1 L AP a nThe cbrigdffational change
inducedfrom this dissociatiomvith LAP, renders this cytokine in its active form.

Unmodified image take from Sweetwyne and Ullrich (2012)], see Appendix for

license
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1.7.1 TSP1 and DKD

Previous studies hawestablished a roller TSP1 in promoting thébrotic
phenotype seen in DKirough its nofproteolytica ct i vat i olnrespdnseToGF b 1
DKD-relevant stimuli such as H&nd angiotensin 1, TSP1 expression was increased in
MC and podocytefl18], [132] [134]. Act i vati on of TGFb1l by HG
TSP1[135], [136]. Further, increasedlomerularTSP1 expressiopatternsvere
observed irDKD mouse modelsand human type 1 and 2 DKD17], [136] [139].
Importantly, increased TSP1 expression was correlgitddSmad signaling and
proteinuria in type 2 DKD patien{&37], [138]

Several studies have also shownbeential therapeutic relevance of TSP1
inhibition in DKD. In cell culture MC treatment with a peptide that preveniesiP1
interaction withtheLAP-TGF b1 cpm@Vvenxt ed t he @861 vati on
Blockade of TSP1 using an inhibitory peptidghe type 1 diabetic mouse modaiuced
by streptozotociiSTZ), resulted in improved DKD outcoreéncluding reduced
proteinuria,jnflammation and glomerular ECNiccumulatiorj139]. Knockdown of the
TSP1 genén type 1 diabetic Akita micalso reduceglomerulosclerosis, podocyte loss,
proteinuriaactive TGP Jndits downstreansignaling as well as the development of
tubulointerstitial fibrosig140]. A study byWang et al. (2004) shad evidence thathe
transcription factor upstream stimulatory factor 2 (USHayed a pathophysiologic role
in DKD through itsregulaton of bothHG-induced TSPExpressiomnd TGF b 1

signaling [141]. This role was further assessed in 8% type 1 diabetienouse model

where USF2 was overexpressed. Hglemerulare x pr essi on of TSP1, TC
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collagen | were worsened by USF2 overexpresgidg]. Clearly, TSP1 plays a critical
role in promoting HE n d u ¢ e dandlit&downktreamrofibrotic signaling.
However the exact mechanism thied TSPlupregulation in DKD has ngtetbeen
established

Our lab has previously shown tha6 induces the cell surface localization of
GRP78 on MGwhere it is able to act as a signaling receptarther, csGRP78 was
shown taobe in part responsible for thé&G-inducedoverproduction of ECMoroteins
through the PI3k/Akt pathwdy 1]. Wu et al.have previouslyshownthatT GF b 1
synthesisand downstream ECM productianeregulatedhroughP13k/Akt signalingin
MC by HG[72]. Several studies have implicated ®I&k/Akt/PTEN pathwayn
promotingtumourangiogenesithrough TSPXegulation[143]i [145]. However, whether
this signaling cascade cpoteolyticcagtivatod$Pd, T GFb 1
has not yet been studied in DKBurther, herole of HG-inducedcsGRP78 in mediating
TGFb1l t hr oug h oftadtian sequireelacidationilf §SR-me di at ed TGFDbO ]
activationis regulated by csGRP/@®hibition of this axis could & an attractive
therapeutidargetfor disrupting the fibrotic phestype seen in DKDThis thesis will
thus determine whether HG-induced csGRP78facilitatesT GF b1 pr of i br ot i c

signaling viaTSP1in DKD.
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18Eval uation of c¢csGRP78/U2M* as a therapeut

Our lab has previously shown tha6 treatment inducessGRP78ocalizationto
theMC surfacewhich promotes its downstregmnofibrotic signalingAs csGRP78 is not
present on the surface of healthy cefibjbition of this disease specific receptor has high
therapeutic valuéor disrupting the fibrotic phenotype seen in DKD. Further, several
studies havehown the increasedpmressionoJ2 M, one of c¢csGRP786s k
in diabetesPKD, andotherfibrotic renal diseas€g88]i [90], [92], [146] This implicates
a potential role for this ligand as the activator of csGRP78. Importantly, as many of these
studies indicate that U2hidsupporpsnepatestinléon i ncr e
disease specific expressiontbis ligand in the kidney. However, this has not yet been
assessed.astly, csGRP78 has previously been shown to regulate PI3k/Akt signaling
[71],acriticalp at hway whi c h inrDKQ[@2]. A tole for cSGEIF/8, hnd
potentiallg ©Oeyul ati ng TGFnfudtbesagsessdl.esi s and
cs GRP 78 aandgulat? tis profibrotic cytokinattenuatiorof either receptor,
ligand or their interactionnya be an ef fecti ve inhbidon.MEsct met t

requires further elucidation.

Our lab has implicated a role for csGRP78 in the profibrotic signaling ofMIIC
However,whether csGRP78 profibrotic signalirggrelevant irother renal cell types ka
not yet been assesséd both PTEC and RF have been showprtamote
tubulointerstitial fibrosis in the later stages of DKI2], [147], [148] assessmemtf the
role of thissignaling cascad@ other cell types would strengthen its value as a
therapeutic targeFurtherTGFb1 i s a critical actPTECat or o
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and RF in addition to M(23], [37], [149] WhetherT G F pirlthe absence of HG,

activatsthec s GR P 7 8dxifahdtomoteits downstream signalindgpas notet

been definedThis wouldidentify a noveimechanism wherebl G F nduces csGRP78
mediatedsignalingwhich would berelevant to both DKD and nediabetic CKD.Thus,

this thesis willdeterminei f HG a ncanifd&@EGSIGRP 78/ U2M* prof i b
signalingto promote fibrogenesis inboth PTEC and RF. Further, this thesis will
examinewhetherin vivoc s GR P 7 8 intib&idvi*is an effectiveanti-fibrotic

therapy.
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1.9 Main Objective

The main objectivesf this thesis are telucidate the mechanisms by whikl-induced
¢ s GR P 7 8prdthatd/rofibrotic signaling ithe kidneyand to assesshether
inhibition of this axigs a potential novel therapeutic tar¢@t both DKD and non

diabetic CKD

1.9.1 Research Aims

1) Assessthe ol e of act i-indacedpdfibtdtcignaling inrAVE

2) Determireif c s GR P 7 8arfellequirefl fbrT G F lByhthesis and downstream
profibrotic signaling

3) DeterminewhetherHG-inducedcsGRP78nediaesTG F bsignalingvia TSP1in
DKD.

4) Elucidaet he rol e of c¢csGRP78/ U2M* axis in ot
DKD and nordiabetic CKD Determine the therapeutic potentialimtibiting

csGRP78 U2 M* s i gmmoask inade dfidney fibrosis.

1.9.2 Overall Hypothesis
| hypothesize theHG-inducedcsGRP78J 2 Miiteractionpromotesprofibrotic
responses in MC as well as other kidney cell types relevant to diseaseidniabihis

pathway could be a novel aifitbrotic therapyfor both DKD and CKD treatment.
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1.9.3 Summary dResearch Findings

1) HG i ncreased proddcbog, setretigmnd actvation by MC.
Inhibition of this csGRP78 ligand prevented PI3k/Akt signaldmyvnstream
cytokine activationandECM accumulation.

2) Both ¢csGRP78 and | nindlul ear ayiiedisfamd r ed f or
signalingin MC. Intb Zctivation in the absence of HG, is sufficient to induce
translocation of GRP78 to the cell surface.

3) Through csGRP78n MC, the PI3k/Akt pathway regulatd SP1production and
deposition into the ECMhus meditatingts ability tonon-proteolytially activae
T G F faridits downstream signaling

4) Treat ment with either H&slaatonBr@Fb1l i nduc
endogenous pr odu cptoxinmahtubule epitbetidiicells and realo t h
fibroblasts.Inhibition of thec s GR P 7 8 / UandlidrateaiixG Fsignaling
andECM productionin these cell types relevant to lagtage DKD and nen
diabgic CKD.Bl ockade of c¢csGRP78/U2M* interact
attenuategbrofibrotic signaling and renal fibrosiis the unilateral ureteral

obstructionrmouse model
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Chapter2 Assessing the rol e-inducedacti vat
profibrotic signaling in MC
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2.1 Preface
Significance to Thesis

Previously, our lab showed that Hf@atmeninduced GRP78 translocation to the
cell surface of MCActing as a cell surface receptosGRP78vas then able tmediate
ECM production through thl3k/Akt pathway thus contributing to the pathogenesis of
DKD. However, thismovelmediator ofprofibrotic signaling requires an activating ligand
to facilitateits role The purpose of this study wasidentify the ligandthat binds to
csGRP78 and initiagdts profibrotic signalingHere, we identifiedi ct i vat ed U2M (
asa critical regulator oHG-induced EEM and profibrotic cytokine production by MC.
We observed endogenous production, secretiand act i vat i pwherebfy U2 M b
its knockdown or inhibition prevented FN, Col IV and CTGF producfidrese findings
support a novel role for c¢csGRP78/U2M* prof
contributes to the fibrogenesis of DKDOnhibition of this molecular mechanismay

prove beneficiahs an antfibrotic therapeutic strategy.
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2.2 Abstract

Diabetic kidney disease (DKD) is caused by the overproduction of extracellular
matrix proteins (ECM) by glomerular mesangial cells (MCs). We previously showed that
high glucose (HG) induces cell surface translocation of GRP78 (csGRP78), mediating

PI3K/Akt activation and downstream ECM production. Activated alph@a2roglobulin

(U2M*) is a ligand known to initiate this
was oOobserved in diabetic patientso6é serum,
toassss HG responses. The role of U2M* was a-t

antibody and inhibitory peptide. Kidneys from type 1 diabetic Akita and CD1 mice and
human DKD patients were stained for U2M/ U2
significantly inceased with HGn vitro andin vivoin diabetic kidneys. A similar

increase in U2M* was seen in media and kid
No appreciable U2M* was seen in normal kid
U2 M/ U2 M* i rirfdicedd profierdtic $ih@aling (Akt activation) and

matrix/ cytokine upregulation (coll agen 1V,
with established DKD, wurinary U2M* and TGF
reveal an i mpor t arhogenesid oeDKD and suppdrivitirther n t he p

investigation as a potential novel therapeutic target.

51



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

2.3 Introduction

Diabetic kidney disease (DKD) is the leading cause of kidney failure in developed
nations, with patients suffering the highest morbidity enmtality rates of any kidney
failure patient group. Currently, treatmen
there is a major need to identify new ther
of DKD include glomerular hypertrophy anddement membrane thickening, followed
by glomerular sclerosisdied e posi ti on of extracellul ar ma
Glomerular mesangial cells (MC) play a central role in the pathogenesis of DKD.

Whil e we and ot her s h hewmmlecglar meckadismimwolhed i nsi g
in MC matrix synthesis in response to high
translatable targets is still much needed.

The endoplasmic reticulum (ER) chaperone 78kDa glucose regulated protein
(GRP78) maintais proper protein folding and homeostasis within the cell. It is
now r ecogni -h@aneostatic eonditions) such@»ER stress, GRP78 can also
translocate to the cell surface to act as
studiedn t umor <cell s, we recently showed that
in diabetic kidneys and showed its importance in mediatingrid@ced profibrotic
responses through PI 3K/ Akt signaling [7].
through csGRPg, however, has yet to be elucidated.

Usgnacr ogl obul i n (U2M) iandpanproteifasendant ser
inhibitorr At 720kDa, it is comprised of four ide
containing a bait region that is cleaved o
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subunits, a conformational change occur s,
complexisonsi dered the activated form of U2M,
recognition sites are exposed. This all ows
density lipoprotein receptdike protein (LRP1) and csGRP78. The binding affinity for
cCS&QRP78 is significoBApMl gompghed wtth KdKdlin
LRP1, the predominant role oiffOWwhich is U2M
U2M* interaction with ¢csGRP78 has thus
pathogenesisofvai ous cidmBder dJ2[M¥1 bi nds »temmina r egi on
domain of csGRP78 to initiate signaling pathways that promote tumor cell proliferation
and survival such as ERK1/2, p38 MAPK, PI3K/Akt, and&B [ 116].,We3
previously showed that H@diduced PI3K/Akt activation and downstream matrix
production in MC requires ¢csGRP78 [7], but
be identified. | mportantly, increased expr
di abet i c il9)aandisranscsipt vas récently found increased in human
DKD [20]. These studies implicate U2M in d
U2M is activated in DKD and plays a role i

focus of this study.

2.4 Mateials and Methods
24.1Ce | | Cul ture.
Primary MC were obtained from glomeruli of male C57BL/6 mice (Charles

River). Briefly, after Dynabead (Thermo Fisher) perfusion, kidneys were harvested and
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sheared, and glomeruli isolated using a magnet. MC were outgrown and cultured using

DME M/ 2 0 % dgmB)SLLN pBostate cancer cells, which express high levels of
csGRP78 [13], were cultured in RPMI 1640/ 1
at 37°C in 95% @5% CQ. MC were serum deprived at 80% confluency in medium with

1% BSA 24h before treatmenttwiHG (30mM), mannitol (24.4mM) as osmotic control

or methylamineact i vat ed U2M (100pM). The peptide s
binds (CLIGRTWNDPSVQQDIKFL (Letf-Leut® was used to bl ock Uz
thus signaling throubtph csGRP78 [11]. The s
peptide GTNKSQDLWI PQLRDVFI was used as a ¢c

100nM (Cedarl ane) .

242Pr ot ein Extraction and |I mmunobl otting.
Cells were |ysed as described previousl
PAGE followed by immundbot t i ng. Anti bodies -UWadMd: U2M (
which specifically detects U2M* (generated
(1:1000), pAkt S473 (1:1000, Cell Signalin
(1:1000, Abcam), GRP78(C20) (1:1000, Sabtaz), platelet derived growth factbr
(PDGFRb) (1: 1000, Cedarl ane), <coll agen |V (C
fibronectin (FN) (1:1000, Abcam), connective tissue growth factor (CTGF) (1:1000,
Santa Cruz), and tubulin (1:5000, Santa CiMiediawasc oncentrated ( Ami co
4mL Centrifugal Filter) andrunonanohenat ur i ng pol yacryl ami de
were probed for both inactive U2M and the

rapidly migrating U2M*. Prot,buteash i n t he m
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experimental well was plated to the same confluency with no apparent difference in

confluency observed at the time of media collection. Equal volumes of media were

concentrated andrunonardre nat ured gel . Nativemark wunst
(ThermoFi sher) confirmed band | ocati on.
243q P CR.

RNA was extracted using Trizol (I'nvitro

using gqScript Supermi x Reagent (Quanta Bio
CCAGGACACGAAGAAGG3 06 and -CACITECAGGATEAGCAT-3 6 .

Quantitative PCR was performed using the Power SYBR Green PCR Master Mix on the
Appl i ed Bi os yEBne®@RsSystemi ChahgeRie mRNA expression were

determined relative to 18S using the o@pCt

2.44 Experimental Animalsad Ti ssue Processing.

Two type 1 diabetic models were- assesse
Ins2*¢®/3 mice (Jackson Laboratories) and their viyide controls were sacrificed at 18,
30, and 40 weeks of age (Ethics approval numbéd7AB0 ) . ZD1lnMal e
were uninephrectomized, followed by inject
after 12 weeks of diabetes as previously described in the original studies (Ethics approval
numberl4-11-4 8 ) . [ 23] . For human st wadiageosisof ki dney
DKD were obtained. Normal kidney tissues surrounding resected renal cancers were used
as controls. Tissue was obtained after approval by the local Research Ethics Board (Ethics

approval number 201059).
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For immunoblotting, samplesere homogenized in tissue lysis buffer containing
protease inhibitors (cOmplete Mini, Sigma
Homogeni zer (Bead Ruptor Elite, Omni I nter
(Lysing Matrix D, MP Biomedicals). After clardation, protein concentration was
determined using the DC Protein Assay (Riad).

F oim situhybridization (ISH), 4um paraffin embedded sections were
deparaffinized, fixed (4% paraformal dehyde
5min). -Adrniedi patei on in hybridization buffer
SSC, 10&¢gRNA, yb5elaxstDetnhar dt 6s solution) at 5
were incubatabewedhU&2MDpGobe (56AAGTAGCTTC
Qiagen) for 2 days. Slides were washed with%xs ( RT) f ol |l owed by was
2xSSC and 0.1xSSC at 53U0UC. After bl ocking
coupled antDIG antibody (Abcam) overnight at 4°C, developed using NBT/BCIP
(Vector Laboratories)andmoanteh ed FanamB8nt dalu
mounting medi um IMabes wavecgyantifien asing Image J software and
a separate quantification of glomeruli and tubules was compgtgagplementary
Figure 2-1).

For immunohistochemistry (IHC}, Om par af f i dmeysectiors detee d Kk i
deparaffinized and then probed for U2M ( Bi
(FU2M antibody, 1: 100, antigen retrieval u
were quantified using | mage [quanificationar e . Se

was also completeBupplementary Figure2-2).
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For i mmunofl uor esmgreaixceer (dd)ki dirOary OLelc t i «
fixed (3.7% paraformal dehydH0(). Tablodk per meabi
endogenous biotin and reduce high backgddiumorescence, an Avidin/Biotin Blocking
Kit (Vector Labs) was used, followed by-stainingwith FU2 M ( 1 : 2 Grleprinand U8
as a MC marker (1:100, Novus Biologicals).
BX41 microscope at 40x. For each mouse, 40nglrular images were taken for
guantification. The Image J colocalization pitgvas used to create a colocalization
mask of areas -iextpagrsisi ngn d oRh2 NU.8 Quanti fi cae

Image J.

245Transfection..

For siRNA experimets, MC were plated at 50% confluence and transfected with
100nmol of U2M, LRP1 or control si RNA (Sil
Li pofectamine 2 ERAropbratibnevasmsel tio sanséect rells with
pcDNA3. 1 GRP78a&KDE be KDELRIéai@ wHich locklizes igto the
ER, thus enabling significant | ocalization
as a control. Confluent MC were trypsinize
without antibiotics. Cells (200ul, 5x30 ml ) wer e el ectroporated i
with 100g plasmid for one 30ms pulse at 25

Apparatus) before replating. MC were then

2461l ntracel |l ul ar Calcium Assay.
1LN cell s wer e | anddhterdura2AM (3uM,tAbcam)mal ci um
HBSS for 45 minutes at 37in the dark. Baseline fluorescence readings were taken
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every minute for 5 minutes using a temperatostrolled fluorescent microplate reader

(Gemini EM Spectra Max, Molecular Devices) set4® &nd 380nm excitation and

510nm emission. After treatment with methylamime t i vat ed U2M (100p M)
without antibody (FU2M or control 1gG, 20g
readings were taken every minute for 15min. Intracellular calcimeentrations were

determined by calculating the ratio of flu

247Cel | Surface Protein I|Isolation.

After treatment, cells were incubated with Img/mL-IEZ n k e @Bioti@u | f o
(Pierce) for 30 mOntMeglytheae wasRBS twothe
Biotin, lysed, clarified and equal quantities of protein incubated overnight in a 50%
Neutravidin slurry (Fisher) to capture biotiagged proteins. Beads were washed 5x with
lysis buffer and bound proteins cleavey boiling for 10min in 2x PSB. Samples were

separated using SBBAGE and i mmunobl otted.

248TGFb1 ELI SA.
Tot al secreted TGFBH1 in condiGHMbIhed med

QuantikineELISA Kit (R&D Systems).

249Recovery of nle2 Mranmprioens. Ur i

Urine U2M* was detected by ELISA using
previously [22]. This assay has been teste
recoverability of U2M* in urine spiked wit
diluted 1:100and recovery was calculated as a percentage of the mean values. Spiking

urine with 1 Og/mL U2M* revealed a recover
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pHg/mL showed a recovery percentage of 104%. Parallelism between the standard used in
the assay andther i ne pl asma pool spiked with 50 Og
Samples were diluted 1:100 in sample dilution buffer and furttieldiluted on the

plate. Values are shown in the results section.

2410Pat i ent Cohort.

We studied the relationshipbeve ur i nary U2M* and TGFb1
from a published cohort of type 2 diabetic patients with overt DKD who previously
participated in a longitudinal bi omar ker s
urinary U2M* was as s o cdsanplke flomw subjacts itht a | pr o
proteinuria <0.5 g/g creatinine and 4 with > 2 g/g. Second, we verified the association
betweerurinaryU2 Ménd TGFbB1 in 18 subjects with pro
influence of proteinuriawhich is also knowntoa@r r el at e wi th wurinary
had provided multiple urinary specimens during theirfollop and U2 M* was
determined for each available sample. Urin
(Millipore) [25]. Ur i ne Uibddabowe.a/slueslveetee ct e d

normalized to urine creatinine.

2.4.11 Statistical Analysis

St u d etest od aevay ANOVA were used to compare the means between
two or more groups, respectively. For calcium assay quantification, fold change at time of
treament (6 minutes) was compared between groups using@a@anaANOVA.
Significant differences between multiple g
HSD with pO0.05 considered significant. Da
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the relationshigpetween urinary biomarkers in patients with DKD, we used Spearman
Rhobés or Pearson correlations depending on

di stributions.

2.5 Results

251U2M is increased and activated by HG in

Previous reports showed that U2M is inc
patients and transcript | evigBP$. wdleefelFevat
determined whether HGénr eased U2M transcri ptFigared pr ot e
2-1AandBs how t hat HG, but not the osmotic con
and protein expression, respectively, and that this was dose depétigerd 2-1C). We
nextconfrmed ncr eased U2M expression in type 1 d
(Figure 2-1D). Figure 2-9 S1A shows separate quantification of glomerular and tubular
staining. InFigure 2-1E, i ncreased U2M proteiim | evels we
glomeruli as well as inubules (withFigure 2-9 S1Bshowing separate quantification of
glomerular and tubular staining)his was confirmed by immunoblotting of kidney
lysates Figure 1F) .

We next determined whether U2M is al so
binding sie for csGRP78. Since activation entails conformational change, we used a non
denaturing gel to preserve U2M* -Ut2eM,t iaanry s
anti body which speci fi calrévgaledreceptogbmdimes t he

domainn U2 M*Figlir@22hs hows t hat both secreted U2N
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significantly increased by HG, with U2M* u
mi grated further through the gel. We next
diabetic kidneys. Asprvi ously observed for U2M, U2M* w
glomeruli and tubules in Akita diabetic kidneys as shown by (Fi§ure2- 2B; Figure

2-10S2As hows separated gl omerul ar and tubul ar
by a second D @teptozaidtit tr eae ed D ni nephrect omi
(Figure 2-2C; Figure 2-10 S2Bshows separated glomerular and tubular quantification).

To confirm |l ocalization to MC, we perfor me
mar kerntW8yr i n t[a2 6k]i dinreysk Using a colocali z:
U2M* s seen iFiguret2@® .md&s amdilym (t o deter mi ne
increased in human DKD, its expression was assessed by IHC in kidney biopsies with a

DKD diagnosis in comparison tormal kidney tissue taken at the time of renal cancer

r ese f€igure@BEs hows that U2M*, not seen in cont
expressed i n #&guelk-e0tS2Cshogslthe separatet quantification for
glomeruli and tubules). Takengce t her , t hese data confirm th

activation are induced by HG.

252l nhibition of. U2MAdUEME pnbfbbtet HE respo
Previous studies identified the importance of PI3K/Akt signaling -H G

induced ECM protein production by MC. As w

medi ates this signaling pathway [7,27], we

the |igand |l eading to iIits activation. We t

downrgulation using siRNAonH& nduced Pl 3K/ Akt Fawd2t vati on
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38, U2M knockdown prevented activation of A

S473, in response to HG. Knockdown also significantly reduced ECM protein expression

(fibronectin,collagen IV) and that of the profibrotic cytokine CTGF, known to contribute

to mesangial expansion &igue28B)dney fi brosi s
We then evaluated the {UffMoratnan de dogf. WBM

t he WdMti f i kindingedomaip,thoough which it binds to csGRP78, it was

used here to functionally neutralize U0U2M*
used 1LN prostate cancer cells which highl
showntoinducearapidinceas e i n i nt r aEiguleP-3CIsloowsthatdl c i um
U2M, but not control Il gG, prevented calciu
ability. We then testcHRgdre23sand&f f@XM*s i n HG.

neutralization inhibited Ak acti vati on and ECM/ CTGF upreg.!
knockdown.

Previous studies showed that the receptorn di ng domain of U2M*
sequence Lefiledt ' n GRP78 [11]. Calcium signaling
was abolished byapepid compr i si ng t heBigure2-#Azanfdtmse s [ 11,
that this peptide, but not a -mducedintbehsed con
of intracellular calcium in 1LN cells. We
mediatestheH&hduced profi brotic rFgwg2eiBanedCthim MC.
peptide abrogated H{Bduced Akt activation and matrix protein/CTGF upregulation.

Scrambled peptide had no effect. Taken together, these data support the importance of
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U2M and iidrs iarctmeditati ng profibrotic respor

csGRP78.

253LRPlisnotinvolvedinHGE nduced profibrotic responses:s
As described above, both LRP1 and c¢csGRP

affinity is significantly highef or ¢s GRP78 [ 11]. To deter mine

in mediating the HG response, the effect of LRP1 knockdown using siRNA was

eval uat e dFigurda5Asra & ithis dichnot affect H8nduced Akt activation

or matrix/CTGF upregulation, indicain t hat c¢s GRP78 rather than

profibrotic signals in HG.

254l ncreased matrix synthesis with ¢csGRP738
Il n prostate cancer cell s, U2M* increase

positive feedback loodas o occurs in MC using a biotinyl

As s hdigue26y U2M* increased csGRP78 in the

assessed whetherHGn duced Akt activation could be a

(Figure 2-6B). However, no aditive effect was seen, suggesting that the ildced

increase in U2M* is sufficient to generate

We next wished to evalwuate whether forced

signaling or augment HG resps®s. We thus overexpressed GRP78 lacking the ER

retention signal KDEL (GRP78KDEL) . We first confi rmed by

down of cell surface proteins that its overexpression increases csGR§T& 2-6C).

Interestingly, a furtheincrease was seen with HG. We next examined its effects on Akt

acti vat i ofgure 26D, oseeerpressiomitself led to Akt activation and this
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was further augmented by the addition of H&By(ire 2-6D). Similar effects were seen

for ECM protein andCTGF expressiorHjgure 2-6E). These data suggest that in the
absence of HG, bas alFigure224)linducessignalihghidigh ( as s e
overexpressed s GRP78. To test this, we used the U
i Rigure 2-6F, thisblocked Akt activation and matrix synthesis induced by csGRP78
overexpression. Similar results -Wé&Me seen

antibody Figure2-6G) . Taken together, these data sup

MC profibrotic signaling.

25502 M* regul ates TGFb1l production by HG in

TGFb1l i-schar avettédri zed medi ator of the prc«
HG-i nduced matrix upregulation in MC [31, 32]
synthesis in respoonnsoe tU2 M¥G i[s33]i,k eilnyhitboi tiin
production. Conf i r Fgute2-8Aninwhfch HGindusedi s s hown
secretion of TGFb1l into the medium, assess

neutralization with FU 2 M.

256 Urinary U2MFthsumissacyaT@6dbw in individ
We previously showed that wurinary TGFb1

di sease progression in a cohort of patient

the urine of a subset of these patientstaddr ess t he association b

TGFDb1. Previously, an ELISA specific to U2

plasma samples [2But has not been used for urine samples. Thus, as described in

Methods we first validated its use for humamarsamples spiked with various
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concentrations of Figuk278B shows thahtheiracomerade cov er y
U2M* from urine samples closely correspond
used for this assay, confirming the ability of the ELISAita ant i fy U2M* fr om
patient urine samples.

I n a subset of individuals with | ow and
met hods) wurinary U2M* was strongly associ a
Rho 0.76, p=0.03, n=8). To attenuateithe f | uence of proteinuria o
TGFb1l, we analyzed a subset of 18 patients
creati ni ne-upgiablel2-hbsgh dwd Imwat i ent <cl inical <char
determined i n 56Fguetipd e$ heAsmeshawnviahue of
for each individual was associated with th
association between U2M* and pproteinegia nuri a w
subgroup (p=0.16, Pearson correlatidrggether, theseata identify an important role
for U2M* in-i mddicatdi T6&FHEGN uparidsuggest thetclinioah
relevance of this finding. Further clinical studies will more clearly define this

relationship.

2.6 Discussion

We recently demonstratéldat csGRP78 is increased in diabetic kidneys and
showed its i mportanoducedmpdb&at bngt ME BGgn
the mechanism by which csGRP78 is activated in this setting was unknown. Our data

now identify U2 MtsGRPZS, &sm oritical mediatpraittds sifnaling
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in MC. Not only is U2M expression increase
human kidneys in both glomeruli and tubul e
its function as a signaling ligafidor ¢ s GRP 7 8. U2 eind@ 2 Mexpesessioo n o f
t hemesangi um was confirmed using | SH and |F
findings with ¢csGRP78 inhibition, U2M knoc

profibrotic Akt activation and dowtream matrix and profibrotic cytokine production.

These data support an i mportant role for U
gl omerul osclerosis, an early hallmark of D
evaluation as a potential therapeutic target

Several studies have suggested a role f
DKD. |l ncreased U2M levels in saliva of dia

glucose levels, potent i abntrof 1a9s]s. o cliaddrienags eld2

serum | evels were also found in diabetic p
microalbuminuriaa ¢l i ni cal f eature associated with
presence of U2M was further identi feited i n
nonspecific | eakage and trapping of pl asma |
showed elevation of U2M transcript |evels
regul ation and synthesis [20]. Qurctioat udi es
of U2M. However, the pathogenic role of U2

that U2M is activated only in diabetic kid
presence ofbiwnariinguprbd2Mdi nases in[36,he hyper

but this needs to be further eval uated. Il m
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to and signal through csGRP78 to induce profibrotic responses. Our data thus reveal a
novel role for U2M* in the pat kgogeedforesi s of
treat ment purposes.

An associ at i o riabetic renhPfibosis has diso heemobserved in
several models. Inages soci ated renal fibrosis, U2M wa
the tubul oi nter st i tisinocrease ihhibiteadvthesmatplegeading! at e d

ability of MMP2, thus contributing to the accumulation of collagens in the aging kidney.

With caloric restriction, U2M expression w
fibrosis and increase in MMP2 actiyit [ 37] . U2M was al so increa
renal fibrosis (puromycin aminonucl eosi de
in glomeruli, with expression noted to inc

i ncreased r en a lassatiatétl withrhanmas focal iglpnterulosalesosis

(FSGS) disease progression and poor renal

U2M transcript was identified in both endo
in these studies and consistentwi our dat a, U2M was absent i
further investigated whet her t-diabeti@awotdel vat ed

of chronic kidney disease, 5/6 nephrectomy in mice, by IHC (Ethics approval nu@ber 1
07-30[39]. Herewe alsoaber ved a signi ficant increase i
potentially broader p-diabétic throrctkidney diseasee f or U
(Figure 2-11 S3A and separate quantification for glomeruli and tubules1d S3B).

Future studies wildleterminevh et her cel | surface presence
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increased in nowliabetic chronic kidney disease, and whether inhibition of this pathway
protects against fibrosis.

Studies have suggested a potential for urith8 M (t he i nactive for
a biomarker for DKD. One study showed a co
the degree of microalbuminuria in individuals with type 2 diabetes [40]. Yang et al
identified a urine proteome specific for proliferative diabetic retinopathy, also in type 2
di abetic patients. While U2M was one of th
those with DKD, the prospective arm of the study focused only on the ability of
hagptoglobin, the second of these proteins, to predict progression of DKD [41]. It is thus
possible that wurinary |l evels of U2M, or U2
biomarkers that may identify those with DKD and/or those at higher risk of psognes
This will require further study.

U2May promoitre tfwhrmasiirs ways. First, | oc.
inhibitmatrixd egr adi ng metall oproteinases [42], t|
accumul ation. Second, thwoeghssBRPES t hat U2M* s
promotes profibrotic Akt signaling [7]. We
second identified U2M* receptor [43]. Func

variety of ligands through endocytosis, although it was alsastio be involved in

activation of various signaling pathways i
LRP1 was implicated in the pathogenesis of
Al zhei mer 6s di sease, breast canceen and pr
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directly studied in diabetes or DKD. Our data using LRP1 knockdown, however, do not
support a significant role for LRP1LinMCHGnduced profibrotic res|
The mechanism by which U2M transcript i
elucidated. The cgkines IL6andI-11 were shown to increase U
through members of the STAT transcription
STAT attdwAP additionally importaft[#di.U2M
Interestingly, activity bboth STATs and ARL are known to be induced by HG, with
targeting of STAT activation through the wu
for the treatment of DKD-1 4i6n, 4t7hle. rTehgeu Iraotlieo
promoter activity in rggonse to HG and in DKD, and the potential role of other
transcription factors, will be evaluated in further studies.
OQur biotinylation results suggest that
presentation of GRP78 on the cell surface, in addibatstrole as a ligand, disis has
al so been shown in prostate cancer cell s |
a positive feedback loop, leading to an augmentation of csGRP78 signaling and thus
potentiation of profibrotic signaling. Interesgly, we observed that forced cell surface
GRP78 expression was sufficient to increase Akt activation and upregulation of ECM
proteins/CTGF anthiswas augmented by HG. This was bl c
supporting a requi r eaneHGinduted signdlidgthtoughn bot h

csGRP78.
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2.7 Conclusion

Taken together, we have shown that U0U2M/
in diabetic glomeruli, and that U2M* regul
interaction with csGRP78&{gure2-8). These data suggest that bl
interaction may be a novel therapeutic option for DKD. Importantly, our data also support
the potential therapeutic use of a peptide
interaction. Indeed, peptide theragywell accepted in clinical use, as for example with
the widely used glucageiike peptide 1 (GLPL) in type 2 diabetes for lowering blood
glucose |l evels [49]. Further studies wild@

U2M*/ ¢cs GRP 7 8n ianttteernaudatni i onrg vid K.D
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Figure2-1. U2M is increased by HG in mesangial cel

HG increased UARAMnhORpNAO {(BRakdresqod i MG. No effect

was seen with the osmotontrol mannitol (M) (A: n=6; B: n=5) (*p<0.01 vs

others)( CU2 M ex pr es s i o-tependemtly vt HGe(24h) domcerdrations

from 10 to 30mM (n=3, *p<0.01vscor).DJ2 M t ranscri pt expressio
was significantly higher in type diabetic Akita kidney sections compared to wild type

mice at 40 weeks of age (40x magnification, n=3) (*p<0.01vscont®)l)) 2 M pr ot ei n
expression, as assessed by IHC, was significantly higher in kidney section@oh30- 4 0
week ol d t ykisemické cothpasedbte wild tgpe Wice (40x magnification,
n=1@%)T.hi s was al so seen by i mmuweekb!| otti ng o

old Akita compared to wild type mice (n=3)
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Figure2-2. Activated U2M (U2M*) is increased by HG
kidney mesangi um.

(AHi gh glucose (HG, 48h) increased media e:
in MC, seen using a nondenateuonamg gel . Act
denaturing gel compared to its inactive form. The osmotic control mannitol (M) had no

effect (n=3) (**p<0.05 vs its own control). B)2 M* expr essi on was si gl
in kidney sections from type 1 diabetic Akita mice compared to tydd mice at 30 and

40 weeks of age (40x magnification, n=10 each, **p<0.05 vs respective
cont(r@2Me#Expression was also significantly |
diabetic CD1 mice compared to their adiabetic controls (40rmagnification, n=3,

*p<0.01 vs ¢bO2tM*olc oglroocuapl)i.zati on with mesan
t hei r nitegrin,evas sigréficantly higher in kidney sections from type 1 diabetic

Akita mice compared to wild type mice at 40 weeks of dfe (nagnification, n=2, 20

glomeruli per section) (**p<0.05 vs respective contrplE)2 M* expr essi on i n
biopsy samples from DKD patients was significantly higher compared to control kidneys

(40x magnification, n=4) (**p<0.05 vs control group).
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Figure 2- 3. U2M knockdown or n einducecAktiactivationanch i nhi bi t
downstream ECM accumulation.

(A, IBbmunoblotting shows that U2M si RNA inhi
collagen (Col) IV,thecytoie CTGF and Akt activation (pAKk
control siRNA in response to high glucose (HG, 48h, n=5)(*p<0.01 vs all others in the

i ndi vi duaChHu g-AM ddlpim.assay in-LN cells shows that the increased

release of intracellularcalcim st ores in response to U2M* (

with addition of the neutralizing antibody

were compared at one minute after time of treatment which is indicated by the arrow (n=

6, p*<0.01 or **p<0.05)( D,AEN)t i body neutralization of U2}
(HG, 48h}induced FN, Col IV and CTGF protein upregulation and Akt activation (pAkt

on S473), compared with nonspecific 1 gG (n

FU2M) .
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( ADhe peptide (Pep) Dblocking csGRP78/ U2M*

(Scr) peptide (both 100nM), inhibited release of intracellular calcionesin response to

U2M* (100 p M,-LNLdils (m6, Hp¥x0.01 ar **@#<0.05). B , MT)were

treated with high glucose (HG, 48h) with or without peptides as in (A). The inhibitory

peptide, but not the scrambled peptide, preventedridGced Akt activaon (B) and
upregulation of matrix proteins fibronect:i

profibrotic cytokine CTGF (n=5, *p<0.01 vs control and HG with peptide).
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siRNA in response to high glucose (HG, 48h). Successful liRB&kdown is shown (n=

5, *p<0.01 or **p<0.05 vs. all others in individual group).
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Figure 2- 6. I ncreased matrix synthesis with c¢csGRP738

(AJ2M* (100pM) induced c&8dt3amdibhinBMC@=3expr es
*p<0(BYB) nduced Akt activation (pAkt on S47
of U2M* (100pM, 24h) (n=6,Chi¢rgased®d. 05 or *p<
translocation of GRP78 to the cell surface was induceabyexpression of GRP78

lacking KDEL ( KDEL ) (DaThiMiGcreased both basal and high glucose (HG,

48hyi nduced Akt act i v BSmilaimdingpwele seerowith H&S4 7 3 ) .
(48h}induced fibronectin (FN), collagen (Col) IV and CTGF upreguratio( f or C, D, E:
n=3 except for D n=5, **p<0.05 vs empty vector control (significant through t test) or

* p <0 . OKDELwsctor control, #p<0.05 or ##p<0.01 or ###p<0.01 vs empty vector
contflBlfhe) . augmented r espons KDELowerepr€sieen wi
including Akt activation (pAkt on S473) an
prevented by the U2M*/ csGRP78 inhibitory p
peptide (n=5, *#@EROmiO5arori n*hpi<bOi.t0ilo)n. was see

neutral zati on using FU2M (20g/ml) (n=4, **p<o0.
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Figure2-7. TGFb1l production is dependent on U2M* |
association in patients with established DKD.

(AANeutralizati on 2u§/miipwntednightgluicode (HZ M8h|
induced secretion of TGFb1l into the medium
**+*%n<0.0001). Control IgG had no effec{B) Correlation of spiked urine to standard
concentrations of U2M* in human urine samp
U2M* i n ur(@C)yldh exempMaess .an association bet wee

in patients with established DKD (p=0.03, Par correlation).
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Table 2-1. Patient characteristics

McMaster Universityi Medical Sciences

Number 18
Male, n (%) 16 (89)
Age (years) 70+£8

Baseline eGFR (mL/min/1.73m#25 + 10

eGFR decline rate 2%2
(mL/min/1.73m?/year)

Follow-up period (year) 2.3+0.6
Protein/creatinine ratio (g/g) 1.3+0.5
SBP (mmHg) 142 + 14
DBP (mmHgQ) 66 £ 8
RASB use, n (%) 17 (94)

SBP, systolic blood pressure; DBP, diastolic blood pressure; RASB;argiatensin

system blocker.

Normally distributed values apgesented as mean + standard deviation.
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Figure 2- 9. Supplementary Figure ISepar at e quanti fications st
in both glomerular and tubular kidney compartments.

U 2 A) transcript(n=3) and (B)total expressior{n=8) were increased in the type 1
diabetic Akita mouse model at 40 weeks and 30 and 40 weeks respdaotivetii

glomeruli and tubulegp<0.01).
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Figure2-10. Suppl ementary Figure 2. glémdruli e x pr e s
and tubules in mouse and human DKD.

(A)At 30 and 40 weeks of age, type 1 diabeti
expressionn tubules and glomeruli &8, *p<0.01). In both the(B) CD1 streptozotocin

inducedtype 1 diabetic mouse model, af@@) human biopsy samples from type 2

di abetic patients, U2M* twlaraiglgmeiulérkidnayn t | y

compartments (n=37p<0.05, *p<0.01).
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TGFb1l profibrotic signaling
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3.1 Preface
Significance to Thesis

Our recent data have implicatdtec s G R P 7 8dxila® &l important mediator
of glomerulosatrosis Inhibition of either receptor or ligand preventedlK/Akt
activation and downstream ECpAoduction Importantly, GRP78surface localization
andactivatedd2 M wer e only pr es gimplicatmgitikieliseadd G condi t
specifigty andpotentialviability as a therapeutic with minimal off target effects
Characterization of this signalirigscade is required to further evaluatehsapeutic
potential in DKD.

The purpose of this study was to investigate whether csGRP78/FAK/Akt signaling
medi ates ECM producti osincdTiGFbdghaTGheEnr sdw
regulated byhe P13k/Akt pathway As csGRP78 is exposed completely extracellularly,
identification of a potential tether to the cell surface can help better define the molecular
mechanism of csGRP78 signalitdere we identified n t ébtrhnsmembrane proteas
a key sgnaling partner for csGRP78hese cereceptorarebothrequired for HG
inducedT GFb1l synthesi s, , tadngtedownstreameERM si gnal i n
attenuationl nt er est aoagivatianhbwas shown to facild.
to the cell suiice, and this mechanism was found to be independéstrole in
cytoskeletal organizatiohese findings further support inhibition of csGRP78 as a

novel therapeutic intervention f@KD.
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3.2 Abstract

Diabetic kidney disease (DKD) is the leading cause of kidney failure worldwide.
Characterized by overproduction and accumulation of extréaethatrix (ECM)
proteins, glomerular sclerosis is its earliest manifestation. High glucose (HG) plays a
central role by increasing matrix production by glomerular mesangial cells (MC). We
previously showed that HG induces translocation of GRP78 frormtimpasmic
reticulum to the cell surface (csGRP78) where it acts as a signaling molecule to promote
intracellular profibrotic FAK/ Akt activat.i
transmembrane signaling partner for csGRP78. We show that it is tetpricsGRP78
regulated FAK/AKkt activation in response to HG, as well as downstream production,
secretionand activity of the well characterized profibrotic cytokine transforming growth
factor bl (TGFb1l). I ntriguingly, integrin
Furthermore, integrin bl effects on cytosk
function in csGRP78 translocation and signaling. These data together support an
i mportant pathologic role for c¢csGRP78/inte
to HG in kidney cells. Inhibition of their interaction will be further evaluated as a

therapeutic target to limit fibrosis progression in DKD.
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3.3 Introduction

Diabetic kidney disease (DKD) continues to be the leading cause of kidney failure
worldwide [1]. The current standard of care for DKD includes glucose and blood pressure
optimization as well as the use of rer@ngiotensiraldosterone system (RAAS) blockers
and more recently the use of sodium glucose cotransporter 2 (SGLT?2) inhibitors for type
two diabetics [2, 3]. Although DKD progression is slowed by these treatments, many
paients still develop kidney failure and require costly-bfestaining therapies including
dialysis or kidney transplantation. Not only does this impact quality of life, but it also
places a significant financial burden on healthcare infrastructure [hte;éhere is a
major need to identify novel therapeutic targets to prevent DKD progression.

The earliest manifestations of DKD are observed in the glomerulus or filtering
unit of the kidney. Here, glomerular basement membrane thickening and mesangial
matix expansion due to the production of extracellular matrix (ECM) proteins by
mesangial cells (MC) are key pathological changes that lead to reduction of filtering
capacity and DKD progressioni[d]. Thus, inhibiting the production of ECM by MC is a
focal point for novel therapeutic treatments. Recently, our lab identified a high glucose
(HG)-induced cell surface receptor on MC, cell surface GRP78 (csGRP78), as an
important regulator of PI3K/Akt activation and downstream ECM production [7, 8].

Endogenousi, GRP78 is found in the endoplasmic reticulum (ER) where it is
responsible for maintaining homeostasis and proper protein folding [9]. However, under
conditions of ER stress including HG, its translocation to the cell surface in association

with the cechaperone MTJ1 has been described [10, 11]. At the cell surface, GRP78 can
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be activated by ligands such as activated alphea2c r o gl obul i n (U2 M*) t c
activation of intracellular signaling cascades. These may differ depending on ligand
identityandthevat ure of its binding to ¢csGRP78 [10
is increased by HG and its binding to csGRP78 is important for activation of PI3K/Akt
signaling and matrix upregulation.

In keeping with the lack of an identifiéchnsmembrane domain, GRP78 is known
to reside as a peripheral protein on the plasma membrane with all regions exposed on the
cell surface [12]. Given its cell surface localization, GRP78 association with a
transmembrane pr ot ei mintfacelularesignalipgt Ttheseéaracsll r e q u
and context dependent [10, 12]. We have recently shown that csGRP78 interacts with the
transmembrane receptor integrin b1l under H
csGRP78 or integrin BKactwvationdyHGasuggestingthat h F AK
integrin bl is a functional <coreceptor for
[7]. Furthermore, previous studies have shown that PI3K/Akt signaling promotes
synthesis of the weltharacterized profibroticect o ki ne transf or mi ng gr
( T GF b 125], kndlvB to be a key pathogenic factor in DKD [16]. In this study we
determine whether integrin bl functions as
signaling in response to HG in MC, and therglance of t he c¢sGRP78/ it
a pathologic regulator of TGFb1l producti on

potential as an anfibrotic therapeutic target for DKD.
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3.4 Materials and Methods
3.4.1Cell Culture, Reagents and Protein Extraction

Primary MC from C57BL/6 mice were previously isolated using Dynabeads. Cells
were cultured in DMEMvith 5.6mM glucosesupplemented witB0% FBS, 100ug/mL
streptomycin/penicillin and grown at 87in 95% 02, 5%C02. MC were serum
deprived with 0.5% FBS for 24h prior to treatment with HG (30mM) with or without
csGRP78 inhibitors: Subtilase cytotoxin A (SubA, generously donated by Dr. J. Paton,
University of New Mexico School of Medicine) (25ng/mL) [17] or antilesdargeting
the N or Cterminus of GRP78 (N88, C38 respectively gifted by Dr. S. Pizzo, Duke
University Medical Centre at Durham) or gadsorbed IgG control (10ug/mL) [18].
The following antibodies were used: pFAK Tyr397 (1:1000, Cell Signaling), F&tK
(1:1000, Cell Signaling), pSmad3 Ser423/425 (1:4000, Novus), total Smad3 (1:1000,
Abcam), latencyassociated peptide (LAR)GFb 1 (1: 1000, R&D Systen
(FN) (1:1000, Novus), Col | ag e-4ubulin(1:40@p | I V)
Sigma), GRP78 (1:1000 BD Biosciences), platdlet r i ved gr owt h factor
(PDGFRbB) (1:1000, Santa Cruz), integrin bl
antibody (P4G11) (SigmaAldrich) and LEARFM purified antimouse/rat active integrin
b 1 eutnalizing antibody (Biolegend). The following inhibitors were used: FAK inhibitor
(PF573228, 2uM), cytochalasin D (200ng/mL), latrunculin B (400nM), and colchicine
(5pug/mL). Proteirharvestrom whole cell lysatesvasdescribed previously [19]. Proteins

were separated using SIPAGE and immunoblotted to assess protein expression.
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3.4.2 Transfection and Luciferase

For short interfering (si)RNA and luciferase experiments, MC were plated at 50%
confl uence and transf ect e dcomrolsSiRNAISIHeheeM of M
Select, ThermoFisher) using Lipofectamine (Invitrogen) or 1ug of the Snesgdnsive
luciferase reporter construct CAGAlLXiferase (donated by Dr. M. Bilandzic, Hudson
Il nstitute of Medical Rjelactesd a s 6®3l,(Clontecth 0. 05 Og
using Effectene (Qiagen) respectively. Media was changed 18h after transfection and
cells serum deprived prior to treatment.

El ectroporation was used to transfect <c
(GRP78 lacking the KDEL domain whidbcalizes it to the ER, thus enabling significant
localization to the cell surface [20]). Empty vector was used as a control. Confluent MCs
were trypsinized and centrifuged in 20% FBS DMEM without antibiotics. Cells (200pL,
5x1(/well) were electroporateid a 4mm gap cuvette with 10ug plasmid for one 30ms
pulse at 250V (ECM 399, BTX Harvard Apparatus, Holliston, MA, USA) before
replating. MCs were then seruteprived, treated and harvested as above.

For luciferase harvest, cells were lysed in 1x Repastsis Buffer (Promega) and
stored at803 overnight. Luciferase activity was measured after clarification of lysates
using the Luciferase Assay System (Promega) with a luminometer (Junior LB 9509,

B e r t h @Al dcivity whs used to normalize sampledanwas measured usi-t
Galactosidase Enzyme Assay System (Promega) with a SpectraMax Plus 384 Microplate

Reader (Molecular Devices) set to read absorbance at 420nm.

103



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

3.4.3 RNA Extraction and qPCR

Trizol (Invitrogen) was used to extract RNA and 1ugweverse transcribed
using gScript Supermix Reagent (Quanta Biosciences). Using Power SYBR Green PCR
Master Mix on the Applied Biosystems Vii 7 Réiime PCR System, quantitative PCR
was performed to determine changes in mMRNA expression relative toil88agis t he @@Ct
met hod with the foll owiANMCGEAAGGECABCGAAF GFb1 f
360 and +CGEGACTGGELCGAGECTTAGTI36 and 18S forward 50
GCCGCTAGAGGTGAAATTCTTG3 6 and —reverse 560

CATTCTTGGCAAATGCTTTCG3 6 .

3.34 Biotinylation

After treatment, NC were incubated with 1mg/mL Hihked SulfeBiotin
(Pierce) for 30 minutes. Excess SuB@tin was removed by washes with 0.1M glycine
in PBS, then cells were lysed, clarified, and normalized concentrations of proteins were
incubated overnight with a 508eutravidin slurry (Fisher) to capture bictigged
proteins. The following day, beads were washed with lysis buffer 5 times after which
tagged proteins were cleaved from beads by boiling for 10min in 2x PSB. Samples were

separated using SBBAGE prior b immunoblotting.

345 TGFb1l ELI SA
Conditioned media was collected from MC after treatment and total secreted
TGFb1l was measured after acid activation u

Systems).
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34 6 TGFb1l Bi oas sbkpitheliad Cllsh(MUEACsh k Lung

MLEC stably transfected with the PAlluciferase promoter construct were used.
They were cocultured with MC in MEM with 10% FBS, plated at 5,000 and 25,000
cells/well respectively on a MRell plate (1:5 ratio MLEC:MC). The nexfay, cells were
serum deprived for 18h followed by treatment with HG and inhibitors. At collection, cells
were lysed in 1x Reporter Lysis Buffer (Promega) and store@Dat overnight before

analysis of PAIL luciferase activity.

3.4.7 SurfaceProtein Celmmunoprecipitation from Live Cells

Cells were washed three times with PBS and then incubated in starvation medium
with 5pug anttGRP78 N88,ami nt egr i n b 1 @ rfor Zhounstwithaggéntlel g G a't
agitation. MC were then washed with PB&dd, and passed through ag#hiige needle
(Precision Glide Needle, BD) 5 times to ensure complete lysis. Lysates were clarified and
Protein G beads (rProtein G Agarose, Invitrogen) were added to normalized samples for 2
hours at 4 on a rocking plate. Bels were washed with lysis buffer and proteins then
eluted by boiling for 10 min in 2x PSB. Samples were analyzed usingPHN®E and

immunoblotting.

3.4.8 Statistical Analysis

For comparison between two or more groups, attiled ttest or onevay
ANOVA wer e used respectively wusing GraphPad
was completed when more than two groups were analyzed. Statistical significance was

designated at p<0.05 and data are presented as mean + SEM.
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35 Results

351 csGRP78 mediatdsGF b1 transcription in response
To assess the role of ¢csGRP78 in the re

confirmed the increase in surface expression of GRP78 under HG treéf&gent 3-

1A). Next, we assessed the effects of csGRP78 widnmbon HGi nduced TGFb1

transcript upregulation. We first used an antibody that targets-tearinus of GRP78,

termed C38 [18]. We previously showed that thefninal targeting antibody-20, no

longer manufactured, inhibits HiBduced FAK/Akt activabn [7], and confirmed similar

efficacy of C38 (not shownkigure 3-1B shows that C38 prevented HGhn duced TGFb 1

transcript upregulation. We next used the enzyme SubA,-arga#irmeable proteinase

that selectively cleaves thet€rminus of cell surface &P78 [17], which we showed also

inhibits HG-induced signaling [7]. This similarly prevented HGh duced TGFb1

transcript upregulatio(Figure 3-1C). Finally, using siRNA we downregulated the co

chaperone MTJ1, required for H8duced translocation of GRPT&the cell surface [7,

21]. This also prevented TGF(@igureBRINAWeupr egu

further assessedifHGnduced c¢sGRP78 regul ates TGFb1l p

Figures3-1E-Gs how t hat TGFb1l pr omot erignficanthi f er as e

reduced with csGRP78 inhibition using C38, SubA and MTJ1 knockdown respectively.

These data support a role for ¢csGRP78 in r

352HG-i nduced TGFb1l protein synthesis and se
We next wished to assess whether c¢csGRPY
and secretion in HG. We first measured protein expression of the secreted inactive form
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of TGFBbNGF Ari&iBure 3-2A and Bwe observed cellular inhibition of HG
induced LARTGFb1l expression by C38 or SubA respe
MTJ1 also abrogated LAP GF b 1 u p r(Egure 8-2C). Neatrhwe analyzed the
secretion of t otgain, welolsErked a diggificaatirdd&#on in A
secreted TGEFdudk 3-2D) SubA(KEdgaire 3-2E), or after downregulation
of MTJ1 with siRNA(Figure 3-2F), i mpl i cating ¢csGRP78 in the

protein synthesis and secretion.

3.5.3 csGRP78acilitates HGinduced Smad3 activation
As our data thus far implicate a role for csGRP78 in the production and secretion
of TGFb1l, we next wished to confirm that d
thus assessed activation of Smad3 by measusmhosphorylation (at-@&rminus
Ser473/475) and activation of the Smad8ponsive reporter CAGA12 luciferase [16,
22]. InFigure 3-3A and B we observed attenuation of H@&duced Smad3
phosphorylation by C38 and SubA respectively. Furtherimtiiced CAR\12 luciferase
activity was also inhibited by C3&igure 3-3C) and SubA(Figure 3-3D). These data
clearly show that c¢sGRP78 mediates downstr

HG.

354 I ntegrin bl interaction wagdlaionenss GRP78 i s
signaling in HG

OQur | ab has previously shown that integ
regulating csGRP#&hediated profibrotic FAK/Akt activation [7], with Akt known to
regul ate TGFbl induction by H@gGafd5i]f Wet &di
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was also required for modulating TGFb1l wupr
neutralizing antibody targeting the confor
assessed whether inhibition ofnsecretoggdr i n b1
downstream activity. Ifrigure 3-4A and B we observed attenuation of H@duced

TGFb1l production with integrin bl neutrald@
respectively. Hd nduced s ecr et(Figumre 3-4C)and ite doaristrednGF b 1
activity measured by phosphorylation of SméEigure 3-4D) and CAGA12 luciferase

activity (Figure 3-4E)wer e al so i nhibited by integrin b
knockdown of i nt eigorduc eébdl FpAkK vaemttagudtorHGo n, T C
and downstream TGFb1l signaling as well as
upregulationFigure 3-4F).

We next assessed whether GRP78 -associ at
TGFb1 at the cell surface. fatedfromlisecell§ ace GR
after treatment as described in methods:ijure 3-4G, we observed Hénduced
association of ¢sGRP78 and integrin bl as
csGRP78 association with LAP G F b 1Figurd 3mH, reverse immunagcipitation
with cell surface integrin bl confirmed th
association between these proteins was attenuated by csGRP78 inhibition with the C38
antibody. We next sought t o &arefequirethfort hat b
TGFb1l signaling in HG. For this assay, MC
transfected with the Smadpendent PAL promoter luciferase construct, allowing for

assessment of TGFb1l activity. Aihhibiorsofpl at i n
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either ¢csGRP78 or integifigue38dll, HGrl edntooTG
activation ashownby increased luciferase activity in cell lysate. This was inhibited by
both C38 and the integr i n infplicatenaedmettrokfoi z i n g

both ¢csGRP78 and integrin b1l in modulating

355 Overexpression of c¢csGRP78 augments TGFf
downstream profibrotic signaling

We previously showed that overexpression of GRR¢king the ERetention
sequence KDEL (@KDEL) I ocal i zesinduicekdECM t he
and profibrotic cytokine production [8]. Here we aimed to investigate whether the
overexpression of ¢sGRP78 <coectetbnaamd so augme
downstream signaling, and HRigore33Aaeobdetvads r e q
an increase in the basal expression level of TABF b1 i n MC transfected
and this response was augmented by HG. Similarly, we observedamth@e i n TGFb1
secretionFigure 3-5B) and phosphorylation of Sma¢Bigure 3-5C)wi t h  @KDEL
alone, both of which were further augmented by HG. We next wished to evaluate if
integrin bl was required for this signalin
overexpre si ng MC with the i nt digue3ddDdndEshoewut r al i
that integrin bl neutr alTiGFadtli cam dr ggdSucaedd3 & xo
seen in cells transfected with the empty control vector, indicating a critical role for

integrin b1 in ¢csGRP78 signaling.
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3.6 Integrin bl contributes to GRP78 celll
Previous studies have shown manganese (Mn) to be-gpeaific integrin
activator, with its activation of FAK downstream of integrins also confirmed [23, 24]. We
thus initially used Mn to determine whether integrin activation was necessary or sufficient
to induce GRP78 |l ocalization to the cell su
signaling. InFigure 3-6A we observed significant Mimduced translocation of GRP78 to
the cell surface. IkFigure3-6BandC b ot h TGFb1l production and
signalirg (measured by Smad3 phosphorylation) were increased by Mn treatment.
| mportantly, both ¢csGRP78 and integrin bl
csGRP78Figure 3-6D)o r i n t (EBigurei3-6E) rbslilted in a loss of Mimduced
Smad3 phosphgrl ati on. Using an antibody that spec¢
(P4G11), we confirmed that localization of GRP78 to the cell suffédgare 3-6F) and
activation of downstream signaling measured as FAK and Smad3 phosphorylation
(Figure 3-6G and H respetivelyywer e i nduced by integrin bl.
prevented by csGRP78 inhibitigRigure 3-61 and J). Finally, we tested whether integrin
bl was needed for GRP78 translocation to t
Figure3-6K,integ i n b1l downregul ati oinduoed t h si RNA i
translocation. Taken together, these data show the critical interdependence of csGRP78
and integrin bl in the profibrotic respons
3.7HG-induced csGRP78 translocation is independent of cgtegk organization
The importance of integrins in the regulation of cytoskeleton organization, in

addition to their role as modulators of transmembrane signaling pathways, is well
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established [222 8 ] . Having shown that i msignalggin n b1l i
HG, we next sought to determine whether cytoskeletal integrity is required for csGRP78
signaling. We first assessed the actin cytoskeleton. Phalloidin staining for actin shown in
Figure 3-7A confirms that the inhibitors cytochalasin D anddatulin B both disrupted
the actin cytoskeleton. However, neither preventedimtiiiced translocation of GRP78
to the cell surfacérigure 3-7B). We then tested whether the microtubule network was
required. Its disruption with colchicine was first confiahigy staining for tubulin
(Figure 3-7C), but it also did not reduce HBduced csGRP78 expressigfigure 3-
7D), suggesting that cytoskeletal integrity is not required for GRP78 surface
translocation.

We next sought to determine whether act
which regulates signaling events as well as cytoskeletal organization [27], was required
for signaling in HG. IrFigure 3-7E we observed a loss of H@duced cell surface
presetation of GRP78 with a FAK inhibitor. FAK inhibition also resulted in a loss of
HG-i nduced TGFb1l production and signaling a:c
protein (fibronectin, collagen IV) synthegisigure 3-7F). Together, these data support
animprtant signaling function for integrin f

the profibrotic response to HG in MC.

3.8 Discussion
Recently, we identified csGRP78 as an important regulator of profibrotic

signaling in MC under HG conditions and showed the de novo expression of GRP78 at
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the cell surfacén vivoin models of DKD [7, 8]. We also implicated activated alpha 2
macroglobulifl U2 M*) as a |igand for ¢sGRP78 which
signaling [7, 8]. However, as csGRP78 is found completely extracellularly, a
transmembrane coreceptor is required to transmit signaling intracellularly. While several
such proteins haveslen shown to associate with csGRP78 [10], the identity of the
coreceptor required for HG signal transduction is as yet unknown. In this study, we built
on our previous work in which we showed th
HG conditions, sugesting that this integrin could be the potential binding partner
relevant for signaling [7]. Here, we showe
profibrotic FAK/Akt signaling by csGRP78 in response to HG and demonstrated that
i nt egr i n/8arelréequieddd® R nduced TGFb1l producti on,
downstream signaling in MC. Il ntriguingly,
independent of its role in cytoskeletal organization, can induce GRP78 translocation to
the cell surface hiereby potentially amplifying profibrotic signaling. These data,
summarized ifFigure 3-8, support further evaluation of
signaling axis as a potential therapeutic target for DKD.

Previous studies have shown the importance oftinfteqq b1 i n regul at.
assembly and production of ECM proteins that contribute to the fibrotic phenotype seen
in DKD [ 29, 30] . |l ntegrin bl was also show
the mature profibrotic cytokine, indirectly contributitaggthe overproduction of ECM
proteins [31]. OQur MLEC coculture data sup

TGFb1l, showing a decrease in TGFb1l functio
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bl or ¢csGRP78 bl oc k adedfectsin thiafunctioraltassayrnodhd u c e T
same degree and to baseline levels supports their integrated and cooperative role. The

mol ecul ar mechanism underlying the role of
activation, however, requires further eldatiion. Our immunoprecipitation data show
interaction betwe&Gdmli mhegrislGRPY 8 LAPrespon
possible that csGRP78 facilitates interaction with ECM proteins required to provide
traction for r el eas ehemitricellBaBFECM gljc8polein such a
thrombospondifl [33 35]. Further studies are required to address this possibility.

Our data also add to these known roles
show that, in cooper at i omblewthdirtreasesd §/RtRegi8, 1 n
of TGFbl, thereby amplifying profibrotic c
targeting of TGFbl is not clinically feasi
and associated adverse effects with itshitian [36]. Indirect methods relevant to
di sease pathol ogy, s ua@GRPa8Intetaciongneaythusg t he i
provide greater clinical benefit without adverse effects.

Integrins exist as heterodimeric transmembrane glycoproteins thattcfmsis:
covalently associated U and b subunits [27
integrin bl as a ¢csGRP78 signaling partner
alpha binding partner, with 18 alpha subunits known to exist in mammat¢ednedach
Ub heterodi mer has been shown to have diff
components, and integrin heterodimers that bind to the same ligand can further elicit

distinct signaling cascades [28, 37]. Whether there is a disepse c i f eradimérl he't
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that interacts with csGRP78 to propagate the profibrotic signaling pathway we observed
in this study requires clarification. Furthermore, given the various distinct cell types in the
ki dney, wh e tcdGRP78 signalireggsmbre brdadlyesesuch as in tubular
cells or fibroblasts which contribute to the tubulointerstitial fibrosis that defines later
stages of disease, requires further study. Similarly, whether the alpha binding partner is
consistent across cell types in the diabetic kydaeo needs to be identified.

Previous studies have implicated several integrin heterodimers in the
pat hogenesis of DKD and other kidney disea
mediate glomerular fibrosis in kidney disease through the productarilagen IV and
reactive oxygen speci es. Del etion or inhib
to the glomerulus and prevented the development of fibrosis [38]. The fibrenectin
assembling integrin U5b1 was sahdowHGin o be u
both MC andpodocytes bulhas not as yet been directly shown to promote kidney disease
[3914 1] . Il nhi bition of both integrin Uvb1l an:
fibrosis in a diabetic mrineand porcine model respectively [31, 42litkre studies will
determine whether these known profibrotic integrin heterodimers function at least in part
through csGRP78.

We previously showed an important role for cytoskeleton organization in
mechanical stressduced profibrotic signaling in MC, it disruption of the actin or
microtubule cytoskeleton inhibiting signaling [19, 43]. Our current study, however, has
identified a distinct mechanism for integr

cytoskeleton integrity in MC. This may be importémerapeutically since inhibition of
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csGRP78/integrin bl interaction should not
important cellular process will remain intact, providing targeted disease specificity which
reduces the likelihoodf adverse effects

Our previous study has shown that U2M*,
increased significantly in diabetic kidneys and is required for profibrotic signaling in
response to HG in MC [8]. How U2mdlécularc s GRP 7
| evel is as yet unknown. It i s possible th
GRP78 to the cell surface, thereby allowing for its presentation on the surface in a
particular topology. This may fawthl i tate t
consequent promotion of profibrotic signal
may alter its conformation and facilitate

aim to elucidate the particular mechanism by which this signalingsccu

3.9 Conclusion

Overall, we have shown that both-csGRP7Y
i nduced TGFb1l sanddgighating in8IC. Intereuptioreof theanteraction
between these cell surface proteins may represent a novel therégeaico prevent
profibrotic signaling in DKDIn vivo studies hatassess the efficacy of inhibiting
csGRP78/integrin b1l/U2M* signaling wil.l el

a potential therapeutic target for DKD.
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Figure31 c¢sGRP78 mediates TGFb1l transcription in
csGRP78 mediates TGFb1l t (AahGs(@hyindpcedicelln i n r e

surface localization of GRP78 in MC (n=4, *p< 0.0)) The GRP78 antibody C38
attenuated HG (48d) nduced TGFb1l transcript upregul at
(2ug for each antibody, n=12, *p< 0.05, **p< 0.01, **p< 0.008)) Cleavage of the C
terminus of ¢csGRP78 with SubA (25ng/ mL) opr
HG (48h) (n=10, *p< 0.05, **p< 0.01]D) siRNA knockdown of MTJ1, required for cell

surface translocation of GRP78 in HG, attenuated HG {#f8hiced TGB 1 MR NA
upregulation compared to control sSiRNA (100nM, n=4, *p< 0.05 **p< 0.01). HG {48h)
induced TGFb1l promoter activity, assessed
inhibited by(E) C38 (n=10, **p< 0.005, ****p< 0.0001)(F) SubA (n=12, **p< 0.01,

***p< 0.005), or(G) MTJ1 knockdown (n=6, **p< 0.01, ***p< 0.005) in MC.
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Figure 32.HG-i nduced TGFDb1l protein synthesis and sec
Increased synthesisof LAPGFb1 i n response to(AHle&e (48h) w

GRP78 antibody C38, but not control IgG (2ug, n=6, *p< 0.05, **p< 0(@))¢csGRP78
inhibitor SubA (25ng/mL, n=5, *p< 0.05, **p< 0.005), (€) MTJ1 siRNA, but not
controlsiRNA (100nM, n=3, **p< 0.01, ***p< 0.005). HG (48A) nduced TGFb1
secretion, assessed by ELISA of aaativated medium, was prevented by csGRP78
inhibition using eithe(D) C38 antibody (2ug, n=4, *p< 0.05, **p< 0.005E) SubA
(25ng/mL, n=6, *p< 0.05¢*p< 0.01), or(F) MTJI1 siRNA knockdown (100nM, n=3, *p<

0.05).
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Figure 3- 3. csGRP78 facilitates HGinduced Smad3 activation.
csGRP78 facilitates H@&duced Smad3 activation. HG (48hpduced Smad3 activation,
assessed by its-terminal phosphorylation at Ser473/475, was prevented by csGRP78
inhibition with (A) C38 antibody, but not nonspecific IgG (2ug, n=9, *p< 0.05, *p<
0.01)or (B) SubA (25ng/mL, n=8, *p< 0.05, **p< 0.01). HG (48imcreased Smad3
transcriptional activity, assessed using the SrradBonsive CAGA12 luciferase
reporter, was also prevented by csGRP78 inhibition (@hC38 (n=16) o(D) SubA

(n=12, *p< 0.05, *p< 0.01, ****p< 0.0001).

120



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

A 104 B Con HG HG C 20
B e ]
- LAP-TGFp1 . .
CRE * - P S 1s .
ap s o =
E : 3 =t
g].(l- - ¥ E 1.04 = _t_
El * - i e -
z
£ " g 1 - . E 0.5
=
: |
R—— HG HG* ausidnepl g * 0.0 y T T
E 1 L Con HG  HG+anti-Intpl
Con HG HG = . N
D +anti Intp1 .
63 - pimad3
o — e
15 E 2.04 . [Ty
—, L] ‘a -
u . Sas] e "
E - = -
i 18 * E . .
= o 10 LY LI
z T+ |
3 10 - -
- [ L}
'5 g . 't. T
[} - & . :
- .‘
1] 0o T r
' Con MG HG=asd-Ingpl Con HG  HG-aatilotpl
F Control  Intpl 6 » ConlOOC
SiENA SiENA . » Con100HG
Con HG Con HG peay bees - s Intp1 100 Con
. —_— e v Intpl 100 HG
44 . - " ™
o -+ § e
L2 2] *&
o- = © | P =,
s 2|
v s b [1l |4 Lh A la I11&R
v
o - — (8 LR b ke T
pFAK  LAP.TGFpl  pSmadd FN Col IV
IP: Integrin il
Con HG HG HG trer
G  PcsGRPS P IsG H I
Con HG HG +C38 +1gG M e Tom
o e - |
¥
75 - R = ar1orpt 75 - [ e 3 -
- = = - I =: 1APTGEpL | | ¥
Heavy Chain . ” eavy Chain F
15 -
Con (L8 BN Tz gt

-
-
h
=

LARTCHBI (bl dhange)

: 3

e .

-
LAFTGHBI (bl change)

5 - v .
L
e %

e
-

i
i



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

Figure 3- 4. I ntegrin bl interaction with c¢csGRP78 is
signalingin HG.HG-i nduced TGFb1

(A) transcript upregulation (n=4(B) protein synthesis (n=4)C) secretion (n=3) and

signaling measured #B) Smad3 activation (phosphorylation at Ser473/475) (n={&pr
CAGA12 luciferase activity (n=12) were inh
(10pg, HG 24h for mRNA and 48br all others, *p< 0.05, **p< 0.01JF) These were

al so prevented by downregul ation of integr
activation of the integrimegulated kinase FAK (phosphorylation at Tyr397) and

upregulation of matrix proteins fibrortet (FN) and collagen IV (Col IV) in response to

HG (48h, n=6, *p< 0.05, **p< 0.01, **p< 0.005, ****p< 0.0001)G) cSGRP78 was

i mmunoprecipitated from |Iive cells after H
and LART GFb 1 ( n =3 (H)Reperse iimuloprecipitation of cell surface
integrin bl confirmed interatGFbh wnthespG
to HG (48h) (n=4, *p< 0.05, **p< 0.01, **p< 0.005, ***p< 0.0001)) MC were co

cultured with mink lung epithelial cells (MLBEGtably transfected with Smad&gulated

PAI-1 promoter luciferase. The increase in luciferase activity induced by HG (48h) was
prevented by either csGRP78 inhibition with C38 (2ug) or antibody neutralization of

active integrin b101X 100g) (n=9, ****p< 0.0
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Figure35. Overexpression of ¢csGRP78 augments TGFb
downstream profibrotic signaling.

(A)Overexpression of GRP78 @KDEL, which 1inc
LAP-TGFb1l expression and augmented expressio
0.01). Increased basal and HG (48iduced expression of bo(B)t ot al secr et ed
(n=4) and(C) dowrstream signaling measured by Smad3 phosphorylation (Ser473/475)

(n=5) were also seen (*p< 0.05, *p< 0.01, ***p< 0.005, ****p< 0.0001). GRP78

K D Eihduced increases {iD) LAP-T GF b 1 (Ep8ndad3 (phosphorylation at
Ser473/475) were both attenuatedbyaut r al i zi ng integrin bl ar

n=6, *p< 0.05, **p< 0.01).
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Figure3-6. I ntegrin bl contributes to GRP78 cell s
integrins using manganese. (Mn) induced

(A) localization of GRP78 to the cell surface (n=3, *p< 0.05, **p< 0.(A) production

of LAP-TGFb1l (n=3, (¥dposwnOs.tOrlelanma nTdGFb1 signal i nt
Smad3 phosphorylation (Ser473/475) (n=3, **p< 0.01). Inhibition of e{becsGRP78

using he C38 antibody (n=8, *p< 0.05, *p< 0.01)@&)i nt egri n b1l using a
antibody (n=5, *p< 0.05, **p< 0.01) attenuated Mn (2#guced activation of Smad3
(phosphoryl ation at Ser 473/ 475). To speci f
activating antibody P4G11 was us¢H) P4G11 (2 or 10ug, 6h) increased csGRP78

expression in MC (n=3, *p< 0.05, **p< 0.005). P4G11 (2 or 10ug, 12h) also induced

activation of boti(G) FAK (phosphorylation at Tyr397) arfti) Smad3 (phosphorylation

at Serd473/45) (n=4, **p< 0.01, ***p< 0.005, ****p< 0.0001)(l, J) These were

attenuated by csGRP78 inhibition (C38 2ug, 12h, n=8, ***p< 0.005, **p< 0.006).
Downregul ation of integri nindocedGR®I8ng si RNA

localization to the cell stace in MC (n=3, ***p< 0.005, ***p< 0.0001).
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Figure 3- 7. HG-induced csGRP78 translocation is independent of cytoskeleton
organization.

(A) Cells were stained with rhodamine phalloidin to visualize actin filaments, confirming
actin cytoskeleton disruption usingd€tin inhibitor cytochalasin D (200ng/mL, 1h) and
G-actin polymerization inhibitor latrunculin B (400nM, 1K) HG (6h}induced

csGRP78 localization was not affected by either inhibitor (n=4 for Lat B and n=3 for
Cyto D, *p< 0.05, **p< 0.01)(C) Cells were stained with tubulin to visualize

microtubule filaments, confirming disruption using colchicine (5ug/niR).Colchicine

did na attenuate HG (3hnduced localization of GRP78 to the cell surface (n=3, *p<
0.05, *p<0.0)(E)I nhi biti on of FAK, a mediator of i
PF573228 (2uM, FAKI) attenuated HG (6imduced localization of GRP78 to the cell
surface (n3, **p< 0.01).(F) HG (48h}induced upregulation of LA GF b1 and
downstream activation of Smad3 (phosphorylation at Ser473/475), as well as production
of ECM proteins fibronectin (FN) and collagen IV (Col IV) were also prevented by FAK

inhibition (n=8, *p< 0.05, **p< 0.01).
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Figure3-8. Proposed role of integrin bl in csGRP78
in MC. HG promotes the presentation of GRP78 on the cell surface in MC

Here, interactionwittHG-act i vat ed i ntegrin b1l induces F
signaling. This increases TGFb1l synthesi s,
an increase in ECM production. Activation of integrins with manganese (Mn) or of

i ntegrin b1lyusiogtle adiateg anttbodg R4G11 replicates HG effects,
supporting a critical role for integrin bl

BioRender.
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4.1 Preface
Significance to thesis

We have thus far implicatalecsGRP78 U2 M* / | mg afpatholagici s
regulator offibrosis by MC.We have also shown thaiG-inducel T GF b1 synt hesi s
signaling are mediated by this pathwByevious studies have shown that this well
known profibrotic cytokine is gulated through PI3k/Akt, which we have shown is found
downstream of € GRP 78/ U2 M*Hoswiegvnear|,i ntgh.e exact mechan
upregulatiorand activations as yetunknown.The purpose of this study was to evaluate
if csGRP780 2 MPI13k/Akt signalingr egul at ed TGFbilnom hrough its
proteolytic activator thromtspondinl (TSP1).TSP1 haslsobeen shown to be
regulated through PI3Kkt by complement activation in MC, bfitrther characterization
of this mechanism is needddere we showed that inhibitiasf csGRP78[J 2 MPI3K,
and Aktprevented TSPfroduction, deposition intothe ECds we | | as TGFb1l
activationand downstream signaling (measured as Smad3 phosphoryl@tge}her,
thisdata implicates ndi r ect r e g prdfilardtic sgmalinghirough tad- b 1
cs GRP 7 8/ U2 Mhus strangdniwgthe potential of this mechanism as a

therapeutic targdor DKD.
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4.2 Abstract

Diabetic kidney diseagd®KD) is the leading cause of kidney failure in North
America, characterized by glomerular accumulation of extracellular matrix (ECM)
proteins. High glucose (HG) induction of glomerular mesangial cell (MC) profibrotic
responses plays a central role inpgghogenesis. We previously showed that the
endoplasmic reticulum resident GRP78 translocates to the cell surface in response to HG,
where it mediates Akt activation and downstream profibrotic responses in MC.
Transforming growt h nizadas aocentre rhedigtor 8H® 1) i s r
induced profibrotic responses, but whether its activation is regulated by cell surface
GRP78 (csGRP78) is unknown. TGFDb1l is store
release for biological activity. The matrix glycofeim thrombospondifl (TSP1)known
to be increased in DKD and by HG in Mi§,an important factorin TGF1 acti vati on
Here we determined whether c¢csGRP78 regul at
activation by HG in primary MC.

TSP1 transcript and pmaoter activity were increased by HG, as were cellular and
ECM TSP1, and these required PI3K/Akt activity. To determine whether csGRP78 was
required, its activity was inhibited using vaspin or thefininal targeting antibody C38.
Alternatively, GRP78 traslocation to the cell surface was prevented with SIRNA
downregulation of its transport @haperone MT-1. All prevented H@nduced TSP1
upregulation and deposition into the ECM. The-td@uced increase in active TBRL i n
the medium was also inhibited, whiwas associated with reduced intracellular Smad3

activation and signaling. These data support an important role for csGRP78 in regulating
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HG-induced TSP1 transcriptional induction via PI3K/Akt signaling. Functionally, this
enablesGFb 1 act i vporse to HG, with consegsient increase in ECM proteins.
Means of inhibiting csGRP78 signaling represent a novel approach to preventing fibrosis

in DKD.

4.3 Introduction

As the largest cause of kidney failure worldwide, diabetic kidney disease (DKD)
places a significant burden on our healthcare system. The current standard of care for
DKD can only slow disease progression, meaning many of these patients will develop
endstage kidney disease and require costly therapies including dialysis or kidney
transpant (Johnson and Spurney, 2015; Twtlal, 2020). Thus, identifying novel
therapeutic interventions that can prevent disease progression are crucial. The primary
hallmark of DKD manifestation begins with structural changes to the glomerulus, the
filtering unit of the kidney. These pathologicabaiges include glomerular basement
membrane thickening and the overproduction of extracellular matrix proteins (ECM) by
glomerular mesangial cells (MC) which leads to glomerulosclerosis and ultimately loss of
filtration ability (Reidyet al, 2014; Alicic,Rooney and Tuttle, 2017; Sagoo and Gnudi,
2020). ThusMC play a critical role in the pathogenesis of DKD and are an important
therapeutic target for attenuating fibrosis.

The profibrotic cytokine transforming
characterize for its role in promoting ECM production by MC in response to high

glucose (HG) through Smatkpendent andndependent signalingathwaygLi et al,
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2003; Changpt al, 2016; Zhao, Zou and Liu, 2020).G F b 1 cretesl in angnactive
form, with the maire cytokine noncovalently attached to itdeé¥minal propeptide, the
latencyassoci ated peptide (LAP). As LAP bindin
extracellular dissociation from LAP is required to reveal the receptor recognition site and
thus cytokineactivation (Taylor, 2009). Integriactivation may dissociate LAP either
through traction and mechanical release or through protease activation and LAP cleavage
(Worthington, Kl ement owicz and Travis, 201
MC was shawn to be dependent on the extracellular glycoprotein thrombospandin
(TSP1), which enablesthenpnr ot eol yti c rel ease of active
Wahab and Mason, 2001; Taylor, 2009).

TSP1 interacts with both tIAPthnhoumh ure por
distinct sites. Binding to the mature domain orients TSP1 to enable additional binding to
LAP. This binding disrupts the intramolecular LARature domain interaction to expose
the receptor binding sequencrasigndlingTGFb1l, en
(Murphy-Ullrich and Suto, 2018). Upregulation and increased deposition of TSP1 into the
ECM as well as its role in TGFb1l activatio
in vivoDKD mouse models and in human DKBoczatelet al, 2000; Wahabet al,
2005; Hohensteirt al, 2008; Luet al,, 2011).Furthermore, TSP1 knockout mice were
protected from the development of DKD (Dare¢kl, 2007), and the use of the peptide
LSKL which blocks the interaction of TSP1 with LAP, protected type 1 diabetic Akita

mice from DKD (Luet al, 2011). Reduced ct i ve TGFb1l and downstr e

143



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

seen in both studies. Thus, TSP1 is critical forattte/ation and profibrotic signaling of

TGFb1l, but how TSPl is upregulated i n DKD
Previously, our lab has shown that the endogenous endoplasmic reticulum resident

GRP78 translocates to the cell surface of MC in response td1E8, it acts as a

receptor for the activated form of the protease inhibitor alpha 2 macroglobulin, the

binding of which enables H@&duced downstream profibrotic signaling (Van Krielketn

al., 2019; Trinket al, 2021, 2022). PIBAkt is a key mediatoof cell surface (cs)GRP78

signaling, a pathway known to facilitate T

response to HG (Waet al, 2009; Van Kriekeret al, 2019). We have also shown that

csGRP78 inhibition attenuates the Ht@uced synthesis of Tsb 1 ( €T al, i20R2R).

However, whether c¢csGRP78 also contributes

regulation of its nofproteolytic activator TSP1 has not yet been determined and is

addressed in these studies.

4.4 Materials and Methods
4.41 Cell Culture

Primary MC from C57BI/6 mice were isolated for culture using Dynabeads. They
were cultured in DMEM (1000mg/L or 5.6mM glucose) supplemented with 20% FBS,
100pg/mL streptomycin, and 100ug/mL penicillin aB3th 95% Q, 5% CQ. Cells were
serun--deprived in 0.5% FBS for 24h prior to treatment with HG (30mM) with or without
inhibitors of csGRP78 signaling: thet€minus targeting GRP78 antibody C38

(2ug/mL) (Munro and Pelham, 1987; De Ridder, Ray and Pizzo, 2012; dtradk 2022)
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or vaspin 100ng/mL) (Nakatsukat al, 2012, 2013; Abdolatet al, 2022), otthe
following P13k/Akt inhibitors: wortmannin (100ng/mL), LY294002 (20uM), and Akt

Inhibitor VIII (10uM).

4.4.2 Protein Extraction and Immunoblotting
MC protein extraction was previoudliescribed (Krepinskegt al, 2003). Protein
expression was assessed using $FIA&E and immunoblotting. Antibodies used for
western blotting were: TSP1 (1:1000, R&D Systems), pAkt Ser473 (1:1000, Cell
Signaling), total Akt (1:1000, Cell Signaling), pSm&&423/425 (1:4000, Novus), total
Smad3 (1:1000, Abcam), MTJ1 (1:1000, Cedarlane), TABF b1 ( 1: 1000, R&D

Systems), GRP78 (1:-ububnqL:400B@Signa)osci ences) ,

4.4.3 Luciferase and Transfection

For transfection experiments, MC were plated at 50% confluency and transfected
with either 1ug of the mouse TSP1 luciferase reporter construct (miUSIRArase, a gift
from P. Bornstein, Plasmid #1240%dgene (Michaud.evesque and Richard, 2009))
with0. 05 Og pgQaM\a cht o-Gal, Glenstech) (simg Effecteneyi@gen) or
100nM of MTJ1 or control siRNA (Silencer Select, ThermoFisher) using Lipofectamine
(Invitrogen). After 18h, cells were serwiaheprived and treated as above for protein
collection fa siRNA experiments. For luciferase harvest, 1x Reporter Lysis Buffer
(Promega) was added to the plate which was then stor8@atovernight prior to cell
lysis. Luciferase activity was measured on clarified lysate using the Luciferase Assay
System (Promaga) with a luminometer (Junior LB 9509, BerthoftGal activity was
used tonormalizefot r ansf ecti on ef f i ciGalacwsidase measur ed
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Enzyme Assay System (Promega) with a SpectraMax Plus 384 Microplate Reader
(Molecular Devices) set te@ad absorbance at 420nm.

The pcDNA3.1 plasmid which contains GRP78 lacking its ER retention sequence
KDEL was transfected by electroporation as previodskycribed (Trinlet al, 2022).
This was used to overexpress GRP78 at the cell surface. Theeufuy pcDNA 3.1

was used as a control.

4.4.4 RNA Extraction and qtPCR

RNA was extracted from MC using Trizol (Invitrogen), and 0.5ug of RNA was
reverse transcribed using qScript Supermix Reagent (Quanta Biosciences). Expression of
TSP1 mRNA relatvetd 8 S was determined using the @mpCf
was performed using Power SYBR Green PCR Master Mix on the Applied Biosystems
Vi7ReatTi me PCR System. The foll owing primers
TGGCCAGCGTTGCCA3 6 and 4JHTENGEAGEARCCECGCTGAA3 6 and 18S
f or waGQCGEBTAGAGGTGAAATTCTTG3 6 and —reverse 50

CATTCTTGGCAAATGCTTTCG3 6 .

44 5 ELI SA for Active TGFb1
To measure biologically active TGFb1l in
Quantikine ELISA kit (R&D Systems) was usadth omission of the activation step

described in the protocol.

44 6 TGFb1l Bioassay with Mink Lung Epithel:i
MLEC stably transfected with the PAlluciferase promoter construct, generously

provided by Dr. T. Tsuda, were used. MC and ML#&ere cocultured in MEM with 10%
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FBS, plated on a 1®&ell plate at 5000 and 25,000 cells/well, respectively (1:5 ratio

MLEC: MC). The following day, cells were serum deprived for 18h followed by

treatment with HG and various inhibitors. At collection]salere lysed in 1x Reporter

Lysis Buffer (Promega) and storeld at 180 A

luciferase activity as described above.

4.4.7 Extracellular Matrix Extraction

MC were lysed with 0.5% sodium deoxycholate (DOG% DOC, 50 mM Tris
pH 8.0, 150 mM NaCl, 1% Nonidet40; asused in (Klingbergt al, 2014)) three times
to allow complete removal of cells while maintaining ECM adhesion to plates. Plates
were then washed twice with cold DOC lysis buffer and threestimitn cold 1xPBS.
Lysis buffer (PBS pH 7.4, 5mM EDTA, 5mM EGTA, 10mM sodium pyrophosphate,
50mM NaF, 1mM NaVO3, 1% Triton) containing 1mM DTT, 60mMobstyl, and
protease inhibitors was heated at40fdr two minutes before being added to the plate.
After thorough scraping, ECM lysate was transferred into an Eppendorf tube and boiled
for an additional ten minutes. Samples were assessed usingSBE and
immunoblotting. An aliquot from the first DOC extraction of each sample was taken and
run alongside thénal ECM extraction to confirm the complete removal of cellular debris

by probing for tubulin.

4.4.8 Surface Protein Gimmunoprecipitation from Live Cells

MC were washed three times with 1xPBS and then incubated in 1% BSA with
5ug antiTSPlantibody at 4 for 2h on a shaker set to low speed. Cells were then
washed and lysed by passing through -@&bge needle (Precision Glide Needle, B) 5
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times. Lysates were clarified and normalized with an equal amount of Protein G beads
(rProtein G agarosénvitrogen) added to each sample with gentle rocking overnight at
43 . Samples were then washed in lysis buffer and eluted from the beads by boiling for 5

minutes inlx PSB. Samples were assessed by $B&E and immunoblotting.

4.4.9 Statistical Analysis

All points presented in graphs represent individual data points. Aaied ttest
or oneway ANOVA was used to analyze differences between two or more groups
respectively. Tukeyds post hoc anal ysi s
more goups. ImageJ was used for the quantification of experiments and GraphPad Prism
6.0 was used for the analysis of data. Statistical significance was set to p<0.05 and data

are presented as mean +SEM.

4.5Results
4.5.1 PI3K/Akt signaling is required fdiG-induced TSP1 regulation

Previously we showed that H@duced PI8/Akt activation requires csGRP78 in
MC (Van Kriekenet al, 2019; Trinket al, 2021). Since PRAkt signaling was shown to
mediate TSP1 expression by complement in MC (W&rad, 2006), wehypothesized
that csGRP78 would promote TSP1 expression in HG through this pathway. To first test
whether PIR/Akt are required for HGnduced TSP1 upregulatipwe used the following
inhibitors: LY294002 and wortmannin to inhibit RI&ctivity and Akt inhibitor VIl to
inhibit Akt activity. We previously showed that the osmotic control mannitol has no

effect on the cell surface translocation of GRP78 or thegupagon and activation of
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U 2 M MC (van Kriekenet al, 2019; Trinket al, 2021). Further, mannitol does not

induce TSP1 expression (Yevdokimova, Abdel Wahab and Mason, 2001). Thus, mannitol
was omitted from these experiments. We observed significactigased TSP1

expression in response to HG, which was attenuated by all three inh{bitprse 4-1A-

C). We next assessed TSP1 transcript regulation. Similar to its protein expression, HG
induced TSP1 transcript upregulation was attenuated by the Akitort{Figure 4-1D).

Next, we confirmed that TSP1 promoter activity was also regulated ByARL3

signaling. Both PIR inhibitors and the Akt inhibitor suppressed TSP1 promoter

activation by HG. Some suppression of basal activity was also seen with Q284d

Akt VIII (Figure 4-1E-G). Taken together, PK3Akt is required for HGnduced TSP1

regulation.

4.5.2 PI3/Akt inhibition attenuates H@&duced TGB1 activation and signaling

Given that TSPl is an important activat
(Yevdokimova, Abdel Wahab and Mason, 2001), we next assesssber PIB/Akt
inhi bition would also abolish TGgbeld acti va
2A-C, the increase in active TGFb1l in the me
was preented by both PIBand Akt inhibitors. Activation of the major mediator of
TGFb1l signaling Smad3 was then assessed by
phosphorylated at its-€@rminus Ser473/475. As anticipated, lP&hd Akt inhibition
blocked HGinduced Smad3 activatiofrigure 4-2D-F). Thus, PIB/Akt are required for

TSPtme di ated activation of TGFb1l and its dov
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4.5.3 csGRP78 mediates Hi@duced TSP1 expression through Akt activation

We next wished to determine whether csGRP@8 an upstream mediator of
TSP1 regulation by HG through its activation of Akt. Cell surface GRP78 signaling was
shown to be blocked by thet€rminus targeting GRP &htibody C38 (Munro and
Pelham, 1987; De Ridder, Ray and Pizzo, 2012) and the adip@spe\visceral
adipose tissuderived serine proteinase inhibitor) in other settings (Nakasiilg
2012, 2013). We thus used thesassess whether csGRP78 mediates TSP1 upregulation
by HG. Figures 4-3A shows that C38, but not a control IgG, inhibits4h@uced TSP1
transcript upregulation. Similar inhibitory effects were seen on TSP1 promoter activation
and increased protein expression by HG with both C38 and v@3sgure 4-3B-E). In
Figures 4-3D andE, we confirmed that both csGRP78 inhibitors preventedihkt{ticed
Akt activation, as assessed by its phosphorylation at Ser473. We further tested the effects
of downregulating MTJ1, a echaperone required for GRP78 translocation to the cell
surface in respnse toHG (Van Kriekenet al, 2019). Shorinterfering (si)RNA
knockdown of MTJ1 inhibited both H@diduced Akt activation and TSP1 upregulation
(Figure 4-3F).

Lastly, we previously showed that the higlffinity ligand for csGRP78, activated

alpha2macr ogl obul i n ( de n o ki&ktactiaRidv in yesponsetalHGa t e s
throughcsGRP78 (Trinlet al, 2021). Using a neutralizilmgnt i body speci fic
as wel | as an inhibitory peptide that prev

P

1

wesltowthatHGi nduced TSP1 upregul ati on(Figue4-attenu
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3G-H). Al together, these da-ts@RPF&irothe t he i mport

upregulation of TSP1 through Akt signaling in response to HG.

4.5.4 Deposition of TSP1 in the EGMmediated by csGRP78

Increased deposition of TSP1 into the ECM under HG conditions has previously
beenshown (Yevdokimova, Abdel Wahab and Mason, 2001eXail, 2020). Here we
investigated whether its deposition is mediated by csGRP Fagimes 4-4A-B,
inhibition of csGRP78 by C38 or vaspin prevented ECM deposition of TSP1 stimulated
by HG. Similar effects were observed with downregulation of MTJ1 to inhibit GRP78
cell surface translocatigrigure 4-4C). Lastly, the localization of TSP1 in the ECMasv
visualized using immunofluorescence. As detailed in Methods, cells were removed after
treatment, with the remaining DG@soluble matrix assessed for TSP1 presence.
Inhibition of csGRP78 by the C38 antibody, but not the isotype control IgG, decreased
HG-induced TSP1 deposition in the EQMgure 4-4D). Thus, csGRP78 is crucial for

TSP1 upregulation as well as ECM deposition in response to HG in MC.

455HGIi nduced TGFb1l activation requires c¢csGR
SinceTSP1 is an important regulator of HG&duced GFb 1 acti vati on i

diabetic kidneygPoczatelet al, 2000; Wahalet al, 2005; Hohensteigat al, 2008; Luet

al., 2011) andcsGRP78 is required for its upregulation, we next investigated whether
csGRP78 would be requi r edFigir@e45A-C@ddbskervedct i v a
a marked increase in the activation of TGF
prevented by GRP78 inhibitors C38 antibody anaspin, as well as the knockdown of

MTJ1. We further assessed TGFDb1l activation
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stably transfected with the Smad&ponsive PAL luciferase construct. We first

established that PAl luciferase activity is not increased in MLEC in response to HG

(not shown). We then emcubated MLEC with MC. After treatment with HG, increased

luciferase activity was observelligure 4-5D-F) , ref |l ecting increased
in the medium. Inhibibn of csGRP78 with the C38 antibofyigure 4-5D) or vaspin

(Figure4-5E), as well as inhibition oRfigu8234r usi n¢
or an inhibitory peptidéFigure 4-5G) all preventedH& nduced TGFb1l acti v
further confirmedtha i nhi bi ti on of <¢sGRP78 also abrog
signaling in MC exposed to HEigure 4-5H shows that csGRP78 inhibition with vaspin
abrogated HGnduced activation of Smad3 as assessed by its phosphorylation at

Ser473/475. Knockdown of MTJ1 simika prevented Smad3 activati¢Rigure 4-51).

Il n the ECM, TSP1 dual interaction with
compl ex enables TGFb1l activation (Yevdokim
Taylor, 2009). We previously showed that HG induces interaction between csGRP78 and
LAP (Trink etal., 2022). We thus sougtd determine whether csGRP78 could also
interact with TSP1. We immunoprecipitated TSP1 from live cell cultures to isolate the
cell surface/extracellular TSP1 as outlined in Methé&ttpure 4-5J shows that HG
induces an interactiobetween TSP1, LAP, and csGRP78 which is prevented by
csGRP78 inhibition with the C38 antibody. Overall, these data support an important role
for ¢csGRP78 in regulating the activation o

physical interaction at theell surface is likely important for this regulation.
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45 6 Overexpression of c¢csGRP78 augments TSP
HG
We have previously shown that overexpressing GRP78 lacking the ER retention

sequence KDEL ( GRP 7 8P78@Ktbekctllsurface, profieretis e s GR
signaling, and matrix production and augmentsrd§ponses (Trinkt al, 2021). Here
we wanted to assess whether csGRP78 overexpression could also augment TSP1
production and Fidbie B-6A, veeolsérad mncraased hasallactivity
of the TSP1 promoter luciferase in cells e
that of HGinduced TSP1 luciferase activity. HG further augmented TSP1 promoter
activity, although this did not reach statistical signifieand/e next assessed the effects
on the TSP1 protein. Similarly to TSP1 luciferase, protein was increased by GRP78
KDEL al one and f ur(Rigure4-6B). In garalelave ®bservedan h HG
increase in acti VEgured4Lgpatdainni nkce ems @i um TGF
biologic activity assessed using the MLEC system described #&bimuae 4-6D) with
GRP78 @KDEL al one, also augmented by HG.

Our previous data show that U2M* is regqu
for csGRP78 effectsseentthib ver ex pr essi on of et@RBZ1)8To pKDE L
determine whether this extends to TSP1 effects, we treated cells in which csGRP78 was
overexpressed using GRP78 o@KDEL with U2M*
(Figure 4-6E) and the inhibitory peptidé-igure 4-6F)b | oc ked GRMmduBae (pKDE L
expression of TSP1, showing the importance of this ligandptor pair in regulating

TSP1 production.
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4.6 Discussion

We have previously shown tlde novoexpression of csGRP78 in DKD and the
importance of HEGnduced GRP78 translocation to the cellface to mediate profibrotic
signaling inMC (Van Kriekenet al, 2019; Trinket al, 2021). While these studies
showed that csGRP78 was importantfor-H&@ duced TGFDb1 wugtal,egul at i
2021,2022)wh et her it al so r eg whislaend stadeovasinetat i on
clear. In these follovup studies, we chose to focus on TSP1 given its central role in the
nonproteolytic activation of TGFb1l by HG ani
information on how TSP1 production is regulated in thisrggtiVe now present
evidence, summarized Figure 4-7, that csGRP78 facilitates the production and
consequent extracellular deposition of TSP1 throughk/RK signaling in response to
HG, with inhibition of this pathway preven
data provides further support for the potential therapeutic value of inhibiting csGRP78 to
prevent the fibrotic phenotype seen in DKD. Inllee di r ect TGFb1l i nhi bi
feasible due to its pleiotropic homeostatic effects. This was shown in a clinical trial
evaluating the efficacy of a neutralizing
dosing that limited adverse effects was inetifee in slowingDKD (Voelkeret al, 2017).
|l ndirect met hods of T GF-$gpicifiaabriorenally teeighteaoed t ar g
signaling, while leaving homeostatic signaling undisturbed, are thus of high therapeutic
interest. Our study supports csGRRa& a potential anfibrotic therapeutic target that

could provide adiseasepeci fi ¢ mechanism by which to i
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signaling in DKD. Current studies are underway to test the efficacy of csGRP78
inhibition in anin vivo DKD model.

Prevous studies have shown that TSP1 is increased in MC and sork&neyn
cells in response to HG as well as other stimuli relevant to DKD suegastensin |1
(Poczatelet al, 2000; Naitcet al, 2004; Zhotet al, 2006). Importantly, TSP1
upregulationwas also seen in both murine models of DKD and human type 1 and 2
diabetic kidneys (Yevdokimova, Abdel Wahab and Mason, 2001; Weathalh 2005;
Hohensteiret al, 2008; Luet al, 2011; MurphyUllrich, 2019).Several studies have
shown the pathologicinqppr t ance of TSP1 as an activator
the pathogenesis of fibrosis that is characteristic of DKD. Notably, TSP1 was shown to be
expressed in a mesangial patterDiD (Danielet al, 2007). In cultured MC, HG
i nduced TatoR ek blacked by @ peptide that inhibited interaction between
TSP1 and | atent TGFb1l (Yevdoki metala2011)Abdel
TSP1 knockout mice with type 1 diabetes induced by streptozotocin showed reduced
DKD compared to their wildype counterparts. Less glomerular matrix accumulation,
infl ammation, and proteinuria were associ a
downstream signaling, wietel (Dan®ktdlj2007)dnr enc e i
another study, inhibiti n o f | a-TSPh interact®irViith a specific peptide
attenuated DKD in type 1 diabetic Akita mice, with a reduction in proteinuria, urinary
active TGFb1l and Smad2/3 activation. | mpor

tubulointerstitial fibrosisa pathologic finding seen in the later stageBiD (Lu et al,
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2011). T$1 thus contributes to both early and lstige DKD development through its
regul ation of TGFb1l activati on.

Several studies suggest that the important role of TSP1 in kidney fibrosis extends
beyond DKD. For example, increased TSP1 was found in the kidneys of remnant rats, a
model of reduced kidney mass and fibrosis as is seen in chronic kidney disease of any
etiology. This increase preceded and was predictive of the development of tubular
interstitialfibrosis (Hugo, Kang and Johnson, 2002). Additionally, TSP1 deficiency was
found to be protective against the development of proteinuria, fibrosis, and inflammation
induced by the chemotherapeutic agent adriamycin in mice (Maimaitiyiming, Zhou and
Wang, 2016)Intersttial fibrosis that developed following unilateral ureteral obstruction
was significantly attenuated by anaepti de
this was associated with aactivaiah(@Xe¢talon i n ac
2010). Finally, TSP1 was also found to contribute to the letegar development of
fibrosis after acute injury in an ischemia/reperfusion model, again assowiatéadh T GF b 1
activation (Julovet al, 2020) While requiring assessment, it is probable that csGRP78 is
increased in response to various pathogenic stimuli in kidney cells in addition to HG.
Indeed, our unpublished data show that angiotensin Il, a corpatbagenic mediator of
fibrosis in diabetic and nediabetic chronic kidney disease, also induced GRP78
localization to the cell surface in MC. The effect of additional stimuli in MC and other
kidney cell types, as well as the localization of GRP78 tedéflesurface in various nen

DKD models, will be determined in future studies.
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While the upregulation of TSP1 by HG in MC and DKD is well documented, the
mechanism by which this occurs is less vagfined. An important role for cGMP
dependent protein kisa G (PKG) has been identified, with PKG normally repressing
TSP1 transcription. PKG is activated by nitric oxide signaling to activate soluble
guanylate cyclase, thereby increasing cGMP levels. In MC exposed to HG, a reduction in
nitric oxide in the medion and intracellular cGMP was seen, and a nitric oxide donor or
overexpression of a constitutively active PKG preventediftidced TSP1 upregulation
and Ta&tvatian (Wanget al, 2002, 2003). TSP1 upregulation in HG was mediated
by the transcription faor upstream stimulatory factor 2 (USF2), which under normal
glucose conditions is repressed by PKG (Weingl., 2004). In our studies, we showed an
important role for PIB/Akt activation in TSP1 upregulation. This pathway was also
shown to mediateompementinduced SP1 upregul ation and cons:
activation in MC (Wanget al, 2006). Interestinglyincreased USF2 production by HG in
MC was shown to be dependent on the transcription factor CREB, known to be activated
by Akt phosphorylation (Du and Montminy, 1998; ®fial, 2008) Future studies will
explore whether csGRP78/Akt regulation of TSP1 intersects with PKG/USF2 signaling.
Our previous studies have shown that the faffimity ligand for csGRP78,
U2 M* | i produceddyMd inyHG and in DKD to enable Rkt signaling and
downstream ECMbroduction (Trinket al, 2021). We showedot only its activation in
the diabetic kidney, but also its upregulation at the protein and transcript levels.
Additional data avadble in the RNAseq database NephroSeq also show a disease

specific increase in U2M in DKD patients i
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compared to healthy control patiefEsgure 4-8 SupplementaryFigure 1) (Juet al,

2013, 2015)F u r t h ewas shdw8 tel be increased in human endothelial cells and MC

in patients with focal segmental glomerular sclerosis (FSGS), another fibrotic disease of

the kidney. This study showed that U2M was
higher expression & associated with poorer kidneytcomes (Menoet al, 2020),
suggesting the importance of Udalktickdiegnal i n
di sease. Our current data extend these obs
required for csGRP7#he di at ed TSP1 wupregulation and TG
Fut her more, as ¢csGRP78 is positioned entire
as a transmembrane signaling partner for csGRP78 that enables intracellular signal
transmission and profibrotiesponses (Van Kriekeat al, 2019; Trinket al, 2022).

Il nterestingly, TSPl was al stal, 2000)oNhethet o bi nd
activation of TGFb1l by TSPl in HG requires

needs further study, as do the details of their interaction at a molecular level.

4.7 Conclusion

In this study we have shownthatHGnduced c¢csGRP78 and U2 M*
TGFb1l activation and downstream signaling
pat hway provides an indirect method of TGF
and thus an attractive potential therapeutic target. Further studies will investigate whether
inhibition of ¢csGRP78, U2M*, or their inte

treatment and prevention.
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Figure 4- 1. HG-induced TSP1upregulation requires PI3K/Akt .

HG (48 h}induced TSP1 upregulation in MC was attenuated by the PI3K inhibitors (A)
LY294002 and (B) wortmannin as well as (C) Akt inhibitor VIII (n= 10, ** p < 0.01, ***
p<0.0®). (D) TSP1 transcript upregulation by HG (24 h) was inhibited by Akt inhibitor
VIII (n= 4, * p<0.05). HG (48 hjnduced TSP1 promoter activity, assessed using a
luciferase reporter construct, was also inhibited by (E) LY294002 (n =3, * p <0.05, *p
<0.01, *** p < 0.005, *** p < 0.0001), (F) wortmannin (n =9, * p <0.05, * p < 0.01,

**** n < 0.001), or (G) Akt inhibitor VIII (n =9, **** p <0.001) in MC
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Figure4-2.HG-i nduced TGFDb1 signaling avedlbocked by PEKY Akt
inhibition.

HG(48h}i nduced TGFb1l activation, assessed by
activation, was prevented by PI3K inhibition using either (A) LY294002 (n =4, **p <

0.01, *** p < 0.005) or (B) wortmannin (n = &% p < 0.01, **** p < 0.0001), as well as

Akt inhibition using (C) Akt inhibitor VIII (n = 4, ** p < 0.01). Smad3 signaling
downstream of T GF b derminal phosplsos/latisrsaeSerd48mM75i t s C
(pSmad3). HG (48 hinduced Smad3 phosphorylatiormsvprevented by (D) LY294002,

(E) wortmannin, and (F) Akt inhibitor VIII (n =4, * p <0.05).
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Figure 4- 3. Cell surface GRP78 mediates H8nduced TSP1 expression through Akt
activation.

(A) csGRP78 inhibition using th@38 antibody, but not a control IgG (2ug for each
antibody) prevented HG (24-mduced TSP1 transcript upregulation (n-8,6* p <

0.051). HG (48 h)nduced TSP1 promoter activity, assessed using a luciferase reporter
construct, was also inhibited by@RP78 inhibition using either (B) the C38 antibody (n
=3, * p<0.01, ** p <0.005, *** p < 0.0001) or (C) vaspin (n =3, * p <0.01, **p

< 0.005, **** p < 0.001). Further, csGRP78 inhibition also prevented HG (48duiced

Akt activation assessday its phosphorylation at Ser473 as well as TSP1 upregulation
using (D) C38, but not control IgG, antibody (n =5, * p < 0.05, ** p < 0.01), (E) vaspin
(n=10, *p <0.05, * p <0.01, ** p <0.005) and (F) siRNA knockdown of MTJ1, the
chaperone requiredr cell surface translocation of GRP78 in HG (n = 3, * p < 0.05, ** p
< 0.01). (G) Antibody neutralization of the known ligand and activator for csGRP78,
U2 M* , pr ev e nindecdd TSR ugreguBation. Control IgG had no effect (10ug
for each antibdy, n = 3, * p < 0.05). (H) An inhibitory peptide (Pep) that prevents the
interaction between U2M* and c¢csGRP78 al so
with scrambled peptide (Scr) having no effect (100nM, n =5, * p < 0.05, ** p < 0.01, ***

p <0.0®).
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Figure 4- 4. Deposition of TSP1 in the ECM is mediated by csGRP78.

ECM was extracted as DGi@soluble material after HG for 48h. The increased
deposition of TSP1 into the ECM by MC was prevented by csGRPidtion using (A)
C38 antibody, but not control IgG antibody, (B) vaspin and (C) MTJ1 knockdown with
siRNA (n = 3 for each experiment). (D) Immunofluorescent staining of remaining ECM.
Prior to decellularization, cells were treated with HG for 48h,ingusacreased TSP
deposition into the matrix. This was prevented by C38, but not control IgG (n =6, *p <

0.01, *** p < 0.005, **** p < 0.0001).
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Figure 4- 5. HG-induced TGFb1 activation requires csGRP78

Assessment of active TGFb1l in the medium b
by (A) C38, but not a control IgG antibody (n = 8, **** p < 0.0001, (B) vaspin (n =4, **

p <0.01, ** p < 0.005) or (C) MTJ1 siRNA knockdown (n =4, * p <0.01, **p <

0.005) prevented HG (48H) nduc ed T GF b 1F) MCowere eeaultuiedwith ( D
mink lung epithelial cells (MLEC) stably transfected with the Smadfilated PAIL

promoter luciferase. The HG (48mduced increase in PAll luciferase activation,

reflecting bi oactive TGFb1l, was prevented by cs
control l gG anti body or (E) vaspin, as wel
anti body, but not control l gG (100g) or (G

intera¢ion (100nM, n =12, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001). In

MC, signaling downstream of TGFbl was asse
phosphorylated at Ser473/475. Inhibition of csGRP78 using both (H) vaspin and (I) MTJ1
siRNA knockawn prevented Smad3 activation in HG (n = 3, * p < 0.05, ** p < 0.01). (J)

TSP1 was immunoprecipitated from live cells after HG (48h) using C38, with IgG used

as a control. Immunoblotting shows association with both LAP and csGRP78 in response

to HG (n = 3 *** p < 0.0001).
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Figure 4- 6. csGRP78 overexpression augments TSP]
activation.

Overexpression of GRP78 @KDEL, which incre
(48 h}induced TSP1 (A) promotexctivity and (B) protein expression (n = 6, * p < 0.05,

** p < 0.01, *** p < 0.005, **** p < 0.000
ELISA on medium, as well as its downstream signaling assessed using (D)}MC co

cultured with MLEC stably expressingRAl | uci f erase, showed t hat
transfection increased basaland HG (48 h)duced TGFDb1 activity (n
** %% p < 0.0001). The induction of TSPl ex

by U2M* inhibition u sitibody(1®jug) dr@yapépiide a neut

preventing c¢csGRP78/U2M* interaction (100nM
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Figure4-7. Proposed role for c¢csGRP78 in mediat e
regulation of TSP1 in MC.

HG promotes GRP78 localization on the cell surface. Increased activation of the protease
inhibitor U2M ( de n o4aféndy inte@adidén)withesGRB7B.dEs i t s h
induces downstream PI3K/Akt activation and consequent TSP1 gene upregulation. The
increased TSP1 localizes to the ECM, where others have shown it to interact with latent
TGFb1l and serve as an i mportant regulator
csGRP78 interaction with this complex requires further study. These data sumert a r

for csGRP78/U2M* in mediating TGFb1l profib
highlighting a potenti al therapeutic targe

BioRender.
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Figure 4- 8. Supplementary Figure 1. NephroSegl at a shows i ncreased

expression in glomeruli and the tubulointerstitium in DKD.

(A) U2M RNA expression was significantly i
patients compared to healthy living donors (n=21 for control patients and 12 for DKD

patens , ****p< 0.0001). (B) Increased U2M tr e
tubulointerstitiumof DKD patients compared to healthy controls (n=31 for control

patients and 17 for DKD patients, ****p< 0.0001).
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5.1Preface
Significance to thesis
Oustudies thus far strongl ymedatepd!| i cat e a
T G F fprfibrotic signalingn mesangial cells by HG. We next wanted to assess whether
this signaling pathway was relevant to other cell typeguding proximal tubule
epithelial cellfPTEC)and renal fibroblast&RF), which both contribute to the
development of tubulointerstitifibrosis seen in the later stages of diabetic kidney
diseaseHere we showed that both PTEC and RF express csG&#l7/8roducectivated
U2 M U 2 Notally undethigh glucose IG) treatmentand inhibition of either protein
prevented profibrotic signali Further, we wanted to evaluate if stimuli other than HG,
such as direct TGFb1l treatment, which has
diseasecould promote this signaling pathwayhis would allow us to determine if this
signaling pathway was me broadly relevant to chronic kidney dise&&ienilar to our
HG data, c¢csGRP78 and di&tV'GFwdamenaodgheiegul at ed
inhibition prevented signalind.astly, we wanted to assess the therapeutic benefit of
inhibiting iotadstRiPby Beptide2bMekade a mouse model for kidney
fibrosis Here we show evidence thaeventingc s GR P 7 8 intddaztiriattenuates
fibrosis and profibrotic signalinm vivo, supportingheir inhibition as apotential

therapeutic intervention fdidney disease

187



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

Declarations:
Acknowledgements:The authors recognize the support of The Research Institute at St.
Joedbs Hamilton for nephrology research.
Contributions: J.T., KP, M.M, and B.G. performed experiments; J.C.K. conceived the
experimental design; J.@nalyzedhe data; J.and J.C.K. wrote the manuscript. All
authors have read and agreed to the published version of the manuscript.

f KP.assisted wit h bdpmBodutiomvesketn Dldttingandt i

immunofluorescence experimeriiBgure2A and C5 and 6)

1 R.L.assisted with western blotting experimer2g @nd F, 4E and F)

1 M.M. assisted with mouse handling and tissue/specimen collection

1 B.G.assisted wittmouse handling and tissue/specimen collection

f YPassisted with FU2M antibody producti o
Competing interests:The authors declare no competing interests.
Funding: This work was supported by the Canadian Institutes of Health Research
(CIHR) (JCK,PJT-148628)andLundbeck Foundation (KP; R340202388) J.T. is a
recipient of an Ontario Graduate Schol arsh

Institute Studentship Award.

188



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

5.2 Abstract

We recently showed that the endoplasmic reticulum resident GRP78 translocates
to the cell surface (csGRP78) in response to high glucose (HG). In the presence of
activated alpha 2 macroglobulin (U2M*), it
mesangibcells (MC), implicating its pathogenic role in glomerulosclerosis. Interstitial
fibrosis, largely mediated by proximal tubular epithelial cells (PTEC) and renal
fibroblasts (RF), develops later in disease, and correlates with kidney function decline.
Hee we investigated whether interstitial fi
signaling. c¢csGRP78/U2M* were increased in
nondi abetic kidney disease (CKD) mouse model
( T GF B mh3gjor cytokine mediator of fibrosis in CKD, increased csGRP78 expression
and U2M activation in Ppr&ehpravented®3and | nhi bi t
T G F fndluced extracellular matrix protein production. Furthermore;ihtiticed
TGFb1l sigatt emgawad by csGRP78/U2M* inhibi:
csGRP78/U2M* inhibition did not alter Smad
|l nstead, it -ipducedvaetivatioa df thd nedarforiical mediators
YAP/TAZ. To evaluate then vivoimportane of this pathway in regulating interstitial
fibrosis, mice with unilateral ureteral obstruction were treated with an inhibitory peptide
that prevented c¢csGRP78/ U2M* dcrambkedcantral,i on . P
attenuated fibrosis and profiltito signaling. Overall, these findings show an important
role for c¢csGRP78/U2M* in mediating tubul oi

further explored as a potential novel dittrotic therapeutic intervention for CKD.
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5.3Introduction

Chron ¢ ki dney disease (CKD) affects more
and is associated with a significant increase in morbidity and mortality [1]. It is
characterized by the development of glomerular and tubulointerstitial fibrosis, which
eventually leds to loss of kidney function and end stagealdisease (EBD) in many
individuals. This requires dialysis or transplantation to sustain life. Not only do these
therapies significantly reduce quality of life, but they also place a substantial economic
burden on the healthcare system. The most common causes of CKD in North America are
diabetes and hypertension. Thus, medications to stabilize these factors make up the
current standard of care [2]. These therapies include inhibitors of theamgimtensin
system and the sodium glucosetansporter 2 (SGLT2). However, current therapies are
unable to prevent disease progression. There is thus a critical need for novel therapeutics
with a complementary mechanism of action to existing therapies.

Our lab hagreviously shown that high glucose (HG) induces the translocation of
GRP78, an endogenous endoplasmic reticulum protein, to the cell surface of glomerular
mesangial cells. Here, this protein acts as a profibrotic signaling receptor which requires
ligand bnding to elicit its effects. In parallel, we have shown the known ligand for
csGRP78, amatcirvoagtieodo ud2i n (U2M*), is locally
response to HG. Its binding to csGRP78 promotes downstream profibrotic signaling in
mesangibcells, an important cell type for early CKD development [3], [4]. We further
showed that this signaling pathway can mediate synthesis and activity of the profibrotic

cytokine, transforming growth factor bl (T
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majorcontributor to CKD of varying etiology [5], [6], the pleiotropic homeostatic
functions of TGFb1l make its direct inhibit
TGFb1l activity is thus of current therapeu
¢ s GR P 7 8sighhiiniyla potential novel approach. Importantly, we have shown that
csGRP78 presentation and U2M* activation a
their inhibition an attractive therapeutic target with potentially limited side effects.

The progession of CKD, regardless of etiology, is marked by the development of
tubulointerstitial fibrosis, a process largely regulated by crosstalk between proximal
tubule epithelial cells (PTEC) and renal fibroblasts (RF)[[&]]. The relevance of
¢ s GR P 7 8dighkfingfto the regulation of tubulointerstitial fibrosis is as yet unknown.
Here, we wished to determine whether this ligand/receptor pair could also mediate
tubulointerstitial fibrosis, thereby supporting its targeting as a more generalizable

approachd reducing fibrosis in CKD. Further, g

devel opment of kidney fibrosis, we al so wi
could mediate the cellular profibrotic res
of HG.Importantly, the therapeutic potenti al 0

exploredin vivo.

5.4Methods
5.4.1 Cell culture
Primary rat renal fibroblasts (RF) (Cell Biologics) and immortalized human PTEC

(HK2 cell s, ATCC) wemadicfuildd rkEeagli emd Durecicwr
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suppl emented with 10% fetal bovine serum,
(100eg/ mL). Cells were stored and grown at
to treatment, PTEC were serum deprived in medium with 0.5% &8l RF with 1%

BSA. Cells were treated with HG (30mM) or
following: ¢csGRP78/U2M* inhibiting peptide
in MC, CLIGRTWNDPSVQQDIKFL [4]) or control scrambled peptide
(GTNKSQDLWIPQLRDVA) (both at 100nM), csGRP78 neutralizing antibody (C38,

100g), or U2M* neW2M adntziimmgd ya nd d tbeoidrye d Fas

[11], 10ug).

5.4.2 Protein Extraction and Western Blotting

Cells were lysed with cell lysis buffer containingf@ase and phosphatase
inhibitors as previously described [12]. Cellular debris was separated from cell lysate by
centrifugation at 14, 000rpm for 10 minutes
separated using SBBAGE and immunoblotted.

Conditioned media was run on a rd@naturing polyacrylamide gel. Membranes
were probed for the conformationally chang
Proteins in the media could not be normalized, but each experimental well was plated to
the same conflency with no difference observed at the time of media collection. Equal
volumes of media were run. Nativemark unstained protein ladder (Thermo Fisher,

Waltham, MA, USA) confirmed band location.

192



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

5.4.3 Biotinylation
For surface protein extraction, cells were washed three times with cold phesphate
buffered saline (PBS) with 2.5mM -Onkedl and
Sulfo-Biotin for 30 minutes (Pierce, 21331). Cells were then washed with quenching
buffer cantaining 0.1M glycine in PBS to remove excess S#lifatin. Cells were then
lysed, clarified and samples incubated overnight in a 50% Neutravidin slurry (Fisher,
P129200). The following day, beads were washed 5 times with lysis buffer and cleaved
from thec e | | surface proteins by boiling at 100C¢C

were analyzed using SBFAGE and immunoblotting.

5.4.4 Luciferase Assays
PTEC and RRvere transfected at 50% confluency with the Sraa@onsive
promoter, CAGA1Zuciferase, forl2 and 18 hours respectively. Cells were starved and
treated as described above. At time of harvest, cells were lysed using Reporter Lysis
Buffer (Promega) and overnight freezing&t0 . Lysates were scrape.
luciferase activity was measd using the Luciferase Assay System (Promega) and a
l umi nometer (Junior LB 95009, Ber4t+hold). Sa
Galactosidase Enzyme Assay System (Promega) with a plate reader set to 420nm

absorbance (SpectraMax Plus 384 Microplate Re&di@ecular Devices).

5.45 Immunofluorescence

OCT-preserved kidney sections (10um) were fixed (3.7% paraformaldehyde) and
permeabilized (0.2% Triton-400). These steps were omitted for csGRP78 assessment to
prevent staining of intracellular GRP78. Tissueere stained for GRP78 (Abcam,
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ab21685, 1: 50, ®0OW,) Iland0)2.M*SgdFondary anti bc
rabbit (AF488, Invitrogen, A21206) and antiouse (AF488, Invitrogen, A21202)

respectively. Images were captured using the Olympus BX41 migest 20x. The

Image J colocalization pluip was used to create a colocalization mask of areas

expressing both csGRP78 and wheat germ agglutinin (WGA, 1:400) (AF594, Invitrogen,
W11262) which allowed localization of GRP78 to the cell surface. Quaniiincetas

completed using Image J.

5.4.6 Experimental Animals

All studies were conducted in accordance with McMaster University and the
Canadian Council on Animal Care guidelines. Kidneys were harvested from type 1
diabetic Akita mice (C57BLMNs2Akita/J, The Jackson Laboratory) at 40 weeks of age.
To generate the unilateral ureteral obstruction (UUO) model of fibrosis, the left ureter
was ligated close to the renal pelvis iw8ekold male C57BL/6 mice (Charles River).
Sham mice were anesthetized, andrtkiginey manipulated without ligation. Two
separate studies were conducted: 1) a time course, with harvest at 1, 7, 14 and 21 days
after UUO or sham operation to assess target protein expresetreatment study, in
which a #day osmotic minipump wamplanted after 3 days of UUO to deliver
functional or scrambled ¢csGRP78/U2M* inhib

days.
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5.4.7 Statistical Analysis
St u d etest od mevay ANOVA were used to compare the means between
two or more group respectively. Significant differences between multiple groups (post

hoc) were analyzed using Tukeyds HSD with

5.5 Results
551 Highglucose nduced c¢csGRP78 and activated U2M |
proximd tubular epithelial cells and renal fibroblasts

We previously showed the importance of fGrduced profi brotic ¢
signaling in mesangial cells [4p]. While this is relevant to the development of
glomerulosclerosis in DKD, whether this ligarateptor pair also regulates
tubulointerstitial fibrosis is not known. We thus first wanted to determine if csGRP78 and
U2M* are induced by HG in cell types which
PTEC and RF. Ifrigure 5-1A and Bwe observed a significant increase in csGRP78 in
response to HG in both PTEC and RF, with surface expression increasing over time in
RF, but being most prominent at 6h in PTECFigure 5-1C and Dwe observed
increased U2M produadt ionataemd OhM @EU2M%) cien
HG treatment in PTEC. Parallel findings were observed ififRfure 5-1E and F).

We next evaluated whether inhibition of csGRP78 using tkeri@inal targeting
antibody C38 (which has previously been shown to a#tiensignaling downstream of
csGRP78 [3], [13], [14]) would prevent H@duced extracellular matrix production in

PTEC and RF. Ifrigure 5-1G and H, HG-induced production of fibronectin and
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collagen IV were inhibited by C38 in PTEC and RF respectivelyhEurtve determined
the effects of U2M* inhibition on HG profi
FFU2M which recognizes the receptor binding
previously shown figures-élardd show ttatneudeZing* [ 4] .
U2 M* i n hindbced fironet@ and collagen IV upregulation in both PTEC and
RF. Similarly, a peptide derived from thetdfminal Led*-Leu'*® sequence of GRP78,
which inhibits c¢sGRP78/ U2nddcedimattixgpmotaict i on, a
upregulation(Figure 5-1K and L). These data support a novel role for4t@uced
csGRP78/ U2M* profibrotic signaling in kidn
as seen in the later stages of DKD.
55 2 |1 nhi bi tiinodnu coefd TcGFCORIBVErRS matrix plddudtién in
PTEC and RF

TGFb1 is an established medi diabetic of fib
CKD [8], [15], [16]. We have previously shownthatHGh duced c¢cs GRP78/ U2 M
medi ate TGFb1l activati on regulatonefitsméni br ot i ¢ s
proteolytic activator, thrombospondin[6]. However, whether this pathway is important
to fibrogenesis in other renal cell types is unknown. Further, we wanted to assess whether
stimuli other than HG could elicit profibrotic signalithrough this pathway. Thus, we
next assessed whether c¢csGRP78/ U2M* signal.i
TGFb1l i n PTHBQureb2A an®RBwe odsarved increased csGRP78
expression with TGFb1l at 6 dassess@ddhetherur s i n

TGFb1l could induce U2M producti ofiguas wel |
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2CandDwe observed increased production and a
Figure5-2Eand Ff ur t her support the endogenous pro
the kidney by RF. Thus, the translocation of GRP78 and upregulation, secretion, and
activation of U2M can be elicited by sti mu
With evidencetat TGFb1l i nduces c¢csGRP78 | ocali z:
production and activation in both PTEC and RF, we next assessed whether blocking this
signaling pat hway wmoedidtetl matrix proteinprodustiennt T GF b 1
Inhibition of csGRP78 with the C38 dmbdy decreased expression of the matrix proteins
fibronectin and collagen IV in PTEEigure 5-2G) and RHFigure 5-2H). Inhibition of
U2M* al so attenuated matri XFigpre®2AandJ produc
Hence, csGRP78/U&Mst sigmnpéi nhgmedigtedianttexd f or

production.

55,3 Both c¢csGRP78 and U2M* | n-induded SmiadBn pr eve
activation

As we have previously shown that c¢sGRP7Y
signaling in response to HG in mesangial cells, we next sought to assess whether this was
also the case in PTEC and RF [5]. We evaluated the activation of Smad3, a downstream
mediatoof TGFb1l profibrotic signaling. Smad3 :
terminal phosphorylation (Ser473/475).Aigure 5-3A and B, HG induced Smad3
activation in PTEC and RF, and this was inhibited by the C38 neutralizing antibody for
csGRP78. Bl'oneutralizing @ntibbd(Figure 5-3C and D)and inhibitory

peptide(Figure 5-3E and F)also prevented H&duced Smad3 activation in both cell
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types. This supports an i mportant role for
across multiple cell typaa response to HG.

I nterestingly, in cont findigddSmad3 our f i ndi
phosphorylation was unaffected by csGRP78 inhibition in bothygedls(Figure 5-3G
and H). Lack of C38 effect on Smad3 transcriptional activity was confirmed using the
reporter CAGAl2uciferase(Figure 5-3landJ). Si mi |l arly, inhibiti ol
prevent Smad3 acti vat i(Fgure 53 and IG Bridwnstream P T E C
activity of the Smad3dnediated CAGAl1zromoter(Figure 5-3M and N). These data
support a potenti al rcoal neo nfiocra | ¢ sTGRPH718 /sU 2gMr*a |

absence of a HG stimulus.

55,4 c¢csGRP78/ U2Manmeidcakt eTBBD1 signaling th
Theknownnort anoni cal T GF b lactivatoes ges associgitedi onal

protein (YAP) and transcriptional &ctivator with PD2binding motif (TAZ) have

previously been shown to play a role in promoting the profibrotic phenotype seen in CKD

[17]1 [20]. These transcriptional activators were also shown to be regulated by csGRP78

in pancreatic cancer [21]. We thus assessed their potential role as factors downstream of

csGRP78/ U2M* in mediating the profibrotic

RF. InFigure 5-4A and B, HG increased expression of YAP and TAZ, and this was

prevented by C38 inhibition of csGRP78 in both PTEC and RF respectively. Similar

inhibition was seen by U2M* inhidf2Mi on usi

(Figure 5-4C and D)or the inhibitory peptidéFigure 5-4E and F) We observed similar

effects with TFigueh4G and H, arGRPE8snhibitiomattenuated
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TGFhPhduced expression of YAP and TAZ in PT

similarly inhibited the increaseeix pr essi on of YAP and TAZ in

both PTEC and REFigure 5-4landJ). Thus, bot hindic€d YARWTAZ TGF D 1

profibrotic signaling is mediated by ¢sGRP
As we had previously shown that H@duced profibrotic responses were

medi ated by c¢csGRP78/ U2M* in mesa+dinduceal cel |

profibrotic responses also require c¢csGRP78

and RFFigure 5-8 Supplementary Figure 1A shows that csGRP78 expression was

increased in mesangi al cells by TGFbl trea

U2M* inhibition dphasphorgatior{igure B Su@plereent@yma d 3

Figure 1B and C respectively)or its transcriptional activity as assessed by CAGA12

luciferase(Figure 5-8 Supplementary Figure 1D and E) However, both attenuation of

T G F findluced ECM production as well as the reamonical signaling mediators YAP

and TAZ were seefFigure 5-8 Supplemertary Figure 1F and G). Altogether,

csGRP78/ U2M* clearly gmlaamy na crdaducedGiFb I1medi a't

profibrotic responses in multiple kidney cell types including PTEC, RF and mesangial

cells. These data support tleppogessondfi al rol e

tubulointerstitial fibrosis.

55,5 ¢csGRP78 and U2M* are increased in tubu
and CKD
We previously showed increased gl omerul

40-weekold type 1 diabetic Akita mice [3]4]. To determine whether csGRP78 and

199



Ph.D. Thesi§ JaquelineTrink McMaster Universityi Medical Sciences

U2M* are relevant tiovivo wénext assessedeheisekpressiora | f i
in this compartment. [22]. We performed IF on nonpermeabilized kidney sections to
identify cell surface rather than intracédluGRP78 and confirmed its surface localization
using the cell surface marker wheat germ agglutinin (WGA) #wd@k type 1 diabetic
Akita mice(Figure 5-5A) [23]. Colocalization with megalin further confirmed
l ocalization of c¢s GREg5HB and @) supoNlrig theio P T E C
specific upregulation only in disease within the tubular kidney compartment.

We have also shown increased U2M* expre
CKD in which 5/6 of the kidney mass is resected [4]. This mod#iasacterized by both
gl omerul ar sclerosis and tubulointerstitia
pathogenesis seen in this model [24]. To further evaluate the potential role of
¢ s GR P 7 8mediatdd profibrotic signaling in a natiabeticmodel of kidney disease,
we determined their expression in the UUO model. This model shows pathological
changes including tubulointerstitial fibrosis, inflammatory cell infiltration and tubular
atrophy, and is a useful tool for initial testing of noverépeutic agents [25]. IRigure
5-6A, csGRP78 expression (colocalized with WGA) was increased at 7, 14 and 21 days
after UUO, with a small increase seen as early as 1 day following model creation.
Similarly, U2M* was also increase(Biguet thes
56B) These data support a potenti al role for

tubulointerstitial fibrosisn vivo.
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556 Peptide inhibition of ¢csGRP78/U2M* int
and fibrosis in UUO

To test the effi cadoninvvo mceswer Peatdd U2 M* i n
starting day 3 after UUO creation with either inhibitory active peptide or scrambled
peptide via minipump for 7 days. As seerkigure 5-7A, fibrosis, assessed by
Trichrome, Picrosirius red (for collagens I/11l) and fibrotie¢HC, was attenuated by the
peptide. Further, FAK and Akt activation, which we have previously shown to be
csGRP78mediated, were decreased by peptide compared to scrambled @eiguod 5-
7B).

TGFb1l activity has beeninghkfibregenesio pl ay a
observed in the UUO model [26], [27], with inhibition of either its Srdadendent or
independent signaling reducing tubulointerstitial fibrosisi[g&]]. In Figure 5-7C,
similar to ourin vitro findings, Smad3 activation (measuredtagphosphorylation) was
not affected by peptide administration. Increased expression oftreaomo ni cal TGF
signaling mediator YAP was reduced by peptide treatigi@gtire 5-7C). This was
further confirmed by decreased nuclear localization of YAP by peptide treaffigunte
5-9 Supplementary Figure 2A) as its translocation to the nucleus is required for its
regul at i oimducedgen€sG3bHowever, no attenuation of BXgression or
nuclear localization was se@rigure 5-7C), suggesting the presence of additional and
discrete regulators of YAP and TA# vivo. Together, these data implicate a role for
csGRP78/ U2M* in regulating exthcaponieal | ul ar m

TGFb1l signaling partner s.
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As recruitment of activated inflammatory cells was shown to contribute to the
pathogenesis of kidney fibrosis, we next determined whether peptide inhibition could
attenuate inflammation. lRigure 5-7D, neither Fcell nor macrophage infiltration were
affected by ¢csGRP78/U2M* inhibition. Pepti
upregul ati on o4ermUddétFigures-9 Supplesnentarty Bigute 2B)
Future studies will assess whether a higher peptide dosehasffect on TAZ
expression, which we s howaditroi Fartherevbetherat ed b
an increased peptide dose has any effect on inflammatory cell recruitment or expression

|l evel s of U2 Mm* in this fibrosis model wi ||

5.6 Discussion

We have previously shown that both c¢sGR
by HG in mesangial cells [3], [4]. At the cell surface, GRP78 acts as a signaling receptor
when bound and activated by U2M*, andich pr
downstream profibrotic signaling [5], [6], thus contributing to the pathogenesis of
glomerulosclerosis in DKD. However, whether this signaling pathwaypesmentto
other renal cell types relevant to the development of tubulointerstitial fibrdsicsh w
occurs in the later stages of DKD and is largely regulated by PTEC and REQ]8had
not yet been assessed. Here, we show evide
produced and activated respectively by PTEC and RF. Inhibition of eithetaeoep
ligand prevented Hénhduced matrix production by both cell types. Further, as other

stimuli are relevant to both diabetic and rahabetic kidney disease, such as the well
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characterized profibrotic cyt oksswhethef GFb1 |
this pathway could be elicited under conditions other than HG. Similar to our HG studies,
inhibition of either c s-@BdRddBtrixprodutti@nMrhis pr ev e
data supports the relevance of c¢csGRP78/U2M
potentially more broadly in CKD as well. Importantly, our data showed the therapeutic
potential of c¢ s GiRWG ®&ith bothM teduimdn ih fabrik pratems
and signaling downstream of c¢csGRP78/ U2M* |
inflammatory cell recruitment with peptide administration at this dose. Together with our
previous data, we have shown uatingprofiongticor t anc
signaling relevant to both glomerular sclerosis and tubulointerstitial fibrosis supporting
importance of this pathway for both early and later stages of kidney fibrosis development
and progression. It is thus an attractive potentiatféotic target.

Al t hough TGFb1l is an i mportant pathol og
[15], its pleiotropic functions limit its direct inhibition. This was shown in clinical trials in
which TGFb1l neutralization had lelswhich ed t he
minimized severe adverse effects; this resulted in early termination of these studies [7],
[33]. Thus, methods of its indirect attenuation are of current therapeutic interest. In this
study, we showed that c¢s GRP matfix(pptdddétionime di at e
PTEC and RF which are relevant to tubulointerstitial fibrosis, seen in later stage DKD
development [34]. This was in support of our previous findings that implicated this
signalling pat hwanedidted glgneroloaderassby rgesahdarFchblld

[5], [6]. Importantly, we have shown across cell types lnothtro andin vivothat this
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receptofligand pair are only present in disease, which implicates their disease specificity
as well as the likelihood of limited side effedtat would be associated with their
inhibition. These data show that inhibitio
provideanovelanti i br ot i ¢ agent that can indirectly
in CKD. Future studies will assess blodka of c¢s GRP78/ U2M* in ot he
models to further validate its therapeutic potential.

I n our current study, we identified a n
tubulointerstitial fibrosis by PTEC and RF. These results are similar toumliestin
mesangial cells, which implicated this pathway in promoting fibrosis in response to HG
and glomerulosclerosis in diabetic kidneys. Unpublished data from our lab have shown
that either c¢sGRP78 or U2M* i nhitbnint i on fur
PTEC and RF, which we have previously shown are downstream and required for this
signaling cascade [BJ5]. We postulate that under HG conditions, the translocation of
GRP78 to the cell surface as wellteas the p
similar profibrotic cascade across renal cell types evaluated in our studies. Further, as
U 2 M*aknown secreted protein, it is possible that its local production allows crosstalk
between renal cell types, which has been shown to potentiate kibdrasid development
[ 35], [ 36] . However, whether PTEC product.i
with other interstitial cell types, such as RF and immune cells such as macrophages,
which could activate csGRP78 and promote profibrotic signatinigase other cell types,

has not yet been assessed.
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I n this study, we identified an I mporta
when induced by HG or TGF Bnbucedimad&activatian s h o w
and activity were independent of csGRPA8ca U2 M* i n PTEC, RF and i
while in HG conditions, c¢csGRP78/U2M* regul
and others have shown that HGdependdnices TGFD
profibrotic signaling [5], [6], [37], the absence of areeffon Smad3 activation by direct
TGFb1l treatment alludes to an alternative
under direct |igand binding. The exact mol
stimulus elicits only noranonical signaling through csGRB / U2 M* requi r e s
elucidation in future studies. Previous studies have shown that in-iBdemendent
TGFb1l signaling, TGFb1l r ec e p-Smoadprdatesnpseichl or
as TGFb activated kinase, &[88) phe mecHanismr ot ei n
of ongoing (ie48h)Smad3 activation may be differewithd i r ect TGFBGQG tr eat
treatment leads to upregulation of TSP1 which may interact with csGRP78 to promote
ongoing Smad3 activation and thus in HG, Smad3 activation is sensittsGRP8
inhibition because we're also blocking TSP1 upregulabirectT GF b1 t r eat ment
alsopromote different integrin heterodimers associating with csGRP78 which may
promote distinct downstream signaling. This will be further assessed ie &itudies.

Interestingly, we identified thenema noni c al TGFb1l signaling
TAZ, were regulated by c¢csGRP78/ U2M* under
YAP and TAZ were shown to be regulated by csGRP78 in pancreatic cancer [2&]. Thes

signaling partners have also been implicated in contributing to the fibrogenesis of kidney
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disease [17], [19], [20]. However, how YAP and TAZ are regulated in disease remains
| argely unexpl ored. Here, our datmnrsuppor:t
canonical TGFb1l coactivators under either
renal cell types, thus contributing to the development of fibrosis in both diabetic and non
diabetic kidney disease. However, in aurivostudy, we did not observesgnificant
decrease in TAZ expression | evels when c¢csG
studies have implicated that YAP and TAZ can signal independently from one another
[20], [31], [39], which could provide an explanatias towhy we see no edict on TAZ,
but YAP was significantly reduced by peptide blockade. Further, other stimuli piesent
vivo, that cannot be accounted for in an isolated cell culture environment, may cause these
differences in TAZ regulation observed in @ammalstudies. Hture studies will assess
whether a higher concentration of peptide is effective in reducing TAZ upregulation.

I n this study, we have shown that inhib
inhibitory peptide significantly reduces the production of jmoftic matrix proteins, thus
reducing tubulointerstitial fibrosis in UUO mice. These data support a novel therapeutic
target by which this pathwayés inhibition
There are currently over 200 peptides in clinicals or preclinical development, which
are being assessed across several indications including diabetes, sepsis, liver cirrhosis,
migraines, prostate cancer, and renal cell carcinoma [40]. Importantly, among the major
players n the peptide therapeutic space currently are glucéigempeptide 1 (GLP1)

receptor agonists, whose main indication is type 2 diabetes [40]. The therapeutic viability
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and marketability of this peptid@ased treatment supports our ongoing assessment of an

inhibitory peptide as a potential novel afilirotic for kidney disease.

5.7 Conclusion

I n this study, we show evidence that <cs
relevant across kidney types that promote glomerulosclerosis and tubulointerstitial
fibrosis. In additiont hi s pat hway can be elicited by st
treatmentFurther,in vivoinhibition of this molecular target prevents fibrosis and
profibrotic signaling in a model for kidney fibroslmportantly, both csGRP78 and
LPM* are only foundn disease, strengthening their therapeutic potential which would
likely minimize off target effectsTogether, his supports further assessment of
csGRP78/ U2M* i nhi b ifiiraticcagentdos preaentimgkideen fibiosas| ant

in both diabetic and nediabetic kidney disease.
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Figure 5 1. HG induces ¢csGRP78 |l ocalization and
inhibition prevents matrix production in PTEC and RF.

HG (6 or 24h30mM)-induced csGRP78 expression was increased in (A) PTEC (n=6)

and (B) RF (n=3). U2M production (24 and 4
was increased by HG treatment (30mM, n=6). Similar results were observed for RF (E

and R respectively) (HG8h, 30mM, n=8). Inhibition of csGRP78, using a neutralizing

antibody against its @rminus, prevented HG (30mM, 48induced fibronectin and
collagen IV production in both (G) PTEC (n
inhibition attenuated ECM proteproduction under HG treatment (30mM, 48h, n=6)

(I=PTEC and J=RF). ECM accumulation was also mediated by HG (30mM;jm&iged
csGRP78/ U2M* interaction inhibition in (K)

0.01, *** p < 0.005).
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Figure 5- 2. | nhi bi ti-ionnd uocfe dT GcFsbARP 78 or U2M* prev
production in PTEC and RF.

TGFb1l treat ment (5ng/ mL, 6 or 24h) increas
both PTEC and RF (A and B respectively)4n§ . Simil ar | yinducddGFb 1 ( 5nc
U2M production (24 and 48h) and activation
RF (E and F) respect i v edngucef fiorodebtinand TGFb 1 (5
collagen IV production were attenuated by csGRP78 (GHafor PTEC and RF
respectively) (n=6). Similarly, U2M* inhib
induced ECM production (I and J) (5ng/mL, 48h, n=6) (* p <0.05, * p < 0.01, **p <

0.005).
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Figure5-3.Bot h ¢cs GRP78 and U2M* inhibi-tion prev
induced Smad3activation.

HG-indued activation of Smad3 (measured as phosphorylation at Ser473/475) was
prevented by ¢csGRP78 inhibition in PTEC (A
inhibition attewated Smad3 activation by HG with either neutralizing antibody (C=PTEC

and D=RF) (n=6) or inhibitory peptide (E=PTEC and F=RF) (n=5). Interestingly, we did

not observe the same effect with direct TG
csGRP78 did notpreven TGFb1 ( 0. -hduoed Enmad3,actizadoh (n=6) (G

and H respectively). We confirmed these results using the Smadted promoter,

CAGA1l2. -iNd@&&dCAGAL2 upregulation was not prevented by csGRP78

inhibition in either PTEC or RF (n=8) (I dn respectively). Similarly, inhibition of

U2M* did not prevent promoter wupregulati on

(0.05ng/mL, 24h, n=8) (* p < 0.05, ** p < 0.01, *** p < 0.005, ****p<0.0001).
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Figure 5- 4. Noncanonical TGFb1l mediators YAP anc
HG and -T6Hbted csGRP78/ U2M*.

HG (30mM, 48hjinduced YAP and TAZ expression were attenuated by csGRP78 (A=

PTEC and B=RF) and U2M* Qs ITECVasicordirmé&l= R F )
using a peptide that prevents c¢csGRP78/ U2M*
RF, YAP and TAZ expression were inhibited by peptide treatment in HG (30mM, 48h,
n=4). Further, under di r ec estilingédietl byt r eat men
csGRP78 (G=PTEC and H=RF) and U2M* (I =PTEC

0.05, ** p < 0.01, *** p < 0.005, ****p<0.0001).
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Figure 5 5. Type 1 diabetic mice showed increasegkpression of csGRP78 and
U2a2M* in tubul es.

(A) 40-weekold Akita mice showed increased csGRP78 expression which was localized
to the basolateral cell membrane with the marker wheat germ agglutinin (WGA)
compared to wildype control mice. Further,increasl ( B) ¢s GRP78 and (C

expression were colocalized to proximal tubule cells with the marker megalin.
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Figure56. ¢s GRP78 and U2M* are increased in t
the UUO model forfibrosis.

(A) IF staining for csGRP78 showed increased expression in UUO mice at days 7,14,

and 21 post surgery. Sham mice notably did not express csGRP78 (n=3). (B) Increased
U2M* expression was o0bser vandi2l dayspdsUOt hough
surgery. Again, Sham operated mice did not

0.005, ****p<0.0001).
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