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Lay Abstract

Chronic kidney diseasesults from excessiviéorosis (scarringyvithin the kidneysThe

goal of this thesis is to understand the molecular mechanisms involving the regulation of
anantifibrotic protein follistatin, in glomerular mesangial cells atwidentify its

therapeutic potential iohronic kidney diseasd his thesis has identifiethat follistatin
anendogenoughibitor of the profibroticcytokineactivin A, is regulated

transcriptiondly by Splandposttranscriptionally bymicroRNA299a5p. Furthermore,

this thesis has demonstrated tBabgenous recombinafuilistatin administration

protects against the progressionafronic kidney diseasand that microRNA299&p

targeting may be an alternative approach to block renal fibidsese studies collectively
show that follistatins aneffectivetreatmenfor the management ehronic kidney

disease.
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Abstract

Chronic kidneydiseaséCKD) is a major cause of morbidity and mortality,
affectingmorethad 0 % of t he woCKD & associgen piitekcassiveo n .
renalfibrosis, whichleads to declining kidney function and eventual kidney failure
CKD, glomerulamesangial cell§MC), resident fibroblasts and tubular epithelial cells
undergo phenotypic activation and transitiemesponse to profibrotic and
proinflammatory cytokines such Thssetransfor
activated renal cells excegsly produce extracellular matr(CM) proteins that replace
functionalrenaltissueand lead toenalfibrosis Caveolae are small omegaaped
invaginations of the plasma membrane that medsigealing transduction events.
Formation of caveolae requitiee proteincaveolinrl (cawv-1). We have previously shown
that the ability oMC to produce matrix proteins is dependent ontaxpression.
Unfortunately clinically targeting cayl within thekidneys, specifically within MCis
technicallychallengingand a®f yetunfeasible Thus, to better understandcaw1
deletionis protective we carried out a microarray screen comparinglcaild-type
(WT) and knockoutKO) MC. Here, we discovered significanp-regulation of arGFb
superfamilyinhibitory protein, follistatinf FST). FST specifically targets and neutralizes
activin A (ActA) but notTGFb 1TGFb IandActA bothbelong to thef GFb superfamily
of cytokines and growth factoré/hile TGFb itself is a known key mediator of rdna
fibrosis,therapies aimed directly inhibiting TGFb 1n kidney diseasdsave not been
successful duetopposingprofibrotic and antiinflammatory effectsActA hasbeen

shown to act as a stropgofibrotic and pranflammatory agent ivariousorgans,

iv
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including the lungs and livewWe along with othersiave observed elevated levels of
ActA within the kidneys ath serum of mice and humans WEiKD. Functionally ActA
has been shown tontribute toECM productionin the kidneysHencewe hypothesized
that ActA inhibition throughFST could prove beneficiah CKD. In this thesispur first
studyelucidateda novelmolecularpathway by whicltaw1 regulates expression thfe
FSTin MC. Our results indicate th&STis negatively regulated by cdvthrough a
PI3K/PKCzeta/Sp1l transcriptional pathwayur second study expands on #héadings
and tests wheth&xogenou$ ST administratiorprotects against the progressiorCD
in asurgicalmousemodel of CKD. Here, wealdiscoveredhatFSTacts as aeactive
oxygen specieROS)scavenger anthatexogenousdministratiorof FSTprotects
against the development GKD throughthe inhibition of renal fibrosiandoxidative
stressLastly, air third studydetermined whethanicroRNAs MiRNASs) are implicated
in posttranscriptionally regulatingSTthrough cavl and whether thegeST-targeting
mMiRNAs can be utilizetherapeuticallyto protect against the development and
progression o€CKD. Here, we determined thaF&T-targeting miRNA, miroRNA299a
5p, is significantlydownregulated in cat deficientMC, upregulatedn vivoin a mouse
model of CKD and that its inhibitionin vitro andin vivo protects against the
accumulation oECM proteinsand renal fibrosisThese studcollectively suggest that

FSTis an effective therapeutic option for the managemeGkdd.
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Preface

This is a Asandwicho style thesis. Chapter
overview of basic concepts that are relevarhi® thesis. Chapters 2 and 3 have been

published in a pearviewed journal. Chapter 4 is presented as manuscript being prepared

for submission in a peeeviewed journal. A preface is presented at the beginning of each
chapter. It describes the work parhed and the contributions of all authors involved in

the study. Chapter 5 is a general discussion that collectively summarizes and analyzes all

of the data presented, providing key limitations and future directions.
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1.1 Kidney Anatomy and Physiology

The kidneys play a central role in maintaining organismal homeogthsihey
carry outseverafunctionsthat are important for surviv@l]. These include but are not
limited to producing and excretingastein the form of urinereabsobing key nutrients
and ionssuch as glucose, water and sodifimg-tuningblood pressuregroducing and
secetinghormonal and vasoactive compounds such as renin, calcitriol and erythropoietin,
and maintaining pkhrough aciebase homeostaq$].

Figure X1 illustrateghegeneral anatomy @ mammalian kidneyThe functional
units of the kidney arethe nephroa[2]. In a human kidneythere areapproximatelyone
million nephrong2]. A nephroncorsistof arenal corpusclé¢hat is attachetb the
collecting duct and ureteia atubularsystem[2]. The renal corpuscle is the bleod
filtering component of the nephrd2]. It consists of a tuft a§pecializectapillaries
composed ofenestrate@ndothelial cells, known as the gierulus(Fig. 1-2) [2]. Within
the renal corpuscle, afferent arterioles arising from the cortical radial arteries at the
beginning of a nephron supgpblood to the glomerular tufts of the renal corpu$2]e
Similarly, the efferent arterioles drain the glomefR]i The specific filtratiorcomponent
of the glomerulus conssof visceral epithelial cells known as podocytes tned
fenestratedndotheliakells, whicharesurrounded by a specialized extracellular matrix
structure known as the glomerular basement meml§fagel-2) [3]. Thefinger-like foot
processes of podocytes and the fenestredtheliumare responsible for charge and
size selective filtration ofomponerg from the blood (Fig. 1-2) [3]. Finally, the

glomerular capsule known as Bowman's capsule feeds the filtered blood, also known as
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plasma filtrate or capsular urine, into the tubular sygteéim 1-2) [2]. The amount of
filtrate produced by the glomeruli can beeasured and quantified theglomerular
filtration rate (GFR)GFR specificallyestimates how muckolumeof fluid passes
through the glomerulper unit of timeandthus is amarkerfor kidney function.

Lastly, the tubular part athe nephron consists pfoximalanddistal tubules that
are connected by a loop EEnle, whichis responsible for further processing and

excretion of uringhroughthe collecting duct and uretg].
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Figure 1-1. Generalanatomy of th&idneys and theephron

Nephrons are the functional usdf the kidney. Glomerulilocated with the cortexare
responsible for filtering the bloo@he proximaland distal convolutetiibulesare
involved in the exchange ains and nutrients from tH#trate, which helps to maintain
pH and electrolyte balance in the bloddhe loop of Henle further processes titteatte,
primarily exchanging water, along with sodium and chloride idhs. collecting duct
reabsorbs solutes and water from the filtrate, forming urine, whitiemexcreted by the
ureter(ureter not shownlunmodified image taken from

http://bio1520.biology.gatech.edu/nutritibtransporfandhomeostasis/animabn-and

waterrequlationii/ https://creativecommons.org/licensestmnysa/3.0/
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Figure 1-2. General anatomy of the glomerulus and its resident cell types.

Periodic acidSchiff staining (left) and cartoon (right) of a glomerulus highlighting the
localization of the glomerular mesangial cells and their secreted mesangial(steidrd
as thegreenareain the cartoon). Podoctyethefenestrated endotheliuand their
common basement membrameake up the filtration membran€he filtrate collects in the
b o wma n 6 enitssvpyalecoeigh thgoroximaltubular system of the kidney

Unmodified images taken fromtitp://www.siumed.edu/~dking2/index.htm
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1.2 Chronic Kidney Disease

Chronic kidney disease (CKRffectsvirtually every organ system in the body
[477]. Itis a major cause of morbidity and mortaldy 7]. CKD is clinically defined by
structural and functional abnormalities within the kidneys that persist for morétiean
months[4i 7]. This is associated with an estima@BR of less than 60 ml/min/1.73rm
humansand/or with the presence kidney damagekaiain the urinesuch agproteins
(primarily albumin), which is clinically referred to as albuminuyfég. 1-3) [41 7]. CKD
is pathologically characterized by excessive renal fibrosis, which over time results in
declining kidney functiodi 7].

The prevalence dZKD is positively associated with age and with the presence of
hypertension and diabetps 7]. Worsening CKD has also been positively associated
with accelerated risk of cardiovascular disease andatitg{6,8,9]. In CKD, the
progressive decay in kidney function ultinigtsets the stage for ersfagerenal disease
(ESRD) a point in time at which dialysis and/or kidney transplantation are the only
means of survivg#]. Dialysis andkidneytransplantatiomrenot always effectiveand
more importantly are ngireventativeTheypose substargi healthcarand economic
burdenswith currentannualcosts beingstimated to be arour&83billion in the US
[10]. CKD is currently reported to affect morethad0Oof t he wor[69 6s poplt
By 2030, t is estimated to affect more than 15% of adults in the W6r8]. Thus,there
are pronounced economic and healthcare benefits that can be obtained from the
identification of novel therapeutics that can be usqatéwent and/or reverseKD

progression.
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Normal Kidney CKD

Blood

Filtration Barrier ==
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' GFR ‘Protein Leakage @ Protein

Figure 1-3. GFR and albuminuria in CKD.
CKD is defined by a decrease in GFR, which is the amount or rate of blood thatesifil

by the kidneygblue arrow), and by the presence of proteins (primarily albumin) in the

urine (green agw).
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1.2.1Renal Fibrosis

Renal fibrosis is the final common pathwiayCKD and a strong correlate ié
progressionlli 14]. Renal fibrosis is characterized the accumulation of extracellular
matrix (ECM) proteins such as fibronectin and collagethin the glomerulus, referred to
as glomerulosclerosiandin thetubulointerstitialspace, referred to as tubulointerstitial
fibrosis(Fig. 1-4) [111 13,15,16] A multitude of events are involved in tevelopment
of renal fibrosis in CKO4,5]. Primarily, sistained renal injury, coupled with cebul
apoptosis, oxidative stress as a resufi@bistent activation aesidentrenal cells and
immunecells resulsin the excesse production of préibrogeniccytokines such as
trarsforming growth facteb 1T G F pahdactivin A (ActA) [17120]. T G F fak been
heavilyimplicated in the pathogenesisrehal fibrosig16i 20]. In responsetd GF p 1
glomerular MC, resident fibroblasand tubulaepithelial cellsproliferateandundergo
phenotypic activatioand in turnexcessivelysynthesize and relea&M proteinsthat
eventually replace functional renal tissue with scar tissue and contribute to the declining
renal function that is observed in CHID1,14,19 21]. The role of AtA in promoting
renal fibrosis is not as well est athdtit shed

is indeedprofibrotic and pathologic within the kidnef22i 28].
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Figure 1-4. Renal fibrosis.

Silver methenamine/Masson trichrome stained kidney cross section illustrating
glomerulosclerosis and tubulointerstitial fiborosisinESRB c al e bar = 50 & m)
Unmodified image taken from Hewitson TD (20129].

https://creativecommons.org/licenses/by/2.0/
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1.2.2Glomerular Mesangial Cells

Theglomerulus is surrounded by an intercelluldosance known as the
mesangiun20,30,31] This mesangial interstitial space is composed of mesangial cells
(MC) and extracellular matri}20,30,31] Glomerular nesangial cells (MC) are
specialized perivascular pericytes that are involved in the production and secretion of the
mesangial matrixFig. 1-2) [197 21,30,31] The mesangial matrix [gimarily composed
of collagens, laminin and fibronectih9i 21,30,31] The mesangial matrix serves to
anchor the MC to the glomerular basement membrane and provide structural support and
integrity to the surrounding glomerular capillar{€sy.1-2) [19 21] . However,activation
and transition of MC to a myofibroblastic smoattusclelike phenotype has been
established to be an early fibrogenic respongekb [19,20] Activated MC undergo
hypertrophy and proliferation, while upregulating their matrix produd¢6rB2] This
results inmesangial matriexpansion and glomerulosclerosis, whigla prominent
finding in CKD (Fig. 1-4) [14,20,21]

ActivatedMC arealsoknown topossess phagocytic properties similar to
monocytes and macrophagesere theyplay a secretory role and aas$ a target sisfor
inflammatory mediators and profibrotic growth factors such &F §2Q]. MC also
possess contractilegperties, allowing them contract and relax in order to-fumeGFR
[33]. Here, & part of a negative feedback loop, MC undergo mechanical contraction in
response to stretching of the glomerulus during increasedgiumaerular pressurn@4i
36]. MC also contract and relax in response to vasoactive agents such as angiotensin Il

and nitric oxide, respectiwe[34i 36]. MC under mehanical stress also produce and

10
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secretegrofibrotic growth factors such dsG F (34i 36]. Thus,glomerular MCplay a
critical role in the pathogenesis of glomerular fiorabr®ugh numerous pathwagsad

are a critical component involved in thoss of renal function in CK[20,37,38]

1.2.3CurrentClinical Carefor CKD

Clinical managemendf CKD is currentlyfocused omminimizing therenaland
cardiovascular risk factors through control of blood pressure, blood glucospidsd
along with emphasizing lifestyle changes through diet and ex¢8cg#40] Even with
proper managemeand stringent contralf these parameterthe residuatenal and
cardiovascular riskremain high in patients with CK[9,39,40] Thus, be likelihood of
progression t&eSRDalong with cardiovascular morbidity and mortality risissociated
with CKD remainsignificantly high due to the relatively small absolute risk reductions
along withthe occurrence cfevee adverse side effecthathave been reportesiith
some of thesaterventiond9,39,40] No interventions asf now are able to inhibit
andbr reverse the progression of CKD through ameliorating renal fibidsiss, novel

therapeuti@pproaches teeverse and/or halt the progressiolCéfD are needed.

1.3 Transforming Growth Factor Beta (TGFByperfamily: Activin A and TGFR31

The TGFb superfamily consists of highly
activins, bone morphogenic proteins and growth differentiation fajgtbfsThey

modulate the transcription of genes involved in critical developmental and physiological

11
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processes such as inflammation, fibrosis, cell apoptosis, and prolife[d2DH6].
TGFb1l i s hhdastcytoknesthaican beyproduced by resident renal cl. It

is highly upregulated i€KD bothin humanpatientsandin animal disease models, where

it serves as a primary promoter of renal fibor¢p4is42,47,48]Canoni cal |l y, act.i
binds to a constitutively active KkKkinase (
type || TGFb1l receptor amugkcepidasssecmtecbsmalll at es t

mothers against decapentaplegiongl) proteins, Smad2 and Smdd3].

Phosphorylated Smad2 and Smad3 form an oligomeric complex with a Smad4, and
translocates into the nucleus where it interacts withemaos ceactivations and or

repressors to regulate the transcription of tafgedresponsive gend41]. Non

canonicly, TGFb 1 al s o c¢ aSmadindepandent pathivays) inctuding p38,

ERK, MAPK, Jun Kinase, Rh@&TPases anthtegrin linked kinasept1,49] The

i mportance o fvelop@dntofienal fibrosis im kidnely eisease is well

acceptednd strongly supported usiitgvivo andin vitro studieg41,42,50]
Accordingly, TGFb1l inhibition using TGFb1
oligodeoxynucleotides, soluble human TbRI I
kinases (GW788388 and 1ML30) all have been shown to etigely halt the progression

of renal fibrosis in a number of experimental kidney disease mpddldHowever, in

clinical studies in humans with diabetic nephropathy and in patientsteithidresistant

focal segment al gl omer ul os c heutralizations, t he us
antibodieshave noshownimprovements in renal fibrasior in slowing the progressi of

kidney diseas¢s1,52] Amaj or obstacle for specifically

12
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to be related its antnflammatory and antiumorigenesis properf#1,42,50,51] Hence,
i nhi biti on o fmembersmighhba & moveesiable @rid effective therapeutic
approach in the treatment of fibrosis in kidney disease.

ActA, belonging to the TGR superfamily of cytokines and growth factors, in
addition tostimulating FSHsecretion and in turn regulating the reproductive axispw
being started to be appreciatecaasutocrine and paracrine factor that is a prominent
contributor to the profibrotic and inflammatory resges within the kidneys, livand
lungs in resporesto injury[22,45,46,5858]. ActA are homodimers consisting of two
inhibin BAchains linked by disulphide bonds (Fig5)[45,56,57] Similar to canonical
TGFDb1 s iAgthsghaisthgpugh a heterodimeric complex of setiimeonine
receptor kinases, consisting of tybeeceptors (ALK4) and typd receptors (ActRIIA or
ActRIIB) with downstream signiag activation of Smad proteins resulting in the

transcriptional activation of Smad responsive géres 1-6) [45,57]

ActA is an important regulator of normal kidney developnjg8it61]. ActA
expression is not seen in healthy adult kidriégs63] Systemicallycirculatingand renal
localizedActA is induced during the early stages of CKD in humansat tubules in
response to acute kidney injushere itpromotes apoptosis and inhitstubular cell
regeneratiorand inthe glomeruli of diabetic micavhere it activates profibrotic pathways
involved in the development of renal fibrosis in an autocrine mg@aa¢t8,54,6265]. In
addition to being prominently involved in the pathogenesis of renakfbend in the
activation of apoptotic and inhibition of regeneration pathways within the kidneys during

growth or in response to injurctA has also been shown to be induced in inflammatory

13
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stress i n response [b4haa)ylhthikregardsasctAdasbden as TG
shown to mediate innate immune responses, stimulate the release of key renal
proinflammatory cytokines such asnornecrosis act or a | amchirasonjeT NF U)
cases be required for and/or augment the pathologic biologic responses of cytokines such

as TGFb1, in parti cu66®s70i7/tl]s profibrotic re

14
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Figure 1-5. Activin A Structure.

ActA is a homodimeric protein consisting of two inhibin &#ains linked by disulphide
bonds.ActA is secreted in an active state containing themhinal prodomain that is
non-covalently attached to the matureg€minal domain that is freely disrupted upon

receptor binding.
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Figure 1-6. Canonicalactivin Asignaling pathway

ActA(green |l igand) and TGFbl (red Iigand) ©bo
heterodimeric complex of serisireonine receptor kinases, consisting of t{/peceptors

(ALK4) and typell receptors (ActRIIA or ActRIIB) forActAa nd Tb R (ALK1 or
ALKS5) anfdorTbTRGHAb 1. Foll owing |igand binding
receptor is recruited and atpbosphorylated at serine/threonine residues. Phosphorylated

type 1 receptor then induces phosphorylation of intracel&daadproteins, Smad2 and

Smad3 which are then translocated into the nucleus in conjunction with Smad4 where

they regulate gene transcription. Modified image taken from Borahay MA (202F)

https://doi.org/10.2119/molmed.2014.00053
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1.4 Cavedaeand Caveolirl

Caveolae are small (5000 nm) glycosphingolipidand cholestereénriched
omegashaped invaginations of the plasma membrane that are involved in mediating a
wide array of signaling transduction evefn3i 75]. Through compartmentalization of
signalng proteins, caveolae can either positively or negatively mediate signal
transductiorj73i 75]. Caveolae are ubiquitously expressed but predominately found in
endothelial cells, epithelial cells, striated and smooth muscleacli§ibroblast$76].

The caveolin (cav) gene family consists of three proteinslcaav2 and cav3. Cavl
and cav2 are ubiquitously expressed, whereas&a&vlimited to skeletal muscle,
diaphragm, and hedft3i 75]. Formation of caveolae geirescav1, a 2124 kDa integral
membrane proteif¥y3i 75].

At the molecular levekaveolae angpecificallycaw1 actas chaperones for
signaling molecules, such kgands and receptqrallowing for theirdelivery and
compartmentalization into specificganellesand cellular localizationsuch as the
nucleus plasma membrarend endosomg33i 76]. Through these actions, cdwcan
eitherpositively or negatively mediate signal transduction eveéaisare gtical for
normal cellular functiof73i 76].

Through their interaadin with the ECM and integrinsaveolaggaw1 isinvolved
in the regulation of cell adhesion and migratié8]. In addition, caveolae/ca\ is
involvedin mediating theendocytosi@nddegradatiorof ECM proteinssuch as
fibronectin[76]. Caveolae also serve as docking points for ligand bound recEpidrin

themajority ofcasesthe cellular and molecular effectstbese interactionare

18
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inhibitory. For exampleactivatedligand boundl' G F beteptorsare internalized by
caveolaen responseo phosphorylation of cat atresidue Y14 r esul ting i n T
signaling inhibition[76].
We have previously shown that the abilityppfimary MC to produceECM
proteins both basally and in response to profibrotic stimuli sueh@$ priechanical
stressand high glucose is dependent on the presence df [g&& 79] (Fig. 1-7). We have
alsoshown thatliabetic mice lacking cat are protected against mesangial matrix
expansion ath the development of glomerulosclerdsig]. Thus, cavl/caveolaarekey

contributors to the development of kidney fibrosis.
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Pro-fibrotic Stimuli

@ @

Figure 1-7. Caveolinl knockouproteds against renal fibrosis

Primary MC from cavl KO miceexhibit reduced basal expression of extracellular matrix
proteins andlo not respond to profibrotic stimuli such as high glucos§,F b1 and

mechanical stretcltCawvKO mice are also protected against renal fibrosis.
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1.4.1Caveolinl in Fibrosis

Our previous studies suggest that-d is critical intheregulation ofprofibrotic
signalng events within the kidnej22,77 79]. Expression of ca\l is induced in several
experimental and human renal glomerular diseasesauditively associated with
proteinuria and worsening renal phenotypéi 78,80,81]

We have previously shown that the ability of MC to produce matrix proteins
basally and in responsepoofibroticstimuliscc h as TGFb1l, amdbkighani cal
glucose is dependent on ehexpressiofiFig. 1-7) [77i 80]. To this end, av-1 KO mice
are viablekidneys are histologically normal atigdey areprotected against the
development ofjlomerulosclerosis when placed under diabetic sfi#s37]
Interestingly,other organ$rom the cavl KO mousesuch as the skin, heart, and lung
show worsening age related fibrofi$§]. Paradoxicall, cav1 reduction has been
associated with worsening fibrosisseveral humanon-renalfibrotic diseases including
idiopathic pulmonary fibrosis, Eroderma, and cardiac fibro$i&]. These differences
are hypothesized to be present due to variation in the organ microenvirqiéjemhus
the ability ofcaw1 to modulateprofibrotic signaling pathwayisas been shown to vary
depending on theell typebeing examine{l76]. However, regardless of localization, the
interaction between cat andT G F fs A common pathway by which renal and -menal
fibrotic diseaseprogresg76]. For example, cal was found @ inhibit T G F fndluced
matrix synthesis in pulmonary fibroblastgile it wasrequired for dermdibroblaststo
undergoTl G F fstimulation[76]. Thus, any studieglobally targeting cavl or caveolae
in CKD will need tobeclosely monitoedfor adversesideeffects in other organs.
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Blocking cavl specifically in MC, therapeuticallysing pharmacologic agesdnd/or
genetically using tools such as Cre/lrecombination in mice is not feasible due to the
lack of MC specific promoters:or this reason linically targeting cavl specifically in
MC is challengingand not yet feasibl@ hus, to better understand how €helimination
reduces matrix production in M&nhd protects against renal fiborgsasid more
importantly, to identifynovel, feasibléherapeutidargets that can be exploited to
overcome the difficulties associated witinectly targeting cavl, our lab carried out a
microarray analysis to identify potential antifibrotic candidatesdhaaltered in cat
deficient MC[22]. Of primary interest, we identifiefbllistatin (fst), as the most
upregulated gene in MC lacking caywith levels 35old higher compared to cavVWT

MC [22].

1.5 Follistatin

FST is an ubiquitously expressed secreted glycoprotein that binds to and

neutralizegheprofibroticand pron f | ammat ory actions of the T
memberd46,57] FST hasthegreatesneutralizingact i vi ty against the ]
memberActA [46,57]F ST al so antagonizes, with |l esser
superfamily members including my2xp&géatdin (G

7 [46,57] Alternate splicing and protein processing of fistgyene results in secretion of
two major isoforms containing 288 and 3rhino acid446,57](Fig. 1-8). FST-288 is
bound to the cell surface via heparan sulfates where it acts to neutrakgertzie

bound activins, allowing for tisstlecalized effect$46,57] On the other hand, in FST
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315, an acidic tail blocks this calurface binding, effectively causing the release of-FST
315 into circulation where it can scavenge and neutralize acid6rs7].

Mechanistically, two FST molecules bind one activin dimer and in turn sterically hinder
its receptor binding sitd46,57,82] Both forms of FST adb clear activin from

circulation by attachment to the cell surface and consequent internalization and targeting
for lysosomal degradatidd6,57] (Fig. 1-9). The neutralizing effect of FSZ88 is

reported to be-80x greater than that of FSJ15[46,57] We have also previously shown
the ability of exogenolg administered FST to be deposited within the kidnvelysre it

can have localized effedt®2]. In MC lacking cavl, we have previously found

significant upregulation of FST at thnscriptand protein level22]. This increase in

FST has been linked to the rgmatectiveeffects of cavl deficiencyin response to high
glucose and TAF[22]. If FST expression in cat KO MC is decreased to that of eav

WT levels, then these FSJeficient cavl KO MC are no longer protected against the
profibrotic stimuli[22]. Thus, FST is an important contributor to the protective
antfibrotic phenotype that is observed in €alO MC. How caw1 regulates expression

of FSTat themolecularievelin MC has not been identifiedhe first aim of this thesis

is to examinehow caw1 is involved inthe molecular regulation of FST in MC.
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Figure 1-8. Follistatinisoforms.

Alternate splicing and protein processing of fstgene results in production and

secretion of two major isoforms containing 288 and 315 amino &%Iscontains a

heparin binding sequence (HBS) that enables it bind to proteoglycans on the cell surface.
FST-288 is bound to the cell surface via heparafasesg whereas an acidic tatlthe C
terminalin FST-315 blocks this celsurface binding, causing the release of 33% into

circulation.
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Figure 1-9. FST neutralization oActivin A
FST binds andblock the biologic effects of TB3 cytokines, primarily activindwo FST

molecules bind one activin dimegither in circulation (FSB15) or at the cell surface
(FST-288). This interaction sterically hindetke receptor binding sites éwctA. The
FST-ActA complex isconsequentlynternalizedandtargeted fodegradation via the
lysosomabpathway.Unmodified image takewith permissiorfrom:

https://www.parantabio.com/site/therapy/abpb01
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1.5.1Follistatin and Cellular Stress

In CKD, MC oxidative stresghrough an impairment in the balance of free radical
production and clearance, is known to be an important pathogenic contributor to CKD
that has been correlated with progressive glomerulosclerosis and alburf3818&84]

This oxidative stressed environment has been shown to induce apoptosis in several renal
cell types including MC, with loss of thesesigent renal cells being an important driver

of CKD to kidney failurg37,38,84,85] Unfortunately, directed treatments specifically
targeted to modulate oxidative stress in a CKD setting have not been very effective and
thus need to be better establishifeakthermoregndoplasmiceticulum (ER) stress is an
established important factor in CKD pathogeng 88]. ER stress has been shown to

drive apoptosis in renal cells, including MC, through chronic activation afrifedded

protein response (UPRJ6i 92]. ER stress also induces cellular death through promoting
oxidative stress in numerous cell tyy88,92] Whether renal MC apoptosis is mediated
throughoxidative stress and reactive oxygen species (ROS) has not as yet been clearly
established. However, some data suggest that in MC, at least in response to high glucose,
MC through oxidative stress undergo activation of an apoptotic death prfgghm

Recently ActA has been shown to induce ROS production and mediate apoptosis in
several cell typef4i 96]. We and others have showetreased expression of serum and
kidneyActA in mice with CKD[25]. Activins are most effectively neutralized thréug

the ubiquitously expressed secreted glycoprotein[B6,67] Recent work has shown a
protective role of FST against ROS production and apoptosis in several settings both

vitro andin vivo[97]. This has been thought to be due to neutralizatidkcth in some
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cases, although in others the rofeactivins has been less cle@hus, this thesis
examines whether FST can protect against oxidate stress and apoptosis vitro in

MC and in vivo in mice with CKD.

1.6 microRNAs (miRNAS)

microRNAs (miRNAs) are small singlgtranded noncoding RNAs (~22bp) in
length that regulate gene expresq@8,99] miRNAs, through their fully or partially
compl ement ar y @A8bpglend to a speciiiecrmRNA kegulatdry element
(MRE) localized within the 3" untranslategfyion (UTR) of the target mMRN/f98,99]
Depending on binding complementary, the miRNA targets the mRNA for degradation or
translational repressidf8,99] miRNAs are involved in the regulation of critical cellular
processef98i 103]. Consequently, their dysregulatibas been linked to progression of
various diseasecluding kidney diseagd 00i 103]. Experiments involving
overexpression and inhibition of miFA are now routinely being used to assess their
functions in diseasg400,102104]. As a result, numerous studies have been carried out
to assess the therapeutic potential of inhibiting or overexpressing these specific miRNAs
in protecting against renal fibrogis00,102,104]

To identifytherole of miRNAsin regulating expression of the antifibrotic t&im
FST, we carried out a miRNA screen to determine differentially expressee&géting
mMiRNAs in cavl WT and KO MC(Fig. 1-10). As a part of this thesispiscreening for
MiRNAs targeting FSThatare differentially expressed in cA&WKO MC, we discovered

mMiR299a5p as an importamegulatorof FSTexpression.
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miR-299a5p is a member of the miB54 family which is found in the second
largest miRNA cluster in the human genome on chromosome 1#QB2cluster is
highly conserved betweendents and humanRecent studies haveplicated members
of this familyin pulmonary and cardiac fibrods05]. For example, in lungs affected by
idiopatic fibrosis, several miL54 cluster members were found to be altered, including
an increase in miR99a5p [105]. Increased miR99a5p has also been found in fibrotic
liver from patients with primary biliary cirrhosj$06]. The role of miR299a5pin the
developmenof renalfibrosisthrough regulation of FSHas notyet beennvestigated
Thus, this thesis &kamines whether miR299a5p is pathologic in CKD through

repression of FST aml whether itsinhibition is protective against renal fibrosis.
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miRNA
. .. Predicted mFST T
Prediction Tools . . Validation
MicroCosm Targetlng miRNAs gRT-PCR
TargetScan7 7/8mer seed match 3’UTR luciferase
miRDB >2x independent predictions miR LNA Inhibitors
miRSearch Mammalian/Vertebrae Conservation miR Mimics

Figure 1-10. miRNAscreen.
mMiRNAs targeting h e 3 6R$Tarefirst letermined using four miRNA prediction

software MircoCosm, TargetScan7, miRDB and miRSeaRiedicted miRNAs targeting
FSTarescreened and selectedsedond@ / 8 mer seed maUTtRhalong t h t he
with at leas®? independent predictisonserved amongst mammals and vertebrae. The
expressiorof FST-targeting miRNAsarethenassessed using gRACR to identifyand

select forsignificantly downregulated miRNAs in cat KO MC. Resulting targ€s) are

functionallyv al i dat e d andsmiRNAregBlaiodyEIBment (MRH)ciferase
assaysFunctionalassays using miRNA mimics and LNA inhibit@aethenused to

determine the biological roles of the predicted miR8)A
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1.7 The Interplay betweeRollistatin TGFR1, Activin Ain RenalFibrosis

Renalprofibrotic cytokinesActA andT GF b1 are involved in a
loop[57]. TGFb1l has been Acthexprassiond4,5811l,10MOh thet e
other handActA has also been shown to upregulat& F farid be required for the
profibrotic actions ofT G F ImMC andvarious other cell types such as luhgpatic
stellate cells ancenal fibroblastgFig. 1-11) [54,57,71,107,108] Furthermore, FST, a
potent activin inhibitor, while not capable of directly binding and neutraliz@&d- h Has
been shown to inhibit the G F fintlucedprofibrotic respons¢54,57] We havealso
shown that FST protects against both basal and ghiodseed matrix production
throughActA inhibition [22]. These findings suggest thRtG F farfldActA are involved
in a positive feedback loop, wiehctA is stimulated by GF b 1 seeves ds an
intermediator of th@rofibrotic effects ofT G F faridthat FST is amntifibrotic factorthat
inhibits theactions ofboth ActA andT G F fFig.1-11). Based on its ability to neutralize
theprofibrotic factorsActA andT G F pFST has been shown to act as a strong
antifibroticagent in various orgar22,23,107,109]Exogenous administration of FST to
CCls-treated or bleomycHtreated rats attenuated the formation of liver fibrosis and
pulmonary fibrosis, respectivdly07,1®]. Furthermore, FST was also effective in
attenuating tubulointerstitial fibrosis in a rat model of obstructive kidney dajaapgen
a recent study in our laboratauging the Akita type 1 diabetic mouse model, we have
demonstrated that the administration of exogserfesiT has therapeutic potential in
protecting against the progression of early diabetic kidney disease, characterized by

glomerular hypefiltration, albuminuria and glomerulosclero§?]. Whether exogenous
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FST is protective against the progression of renal fibrosis in CKD has not been studied.
Based on its potent ability to rtealize theprofibrotic effects of bottActAa nd TGFb 1
(Fig.1-11), wehypothesize that the use of exogenous FST is an effective therapeutic
approach to block and/or reverse the progression of renal filmaSIsD. Thus, this

thesis examines whetheblockade of ActA via exogenousadministration of FST can
attenuate the development and progression of renal fibrosis & 5/6 nephrectomy

(5/6 Nx) surgical mouse model of CK[J110,111](Fig. 1-12).
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TGF-p _\rActivin A TGF-6 \‘ %
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Follistatin
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Figure 1-11. Interplay between TGH, Activin A in promoting fibrosis and the protective
role of FST.

Left: Positive feedback loop betwefrtA andT G F fvliereActA serves as an

intermediator of the profibrotic effects oG F factionsT GF b 1 s tActhaul at es
productionwithActAbei ng required for theRighpgFSIFf i br ot i
acts as an antifibrotic factor by inhibiting tpeofibrotic actions of bottActA andin turn,

i ndi r e c tArmpw thickness befiresents magnitude of respohgense and

permission obtained Modified image taken from Wada W (2004))].

https://doi.org/10.1210/en.2043%H63
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Renal Insult
Loss of Nephrons
Systemicand
Glomerular
Hypertension
Compensatory
Sub-total (5/6) Glomerular

nephrectomy

Hyperfiltration

* Macrophage infiltration
) - * Upregulation of profibrotic and
Tubulointerstitial apoptotic cytokines

S

|nju|'y and Fibrosis * Tubular epithelial to
myofibroblast transition
—+ Bxcess secretion of ECM

Upregulation of profibrotic cytokines Glomerular Injury,
Macrophage infiltration Hypertrophy
Mesangial proliferation and activation :
Apoptsis Glomerulosclerosis

* Proteinuria
ESRD * Lossof Renal Function (GFR)

Figure 1-12. 5/6 nephrectomy mouse model of CKD.

CKD is achieved usingurgicalrenal mass reductian maleCD1 mice The 5/6
nephrectomyNx) consists of aesection of the upper and lower poles of the left kidney
followed bya rightkidneynephrectomySurgical renal mass reduction resultghe
development of CKDRhat closely mimics the progression of CKD to ESRD in humians.
this model,excessive ampensairy glomerular hyperfiltration leads tgsgemic and
glomerular hypertensio®ver time, chronic activation of prélammatoryand fibrotic
pathway resultgh glomerulosclerosis and tubulointerstitfddrosis. A sharpdecrease in
glomerular filtration ratés observedOvert renal damage resultsatbuminuria.This

gradualloss of renal functiorventuallyleads tdidneyfailure
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1.8 Main Objectives

The nain objectives othisthesis are to determine the molecular mechanisms via which
cawv1 deficiency in MC leads to ugegulation of FST and determine whether kSa

potentialnoveltherapeutiagent for CKD.

1.8.1Research Aims

1) Determine thenolecular mechanism by which caweletion lads to
upregulation of the aribrotic protein FST.

2) Determine lhe therapeutic potential of FST usiagnouse model of CKD.

3) A) Screerand validatd-ST-targetingmiRNAs that aredifferentially expresseih
cav1 KO MC and B) @termine whethemiR299a5p inhibition protects against

the progression dZKD.

1.8.20verall Hypothesis

IncreasedenalFSTthrough direct exogenous muobinant FST administraticor post
transcriptionally through miR29%gp inhibition will protect against the development of

renal fibrosisandslowthe progression of CKD.
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1.8.3Summary oResearch Findings

1)

2)

3)

Absence of ca1 transcriptionallyincreasd FST expressionthroughelevatedSpl
activity viaaugmentatiorof phosphoinositide-&inase and protein kinasezéta

( P K Gignpaling.

ExogenousecombinanEST treatment alleviatirenal oxidative stresseduced
renal fbrosisand albuminuriavhile improvingkidneyfunctionin mice with
CKD.

miR299a5p expressioiwasdownregulated in cat KO MC andelevated in mice
with CKD. miR299a5p posttranscriptionallyrepresed FSTand augmented
profibrotic response miR299a5p inhibition ameliorated renal fibrosis in mice

with CKD.
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Chapter 2: Caveolin-1 regulation of Spl controls production of
the antifibrotic protein f ollistatin in kidney mesangial cells
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2.1 Preface

Significance to thesi$reviously, we observed that ea\KO mice and caveolhl

deficientMC are protected against several profibrotic stimuli and against the development
of glomerulosclerosis. In calr KO MC, we identified significant upregulan of the

antifibrotic proteinFST. The purpose of this study was to determine the molecular
mechanism through whidbSTis upregulated in ca¥ deficientMC. Our results

identified Sp1l as the critical transcription factor regulating activation df$ie

promoter. Absence of celvwas found to increase Sp1l transcriptional activity through
activation of phosphoinositidel3nase and protein kinase C zeta. These findings describe
a novel transcriptional mechanism regulated byXawhich functions to repss the
expression oFST. These findings shed novel mechanistic insight towards the

development of antifibrotic treatment strategies@&D through the use d&ST.
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2.2 Abstract

Background:We previously showed that caveelin(cav1), an integral membrane

protein, is required for the synthesis of matrix proteins by glomerular mesangial cells
(MC). In a previous study to understand how-&as involved in regulating matrix
production, we héidentified significant upregulation of the antifibrotic protein follistatin

in cawv1 knockout MC. Follistatin inhibits the profibrotic effects of several members of

the transforming growth factor beta superfamily, in particular the activins. Here, we
chaacterize the molecular mechanism through whichesgulates the expression of
follistatin. Methods:Kidneys from cavl wild type and knockout (KO) mice were

analyzed and primary cultures of MC from €hwild-type and KO mice were utilized.

FST promotedeletion constructs were generated to determine the region of the promoter
important for mediating FST upregulation in €eaKO MC. siRNAmediated down

regulation and overexpression of Spl in conjunction with luciferase activity assays,
immunoprecipitatbn, western blotting and ChiP was used to assess the role of Spl in
transcriptionally regulating FST expression. Pharmacologic kinase inhibitors and specific
siRNA were used to determine the ptrainslational mechanism through which dav

affects Spl actity. Results:Our results establish that follistatin upregulation occurs at

the transcript level. We identified Sp1 as the critical transcription factor regulating
activation of the FST promoter in cA&WKO MC through binding to a region within

123 thetraoséription start site. We further determined that the lack ef cav

increases Spl nuclear levels and transcriptional activity. This occurred through increased
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phosphoinositide -Binase (PI3K) activity and downstream protein kinase C (PKC} zeta
medided phosphorylation and activation of S@bnclusionsThese findings shed light
on the transcriptional mechanism by which-darepresses the expression of a major
antifibrotic protein, and can inform the development of novel antifibrotic treatment

strakgies.

2.3 Background

Mesangial cells (MC) are specialized pericytes involved in the production and
secretion of mesangial matrix within glomeruli of kidn§l@i 21]. The mesangial matrix
serves to anchor MC and provide structural support and integrity to the surrounding
glomerular capillariefl9i 21]. Under homeostatic conditions, MC secrete matrix that is
composed of collageneminin and fibronectif19,31,35,112]The activation and
transition of MC to a more secretory myofibroblastic phenotype has been established to
be arearly fibrogenic response kidney disease of varying etiology, including tha¢du
to diabetes and hypertensid®,19 21,31,35,112]

Caveolae are small (3000 nm) glycosphingolipidand cholestereénriched
omegashaped invaginations of the plasma membrane that are involved in mediating a
wide array of signaling transduction evef3i 75]. Through compartmentalization of
signalng proteins, caveolae can either positively or negatively mediate signal
transductiorj73i 75]. The caveolin (cav) gene family consists of three proteinslcav
cawv2 and cav3. Cavl and cay2 are ubiquitously expressed, whas cay3 is limited to

skeletal muscle, diaphragm, and h¢asi 75]. Formation of caveolae requireaw1, a
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21 24 kDa integral membrane prot¢i8i 75]. We have previously shown that the ability

of MC to produce matrix proteins both basally and in response to profibrotic stimuli such

as transforming growth factor beta 1 (TGFbDb
dependent on cal expressioii77i 79]. Importantly, diabetic mice lacking cdvare

protected against mesangial matrix expansion and the development of glomerular
sclerosig77]. Strong upregulation of calhas also been demonstrated in rodent models

of chronic kidney disease and diabetic nephropptbyB1] These studies support a

profibrotic role for cavl/caveolae in kidney fibrosis.

Clinically targeting cal in vivo is challenging75]. Thus, to better understand
how cavl elimination reduces matrix production in MC, and more importantly, to
identify potential novel therapeutically digable targets that can be exploited to
overcome the difficulties associated with directly targetingloawur lab previously
identified and measured the expression of poteatififibrotic candidates that are altered
in cawv1 deficient MC. Of primarynterest, we identified significant upregulation of
follistatin (FST), arantifibrotic factor, in MC lacking ca\.

FST is an ubiquitously expressed and secreted glycoprotein that binds to and
neutralized he profi brotic and proinfl ammatory ac
members, with greatest activity against actiyj#&57] We and others have shown that
FST acts as a strong antifibrotic agentamious organs, including the kidneys in models
of obstructive kidney damage and diabetic nephrop@®y23,107,109]

The molecular mechanism through which FST is regulated by aaglomerular

MC is as yet unknown. Here, we show that signaling through the phosphoinositide 3
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kinase (Pl 3K), protein kinase @augmeatétdin ( PKCg
caw1 deficient MC to increase the transcriptional regulation of FST. These findings shed

insight into the molecular mechanism through which-taggulates the expression of

FST and provide important knowledge that can inform the developrhantifibrotic

treatment strategies for chronic kidney disease.

2.4 Materials andViethods

Cell Culture

Primary mouse MC were isolated from ehwild-type (WT) and cad knockout
(KO) B6129SF1/J mice (Jackson Laboratory) using Dynabeads (Invitrogen). Briefly,
mice were perfused with magnetic Dynabeads, kidneys were harvested and digested by
collagenase anglomeruli were collected using a magnet. Isolated glomeruli were washed
with HBSS, resuspendedihu | beccodés modi fied Eagl eds med
20% fetal bovine serum (I nvitrogen), penic
at 37 e Cz25b5%mCQO MCAver@ grown out, with passagedZ used for
experiments. MC were serum deprived in 0.5% FBS 24h prior to all treatments unless

otherwise stated. Drugs/reagents used in the study are providdder21.

Transfection
MC at60%7 0% confl uence were transfected (0
0 . O 5-gatpctoBidaseorr2 e g protein expression plasmid)

per the manuf act ur e rniediatad knookdowmevascaehieved n . si R
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using RNAIMAX (Thea mo Fi sher Scientific) as per the
Plasmids and siRNA used in the study are providedale 22.
Luciferase Assay

MC lysis was achieved using Reporter Lysis Buffer (Promega) as per the
manufacturerds recommendati on. Luci ferase
using the Luciferase Assay System (Promega) with a luminometer (Junior LB 9509,
B e r t h-gdladigsidasebactivity, used to normalize for transfection efficiency, was
measured in cl ari fiGaattosddaseé EnzyingAssay Sysemu si ng t
(Promega) with a plate reader absorbance set at 420nm (SpectraMax Plus 384 Microplate

Reader, Moleculabevices).

Protein Extraction, Immunoprecipitation and Immunoblotting
MC cell lysis and protein extraction were carried out as described previously
[113]. Briefly, cell lysates were centrifuged (080 rpm, 10min, %), supernatant was
collected and protein concentration quantified. For immunoprecipitation experiments,
cells were lysed, clarified and equal amounts of lysate were immunoprecipitated using
1leg primary anti bo dwnpcubatbBwith proledBCagarosd studryl o we d
(2h, 4AC). Cell5ptog)eand|l ymmtiesp(&0kpgitate:q
were separated on SBFBAGE for subsequent immunoblotting. Antibodies used in the

study are provided itable 23.
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Quantitative-real time PCR

RNA from MC was extracted using Ribozol RNA Extraction Reagent (Amresco)
as per the manufacturerds recommendati on,
cDNA using gScript cDNA SuperMix Reagent (Quanta Biosciences). Quantitative real
time PCR was carried out using the Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific) on the Applied Biosystems ViiA 7 ReBiime PCR System (Thermo Fisher
Scientific). MRNA expression andrnfetbddd chan
where 18S was used as the endogenous control. Primer sequences used in the study are

provided intable 24.

ChiP

At endpoint, MC were crodinked using formaldehyde (10 min, RT), neutralized
using 1M glycine (pH 2.2) (5min, RT), resuspendett&cold PBS containing protease
inhibitors and centrifuged (13,000 rpm, 5 mifC% The cell pellet was resuspended in
nuclear extraction buffer (20 mM HEPES pH7.9, 25% glycerol, 420mM NaCl,1.5mM
MgClI2,0.2mM EDTA, protease inhibitors), incubated on B@nfin) and centrifuged
(13,000 rpm, 10min,%C). The resulting nuclear pellet was resuspended in Breaking
Buffer (50mM TrisHCI pH8.0, 1mM EDTA, 150mM NaCl, 1% SDS, 2% TritorIRO0,
protease inhibitors), sonicated 6x3s, and Triton Buffer added (50mMHTIipHS.0,
1mM EDTA, 150mM NacCl, 0.1% Triton 2400). 10% of the original aliquot was
collected (input) and the rest used for immunoprecipitation for Sp1 and mouse IgG (as

described above). Immunoprecipitated samples were washed 3x in Triton Buffer. SDS
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Buffer was then added (62.5mM Tris HCI pH6.8, 200mM NaCl, 2% SDS, 10mM DTT,

2 ¢l of proteinase K (40mg/°@G)ltoyeversand sampl es
crosslinking. DNA was isolated using phenol/chloroform extraction and resuspended in

dH20. gRFPCR was useds described above, to amplify the purified DNA using

primers specific to the Spl binding site located with?3bp of the mouse FST (mFST)

promoter. Ct values were evaluated across multiple replicate experiments using the

%input method, where %input=1gayAdusted input Ct (1P)),

Cloning

The fulkHlength mouse FST luciferasdugc) construct, mFSTL-luc, (obtained
from Dr. Jeong Yoon) containing the mouse FST promoter with exon 1 and intron 1 was
digested with Kpnl and Nhel. The resulting product wasrted into a linearized pGL3
luc vector in order to generate a construct whachs intron 1 and most of exon 1 (+20bp
is included, wher¢ranscription start site = ¥1The resulting plasmid hereafter is referred
to as mFST4uc. mFST4luc was useda generate mFST promoter deletion constructs
using the primer sequences listedahle 25.

Two Spl binding sites (CCGCCC) localized within the mF323bppromoter
were deleted in orde+l 2t3apbg@&netyyobgbnecleatisleST 4 i n-
coding the FST123 promoter sequence lacking the two Sp1l binding sites along with the
Kpnl (56) and Nhel (306) digestiaedintepGL®s wer
Basic luc. All sequences synthesized for cloning are listeihinte 25. All generated

constructs were confirmed by sequencing lfMd_ab, McMaster University).
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PI3K activity assay

A plasmid encoding a Vendagged pleckstrin homology (PH) domain of Akt
(PH-Akt-Venus), a gift from Dr. Narasimhan Gautam (Addgene plasmid # 85223), was
transfected into MC. Plasma membrane localization of the PH domain of Akt was used as
a live phosphatiylinositol 3,4,5trisphosphate (PIP3) sensor for assessing PI3K activity
[114]. Briefly, 24h following transfection, cal WT and KO MC were incubated with
wheat germ agglutinin (WGA) Alexa Flu®94 Conjugate (Thermo Scientific) in HBSS
(2¢e g/ ml , °Cliddalineate the8plasma membrane. After plasma membrane
labeling, MC were washed and images were taken using a fluorescein
(ex490nm/em525nm) and rhode@ (ex550nm/em620nm) filter sets (EVOS FL Cell
Imaging System, Thermo Fisher Scientific). Image J, in conjunction with the co
localization finder plugin (https://imagej.nih.gov/ij/plugins/colocalizatimer.html),
was used to create colocalization nsakd quantify the percent localization of-Rkt-

Venus to the cell membrane.

Immunohistochemistry/Immunocytochemistry
Cawv1 WT and KO B6129SF1/J mice were sacrificed and perfused with cold PBS

in accordance with principles of laboratory animal care and McMaster University and

Canadian Council on Animal Care guidelines
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kidney sections we deparaffinized, endogenous peroxidase activity was blocked, and
heatinduced epitope retrieval was carried out for immunohistological staining. Briefly,
tissues were blocked with 5% horse serum and incubated in primary antibody overnight at
4 QITisswes were then incubated with biotinylated secondary antibodies (Vector Labs)
(30 minutes, room temperature) and then incubated with streptavidin/peroxidase (30
minutes, room temperature) (Vector Labs). Chromogenic color development was carried
out using Noa Red (Vector Labs), followed by counterstaining uskig! | 6 s hemat ox
(Sigma), and mounting in a xylene based mounting media (Permount; Thermo Scientific).
All micrographs were captured at x200 and x400 magnification using the BX41 Olympus
microscopeThe total percentage of positive area (signal) within the kidneys was
measured using Imageriefly, 10-20 micrographs were captured, percentage of positive
area quantified and averaged per mouse. This was repeated for the irai@atedber
of mice, wth final average and standard error calculated from the individual averages
obtained from each mouse.

Serum deprived MC plated in ann&ll chamber slide were used for ICC. Cells
were fixed in 4% paraformaldehyde, permeabilized in 0.2% Tritd®X blockd in 1%
BSA/3% donkey serum, and incubated with primary antibodies overnigh@aCells
were then incubated with AleXluor (Thermo Scientific) conjugated secondary
antibodies (30 minutes, room temperature, dark), and mounted and counterstainad using
DAPI-containing fluorescent mounting media (Vector Labs). All ICC micrographs were
captured using the fluorescein (ex490nm/em525nm) and DAPI (ex350nm/em470nm)

filter sets (EVOS FL Cell Imaging System, Thermo Fisher Scientific). Mean fluorescence
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intensity within the nucleus, delineated using DAPI and/or total cellular expression

examined under the appropriate fluorescence filter sets was measured using ImageJ.

Statistical Analysis

Statistical analyses were performed using GraphPad Prisn$6. A d etest 0d s
oneway ANOVA was used to determine statistical significance between two or more
groups, respectivelyrost hocsignificance of pairwise comparisons was assessed using
Tukeyds -\IBD<0.05Atweailed) was considered significant. Data are
presented as meanzSEM. The number of experimental repetitjassr{dicated in the

figure captions.

2.5Results

Caw1 regulation of FST occurs at the transcript level in MC

We have identified FST as a significantly upregulated gene irladeficient MC
compared to their wildype (WT) counterparts:ig. 2-1 shows elevated3T expression
at the mRNA Fig. 2-1A) and protein levelKig. 2-1B) in cultured primary cat KO MC.
It should be noted that the FST antibody detects two main bands in MC. Using FST
siRNA, we confirm that these are both F&Ig( 2-1C). This is likely due to the presence
of different isoforms and/or differentially gipsylated forms of the protejhl5i 118].
Increased FST gxession is also seen in the kidneys of mice lackingloawmpared to
WT mice Fig. 2-1D). Confirming theantifibrotic properties of FSTinMCI GF 6 1

mediated extracellular matrix protein (ECM) production was blunted by the addition of
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recombinant FST iscav1 WT MC (Fig. 2-8; Supplemetal Fig. 1A). Conversely, FST
downregulation using siRNA significantly augmenied F fm&dited ECM production
in cav1 KO MC (Fig. 2-8; Supplemetal Fig. 1B). These results confirm that FST
inhibits T G F findluced ECM production in MC.

To identify potential avenues by which eavegulates FST expression, we began
by examining stability of the FST transcript in eaWT and KO MC. Using actinomycin
D to stopde novo transcription, we observed that FST mRNA has diteatff about 4
hours which was unaffected by ehexpressionKig. 2-1E). We next assessed whether
FST protein stability was affected by ehvUsing cycloheximide to prevent de novo
protein ynthesis, we determined that FST has a rapid turnover rate, which is also
unaffected by ca\ll expressionKig. 2-1F). The increased transcript and protein levels
seen in cal KO MC are thus not a result of increased fi@stscriptional mMRNA
stability orposttranslational protein stability.

We next sought to determine whether-daregulates FST expression at the
transcriptional level. The mouse FST promoter has been previously charadtet@led
Using a mouse FST promoter luciferase reporter construct, we assessed whether FST
promoter activity was differentially regulated in eaWT and KO MC. Here, we found
significantly elevated transcriptional activity in eéa\WO MC of both mFST4L-luc,
which also contains intron 1 and exon 1 of FST, and mHS8d 4 which these are
removed Fig. 2-2A and B). Since removal of intron 1 and exon 1 did not affectldda®
upregulation of FST promoter activity, we used mR3iclas a template to generate

promoterdeletion constructs ranging frorh840bp to-123bp upstream of the
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transcription start site (TSSFif. 2-2C). Here, we surprisingly found significantly
elevated transcriptional activity of all promoter deletion constructs ¥1d&® MC (Fig.
2-2D). These data illustrate that transcriptional regulatory elements residing between
123bp and the TSS of the mouse FST promoter are critical for the upregulation of FST
that is observed in cals KO MC. Next, using siRNAnediated cand downregulation in
cav1l WT MC, we confirmed that cat was directly involved in the regulation of FST
promoter activity Fig. 2-2E) and protein expressioRig. 2-2F). However, the relative
increase in FST transcription and expression uporiladwnregulation with siRNA was
not aseffective in comparison to the elevation seen inrT#O MC. This is likely due to

differences in the degree of cawuppression between these two approaches.

Caw1 transcriptionally regulates FST through Spl

Having established a transcriptional effect of-@aon the-123bp FST promoter,
we next screened for transcription factor regulatory element(s) located within this region.
Putative transcription factor binding sites within the mFST promoter were iddnigiag
Matlnspector and PROM{120]. Interestingly, we identified two Sp1 binding sites
(CCGCCQ) in this regionHig. 2-3A), with Sp1 having been shown to regulate FST
promoter activity in intestinal epithelial ce[lk21]. We thusassessed its role in mediating
FST upregulation in cat KO MC. We first determined whether Spl levels are altered in
these cells. To this end, we found elevated Spl expression-hK@wMC (Fig. 2-3B).
This was asociated with increased Spl nuclear presence, as assessed by immunoblotting

(Fig. 2-3C) and immunofluorescenckig. 2-3D), as well as increased transcriptional
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activity as measured using a Sfatget sequence binding luciferagég( 2-3E). Similar
increases of Spl expression and nuclear localization were seen in both glomeruli and
tubules of cavl KO mice Fig. 2-3F). Next, using siRNAnediated caxd downregulation
in WT MC, we confirmed the regulation of Sp1l activity by-dafFig. 2-3G).

Our next studies aimed to determine whether Spl is a major regulator of FST
transcription in caad KO MC. We first assessed if Spl overexpression can increase the
transcriptional activity of thel23bp mouse FST promotéiig. 2-4A shows that the
overexprased Spl is functionally active, effectively increasing Sp1l transcriptional
activity. In cavl WT MC, Sp1l overexpression also significantly increased FST promoter
transcriptional activityKig. 2-4B), showing a prominent role for Spl1 in FST promoter
reguldion. We then downregulated Sp1l using siRNA to assess whether it is essential for
the increased FST seen in €alKO MC.Fig. 2-4C confirms the successful knockdown
of Spl. As we hypothesized, Spl knockdown reduced FST promoter transcriptional
activity in KO MC to levels seen in WT cell&ig. 2-4D). FST mRNA and protein
expression were similarly reducdeid. 2-4E, F). A smaller decrease in protein levels
was also observed in cAVWT cells, demonstrating the importance of Spl to basal FST
regulation.

We next wished to confirm that Spl1 binds to the FE23 promoter region. Using
ChIP coupled with gRPPCR, we quantified the amount of Sp1 binding to the putative
Sp1l binding sites localized within thg23bp promoter region of FST. As seerkig. 2-
4G, Splbinding in this region was significantly more abundant intdlO compared to

WT MC. To confirm that this is required for transcriptional regulation of FST, we deleted
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the two identified Spl binding sites within tHe23bp region of the FST promotétig. 2-

4H). Deletion of both of these resulted in a significant decrease in FST promoter activity
in both cavl WT and KO MC. Importantly, the elevated FST promoter activity observed
in cav1 KO compared with WT MC was abolished, highlighting the centralfool8p1

in FST transcriptional regulation by cavFig. 2-41). The decrease seen in WT MC
additionally illustrates the importance of Sp1 to basal FST regulation. Taken together,
these data show an important regulatory role forkavSpl expression and

transcriptional activity, which leads to a significant upregulation of FST iflLd&@

cells.

Caw1 regulates Sp1 activity through PISK and RKC

The regulation of Spl by calvhas not previously been described. We thus
wanted to determine the mechanism underlying this observation. It is well known that Sp1
activity is under tight regulation via phosphorylation, which can either positively or
negatvely influence the activity and binding of Sp1l to its downstream tajt2®. Since
serine/threonine (ser/thr) phosphorylation of Spl1 by various kinases was shown to be an
important stimulator of Splactivity, we compared baseline Spl ser/thr phosphorylation
between carl KO and WT cells. After Spl was immunoprecipitated from total cell
lysate, immunoblotting for phosphorylated ser/thr sites showed a greater degree of Spl
ser/thr phosphorylation in cav KO MC (Fig. 2-5A).

Next, we sought to identify the kinase respblesfor increased Spl

phosphorylation in cat KO MC. Using various inhibitors, we screened kinases known
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to phosphorylate Spl at ser/thr residues and thereby enhance Spl &igvaybB
shows thatincat K O MC, gl ycogen syn{usimg&i@), ddinnase 3
N-terminal kinase (JNK) (using SP600125) and p38 mitaaptivated protein kinase
(MAPK) (using SB203580) inhibition significantly upregulated Sp1l activity, while
mitogenactivated protein kinase kinase (MEK) inhibition (using U0126 )bt affect
Spl activity. None of these kinases are thus responsible for the upregulation of Spl
activity in cav1 KO MC.

We next assessed the role of protein ki
in numerous cell types to phosphorylate and paditivegulate Sp1 activitji 23]. We
found that PKCg inhibiti ondtheincreasedactviKCe p s
of Spl in cavl KO MC to WT levelsFig. 2-5C). We then questioned whether the
expression of PKCdefisciaénmter®a@. i hntavestingl
(Fig. 2-5D) and proteinKig. 2-5E) were significantly increased ial KO MC.
Upregul ation of PKCg expression was -lal so o
KOmicefFig.25F) . To further confirm the role of
increased Spl activity seen in €aKO cells, we downregulated PKC usi n dgrigsi RNA.
225G shows effective-1WKanhd KKMCoSinkilartown 1 n cav
pharmacologic inhibition, this reduced Sp1l activity in-¢akO MC to levels seen in WT
cells Fig. 2-5H). Accompanying decreases in FST protein expression wersesno
(Fig. 2-51).

PI 3K was shown to be an i mportant promo

types[123]. To assess the importance of PIBke di at ed acti vation of I
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activation and thereby FST regulation in ¢alO MC, we examined the effects of two
distinct PI3K inhibitors. Both of these (wortmannin and LY294G0@hificantly reduced
Spl activity in cavl KO MC to that seen in WT cell&i@. 2-6A), although LY249002
was more efficacious than wortmannin in this regard. This may be due to the greater
stability of LY294002 in solutiofit24]. Akt is a ser/thr kinase wellnown to be activated
by PI3K[125]. However, the Akt inhibitor VIII did not reduce Sp1l activity in KO cells.
This is in keeping with a known role for the enzyme phosphoinositigendent protein
kinasel (PDK-1) and not Akt as the kinase downstream I8KRvhich phosphorylates
and acti {126t es PKCg

We next tested the effects of PI3K inhibition on FST mRNA and protein
expression. PI3K inhibition significdgtreduced FST mMRNA expression in eaKO
MC (Fig. 2-6B). Fig. 2-6C similarly shows that, in calr KO MC, PI3K inhibition
reduced FST protein expression to levels seen in WT cells. Last, we assessed whether
cawv1 KO MC have increased PI3K activity. Hevee transfected cat WT and KO MC
with a fluorescent biosensor (fAkt-Venus) for phosphatidylinositol 3,4t6sphosphate
(PIP3)[114]. Class | PI3Ks aressponsible for the production of PIP3 at the plasma
membrane. Thus, the translocation of the pleckstrin homology (Ph) domain of Akt to the
plasma membrane is indicative of PIP3 generation and can serve as a readout of
enzymatic PI3K activity. A fluorophorkabeled wheat germ agglutinin (WGA) was used
to label the plasma membrane to confirm localizatteg. 2-6D shows a pronounced
increase in PI3K activity in cat KO MC, identified by colocalization of PAkt-

VENUS and WGA and highlighted using a colozation mask (seen in white).
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Quantification of the colocalization mask is shown in the accompanying graph.
Collectively, as summarized Fig. 2-7, our results show that cdvdeficient MC exhibit
increased activity of PlIB8Kjvahyups$hceamsed

activity results in elevated Sp1 activation which augments FST transcription.

2.6 Discussion

Our previous studies have identified a critical role for-tan the ability of MC to

produce extracellular matrix proteins and profibrotic cytokines, both basally and in
response to profibrotic stimJir7i 79]. Increased cal expression has been observed in
several fibrotic kidney diseases in both animal models and hu@BAi271 129].
Furthermore, studies using edwknockout mice and cal/ deficient cells have shown that
the elimination of canl can protect against fibrosis bathvivoandin vitro, while having

no adverse effects on blood pressure and renal fur|Gton7,79,130] As of now,

targeting cavl via therapeutic approaches has not been feasible. In ous éffdmetter
understand how ca¥ deficient MC are protected against the profibrotic effects of several
stimul.i relevant to chronic kidney disease
stresq77i 79], we identified significant upregulation of the antifibrotic protein FST in
mouse MC lacking cat. Functionally, we show that inhibiting the expression of FST in
cawv1 KO MC restored matrix production both basally antesponse to profibrotic

stimuli and that supplementing exogenous FST iRlc8VT MC protected against matrix
proteinproduction. We also identified the mechanism by whichaeficiency led to

FST upregulationOur datanow identify a novel role for ca¥ in controlling activity of
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the transcription factor Spl, a critical regulator of FST transcription in\WMkCfurther
provide mechanistic insight into Sp1 regulation by-taghowing that this occurs at the
posttranslational level through control of &P K Cge s i g n aZ7ihighdightsdur gur e
proposed molecular mechanism through which Laggulates expression of the
antifibrotic protein FST in glomerular mesangial cells. These findings carry important
implications for the potential use of therapiageting this pathway in the treatment of
chronic kidney disease, as discussed below.

Interestingly, a related follistaidomain containing protein, follistatirke 3
(FSTL-3), has been shown to protect against matrix production in MC exposed to high
glucos€g131]. FSTL-3 functions similarly to FST, binding and neutralizingisimar T GF b
superfamily family members. However, it is distinct from FST due to the absence of a
heparin binding motif, preventing its binding to cell surface hepsw#fate proteoglycans
as occurs with FST132,133] Thus, difference im vivo biologic activities between
FSTL-3 and FST likely exist. We did not find any difference§8TL-3 transcript
expression in cat WT and KO MC Fig. 2-9; Supplemetal Fig. 2), thus excluding a
major contribution of FST43 to the antifibrotic phenotype we observed in-&aO MC.

Several transcription factors have thus far been found to redi8dtexpression
in different cell t y p ecteninjl2l,d34 u36]iSplga CREB, S
ubiquitously expressed transcription factor, was also noted to activate the FST promoter
in intestinal epithelial cellgLl21]. Our findings in MC support an important role for Spl
in regulation of the FST promaxt, and further identify elevated Spl activity as the

mechanism by which cal deletion leads to FST upregulation. Interestingly, we found
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that only a very short segment (123bp) of the proximal promoter, containing two Sp1l
binding sites, regulates FST protar activity both basally and in response to-tav

deletion. Concurrent with our findings, a region 262bp upstream of the translation start
site was previously shown to be critical for the regulation of FST expression in a manner
reflecting endogenous mR\expressiorj119].

How Spl activity is regulated by cdvis not as yet understood. It is well known,
however, that it is under tight regulation via numerous-passlational modifications
such as posphorylation, acetylation, sumoylation, ubiquitylation, and glycosylation
[122]. These can positively or negatively influence Spl DNA binding and adthvdg).
Since cavl is a wellknown regulator of a wide variety of intracellular signaling
cascades, we initially assessed whetiaerl deficiency altered Spl phosphorylation, the
most well described Sp1l pesanslational modification. Our results now reveal novel
regulation of Sp1l ser/thr phosphorylation, and hence activation, by. ¢aseeking to
identify the mechanism behinldis increased phosphorylation, we further identified
augmented activity of PI3® KC¢ s i g n dlldeficegt MC as a ecnadiator of this
increased Spl phosphorylation.

PI13K is a lipid kinase that catalyzes the formation of a family of
phosphoinositidesncluding PIP3, with an important role in cell growth and
transformatiorj137,138] Our studies illustrate that cdvdeficient MC exhibit basally
elevated PI3K activity and signaling compared to-ta¥T cells. Although a few studies
have assessed the regulation of Pi3kcav1, these show discordant effects, likely

dependent on cell type. Thus, in cancer cells (HeLa),laawerexpression increased
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PI3K activity [139], while in fibroblasts the opposite effects were obseftéd]. In

some studies, while PI3K activity was not assessed directly, downstream signaling was
found to be regulated by cdv For example, in hepatoma cells, increasedlcav

expression induekby plasmalogens was associated with decreased Akt activity,
suggesting inhibitory effects of cdvon PI3K[141]. The inhibitory association of cav

with p85, the regulatory subunit of PI3K, was suggestedddiate this effedtLl40].

However, inhibition of PI3K signaling by calvmayalso occur through an indirect
mechanism by augmenting activity of PTEN (phosphatase and tensin homolog). This lipid
phosphatase acts as the primary suppressor of PI3K signaling by dephosphorylating PIP3
[142]. Xia et al demonstrated that eawdeficient fibroblasts have lower PTEN activity

than their WT counterparts. Gdwreconstitution increased PTEN membrane localization
and activity, and tis was associated with a reduction in signaling downstream of PI3K

(Akt activity) [143]. Like PI3K, PTEN was also found to physically interact with-tav

[143]. These data thus suggdoth direct and indirect regulation of PI3K by -dgwand

support our findings that cal represses PI3K activity.

The most well studied mediator of PI3K signaling is the ser/thr kinase Akt. Our
data, however, excluded a role for Akt in FST regulatipicav1. Instead, we identified
PKCge, also known to function downstream of
FST upregulationincat def i ci ent MC. PKCge 1 s a ser/th
through phosphorylation of residues in its zingioa [122,144,145] Unlike most other
PKC i sofor ms, P K C the neexd foacaldium aradforalidcylglyiceroh o u t

[146]. Secondary messenger | i mindywsolitottel udi ng P
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membrane through binding to its regulatory domain. They can also induce a
conformational change that removesauta hi bi ti on of P[k4G#47]lcat al y i
At the membrane, the PI3d8ependent kinase PDK can acti vate PKCeg t|
phosphorylation on its activation lo¢p26]. Similar to several other, but not all, PKC
i sof or ms, PKCe¢ was s hDbseaffolding domamt ageagiancotcavwi t h
1 that mediates its interaction with numerous other prof2#&149] This inteaction
was also found to inhibit PKCH48hut ophospho
Furthermore, PDK1 interaction with cdy which reduced its kinase activity, was also
found[150].Cav1/ caveol ae thus function at sever al
disagreement with this, howeveKE ¢ | ocal i zati on to caveol ae
increased activity in response to the lipid metabolite ceramide, highlighting stimulus
specificity fortheroleofcal / caveol ae i Ml5KR. Kikaly, itslwotildbe at i o n
noted that we al so o0bs eelsvrecavl adeficent dG. ®hd P KCog
mechanism underlying this will be defined in future studies.

|l nterestingly, while phar bleneddSpbgi ¢ Pl 3K
activity, GSK, JNK and p38 inhibition in our studies was found to promote Sp1l activity.
In agreement with these findings, these kinases have been individually shown to
negatively regul ate components of the Pl 3K
Spl activity. For example, in murine microglia cells GSK3 inhibition increased nuclear
Spl expession and activity along with increasedlQ production through elevated PI3K
activity [152]. I n chondrocytes, p38 was shown to b

preventing its autophosphorylation and thereby inhibiting its ac{iv88]. Finally, in
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human lung cancer cell3NK inhibited Sp1 and thereby its downstream target genes that

regulate cell growtifit54]. However, in some g@tgs, positive regulation of

PI 3K/ PKCg/ Spl by JNK has been found. For e

increased Spl phosphorylation and activity in repose to oxidative [dts&gsin another

study, JNK was found to positively regul at

podosome$§l56]. These differences could be attributed to differences in the cell type and

stimulus being investigated. Nonetheless, it is likely that these kinases function through

modul ation of PI 3K/ PKCg to affect Spl tran
Collectively, our data have thus identified novel regulation of FST transcription by

cavl/caveolaethmgh suppression of PI 3K/ PKCeg/ Spl si

several fibrotic kidney diseases in both rodent models and humans, redatxjaression

is elevated81,127 129]. This would be expected to attenuate FST expression, thereby

inhibiting its protective antifibrotic effect. Therapies to increase activity of Sp1 or its

upstream mediators would thus seenbé¢ of potential therapeutic interest. However,

activation of PI 3K, PKCe and Spl have all

effects[157i 159]. Indeed, Spl was shown to activate the transcription of several

profibrotic and matrix protein genéxluding PAFL , TGFb 1, fi b-BBpeUOti n,

SMA and collagen in various cell typp57,160 162]. Sp1 was also shown to act

synergistically with profibrotic signaling

to promote matrix productiojdi63]. Furthermore, inhibition of Sp1l activity using ring

type Spl decoy oligonucleotides attenuated kidney fibrosis in the unilateral obstruction

model[164]. While these data support a profibrotic role for Sp1l, it should be noted that
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Sp1 also regulates a concurrent protective response to limit the extent of fibrosis. Thus,
Spl mediates induction oftlken t i f i br ot i ¢ pr ¢165 and as®Sundath7 by
show, of the antifibrotic ptein FST.

Taken together, our data show a novel role foravthe postranslational
regul ati on of Spsignaling. impartgntly, we kestaklishedt@eSpl,
which has thus far been identified as a profibrotic factor in kidney disease, is a critical
transcriptional regulator for the antifibrotic protein FST. Thus, therapeutically targeting
enhanced activity of BIK/ PKCg/ Sp1 i s not a viable optio
disease due to potential unwanted profibrotic effects. Future studies should further
address the therapeutic potential of FST administration in the treatment of fibrotic kidney

disease.

2.7 Conclusion

Our results identified Spl as the critical transcription factor regulating activation
of the FST promoter in MC lacking cdvthrough binding to a region within 123bp of the
transcription start site. Absence of €hincreases Spl transcriptionatigity through
augmented activation of phosphoinositidki@ase (PI13K) and its downstream mediator
protein kinase C (PKC) zeta. In turn, PKC zeta phosphorylates and activates Spl. These
findings describe a novel transcriptional mechanism regulated by wdnch functions
to repress the expression of FST, a major antifibrotic protein. These findings provide
important knowledge that will inform the development of antifibrotic treatment strategies

for chronic kidney disease.
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Figure 2-1. Caw1 transcriptionally represses FST.

In primary cavl KO MC, FSTexpression was increased at both the transcript level

(n=12, *p<0.05) (A) and protein level (n=9, *p<0.05) (B). (C) Immunoblotting after FST
downregulation with siRNA showed the specificity of the FST antibody ifldda® MC

(n=2). (D) FST was elevated ihe kidneys of caxd KO mice (n=4 mice, *p<0.05,
representative micrographs shown). (E) MC were treated with the transcriptional inhibitor
actinomycin D (1pg/ml), and FST transcript assessed at the indicated times. FST mRNA
stability did not differ betweeoav1 WT and KO MC (n=5). (F) Cat WT and KO MC

were treated with the translational inhibitor cycloheximide (10pg/ml), and FST protein

assessed at the indicated times. FST protein stability was not altered bK€a(n=3)
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Figure 2-2. Caw1 regulates activity of the FST promoter.
Cawv1 WT and KO MC were transfected with (A) the fldhgth FST promoter luciferase

construct or (B) the fullength FST promoter luciferase constriacking intron 1 and

exon 1. KO MC exhibited significantly elevated transcriptional activity of both constructs
(n=6, *p<0.05). (C) Graphical representation of the synthesized FST promoter deletion
constructs. (D) Cat WT and KO MC were transfected withet FST promoter deletion
constructs shown in (C). Transcriptional activation of all constructs was elevatedln cav
KO MC (n=6-20, *p<0.05 vs WT for each construct). (E, F) daknockdown in WT

MC significantly increased the transcriptional activatiothaf-123bp FST promoter (E)

and FST protein expression (F) compared with control siRfdAsfected KO MC (for

both, n=6, *vs KO, #vs WT con siRNA, p<0.05).
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Figure 2-3. Spl expression and activity axlevated by cat deletion.

(A) Predicted Spl transcription factor binding sites within-it#3bp region of the FST
promoter are shown. Spl protein expression was significantly increasedlirk€av

compared to WT MC as assessed by western blottingadfaell lysate (n=12, *p<0.05)

(B) and nucleus (n=5, *p<0.05) (C), as well as by immunofluorescence microscopy (n=5,
*p<0.05, representative micrographs shown) (D). (E) Sp1l activity, as assessed by the Sp1l
reporter construct Spliic, was elevated in caly KO MC (n=16, *p<0.05). (Fppl

expression and nuclear localization (arrows) were elevated in the kidneysbKéav

mice, seen in both glomeruli (magnified glomerular area shown within dotted box) and
tubules (n=3 micetp<0.05, representative micrographs show(@) Cav1 knockdown in

WT MC significantly increased Spl activity compared with control siRiN#sfected

KO MC (n=6, *vs KO, #vs WT con siRNA, p<0.05).
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Figure 2-4. Sp1 binds thel23bp region of the FST promoter to regulate its activity.

Expression of constitutively active Sp1 in eaWT MC increased activity of both the
Sp1l reporter construct (A) (n=3, *p<0.05) and mA<B-luc (B) (n=6, *p<0.05). (C)
Effective SRNA-mediated Spl1 knockdown in c&WVT and KO MC was confirmed by
immunoblotting. (D) Sp1 knockdown abolished the increased transcriptional activity of
the-123bp FST promoter in calv KO MC, with little effect in WT cells (n=6, *vs WT

con siRNA, #vs KO on siRNA, p<0.05). (E) Sp1 knockdown repressed the elevation in
FST mRNA expression in calv KO MC (n=3, *vs WT con siRNA, #vs KO con siRNA,
p<0.05). (F) Similar effects of Sp1 knockdown on FST protein expression were seen
(n=4, *vs WT con siRNA, #vs K@on siRNA, p<0.05). (G) Sp1 binding within the
123bp region of the FST promoter at the predicted Spl binding sites was significantly
elevated in casl KO MC as assessed by ChIP (n=14, p<0.05). (H) Graphical
representation of the deletion of the two presticSp1 binding sites within th&23bp
promoter region of FST (mFST4 2 3 qpBig). 1I) Deletion of the two Sp1l binding sites
attenuated transcriptional activity of mFSI23luc in cavl WT and normalized activity
in cav1 KO MC to levels seen in WT celg=9, *vs WT mFST123luc, #vs KO mFST

123luc, p<0.05).
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Figure 2-5. Increased PK€&induces Spl activity to upregulate FST in-¢aO MC.

(A) Sp1 was immunoprecipitated from e¢awNVT and KO MCand immunoblotted for
serine/threonine phosphorylation. Elevated phosphorylation was seen in KO cells (n=3,
representative blots shown). (B) None of the following kinase inhibitors reduced Sp1l
activity, assessed using the Sp1 reporter construct, tothatsei n WT cel | s:
inhibitor LiCl (10mM), JNK inhibitor SP600125 (20uM), p38 inhibitor SB203580 (5uM)
or MEK/Erk inhibitor U0126 (10uM) for 24h. (n=8, *vs WT, #vs KO control, p<0.05).
(C) PKCs i nhi bisubstrateinhibiortpéptide (FIKLes) d ¢ 1 0 OM,

abolished the increased Sp1l activity in-dakO MC (n=9, *vs WT, # vs KO control,

GS

24h

p<0.05). (D) PKCg mMRNA (n=3, *p<0.05) and

representative micrographs shown) was significantly elevated it B8y MC.( F) PKCeg

expression was elevated in the kidneys of£dO mice in both tubules and glomeruli
(n=3 mice, *p<0.05, representative micrographs sho{®)) Effective siRNAmediated

PKCe knockdown wa-®CRcirocavl WT ameKD MiC(n=3,¢pR0OT0S

vs con si RNA for both WT and KO MC nor mal i

knockdown reduced both the increased Sp1l activity (H) and FST protein expression (1) in

KO MC to levels seen in WT cells (G: n=9, *vs WT con siRNA, # vs KO dahNA4,

p<0.05; H: n=3, *vs WT con siRNA, #vs KO con siRNA, p<0.05).
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Figure 2-6. PI3K is a caveolifl-regulated mediator of PK&required for FST
upregulation in casl KO MC

(A) The Akt inhibitor Akt VIII (20 uM) or the PI3K inhibitors wortmannin (500nM) or
LY294002 (20 uM) for 24h abolished the increased Spl activity observed-ih K&vvs

WT MC (n=6, *vs WT, # vs KO control, @%05). (B) PI3K inhibition prevented the

increase in FST mRNA expression observed ink#0O MC (n=5, *vs WT, #vs KO

control, p<0.05). (C) PI3K inhibition also abolished the increased FST protein expression
observed in cal KO vs WT MC (n=4, *vs WT, #vKO control, p<0.05). (D) Cat WT

and KO MC were transfected with the fluorescent PIP3 biosensor PH\ATIS

(green). Elevated basal PI3K activity, as observed by increased PIP3 production at the
plasma membrane, delineated by WGA (red), was seen4ih K&/MC. This is

highlighted by the white ctocalization mask (n=3, 21 micrographs quantified, with

representative micrographs shown).

77



Ph.D. Thesis Neel Mehta McMaster University, Medical Sciences

Cav-1 WT Cav-1 KO

L

Caveolae

|
m
[

Figure 2-7. Proposed molecular mechanism for tegulation of FST by cat.

Inthe absenceofcaV/ caveol ae, enhanced PI 3K activit)
Spl phosphorylation, nuclear accumulation and activity. This increases Sp1l binding to the
-123bp region of the FST promoter, resulting irvated FST transcriptional activation

and protein expression.
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Figure 2-8. Supplemental Figure.1
(AAExogenous recombinant FST (leg/imuckd prot ec

extracellular matri{ECM) production in caxd WT MC (n=2). (B) siRNA (50nM)
medi ated FST downr egul at i-imducedECY predudtianinT GF b 1
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Figure 2-9. Supplemental Figure 2.
The mRNAexpression of FST3 is not significantly different between cawVT and

KO MC (n=6).
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Table2-1. Drugs

Drug Dose Source
Cycloheximide 10pg/ml Sigma
Actinomycin D lug/mi Sigma

PSP K C(pseudosubstrate) 10pM Tocris
Wortmannin 500nM Sigma

LY -294002 20pM Sigma

LiCl 10mM Sigma

AKT VI 20uM EMD

U0126 10uM Promega
SB203580 SuM Sigma
SP600125 20uM EMD
Follistatin 1pg/ml R&D Systems
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Table2-2. Plasmids and siRNA.

SiRNA or Plasmid Amount Source
MouseSp1ON Target Smart Pool sSiRNA  50nM Dharmacon
MousePKCg ON Target Smart Pool sSiRNA 100nM Dharmacon
Mouse Cavl Silencer Select SIRNA 150nM Life Tech
MouseFollistatin Silencer Select SIRNA 50nM  Life Tech
On-target plus SICONTROL netargeting 50nM Dharmacon

SiRNA
Control Silencer Select SIRNA 50nM Life Tech
MFST4FL Luciferase Dr. Jeong Yoon
MmF ST 4 i -t840r(mR$™ Luciferase) Generated in lab
MFST4 i-b380r on 1 Generated in lab
MFST4 @i-916r on1l Generated in lab
MFST4@i-f20r on1l Generated in lab
MFST4@i-Mér onl Generated in lab
MFST4 @i-i286r on1l Generated in lab
MFST4 pi-h2 8Splp 1 Generated in lab
3xmt SplLuciferase Dr. Peter Di
p C M V-galactosidase Clonetech
CMV-GST-Sp:HA Dr. Jane Clifford
PH Akt-Venus Dr. Narasimhan Gautam (Addgen
plasmid # 85223)
pcDNA3.1(+) (plasmid) Thermo Scientific
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Antibody Application Dilution/Amount Source
Caveolinl WB 1:1,000 BD Biosciences; 61005¢
Follistatin wB 1:1,000 Santa Cruz; s80194
Follistatin IHC 1:100 Proteintech ; 6006Q-1g
Spl WB 1:1,000 Pierce; 82406
Spl CHIP/IP and 1pg and 1:500 Abcam; ab13370

IHC/IF
Mouse I1gG IP 1lpg Millipore; 12371
pSerine/threonine  WB 1:1000 BD Transduction;
612548
PKCe IHC and IF 1:100 and 1:50 Santa Cruzsc-393218
U-Tubulin WB 1:10,000 Sigma; T6074
Table2-4. qPCR Primers.
Gene Forward Reverse
FST AAAACCTACCGCAACGAATG GGTCTGATCCACCACACAAG
SpI FST- TCACCTGATTCACACTGAAC TTCAATGGACGTCAGAAGCC
123bp
(CHIP)
PKCs GCCTCCCTTCCAGCCCCAGA  CACGGACTCCTCAGCAGACAGCA
FSTL3 ACTCTGTGGCAACAACAACG TTCTCTTCCTCCTCTGCTGG
18s GCCGCTAGAGGTGAAATTCTTG CATTCTTGGCAAATGCTTTCG
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Table2-5. Cloning Sequences.

Construct Forward Reverse
MFST4i nt 480 1 CATGGTACCAGATTAAGAAGG CATGCTAGC
ATGTGAAG CGCGCGATTCAATG
GACGTC
MFST4 @itl880r o CATGGTACCGGGCTAGAGAAG CATGCTAGC
AAGGGCGA CGCGCGATTCAATG
GACGTC
MFST4 oiob5t r o CATGGTACCGCGACGAAGTGA CATGCTAGC
AAGGGGAG CGCGCGATTCAATG
GACGTC
MFST4 @badt r o CATGGTACCAGAGGTGCTGGG CATGCTAGC
GACCCAT CGCGCGATTCAATG
GACGTC
MFST4 @244t r o CATGGTACCGCCGCTTTGATTT CATGCTAGC
CGGGCAC CGCGCGATTCAATG
GACGTC
MFST4 @il28t r o CATGGTACCTCGGTCGCGGCC CATGCTAGC
GCCCT CGCGCGATTCAATG
GACGTC

MmMFSTA4 i 4 2 SphidéletedSplbinding sites are underlined)
Forward Strand/Sense Reverse Strand/AntSense

CTCGGTCGCGECGCCACCCACAGCC CTAGCGCGCGATTCAATGGACGTCAGA
CCACACACTGGGAGACCGCCAANCCGLC AGCCGGGCGCAGCCGCGCTTTAAATCT
AAACCTCGGAGACCCCCGTCTAGATTT AGACGGGGGTCTCCGAGGTTTGCGGE
AAAGCGCGGCTGCGCCCGGCTTCTGAC GGCGGECTCCCAGTGTGTGGGGCTGTG
GTCCATTGAATCGCGCG GGAGGGCGACCGCGACCGAGGTAC
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Chapter 3: Follistatin Protects against Glomerular Mesangial
Cell Apoptosis and Oxidative Stress to Ameliorate Chronic
Kidney Disease
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3.1 Preface

Significance to thesiStherapeuticnterventions tanhibit the progressionf renal
fibrosis inCKD are not well established@he purpose of this study was to investigage
therapeutic potentialf a TGFb superfamily neutralizing proteif,ST, in the progression
of CKD through assessing its role in modulating apoptosis and oxidative stress in
glomerular mesangial celésd inin vivoin mice with CKD Out study identifiedFST as
a potent inhibitor opopbsis through neutralizain of reactive oxygen species
indepemlentof activin neutralizationln vivoadministration oFSTto mice with CKD
protected against renal calbopbsis and oxidative stress whaeneliorating renal
fibrosis and improwng kidneyfunction. These findings suggest that follistatiraisiovel

therapeutic agent for delaying the progression of CKD.
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3.2 Abstract

Aims: Interventions tanhibit oxidative stress and apoptosis, important pathogenic
contributors towards the progression of chronic kidney disease (CKD), are not well
established. Here, wavestigated the role of a T®Kuperfamily neutralizing protein,
follistatin (FST), in the regulation of apoptosis and oxidative stress in glomerular
mesangial cells (MC) and in the progression of CKD.

Results: The ER stress inducer thapsigargin (Tgwkno cause MC apoptosis, led to a
posttranslational increase in the expression of FST. Recombinant FST protected, while
FST downregulation augmented, Tigduced apoptosis without affectingCaelease or

ER stress induction. Although activins are thienary ligands neutralized by FST, their
inhibition with neutralizing antibodies did not affect-irgluced apoptosis. Instead, FST
protected against Figpduced apoptosis through neutralization of reactive oxygen species
(ROS) independently of its abilitp neutralize activins. Importantly, administration of
FST to mice with CKD protected against renal cell apoptosis and oxidative stress. This
was associated with improved kidney function, reduced albuminuria and attenuation of
fibrosis.

Innovation and Conakion:Independent of its activin neutralizing ability, FST protected
against Tgnduced apoptosis through neutralization of ROS and consequent suppression
of oxidative stress, seen bathvitro andin vivo. Importantly, FST also ameliorated

fibrosis andmproved kidney function in CKD. FST is thus a novel potential therapeutic

agent for delaying the progression of CKD.
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3.3 Introduction

Chronic kidney disease (CKD) is a major cause of morbidity and mortality,
af fecting more than 1[6.%ischaractehzed bgn@xcéssioh s p o p
profibrotic and inflammatory cytokines, most notabisansforming growth factor beta
(TGFb) and its family member s endoplasanic | ead t o
reticulum (ER) stresand oxidative stress. These result in renal cell injury and fibrosis
that lead to progssively worsening renal dysfunction and eventually kidney failure
[38,86 88]. Although oxidative stress and apoptosisurdn several renal cell types,
these processes in glomerular mesangial cells (&) a major role in glomerular
fibrosis and consequent loss of renal function in CKD of varying etid@@37,38]
Oxidative stress is an important pathogenic contributor to OKie.
accumulation of excessiveactive oxygen speci€éROS)occursfrom impaired balance
of free radical productioand clearanci84,166 168]. ROS arise from the metabolism of
oxygen and include small reactive molecules such as superoxideh(@@gen peroxide
(HO2) , peroxynitrite (ONOOZ), hydroxyl radi c
radical (ROO). Under physiologic conditions, ROS maintain redox homeostasis, act as
vital intracellular second messengers and mediate the activag@mes important in
processes ranging from cell proliferation to differentiation and grfl®6,167] Excess
oxidative stress, howevdras been shown to induce apoptosis in several renal cell types
includingglomerular MC, and is recognized as an important factor in the pathogenesis of

CKD of varying etiology[37,84,93]
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ER stress is alsan established contributor to CKD pathogenesis, with its
inhibition reducing the progression of CKD in several stuf8ét688]. ER stress was
shown to induce apoptosis in renal cells, including M@ugh chronic activation of the
unfolded protein response (UPRBI 89,91] It alsoinduces cellular death by promoting
oxidative stres490,92] Thus, bothoxidative stress and apoptosis are important
contributors to the progression of CKD to estdge renal disease, and interventions that
can protect against these stressors would provide important therapeutic[B8r61]

Recent work has shown a protective therapeutic role for the secreted glycoprotein
follistatin (FST) against ROS production and apoptosis inreaal cell§97]. FST is an
endogenous inhibitor of members of the TGF
activins. Once activins are bound by FST, they are cleared by internalization of the
complex followed by lysosomal degradatid®,57] Activin A (ActA) has been shown to
induce ROS production and mediate apoptosis in several cell[84&6], and
interestingly, elevied serum and kidne&ctA was recently found in a mouse CKD model
[25]. Although the use of a ligand trap to inhiBittA signaling attenuated fibrosis in this
model, neither ROS nor apoptosis were stuflégl

In the present studyye thus sought to determine whether FST can protect against
oxidative stress and apoptosis induced by ER stress in renal MC, and inhibit the
progression of CKDn vivo. We show for the first time that FST protects against both
oxidative stress and apoptosis, and that this occurs through neutralization of ROS in a

manner that is independent of activimsvivo, FST alleviated renal oxidative stress,

90



Ph.D. Thesis Neel Mehta McMaster Universitg Medical Sciences

protected against ¢hdevelopment of renal fibrosis, and improved kidney function in a

mouse model of CKD.

3.4 Results

The ER stress inducer thapsigargin causes mesangial cell apoptosis and post
translationally increases the expression of follistatin.

The ERstressnducer thapsigargin (Tg), a n@mompetitive inhibitor of the
sarco/endoplasmic reticulum (ER)CMg?*-ATPase (SERCA), is a potent activator of
apoptosis in several cell types, including §89i 92,170] We first confirmed that Tg
promoted apoptosis in cultured primary mouse MCs. Apoptosis was assessed by
guantifying the exposure of phosphatidyise (PS) on the outer leaflet of the plasma
membrane using a luminescent Annexin V binding assay. Tg significantly increased PS
Annexin V binding as compared to vehitteated cells (Fig3-1A). Effector caspases 3
and 7 are members of the cysteine asparticguédific protease family that, once
activated through cleavage, irreversibly m
pathway[83]. Tg signifcantly increased the enzymatic activity of caspase 3 and 73Fig.
1B) and led to increased cleavage of caspase 33Hi@). These results confirm that Tg
promotes MC apoptosis.

Although FST has been described to serve as a protective stress regpansive
under several stressdf¥,171,172] whether it is regulated by ER stress is unknown.
Thus, we first examined the effect of Tg on the expression of FST3-EiD.shows that

Tg time-depemlently increased FST protein expression. To determine whether this was
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mediated by increased transcription, the effects of Tg on-ehdth mouse FST

promoter luciferase construct were assessed. Contrary to expectations, FST promoter
activity was sigrficantly repressed by Tg (Fi§-1E). FST mRNA levels, as assessed by
guantitative reatime PCR (QRTPCR), were also decreased by Tg (Bid.F). These

results show that the increase in FST seen in response to Tg is not mediated by increased
transcriptioml activity. We next studied the effects of Tg on FST {iastslational

regulation. To assess whether Tg affects FST protein stability, cycloheximide (CHX) was
used to blockde novaorotein synthesis after Tg treatment for 8h. Bid.G shows that

FST prdein is normally rapidly degraded, with Tg leading to significant stabilization.

Thus, Tg postranslationally increases FST expression through enhancing its protein

stability.

Follistatin protects against thapsigarginduced mesangial cell apoptosis.

Since FST has been shown to function as anapuptotic protein, we
hypothesized that the increase in FST in response to Tg may also serve to protect against
apoptosig97,171,172] We first assessed whether FST dawgulation using sSiRNA
augments Tgnduced apoptosis. Fi§-2A confirms downregulation of FST and shows
that this exacerbates digduced apoptosis as measured byvdega of caspase 3, as well
as by caspase 3/7 enzymatic activity (Bi@B). We next assessed the efficacy of
exogenous recombinant FST in protecting againgndigced apoptosis. Fi§-2C shows
that FST significantly reduced Tigduced apoptosis, as assed by P@nnexin V

binding, caspase 3/7 enzymatic activity (Bg€2D) and caspase 3 cleavage (B@E).
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Finally, we assessed the effects of FST overexpression-omdliged apoptosis.
We transfected MC with mytagged wildt y pe FST or ttamtfl71FBé& qoNL S m
FSTPNLS vector encodes a mutated FST prote
(NLS) [171], with FST nuclear import shown to be important for the protecti@anter
cells against apoptodi$71]. We first confirmed that Tg upregulated the expression of
both transfected proteins (Fig2F). We next determined whether Tg promotes nuclear
FST localization using immunoblottiraf cytosolic/nuclear preparations. While we did
find basal nuclear expression of wilgpbe FST, its localization within the nucleus was not
increased by Tg. Nucl ear exclusion of the
(Fig 3-10; Supplemental Fig. 1A Furthermore, our results show that both viyide FST
and FST@ENLS were equal | yindecedfapoptbsisvae agai nst
measured by caspase 3 cleavage FR&f) and caspase 3/7 enzymatic activity (Big.
2G). These results show that FSTtpobs against Tghduced apoptosis, and that this
occurs independently of its ability to localize within the nucleus.

Finally, FST is canonically known to be a secreted prgt6i97] Based on our
findings that the addition of exogenous FST was effective in decreasimgideed
apoptosis (Fig3-2C,D, E), we questioned whetherwvitdy pe FST and FST@NL.
both secreted into the medium in MCs in response t&igg3-10; Supplemental Fig.1B
shows the basal secretion of both forms of overexpressed FST proteins without
augmentation by Tg. Taken together, these data show that FST protects against Tg
induced apoptosis and that this protection is independent of its abilityatiizk to the

nucleus.
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Follistatin does not inhibit thapsigargimduced C&' release or ER stress.

We next sought to determine how FST attenuatemdigced MC apoptosis. Since
Tg promotes apoptosis through depletion of ER' @ith concurrent accuntation of
cytosolic C4"[89], we examined whether FST alters-ifiguced C#& release. Cytosolic
Ca*levels were assessed using the ratiometric intracellular calcium indicato Boch
spectrofluorometry. We found that the addition of recombinant FST didfeot &g
induced cytosolic Gdinflux (Fig. 3-3A).

Based on its ability to deplete ERCstores, Tg also leads to ER stress and
activation of the ER stresaediated apoptotic pathw@$6,173] Thus, we investigated
whether FST inhibits ER stress. We found thaifduced ER stress, as measured by the
upr egul ation of GRP78 and CHOP and the phos
by the addition of recombinaRiST (Fig.3-3B). Similarly, overexpression of witype
FST (Fig.3-3C) or siRNAmediated downregulation of FST (F&3D) did not affect
Tg-induced ER stress. These results suggest that FST protects agaimidegl MC

apoptosis independently of €aegulation and ER stress induction.

Follistatin protects against thapsigarginduced mesangial cell apoptosis by inhibiting
ROS.

Tg has been shown to induce oxidative stress in numerous cell types by promoting
ectopic cytosolic Cd accumulatiorf90,92] Furthermore, RS are known to play an

important role in the induction of apoptosis, including that effected q9d,474]
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Interestingly, FST washown to be an oxidative stress responsive protein that is effective

at inhibiting ROS in several cell typgk/5,176] We thus sought to determindether

FST inhibits Tginduced apoptosis through attenuation of ROS production. A proprietary
ROS/Superoxide detection cocktail (RO Total ROS/Superoxide Kit) was used to
concurrently assess and differentiate SO from other intracellular ROS specidasincl

H20z, ONOOZ, HO, NO, and ROO. Il n this study,
while ROS collectively refers to species including hydrogen peroxig@2jH
peroxynitrite (ONOOZ), hydr oxyl radical s (
(ROO), unless other specified. We first assessed ROS and SO production after Tg

exposure to confirm that this can be seen in MC. F#§A shows that Tg led to an

accumulation of ROS in MCs which was attenuated by the hydrogen peroxide scavenger
PEGylatedcatalase. Tg did not affect SO production. Spectrofluorometric quantification
confirmed the inhibitory effects of PEGylatedtalase on Tghduced ROS production

(Fig. 3-4B, C). Catalase also significantly blockedifiguced apoptosis, as assessed by
PSAnnexin V binding (Fig3-4D) and caspase 3/7 enzymatic activity (BidE). We

next assessed whether FST can inhibHAdyced ROS production. Interestingly, the

addition of recombinant FST drastically reduced the accumulation of intracellular ROS

(Fig. 3-4F), which was confirmed with spectrofluorometric quantification (&i¢G, H).
Interestingly, incubation of MC with the SO scavengers superoxide dismutase (&DD) a
TEMPOL effectively blunted Tgnduced apoptosis in MC (Fi§-41). Since Tg did not

increase intracellular SO, we questioned whether SO scavengers could deplete basal SO
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levels in MC which could explain these protective -aptbptotic effects. Indeedakbal
depletion of SO was confirme#i. 3-11; Supplemental Fig. 2).

These data collectively illustrate that FST inhibits intracellular ROS, and that
inhibition of basal SO or Tnduced ROS production protects againstifduced
apoptosis. This raiseddlguestion of the mechanism by which KSif inhibit

intracellular ROS.

Activins A and B do not mediate thapsigargiduced apoptosis and ROS production.
FST has greatest neutralizing potency against acii)57] Secreted activins
act in an autocrine manner through cell surface receptor binding and activation of
downstream signaling everftis/7]. While the role of activin BActB) is unclear ActA
has been shown to indai®ROS production and initiate apoptosis in several cell {g#s
96,1771 179]. We thus investigated whether activin production and secretion is regulated
by Tg in MC. Fig.3-5A shows that Tg did not increase the cellular protein expression of
activins A or B. The seetion ofActA into the medium was also not increased, as
assessed by ELISA, although the expdaecrease with FST was s€Eig. 3-5B). Thus,
Tg does not increas&ctA or ActB.
Since FST functions as a potent activin antagonist, we next investigagguewh
FST protects against Jigduced ROS production and apoptosis through neutralization of
basally present activirjgd6,97] We usedActA and/orActB neutralizing antibodies. To
first confirm their efficacy in neutralizing activins, we tested Smad3 activation

downstream of divins using the CAGAereporter luciferase assay, which contains 11
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repeats of the Smad3 consensus bindingBite3-12; Supplemental Fig. 3 confirms that
both antibodies inhibit signaling of their targeted activin. However, neither antibody alone
or in combination inhibited Tinduced ROS production in MCs (Figt5C), with
spectrofluorometric quantification shown in F835D, E. Tginduced apoptosis, as

assessed by caspase 3/7 enzymatic activity, was similarly unaffecdetifognd/or

ActB neutralization (Fig3-5F). These results suggest that the ability of FST to protect
against Tgnduced ROS production and apoptasi$ACs is independent of its

neutralization of activins A/B.

To determine whether activins can exacerbatenfigced ROS accumulation and
apoptosis in MCs, we treated cells with Tg in combination with either activin. The
addition of recombinanictA or ActB did not promote intracellular ROS or SO
accumulation, nor did it augment ROS production in response to Tg{b(g).
Spectrofluorometric quantification is shown in F3gbH and I. Similarly ActA or ActB
did not promote apoptosis, as assessed byasasp/7 enzymatic activity (Fig-5J).

These data demonstrate that activins do not contribute-todliged ROS production and
apoptosis in MCs, and that FST is protective independently of its activin neutralizing

activity.

Follistatin acts as a ROS seanger

Since we observed that FST attenuates ROS detection, we next sought to
determine whether FST could act as a ROS scavenger. Here, we evaluated the effects of

FST on oxidative stress induced using a general oxidative stress agent, pyocyanin, a
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cytotoxic pignent secreted blyseudomonas aeruginosahich induces production of
various ROS specig$80]. As expected, pyocyanin led to the accumulation of both ROS
and SO in MCs after 1h, and this was effectively inhibite& 8y (Fig.3-6A). Notably,
FST inhibited the production of both general ROS species and SO, with effects on SO
production similar to that seen by SOD, an enzyme that isestdblished to play a role
in the breakdown and degradation of SO (Bt§A). Spetrofluorometric quantification
confirmed the inhibitory effects of FST and SOD on pyocyamiluced ROS and SO
production (Fig3-6B, C). It should also be noted here that we observed a small, but
significant decrease in ROS by SOIhis is consistent whtthe knowrspontaneous
conversiorof SO to more reactive species such as peroxynitrite, such that SOD reduction
of SO would also reduce these other ROS spétidd. This effect might alsoontribute
to the antiapoptotic effect of SOD seen in Fi§4l, despite the absence of significant SO
induction by Tg.

Next, we tested the effects of FST o#linduced DCF oxidation using MC
| oaded wdichofloflu@réscin/diacetate (BCFDA). Hae, MCs treated with
H202were ceincubated with either recombinant FST or catalase, an enzyme which
catalyzes the decompositiontd#Oz. Fig. 3-6D shows that FST significantly suppressed
H202-induced DCF oxidation, with potency somewhat greater tihanseen with
catalase. The specificity of FST in reducing ROS and SO was confirmed using
immunoglobulin G (IgG), one of the most abundant proteins found in serum. Mouse 1gG,
unlike FST, was unable to neutralize pyocyanishuced ROS and SO productidfid. 3-

13; Supplemental Fig. 4A,B,C).
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Last, we utilized celfree assays to determine whether FST can directly scavenge
ROS. Firstly, to assess the ability of FST to neutraliz@zth a cell free system and to
assess whether FST has peroxidase activitytiveed a norfluorescent ADHP (10
Acetyl-3, 7-dihydroxyphenoxazine) probe that reacts witd®kand is oxidized in the
presence of peroxidase activity to form a highly fluorescent compound, resorufin. Using
this assay, we first found that recombinanT Fef&l not possess endogenous peroxidase
activity when compared to the positive control horseradish peroxidase (HRP3-@HQ.
However, FST incubation with 4@: significantly decreasedd: availability to HRP,
indicating its ability to scavenge this R@fecies (Fig3-6F). In MC treated with kO,
this scavaging effect was doséependentseen to increase from 25ng/ml to 1000ng/ml
of FST Fig. 3-14; Supplemental Fig. 5A). Furthermore, FST scavenging-Gk-H
protected MC against42-induced apoptosid=ig. 3-6G) and dos@ependently against
Tg-induced apoptosid=(g. 3-14; Supplemental Fig 5B). In a separate-fede assay, we
examined the effects of FST on xanthine oxidgeeerated SO. Here, we found that FST
decreased the presence of detectable SO by 20% (0.5ug FST) and 29% (1 pg FST), in
comparison to an 81% percent tease with SOD (FigB-6H).Thus, FST has the ability
to dosedependently scavenge ROS, which would at least in part contribute to the effects
seen on intracellular ROS and its aaypioptotic effects.

To address the mechanism by which exogenous FST admiimstcould
attenuate intracellular ROS detectidiig 3-4F, 3-6A), we wished to determine whether
recombinant FST could be internalized in the short timeframe we used for treatment in

our studies. We thus incubated MC with FEST for 30min, and assesisardilular levels
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by immunoblotting total cell lysat&ig. 3-14; Supplemental Fig. 5C shows that FST

indeed doselependently enters cells. Since FST internalization is known to occur after its
binding to activing182], we then assessed whether neutralizatiokctA would

attenuate its internalization. As seerfig. 3-14; SupplementaFig. 5C FST

internalization was only prevented at low doses of FST (25ng). Interestingly, at higher
doses of FST (1000ng), which are required for FST to fully exert its protective anti
aptotic effects, internalization was not bluntedAwtA neutralization. Thus,

exogenous FST is rapidly internalized, partially A@A and partially via an alternate

and as yet undescribed mechanism, to attenuate intracellular oxidative species.

Follistatin inhibits NOX4 upregulation

With longerterm incubation, FST was shown to inhibit upregulation of NAD(P)H
oxidase subunits Nox1/5 by silica particles in human lung epithelial[té$. We thus
sought to determine whether Tg upregulated the expression of Nox subunits and whether
these responses were regulated by FST. Nox4 specifically has been shown to be an
important generator of intracellular® in numerous cell types, including MC
[183,184] Fig.3-7A, B show that Tg led to a pronounced and transient incre&$@ X
transcript at 4h, which was diminished by 8h. Nox1 and Nox2, which are primarily SO
generating enzymes, were not affected byHig.3-7A). Nox3 transcript was not
detected in MC (data not shown). Next, since Nox4 is constitutively active, weesksess
whether FST could inhibit Fqhduced Nox4 production and in turn activity. Here, we

found that Tginduced Nox4 protein expression was prevented by the addition of
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exogenous recombinant FST (F837C). Since oxidative stress and the ERK pathway
were shavn to be an important regulator of Nox4 expres$i@b], we also tested
whether Tginduced Nox4 induction and its repression by FST is mediated through effects
on ERK activation and reduction in oxidative stress. As seen ir83HiDQ, ERK
activation, assessed by its phosphatigh, was inhibited by FST and the ROS scavenger
catalase, and as expected by inhibition of its upstream kinase MEK with U0126. These all
also effectively blocked the induction of Nox4 expression byFg. 8-7E), suggesting
that follistatin inhibits No# induction by Tg through attenuation of R@8uced ERK
activation.

Collectively, these results demonstrate thaifidyced apoptosis is mediated at
least in part through oxidative species and that the protectivaoytotic effects of FST
may be atibuted to its potent ability to inhibit oxidative stress through both direct and

indirect mechanisms.

FST protects against apoptosis and oxidative stress in vivo in CKD

ER stress is a known important contributor to the progression of fibrosis and
kidney dysfunction in rodent and human CK33,186]. The production of ROS has also
been implicated in the pathogenesis of C8B,84,187] Furthermore, oxidate stress
and apoptosis have been correlated with worsening kidney fuji@8prwith several
studies showing beneficial effects of inhibiting apoptosis and ROS on limiting CKD
progressiorn85,188,189] Since we have shown that FST is effective at inhibiting ER

stressinduced apoptosis and ROS accumulation in cultured MCs, we next examined
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whether FST administration is protectivevivo. We used a welestabished 5/6

nephrectomy (5/6 Nx) model of CKD due to reduced renal mass in which ER stress, ROS
production and renal cell apoptosis are known to o&&)d11,186,190]Mice were

treated with one of 2 doses of recombinant FST for 9 weeks prior to analysis of renal
oxidative stress. IH@emonstrated a dogskependent increase in kidney FST after
treatment, suggesting its successful targeting to the kidhgy3(15; Supplemental Fig.

6).

We first analyzed mouse kidneys for the expression of nitrotyrosine, a commonly
used marker for peroxytrite formation and oxidative stresgsvivo. As expected, global
proteinnitrotyrosination within the glomeruli and tubules of CKD mice was dose
dependently inhibited by FST (Fig8A). Secondly, within nuclear and mitochondrial
DNA, the presence of oxidizetkoxyguanosine molecules,&hydroxy-2' -
deoxyguanosine (®HJG) is a welestablished biomarker of oxidative stress. As
expected, we observed prominent expressior@H8IG wihin the nuclei of tubular and
glomerular cells in CKD mice treated with vehicle, with staining significantly reduced by
FST (Fig.3-8B). The release of multiple oxidized guanine species into the urine also
serves as a strong indicator of renal oxidattvessin vivo. We assessed this by ELISA,
which measures the major oxidative damage DNA/RNA markési8G, 8
hydroxyguanosine andi®ydroxyguanine (80HG). This also demonstrated increased
oxidative stress in CKD, which was inhibited by FST in a eitesgendent manner (Fig-
8C). Last, we assessed apoptosis by cleavage of caspase 3 and PARP. The increased

apoptosis clearly seen in kidneys of mice with CKD was inhibited by FST3f8D).
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Thus, FST is also effective at inhibiting oxidative stress and apigpt vivoin mice

with CKD.

FST preserves kidney function and protects against renal fibrosis in mice with CKD
Having seen a prominent reduction in oxidative stress and apoptosis in CKD mice
treated with FST, we next assessed whether these mice taet@idagainst the
progression of CKDThe 5/6 Nx mouse model of CKD is characterized by progressive
decline in kidney function, albuminuria, and glomerular and tubulointerstitial fibrosis
[110,111] We found that CKD mice treated withFST had a higher glomerular
filtration rate (GFR), showing protection against the decline in kidney fundtign3-
9A). FST (fug) also reduced albuminuria in these miE&y(3-9B).
Next, we carried out an RNA screen using Nanostring to assess for changes in the
renal expression of profibrotic and extracellular matrix (ECM) genes involved in fibrosis
in CKD. Fig. 3-9C showsan agdpmerative clustered heatap of kidney RNA
expression profiles from CKD mice treated with FST. These data demonstrate a reduction
of profibrotic and ECM markers IBug of FST which wagonfirmed by immunoblotting
as shown irFig. 3-9D. Glomerular and tubainterstitial fibrosiswas also histologically
assessed using Picrosirius Red and trichrome staining, both of which mark the deposition
of collagens, as well as with IHC staining for fibroneckimg. 3-9E showsoth
glomerular and tubulointerstitial fibrosis vehicletreated CKD mice which were
significantly attenuated byug FST. Thus, in addition to protecting againshaé

oxidative stress, apoptosis and kidney functis] also reduced renal fibrosis in CKD.
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Interestingly, our data illustrate that while a higher dose of FS{Ig(ifrovides a greater
reduction in renal oxidative stress, this does not directly cormsittiea further
improvement in kidney function and renal fibrosis. Potential mechanisms are discussed

below.

3.5Discussion

Interventions tanhibit chronic oxidative stress and renal cell apoptosis are
essential towards halting the progression of CKD todydailure. We investigated a
potenti al protective role of FST, a TGFb
neutralizes activins, in the regulation of renal cell apoptosis and oxidative stress. Recent
work has shown that FST protects againsBRfoduction and apoptosis in several
settings, botlin vitro andin vivo[97]. This has been thought to be due to neutralization of
ActA in some cases, although in others, the role of activins has been less clear. For
example, FST protection against glucose deprivatidaced apoptosis in cancer cells
required its nucleaokalization and attenuation of rRNA synthd4igl]. Herein we
found that FST functioned as a cellular stress responsive protein. Importantly, in cultured
MC and when administered systemically to mice with CKD, FSTeptet against
apoptosis, reduced renal fibrosis and improved kidney function. This was associated with
its direct and potent ability to inhibit ROS as a scavenger and thereby to repress oxidative
stress, independent of its ability to neutralize activing. dta thus identify a novel,

activinrindependent, role for FST in attenuating oxidative stress and apoptosis. Together
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with its antifibrotic properties, FST may be a highly effective novel therapeutic agent for
renal protection in a CKD setting.

In keepng with our findings, a protective role of FST against apoptosis has also
been demonstrated in several other settings. For exampl@monary epithelial cells,

FST protected against silitaduced oxidative stress and cell degfdfh6]. Conversely,
siRNA-mediated downregulation of FST sifjoantly augmented apoptosis in bovine
granulosa cell§l72]. While these and our studies show an increase in FST expression by
various cell stressors, the mechanism by which this increase occurs markedly differs
between settings. Fexample, silica nanoparticles in epithelial cells induce the
transcriptional activation of FS[IL76], while glucose starvation in cancer cells induces
FST mRNA stabilizatiofil91]. In our studies, the increased expression of FST in
response to Tg was specifically attributed to a{@stslational increase in protein

stability. How FST is postranslationally stabilized in response to MC stress requires
further investigation.

ER stress is an important pathogenic contributor not only to CKD, but also to
numerous other chronic disea$88,192] Our data show a novel protective role for FST
against ERstress induced apoptosis, effected in our studies by Tg. This is a non
compditive inhibitor of the sarco/endoplasmic reticulum?Qdg?*-ATPase[90i 92,170]
Interestingly, FST attenuated apoptosis without affecting the induction of ER stress by
Tg. This may be through its effects on inhibition of oxidative stress, since ROS

scavengers inhibited Figduced apoptosis in our studies. Indeed, apaptatiuction by
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Tg in other cells such as cortical neurons and hepatocytes could be alleviated by
inhibition of oxidative stresg0,92]

How FST may function to prevent oxidative stress is not as yet completely
understood. Alternate splicing and processing of the FST gene results in eXtxacell
secretion of two major isoforms containing 288 and &btho acidg§57]. These differ in
their localization. FST288 is bound to the cell surface via hegrasulfate$57]. In FST
315, an acidic tail blocks this cedurface binding site, causing its release into the
circulation[57]. FST most potently neutralizes activins, bam @lso inhibit several other
TGFb family member s, including myostatin,
albeit with much lower affinity57]. Interestingy, FSTtargeted cytokines, through
Smad3dependent andndependent signaling pathways, have been shown to promote
ROS production and apoptosis in numerous cell tj@496,193] The role of the
primary FSTFtargeted cytokine, activin, in promoting oxidative stress and apoptosis in
MC has not been previously examined. While activins were shown to induce apoptosis in
other cells such as hepatic stellatbsgdepatocytes and myeloma c¢84,194 197], our
data show that ndier ActA nor ActB promote oxidative stress or apoptosis, and that their
inhibition is not protective against figduced apoptosis and ROS induction in MC.
However, othetigands targeted by FST, namely myostatin and BMP4, have also been
shown to promotepoptosis and/or oxidative stress in other settjh@$,193,198]

Whether these other ligands neutralized by FST could contribute to its protective effects

against ROS induction and apoptosis in MC remains to be determined.
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Reactive species can be produced intracellularly by the (RA&Doxidase (Nox)
enzyme system. Recent study showed that FST inhibits expression of the subunits Nox1
and Nox5 in human pulmonary epithelial c¢llg6]. It was also shown to reduéetA-
induced Nox2 upregulation in endothelial c¢ll89]. We thus assessed the effects of FST
on the expression of Nox4, a constitutively active enzyme expressed by MC that is
involvedin the intracellular production dfiz02 and free radicals such as $I84,200]

We found that Tgnduced Nox4 upregulation was suppressed by FST. However, it should
be noted that the role of Nox4 in CKD is not entirely clear. In some studiesi®lox4

shown to be protective, while in others it promotes cell apoptosis, inflammation and
fibrosis[200,201] Nonetheless, these and our findings support the notion that FST
protects against oxidative stress by affecting the egjresind/or activity of intracellular
NoXxs.

How FST might regulate the expression of Nox4 is as yet unknown. FST was
shown to localize to the nucleus and regulate RNA synthesis in gldeps@ed cancer
cells[171]. Ou studies with a mutant FST protein which is unable to enter the nucleus,
however, clearly demonstrated that nuclear localization is not required for its ability to
protect against ROS generation and apoptosis. Although endogenous nuclear FST in MC
may hawe contributed, this role would likely be minor. Our data also do not support a role
for activinmediated Nox4 induction by Tg given that we did not find any effect of activin
neutralization on ROS producti on. Furtherm
regulated Nox4 expression in kidney myofibrobld262], we also did not observe

Smad3 activation by Tg in MC (not shown). Similarly, activation of Smad1, a mediator of
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BMP signaling, was atsunaffected by FST (not shown), suggesting that secretion of
TGFb1l family ligands is not involved in th
however, as found in endothelial c4ll85], we identified that Nox4 induction by Tg was
mediated by RO8lependent activation ofélERK1/2 kinases. The ability of FST to
scavenge ROS appears critical to its inhibition of ERKN&X4 induction.

Oxidative species, including202and SO can also be generated and regulated
extracellularly through ceburface bound Noxs and SODs, whéreythave been shown
to exert deleterious effects in CHMD81,203] SO are generally short lived and not readily
permeable through cell membrarj#81]. On the other hand,232 is uncharged, highly
stable and cell membrane permgdmtl]. Thus, we questioned whether FST selectively
inhibits ROS intraor extracellularly. FST is a secreted glycoprotein that functions
extracellularly to neutralize its ligan{s7], after which the ligandST complex is
internalized by endocytosis and cleared by the lysosomal degradation pftB2jy
Using celtfree assays, our data show that FST is able to directly scavenge reactive
oxygen species inetl-free conditions, suggesting ability to scavenge both-iatnd
extracellularly located ROS. These results are the first to show that FST is able to directly
neutralize SO and 2#D.. However, treatment with FST quite rapidly also decreased
intracellular ROS generation, as assessed by-&f@8ific immunofluorescent dyes, in a
dose dependent manner. We thus tested whether this could be explained by internalization
of the exogenously acinistered FST. Surprisingly, we found that MC are able to rapidly

internalize extracellular FST, and that this occurs in the preserutAf However,
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when FST is administered at higher doses

independent oActA. How this occurs is not understood and requires further research.
Since we found that FST is able to scavenge ROS, but does not have endogenous

peroxidase activity, we examined its amino acid composition for characteristic features of

a ROS scavengeEither free reduced cysteine (cys) or methionine (met) residues, such as

the free reduced Cys34 in human serum albuminbeaeadily oxidized and thus act as

an endogenous antioxidg@04i 206]. FST is highly enriched in cys (n=36, 11.3%) and

met (n=5, 1.5%) residu¢207]. However, all of the 36 cys residues in F8€ disulfide

bonded and thus lacking in free reactive sites that can be readily oXR033dOn the

other hand, thenet residues in FST are available for oxidation b@+and met

modification does not affect the ability of FST to bind and neutralize ac{R7.

Interestingly, however, oxidation of tryptophan (trp) in FST was shown to almost

completely inhibit activin binding207]. Thus, it is likely that FST can act as a sink for

ROS through oxidation of its met and trp residues, and with the latter this is associated

with loss of activin neutralizing activity. Further studies are needed to test this rgipothe
Oxidative stress and apoptosis are critical contributors to the pathogenesis of CKD

of varying etiology[{83,84,209] These stressors induce renal fibrosnsl therapies that

reduce renal oxidative stress have been shown to reduce fibrosis and improve renal

function[210,211] ER stress has also been identified in both human and rodent CKD,

including in mice with 5/6 nephrectomy as used in our styg8i&411,186,190]Ourin

vivo data confirm the relevance of aarvitro findings.Indeed, in our mice with

experimentallyinduced CKD, FST was highly protective against both oxidative stress
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and renal cell apoptosis. Our data are also consistent with the reported attenuation of
hepatocyte apoptosis by FST in a model of liver fibradthdugh oxidative stress was
not examined herg)09]. At the 5ug FST dose, thepeotective effects were associated
with improvement in renal function, a decrease in urinary albumin excretion and a
significant reduction in renal fibrosis. Indeed FST has been shown to acaasfidnotic
agent in various orgar23,107,109] Interestingly, tis antifibrotic effect was thought to
be predominantly due to attenuationAaitA signaling. Our data support an additional
and potent antioxidative property of FST that contributes ia ¥8/0 efficacy.

Why the higher dose of FST (10ug), while further reducing oxidative stress, did
not improve kidney function and renal fibrosis in our studies is not yet clearly understood.
Interestingly, administration of heavily oxidized albumin or tyrosine to animaiglat
doses over time was shown to induce kidney or liver fibf@4i2,213] These findings
may explain why a higher dose of FST in ouvivo study, while reducing global renal
oxidative stress, did not linearly result in improvements in kidney function and fibrosis
when compared to the l@w efficacious dose. Alternatively, it is also plausible that
excessive reduction of ROS such a®k which at physiologic basal levels serve as
important homeostatic cell signaling regulators, contributes to worsening disease
progression. Future studiesll aim to better understand this finding.

Taken together, our data support a novel role foattiibrotic protein FST as a
ROS scavenger with protective effects biotkitro andin vivoin CKD. Future studies
will focus on understanding the pharmkic@tic and pharmacodynamic profile of FST as

a step towards therapeutic implementation.
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Innovation: ROS generation and apoptosis are key pathophysiologic contributors to CKD
which are not as yet effectively targeted with current therapieprégent novel data
demonstrating that the glycoprotein FST,
family members called activins, has potent-aptotic and antxidant effects in CKD
through its ability to scavenge ROS and in turn therapéytigaptects against the

progression of CKD through improving kidney function and reducing renal fibrosis

3.6 Materials and Methods

Cell Culture

Primary mouse mesangial cells (MCs) were isolated B6429SF1/J mice

(Jackson Laboratory) using Dynabeads (Invitrog€hgy were culturediDu | becco 6 s

b |

modi fied Eaglebds medium (DMEM) suppl ement e

(Il nvitrogen), penicillin (100 e€g/ ml5% and
CQOz. Passages-¥4 were used. MCs were serum deprived in 0.5% FBS 24h prior to
treatment unless otherwise stated. Drugs/reagents used in the study are provided in table

3-1.

Transfection
Transient expression of plasmids was achieved using electtioponath the

ECM 830 Square Wave Electroporation System (Harvard Bioscience). Briefly, MCs

s

resuspended in electroporation buffer cont
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|l uci ferase pl aGaniiadc twistihd a0s.e0 Soerg 160 € gwengr ot e i n
electroporated using a single square pulse set at 200V for 35 msec-giBiNated

(50nM) knockdown was achieved using RNAIMAX (Thermo Fisher Scientific) as per the
manufacturerds recommendati on. MCs were se
prior to treatment and harvest. Plasmids and siRNA used in the study are provided in table

3-2 and3-3.

Luciferase Assay

MC lysis was achieved using Reporter Lysis Buffer (Promega) as per the
manufacturerds recommendat i orclarifiddgell iyshte r a s e
using the Luciferase Assay System (Promega) with a luminometer (Junior LB 9509,
B e r t h gdladtysidaséactivity, used to normalize for transfection efficiency, was
measured in cl ari fiGaattoscdaseé Enzy@mAssaypSysdesn usi ng t
(Promega) with a plate reader absorbance set at 420nm (SpectraMax Plus 384 Microplate

Reader, Molecular Devices).

Protein Extraction and Immunoblotting

MC cell lysis and total cellular protein extraction was carried out using a buffer
containing 20mM TrisHCI (pH 7.5), 150mM NacCl, 1% Triton-400, 1mM EDTA,
1mM EGTA, 2. 5mM s odi umglyeophogplate2mM RATT,e |, 1mM
1mM sodium vanadate, 1mM phenylmethylsulfonyl fluoride, 1pg/ml leupeptin, and 2

pg/ml aprotinin.Cell lysates were centrifuged (15,000 rpm, 10mfAg)4 supernatant was
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collected, protein concentration quantified and sample boiled iIRFSREE sample
loading buffer containing 250mM Tris HCI (pH 6.8), 10% SDS, 30% (v/v) Glycerol,
10mM DTT, 0.05% (w/v) bromdgenol blue (5 min, 10TC).

Secreted proteins were isolated and concentrated from cell culture media using
trichloroacetic acid and acetone precipitation. Briefly, 1 volume of trichloroacetic acid
was added to 4 volumes of cell culture media and incul§a@uhin, £C). Samples were
centrifuged (15,000 rpm, 10min°@) and the resulting pellet was washed in cold acetone
3 times, then aidried and resuspended and boiled in SEXS5E sample loading buffer.

MC cell lysis and cytoplasmic/nucleus protein estian was carried out using
hypotonic lysis buffer containingOmM HEPES (pH 7.6), 20% glycerol, 10mM NacCl,
1.5mM MgCk, 0.2 mM EDTA, 0.1% NP4@mM DTT, 1mM sodium vanadate, 1mM
phenylmethylsulfonyl fluoride, 1 pg/ml leupeptin, and 2 pg/ml aprotiGiell lysates
were centrifuged (500rpm, 10mirf @), the pellet containing nucleus was suspended in
buffer and sonicated, and supernatant (cytoplasmic extract) was collected, protein
concentration quantified, and boiled in SPAGE sample loading buffer.

Total, nucl ear and/ or <cyt éoP@leagy miam dp rscetcaient e
lysates (total yield) were separated on SEXSSE for subsequent immunoblotting.
Densitometric analysis was carried out using ImageJ.

(https://imagej.nih.qov/ij/plugins/colocalizatidmder.html). Tubulin or GAPDH was

used as loading controBrimary antibodies used in the study are provided in tHle
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Quantitative reaitime PCR

RNA from MCswas extracted using Ribozol RNA Extraction Reagent (Amresco)
as per the manufacturerds recommendati on,
cDNA using gScript cDNA SuperMix Reagent (Quanta Biosciences). Quantitative real
time PCR was carried out usitite Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific) on the Applied Biosystems ViiA 7 ReBiime PCR System (Thermo Fisher
Scientific). MRNA expression andrnfetbddd chan
where 18S was used as the endogenonaoPrimers sequencesadsin the study are

provided intable3-5.

Activin A ELISA
At endpoint, secretefictA was quantified from clarified (15,000 rpm, 10miACAMC

culture media using th&ctA Quantikine ELISA Kit (R&D Systems).

Apoptosis Assays

Caspaséslo 3/7 Assay (Promega) was used to assess the enzymatic activity of
executioner caspases 3 and 7. Briefly, at endpoint, MCs seeded in an-opdqdeclear
bottom 96well plate were washed iPBS and incubated with freshly prepared Caspase
Glo 3/7 reagent (45min, RT). Following incubation, luminescence readings, indicative of
caspase 3/7 enzymatic activity, were obtained with a microplate reader (LUMIstar
Galaxy, BMG Labtech). RealTim@&lo Annexin V Apoptosis Assay (Promega) was used

to measure apoptosis in reahe in live cells. Briefly, MCs seeded in an opaque white
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walled clear bottom 9@vell plate were loaded with freshly prepared Annexin V Detection
Reagent in DMEM supplemented with B8&A (1h, 3?7C). Immediately after loading,
treatment was initiated (18h, ®7). At endpoint, luminescence readings, indicative of cell
surface phosphatidylseri#@nexin V binding were obtained with a microplate reader

(LUMIstar Galaxy, BMG Labtech).

Intracellular Calcium Assessment

Cell-permeant Fur2 AM (Thermo Fisher Scientific) was used to measure the

intracellular concentration of €4n reakttime in live cells. Briefly, MCs seeded in an

opaque blackvalled, clear bottom 9@vell plate were loaded Wi Fura2 AM in C&* free

HBSS (5uM, 45 min, RT, dark). Immediately after loading, baseline fluorescence
readings (ex340/em510 nm and ex380/em510nm) were taken every minute for 5 minutes
using a temperatweontrolled fluorescent microplate reader at tidigated time points
(Gemini EM Spectra Max, Molecular Devices). Experimental drugs/treatments were then
introduced and fluorescence readings were taken every minute thereafter for 30 minutes
(37°C). Intracellular C& concentrations were calculated by ntifying the ratio of

fluorescence signal obtained at 340nm and 380nmongA-330nm)

ROS and SO Detection
ROSID Total ROS/Superoxide detection kit (Enzo Life Sciences) amiORFDA
(Thermo Fisher Scientific) were used for the assessment of oxidagge.s[o assess

ROS generation through DCF oxidation, MCs seeded in an opaquensdeH, clear
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bottom 96well plate were loaded with®® CF DA i n t he dar%®). (20 M, ¢
Immediately after loading, cells were treated and ROS generation was asgessed

measuring fluorescence emissions using a temperetumteolled fluorescent microplate

reader set at 37°C (ex490nm/em525nm, Gemini EM Spectra Max, Molecular Devices).

To simultaneously assess and differentiate between specific ROS spe€gsOJN O O Z ,

HO, NO, and ROO) and SO, MCs seeded in an opaque-Waltkd, clear bottom 96

well plate were loaded with a cocktail of Oxidative Stress Detection Reagent and
Superoxide Detection Reagent fCRda®)/ SO cockt
Immediatelyafter loading, cells were treated and ROS and SO generation were assessed

by measuring fluorescence emissions using a tempefatateolled fluorescent

microplate reader set at 37°C (ex490nm/em525nm for ROS and ex550nm/em620nm for

SO, Gemini EM Spectrilax, Molecular Devices). For some experiments, RDS otal
ROS/Superoxide detection kit (Enzo Life Sciensea$ used for fluorescence imaging of
intracellular ROS and SO accumulation. Briefly, MCs seeded invagll&hamber slide

were treated and theadded with he ROS/ SO cockt aidC,darlge M eaclt
Immediately after loadingslides were coveslipped and images were taken using a

fluorescein filter set (ex490nm/em525nm) for ROS detection and a rhodamine filter set
(ex550nm/em620nm) for S@etection (EVOS FL Cell Imaging System, Thermo Fisher

Scientific).
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ROS and SO Scavenging Assays

A Colorimetric OxiSelect Superoxide Dismutase Activity Assay Kit (Cell
Biolabs) was used to measure the ability of FST to neutralize SO. Briefly, SO was
generated using the xanthine/xanthine oxidase complex in an opaieel clear bottom
96-well plate. A chromogen which produces a wateiuble formazan dye upon reduction
by SO anions was used to quantify the amount of SO. The chromogenic reaction was
measired using a plate reader absorbance set at 490nm (SpectraMax Plus 384 Microplate
Reader, Molecular Devices).

A Fluorometric OxiSelect Hydrogen Peroxide/Peroxidase Assay Kit (Cell
Biolabs) was used to measure the ability of FST to neutrali@e &hd to asess whether
FST has peroxidase activity. Ndimorescent ADHP (1Acetyl-3, 7-
dihydroxyphenoxazine) was added and allowed to react wiih, hvhich is oxidized in
the presence of peroxidase activity to form a highly florescent compound, resorufin.
Fluoregent emissions are proportional to the amount28)-HFluoresce emissions were
measured using a plate reader (ex530nm/em590nm, Gemini EM Spectra Max, Molecular

Devices).

Animal Studies

Animal studies were carried out in accordance with principles of laboratory
animal care and McMaster University and Canadian Council on Animal Care guidelines.
Male CD1 mice were obtained from Charles River Laboratories. CKD was achieved

using the 5/6 neplctomy (5/6 Nx) renal mass reduction model. Briefly,-&tv@eeks of
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age, anesthetized mice underwent resection of the upper and lower poles of the left

kidney. After a onaveek recovery period, anesthetized mice underwent a right

nephrectomy. Sham miceene anesthetized and the kidney manipulated without

resection. Resected kidney weights were divided by the nephrectomized right kidney

weight (Nx ratio) and mice were placed into 6 groups, with the Nx groups containing

mice with roughly equal Nx ratio§Sham-Vehicle (n=5), SharkST-5¢ g ( n=5) , Shat
FST-F1 0 e g ( n =-%ghicle (B=h)pandbd6 NkST-5¢ g ( n=5) ;FSTand 5/ 6
10eg (n=7). Foll owi ng compl #e¢atecormcewdre t he 5/
injected (IP) every other day with vehicle (20mMmRD, 500mM NacCl, pH 7). FST

treated mice were injected (IP) every other day with human recombinas23E5T

provided by Paranta Biosciences Ltd and followed for 9 weeks.

At study endpoint, urine was collected and albutohareatinine ratio measured
acording to manufacturerés instructions (Al
Crystal Chem for creatinine).o assess DNA/RNA oxidative damage by ELISA, urine
samples were centrifuged (3000 rpm, 5mi¢ 4 diluted 500 fold in ELISA buffer and
assessedsing aDNA/RNA Oxidative Damage ELISA kit (Cayman Chemicals). This kit
measures major oxidative damage markengd@oxy-2 -@leoxyguanosines-
hydroxyguanosine, andt8ydroxyguanine. Obtained concentrations (pg/ml) were
normalized against urinary creatie values, measured using a kit (Exocell).

Glomerular filtration rate (GFR) was assessed in conscious mice by measuring the
clearance of fluorescein isothiocyanate (FI-T&)eled sinistrin (Fresenius Kabi Linz,

Austria). Briefly, a 5% FITGsinistrin soluion was injected retrorbitally, after which
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blood was collected from the saphenous vein at 7, 15, 30, 60, 90 and 120 mins. Plasma
fluorescence was assessed using a fluorometer (Gemini EM, Molecular Devices) at 485
nm excitation and 538nm emission. Follogg GFR assessmemhjce were perfused with
cold PBS. Kidney portions (renal cortex) were sfragen in liquid nitrogen for RNA or
protein analysis or fixed in formalin for immunohistochemistry (IHC).

RNA was isolated using Trizol (Invitrogeyanostrirg analysis on the extracted
RNA was carried out at the Farncombe Metagenomics Facility at McMaster University.
Data were analyzed using nSolver 4.0. Samples were normalized using background
subtraction with the negative control, and the geometric meahs bbusekeeping genes
(actin, gusb, pgkl, and ppla). For protein analysis, cortex was sonicated in lysis buffer,
centrifuged (15 min, 13,000 rpm, 4°C) and supernatant separated onRASEESfor
subsequent immunoblotting. Protein expression was normalgaadst GAPDH.

Formalinf i xed sections (4egm) were stained w
(PSR).For fibronectin immunohistochemistrygwh FFPE kidney sections were
deparaffinized, endogenous peroxidase activity was blocked, tissues were blocked with
5% horse serum and incubated in primary antibody (overnig@i. Aissues were
incubated with bionhylated secondary antibodies (Vector Labs) (30 minutes, room
temperature) and then with streptavidin/peroxidase (30 minutes, room temperature)
(Vector Labs). Chromogenic color development was carried out using Nova Red (Vector
Labs), followed by counterstani ng using Gill 6s hematoxyl in
(Permount; Thermo Scientific). Images were quantified by measuring the percentage of

positive area examined under transmitted light using ImageJ. All micrographs were
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captured at x200 and x400 magnificatusing the BX41 Olympus microscoyiziefly,
10-20 micrographs were captured, percentage of positive area quantified and averaged per
mouse. This was repeated for the indicat@&humber of mice, with final average and

standard errocalculated from the individual averages obtained from each mouse.

Statistical Analysis

Statistical analyses were performed using GraphPad Prisn$6. A d &test 0d ae

way ANOVA was used to determine statistical significance between two or moresgroup
of data, respectivel\Rost hocsignificance of pairwise comparisons was assessed using

T u k e y 0. StatistiSaDsignificance between two categorical independent variables was
assessed using a tway ANOVA, with Bonferroni's multiple comparisons teatp-

value <0.05 (tweailed) was considered significant. Data are presented as meantSEM.

The number of experimental repetitiom$ is indicated in the figure captions.
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Fig_ure 31 Tg causes MC apoptosis and ptranslationally increases the expression of
fI%II(SZJ[FEI)tCI)rr]{M,18h) led to MC apoptosis, as assessed by increased: (A) cell surface
phosphatidylserinannexin V binding (n=6, *p<0.05), (B) caspase 3/7 enzymatic activity
(n=6, *p<0.05), and (C) cleavage of caspase 3 (n=6, *p<0.05). (D) Tg (200nM) induced
the protein egression of FST (n=8, *p<0.05). (E) MC were transfected with dduatjth
mouse FST promoter luciferase construct. Tg (200nM, 18h) blunted the transcriptional
activation of FST (n=12, *p<0.05). (F) Tg (200nM, 18h) reduced FST transcript mMRNA
expression, massessed by gRACR (n=8, *p<0.05). (G) MC were treated with Tg
(200nM, 8h) followed by cancubation with the translation inhibitor cycloheximide

(10pg/mi) for the indicated durations. Tg significantly increased FST protein stability

(n=4, *p<0.05).
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Figure 3-2. Follistatin protects against Foppduced MC apoptosis.
(A) FST was downregulated using siRNA (50nM). siRN®diated FST downregulation

augmented Tg (200nM, 18imduced MC apoptosis, as assessed by increased: (A)

cleavage of caspase 3 (n=4, *vs control, # vs Tg control siRNA, p<0.05), and (B) caspase

3/7 enzynatic activity (n=9, *vs control, #vs Tg control siRNA, p<0.05). Recombinant

FST (1pg/ml, 30 min préreat) protected against Tg (200nM, 1&mjuced MC

apoptosis, as assessed by decreased: (C) cell surface phosphatidgtssziie V

binding (n=5, *vs catrol, #vs Tg, p<0.05), (D) caspase 3/7 enzymatic activity (n=6, *vs

control, #vs Tg, p<0.05), and (E) cleavage of caspase 3 (n=10, *vs control, #vs Tg,

p<0.05). MC were transfected with mtagged wildt y pe FST or FST@NLS m
which prevents nucleaotalization of FST. (F) Tg (200nM, 18h) increased the expression
ofwild-t ype FST and FST@NLS (n=3, -axpessioesent ati
(OE)ofwildt ype FST or FST@ENLS both -pduced MGt agai
apoptosis, as assessed byrdased: (F) cleavage of caspase 3 (n=3, *vs empty vector

control, #vs empty vector Tg, p<0.05) and (G) caspase 3/7 enzymatic activity (n=13, *vs

empty vector control, #vs empty vector Tg, p<0.05).
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Figure 3-3. Follistatin does not affect Tigduced cytosolic Ca2+ release or ER stress.

(A) MC were loaded with the ratiometric intracellular’Ciadicator Fura2 AM. The

arrow indicates addition of Tg (200nM) 5 minutes after logdirg caused a rapid

increase in cytosolic [G§. Recombinant FST (1ug/ml, 30 min pfg) had no

significant effect on Tanduced intracellular [G4] influx (n=4, representative

experiment shown). (B) Recombinant FST (1ug/ml, 30 mintimat), (C) ovengpression

(OE) of wild-type FST or (D) siRNA (50nMinediated FST downregulation did not

affect Tg (200nMjinduced ER stress, as assessed by measuring the expression of
canonical ER stress markers GRP78, CHOP,

vs cantrol/empty vector or control sSiRNA, p<0.05).
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Figure 3-4. FST protects against Tigduced apoptosis through blocking ROS generation.
(A) MC were treated with vehicl®.1%BSA/PBS, 30 min) or PEGylatedtalase

(500U/ml, 30 min), followed by Tg (1M, 8h) prior to loading with ROS/SO cocktail. Tg
significantly increased the accumulation of intracellular ROS, but not SO, and this was
reduced by catalase (n=4, represewgatnhicrographs shown). (B,C) MC were treated as
above and quantitatively assessed using fluorescence spectrofluorometguded
intracellular ROS (B) was inhibited by PEGylateatalase, while SO (C) was not

affected (n=3, *vs control, #vs Tg, p<0.05).

ROS inhibition using catalase (500U/ml) also significantly blunted Tg (200nM; 18h)
induced apoptosis, as assessed by decreased (D) cell surface phosphatidyiserxime

V binding (n=6, *vs control, #vs Tg, p<0.05), and (E) caspase 3/7 enzyac#tiity

(n=9, *vs control, #vs Tg, p<0.05). (F) MC were treated with vehicle or recombinant FST
(1pg/ml, 30 min) and then loaded with ROS/SO cocktail containing Tg (1uM, 8h). FST
blocked the accumulation of intracellular ROS by Tg (n=6, representativegraphs

shown). (G, H) MC were treated as above and quantitatively assessed using fluorescence
spectrofluorometry. Tgnduced intracellular ROS (G) was most effectively inhibited by
FST, while SO (H) was not affected (n=3, *vs control, #vs Tg, p<0.04D (5U) and
TEMPOL (5mM) significantly blunted Tg (200nM, 18h)duced apoptosis, similar to
recombinant FST (1ug/ml) as assessed by cleavage of caspase 3 (n=3, *vs control, #vs

Tg, p<0.05).
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Figure 3-5. Tginduced ROS production and apoptosis is not mediated by activin A or
activin B.

(A) Tg (200nM) did not alter the protein expressioAofA or ActB (n=3, representative

blots shown). (B) Tg (200nM, 8h) did not incre#s#A secretion as assessed by ELISA.
Recombinant FST (1pg/ml, 30 min), however, significantly decreased dete&tahl@n

the medium (n=2, *p<0.05). (C) MC were treated with eitheuse IgG1 antibody

(vehiclg (Lug/ml, 30 min) ActA neutralizing antibody (0.1ug/ml, 30 min), andAwxtB
neutralizing antibody (1pg/ml, 30 min), followed by Tg (1uM, 8h) and then loaded with
ROS/SO cocktailActA or ActB neutralization alone or in combiian did not affect Tg
induced intracellular ROS and SO accumulation (n=3, representative micrographs
shown). (D, E) MC were treated as above and quantitatively assessed using fluorescence
spectrofluorometry. Tgnduced intracellular ROS (D) and SO (E) wea affected by

activin neutralization (n=3, *vs control, p<0.05). (R}tA antibody (0.1ug/ml) and/or

ActB antibody (1ug/ml) did not significantly alter Tg (200nM, 18hjluced MC

apoptosis, as assessed by caspase 3/7 enzymatic activity (n=6, *vs psitu@b). (G)

MC were treated with vehicle (0.1%BSA/PBS, 8h), recombiAaiA (5ng/ml, 8h), or
recombinaniActB (5ng/ml, 8h), with or without Tg (1uM, 8h) and then loaded with
ROS/SO cocktail. NeithekctA or ActB affected basal or Fopduced intracelldr ROS

and SO accumulation (n=4, representative micrographs shown). (H, I) MC were treated as
above and guantitatively assessed using fluorescence spectrofluorometguded
intracellular ROS (H) and SO (1) was not affected by exogenous recombinaint act

(n=3, *vs control, #vs Tg, p<0.05). (J) NeithertA (5ng/ml, 18h) noActB (5ng/ml,

131



Ph.D. Thesis Neel Mehta McMaster Universitg Medical Sciences

18h) promoted MC apoptosis, as assessed by caspase 3/7 enzymatic activity (n=9, *vs

control, p<0.05).
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Figure 3-6. FST scavenges H202 and SO and protects against apoptosis.
(A) MC were treated with vehicle (0.1%BSA/PBS, 30 min), recombinant FST (1ug/ml,

30 min) or SOD (5U, 30 min), then loaded with ROS/SO cocktaf po treatment with
pyocyanin (50¢M, 1h). Pyocyanin promoted
accumulation of ROS and SO which were suppressed by both FST and SOD (n=4,
representative micrographs shown). (B, C) MC were treated as above atithtjualy
assessed using fluorescence spectrofluorometry. Pyoeyahiced intracellular ROS (B)
was most effectively inhibited by FST, and SO (C) was significantly inhibited by both
FST and SOD (n=3, *vs control, #vs pyocyanin, p<0.05). (D) MC weag¢elewith

vehicle (0.1%BSA/PBS, 30 min), PEGylatedtalase (500U/ml, 30 min) or recombinant
FST (1pg/ml, 30 min), then loaded withhBPICFDA prior to treatment with#02( 1 0 0 € M,
8h). ROS detection in live MC, as assessed via spectrofluorometry, was amghyfic

blunted by FST and catalase (n=6, *vs control, #Q-Hp<0.05). (E) Mouse IgG1

(1pg/ml) or recombinant FST (1ug/ml) was incubated witdH100uM, 30 min) and

then introduced to ADHP (100uM, 30min). HRP (0.25U) was used as a positive control.
FSTdid not exhibit any endogenous peroxidase activity (n=2, *vs IgG, p<0.05) (F)
Mouse IgG1 (1pg/ml) or recombinant FST (1ug/ml) was incubated w@r (25uM)

and HRP (0.25U) for 1h and then introduced to ADHP (100uM, 30min). FST
significantly decreased tremount of free kD2 (n=6, *p<0.05). (G) Recombinant FST
(1pg/ml, 30 min prereat) protected against@: (100uM, 8h}induced MC apoptosis, as
assessed by decreased cleavage of caspase 3 (n=3, *vs contraD#ys<@a.05). (H)

Xanthine/xanthine oxidaseas used to generate SO in combination with mouse 1gG1
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(Lpg/ml), recombinant FST (0.5ug/ml or 1ug/ml) or SOD (5U). FST significantly
decreased detectable SO as compared to IgG, but was less effective when compared to

SOD (n=4, *vs control, #vs FST, p<0.05)
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Figure 3-7. FST blocks Tgnduced NOX4 expression.
(A) Tg (200nM, 4h) led to significantly increasedx4transcript mMRNA expression, but

notnoxland2, as assessed by gfPICR (n=5, *vs control, p<0.05). (B) Tg (200nM) led

to significantly increasedox4transcript mRNA expression at 4h, but not 8h, as assessed
by qRT-PCR (n=4, *vs control, p<0.05). (C) Tga@nM, 4h) led to significantly

increased Nox4 protein expression, which was blunted by recombinant FST (1pg/ml, 30
min pretreat) (n=5, *vs control, #vs Tg, p<0.05). (D) Tg (200nM, 30min) induced
phosphorylation of ERK, which was inhibited by ftreatmentwvith recombinant FST
(1pg/ml, 30 min), PEGylatedatalase (500U/ml, 30 min). The MEK inhibitor U0126
(10uM, 30 min) was used as a positive control for effective ERK inhibition (n=3, *vs
control, #vs Tg, p<0.05). (E) Rteeatment with recombinant FST (Xpg, 30 min),
PEGylatedcatalase (500U/ml, 30 min), or U0126 (10uM, 30 min) significantly blunted

Tg (200nM, 4h) induced Nox4 expression (n=4, *vs control, #vs Tg, p<0.05).
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Figure 3-8. FST treatment reduces oxidative stress and protects against apoptosis in
kidneys of mice with CKD.

(A) Oxidative stress observed in the kidneys of mice with CKD, assessed by the
expression of nitrotyrosinated proteins, gamificantly reduced with 10ug FST
administration *vs N&We h, p<0. 05, scale bar =200¢&gm).
the nuclear localization of-®HdG, was reduced by FST in CKD kidneys (red arrows
indicate 80OHAG positive nuclei, black arrows indic&@®HdG negative nuclei)
(representative micrographs shown, scale b
DNA/RNA damage markers were elevated in mice with CKD and significantly reduced in
CKD mice treated with FST (*vs Sham Veh, #vs-Meh, p<0.05). (D) Apptosis was
prominently inhibited in the kidneys of CKD mice treated with FST, as assessed by

examining the cleavage of caspase 3 and PARP (*vs Sham Veh, #lsh\p<0.05).
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Figure 3-9. FST treatment improves kidney function and protects against renal fibrosis in
mice with CKD.

(A) The drastically diminished glomerular filtration rate (GFR) in CKD mice injected

with vehicle was significantly improved witopug FST administration (*vs Shawfeh,

#vs NxVeh, p<0.05). (B) Albuminuria, as measured by the urinary albumin to creatinine

ratio (ACR) was elevated in CKD mice asdynificantly improved with 5ug FST (*vs

ShamVeh, #vs NxVeh, p<0.05). (C) Agglomeraté/clustered heahap analysis of

kidney mRNA expression data obtained using Nanostring. Elevated mRNA expression
profiles ofprofibroticand ECM markers within the kidneys of CKD mice injected with

vehicle was observed, with decreases seen with 5ug F$Th@increased expression of

ECM proteins fibronectin, collagen | U1 and
in CKD mice injected with vehicle was significantly decreased by 5ug FST (*vs-Sham

Veh, #vs NxVeh, p<0.05). (E) Trichrome to assess fibsq&ioxed regions are magnified

below), picrosirius red (PSR) to assess collagen deposition (polarized images provided

below) and fibronectin IHC were used to analyse fibrosis. CKD mice injected with

vehicle exhibited extensive glomerular sclerosis, tuldilatation and tublulointerstitial

fibrosis, which was significantly improved by 5ug FST (*vs Shdeh, #vs NxVeh,

p<0.05, scale bar =200em (trichrome and PS

(fibronectin)).
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Figure 3-10. Supplemental Figure 1.
(A) Tg (200nM, 18h) did not increase the nuclear localization of-tyjpe FST.

FSTPNLS mutant i s excluded from the nucl eu
equal loading were confirmed using lamin B and GAPDH, respectively. (n=2,

representative bte shown). (B) Tg (200nM, 18h) did not alter secretion of syjae FST

or FSTNLS mutant. Ponceau S staining conf
MC media (n=2, representative blots shown). [Lower exposure of blot shown in outlined

box].
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Figure 3-11. Supplemental Figure 2.
(A, B) MC were treated with vehicl®.1%BSA/PBS, 30 min)TEMPOL (5mM, 30 min)

orrFST(g/ ml, 30 min), then | oadedelyassdassed ROS/ S
using fluorescence spectrofluoromeffEMPOL significantly repressed basal
intracellular ROS and SO expression, while FST significantly repressed ROS\g=3,

control, p<0.05).
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Figure 3-12. Supplemental Figure 3.
(A) ActA antibody (Ab) (0.1pg/ml, 30 min prgeat) and recombinant FST (1ug/ml, 30

min pretreat) significantly neutralizActA (5ng, 8hymediated Smad3 signaling, assessed
by activation of the SnaiB-responsive CAGAl2uciferase (n=3, *vs control, #vs
Tg+Act-A, p<0.05). (B)ActB Ab (1ug/ml, 30 min prereat) and recombinant FST
(1png/ml, 30 min predreat) significantly neutralizActB (5ng, 8hymediated Smad3

signaling (n=3, *vs control, #vs Tg+A®&, p<0.05).
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Figure 3-13. Supplemental Figure 4.
A) MC were treated with vehicle (0.1%BSA/PBS, 30 min) or mouse IgG1 (1ug/ml, 30

min) then loaded with ROS/SO cocktail prior to treatmentwithhocy anin (pyo, 5
1h). IgG did not affect pyocyaninduced SO and ROS production (n=2, representative
micrographs shown]B, C) MC were treated as above and quantitatively assessed using
fluorescence spectrofluorometry. Pyocyamduced intracellulaROS (B) and SO (C)

generation in live MC was not affected by IgG (n=3, *vs control, #vs pyocyanin, p<0.05).

(n=3, *vs control, #vs pyocyanin, p<0.05).
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