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Abstract

Meprins, metalloproteases that are highly exq@ésn the brush-border membranes of
kidney proximal tubules, have been associated istthemia-reperfusion induced kidney injury.
Osteosarcoma 9 (0S9), a peripheral membrane prbiesnbeen shown to selectively interact
with the carboxyl-terminal tail of meprin bef®)( Additionally, OS9 was shown to promote
oxygen-dependent degradation of the hypoxia-indeddrtor In (HIF1a), a protein involved in
oxygen homeostasis. However, it is not known$90s a meprin substrate. The objective of
this study was to determine if OS9 is a meprin sabs and whether there is a correlation

between expression of meprins, OS9, and HI&ider hypoxic conditions.

To determine if meprins are capable of degradin§,@8rified human OS9 was co-
incubated with activated recombinant forms of megriand B. Our results show that meprin B
cleaves/degradation OS9. This was not observechémrin A, suggesting isoform-specific
cleavage. Mardin-Darby canine kidney (MDCK) celigl human embryonic kidney 293 cells
transfected with mepria or 3 cDNA were depleted of oxygen by exposure to 125qoldalt
chloride. Non-transfected cells served as contrdé&stern blot analysis was used to evaluate
the nuclear fraction levels of OS9 and HIFOur data showed that HiFe:Btabilized in the
nucleus in a time-dependent manner and the lev€kSO increased in non-transfected controls
cells depleted of oxygen. To our knowledge, thithe first study to identify OS9 as a meprin B
substrate. The degradation of OS9 by meprin Bcconpact the hypoxic response in kidney

cells.



CHAPTER 1

Introduction
1.1 Life’s Requirement for Oxygen and Energy

Cells utilize oxygen for energy production in foem of adenosine-5"-triphosphate

(ATP) to carry out cellular functions. During oaiilve phosphorylation, oxygen serves as an
electron acceptor in the formation of ATP. An aaktg supply of oxygen is essential for cells to
perform their functions and for cells to survivgells must try to compensate under low levels of
oxygen known as hypoxia. If a cell is unable tmpensate, or if there is an abrupt lack of
oxygen, then it can lead to cell deathn vitro models have been developed and to study the
effects of hypoxia and ATP-depletion in cells. $&enethods include using pharmacological

agents to induce hypoxia and ATP-depletion in catdu
1.2 Ischemia-Reperfusion Injury

An organ may experience ischemia (restriction obdlsupply) by an event such as
physical blockage, organ transplantation, or diak#tronic kidney failure. The organ is starved
of oxygen and nutrients until blood flow restoratimccur. The sudden rush of blood, containing
oxygen and other nutrients, creates a catastr@vaiot within the organ resulting in tissue
damage or disease. The damage resulting fronethenrof blood after a period of ischemia is
termed ischemia-reperfusion injury. Ischemia rssul oxygen- and ATP-depletion both of
which have been shown to disrupt the cell cytoskeland its associated membrane structures
(Ongeri, Anyanwu, Reeves, & Bond, 2011). The daam@aused to cells under hypoxia and the
inability to produce ATP is of great significancBResearch is required to understand the

pathogenesis of disease to organs that have erpedéschemia-reperfusion injury.



1.3 Meprins and Osteosarcoma 9

Meprins are metalloproteases that are highly esees the brush-border membranes of
kidney proximal tubules. Meprins are capable ajrdding extracellular matrix proteins, and
processing certain bioactive peptides. Changéseihevel of expression and localization of
meprins have been associated with the pathologgchémia-reperfusion induced kidney injury
in mice and rats (Bylander et al., 2008; Carmadg@ahS& Walker, 2002; Trachtman,
Valderrama, Dietrich, & Bond, 1995; Walker, Kaust&lShah, 1998). Recent research has

identified two cytoskeletal proteins, actin andinjlas meprin substrates (Ongeri et al., 2011).

Osteosarcoma 9 (OS9) is a protein associatedthtibytoplasmic side of the
endoplasmic reticulum. OS9 plays a role in theophasmic reticulum (ER) associated
degradation pathway, and binds to the key regulztoellular hypoxic response known as
hypoxia-inducible factor 1 (HIF1). In 2002, thesearch of Litovchick et al. showed that OS9
interacts specifically with the intracellular regiof meprin B. However, it is not known
whether OS9 is a meprin substrate. Beak et abgR0emonstrated that OS9 is a negative
regulator of HIF-&. To date, no research has provided a correléigtween the expression

levels of OS9 and the master regulator of homeisst@se of HIF&.
1.4 Objectives and Impact

The objective of the current research was to deter if OS9 is a meprin substrate and
investigate the mechanism(s) by which meprins ecdndamage to the kidney, usingiawitro
kidney cell model. The central hypothesishat OS9 is a substrate of meprin. A second
objective was to evaluate how meprins impact thgression of OS9 and the hypoxia response

gene HIF-1.



Meprins have been associated with damaadedisease to the kidneys during ischemia
reperfusion and diabetic chronic kidney failuré&he identification of meprin substrates and its
role in the hypoxia response would be useful indéeelopment of treatments for patients
undergoing kidney transplants. Stopping this pgea® reducing the rate of the enzyme would

minimize organ damage which occurs in the procésschemia-reperfusion injury.



CHAPTER 2
Literature Review
2.1 Ischemia-Reperfusion

Periods of time may exist when blood flow is ofitfrom an organ; thus, oxygen and
nutrients can no longer be delivered to the orgEme shortage of blood supply is termed
ischemia, and hypoxia occurs during ischemia. Ragien is when blood flow is restored after
a period of deficient blood flow. Situations whichuld lead to (ischemia-reperfusion (IR)
include immobility, stroke, heart attack, orgamsplantation, transfusion, physical blockage,
and diabetic chronic kidney failure. The lack &fygen and nutrients from blood during the
ischemic period creates a condition in which tleamation of circulation results in inflammation
and oxidative damage through the induction of akweastress rather than restoration of normal
function. Ischemic injury is the leading causeofite kidney disease (Gunaratnam &
Bonventre, 2009). Five percent of hospital paient inflicted with ischemic acute tubular
necrosis with a mortality rate of 50% (Ympa, S&kejnhart, & Vincent, 2005). Studies show
that the pars recta (SC segment) of proximal tuigléhe most susceptible to injury (Heyman,
Shina, Brezis, & Rosen, 2002; Lieberthal & Nigar898). Chronic hypoxia leads to end stage
renal disease. The important effector of tubuddriojury during prolonged hypoxia is ATP-
depletion (Devarajan, 2006). Reperfusion injuey@lops hours or days after the influx event
(Kosieradzki & Rowinski, 2008). The sudden rustilofv back into the organ causes a cascade
of events. A disruption in the cytoskeleton letmkoss of brush-border, a breakdown of cell
junctions, and the incorrect relocalization of smdipotassium ATPases from the basal surface

to the apical surface (Gunaratnam & Bonventre, 2008wly freed intracellular molecules of



calcium activate proteases and phospholipases réperfusion event is the causative agent of

oxidative injury to tubular cells (Bonventre & ZUukQ04).

Ischemic diseases of the kidney leaahtambalance of vasoactive substances and
vasoconstrictors. The accumulation of vasocortstsanitiates pro-inflammatory and
chemotactic cytokines that begins the up-regulaticedhesion molecules. Leukocytes adhere
within the site and release cytotoxic cytokinegactere oxygen species, and proteolytic enzymes
resulting in even more damage to the tubular ¢Bibsventre & Zuk, 2004). Cells will attempt
to recover from the ischemia-induced damage byinegaegenerating themselves via
undergoing processes of apoptosis, autophagy, maneéoosis (Kosieradzki & Rowinski, 2008).
The extent of damage to the organ depends on whmathre cells die or if more cells are able to

regenerate.
2.2 Meprins

Meprins are zinc metalloproteases that are higkpyessed in the brush-border
membranes (BBM) of kidney proximal tubules. Meprbelong to the astacin family (J. S. Bond
& Beynon, 1995; Johnson & Bond, 1998). Meprinsas® found in the skin, pancreas, testis,
regions of the brain, liver, heart, and leukocy&scker-Pauly et al., 2007; Crisman, Zhang,
Norman, & Bond, 2004; Huguenin et al., 2008; Ke&npgram, 1987; Molitoris, Dahl, &
Geerdes, 1992). Meprins are capable of degraditigallular matrix proteins such as collagen
and fibronectin (Kaushal, Walker, & Shah, 1994; kKealet al., 1998), and processing bioactive
proteins such as neurotension and gastrin (Chastukuradov, Litovchick, & Shaltiel, 1996;
Sterchi, Naim, Lentze, Hauri, & Fransen, 1988). pkiies are the only known endopeptidase in
the BBM that degrades proteins: others either delyrade small polypeptides, or are

exopeptidases (J. S. Bond, and Jiang, W., 199vg @ercent of the total protein found in BBM



is meprin with expression being localized to theeapmembrane of proximal tubule S3 cells
(Craig, Reckelhoff, & Bond, 1987). Meprins weremdified as the major matrix-degrading

enzymes in rat renal tubules (Kaushal et al., 19@dlker, Kaushal, & Shah, 1994).

The proteolytic enzymatic activity of pnens makes them essential components of
cellular activities. Due to their destructive pdtal, meprins must be highly regulated.
Regulation is accomplished through zymogen fornmaiighibition, localization to specific
compartments, and transcriptional regulation (Bestiaw, Norcum, & Bond, 2003). Meprins
contain a signal peptide that directs the proteithé lumen of the endoplasmic reticulum (ER)
during synthesis, and a propeptide that inhibitevigg (Johnson & Bond, 1997). The structure
of meprins consists of two subunitsandp (Johnson & Hersh, 1992). The subunits are 42%
identical at the amino acid level, highly glycosgld, and form disulfide-linked homo- or
heterodimers (J. S. Bond & Beynon, 1995; Marchdiaehg, & Bond, 1994). Each subunit has
astacin-like catalytic domain with several prot@iteraction domains (Tsukuba & Bond, 1998).
Meprin A is a homooligomer af-subunits or a heterooligomer @ subunits, while meprin B
is a homooligomer df-subunits (Johnson & Bond, 1998). Although batinfs of meprins
prefer substrates containing at least 6 amino g8dtder & Bond, 1988), meprin A selects
amino acids that are small and hydrophobic withenR1" site and prefers proline residues in P2’
site, while meprin B is predominantly an ASP/Glyéptidase with a preference towards acidic
residues within the P1 site (Bertenshaw et al. 1200 hese differences can account for the

diverse functions of the 2 meprin isoforms.

The research of Bertenshaw (2003) pralidéormation on the structure of meprins.
Meprin a-subunits associates into larger multimers whil@mnmeB does not form mass

complexes of higher levels. Dimersadp only form tetramers. The latent form of



homooligomer meprin A forms even larger complexethe activated form. The degree of

multimerization has been deemed to be dependemt tingoprotein and salt concentration.

The location where meprin is found depends uperstibunit. Meprins containing at
least ong3-subunit remain membrane-bound due to the transmarmaldomain located near the
carboxyl terminus of thg-subunit (J. S. Bond & Beynon, 1995). Membranerabiorms of
kidney meprin have been found to be concentratéldepuxtamedullary region of cortex (Craig
et al., 1987), and it was determined that meprsubunits in the mouse kidney are primary in
the latent, proenzyme form (Butler & Bond, 1988)eprin A is secreted while mouse meprin B
and heterooligomer A are membrane-bound. HomowlegA is able to be freed from the
membrane due to a 56 amino acid inserted domairp#renits the proteolytic event during

maturation (Tang & Bond, 1998).
2.3 Meprins and Ischemia-Reperfusion Induced Rendhjury

One of the functions of the kidney is to provideathince of plasma polypeptides
(Cuber, Bernard, Gibard, & Chayvialle, 1989). Gheaenal failure patients have higher levels
of peptides involved in gut mortality. Meprins pla role in the catabolism of extracellular
matrix (ECM) proteins. The potential exist whene absence of meprins may account for some
of the accumulation of ECM proteins that leadsitoosis resulting in ESRD (Bertenshaw et al.,
2003). Knowledge on the role(s) of meprins in &oa-reperfusion induced injury is growing.
Changes in the level of expression and localizaticthe meprir-subunit have been associated
with the pathology of ischemia-reperfusion-indu&ethey injury in mice and rats (Bylander et
al., 2008; Carmago et al., 2002; Trachtman efl8P5; Walker et al., 1998). It has been
proposed that in IR-induced acute renal injury,lelm of oxygen and ATP results in

accumulation of intracellular sodium, calcium, agdctive oxygen species. These changes are
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believed to activate various enzyme systems inolydroteases, resulting in disruption of the
BBM cytoskeleton and membrane damage, subsequeatling to necrosis and apoptosis
(Molitoris, Leiser, & Wagner, 1997). Meprin is oyoxic, and may play a role in IR injury
(Carmago et al., 2002). The latent homooligomenfof meprin A is not a toxic agent in IR

(Bylander et al., 2008), suggesting that activatoaurs in IR.

Studies with mouse models have incetase knowledge of the influence of meprins in
IR-induced renal damage. In 1995, Trachtman ahadwed that non-congenic mice strains with
lower renal meprin levels developed less renakynfallowing IR. In contrast, strains of mice
with higher levels of the heterooligomer meprind3j had more severe IR damage when
compared to strains that express meprin B onlygBgér et al., 2008). In meprin B knockout
mice there is less disruption and shedding in pnaxitubule cell membranes, reduced
inflammatory response, and an overall better pvasien of kidney function after IR (Bylander
et al., 2008). In wild-type mice, kidney mepriraBd homooligomeric meprin A are latent due
to their prosequences that inhibit proteolytic\atti(Butler & Bond, 1988; Villa, Bertenshaw,
Bylander, & Bond, 2003). The prosequence is remdpvia an unknown mechanism, in
membrane-bound meprin A. Bylander et al., (2008ppse that the activated membrane-bound

meprin A is the most likely damaging factarvivo after IR.
2.4 Osteosarcoma 9

Research has shown that meprins cause damage kalttey subjected to ischemia-
reperfusion injury. The identity of meprin substsawill help in understanding the mechanisms
by which damage is occurring within the kidney.tédsarcoma 9 has been shown to interact
with the C terminal tail of meprify, and this interaction may provide a mechanism hiclv

meprins modulate the hypoxia response. OS9 plagkan the Endoplasmic reticulum (ER)-
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associated degradation pathway. Proteins thatiofédld or assemble with partnered subunits
are selectively removed from the endoplasmic reirou ER) via ER-associated degradation
pathway (ERAD). Proteins selected for the ERAChpaty are polyubiquitinated and relocated
into the cytosol for proteasome degradation (Romi&005). Studies have shown that
osteosarcoma amplified 9, endoplasmic reticulumind©S9) are upregulated in response to ER
stress, and OS9 is associated with ERAD machinayelRAD substrates (Alcock & Swanton,
2009). With the use of RNAI, OS9 was proven tadspiired for efficient ubquitination of
glycosylated ERAD substrates. OS9 aided in thestea of misfolded proteins (Alcock &
Swanton, 2009). Osteosarcoma amplified 9, engdaptareticulum lectin is a protein coding
gene (GenBank ID: 10956) located on 12q13 chromesaf humans that is overly expressed in
osteosarcomas (Su, Hutter, Trent, & Meltzer, 1998%9 is known to bind to HIF, and promote
degradation of one of its subunits (Baek et al030 The analysis of OS9’s cDNA sequence
revealed 2785 bp with an open reading frame of&@fiho acids residues (Su et al., 1996). Su et
al. determined that the OS9 gene encoded a 2.8RBArtranscribed in all of the tissue samples

examined; therefore, OS9 is ubiquitously expregséaiman tissues.
2.5 Interaction Between Meprinp and OS9

0OS9 is a peripheral membrane protein associatddtigt cytoplasmic side of the ER,
and OS9 may be involved in ER-Golgi transport oprreB (Litovchick, Friedmann, &
Shaltiel, 2002). Meprin A undergoes proteolysishia ER resulting in the removal of its short
carboxyl-terminal cytoplasmic tail (Johnson & HergB92). Litovchick et al. published work in
2002 (Litovchick et al.) with the purpose of idéyitig proteins that interact with tail maintained
by meprin B, and to deduce the role of the taito\chick earlier in 1998 found that the

cytoplasmic domain of rat meprin B is indispensdblats ER-to-Golgi transport, and removal
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results in entrapment of meprin B in ER (Litovchi€khestukhin, & Shaltiel, 1998).

Litovchick’s research in 2002 demonstrated that @&racts specifically with the intracellular
region of meprin B. OS9 is a peripheral membramégm associated with the cytoplasmic side
of the ER, and OS9 may be involved in ER-Golgi $g@ort of meprin B. Non-spliced OS9
binds to the tail of meprin B. TH&*Thr-Ala®®*region of meprin B is critical for the binding of
OS9 (Litovchick et al., 2002). This same regioalso required for ER-Golgi transport.
Litovchick proposes that OS9 interaction with tag may occur during maturation in ER. In
addition, immunofluorescence and fractionation séawhat OS9 cell distribution is similar to

some ER chaperones.
2.6 Hypoxia Response Genes

A cell survives and thrives under normoxic (norrm&ygen) conditions. When the levels
of oxygen drop, then the cell is able to senselifierence in the oxygen level. The cell can
alter its energy metabolism using anaerobic glysislyo produce ATP, but this is only a short-
term solution. The cell must respond to this emuinental stimulus in order to maintain
regulation, and for long-termed survival. Hypokiduces genes to supply oxygen; with
hypoxia inducible factor 1 (HIF-1) controlling tlegpression of most of these genes (Semenza,
1998). A hypoxia inducible factor (HIF) is the lcédr response to hypoxia. HIF is the master
regulator of hypoxia-response genes (Myllyharju&ipani, 2010), and HIF-1 functions as a
master regulator of oxygen homeostasis that medatanges in gene transcription in response
to changes in cellular oxygen levels (Baek et24lQ5). An alternate means of ATP production
is achieved by providing an oxygen-independent rmeism modulated by HIF-1 (Baek et al.,
2005). HIF-1 is required for transcriptional aetion mediated by the erythropoietin gene

enhancer in hypoxic cells (Semenza, 1994). Experiation performed by Wang (1995)
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evaluated the levels of protein and RNA in cellp@sed to 1% oxygen for a predetermined time
period before oxygen was replenished back to 20%& RNA and protein levels rapidly
decayed which confirms HIF-1's role as a mediatdranscriptional response to hypoxia. The
structure of HIF-1 consists of a heterodimer conepasf 1 of 3u-subunits (HIF-&-2a-0r-30)

and aB-subunit (Ema et al., 1997; Gu, Moran, Hogeneschitivan, & Bradfield, 1998; Tian,
McKnight, & Russell, 1997; Wang & Semenza, 199H)F-18 is constitutively located within
the nucleus (Berchner-Pfannschmidt et al., 20841)=-1 (alpha and beta) are basic-helix-loop-
helix-PAS proteins with expression being reguldigaellular oxygen tension (Wang, Jiang,
Rue, & Semenza, 1995). The proteolytic stabilitg &anscriptional activity of HIF€l-and
HIF-2a is regulated by two separate oxygen-dependentokythtion events (Myllyharju &
Schipani, 2010). Under normoxia, little to no kS detectable in the nucleus. HIEontains

an oxygen-depended degradation domain where two-XL¥-Leu-Ala-Pro- sequences are
hydroxylated during normal conditions by HIF profithdroxylase (HIF-P4H) (Bruick &
McKnight, 2001; Epstein et al., 2001; Ivan et 2001). The 4-hydroxyproline residues formed
by the HIF-P4Hs are required for the binding to bppel-Lindau E3 ubiquitin complex
(Myllyharju & Schipani, 2010). This process is knmoas the ubiquitin proteasome pathway
where HIFL is constitutively synthesized, but destroyed whermoxic conditions exist
(Berchner-Pfannschmidt et al., 2004; Kallio, Wils@iBrien, Makino, & Poellinger, 1999;
Salceda & Caro, 1997). HdHs degraded by the 26S proteasome (Huang, GuuS&faunn,
1998). The dependency of oxygen, during the bodinthe von-Hippel-Lindau protein (pVHL)
(Maxwell et al., 1999), depends on post-translaidrydroxylation of HIF#& at proline residues
564 and 402 by prolyl hydroxylases (Epstein et24Q1; Ivan et al., 2001). Oxygen is required

for the activity carried out by prolyl hydroxylases
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When hypoxic conditions arise, prolyl hydroxylaticeases, Hlkis not recognized by
the pVHL and therefore evades degradation (BercRfemnschmidt et al., 2004). Consequently
HIFa dimerizes with HIB , and is then translocated to the nucleus whesebibund to the HIF
responsive elements (Myllyharju & Schipani, 201Bhrmed active complexes turn on
expression of target genes including vascular ¢xatiad growth factor (VEGF), erythropoietin,
glucose transporter-1, and carbonic anhydrase kBradVhitelaw, & Peet, 2003; Wenger,

2002).

Beak et al. (2005) demonstrated the role of OS®ragulator of HIF1. OS9 interacts
with HIF1a to promote oxygen-dependent degradation of HifLthe proteasome. Beak’s
research showed OS9 as a negative regulator of tHEEJpromotes prolyl hydroxylation by
interacting with HIF-& and PHDs. A complex is formed with H10S9, and PHD2 or
PHD3. OS9 PHD2 binds separately to Hical non-overlapping sites. OS9 promotes the
interaction of HIF-& with PDH leading to hydroxylation followed by peaisomal degradation.
While OS9 has been shown to interact with OS9nidsknown if OS9 is a meprin substrate and

how meprin cleavage of OS9 would impact the hypoagponse.
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CHAPTER 3
Materials and Methods
3.1 Reagent Inventory

The following antibodies were purchased from Abc@ambridge, MA: anti-GAPDH
mouse monoclonal antibody, and anti-HiF&bbit polyclonal antibody. Minimum essential
medium eagle were purchased from the American ¢yfiere collection ATCC (Manassas,
VA). The following supplies were purchased frono#tad Laboratories, Hercules, CA: 30%
acrylamide (29:1 bis solution), anti-mouse IgG selary antibody, anti-rabbit IgG secondary
antibody, and Bio-Rad protein assay reagent. ofirbjlated protein ladder was purchased from
Cell Signaling Technology (Danvers, MA). Dr. Jidgond of the Pennsylvania State
University College of Medicine (Hershey, PA) dorthssti-meprin-A rabbit polyclonal antibody
(HMC14) and anti-meprin-B mouse polyclonal antibdefMC77). The following chemicals
were purchased from Fisher Scientific (Pittsbufgh): ammonium persulfate, dithiothreitol,
ethylenediaminetetraacetic acid, protein markgigcerol, glycine, hydrochloric acid,
hydroxyethyl piperazineethanesulfonic acid, isobatyohol, magnesium chloride, methanol,
nonfat powdered milk, phosphate buffered salinégagmum chloride, sodium vanadate, Tris,
Tris base, trypsin, tween 20, apanercaptoethanol. Antibiotic-antimycotic and fdiavine
serum were purchased from Hyclone LaboratoriesdhoT). Dulbecco’s minimum essential
medium was purchased from Life Technologies (Gialahd, NY). Anti-OS9 rabbit polyclonal
antibody and purified human OS9 protein were pwetddrom OriGene Technologies
(Rockville, MD). The following chemicals were phased from Sigma-Aldrich, St. Louis, MO:
actinonin, antimycin A, bromophenol blue, cobalthloride hexahydrate, sodium bicarbonate,

sodium chloride, sodium dodecyl sulfate, tetramietimylenediamine, tris (2-carboxyethyl)
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phosphine hydrochloride, triton X-100, and 2-de®@«glucose. The following chemicals were
purchased from Thermo Scientific, Waltham, MA: ytilcohol 200 proof (Acros Organics),
100X ethylenediaminetetraacetic acid solution, 10@X protease inhibitor cocktail, and

Supersignal West Pico Chemiluminescent substrate.
3.2 Cell Culture

Human Embryonic Kidney 293 (HEK 293) cells wereghased from American Type
Culture Collection (Manassas, Virginia) with thedaabn of meprin transfected cells gifted from
the laboratory of Dr Judith Bond (Penn State Ca@lefjMedicine, Hershey, PA). Cells were
propagated in minimum essential medium eagle supgiéed with 10% FBS and antibiotics,
subcultured, and preserved in liquid nitrogen. e Thll cultures were incubated at 37°C and 5%
CO,for the duration of the growth cycle. The celltouks were observed on the second day
using an inverted microscope. The cell culturesambserved daily to monitor the confluency
of the cells. The cell cultures were replaced withv complete growth media weekly. The

cells were grown to a confluency rate of at le@8t&efore being harvested.
3.3 Oxygen Depletion

Oxygen depletion was induced in the HEK 293 cddisgi Cobalt (1) Chloride. Cells
were allowed to grow to 80% confluency in Eagle’EM medium with 10% FBS. The media
was changed to a serum-free medium containing @$% overnight. The cell cultures were
exposed to 125 uM cobalt chloride (Sigma, St. LOMI®) for pre-determined time intervals of

0 min, 30 min, 1 hr, 2 hr, and 3 hr.
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3.4 ATP Depletion

A combination of 2-deoxy-D-glucose and antimycinvAs used to induce ATP depletion
in the HEK 293 cells. The cells were washed 2¥&8 with warm, sterile-filtered PBS media.
The cell culture medium was replaced with Dulbesd®BS “ATP-depletion medium” (Life
Technologies, Grand Island, NY) containing 1.5 i@&ICb, 2 mM MgCh, 2 mM deoxy-D-

glucose, and 10 uM antimycin A for 0 hr, 30 mirhrland 2 hr.

3.5 Protein Extraction

A hypotonic buffer, a high salt buffer, and RIPAfflen were used for fractionation of
proteins from the cultured cells. The hypotonifféuconsisted of 10 mM Hepes (pH 7.9), 1.5
mM MgCl;, 10 mM KCI, 0.5 mM DTT, 1 mM N&/O,, and protease inhibitor/EDTA. The high
salt buffer was prepared by combining the followirg) mM Hepes (pH 7.9), 420 mM NacCl,
1.5 mM MgC}, 0.5 mM DTT, 1 mM NavO,, 25% glycerol, and protease inhibitor/EDTA. The
RIPA buffer was prepared by combining 0.02 mM Hepid3.9, 0.015 mM NaCl, 0.1 mM
Triton-X 100, 0.01 mM SDS, 1 mM N¥O,, and protease inhibitor cocktail/EDTA. Cells were
rinsed with ice cold PBS twice. The last wash as@irated completely. Three-hundred pl of
hypotonic buffer was added to each 100 mm dishe dibhes were allowed to sit on ice for 30
minutes, and swirled every 10 minutes. The ceisavharvested using a cell scrapper. The
lysate was transferred to a microfuge tube, antribeged at 4° C for 10 minutes at a speed of
15,000 x g. The supernatant was transferred natabe, and labeled as the cytoplasmic
extract. Fifty pl of high salt buffer was addedhe pellet, and the pellet was resuspended in the
solution. This was placed on ice for 20 minutesl eentrifuged once again 4° C for 10 minutes
at a speed of 15,000 x g. The supernatant wasféna@ed to a new tube and labeled as the

nuclear-enriched extract. The pellet was resusgend100 pl of RIPA buffer, and allowed to
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sit on ice for 20 minutes. The microfuge tube wastrifuged 4° C for 10 minutes at a speed of
15,000 x g. The supernatant was transferred ematabe labeled as membrane-enriched
fraction. All fractions were kept on ice if pratequantification was to be immediately
performed, or frozen at -20° C until a later dateew the protein quantification was to be

performed.
3.6 Determination of Protein Concentration

The concentrations of proteins obtained from tteggdin extraction were determined
using Bio-Rad'’s protein assay reagent (Hercules), CAhis assay is based upon the Bradford
method. The prepared samples were allowed td sdpan temperature for 10 minutes before
having their optical densities read on VIS ligh686. Microsoft spreadsheet was utilized in
order to plot the standard curve. The estimatetkpr concentrations were derived from the

standard curve.
3.7 Electrophoretic Separation of Proteins by SDSAGE

Proteins were separated by electrophoresis on I9agylamide gels. Equal amounts
of proteins ranging from 40-60 pg were loaded icheaell. Five pl EZ-Run Pre-Stained Rec
Protein Laddée (Fisher Scientific, Pittsburgh, PA) was loaded itite first well and used for
tracking protein migration. The amounts requioédach were obtained from using a pre-
formed excel template. The samples were boilé&sDS sample buffer with mercaptoethanol
for 5 minutes before loading. The gels were rudGdt V for roughly 45 min or until the

migration front had reached the bottom of the gel.
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3.8 Western Blot Analysis

The polyacrylamide gel containing the separatetiepre was positioned on
nitrocellulose membrane that was presoaked infeabsiffer (250 nM Tris, 192 nM Glycine,
and 20% Methanol), and embedded between two thiekes of soaked filter paper. The unit
was fully assembled, and allowed to transfer a¥ I6r one hour. The membrane was incubated
in 8% milk in Tris-buffered saline with 0.1% Twe@0-(TBS-T) for one hour at room
temperature to block non-specific binding sitefie Thembrane was incubated in primary
antibody with gentle agitation at room temperaforeone hour, or overnight at 4° C. The
membrane was then washed with TBS-T three time&Ganinutes per cycle at room
temperature on a shaker. The secondary antibodyadd@ed using the same procedure with the
exception that the secondary antibody is addedi8-T in lieu of milk. The membrane

underwent its final wash with TBS-T with three @glat 15 minutes each.

The Western blots were developed using Chemiluscer@ Substrates (Thermo
Scientific, Waltham, MA). The film was processeging the X-ray developer. The quantitation
of the protein bands was performed using Bio-R&8Bs800 calibrated densitometer along with

QuantityOne software.
3.9 Confirmation of Meprin B Expression by Meprin § cDNA Transfected Cells

In order to assess the interaction of meprin wi890Oand HIF&, it was necessary to
verify the presence of meprins within the transddatells. Using Western blot analysis, meprin
B was detected in the cytosolic and membrane-esdli¢taction (Figure 1). Furthermore, the
detection of meprin within the cytosolic fractioropides evidence that OS9 and meprin can be

found within close proximity to one another withire cell.
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3.10 Determination of OS9 Cellular Localization

Western blot analysis were performed on all thedegenotypes HEK 293 cells to
determine the cellular localization for OS9. Qs strongly detected in the nuclear fraction
for all of the cell proteins. Faint bands wereoadgtected within the cytosolic fraction. This
information provided the basis for only using thelear fraction for carrying out the Western
immunoblots when investigating OS9.

3.11 Determining If Meprins Degrade OS9

To determine if meprins are capable of cleaving Qf@fied activated forms of meprin
A and meprin B (4 nM) were co-incubated with p@afiOS9 (92 nM) in buffer consisting of 20
mM Tris and 150 mM NaCl, pH 7.5. Control reaciamere incubated in buffer without
meprins. Equal volumes of proteins were taken fteenreaction mixture at 0, 0.5, 1, 2, 3, and 4
hours. The reaction was stopped by addition of 8Dfgr and boiling for 5 minutes. The
samples were loaded onto 10% polyacrylamide gaelsseparated by electrophoresis as

described above, followed by Western blot analysik anti-OS9 antibodies.

3.12 Determining Whether Degradation of OS9 Is Mepn Isoform-Specific

To confirm that degradation of OS9 was meprin-dpe@urified OS9 was co-incubated
with activated meprin B as described above. Cdmteactions were included with the
following; (1) activated meprins that were pre-ibated with known meprin inhibitors (EDTA
and actinonin) for 1 hour, (2) latent forms of me@, and (3) trypsin-treated buffer. The
reactions were incubated at’87for 1 hour and the proteins separated by elelstigsis and

detected by Western blot analysis.



CHAPTER 4

Results

4.1 Cellular Localization of Meprin B and OS¢

Western blot analysis showed that nin B proteins were present in the memb-

enriched and cytosolieariched protein fractions frc the meprin8 transfected cells (Figure 1

This data confirmed that the cells are expressiagrir. The confirmation of meprin within tf

cytosolic fraction places meprin close proximity to OS9.
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Figure 1. Evaluation of meprin B expression in mepgitransfected MDCK cel.

OS9 proteins were most abundant in the nu-enriched proteirfiractior from all three

cell genotypes (non-transfectedeprinalpha-transfected, and meprin bét@asfecte) HEK293

cells. Western blot analysis revealed traced ansonffOS9 within the cytosolic fraction of t
non4ransfected cells as seen in Fi¢ 2. Determining that the nuclear fraction contaitiez
most amount of OS9 from all cell genotypes provittebasis for only using the nucle

fraction for the protein samples used insubsequent Western blots.



22

Niircieagr Mamhrane

n necg 1 ) o n 1 2 2 n neg 1 ) 3 hre
U u.o i Z > U i Z o) U Uu.o i Z 3 s
BT S W N R S T B T —

| e — T — -

~ e

Figure 2. Cellular localizatiorof OS9.

4.2 Increase of OS9 in Oxygeiepleted Non-Transfected HEK293 Cells

With the location of OS9 being established withia tell fraction and the cel
evaluation for the expression of meprin, all gepetyof HEK 293 cells were treated for oxy-
depletion with the purpose of evaluating the presesf OS9 within the nuclear fraction. O
was observed at all time intervals for all of thEK1293 genotypes. Evaluating the data fi
the nontransfected cells only, OS9 increased over theseoaf he treatment. Both the alp

transfected and beta transfected HEK 293 cellsdichange over time~gure ?).
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Figure 3. Increase 00S9 in oxyge-depleted non-transfected HEK293 cells.
4.3 Time-Dependent &bilization of HIF1 a in Oxygen-Depleted HEK293Cells

In addition to performing Western blots of OS9 kyger-depleted cellsnuclear levels

of the hypoxia response gene I-1a were also evaluatedAs shown in Figure - no HIF-1o was



23

observed at the zero hour time point with -1a having trace amounts after 1 hour of oxy-
depletion. A significant amount of F-1a was detected after 2 and 3 hours of ox-depletion
for all of the nuclear extracts. It was determitteat HIF-1a stabilized in a tim-dependent
manner. When compadrthe amount of HI-1a detected in the nottansfected control cells
the meprin transfected cells, much more I-1a was detected in the transfected cells with

most HIF-X: occurringin the bet-transfected cells (Figure 4).
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Figure4. Time-dependent stabilization of F-1a in oxygendepleted HEK293 cell

These results were obtair from two independent experimeniiferent times. Fair
bands for HIFLta were observed at zero hours on one occurren wasexpected that Hi-1a
may or may not be detected at the time point adlx ldue to degradation of F-1a in a

normoxic state.

4.4 Interaction Between OS9 and HIF& in Hypoxia

Combining the data obtained from the Western lpetsormed on nuclear frtions of
HEK293 cells depleted of oxygen, a correlation leemwOS9 and HIFlwas suggest. A

time-dependent stabilization of HIklccurred within the nuclear fractions for all 1ggypes.
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An increase in OS9 was only observed in the-transfected dis. A relationship appears

exist between OS9 and Hlé&As a response to hypos

4.5 Evaluation of HIFla in ATP-Depleted MDCK Verses MDCK Beta TransfectedCells
Non+ransfected MDCK and MDCK cell transfected with me cDNA were deplete
of ATP using pharmadogical agentdor 0, 0.5, 1, 2, and 3 hourdt was observed in bo

genotypes that HIRe stabilized over time when deprived of ATP (ure 5).
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Figure5. Evaluation of HIFta in ATP-depleted MDCK verses MDCK beta transfected ¢

4.6 Meprin B Degradation of OS9

In order to determine if meprin cleaves OS9, honrisrective forms of meprin A and
were incubated with purified recombinant human @89% hr, 0.25 hr, 0.5 hr, 1 hr, 2 hr, an
hours. A buffer containing no mepiserved as a control. The samples veeHgjected t
electrophoresijsand a Western blot was performed to detect using antiOS¢ antibodies.
Intense bands of OS9 were observed for the samppipsred with the control buffer (i
meprin) and for the sarngs containing meprin A at all time points. For teactionscontaining
meprin B, the intensity of the OS9 band greatlyrdased after 30 minutes of-incubation
resulting in an extremelfaint OS9 band at 1 hr. No OS9 was detected dirtieepoints f 2

and 4 hours. This demonstrates that OS9 is betggaded by meprin B. Figure 6 displays
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results for no meprin, meprin A, and meprin B ingtin with purified OS¢ OS9 was detecte

amongst all the sangs containing no meprin (Fure 6). The amples incubated with meprin

revealed one intense band for OS9 at O hour, arldhnds were observed for arf the other

time points. This data sugge#tat meprin B degrades OS9.

Q

l

-
0sa - = = = ~
S I ————— %
| - — - 0 0@ 0@ @@ @@ @ @00 o0 a0 0l
— - — —— =
= RAAwmwvism A
IVICMITTT My
- -
- i -_— e =
_ =
nea = —— =
055 F
L e——. -
—_ "—' — ~—

Figure6. Meprin B cleaveskgradespurified OS9.
4.7 Meprin B Degradation of OS9ls Meprin Specific.

The specificity of meprin cleaving OS9 was evalddig incubating purifie(
recombinant human OS9 with activated meprins, tdtems of meprins, buffer containing |
meprin, and buffers containing meprin inhibs. The samples were run out on a gel, a
Western blot for OS9 was performed. Intense b&md®S9 were detected in the samy

containing OS9 with meprifree buffer, OS9 with the latent form of meprindddS9 with the
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inhibitor of EDTA. Extremelyfaint bands were detected in the samples contaid®g with the
activated form of meprin A, and OS9 with the inkdbiactinonin. The data supports that
activated forms of meprin degrades OS9 resultirthenobservation of no bands, ¢

demonstratig that meprin B degradation of OS9 is meprin spe(Figure 7).
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Figure 7. Meprin B degradation of OS9 is meprin spec



27

CHAPTER 5

Discussion and Conclusion

Ischemia-reperfusion injury is the leading caulsacnite kidney diseag&unaratnam &
Bonventre, 2009). On average, 2.5% of hospitalpageents will die from complications
resulting from ischemic acute tubular necr@¥ispa et al., 2005). It is necessary to determine
what is causing the damage inside the organ whenaidlood flow is restored after a period of
ischemia and hypoxia. Meprins constitute 5% efttital amount of proteins found in the
kidneys’ brush-border membrane, and meprins haga hesociated in the pathology of
ischemia-reperfusion induced kidney failure. It bagn shown in mice that lower levels of
meprin and no meprin (knockout) lead to less ramaty after ischemia/reperfusion. This
research provided another link in the mechanisninéov meprins enhance damage to ischemia-

reperfusion injured kidney.

An interaction between OS9 and meprin B has ptesly been described by Litovchick
et al. (2002) suggesting that OS9 may be involnedR to Golgi transport of meprin B. A gap
was created when OS9 has never been identifiedreepan substrate. The goal of this study
was to determine if OS9 is a meprin substrate. idéetity of a meprin substrate will provide to
a better understanding of how meprins are enharmtangage to the kidneys after an episode of
ischemia-reperfusion injury; thus, yielding to dpments in the prevention and treatment of

kidney damage resulting from ischemia-reperfusigary.

To test if OS9 is a meprin substrate, purified RS9 was co-incubated with meprin
A, meprin B, or no meprin. Results revealed thy oneprin B degrades OS9. When the

experiment was repeated using less sample, no @S®kserved at any time points after O hour.
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This suggests that not only is OS9 being degragleddprin B, but it is also fast acting. An

enzyme has more potential to create damage whematef reaction is rapid.

The degradation of OS9 by meprin was further itigated using various experimental
variables to determine the specificity of meprigdelation of 0S9. OS9 was incubated with
activated and latent isoforms of meprin, and witlbwn meprin inhibitors. It was determined
that the degradation of OS9 is specific to actidateeprin B. This research is the first to identify

0OS9 as a meprin substrate, and that degradatigroonurs by meprin B.

Meprins relocalize from the brush-border membrarthe cytosol after ischemia-
reperfusion. It was confirmed by Western blot tim&fprin is found within the cytosolic fraction.
Meprin being found within the cytosol puts the mepn close proximity to OS9 located on the
cytoplasmic side of the ER. If meprin was not fduwithin the cytosol, the potential would not

exist for OS9 and meprin to interact with one arath

OS9 is associated with the ER-associated degoad@RAD) pathway
machinery and ERAD substrates. Misfolded protanesrecognized by the ERAD pathway, and
retranslocated back across the ER membrane in twder degraded by the cytosolic
proteasome. OS9 binds to the misfolded polypeptitiein the lumen of the ER before
transferring the protein to the HRD1 ubiquitin kgacomplex transfer and polyubiquitination.
0OS9 degradation by meprin B would inhibit the ERp&thway from occurring. With the
ERAD unable to eliminate misfolded proteins, thetpins would begin to build up within the
cell. The accumulation of protein within the friggeell could lead to additional damage. Higher
levels of peptides are observed in patients witlomic renal failure when their kidneys are

unable to provide clearance. Data from the cursardy suggests that the mechanism of damage
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resulting to the kidney upon ischemia-reperfusemipart the result of the trafficking of

proteins being halted when meprin B degrades OS9.

The second objective of this study was to deteemathether OS9 interacts with meprins
and HIFX under hypoxic conditions. To date, there is noviam correlation existing between
0OS9 and HIF&. Hypoxia occurs as a result of ischemia. A =bonds to the low oxygen
level via inducing hypoxia inducible factors withF functioning as the master regulator of
oxygen homeostasis. Beak et al. (2005) demondttatg OS9 interacts with Hlleland HIF I
prolyl hydroxylases acting as a negative regulafdilF1 in oxygen homeostasis. Using RNAI,
Beak et al. discovered OS9’s gain-of-function tude HIF I hydroxylation, HIF &
proteasomal degradation, and HIF1-mediated degoeda®©S9 loss-of-function included
increase levels of Hifl and HIF1-mediated transcription. Taking thi®inbnsideration, an
increased amount of Hllelwould be expected in cells depleted of oxygenembsed to
meprins. The results obtained from this study tbtivat HIF I stabilizes in a time-dependent
course when cells are depleted of oxygen. Thisadirst time that HIF& is evaluated in cells
transfected with meprin. An increase in HiRdas observed in the alpha transfected cells
compared to the non-transfected cells. The biggestase in the amount of Hlévas
detected among the beta transfected cells. Thisdame expected if OS9 is being degraded by
meprin B. The degraded OS9 is no longer abletayact with HIFL and HIF L prolyl
hydroxylases to promote degradation of HIFTThe extra accumulation of HIktJrotein could

potentially result in additional damage to the .cell

In conclusion, this research established that ©@&9meprin B substrate. Meprin A did
not cleave or degrade OS9 suggesting isoform-spestibstrate preference. Hikvas shown

to be affected by the degradation of OS9 by meBrinhus, impacting the hypoxia response of
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the cell. It was proposed that cell damage obskirvéschemia-reperfusion injury may be

partially the result of the ERAD pathway being miaded when OS9 is degraded by meprin B.
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CHAPTER 6
Future Research

The next step to be performed to continue workinghis project is concluding the ATP-
depletion experiments in the HEK293 cells. Pretfiany data using MDCK cells were obtained,
but due to time restraints, ATP-depletion portidhis project is not complete. The protocol
had to be modified due to cells being lost upomaetion. The new protocol for extracting cells
has been proven to be successful, and is ready ¢tarbied out. Three Western blots each for
0OS9 and HIF& will provide statistically sound data that will beady to publish. Also, the data
obtained fromn vitro results can be combined and compareid tovo results from the mice

studies.

Immunohistochemistry for OS9 and Hikih the HEK293 cells depleted of oxygen and
ATP would be the last component of this projeche Tisualization would provide direct
evidence to what is occurring to OS9 and Hikidithin the cell. Additionally, a commercially
available ERAD pathway inhibitor could be purchagedompare non-transfected cells to
meprinp transfected cells. The meprin B degradation teguin the stop of protein trafficking
in the ERAD pathway should result in the same figdiwhere compared to an ERAD pathway
inhibitor in the non-transfected cells. Immunobdtemistry would serve purposely for ERAD

pathway as well.

In the near future, a large scale search for eadit meprin substrates can be performed
using techniques such as microarrays and masgepetty. The ultimate goal is to not treat
kidney disease, but to prevent damage and disddseidentification of meprin substrates will

aide in drug development. Meprin inhibitors sustaatinonin are now available, but they are
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not meprin specific. The identification of all mepsubstrates would lead to better drugs that

could be used in personalized medicine.
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