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ABSTRACT

Selenium is an essential trace element that has been linkedebcial health
effects in multiple disease states. These effects havealtedted to antioxidant
activity of selenoproteins; proteins containing selenium incorpoietie amino
acid selenocysteine during translation of the protein.

Selenoprotein P is an extracellular glycoprotein containing pheilti
selenocysteine residues. It is the primary selenium distibytiotein of the body
as well as the major selenium containing protein in serum. Aoxatdnt function
has been observed for this protein. The experiments presented dmsadation
were designed to further characterize the mechanismseobopeotein P regulation
and function and test the hypothesis that mechanisms regulatiegpression of
selenoprotein P provide for modulation of this protein so it may functipnotode
antioxidant protection in extrahepatic tissues.

When stimulated with ecdysone analogs, selenoprotein P expresasn
increased with the use of a fusion transcription factor that conttias
glucocorticoid receptor DNA binding domain, an ecdysone ligand-binding domain,
and a strong transactivation domain as well as the retinoid Xtoeceln silico
analysis of the selenoprotein P promoter identified putative glutomid and

retinoid responsive binding sites. Luciferase reporter assays



and quantitative PCR were used to measure selenoprotein Priptmscin
engineered HEK-293 cells. The native glucocorticoid receptor iedibit
selenoprotein P transactivation, and selenoprotein P was further sdtbmuahe
presence of dexamethasone.

These studies also aimed to determine if selenoprotein P pabksesse
hydroperoxidase activity against lipid hydroperoxides generdtedn the
metabolism of arachidonic acid by 15-lipoxygenase-1. Enzymatiction of 15-
hydroperoxyeicosatetraenoic acid (15-HpETE) by selenoproteinsPolaserved in
a NADPH-coupled biochemical assay. Diphenylpyrenylphosphin was wsed t
measure lipid hydroperoxides in human embryonic kidney cells treaitd
selenoprotein P following exposure to 15-HpETE. Cellular oxidation isecea
with 15-HpETE treatment and selenoprotein P reduced this effdutseTresults
suggest that selenoprotein P can function as an antioxidant enzyme durin
inflammation.

An increased understanding of the mechanisms regulating selemogdPote
expression and activity could provide insight into the way in whidnaain exerts

its physiological effects.
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CHAPTER 1

RATIONALE FOR EVALUATING REGULATORY
AND FUNCTIONAL MECHANISMS

OF SELENOPROTEIN P

Introduction

The effects of supplemental selenium intake have been evaluatedltiple
chronic and acute diseases, including cancer, cardiovascular dismade,
inflammatory conditions such as sepsis, trauma, and burns. The nsechani
which selenium exerts its effects during disease conditions iscomipletely
understood; however, it has been hypothesized to be due to the antioxitlayt act
of selenoproteins. These proteins contain selenium incorporated asitine acid
selenocysteine (Sec) during translation of the proteBelenoprotein P (SelP) is an
extracellular selenoprotein containing multiple Sec residuess. the major source
of plasma selenium and a majority of the protein is synthesiztte liver for the
purpose of selenium distribution. However, the mRNA is detected insalail
tissues, leading to a proposed antioxidant function for the protein.

Evidence exists for changes in plasma selenium levels following

glucocorticoid administration, with both increases and decreasesvetbsender
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different conditions, and it is believed these changes result redmtribution of
selenium between tissue and plasma. Additionally, SelP is dedr@athe plasma
of critically ill patients, a population that tends to have ireedalevels of free
plasma cortisol. This led to the question of whether there mightroé for the
glucocorticoid receptor (GR), a nuclear hormone receptor, in teyyl&elP
expression.

Data suggests that the antioxidant activity of SelP maypbeifs for lipid-
derived substrates, as opposed to other sources of reactive oxygen stres
Inflammation results in the production of numerous reactive lipgtnmédiates as a
result of arachidonic acid (AA) metabolism by cyclooxygenase€OXC
lipoxygenase (LOX), and cytochrome P450 pathways. These reantitabolites
can damage cellular macromolecules and contribute to the padsigef multiple
disease states, including cancer. The ability of SelP to eregmatic activity
against these metabolites is unknown; therefore, experiments wsigned to
determine if SelP displayed lipid hydroperoxidase activityotie at 15-LOX-1-
generated metabolites.

The experiments presented in this dissertation were designédrther
characterize the mechanisms of SelP regulation and function. néweased
understanding of SelP may provide evidence of the mechanismiitly selenium
exerts its physiological effects. This knowledge can therobsidered and applied
in the design and execution af vitro, animal, and clinical studies aimed at

examining the beneficial health effects of selenium.



Selenium and Selenoproteins

Selenium was first discovered by the Swedish chemist J2elRes in 1817
(Alissa et al., 2003) and was demonstrated as an essent&leteanent in 1957
(Schwarz and Flotz, 1957). In 1973, selenium was found to be part attilie
site of the enzyme glutathione peroxidase (Rotruck et al., 1973) andah®le of
the element in humans was first documented in a case-study supgrementation
was used to successfully treat a muscular dystrophy patiesivireg long-term
parenteral nutrition (Van at al., 1979).

Selenium is distributed throughout the earth’s crust in rocks, minéoaks|
fuels and volcanic material (Lockitch, 1989; Alissa et al., 2003). Fagqudysthe
majority of natural selenium to humans, with selenomethionine anajor dietary
form of the element (Tinggi, 2008). Dietary sources of seleniumudecBrazil
nuts, kidneys, meats and fish, and breads and cereals (Alissa2&08; Rayman,
2000). Selenium concentration in food is dependent on the soil content in which
plants are grown or animals are raised; therefore, serumiwgeldevels within
human populations vary geographically (Ge and Yang, 1993). Low levstsrex
Finland, New Zealand, and regions of China (Salonen et al., 1982; Thomson and
Robinson, 1980; Ge and Yang, 1993), while toxic soil levels have been noted in the
Enshi County of China (Yang et al., 1989). Estimated selenium intakkei
United States ranges from 60-22@/day, higher than the daily recommended value
of 55ug (Combs, 2001; Bleys et al., 2008; Food and Nutrition Board, Institute of

Medicine 2000).
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A narrow therapeutic index exists between the essentialentteffects of
selenium and the toxicity of this trace element (Daniels, 199®ficiency has
been attributed to the development of Keshan disease, a potentialljofan of
cardiomyopathy that was first documented in a selenium-deficiegion of
northeast China (Ge and Yang, 1993). Alternatively, acute selentaxication
results in conditions such as hypotension, tachycardia, abdominal panmgnauy
edema, coma and death, while chronic selenium poisoning presenipesabnd
nail changes (Nuttall, 2006).

Both inorganic and organic selenium are utilized as nutrients in raEmm
(Alissa et al., 2003) and are readily metabolized to various faimselenium
metabolites (Brenneisen et al., 2005, Ip, 1998) (Figure 1.1). Hydreglenide
plays a central role in this metabolism (Brenneisen et al., 2@35)norganic
selenate and selenite are reduced to hydrogen selenide by kektheame and
glutathione selenopersulfide and the organic compounds selenomethioninecand Se
are metabolized to hydrogen selenide by beta-lyase (Ip, 1898her metabolism
of hydrogen selenide leads to methylation products that are exdnethe breath or
urine. Alternatively, hydrogen selenide can serve as a selepragursor in
selenoprotein synthesis (Brenneisen et al., 2005, Ip, 1998).

Selenoproteins are selenium containing proteins in which selenium atems
incorporated as the amino acid Sec. Sec differs from cysteigentaining a
selenium, rather than sulfur, atom. While these two amino acide shany
chemical properties, the lowerKp of Sec makes it much more reactive than

cysteine (Tinggi, 2008). Sec residues are encoded by a UGA cBdawy €t al.,



Selenomethionine Selenate
(CsH11NOSe) (SeQy 2 )
Selenocysteine ) Selenite
(CsH/NO,Se) Selenoproteins (SeQy 2

! |

| » Hydrogen Selenide
(H2Se)

v

CH3SeH

A 4

(CH 3)286

A 4

(CH3)sSe

Adapted from Ip 1998

Figure 1.1 Selenium metabolism Hydrogen selenide @3e) is formed either by
reduction of the inorganic compounds selenate and selenite or by rsstabbthe
organic compounds selenomethionine and selenocysteingSe Herves as a
selenium precursor for selenoprotein synthesis or can be ntethyta excretion
products.
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1991). As this codon is typically translated as a termination codeerasdactors
are required to ensure specific incorporation of Sec. Key playettis process
include the Sec specific transfer RNA (tRRA>® (Lee et al., 1989), the Sec
insertion sequence (SECIS) found in the 3’ untranslated region ofopebé®in
MRNAs (Berry et al.,, 1991), the Sec specific elongationofadeEFsec)
(Fagegaltier et al., 2000), and the SECIS binding protein 2 (SBP2)l&bdpet al.,
2000). Additional factors shown to be involved include the ribosomal proté€in L3
(Chavette et al., 2005), soluble liver antigen (SLA) (Gelpi et al., 1992), and SECp43
(Ding and Grabowski, 1999). These factors work together to form protein
complexes that recruit tRNA"*to the mRNA and present the tRNA to the
ribosome, allowing for Sec translation rather than terminadiothe UGA codon
(Small-Howard et al., 2006) (Figure 1.2).

Twenty-five selenoproteins have been identified in the human genome thus
far; however, the functions of many of these are still unknown (icu Holgren,
2009). Functions that have been identified suggest selenoproteins actietyaofa
biological processes. The deiodinases are selenoproteins that function iniproduct
and activation of thyroid hormones (Kuiper et al., 2005; Bianco and L&668).
Several selenoproteins are also involved in providing cellular adéokidefense
(Steinbrenner and Sies, 2009). The glutathione peroxidases (GPr)regetthe
best characterized antioxidant selenoproteins, protecting cellsréactive oxygen
and nitrogen species including hydrogen peroxide, nitric oxide, perakgnftee
fatty acid hydroperoxides, and phospholipid hydroperoxides (Klotz et al, 2003;

Valko et al., 2006; Brigelius-Flohé and Flohé, 2003). The thioredoxin redsictase



Sec

Ser]S
tRNAISCISY SECp43 SBP2

eEFsec

+

Stop Codon

Figure 1.2 Selenocysteine (Sec) translation Soluble liver antigen (SLA) and
SECp43 associate with the Sec transfer RNA (tRRIA and the complex
undergoes nuclear transport, as does the Sec specific elongatmm(&EFsec)
and the SECIS binding protein 2 (SBP2). The stem loop structldagnie Sec
insertion sequence (SECIS) element is found downstream of theagtop.c The
SECIS binds SBP2, which subsequently bindssegEFSLA and SECp43 dissociate
from tRNAS®1S%¢and eEE.. recruits the tRNE®S*°carrying selenocysteine. The
transfer RNA is presented to the ribosome as it translatédGt#ecodon, allowing
for Sec translation rather than termination.
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also function in cellular redox homeostasis by reducing thioredoxin dmet ot
substrates (Tamura and Stadtman, 1996). Evidence has also suggested an
antioxidant function for SelP (Burk et al., 1995; Arteel et al., 1998p &4 al.,
1999; Traulsen et al., 2004). Other selenoproteins that have beenttassvely
characterized include selenoprotein Sepl5, selenoprotein R, and selendpfotein
which play roles in glycoprotein folding, reduction of methionine sulfoxidesl
muscle function, respectively (Lu and Holmgren, 2009; Allan et al., 1999).

A hierarchy exists among selenoproteins for utilization oflalphd selenium
(Brigelius-Flohé, 1999). This hierarchy is twofold during selendefieiency in
that 1) there is preferential tissue expression and actiisglenoproteins and 2)
specific selenoproteins are preferentially synthesized withiparicular tissue
(Gross et al., 1995; Lu and Holmgren, 2009). Preference for selertiemtioa or
accumulation is observed in tissues such as the brain, reproductive @agdns,
endocrine glands (Burk et al., 1972; Behne et al., 1988), while thetiastiwi most
selenoproteins are decreased in the liver, kidney, and lung undeusebisficient
conditions (Lu and Holmgren, 2009). Cytosolic GPx mRNA and proteielde
decrease rapidly in the liver when selenium levels are low; howgkiespholipid
hydroperoxide GPx and thioredoxin reductase are maintained at Hmgyleds
(Brigelius-Flohé, 1999). In porcine epithelial kidney cells, prefeeefor 5'-
deiodinase expression over cytosolic GPx was observed when sefamppiy was
low (Gross et al., 1995). In the liver of rats, SelP and 5’-deiodind2NA levels
remain higher than cytosolic GPx when animals were fed aigeledeficient diet

(Hill et al., 1992). Additionally, the level of selenium requiredrtoréase plasma
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SelP concentration in rats is lower than the level required toreesytsolic GPx
activity following selenium-deficiency (Yang et al., 1989). Thisrarchal
expression of selenoproteins may be based on biological signifiohtie protein,
with changes in activity likely being the result of a decreaseselenium
incorporation into the protein (Gross et al., 1995). Adequate selaniake is
therefore important in maintaining proper translation and function of the

selenoproteins (Wingler et al., 1999; Bermano et al., 1995).

Beneficial Health Effects of Selenium

Supplemental selenium intake has been evaluated in multiple chronic and
acute diseases (Clark et al., 1996; Mark et al., 2000; Nomura et al., 220007 &
Arthur, 2001; Angstwurm & Gaertner, 2006; Angstwurm et al.,, 2007) and one
mechanism by which selenium is hypothesized to exert its loaldfealth effects
is through the enzymatic activity of selenoproteins. (Diwadkarshiawala &
Diamond, 2004; Irons et al., 2006, Diwadkar-Navsariwala, 2006). Meta-analysi
has shown reduced all-cause mortality when supplements contaatengusn were
used (Bjelakovic et al., 2007); however, it appears this effect mappdafic to
individuals with low plasma selenium levels (Bleys et al., 2008).

Serum selenium levels have been shown to be inversely correlateé to
incidence of certain cancers (Clark et al., 1996; Clark et al., 19488 et al.,
2000). Dietary supplementation with 2@fday selenium in the form of enriched
yeast has led to decreased cancer mortality and a lower ineidénarious types

of secondary cancers (Clark et al., 1996). These results led ®etbeium and
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Vitamin E Cancer Prevention Trial (SELECT), a double-blind, randamize
placebo-controlled clinical trial designed to determine whetslengim, vitamin E,
or the combination could prevent prostate cancer (Lippman et al., 20688)tridl
was terminated early when it was found that there was nodifferin the rates of
prostate cancer between the treatment groups and a nonsignificegdse in
diabetes mellitus was observed in the selenium group.

Despite the increased incidence of type 2 diabetes following &ng-t
supplementation with selenium (Stranges et al., 2007; Lippman et &), 20€re
is evidence suggesting potential beneficial effects of seteim diabetes. Relative
selenium deficiency was previously suggested to be associated digibetes
(Rajpathak et al.,, 2005). Additionally, animal studies have shown that
supplementation with low doses of selenium may delay complicatiodslbétes
through an improvement in glucose metabolism (Stapleton, 2000; Shehg et a
2004; Mueller and Pallauf, 2006). The incidence of vascular complicabibns
diabetes was also shown to be decreased with selenium suppleone(iatire et
al., 2004).

Low serum selenium and decreased SelP concentrations have be@tetssoc
with an increased risk of cerebrovascular events (Koyama.,e2G9). While
meta-analysis shows an inverse correlation between seleniurent@tion and
coronary heart disease (Flores-Mateo et al., 2006), no associatidreda found
between selenium levels and cardiovascular mortality (Bleys et al.,.2008)

Adequate selenium availability also appears to be important in properne

function, with supplementation enhancing proliferation and activity of immune cells
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(Rayman, 2000). Specifically, plasma selenium levels are significatheased in
critically ill patients and this correlates with severifydisease (Forceville et al.,
1998). A meta-analysis evaluating the effect of antioxidantatinadly ill patients
revealed a trend toward reduced mortality with selenium supplenoenfeieyland
et al., 2005), and this was confirmed in the Selenium in Intensike tGal, which
showed a 10.3% reduction in 28-day mortality rate in patients regehd0Q.g
sodium selenite per day (Angstwurm et al., 2007).

While selenium is acknowledged as an essential nutrient for humaesaitte
role of this element in various disease states is not yetuntgrstood. Despite the
beneficial effects that have been noted under numerous disease conditions
appears that much of the data are conflicting and inconclusive.eforesrfurther
studies are required in order to fully elucidate the mechanisth extent of

selenium’s health effects.

Selenoprotein P

SelP was the second animal selenoprotein to be identified, followiogatic
GPx (Burk and Hill, 2005). It was first discovered in rat plagmB77 (Herrman,
1977) and found to contain selenium in the form of Sec in 1982 (Motsenbocker and
Tappel, 1982). Purification of the protein was finally achieved in 1987gusi
immobilized monoclonal antibodies (Yang et al., 1987). Because no functiah coul
be attributed to the protein at the time of its discovery,létter P was used to

signify its localization to the plasma (Burk and Hill, 2005).
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Genomic sequences have been reported for the both the murine and human
SelP gene (SEPP1) (Steinert et al., 1998; Yasui et al., 1996), ardl edddding
analogs in additional species have been sequenced (Hill et al., &8 et al.,
1995; Kryukov and Gladyshev, 2000). SEPP1 appears to be expressed only in
vertebrates, as the gene was not foun€aenorhabditis eleganer Drosophila
melanogaste(Kryukov et al., 2003). The human gene is 12kb and contains five
exons, with the translational start site in the second exon (éasll, 1996). The
gene has ten UGA codons coding for Sec, with one found in the secondnekon a
the remaining nine found in the fifth exon. Two functionally distiB&CIS
elements also exist in the fifth exon (Berry et al., 1993). Thesdares are unique
to SEPP1, as other selenoproteins contain just one Sec residue an8Qife S
element. A complex translational process involving an ineffiadecbding step at
the N-terminal UGA by the 3’-proximal SECIS is required toswe the
incorporation of multiple Sec residues into SelP (Stoytchevd.,eR@06). This
inefficiency at the first UGA seems to serve as a checkpointich the presence
of components required for Sec incorporation can be verified prioanslation of
the remaining nine Sec residues by the additional SECIS elerfi@anditions are
not favorable for Sec translation, such as might occur during selatetioiency,
then the mRNA will undergo nonsense-mediated decay.

The amino acid sequence of SelP deduced from rat liver cDNAiner266
residues with a predicted peptide weight of 41,052 Da (Hill e199]1). There are
10 Sec, 17 cysteine, and 28 histidine residues within the polypeptidd (Ral.,

1990; Hill et al., 1991). Two domains exist with regard to selermanment. The
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N-terminal 244 residues include one Sec while the 122 amino acidm@vibr
domain contains nine (Saito et al., 2004). Two histidine-rich regiaist at
residues 185-198 and residues 225-234, and multiple disulfide and selerfieleylsul
linkages are found throughout the protein (Burk and Hill, 2005; Ma €013, Ma
et al., 2005). SelP binds heparin at pH 7.0 and becomes unbound as pH is raised
toward 8.5 (Chittum et al., 1996). A motif located at residues 80-%gianr that
includes three lysine and three histidine residues, is responsiliteef majority of
heparin binding (Hondal et al.,, 2001). Threglycosylation sites and on®-
glycosylation site have been identified (Ma et al., 2003). Thed®mlvgdrate
additions to the protein account for discrepancies in molecular megsurements
between the predicted weight and weight observed by mass speftyramn SDS-
PAGE, which show the native protein at approximately 57,000 Dad(Real.,
1990; Ma et al., 2003) (Figure 1.3).
Protein purified from rat serum showed an average of Z&tom of selenium per
molecule SelP (Read et al., 1990). Inconsistency between the nungredicted
Sec residues and the number of selenium atoms measured in puifieth pras
been attributed to the existence of multiple SelP isoforms€hinet al., 1996; Ma
et al., 2002). In addition to the full length protein with ten Sec incatpdr three
shorter isoforms have been observed that all share the N-ters@iquence of the
full length protein, but terminate at the second, third, or seventh (M&Aet al.,
2002). Because these isoforms share an N-terminal sequence andeoizPP1

MRNA is known to exist in mammals, it has been postulated that these three shorter
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Figure 1.3 Selenoprotein P protein features.(A) Representation of the amino
acid sequence of rat selenoprotein P. Selenocysteine residussane in black
and cysteine residues are shown in gray. The heparin-bindeng sitdicated by
spotted circles and histidine rich regions are shown with hasheldscir CHO
indicatesN- and O- glycosylation sites. Selenenylsulfide and disulfide bonds are
represented by lines connecting the respective amino aciduessi (B) Two
domains exist in regards to the selenium content of selenoprotei@rfe. Sec
residue is found in the N-terminal domain that is believed to dgonsible for the
antioxidant activity of the protein, while the remaining nine Sexdues are
clustered in the C-terminal domain believed to function in selenium distribution.
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isoforms result from alternative translation of the UGA codonsSes or stop
codons (Burk and Hill, 2005).

The regulation of SEPP1 expression is an active area of investigeith
changes noted under a broad spectrum of biological processes. Praativigy
has been shown to be inhibited by cytokines including interleuRintdmor
necrosis factor, interferony, and transforming growth fact¢y; (Dreher et al.,
1997; Mostert et al., 2001). Decreased SEPP1 expression has beemdbatr
neoplastic progression from normal tissue to carcinoma to nigtadisease in
cells of prostate origin (Dhanasekaran et al., 2001). EvaluatioSERP1
expression in the Oncomine database (Rhodes et al., 2004) also iddetfieased
SEPP1 expression in melanoma, lung, and colon cancer compared to tigsueal
suggesting that decreased SEPP1 expression may be a commoe f&atur
malignancies. Increased expression has been observed inndiffiéang myeloid,
pulmonary, and Sertoli cells (Tabuchi et al., 2005; Ghassabeh et al.,VZaa6;et
al., 2006). Alternatively, promoter activity is stimulated in hepatlls through a
mechanism involving the collaboration of the coactivator peroxisomafgredbr
activated receptor-coactivator & (PCG-Xk), the forkhead box transcription factor
FOXO1la, and the hepatic nuclear factée. (HNF-4a) transcription factor
(Speckmann et al., 2008; Walter et al., 2008).

The majority of SelP is derived from hepatic sources; howelkiermRNA
can be detected in almost all tissues, with appreciableentmations observed in
the kidney, heart, lung, brain, skeletal muscle, and testis (BurkHahd005).

SelP is, for the most part, an extracellular protein; howeveraceitular
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localization within human astrocytes (Steinbrenner et al., 2006 a)uakije cells
(Schweizer et al., 2004) has been reported. The plasma concentraSetP ok
approximately 5-6 mg/L in humans (Burk and Hill, 2005) and the protemuate
for more than 50% of the selenium content of human plasma (Saifba&atashi,
2002). A plasma half-life of 4 hours is consistent with a high turnaterfor this
protein (Burk et al., 1991).

SelP is strongly associated with endothelial cells in the liver, kidney, amd brai
(Burk et al.,, 1997) and saturable binding to membranes has been dbserve
various organs (Wilson et al., 1993). Receptor-mediated uptake of Selieda
confirmed in the testis and kidney, where apolipoprotein E receptAp@ER?2)
and megalin, are responsible for protein uptake, respectively (Olsain €007
Olson et al., 2008). Additionally, ApoER2 has been suggested to intetAG e
in the brain (Burk et al., 2007). Heparin binding by SelP is also thaogirbvide
a mechanism for localizing or binding SelP to specific strusttoethe purpose of
functioning in distinct biological processes. Specifically, asesult of the pH
dependence of heparin binding, SelP may localize under acidic conditichsas
sites of inflammation (Hondal et al., 2001)

SelP appears to be a bifunctional protein with two functionally ndisti
domains (Saito et al., 2004; Burk and Hill, 2009). The N-terminal domasepsss
the first Sec residue and is thought to be responsible for antibxadavity. The
remaining nine Sec are found in the C-terminal domain that is thought to function in

selenium distribution (Saito et al., 2004) (Figure 1.3).
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SelP functions as a selenium supplier and has been shown to be mceeeff
in supplying selenium to cells than plasma GPx, selenocystine, seéiemte, or
selenomethionine (Saito and Takahashi, 2002). SelP knockout mice disptay al
selenium distribution, particularly to the testes and brain @tidl., 2003; Burk et
al.,, 2006). The knockout phenotype also consists of significant neurological
dysfunction and male infertility when the animals are fedlengen-deficient diet
(Hill et al., 2003). Dietary supplementation prevents neurologigahirment (Hill
et al., 2004); however, male infertility, resulting from structutafects during
spermiogenesis, persists regardless of selenium status (Olsén 2205). This
suggests that the brain has an alternative mechanism beyondoS&&quiring
selenium, but that the testes do not. The C-terminal region ofv@sRBhown to be
critical in the delivery of selenium to the brain and tedtel €t al., 2007), lending
further support to the selenium distribution function of this domain. Axfditiy,
transgene expression of hepatic SEPP1 in knockout mice restdezsurse
transport to these two tissues and prevents neurological disturbamdeshale
infertility (Renko et al., 2008).

Biochemical data has supported a role for SelP as a phospholipid
hydroperoxidase (Saito et al., 1999; Takebe et al., 2002), with themiréd
domain implicated in this antioxidant activity (Saito et al., 2004)cther evidence
of the antioxidant activity of SelP includes protection against thiqaaced
oxidative liver damage in rats (Burk et al., 1995) and inhibition of dewsity
lipoprotein oxidation (Traulsen et al., 2004). Lipid hydroperoxides have been

shown to increase in myofibroblasts when SelP expression is knocked down
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(Kabuyama et al.,, 2007). Additionally, SelP protected agaitest-butyl
hydroperoxide ttBHP)-induced cytotoxicity in endothelial cells and astrocytes
when the cells were maintained in selenium deficient mediunn{@éaner et al.,
2006 a; Steinbrenner et al., 2006 b).

Lastly, SelP is also proposed to function as an acute phase proteim ithie
negative regulation by cytokines (Dreher et al., 1997; Mostertt,e2G01). This
hypothesis is supported by the observation that plasma SelP coticenisa
reduced in septic patients (Hollenbach et al., 2008; Forceville, &089). These
patients tend to have increased levels of free plasma coffdleohrahian et al.,
2004), introducing the possibility that glucocorticoids could potentialty jl role

in regulating SelP during the acute phase of inflammation.

Glucocorticoids and Nuclear Receptors

The glucocorticoid receptor is a member of the nuclear recepperfamily,
a family of which there are more than 150 different members ranging acrasssvar
evolutionary species (Mangelsdorf et al., 1995). Additional recepmbrthis
superfamily include mineralocorticoid, estrogen, progesterone, and androg
steroid receptors, the retinoic acid receptor (Giguére et al., Pa8Kovich et al.,
1987), the retinoid X receptor (RXR) (Mangelsdorf et al., 1990), gptecdor
thyroid hormones (Sap et al., 1986; Weinberger et al., 1986), arldrdisephila
ecdysone receptor (EcR) (Koelle et al., 1991).

These receptors contain three functional domains: a variablemitdr

domain, a DNA-binding domain (DBD), and a C-terminal ligand binding domain
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(LBD) (Mangelsdorf et al., 1995). The N-terminal domain containstrang
transactivation domain thought to be involved in gene regulation; the DBD
specifies receptor binding to target DNA sequences through gitdyhtonserved
zinc fingers; and the LBD ensures specific and selective plgsial
consequences of receptor activation by mediating ligand remogiMangelsdorf
et al., 1995; Lu et al., 2006; Kumar and Thompson,1998).

A key characteristic of these receptors is their abilityutection as ligand-
inducible transcription factors (Germain et al., 2006; Teboul et al., 20@8)he
absence of ligand, the GR remains localized to the cytoplasme whéound by
various chaperone proteins. Ligand binding results in conformational chiwages
release chaperone proteins and induce translocation of the retefgter nucleus
(Schimmer and Parker, 2009). The receptor then dimerize as honhetevo-
dimers, recruit transcriptional coactivator proteins, and bind DNAorese
elements composed of two core hexameric motifs (Schimmer arker 2009;
Aranda and Pascual, 2001). This mechanism allows for modulation of gene
expression, with target genes dictated by cell and tissuefispmamditions (Lu et
al., 2006) (Figure 1.4).

The GR, as well as other steroid receptors, bind to palindromes of the
consensus sequence AGAACA. The consensus sequence for non-steroid nuclear
receptors is AG(G/T)TCA (Aranda and Pascual, 2001). Multipléenuceceptor
types can bind these sequences and mediate transcriptional aetleiying for
differential control of overlapping gene networks (Bedo et al., 1888esono et

al., 1991). Additionally, a single GR acting through a half-sitehe typical
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Figure 1.4 Mechanism of glucocorticoid receptor signaling The GR consists

of a ligand binding domain (LBD) and DNA binding domain (DBD). Under
basal conditions, the receptor is maintained in the cytoplasm throtgghadations
with chaperone proteins. Ligand binding results in loss of chaperonenprote
interactions and translocation of the receptor into the nucleus.e @nthe
nucleus, the receptors dimerize, recruit coactivator proteins, and tbind
glucocorticoid response elements (GRE) in the promoter regidar@ét genes.
Resulting modulation of gene expression produces the varying physalagd
therapeutic effects of glucocorticoids.
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glucocorticoid response element (GRE) has been shown to be sufftciaativity
when acting synergistically with other transcription factorsvben the response
element is located in close proximity to the TATA box (Strahle et al., 1988).

Alternative splicing leads to multiple isoforms of the GRhwtRo. and G
among the best characterized (Lu and Cidlowski, 2005). The i&Rorm appears
to be responsible for inducing transcription of target genes throsghbility to
bind both ligands and GREs. Alternatively, the fG3Boform does not bind DNA
despite being capable of dimerization. Heterodimerization of Wik GRo
interferes with the function of the isoform (Lu and Cidlowski, 2004). The GR is
expressed in almost all tissues; however, tissue-specifiegsipn of the isoforms
has been observed (Pujols et al., 2001; Oakley et al., 1996; Lu and Cidlowski,
2005).

Glucocorticoid synthesis and secretion occurs in the adrenal ¢brtexgh a
process regulated by negative feedback on the hypothalamicipHadteenal axis.
Cortisol is the major endogenous glucocorticoid in humans and a total of
approximately 10 mg is secreted daily. Secretion occurs in aaflioranner with
total serum concentration ranging from d&/dL in the morning to 4ig/dL in the
evening (Schimmer and Parker, 2009). Cortisol is highly protein bounide
plasma and only free circulating cortisol is considered to be hoalbg active
(Mueller and Potter, 1981; Rhen and Cidlowski, 2005). Consequentially,
alterations in serum protein levels can increase the avéayabil free cortisol

capable of exerting activity on target cells (Hamrahian et al., 2004).
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Through their ability to modulate gene expression, nuclear recegptyrsa
pivotal role in some of the most fundamental aspects of physiologyef al.,
2006). Specifically, glucocorticoids work in regulation of carbohwjratotein,
and fat metabolism; preservation of normal function of the cardiovassyséem,
the immune system, the kidney, skeletal muscle, the endocrine symtenthe
nervous system; and protection against stressful stimuli suchuag imgmorrhage,
severe infection, major surgery, hypoglycemia, cold, pain, and fear.
Glucocorticoids also play a vital role in growth and development (Submand
Parker, 2009).

As a result of their diverse biological activity, glucocanitts are used
therapeutically in several disease states. Chemical roailin of the cortisol
molecule has led to the development of synthetic glucocorticoids, asch
prednisone, methylprednisolone, and dexamethasone (Dex), which have
characteristics favorable for therapeutic use, including inedeaspecificity,
potency, and duration of action. With the exception of treatment fagnalr
insufficiency, the therapeutic use of glucocorticoids is consideragirieal
(Schimmer and Parker, 2009). Immunomodulatory activity of gludcoas
lends to their use in infections, allergies, pulmonary disease, rdladnmatory
conditions (Lu et al., 2006; Schimmer and Parker, 2009). They are aldanuhe
treatment of certain leukemias and added to chemotherapeuticereggifor their
antiemetic, antiedema, and palliative properties (Schimmer arkerP£009).
Prolonged therapy can cause serious side effects, including immunesiqpre

osteoporosis, glaucoma, metabolic syndrome, impaired development, and
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psychological disturbances (Rhen and Cidlowski, 2005; Schimmer arkerPa
20009).

Evidence exists for changes in plasma selenium levels following
glucocorticoid administration, with both increases and decreases ootk
different sets of conditions (Peretz et al., 1987; Marano et al., 1983nabe et
al., 1997). Although the effect of glucocorticoids on selenium levedsnba been
fully characterized, it is believed that these changes résulft redistribution of
selenium between tissue and plasma. Tissue-specific modificatioeslenium
concentration have been observed in mice treated with Dex, witages seen in
the plasma and cerebrum, decreases observed in the liver, and holefézged in
the kidney, muscle, heart, cerebellum, or brain stem (Watanabk, €t987).
Selenium redistribution to high priority organs has also been proposed as
mechanism for changes in plasma selenium observed in crititialpatients
(Forceville et al.,, 1998) and these patients tend to have increaged bf free
plasma cortisol (Hamrahian et al., 2004). It is unknown what roler8ajPplay in
glucocorticoid-induced selenium redistribution; however, a reduction asna
SelP concentration is observed in septic patients (Hollenbach et al., 2008; Fercevill

et al., 2009).

Inflammation and Oxidative Stress

Inflammation occurs in response to tissue injury resulting frooitgisuch as
infection or mechanical injury (Burke et al., 2009). It is a lizeal response aimed

at destroying, diluting, or walling-off the site of injury (Galand Snyderman,
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1999). Activation and migration of leukocytes to the site of damsmagehiallmark
feature of inflammation (Coussens and Werb, 2002; Gallin and Snydet8a8),
Cytokines including tumor necrosis factoland transforming growth fact@rwork
to orchestrate the inflammatory response through chemoattracticspemific
leukocyte populations and phagocytic cells (Burke et al., 2009; Coussthgeab,
2002).

During this process, cytokines, as well as other inflammatamyukt also
initiate the release of polyunsaturated fatty acids, suchaahidonic acid (AA),
from membrane phospholipids (Fitzpatrick and Soberman, 2001). Once delease
from the cell membrane by phospholipaseefAzymes, these lipids are metabolized
to bioactive eicosanoids through one of four separate pathways (Smgth a
FitzGerald, 2009) (Figure 1.5). Prostaglandin synthesis occurs thraetghatism
by the cyclooxygenase (COX) pathway (Parente and Perretti, 200@).5-, 12-,
and 15-lipoxygenase (LOX) enzymes metabolize AA to hydroperoxy-
eicosatetraenoic acids (HpETE), which are rapidly converted tXyderivatives
(HETES) and leukotrienes (Natarajan and Nadler, 2004; Sordidb,e2008). AA
is converted to hydroxy- and epoxy-eicosatrienoic acids by specific cgtaehr
P450 isozymes and the isoeicosanoids are formed by nonenzymaticpton of
AA (Smyth and FitzGerald, 2009).

The oxidative metabolites produced by these pathways are knowactisee
oxygen species (ROS). In addition to the lipid radicals forrfredn AA,
alternative ROS include the superoxide anion, hydroxyl radicasiroben

peroxide, peroxynitrite, and singlet oxygen (Steinbrenner and Sies, 200w A
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Arachidonic acid Isoeicosanoids
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Prostaglandms Hydroxyeicosatrienoic acid
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Leukotrienes
Lipoxins

Figure 1.5 Arachidonic acid metabolism Nonenzymatic peroxidation of AA
produces isoeicosanoids. Oxidation by COX, LOX, or cytochrome P450 enzymes
results in the generation of various bioactive eicosanoids.
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levels, ROS can modulate signal transduction pathways; however, a
overabundance of ROS can lead to oxidative stress that damaljdsr ce
macromolecules including DNA, protein, and lipids (Brenneisen et &5)20For
this reason, ROS have been linked to the pathogenesis of multiplesedisea
including cardiovascular disease, neurodegenerative diseases, andr canc
(Steinbrenner and Sies, 2009).

Excessive inflammation resulting from a prolonged inflammatorgti@a or
abnormal recognition of an injury is therefore considered a rigkrfdar disease
development as a result of ROS formation (Coussens and Werb, 2002;a@Gdl
Snyderman, 1999). Specifically, a relationship between chronic inflaioomand
carcinogenesis has been noted in numerous malignancies, including aotmr c
and hepatocellular carcinoma (ltzkowitz et al., 2004; Macarthur,e2094). It is
believed that leukocytes and other phagocytic cells involved in tremnfhtory
process may lead to an induction of DNA damage in proliferatiig through the
production of reactive oxygen and nitrogen species (Maeda and Akaike, 1998;
Coussens and Werb, 2002). Additionally, enzymes expressed during the
inflammatory process have been shown to be upregulated in cenmiars (Gupta
et al., 2001; Kelavkar et al., 2008hd membrane lipids released and metabolized
during inflammation have been linked to various malignancies, including f@osta
cancer (Hursting et al., 1990). In addition, end products of lipid peroxidados
been implicated as being mutagenic (Ray et al., 2002), further lmamg to
evidence that inflammation may result in carcinogenesis thratsghlbility to

increase the oxidative tone of the cellular environment.
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Cells possess a series of enzymatic and non-enzymatic antibgydgsems for
detoxifying ROS and repairing the oxidative damage they causeaddmion to
superoxide dismutases and catalase, the selenoproteins, and dlediiea
glutathione peroxidases, are among the most important intracedinteoxidant
enzymes (Steinbrenner and Sies, 2009). An antioxidant function has been
observed for SelP (Burk et al., 1995; Arteel et al., 1998; Saito, 19819; Traulsen
et al.,, 2004), and while this activity seems to be specific for phogpholi
hydroperoxides versus other forms of oxidative stress, it is unkmdwether SelP

exerts this effect against AA metabolites formed during inflammation.

Research Objectives

Selenoprotein P is an extracellular glycoprotein that function$ ot
selenium distribution and has antioxidant activity. The following studiese
designed to further characterize this protein, both in regards eichanisms
regulating expression and antioxidant function.

Chapter 2 describes the silico evaluation of putative transcription factor
binding sites within the selenoprotein P promoter. The results fetlaluation
were confirmedin vitro with the use of luciferase reporter assays, quantitative
polymerase chain reaction, and electrophoretic mobility shift assdyese
experimental approaches aimed to characterize the regulatiagleobpgrotein P
through glucocorticoid response elemeantsl the results are described in Chapter 3

of this dissertation.
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Chapter 4 outlines work aimed at determining the role of selereaprBtin
regulating the cellular oxidative stress induced by reactivarapgroxylipid
intermediates. Biochemical reduction of 15-HpETE by SelRyadsreduction of
lipid hydroperoxides in cells exposed to 15-HpETE were evaluated.
Collectively, the studies presented were aimed at testingyfiaHesis that
mechanisms regulating the expression of selenoprotein P provide foratnaal wif
this protein so it may function to provide antioxidant protection imaéepatic

tissues.

Major Research Findings

Chapter 2

Electronic database analyses were able to identify multjplative
transcription factor binding sites in the selenoprotein P promoSpecifically,
glucocorticoid and retinoid responsive elements that could be involvagkne

induction by the fusion transcription factor VgEcCR were identified.

Chapter 3

When stimulated with ecdysone analogs, selenoprotein P expresamn
increased with the use of a fusion transcription factor that contdias
glucocorticoid receptor DNA binding domain, an ecdysone ligand-birginggain,
and a strong transactivation domain as well as the retinoidept@c The native
glucocorticoid receptor inhibited selenoprotein P transactivation, dcdopeotein

P was further attenuated in the presence of dexamethason&veRgltecocorticoid
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and retinoid responsive elements in the selenoprotein P promoterespomsible

for the observed transactivation.

Chapter 4

Enzymatic reduction of 15-HpETE by selenoprotein P was observed in a
NADPH-coupled biochemical assay. Lipid hydroperoxides increaséud 1%-
HpETE treatment of cells, and SelP reduced this affect both vieeprotein and
metabolite were added simultaneously, and in a transcellular absa 15-LOX-1

iIs metabolically active.
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CHAPTER 2

DISCOVERY OF PUTATIVE TRANSCRIPTION FACTOR
BINDING SITES IN SELENOPROTEIN P USING

ELECTRONIC DATABASE ANALYSIS

Introduction

Gene regulation at the transcriptional level is activated oresspd by
binding of transcription factors to short DNA sequences known as tatnscr
factor binding sites (TFBS) (Novina and Roy, 1996; Sandelin ands®&¥iaan,
2004). These sites typically range in size from ~5-12 base gad can show
significant variability in sequence, while still remaining a timeal binding site for
transcription factors (Sandelin et al., 2004). Difficulty arigdgen attempting to
discover these regulatory regions within the promoter region oha geinterest,
as binding sites tend to be short and degenerate, while being distellyuted over
several thousand base pairs. Additionally, promoter regions araezan often be
difficult to precisely identify (Sandelin et al., 2004; Baikgyal., 2006). Therefore,
multiple computational systems have been developed to aid in ydegtgutative

TFBS within a given DNA sequence (Elnitski et al., 2006).
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When used in concert, these systems can work synergisticalyovide
multiple lines of evidence regarding the regulatory mechanisorgradling
expression of a gene or a series of genes. TRED (TranscripRaggmlatory
Element Database) is a database of lmidh and trans- regulatory elements that
serves as a resource for studying gene regulation and functiorED TRoSS-
references with other databases, including PubMed, GenBank, Gdac@ad
TRANSFAC, so as to provide users with more complete informatioaradaw)
genes of interest (Jiang et al., 2007). TRANSFAC is a complamedatabase to
TRED, providing factor-site interaction data for multiple spedciatys et al.,
2003). TESS (Transcriptional Element Search Software) is abasdd software
tool that uses TRANSFAC as a source of raw data about tratserfactors and
preprocesses the TRANSFAC files to create indexed tdid¢ste easier to access
and analyze. TESS works to align model binding sites with a useedeDNA
sequence, allowing for identification of possible TFBS in DNA segeg (Schug
and Overton, 1997).

GATHER (Gene Annotation Tool to Help Explain Relationships) integra
information from multiple data sources so as to elucidate a boallogontext for
molecular signatures produced from high-throughput assays, suclcrasnmays
(Chang and Nevins, 2006). This creates annotations that identify pbshatiad
regulatory mechanisms and functions among the genes of a partiwolecular
signature. The inclusion of a Bayesian statistical model proeisewel analytical
method that increases the accuracy of annotations defined by GATAIRositive

Bayes factor indicates that evidence supports the association between theoannota
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and the signature, and the magnitude corresponds to the strengtleatignece for
the association, where higher values are stronger. A Bagtes td at least 6 has
been recommended to represent a significant annotation (Chang and Nevins, 2006).

MEME (Multiple EM for Motif Elicitation) allows for the discove of
signals, or “motifs”, within DNA sequences of interest (Baiéwd Elkan, 1994).
Users may evaluate a set of sequences for shared sequgmals, swith these
signals potentially indicating TFBS shared among coexpressed ¢pbe@sdication
of these motifs is accomplished by searching for repeated, urtyamogience
patterns occurring within the user-defined sequences (Bailaly, &006). Results
are presented as block diagrams, which show the relative posifitims motifs in
each of the input sequences, as well as which positions in thik digplayed as
columns, are most highly conserved. Columns are colored according to the
majority category of the letters occurring in that columnha alignment and a
multilevel consensus sequence is created based on these probaliktiey,
2002). The amount of information contained in each position of the motif is
measured in bits, with highly conserved positions having high informaitnah
positions where all bases are equally likely having low infomnatiA sum of the
information content for each position of the motif provides the tofalrimation
content of the motif, which serves as a measure of the usefulnéss wofotif in
database searches such as TESS. (Bailey and Elkan, 1994; Bailey, 2002).

Use of thesén silico methods can aid in the identification of potential binding
sites within the promoter region of a gene, but the discovery ofsteshdoes not

necessarily mean that the site will prove to be a functiogalatory element either
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in vitro or in vivo. Phylogenetic footprinting is a technique that can be used to
improve the detection of functional elements in DNA sequences (Bamdeal.,
2004; Zhang and Gerstein, 2003). This technique is based on the concdpt that t
selective pressure of evolution will produce a preferential consemvaif
functional regulatory regions in noncoding gene sequences than in regionavhat
no sequence-specific function. Therefore, if a sequence has rdntfagtdy
conserved during evolution, it is likely that this sequence is foumati(Duret and
Buchert, 1997). ConSite is a web-based tool that uses this typengfarative
sequence analysis in the identification of regulatory regions @rdnét al., 2003;
Sandelin et al., 2004). The major components of the ConSite analylsideinc
aligning the orthologous input sequences, calculating the degree ef\aten in
the alignment, scanning the sequences for transcription factor bipdofde
models, filtering the initial sets of sites using phylogendbotprinting, and
presenting the results in user-selected output formats (Sandelin et al., 2004).

When used together, each of the databases described above can serve

overlapping and complementary functions that provide powerful evidence of
mechanisms regulating expression of a gene of interest. Thotechigscribes the
use of these computational tools for the identification of potensigulatory
regions in the selenoprotein P (SEPP1) promoter. Coexpressed \geres
identified through microarray analysis and the promoter sequendbssg genes
were entered into the databases in order to identify homologus nuaiiésmine

potential TFBS, and search the potential binding sites for evoluyionar
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conservation. When taken together, this evidence provides spesifgcrggions

that can be used in further experimental analysis.

Methods

Materials

The human embryonic kidney (HEK-293) cell line was purchased from
American Type Culture Collection (Manassas, VA). Advanced DMEM,283,
pVgECR, zeocin and geneticin were purchased from Invitrogen (CadyI€ha).
Ovalbumin was purchased from Fisher Scientific (Pittsburgh, P®hasterone A
was purchased from A.G. Scientific (San Diego, CA). Arachidonid a@s
purchased from Nu-Check Prep (Elysian, MN). RNeasy Mini Kitwbtained

from Qiagen (Valencia, CA).

Cell Culture

pVgECR encodes the fusion transcription factor used to generatsoeed
inducible cells. HEK-293 cells were transfected with pVgksil selected for
zeocin resistance to generate stable expression of the VgBEoR meduct.
Ecdysone-inducible cells that conditionally express 15-LOX{e%®? 15-LOX-1,
or 12-LOX have been previously described @tual., 2004; Cordray et al., 2007).
Conditional expression d@¥-galactosidase (LacZ) in HEK-293 cells was achieved
using similar methods. These engineered cells were maintain8@°C in a
humidified incubator with 5% C£in Advanced DMEM supplemented with 2%

fetal bovine serum and 2mM L-glutamine.
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cDNA Microarray

Microarray experiments were performed using Agilent 44K (humholev
genome) oligonucleotide microarrays (Agilent, Santa Clara, @4)pocessed on
site in the Microarray Resource located within the Huntsman €dnsstute.
Engineered HEK-293 cells were plated on a 6-well plate at a concentafgh®
cells/well in CD-293 medium containing 2 mM L-glutamine and 0.1% ovailloum
After 24 hours cells were treated with APl ponasterone A (PonA) and incubated
for 24 hours at 3 to induce expression of 15-LOX-AJle®®? 15-LOX-1, 12-
LOX, or LacZ. Cells were then treated withy®0 arachidonic acid (AA) for 4
hours prior to RNA collection. Sufficient total RNA was recoderesing the
Qiagen RNeasy minikit protocol and RNA concentration was determuibda
Nanodrop spectrophotometer for the gene expression analysis. Thg qtidhe
RNA was monitored using an Experion automated electrophoresis giitdtad,
Hercules, CA) with standard sensitivity RNA chips. Agilerteling kits were
utilized to amplify and generate Cy-dye labeled cRNA for igybation to Agilent
oligonucleotide arrays. The samples from ponasterone A, arachidodjcaad
ponasterone A and arachidonic acid combination treated cells IvEeeted with
Cy-5 and compared against the Cy-3 labeled EtOH control.

Transcript levels were assessed on each channel and quabyifidgilent
Feature Extraction software. This software preprocessed theasdbllows: local
background was subtracted, irregular spots were flagged, global tegrassion
(lowess) normalization was performed, and this ratio was logfvemed. Data

was imported into TIGR MEV 3.1 software for further analysissupervised
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strategy was used to identify the genes with expressiongzdifiat were similar or
reciprocal to SEPP1 gene expression using Pavlidis Templatehilgt(PTM)
(Pavlidis and Noble, 2001). The six genes matched most strongly with SEPP1 were

identified and the three best annotated of these genes were used in furtressanal

Electronic Database Analyses

Genes matched with SEPP1 expression, as measured by PTMsaogathe
microarray data, were analyzed in GATHER. The TRANSFAC pmment of
GATHER worked to detect the presence of shared potential TF##nwhe
promoters of the genes. Significance was measured withyasBactor and a
factor greater than 6 was considered statistically significant.

Among the six genes found to match SEPP1 expression most strongly by
PTM analysis, the three best annotated of these were iddntifihese gene names,
as well as SEPP1, were entered into TRED. Two kilobase segumirceunding
the transcriptional start sites (1700 bp upstream, 330 bp downstreama) we
retrieved in FASTA format. These promoter sequences were entae the
MEME database and analyzed for homologous motifs. Identified mibidfs
contained regions of the SEPP1 promoter and had information content tjnaate
20 bits were chosen for further analysis. The sequences dkealrgpresented in
each of these motifs were entered into TESS. Results wareirgeed in tabular
format to view details regarding the putative binding sites thexte videntified,
including the start position, sense, similarity scores, sequender faame, and

accession numbers. TESS results were manually sorted in ordentidy putative
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binding sites found within all genes represented within a paricolatif.
Evaluation of evolutionary conservation among these sites was accomplshg
ConSite. The genomic sequences of human and murine SEPP1 were iatbered
the ConSite database in FASTA format and these orthologous sequesiees

analyzed for sequence homology.

Results

A custom spotted cDNA microarray was utilized to identify gerpression
changes following induced expression of 15-LOX-1 and arachidonic acid treatme
Only a small number of genes were found to have changes in eapressler
these conditions, with an expression analysis showing SEPP1 to beotite m
upregulated gene on the array (Figure 2.1). Importantly, reswdte only
compared with the vehicle treated control and not compared to contnlsich
either enzyme induction or arachidonic acid treatment were claatrdbr
individually.

A commercial human whole genome microarray was run with theseotont
conditions included. Additionally, a 12-LOX expressing cell line imakided for
comparison and a 15-LOX mutant construct (15-L®IXand the LacZ gene were
used as control cell lines. The 15-LOX mutant lacks the C+tainisoleucine
responsible for coordinating the nonheme iron that functions in the eneymat
activity of all LOX enzymes (Chen et al., 1995). Results sugddbtat activation

of the VgECR gene expression system by ponasterone A wasienfffio induce
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Figure 2.1 15-LOX metabolism of arachidonic acid induces SEPPM versus
A plot of microarray data comparing induced 15-LOX cells in phesence of
arachidonate for 4 hours to uninduced cells. Induced genes (in bjaclses
found to be consistent with SEPP1 upon sequencing. Inset shows raw data for

spot.
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expression of SEPP1, regardless of the overexpressed gene or whetliprd
substrate arachidonic acid had been added (Figure 2.2).

In order to gain information regarding the regulatory mechanisuwdvied in
SEPP1 expression, multiple electronic database tools were usearth for shared
regulatory regions between SEPP1 and co-expressed genes idemtifitne
microarray results (Figure 2.3). PTM analysis of microatata revealed 149
matched and 41526 unmatched genes in relation to SEPP1 expressiamdpll
treatment of ecdysone-inducible HEK-293 cells. This molecutpmasire was
analyzed using GATHER in an attempt to identify shared TFBStated by
TRANSFAC. Results of this analysis did not yield Bayesdiacgreater than 6;
therefore, annotations were not considered significant and TFBS straced) the
genes were not identified by this method.

This led to a search for unidentified sequence patterns within dheopers of
the co-expressed genes. For simplicity of analysis, the nuphlgemes evaluated
was reduced by identifying the six genes matched most stromigty SEPP1
through PTM analysis and choosing the three best annotated offthesether
analysis. These three genes included Tissue factor pathwayonlb{T FPI2),
Semenogelin (SEMG1), and Megalencephalic leukoencephalopathy with
subcortical cysts 1 (MLC1). TFPI2 is proteinase inhibitor tlctg against a wide
range of serine proteases (Chand et al., 2004). SEMGL is the pnatmimiotein
component of human semen (Lilja et al., 1989). The exact functionLGf1Ms
unknown; however, mutations in the gene have been associated with the

neurological condition megalencephalic leukoencephalopathy with subcortical cyst
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Figure 2.2 Activation of VgECR induces host gene expression Pavlidis
Template Matching of microarray data compared induced 15-LOX,(%:115-
LOX-Al, or LacZ cells to uninduced cells in the presence or absence of
arachidonate for four hours. The heat map displayed is a reptesewntfathe six
genes that best matched the SEPP1 expression profile. AwiivatiVgECR by
PonA was sufficient for gene expression changes regardless oVvdhexpressed
gene or arachidonate treatment status.
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Microarray analysis

GATHER Analysis of known
transcription factor binding sites

Collect promoter
sequences from TRED

MEME analysis to identify
homologous motifs

Potential transcription factor
binding sites identified by TESS

Phylogenetic footprinting
by Consite

Figure 2.3 Flow diagram of electronic database analyses of putative TFBS
Coexpressed genes were identified by microarray analytisving treatment of
ecdyone-inducible cells with PonA. The GATHER database workadettify
regulatory relationships between the coexpressed genes, bdtttaifend shared
TFBS in the gene sequences. Promoter sequences of coexpressedveyenes
collected from TRED and entered into the MEME database to igémdihologous
sequence motifs. These homologous sequences were entered into Tde38 {0
putative TFBS. Evolutionary conservation of motifs identified in tiePBS1
promoter was evaluated by ConSite.
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(Leegwater et al., 2001). These genes seem functionally wtrétaSEPP1, which
works in selenium distribution to extrahepatic tissues (Hilllet2803; Renko et
al., 2008). Gene expression changes observed in the microarray i@stlisse
four genes are outlined in Table 2.1.

In order to identify regions of sequence similarity among these ¢to-
expressed genes, promoter regions (2 kilobase sequences surrounding the
transcriptional start site) of the genes were retrieved ffet&D (ID #34663 for
SEPP1, ID #39081 for TFPI2, ID #26315 for SEMG1, and ID #28529 for MLC-1)
and searched using MEME. Of the 10 motifs presented in the MEBHS, eight
included sequence signals from SEPP1 and three included signalalfrfour of
the genes analyzed. Each motif displayed varying degrees dfersme
conservation with total information content ranging from 14.2 to 39.9 béts.
representative block diagram is shown for a motif that includethlsgrom all
analyzed genes (Figure 2.4).

For each MEME motif that included signals from SEPP1 and had infiorma
content greater than 20 bits, the sequences of all siteseeped in the motif was
entered into TESS. Table 2.2 lists putative binding sites idehtifithin each of
the analyzed MEME motifs when these sites were found to exisll genes
represented within that particular motif. Because these wiége represented
across the coexpressed genes, they were thought to be the mpsiaiicgtiates for
functional binding sites. Of particular interest were the p#aglucocorticoid

receptor (GR) and retinoic acid receptor gamma (RAfRes identified in Motif 4
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Table 2.1

Fold Changes in Gene Expression of Coexpressed Genes
Following Treatment of Ecdysone-Inducible
HEK-293 Cells with Ponasterone A

P17 semc?  seppf  mLci®

15-LOX PonA 3.27 3.13 2.24 1.03
15-LOX PonA+AA 3.53 3.17 2.18 1.04
15-LOX-Al PonA 2.86 4.03 2.29 2.52
15-LOX-Al PonA+AA 2.98 3.13 2.37 2.58
12-LOX PonA 3.92 3.58 2.78 2.69
12-LOX PonA+AA 4.24 3.68 3.27 2.96
LacZ PonA 3.79 3.32 2.61 1.29
LacZ PonA+AA 4.41 3.41 3.66 2.95

Tissue factor pathway inhibitor 2
Semenogelin
Selenoprotein P

a
b
C
d Megalencephalic leukoencephalopathy with subcortical cysts 1
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Simplified A ::1:614:1:::66:
pos.-specific C :al::46196aa::1
probability G :::a44:6::::449

matrix Ta:7::::3:4:::::

bits 2.2 ||
20 |
1.3 1l
1.6 i
Information1.3 II
content 1.1 [
(21.3 bits) 0.9 ll
0.7 “
0.4 “
0.2 “
0.0
Multilevel TCTGACCGCCCCAA
consensus AT T
sequence
NAME STRAND START P-VALUE SITES
TFP12:chr7:93118291 + 1866  7.61e-09 CCAACAGGTA TCTGGCCGCTCCAGG AGCTTCTCTC
MLC1:chr22:48705809 + 1489  2.47e-08 CTAGTTGGGT TCTGACAGCTCCGAG GCAGTGGTTT
MLC1:chr22:48705809 - 1845 6.64e-08 CATTGATCCA TCT CCCTCCAGG TGCAACACCT
SEPP1:chr5:42812134 + 41  1.13e-07 TGCCTTAAAA TCCGAGCTCCCCGAG TGCACAATTT
SEMG1:chr20:44474104 - 1502 1.13e-07 TTTTCTTTCT TCTGGCAGCCCCAGC AAATTTTTAT
MLC1:chr22:48705809 + 1426  1.64e-07 GCTTCTTTCT TCTGAGAGACCCGAG CTCTGTGGCG
TFPI2:chr7:93118291 + 191  4.85e-07 GGTCAAATCT TCAGAACTCCCCAAG GCTATCTCTC

Figure 2.4 Sample MEME output. Representative motif in which sequence from

all four input genes are included. The sites identified as belpngithe motif are
indicated, with the consensus sequence shown above them. The color-coded bar
graph shows conservation at each position in the motif. The level céreatien

is measured in bits, and a sum of the bits across the motif pranidesation
content for the entire motif.



Table 2.2

Representative Putative Transcription Factor Binding Sites
Identified in the SEPP1 Promoter by TESS

Motif 1

CAC-binding protein
NF1

LBP-1

CP2

LVc

NF-S

Motif 3
LBP-1
IL-6.RE-BP
CP2

NF1
GAGA
AP-4

erg

Motif 4
GATA-1
HSTF
NF1
Eve
Dof3
TCF-1
OBF
C/EBPalpha
GR
TFII-I
PEB1
Elk-1

Motif 6
CAC-binding protein

C/EBPalpha
RAR-gamma
GR

MZF-1

TEF2

SRY

R2

V$CAP_01
CF1

c-Myb

Elk-1

Ttk

SP1

TFII-1

Erg

T-Ag

NF-IL6
PEB1

Zmhoxla

Motif 8
Ttk
ADR1
Spl
TCF-1

61
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and 6 on the SEPP1 promoter, as transcriptional activation by VgiacRes
binding of a heterodimer formed between GR and RXR (Saez et al., 2000). VgEcR
is a synthetic receptor produced by the fusion of the ligand-binding and
dimerization domain of thBrosophilaecdysone receptor (EcR), the DNA-binding
domain of the GR, and the transcriptional activation domain of heirpptes virus
VP16. Upon exposure to ponasterone A, VgEcCR dimerizes with the RXR,
corepressors are released, coactivators are recruited, andnipéex becomes
transcriptionally active (Figure 2.5) While the VgECR sysiemot expected to
transactivate host genes by itself, such as was observed dfeeges in
endogenous gene levels have been previously observed in mammaliareatls$ t
with EcR ligands (Oehme et al., 2006; Panguluri et al., 2007).

Phyologenetic footprinting analysis by ConSite revealed that thea@GR
RARy sites of Motif 6 were located in a region of the SEPP1 thatesha
approximately 80% sequence homology with the murine gene (Figure 2.6).
ConSite also identified a concentration of potential TFBS withis tegion of the

gene.

Discussion
Understanding the mechanisms responsible for regulating gendyaisia
primary goal of the post-genomic era of biology (Sandelinl.et2804). The
function of regulatory elements is mediated by DNA-protein ictaras; therefore,
focus has centered on the identification of protein binding sites, apdrticular

TFBS, within the human genome (Elntiski et al.,, 2006). While experahent
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Coactivator

Vpl6 ﬁ
RXR Corepressor

VgECR

Basal transcriptio
ECR machinery

—) 5y £/GRE ¢————— Gene of Interest

Adapted from http://www.stratagene.com/manuals/217468.pdf

Figure 2.5 Regulation of transcription by the VgECR system The synthetic
VgECR transcription factor is a fusion of the ligand-binding domaf the
Drosophila EcR, the DNA-binding domain of the GR, and the transcriptional
activation domain of herpes simplex virus Vp16. The EcR dimerizes with RXR and
binds to multiple copies of a synthetic ecdysone-responsive elefB&BRE).
Ligand binding of the EcR leads to the release of corepressdreearuitment of
coactivators, allowing the system to become transcriptionally active.
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Figure 2.6 Phylogenetic footprinting of SEPP1 genomic sequencEvolutionary
conservation of the SEPP1 gene was evaluated using ConSite. Thee mur
sequence, indicated in green, was aligned with the human sequencegthdicat
blue. Level of conservation was measured at each nucleotide pasitiaeported

as a percentage of sequence homology. Conserved putative bindingeséedso
reported by ConSite. The dashed boxed indicates the position of theeG&i
and RAR binding sites identified by TESS.
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approaches such as DNase footprinting, gel shift assays, and maigsoaan be
used to identify molecules working cooperatively to affect aolgiokl process
(Galas and Schmitz, 1978; Garner and Revzin, 1981; Schena et al., h895jot
not provide direct evidence of the promoter regions controlling changesna g
expression.

To aid in the discovery of TFBS, multiple computational tools for model
and predicting gene regulatory elements have been developed (Elnitsk28086).
While each of these tools seem to offer their own niche capediliverlapping
and complementary functions allow the various databases to be gsé#itetoin a
way that strengthens evidence identifying a binding site mottielnnthe promoter
region of a gene or group of genes of interest. The collaborasigeof these
databases also reduces the rate of false-positives that edeemsa single tool is
used as the sole means for modeling and predicting binding sitigsefJal., 2005;
Tompa et al., 2005).

Despite accelerating the discovery of transcriptional regylat@chanisms,
the usefulness of these tools is limited by their inabilityatddr in the contribution
of biological function, such as tissue-specific effects, on geneessipn (Elnitski
et al., 2006). The cellular environment ultimately dictates wieezbnts occur
during transcription. For this reason, experimental confirmation opuatational
predictions is considered prudent and remains the best form of validatiosilco
data (Elnitski et al., 2006).

In recognizing the unique capabilities and limitations of expemiad and

computational techniques, the synergism of these two approaches elsecom
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apparent. In results presented here, experimental data from magr@malysis
provided information regarding genes that were coexpressed in ponasiy
induced HEK-293 cells. Database analysis then identified sequenis shaired
between the promoter regions of these co-expressed genes and ¢ré&B®
within the sequences. The identification of these putative siteguided further
analysis of the mechanisms regulating expression of SEPP ltransariptional
level. Experimental techniques, such as promoter analyses andpHecttic
mobility shift assays (EMSA) were used to confirm the TFB&ljotions reported
here and the findings of these experiments are described in Cl3aptethis

dissertation.
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CHAPTER 3

SELENOPROTEIN P REGULATION BY THE

GLUCOCORTICOID RECEPTOR

Introduction

Selenoprotein P (SelP) is an extracellular glycoprotein thatries
approximately 40% of plasma selenium (Akesson et al.,, 1994). SelRigqae
among the selenoproteins in that it can possess up to 10 selemmystadues in
mammals (Burk & Hill, 2005). SelP primarily functions in selenidistribution
(Hill et al.,, 2003; Renko et al.,, 2008), with knockout mice displayingrext
selenium distribution, particularly to the testes and brain @dill., 2003; Burk et
al., 2006). The majority of SelP is derived from hepatic sesurbewever; the
MRNA can be detected in almost all tissues, with appreciateeatrations
observed in the kidney, heart, lung, brain, skeletal muscle, and(&stis& Hill,
2005)

The regulation of selenoprotein P gene (SEPP1) expression is an active area of
investigation with changes in SEPP1 noted under a broad spectrurolagfidal
processes. In HepG2 cells and primary rat hepatocytes, proactitety has been

shown to be inhibited by cytokines including interleukf) tumor necrosis factor
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a, interferony, and transforming growth fact@s (Dreher et al., 1997; Mostert et
al., 2001). This inhibition suggests that the SEPP1 gene product may fiascton
negative acute-phase protein in response to inflammation. Alteryatpreimoter
activity is stimulated in hepatic cells through the FOXOla afiF-4a
transcription factors (Speckmann et al., 2008; Walter et al., 2008).

In addition to inflammation, microarray analyses have revealed ehkaing
SEPP1 expression during development and following alterations in the
differentiation state of extrahepatic cells. Elegant developshestudies have
demonstrated SEPP1 ortholog spatiotemporal expression in both zebFafisse (
et al., 2003) and murine model systems (Lee et al., 2008). Increggexssion
has been observed in differentiating myeloid, pulmonary, and Sertsli(Tabuchi
et al., 2005; Ghassabeh et al., 2006; Wade et al., 2006). Converselyl SEPP
expression is decreased with neoplastic progression from nornsale,tigo
carcinoma, to metastatic disease in cells of prostate ofian@asekaran et al.,
2001). Evaluation of SEPP1 expression in the Oncomine database (Rhates e
2004) also identifies decreased SEPP1 expression in melanoma, lungla@nd c
cancer compared to normal tissue suggesting that decreasBd 8igftession may
be a common feature of malignancies. Indeed, work in coloreamakc suggests
that specific selenoenzymes are reduced, indicating that chan§&$P1 is not a
general alteration in nutrition or decreased selenium (Al-Taie et al.,.2004)

In this chapter, induction of SEPP1 in human cells stably traesfedth the
ecdysone inducible system (VgECR-RXR) is reported. Due to cRGE

glucocorticoid receptor DNA binding domain, as well as evidenceSEPP1
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modulation during development and inflammation, regulation of SEPP1 by the
glucocorticoid receptor or the retinoid X receptor was evaluatéd addition,
evidence exists for changes in plasma selenium levels folloglungpcorticoid
administration, with both increases and decreases noted under difetsnof
conditions (Peretz et al., 1987; Marano et al., 1990; Watanabe et al., 1997).
Although the effect of glucocorticoids on selenium levels has non ey
characterized, it is believed that these changes result from tadlisini of selenium
between tissue and plasma. It is unknown what role SelP may pldyisi
glucocorticoid-induced selenium redistribution.  Therefore, the gludocmtt
responsiveness of the SEPP1 promoter was examined in this chaptetr,was

found that the glucocorticoid receptor (GR) inhibits the expression of SEPP1.

Methods

Materials

The HEK-293 cell line was purchased from American Type Culture
Collection (Manassas, VA). Advanced DMEM, T4 DNA ligad&dlll, Xhol, and
Sstl Accuprime Pfx DNA polymerase, SuperScript Il reverse traptse
reagents, OneShot Top 10 chemically competent cells, zeocin, ajgneti
Lipofectamine 2000, and Ni-NTA agarose were purchased from Invitrogen
(Carlsbad, CA). Ponasterone A (PonA) was purchased from A.éntBici (San
Diego, CA). Dexamethasone (Dex) was purchased from EMDmMChés
(Gibbstown, NJ). RNeasy Mini Kit and EndoFree Maxi-and Mini-prés ere

obtained from Qiagen (Valencia, CA). Lightcycler 480 SYBR @riemaster mix
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was purchased from Roche Diagnostics (Indianapolis, IN). Biol2S&
polymerase, dNTPs, magnesium chloride, and, Mdction buffer were purchased
from Bioline (Taunton, MA). SYBR Green | was purchased from Caxmiast
Rutherford, NJ). Human genomic DNA and the Dual Luciferase RapAdsay
System was purchased from Promega (Madison, WI). NE-PER nesigaction
reagents, Biotin 3’ end DNA labeling kit, and Lightshift chemilurscent EMSA

Kit were purchased from Pierce (Rockford, IL).

Plasmids

pVgECR (Invitrogen) encodes the fusion transcription factor used toagene
ecdysone-inducible cells. pRL-RSV and pGL4.21 (Promega) were nsHtk i
luciferase reporter assays; pRL-RSV constitutively expreBssslla reniformis
luciferase, and SEPP1 promoter fragments were cloned into the pGL4&2igl
that contains firefly luciferase. The pLTRIuc glucocorticogporter plasmid and
pDsRed-hGR glucocorticoid receptor expression plasmid werefigifts Dr. Carol

Lim (University of Utah).

Cell Culture

Human embryonic kidney line HEK-293, as well as all subsequently
engineered cells, were cultured in Advanced DMEM medium containindef8lo
bovine serum and 2mM L-glutamine. Cells were maintained at 37°@ in

humidified incubator with 5% C£
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HEK-293 were transfected with pVgECR and selected for zeodstarse to
generate stable expression of the VgECR gene product andfamed to as 293-
EcR. 293-EcR cells that conditionally express 15-LOX-1 atd®®? 15-LOX-1
were previously described (Yu et al., 2004; Cordray et al., 2009nditonal
expression of LacZ in the 293-EcR was achieved using similar methods.

An expression vector, pDsRed-hGR, that constitutively expresBsfad2-
labeled, functional human GR was generously provided by Dr. Caro| Lim
University of Utah. The 293-EcR cells were stably transfewsiduthis expression
vector and selected for neomycin resistance in order to studyffdatseof GR

signaling in HEK-293 cells. These cells are referred to as EcCR-GR.

Polymerase Chain Reaction (PCR)

The Transcription Regulatory Element Database (Jiang et al., 2@&7)ised
to identify the ~2 Kb sequence surrounding the transcriptionalsstarof SEPP1,
promoter ID #34663 (1770 bp upstream of start site, 300 bp downstream) and used
as an electronic template to generate promoter constructs. ¥bls6quence was
amplified from human genomic DNA by PCR using the primer pair 5'-
TAGGTACCCCAGTTCTTTCCGGTGTTCA-3* and 5-TACTCGAGCGCA-
CTGGGAACTTCACCTA-3. The PCR product was digested witiol and Sstl
and cloned into the pGL4.21 luciferase reporter vector. This constma&ferred to
as -1652 to +247 and was utilized as template DNA in subsequent RCidNe
used to synthesize smaller fragments of the SEPP1 promoian efgnterest. A

Hindlll digestion of the -1652 to +247 construct generated -1652 to -385 and -391
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to +247 promoter fragments. The fragments were cloned into the pGigcRir
following Hindlll digestion. Due to the use of tik&ndlll site in the pGL4.21
vector, the -391 to +247 fragment was only subcloned in the reveesgation,
and despite several attempts, no colonies were obtained with tpsema in the
forward orientation. The -109 to +247 and the -53 to +247 fragment were
generated using PCR and cloned into the pGL4.21 vector d&iog and Sstl
digestions.

Quantitative PCR was used to assess SelP mRNA expression. R9%nHc
EcR-GR cells were treated with 10 ponasterone A 24 hours prior to mRNA
collection, and 10 nM dexamethasone was then added at 8 or 16 hours prior to
MRNA purification. Vehicle treatments with ethanol (EtOH)Yanethyl sulfoxide
(DMSO) were used as controls. The Qiagen RNeasy Mini Kitwsasl to collect
and purify mRNA from cells. First strand cDNA was synthebuzging Superscript
lIl reverse transcriptase and these cDNA samples weranruriplicate as 1:5
dilutions. Standards were run in duplicate at concentrations betW@®ewn 1¢
copiesfil and B, microglobulin was run as a reference gene. The SEPP1 amplicon
consisted of the 100 bp spanning the final intron of the genomic sequé&hee.
primer pair 5-TTCGGGCAGAGGAGAACA-3 and 5-CTGGCACTGGCT-
TCTGTG-3' were used to amplify this region. Average thresholy copnber was
used to calculate changes in expression level as compared tdevebaied

controls.
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Site-directed Mutagenesis

Putative response elements of interest were mutated using sbd3¥ER
strategy. The putative GRE sequence CAAGAATARRATTGAACT at position
-87 of the SEPP1 promoter (GRE #1) was mutated to the sequence
CAAGAATGACTATTGAACT wusing the primer 5-GGTCACTGCAAGAA-
TGACTATTGAACTTTGGACTATAC-3' and its complementary sequence
(exchanged nucleotides are bold and underlined). The putative GRE sequence
TCAGAGIGTGCT at position -24 of the SEPP1 promoter (GRE #2) was mutated
to the sequence TCAGAGATGCT using the primer 5-GGACTATAA-
ATATCAGAGGATGCTGCTGTGGCTTTGTG-3' and its complementary
sequence. These mutations should eliminate activity of potenti&l IR sites
(Nordeen et al. 1990). The putative retinoid responsive element sequence
ACATTGAACTTTGG at position -73 of the SEPP1 promoter (RRE) was mutated
to the sequence ACAOTTACTTTGG using the primer 5-CTGCAAG-
AATGAACATCTTACTTTGGACTATACCTGAGG-3' and its complementary
sequence. The FOXOla binding sequence GTBAA at position -46 of the
SEPP1 promoter was mutated to the sequence GTARAuUSIng the primer 5'-
CCTGAGGGGTGAGGTAAATCACAGGACTATAAATATCAGAG-3' and its

complementary sequence.

Luciferase Reporter Assay

Reporter assays were quantified using a Dual Luciferase eepassay.

SEPP1 promoter constructs cloned into pGL4.21 or a mouse mammary tamsor vi
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promoter reporter construct (pLTRIuc) were co-transfected with pRL-RSV
plasmid that serves as an internal control for transfectioniesftg. Cells were
seeded into 6-well plates at a concentration of 5 xHlls/well. Each well was
cotransfected with approximatelyudy of firefly reporter plasmid along with 50 ng
of the pRL-RSV vector. Twenty-four hours after transfection, medwas
replaced. Cells transfected with SEPP1 promoter construces tneated with
either 10uM of the ecdysone analong ponasterone A, 10 nM dexamethasone, or a
combination of both for an additional 24 hours. Vehicle treatment wiHEt
and/or DMSO served as negative controls. Cells transfect&dpifRIuc were
treated with either DMSO or 10 nM dexamethasone for 24 hourslowkid
treatments, cells were collected in 200of Passive Lysis Buffer and stored at -
80°C at least overnight to allow for cell membrane disruption. Igsdites were
diluted in Passive Lysis Buffer and each sample was quantifiedplicate on
Perkin-Elmer Victot V plate reader. The sequential addition of Luciferase Assay
Reagent Il and Stop & Glo reagent allowed for the measurememtetly fand

Renillaluciferase activity, respectively.

Immunoblotting

EcR-GR cells were supplemented witlhNl sodium selenite and treated with
EtOH as a vehicle control, 10M ponasterone A, 10 nM dexamethasone, or a
combination of both for 24 hours. SelP was patrtially purified ftbm culture
medium of these cells using Ni-NTA agarose. Culture mediusmmiged with the

Ni-NTA agarose and the mixture was incubated on a nutating naiket°C
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overnight. The Ni-NTA beads, along with any bound proteins, wereatet by
centrifugation, washed twice with 500 pl cold PBS, and then maitdloading
buffer and separated by NUPAGE 4-12% Bis-Tris gels. Protens transferred to
a polyvinyl difluoride membrane. Membranes were blocked withne#tfat dry
milk in TBS-T and then probed for SelP (antibody specific foPSehs a gift from
Drs. Kris Hill & Raymond Burk, Vanderbilt University). A peridase conjugated
secondary antibody was used to detect chemiluminescence indicatpretein

expression.

Electrophoretic Mobility Shift Assay

Nuclear fractions were collected from 293-EcR and EcR-GR USE{PER
nuclear extraction reagents. Gel shift assays were run ukegLightshift
chemiluminescent electrophoretic mobility shift assay kit. Dosbkmded 5'-
biotinylated oligonucleotides (5-GGTCACTGCAAGAATGAACATTGABTT-
TGGACTATAC-3’) corresponding to the wild-type sequence of GRE #% used
as a probe. Following end-labeling with biotinylated UTP, cometdgary
oligonucleotides in equimolar amounts were heated to 95°C for 1 minuteddool
65°C, and then stored at -20°C. Binding reactions were performed inuh 20
volume containing 20 fmol labeled probep nuclear proteins, 10 mM Tris, pH
7.5, 50 mM KCI, 1 mM dithiothreitol, 5 mM Mggl2.5% glycerol, 0.05% NP-40,
1 pg herring sperm DNA, and fig bovine serum albumin. Where indicated, 4
pmol of unlabeled competitor probe was added to reactions. For Hftpers

experiments, 1ug anti-glucocorticoid receptor antibody (BuGR2; Calbiochem,
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Gibbstown, NJ) was added 10 minutes after addition of biotinylated Eothe
nuclear extract and incubated for an additional 20 minutes at raopetature.
Reactions were then loaded onto an 8% TBE gel in 22.25% Tris, pH 8.4, 22.25%
boric acid, 0.5 mM EDTA and electrophoresed at 22°C. DNA was traedfto a
positively charged nylon membrane, UV cross-linked, probed using hights

chemiluminescent EMSA reagents, and detected on a Kodak Image Station 440CF.

Statistical Analysis

GraphPad Instat, version 3.06, was used to evaluate the statigtdatance
of the results. Two-tailed student’s t-tests were used torndigie statistical
significance when comparing two data sets. In cases wherplediata sets were
compared, statistical significance was determined by oneAMSVA with Tukey
or Tukey-Kramer multiple comparison post hoc tests, and differemeae

considered significant for p<0.05.

Results
Previous results using 293-EcR cells with ecdysone-inducible 2610
when supplemented with an appropriate substrate, like arachidonate, show an
inhibition of the selenoprotein thioredoxin reductase activity by ~%0toet al.,
2004). This raised the question of whether other selenoenzymiesdaigonstrate
altered expression under similar conditions. Quantitative PCR megm@s
performed using 293-EcR cells with stable, ecdysone-inducible 15-1,Gas-well

as the control cell lines with inducibhele®®? 15-LOX-1, and LacZ, demonstrated
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enhanced expression of SEPP1 following ponasterone A treatmente(Rdyr
Since SEPP1 demonstrated increased expression in all thelagesekéven without
substrate for the 15-LOX-1, it is likely that the changes in FEERXxpression
resulted from components of the ecdysone-inducible system rhtreatresponse
to 15-LOX-1 catalysis.

The SEPP1 promoter was examined, from -1652 to +247, based on promoter
ID #34663 in the Transcriptional Regulatory Element Database, ¢oniiee the
region of the promoter responsible for this ecdysone-inducible trptise.
Fragments of the promoter were tested using the lucifesgs@ter assay in the
293-EcR cells. Fragments included -1652 to +247, -1652 to -385, -391 to +247,
-109 to +247, and -53 to +247 (Figure 3.2A). The greatest level of tratnscal
activation following treatment with ponasterone A was observed onlO to
+247 fragment, suggesting that a site within this region of the prommatg bind a
component of the ecdysone-inducible system and induce transcriptionPéf1SE
(Figure 3.2B).

VgECR is a synthetic transcription factor that is a fusiomefigand-binding
and dimerization domain of therosophila ecdysone receptor, the DNA-binding
domain of the GR, and the transcriptional activation domain of heirpptes virus
VP16. This gene expression system is designed to activaterippdnscupon
dimerization of VgECR with RXR, and binding of the heterodimendaativates a
synthetic ecdysone-responsive element (Saez et al., 2000) (Figure 2.5).

Many of the nuclear hormone receptors have similar DNA bindieg.siThe

VgECR-RXR binds the sequence AGTGTPGTTCTC in the synthetic response
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Figure 3.1 Quantitative PCR analysis of SEPP1 expression in HEK-29ECR-
15-LOX and control cell lines. Ecdysone inducible expression of 15-LOX, 15-
LOX-Al (Alle®®? 15-LOX-1), or LacZ was achieved through a stable co-transfecti
of pVgECR into HEK-293 cells. Cells were treated with EtQ¥#hi{e) or 10uM
PonA (grey) for 24 hours prior to mRNA purification. SEPP1 expoessias
measured by quantitative PCR. The data are presented asahetratandard error
of relative gene expression changes observed over a minimum oéxpeements
and demonstrate differential expression as assessed by ailedoitéest (*,
p<0.05).
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Figure 3.2 PonA induction of SEPP1 luciferase reporter constets. (A)
Schematic of SEPP1 promoter fragments that were synthesize@® and cloned
into the pGL4.21 vectofB) 293-EcR were engineered through a stable transfection
of pVgECR into HEK-293 cells. 293-EcR cells were transfecteith \BEPP1
reporter constructs. Twenty-four hours after transfection, medium wasee@lad
cells were treated with EtOH (white) 0 uM PonA (grey) for an additional 24
hours. Cells were lysed and relative firefly luciferasevagtwas measured using a
Dual Luciferase reporter assay. Technical replicates wegrén each experiment,
and data are presented as in Figure 3.1 but representing the ttitnty changes
observed over a minimum of three distinct biological experimentslantbnstrate
differential luciferase activity as assessed by a two-tailedtt(t**, p<0.001).
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element (the binding sites for RXR and the GR DNA binding domares a
underlined), the GR binding sequence is TGT(T/C)CT(G/T/C) (Betfal., 1989;
Nordeen et al., 1990), and, for comparison, the endogenous ecdysone receptor binds
the sequence (A/G)G(G/T)T(C/T)A (Vogtli et al., 1998; Pangudtial., 2007). It
Is also worth noting that RXR and HNF-4an bind with similar affinity to direct
repeats of (A/G)G(G/T)TCA with one base spacing (NakshatriCiranbon, 1994;
Nakshatri & Bhat-Nakshatri, 1998). Due to the similarities in tasponse
elements, it seemed prudent to evaluate cellular responses t¥dietR and GR
as well as to evaluate RXR DNA-binding sequences.

In order to evaluate the interplay between the VgEcR-RXd®emy and the
GR on the SEPP1 promoter, the 293-EcR cell line was engineemxpitess a
DsRed?2-labeled, functional human GR. The pLTRIuc reporter assay cantinate
the GR is activated by dexamethasone in these EcR-GRwegigninimal activity
in HEK-293 or 293-EcR cells (Figure 3.3). To evaluate possibls-tadls between
VgECR-RXR and GR, ponasterone A was used to treat 293-EcR oGRceells,
transiently transfected with pLTRIuc, and only background reportéritgcivas
seen (data not shown).

When the luciferase reporter assay was run in the EcR-GR tweltest
activation of the SEPP1 promoter constructs, the GR exertedessaer effect on
this promoter (Figure 3.4). Even in the absence of dexamethasownatiawii
ponasterone A-induced activity was attenuated in the ECR-GR aglt®mpared to
293-EcR cells with no active GR. In order to verify that theselt® were not due

to translocation of the GR to the nucleus in the absence of ligamateskent
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Figure 3.3 Glucocorticoid receptor luciferase reporterStable transfection of the
293-EcR cells with the expression vector, pDsRed-hGR produced th&Eateil
line. HEK-293, 293-EcR, and EcR-GR cells were transfected wighntouse
mammary tumor virus promoter reporter construct pLTRIluc. Twaniy hours
after transfection, medium was replaced and cells weretre@dath DMSO (white)
or 10 nM Dex (grey) for an additional 24 hours. Cells were lysedralative
firefly luciferase activity was measured using a Dualilanase reporter assay. The
data are presented as in previous figures of this chapteregnelsent triplicate
experiments (***, p<0.001).
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Figure 3.4 Glucocorticoid responsiveness OfSEPP1 luciferase reporter
constructs. HEK-293, 293-EcR, and EcR-GR cells were transfected ifitier (A)
-1652 to +247 SEPP1 luciferase reporter(By -109 to +247 SEPPL1 luciferase
reporter. Twenty-four hours after transfection, medium wpkaced and cells
were treated with EtOH (white), 10 nM Dex (grey), @ PonA (light grey), or a
combination of 10 nM Dex and 10M PonA (dark grey) for an additional 24 hours.
Cells were lysed and relative firefly luciferase acyiwitas measured using a Dual
Luciferase reporter assay. Triplicate samples were ruacin experiment and data
are presented as the mean * standard error of relatiwatyacthanges observed
over at least three biological replicates. ANOVA of each loee revealed no
significant differences among the treatments in the HEK-29B% d¢rlt highly
significant, p<0.0001, differences in the 239-EcR and EcR-GR cells.hBosests
reveal differences from the vehicle control (*, p<0.05; **, p<0.01; ***, p<0.001) or
differences among select treatment subsets (111, p<0.001).



Luciferase Activity

Luciferase Activity
(fold change)

(fold change)

87

] -1652 to +247

o4 [__1EtOH

{1 BB Dex

84 1 PonA ol

- | I PonA + Dex Y

gim » om0 EmBN™

HEK-293 293-EcR EcR-GR
Cell Line
60 —
-109 to +247
1 [_] EtOH REE
504 [ Dex
| C__1PonA

B PonA + Dex

10 Pt
|

8 - sksksk

6_

4 - *

2_

i Em e
HEK-293 293-ECR ECR-GR

Cell Line



88
microscopy was used to visualize localization of the DsRedeldlseR under the
experimental treatment conditions. The GR remained in the cytokoling
EtOH or ponasterone A treatment, but was observed in the nucleus when
dexamethasone was present. Additionally, the GR remained localized to the cytosol
following treatment with the nuclear export inhibitor leptomyci(S8gma-Aldrich,

St. Louis, MO), confirming that nuclear translocation of the receptourred only
following ligand binding by dexamethasone (Appendix).

When the EcR-GR cells were treated with 10 nM dexamethasone, promot
activity was repressed by ~82% on the -1652 to +247 fragment, gsacsinto
vehicle control (Figure 3.4A). Activation was repressed by ~37% onl to
+247 fragment under the same conditions (Figure 3.4B). Simultanedinsemn¢af
the ECR-GR cells with ponasterone A and dexamethasone causashtiie of
ponasterone A activity, with an ~84% reduction in activation observed chG&2
to +247 fragment as compared ponasterone A only treatment. An ~8b&tioa
was observed on the -109 to +247 fragment under the same conditions. In
comparison, dexamethasone treatment was unable to exert a significant inflmence
ponasterone A activation in the 293-EcR cells, with only an ~26% reduict
activity observed on the -1652 to +247 fragment and an ~6% reduction observed
the -109 to +247 fragment. Treatment with dexamethasone alone diduset ca
repression of promoter activity in the 293-EcR cells. Neither pertase A nor
dexamethasone exerted a significant effect on the SEPP1 proronostructs in

HEK-293 cells. Repression by dexamthasone did not appear to be dosdeaitpe
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as a 1000 nM dose produced similar levels of activity in theyddsta not shown).
Additionally, while the magnitude of transcriptional activity wasrdased with a
4-hour, versus 24-hour treatment period, a similar pattern of aciisyobserved
between cell lines and luciferase reporter constructs (data not shown).

Based on the luciferase reporter assay results observed ihOthdo +247
region, this region of the SEPP1 promoter was examined for evidémesponse
elements that could potentially serve as binding sites for GRJBCR, as well as
RXR. Two putative GREs were identified using the Transcripti@mEnt Search
System (Schug & Overton, 1997). These response elements aredrébeas GRE
#1 and GRE #2 and are found at position -87 and -24 of the SEPP1 promoter,
respectively. The precise sequences suggest that thesenaiyenot function as
classical GREs but appeared to best define half-sites (Nordesn €990). In
addition, a putative retinoid receptor binding site was identified atigqos73 of
the SEPP1 promoter, and is referred to as a putative RRE. GRE #1 and the RRE are
sequential with one another and together could form a potential bindendosi
VgECR-RXR. These sites also overlap with a previously chaiaet HNF-4
binding site in the SEPP1 promoter (Speckmann et al., 2008; Walter et al., 2008).

In order to determine if these binding site(s) were responsdlethie
VgECR-RXR and GR mediated effects, the luciferase repadeay was repeated
with SEPP1 reporter constructs in which the two putative GRESeoRRE were
mutated (Figure 3.5A). Despite the fact that GRE #2 was eatain the -53 to

+247 fragment that did not display any ponasterone A-induced luciferase aativity
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Figure 3.5 Site-directed mutagenesis of GRE’s identified ithin the SEPP1
promoter. (A) Schematic of the two putatiléREs and RRE identified within the
-109 to +247 SEPP1 promoter fragment along with previously identitieslia the
same region (FOXO1la and HNk)4 These response elements were mutagenized,
as indicated by the bases identified with a bar, using a PCHR-sasgegy. (B)
293-EcR, anqC) EcR-GR cells were transfected with, appropriate mutant, -109 to
+247 SEPPL1 reporter constructs. Twenty-four hours after transfection, medsum wa
replaced and cells were treated with EtOH (white), 10 nM Dey{g10uM PonA
(light grey), or a combination of 10 nM Dex andid®! PonA (dark grey) for an
additional 24 hours. Cells were lysed and relative firefly luaffe activity was
measured using a Dual Luciferase reporter assay. Ttplgamples were run in
each experiment and data are presented as the mean * stancaaf eglative
activity changes observed over at least three biological reggicANOVA of each

cell line revealed no significant differences when GRE #1 @RRE is mutated,
indicating that this is the important site for transactivatioR98-EcR and EcR-GR
cells, but significant, p<0.005, differences in the 293-EcR and EcR-ERwdeen
evaluating a mutation of GRE #2 or the FOXO1a binding site. Heastests reveal
differences from the vehicle control (EtOH) (*, p<0.05; **, p<0.01; *** p<0.001)
or differences among select treatment subsets (T, p<0.05; T, p<0.01).



91

ZF T TETO
vO | Tog m
LIOLO1LOVOVOL <5<wot5<<wt<o<<9<<w<<o-

//ka

L¥Z+ 0} moE
ye)s feuonduosuel |
mm-\_/ov-
101 191-NNN-VOVVOV m<<ﬂ0<<<._.mum
:32uanbasg sNsUasuU0) JHO TETOXO ™



Luciferase Activity

Luciferase Activity
(fold change)

60 -
50

40

w
o

N
o
l 1

A\

(o2}
|

(fold change)

293-EcR Cell Line i
[ 1EtOH o
T Dex
[ 1PonA
I PonA + Dex *I* *

GRE #1 RRE GRE #2 FOXOla

Mutation to DNA Site
EcR-GR Cell Line t+

[ ] EtOH

1 Dex ! ’_—‘
[ 1PonA ’_‘ ok
*%k
i |

B PonA + Dex

GRE #1 RRE GRE #2 FOXOla
Mutation to DNA Site

92



93
293-EcR cells (Figure 3.2B), a mutant form of this binding site t®ated. This
GRE more closely matched the consensus sequence, with an invedatafethe
GR binding site that could accommodate a GR homodimer, and therefole be
involved in GR-mediated repression.

In both 293-EcR and EcR-GR cells, ponasterone A-induced transactivation
was completely lost upon mutation of GRE #1 or the RRE (Figure é8B3.5C),
with the firefly:renilla luciferase ratio being decreased~40 fold on the RRE
mutant construct compared to the mutant GRE#1 reporter (data not shbase
results suggest that both of these response elements serve as bitegdirigr the
VgECR-RXR transcriptional activation system. Transactivatios stdl observed
with the mutated GRE #2 (Figure 3.5B and 3.5C) construct in bothliced
following ponasterone A treatment; however, it was slightly rediwmsmpared to
the non-mutated form. This indicates that this element may kasinvolved in
activation of SEPP1 through VgECR-RXR, although to a much lessentehan
GRE #1 or the RRE. The addition of dexamethasone plus ponasterone A resulted in
attenuation of ponasterone A activity on the mutated GRE#2 lucifezpseter in
the ECR-GR cells but not with the mutated GRE #1 reporter, imgc@®RE #2 is
not involved in the GR-mediated repression. FOXOla has previously heen s
to regulate SEPP1 transcription in hepatic cells through a binda@tsposition -

46 of the promoter (Speckmann et al., 2008; Walter et al., 2008). Asghistory
mechanism involved coordination of FOXO1la with the dexamethasone-rasponsi

cofactor PGC-&, we also evaluated SEPP1 transcription following mutation to



94
the FOXOla site. Neither a change in PonA-induced SEPP1 tigatant nor
repression by GR was observed in either 293-EcR or EcR-GR fodtisving
mutation of the FOXO1a site (Figure 3.5B and 3.5C).

Quantitative PCR results further qualified the induction of SEBPIgiCR-
RXR, and its repression by the GR (Figure 3.6A). In 293-EcR, igeletion of
~5 fold was observed following 24 hours of ponasterone A treatment, and
dexamethasone treatment had no effect on this induction. Simillae responses
observed with the luciferase activity assays, the ability oagt@none A to activate
SEPP1 was attenuated in ECR-GR cells. SEPP1 expressiaeduasd by ~80%
in these cells, even in the absence of dexamethasone treatmeatmédnt with
dexamethasone for 8 or 16 hours eliminated the ability of ponastereménduce
gene expression, and led to additional repression of SEPP1 in adpeadent
manner. In addition, immunochemical analysis of SelP from a M-Ndad pull-
down of the media from EcR-GR cells demonstrated a similaerpatif protein
expression (Figure 3.6B).

To determine if the GR directly binds the GRE #1 site, electropbore
mobility shift assays were utilized (Figure 3.7). A protein:Db#nplex bound to
the GRE #1 was observed in both the 293-EcR and EcR-GR cellse apymzars to
be minimal modulation of the amount bound in the 293-EcR cells consrgtént
the expectation of binding by VgECR-RXR with or without ligand preses is
expected for the ecdysone-inducible system (Figure 3.7, lanes 1Reifgyer, a
dexamethasone-dependent inhibition of binding was observed in the EcRISR

(Figure 3.7, lanes 2-5 and 9-11). The amount of protein:DNA complexveldse
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Figure 3.6 Analysis of SEPP1 expression in 293-EcR and EcR-GRlilse (A)
293-EcR and EcR-GR cells were treated with EtOH onNIGPonA 24 hrs prior to
MRNA collection. Beginning 8 hours after PonA was added, celte Wweated
with 10 nM Dex for 8 or 16 hours prior to mRNA purification. SEPPAression
was measured by quantitative PCR. Triplicate samples wameir each
experiment and data are presented as the mean * standard eetativé# activity
changes observed over at least five biological replicates. ANG@\each cell line
revealed significant differences of SEPP1 expression in 293-EcRE@ReGR
cells, p<0.05. Post hoc tests reveal differences from the veoicteol (*, p<0.05;
** p<0.01) or differences among select treatment subsets (t, p<0(B%)SelP
protein from Ni-NTA bead pull-downs from culture media demonstrapeession
increases in ECR-GR cells following 24 hrs treatment with PaumADex treatment
attenuated the SelP expression.
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Figure 3.7 Electrophoretic mobility shift assays with GRE #1.Lane 1 contains
the labeled GRE #1 fragment without an incubation with nuclear extiggaying
the migration of the probe alone. Lanes 2-5 are the GREaginént with nuclear
extract from EcR-GR cells that were treated with EtOldx,DPonA, or PonA +
Dex, respectively. Lanes 6-8 show the same samples (witho&t@té¢ control)
but excess unlabeled probe is included to identify bands that nepgsecific
protein:DNA complexes. In lanes 9-11 antibodies to GR are addibstdamine if
the protein:DNA complex contains GR; a supershifted band was notvelse
Lanes 12-15 show the four conditions with nuclear extract from thd&e2B3eells;
all lanes display a strong protein:DNA complex. The specific ptexn is
highlighted with the large arrow, the small arrows identify nonfipdeands that
are in all lanes with nuclear extract, and FP stands fordleepiobe at the bottom
of the gels.
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appears to be consistent with the results from the heterologpadere assays
(Figure 3.4). However, there was a failure to demonstratethibaprotein:DNA
complex contains the GR as addition of the BuGR2 antibody (Calbiochem,
Gibbstown, NJ) directed at residues 395-411 of the GR did not produpeslsift
or substantially alter the relative levels of protein:DNA compldesting with a
separate GR antibody (Affinity Bioreagents, Rockford IL) dedcat residues 245-

259 also failed to produce a supershift (data not shown).

Discussion

The effects of supplemental selenium intake have been evaluatedltiple
chronic and acute diseases, including cancer, cardiovascular disgade
inflammatory conditions such as sepsis, trauma, and burns (Clark98; Mark
et al., 2000; Nomura et al., 2000; Brown & Arthur, 2001; Angstwurm & Bagr
2006; Angstwurm et al., 2007). In many studies, selenium has demahstrate
beneficial properties but the results of the Selenium and Vitamin E SEAECT)
do not support the utility of supplemental selenomethionine in prostaterca
prevention (Lippman et al.,, 2009). The mechanism by which seleniurts éser
effects during disease conditions is not completely understood; hqwevas been
hypothesized to be due to the antioxidant activity of selenoproteinsgadkar-
Navsariwala & Diamond, 2004; Irons et al., 2006). These proteins conkamuse
incorporated as the amino acid selenocysteine during translatidme gbrotein
(Tujebajeva et al., 2000; Small-Howard et al., 2006; Howard et al., 2007).

Adequate selenium intake is important in maintaining proper tramsland
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function of the selenoproteins (Bermano et al., 1996; Wingler & Bugdtiohe,
1999). Therefore, maintenance of selenoprotein function may be themsetha
by which supplemental selenium intake exerts a beneficial heéfidct. In
particular, the primary function of SelP is thought to be seleniumbdison and
the majority of the protein is synthesized in the liver for thippse. However,
most tissues can express SEPP1; suggesting alternative furbetiyorsd selenium
delivery may exist for SelP (Burk & Hill, 2005) as well as fissibility of tissue
selective modulation of SEPP1 expression.

While the majority of SelP is expressed in the liver of ashdinmals, SEPP1
orthologs in developing fish and mammals demonstrate broad tissue sexpres
Zebrafish, who have an extensive selenoproteome, includes two SERGTIngs
encoded by distinct genes; one (seppla) with a selenocystwhn€&+ierminus
containing 16 selenocysteine residues, and a second isoform (seppligkbahe
selenocysteine-rich C-terminus (Kryukov and Gladyshev, 2000). Theses
demonstrate distinct spatiotemporal expression patterns throughout the development
of the zebrafish with seppla displaying expression in multiple ongahsling the
heart, brain and kidney, but only limited hepatic expression, while sepplb
demonstrates strong hepatic expression (Thisse et al., 2003). fiorgdalirecent
study of the expression of the murine ortholog of SEPP1 in mouse endsgos
highlights a potential role of SelP in growth and developmental @eses
Spatiotemporal expression of Sepp was observed in the central nergters,sy
limb buds, blood cells, lung, liver, intestine, testis, and developing &ajths well

as in extraembryonic tissues, during organogenesis. The authorststinggehis
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increase in Sepp may provide antioxidant protection against thevesazlygen
species formed during embryogenesis, as well as provide glaemstal or
intraembyronic selenium transport function (Lee et al., 2008). Additmndence
supporting a role for SelP in growth and development includes observatoms f
the SelP knockout mouse, which displays a phenotype that includes growth
retardation, neurological impairment, and male infertility I(Ht al., 2003;
Schomburg et al., 2003; Renko et al., 2008). The regulatory signals rietpdors
modulating SEPP1 expression for the purpose of growth and development are
currently under investigation.

Recently, hepatic SEPP1 expression was shown to be controlled throug
coordination of the transcription factors FOXOla and HNF34 the coactivator
PGC-In (Speckmann et al., 2008; Walter et al., 2008). Discovery of this
mechanism introduces the idea that SEPP1 can be regulatedponsesto
hormonal stimuli and may be responsive to various nuclear receptort® doe
versatility of PGC-ik.

Nuclear receptors are members of a large superfamily ofipsdteat function
as ligand-inducible transcription factors (Germain et al., 2006; Tediall, 2008).
This family contains steroid hormone receptors such as the glucocortsinatjen,
and androgen receptors, as well as receptors for thyroid horrandestinoic acid.

In addition, orphan nuclear receptors exist for which ligands havebeen
identified (Teboul et al., 2008). Examples of such orphan receptors irndNEelo
and chicken ovalbumin upstream promoter-transcription factors (Behal.,e

2006). These receptors regulate gene transcription by binding to horespoaise
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elements in the promoter region of target genes. Most recdptmlsas homo- or
hetero-dimers to response elements composed of two core hexanmifs.
Consensus sequences for these motifs include AGAACA for ster@gtoes and
AG(G/T)TCA for the remaining nuclear receptors (Aranda and Uhs@001).
Multiple nuclear receptor types can bind these sequences and emediat
transcriptional activity, allowing for differential control of alapping gene
networks (Bedo et al., 1989; Umesono et al., 1991). Nuclear receptora hale
established role in growth, development and homeostasis as has beeredevie
(Flamant et al., 2006).

The decrease in serum selenium observed during critical illedsdieved to
result from redistribution of the micronutrient to high prioritgans (Angstwurm
and Gaertner, 2006). The selenium distribution (Hill et al., 2003kdren al.,
2008) and negative acute phase functions (Dreher et al., 1997) of Uppifrtsa
potential role for this protein in selenium changes observed durincatiiiness.
Recently, a newly developed immunoassay was used to show a decrS8a#e in
the serum of septic patients (Hollenbach et al., 2008). The exachanism
responsible for this decreased protein expression is not known; however, the
authors propose that it is due to proinflammatory cytokines thandteed as a
result of the acute phase reaction occurring during sepsis, swnegalscytokines
can repress SEPP1 expression (Dreher et al., 1997; Mostert 20@l). The
evidence presented here also supports a potential role for the @guilating
SEPP1 expression. Glucocorticoid responsiveness of SEPP1 could be of

significance in critically ill patients, as these patieteisd to have increased free
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plasma cortisol levels (Hamrahian et al., 2004). Such regulatiorEBPS by
glucocorticoids could serve as an alternative explanation focttaages in SelP,
and therefore the changes in serum selenium levels, observed ditraad iliness.
However, a recent study demonstrates that the decrease imS3e#&Pacute-phase
response appears to be a deficit in translation rather thansaripgional response
(Renko et al., 2009); therefore, the data herein may be more relévant
development or differentiation.

Here the VQECR-RXR gene expression system was idented tool for
studying the expression of SEPP1. The results indicate thatamtivated by
ponasterone A, VgECR-RXR is capable of inducing transcription of SERBugh
a GRE located at position -87 or a RRE at position -73 of the pramotkr the
EcR-GR cells, treatment with the GR agonist dexamethasondtecksin an
attenuation of the ponasterone A-induced transcription of SEPP1 comjoared
ponasterone A treatment alone. This suggests that once attivate
dexamethasone, the GR can travel to the nucleus and alter VgERR:Ring at
the site identified as GRE #1. While the EMSA failed to dematesiGR binding
through a supershift of the protein:DNA complex, nuclear extracta the EcR-
GR cells do display dexamethasone-dependent modulation of the protain:DN
complex that was consistent with the heterologous reporter expresssays.
When a functional GR was stably integrated to make the EcR-8R, &
generalized repression of SEPP1 was observed compared to the RIRIEC
This data supports the idea that the GR may indirectly regebgtression of this

gene, and this effect was further validated by the evaluatidmregdrotein levels of
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SelP expressed in the EcR-GR cells; however, it should be rnb&tdthe
conclusions drawn from the EMSA results are limited by the absence of a supershif
under positive control conditions.

An indirect mechanism of GR modulation of transcription has beeniledcr
previously through the interaction with CCAAT/enhancer-binding proteins
(Rudiger et al., 2002). These proteins are involved in a broadrepedtf
biological activities including development and differentiation (Ra&njFoka,
2002). Whether a GR interaction with a CCAAT/enhancer-binding prateght
be involved in SEPP1 regulation will require further study, and the precise cause for
the repression observed in this study is unknown; however, transfectigiRsohas
previously been shown to be sufficient for the repression of hormopensse
genes (Gougat et al., 2002).

The GR usually binds DNA as a homodimer; however, it has been
demonstrated that monomers can bind to ‘half-sites’ and modulatectigasan
when the binding site is far as 37 base pairs from the TATA exiem The
maximum distance at which this activity is retained is unknown;eliew it was
shown to be lost when the binding site was inserted 350 base pairanmpsive
the transcriptional start site (Strahle et al., 1988). The GRE #1 sitdigtkhere is
47 base pairs 5’ to the TATA element and could potentially be mirggliactivation
through this mechanism. Alternatively, a GR monomer could potentsly
working synergistically with another transcription factor (Stra¢tleal., 1988) or
perhaps another cryptic GRE may be present within this region that hget been

identified. Another site for GR binding might explain the represshmerved with
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dexamethasone treatment as well as the reduction of the préé&ncbmplex
observed in the EMSA if GR binding would modulate the occupancy of other
regulators of SEPP1 expression.

The local region identified as GRE #1 is within a region that dlesady
demonstrated insulin-dependent attenuation of SEPP1 expression bytroadefia
HNF-40 activity (Speckmann et al., 2008), and therefore, this could beieakri
region that determines the expression levels of SEPP1 based affititg and
availability of transcriptional regulators in different celpé&g. Other genes have
HNF-40 responsive elements that overlap with GR or RXR responsive eement
and perhaps this allows for more intricate modulation of these sg&me
development (Crestani et al., 1998; Ballly et al., 2001). It ikeiylithat the
effects on transactivation observed here are related to int&satvith HNF-41
since this transcription factor is not expressed in HEK-293% délicas et al.,
2005), and it is unclear how HNFnediated SEPP1 regulation would account for
alterations in serum selenium levels in critically ill pats since insulin sensitivity
changes would allow for more SelP expression (Lazzeri et al., 2009).

In addition to GREs of the -109 to +247 fragment, it appears thematlaae
dexamethasone-dependent repressive elements acting within the el6%227
fragment. Ponasterone A-induced activation is reduced on thisndragas
compared to the -109 to +247 fragment (Figures 3.2, 3.4 and 3.5). Plus, aitenuat
of the SEPP1 promoter was observed on the larger fragment in fRSEcells
following dexamethasone treatment, but was not observed on the simzaglaent

(Figure 3.4).1n silico evaluation of this region identified additional potential GREs,
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but again, these sites are primarily half-sites and do not appdae classical
GREs. Furthermore, the region 5’ to -109 in the SEPP1 promoter appderse
additional repressive elements (Figure 3.2). These elementsnadrewell
characterized anth silico evaluation did not reveal obvious potential repressive
elements; however, one complex repeat region has demonstratedsiogpres
SEPP1 expression with certain polymorphisms (Al-Taie et al., 2008)s region
overlaps the 5’ end of the promoter reporter construct -391 to +247 usbi i
study, and perhaps was responsible for the attenuated responsebserpared
to the -109 to +247 promoter construct.

Finally, despite the fact that the VgQECR-RXR system is exected to
transactivate host genes by itself, changes in endogenous geitseHave been
previously observed in mammalian cells treated with ecdysoreptecligands
(Oehme et al., 2006; Panguluri et al., 2007). In the experiments uektrere,
activation of the transcriptional machinery was shown to be suffiéoe changes
in expression of at least one host gene, SEPP1. Due to the comaples of
selenoprotein translation (Tujebajeva et al., 2000; Small-Howardl.et2006;
Howard et al., 2007), many cell lines that are commonly usegresx
selenoproteins poorly; however, HEK-293 cells have been successfutlyiuse
other studies for the expression of selenoenzymes (Madeja 20@b; Squires et
al., 2007). Therefore, this 293-EcR system may function as awarly effective
system for the study of SelP transcription and translation mese¥®Vhile serving

as a beneficial tool in the studies presented herein, the potientthis system to
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transactivate host genes may be considered as a possikdgidimio the use of this
inducible gene expression system in other studies.

In conclusion, data are provided supporting alternative mechanisms for
extrahepatic regulatory mechanisms of SEPP1 expression tlyaheta explain
SEPP1 expression in inflammation, development and differentiation. An
engineered, fusion transcription factor that contains the DNA birgbngain from
GR, coupled with a strong transactivation domain, along with RXR, wgad to
identify the site responsible for the induction of SEPP1 expressionever, these
studies revealed that the native GR inhibits the expression d? SEffough an
indirect mechanism. Therefore, the ability of corticosteroids, arithps retinoids,
to modulate SEPP1 expression may be a mechanism that couldimealitred

tissue selenium distribution since SelP is the major carrier of selenium.
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CHAPTER 4

SELENOPROTEIN P PROTECTS CELLS FROM LIPID

HYDROPEROXIDES GENERATED BY 15-LOX-1

Introduction

A relationship between chronic inflammation and carcinogenesishéas
noted in numerous malignancies, including colon cancer and hepatocellular
carcinoma (ltzkowitz and Yio, 2004; Macartheir al, 2004). It is believed that
leukocytes and other phagocytic cells involved in the inflammatorgegs may
lead to an induction of DNA damage in proliferating cells througlptbduction of
reactive oxygen and nitrogen species (Coussens and Werb, 2002). Additionally
enzymes expressed during the inflammatory process, including lipoxggiaXx)
enzymes, have been shown to be upregulated in certain maligh@telavkar et
al., 2000; Guptaet al, 2001) Specifically, 15-LOX-1 expression is directly
proportional to severity of prostate cancer, as measured by Gletagmg
(Kelavkar et al 2000; Kelavkaret al, 2001). Membrane lipids released and
metabolized during inflammation, such as arachidonic acid (AA), hiseebeen
linked to various malignancies, including prostate cancer (Hurstireg, 1990).

15-LOX-1 can metabolize arachidonic acid to reactive hydroperorymetdiates,
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such as 15-hydroperoxyeicosatetraenoic acid (15-HpETE), the oxigaéearsor
of 15-hydroxyeicosatetraenoic acid (15-HETE) (Natarajan and Nadl@O4;
Sordillo et al., 2008). In addition, end products of lipid peroxidation have been
implicated as being mutagenic (Ray and Husain, 2002), further contriktioting
evidence that inflammation may result in carcinogenesis thratsghlbility to
increase the oxidative tone of the cellular environment.

Cells possess several enzymes that can reduce lipid peroxideigplev
selenoenzymes are specifically involved in the reduction of oxidlgads.
Glutathione peroxidase 4 (GPx4, also called phospholipid hydroperoxide cGPx
PHGPX) is an essential selenoenzyme that is associategnattction from lipid
hydroperoxides (Yanet al, 2003). Thioredoxin reductase can also reduce some
oxidized lipids (Bjornstedtet al, 1995), as well as indirectly modulate lipid
peroxides through the reduction of peroxiredoxins (Mitsunattal, 2001). The
role of selenoprotein P (SelP) as a lipid hydroperoxidasellideaing elucidated.
SelP is one of only two selenoproteins found in the extracellularoameent, with
GPx 3 being the other (Takahashi and Cohen, 1986; Akessan %), and one
function is in selenium distribution (Hill et al., 2003; Renko ef 2008). As
opposed to GPx4 and thioredoxin reductase, SEPP1 knockout mice arebuiable
they display altered selenium distribution (Hill et al., 2003; Burlale 2006)
Besides the selenium distribution function, multiple pieces of evidemgport an
antioxidant function of SelP. This protein has been attributed to pngfeats
against diquat-induced liver toxicity through a decrease in lipidxmation (Burk

et al, 1995). Depletion of SelP from plasma enhances plasma proteirtiaxida
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mediated by peroxynitrite-induced oxidation and nitration (Ar&edl, 1998). In
addition, SelP protects low-density lipoproteins from peroxidation (Seaet al,
2004). In a cell-free in vitro system, SelP has been showedtece phospholipid
hydroperoxide to a greater extent than other reactive oxygenespéaacluding
hydrogen peroxide antért-butyl hydroperoxide t{BHP) (Saitoet al, 1999), and
the N-terminal domain of the protein is beleived to be responsiblthiforeffect
(Saito et al., 2004).

These data suggest that an enzymatic activity of SelP mappdxfic for
lipid-derived substrates, as opposed to other sources of reactivenastygss. The
purpose of this study was to determine if SelP displayed lipidobgdoxidase
activity directed at 15-LOX-1-generated metabolites. Inc¢hepter, the ability of
SelP to reduce 15-HpETE and to protect human embryonic kidney (HEK-@83) c
from oxidation is reported. Furthermore, SelP was capable of protectingadeltg
population from oxidation produced by cells engineered with induciblieQs-1
that were provided arachidonic acid substrate. The evidence preseggEsts
SelP may play a role in reducing lipid hydroperoxides followirgmirane lipid
metabolism, which could serve to protect the cells from the &fkécts of chronic

inflammation.
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Methods

Materials

The HEK-293 cell line was purchased from American Type Culture
Collection (Manassas, VA). Advanced DMEM, CD-293, and zeocin were
purchased from Invitrogen (Carlsbad, CA). Ovalbumin was purchasedHisher
Scientific (Pittsburgh, PA). Ponasterone A was purchased from 8c&ntific
(San Diego, CA). Arachidonic acid was purchased from NuChegk (Etgsian,
MN). E. coli thioredoxin, E. coli thioredoxin reductase, andert-butyl
hydroperoxide were purchased from Sigma-Aldrich (St. Louis, M&)rified 15-
HpETE and 15-HETE were purchased from Cayman (Ann Arbor, Ml),asstlae
15-HETE enzyme immunoassay. Rat Selenoprotein P was a giftOremKris
Hill and Raymond Burk, Vanderbilt University. DiphenylpyrenylphosptidPPP)

was purchased from Dojindo Molecular Technologies (Rockville, MD).

Cell Culture

Unless otherwise noted, the human embryonic kidney line HEK-293, as well
as all subsequently engineered cells, were cultured in AdvancedvDivi&dium
containing 2% fetal bovine serum and 2mM L-glutamine. Cells wenetamzed at
37°C in a humidified incubator with 5% GOAdvanced DMEM is supplied with 5
png/l sodium selenite (NaSeQand the serum contained 37 ng/ml selenium.
Therefore, even with only 2% serum, the selenite content of thisamesults in

selenium-sufficient media.
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Conditional Expression of 15-LOX-1

pVgECR (Invitrogen) encodes the fusion transcription factor usednierage
ecdysone-inducible cells. HEK-293 were transfected with pVgiaRselected for
zeocin resistance to generate stable expression of the VgiBeRogeluct and are
referred to as 293-EcR. 293-EcR cells that conditionally eg@84 OX-1 were

used as previously described (Yu et 2004; Cordragt al, 2007).

Preparation and Purification of 1-Palmitoyl-2-(13-hydroperoxy-
cis-9,trans-11-octdecadienoyl) Phosphatidylcholine (PLPC-PDOH

PLPC-OOH was prepared and quantified as previously describéd éBal,
1999). Briefly, PLPC was oxidized with soybean lipoxidase and negufLPC-
OOH was extracted with ethyl acetate. The ethyl azetatract was evaporated,
dissolved in methanol, and PLPC-OOH was purified by HPLC. PLPE-@as

dissolved in methanol and stored at -20°C.

Biochemical Enzyme Assay

A NADPH-coupled reaction was used to assess the ability of tSal€duce
various lipid substrates. Lipid substrates tested in the asslayléd 10uM 15-
HETE, 10uM 15-HpETE, 100uM tert-butyl hydroperoxide, and 60 uM PLPC-
OOH. The assay was run in a 384 well UV transparent clear bqttate.
Reaction mixtures contained 0.1M Tris-HCI, pH 7.4, 0.24 mM NADPH, 1mM
EDTA, 0.025% Triton-X-100 / 0.3% sodium deoxycholate, ~0.1 UHitscoli

thioredoxin reductase, 3.2g rat SelP, and appropriate lipid substrate aliquots.
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After a 10 minute incubation at 25°C, the reaction was initiayeth® addition of
6.66 LME. coli thioredoxin to the sample wells. In control experiments, reactions
mixtures without rat SelP oE. coli thioredoxin were used to evaluate the
spontaneous reaction rates. The oxidation of NADPH was measuraedritoring

the absorbance at 340 nmg4 for ~500 sec.

Enrichment of Selenoprotein P

Increased transcription and translation of SelP has previousty dieerved
in 293-EcR cells treated with the ecydsone analog ponasterone A)(fRozk and
Moos, 2009). 293-EcR cells were maintained in serum-free CD-298ultlre
medium supplemented with 2mM L-glutamine, 1 pM sodium selenite andv10 p
PonA. After 3 days, supernatant was collected from the -cellewioly
centrifugation at 250 x g for 5 minutes. The supernatant was cortednt20 fold
using a Centricon Plus-70 centrifugal filter (Millipore) with 3®-kDa cutoff
membrane. This concentrated media retains SelP, and was usedrimerfseto
evaluate antioxidant properties of SelP. As a control, supernatarmoiected and
concentrated from vehicle (EtOH) treated 293-EcR cells.

Inductively coupled plasma (ICP) spectrometry (Perkin Elmein@p8100
XL) was used to determine the selenium content in the concentratecuiture
media. The instrument was calibrated using SPEX CertiPraporhtory
Performance Check Standard 1 (Metuchen, NJ). The results wiergtexblin parts
per million (ppm) using WinLab32 for ICP software (v. 3.4.0.0253) and then

converted to Se concentration. Selenium content of the concentrated surgsrna
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was used to calculate SelP concentration of the supernatant based on tipgi@ssum
that there are 10 selenium atoms per molecule of SelP. Pgogeiassion was
verified by immunoblotting. The supernatant collected from PonA-treatedivead
referred to as (+) SelP, while that collected from Et@#ated cells was referred to

as (-) SelP.

Measurement of Lipid Hydroperoxides

Lipid hydroperoxides were measured using DPPP, a molecular probe tha
becomes fluorescent upon oxidation by lipid hydroperoxides (Takaleasal,
2001). HEK-293 cells were plated on a 384-well tissue culture @ata
concentration of 18,000 cells/well. Cells were labeled with 100 RPP or
DMSO control and were incubated overnight. Cells were supplemairitied+)
SelP supernatant at a concentration of 60 nM SelP. An equivalent aafgunt
SelP concentrated supernatant was also tested, as was 100 nM seléiite and
selenium-sufficient blank control medium containing 5 pg/l sodiumngele
Immediately following the addition of these supplements, cells weated with O-
100 uM 15-HpETE, 30 uM 15-HETE or EtOH control. Because some Jégiabi
in results were observed between batches of the hydropepidky iurchased from
Cayman, all reported results were tested from the sarak bamber of 15-HpETE
(13250-6) or 15-HETE (156030-19). Fluorescent intensities following éxcitat
351 nm were measured at the emission wavelength of 380 nm with a-Bkndr

Victor®V plate reader.
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Enzyme Immunoassay

EcR-15-LOX cells were seeded on a 24-well plate at a concentration of 1 x10
cells/well. After 24 hours, culture medium was changed to sereen@D-293
supplemented with 2 mM L-glutamine and 0.1% ovalbumin. Cells weatetle
with 10 uM ponasterone A for 24 hours, followed by a 2-hour treatmght60
MM arachidonic acid. Vehicle treatment with EtOH served asraenfor both
treatment conditions. Culture medium was collected and 15(S)-H&vsIwere

measured by enzyme immunoassay according to the manufacturer’s iosgucti

Immunoblotting

Following collection of culture medium for enzyme immunoassay evafyat
EcR-15-LOX cells were resuspended in lysis buffer, sonicatdd@Gt centrifuged
at 14,000 rpm for 10 minutes, and supernatant was collected. For EcR-15-LOX
samples, 5 pg of the supernatant protein were separated by SBIS-PAor
enriched supernatant samples collected from 293-EcR cells, &bthé sample
were separated by SDS-PAGE. Following separation, proteirestregisferred to a
nitrocellulose membrane and membranes were probed for 15-LOX3jméDa
Chemical, Ann Arbor, MI) or SelP (gift from Kris Hill & Rayond Burk). A
peroxidase conjugated secondary antibody was used to detect chenshenaee

indicative of protein expression.
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Transcellular Assay

EcR-15-LOX cells were plated in a 384-well tissue cultureepkit 6,000
cells/well. Cells were treated with 10 uM ponasterone A arubated overnight.
HEK-293 cells were grown in 25¢nflasks in serum-free CD-293 cell culture
medium supplemented with 2 mM L-glutamine and 0.1% ovalbumin. These cell
were labeled with 100 uM DPPP or DMSO control. After 24 hours, ORB#ed
HEK-293 cells, or unlabeled controls, were added into the wells hathetR-15-
LOX cells at a concentration of 18,000 cells/well. Cells wélewad to recover
for 1 hour prior to the addition of (+) SelP at 60 nM SelP or (i S®ntrol
supernatant. Immediately following the addition of the concentsipdrnatant,
cells were treated with 60 pM arachidonic acid. Vehicletrtreat with EtOH
served as controls for both ponasterone A and arachidonic acid treatriéinty
minutes after arachidonic acid addition, fluorescent intensities measured with

a Perkin-Elmer VictotV plate reader as described above.

Statistical Analysis

GraphPad Instat, version 3.06, was used to evaluate the statigtdatance
of the results. Statistical significance was determineadr®e-way ANOVA with
Bonferroni multiple comparison post hoc tests, and differences wrsidered

significant for p<0.05.
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Results
The ability of SelP to reduce PLPC-OOH through a NADPH-calple

biochemical assay has been described previously (Saitqg @089; Takebet al,
2002). Similar methods were followed to test the ability of SelfPeduce 15-
HpETE and 15-HETE. Because 15-HpETE was previously shown to inhgit th
activity of mammalian thioredoxin reductase 1 (@fwal, 2004),E. coli, rather than
mammalian, thioredoxin reductase and thioredoxin were used in this aHsaE.
coli form of this enzyme does not possess a C-terminal selenocy&&emmer et
al., 2004) such as that found to be responsible for covalent binding of eldatrophi
lipids on the mammalian enzyme (Cassidy et al., 2006). An NADRIigled
showed that activity of the E. coli enzyme was not inhibited biAad5TE (data not
shown). NADPH oxidation was used as an indirect measure of the hyaknjase
activity of SelP. Nonenzymatic NADPH oxidation rates weteserved when
thioredoxin was not added to the reaction mixtures and did not show substrate
selectivity. NADPH oxidation when SelP was not added to thdioeamixtures
reflects activity by theE. coli thioredoxin system and substrate preferences-for
BHP and 15-HpETE was observed. However, with complete reactidares, the
PLPC-OOH was the best substrate as measured by theNA@#H oxidation
(Figure 4.1). 15-HpETE was the next best substrate, with ~70%eo&dtivity
observed with the PLPC-OOH substrate. However, ~50% of thattgatindy be
contributed by the thioredoxin system coupled in this reaction. Esbentd

selective SelP activity was observed for 15-HETE taBHIP.
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Figure 4.1 Lipid hydroperoxidase activity as measured in a NADPH-coupled
reaction. (A) NADPH oxidation was used as an indirect measure of the
hydroperoxidase activity of SelP against various lipid subst(&@s). TheE. coli
thioredoxin reductase (TrxR) system was used to enzymgticadluce SelP as
oxidized (ox) lipid substrates became reduced. (B) NADPH &gidawas
measured in each reaction mixture base, described in the MethtdsBMP, 15-
HETE, 15-HpETE, or PLPC-OOH as potential substrates as welhe vehicle
control (DMSO). Each substrate was tested with a compdetetion mixture, or
mixtures lacking either SelP or thioredoxin (Trx). The SelRigcin the complete
reaction mixtures with the 15-HpETE and PLPC-OOH substrates significantly
different from the other conditions (***, p<0.001). The NADPH oxidation was
increased with-BHP and 15-HpETE substrates in the mixtures without SelP (-
SelP) (tt1, p<0.001) indicating that tBe coli thioredoxin system utilized had
background activity on these substrates independent of SelP.
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Since SelP-mediated activity was observed, experiments warme ta
determine whether the activity of SelP observed in the biocheassaly could be
translated to a cell-based system. SelP was derived fronsugpernatant of
ponasterone A treated 293-EcR cells and selenium content of catedntr
supernatant was determined by ICP spectrometry. Increasedluseleontent was
observed in the (+) SelP supernatant versus (-) SelP (0.285 ppm vspprokh6
The (-) SelP concentrated media selenium content was compabtbe
background level of selenium measured in the CD-293 media when ihatas
concentrated (data not shown). The SelP content in these media were confirmed b
immunoblotting, which showed considerable SelP expression in (+) SelP
supernatant, but minimal SelP (generally <5% of the induced medilag i(-) SelP
supernatant (Figure 4.2). Using the assumption of ten selenium p¢ommolecule
of SelP (Burk and Hill, 2005), the (+) SelP supernatant was cadutathave a
concentration of ~360 nM SelP, while the (-) SelP was calcuégeeB0 nM SelP;
however, this media may have an even lower SelP content as this selenium content
was similar to the defined CD-293 media selenium content.

A fluorescent-based assay (DPPP) was used to detect ligiddgroxide
levels following exposure of HEK-293 cells to the reactive lipidabelite 15-
HpETE. With cells grown in selenium-sufficient medium, thdutad oxidiation
was evaluated from 0-240 minutes. Under all treatment conditionkilacel
oxidation reaches its maximum after approximately 25-30 mimift& uM 15-
HpETE exposure. SelP enriched media consistently demonstrateldiciiore of

cellular oxidation over this time course (Figure 4.3A). Addition16fHpETE
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Figure 4.2 Assessment of selenium and SelP content in concentratetedia.
Left ICP analysis of selenium (Se) content in media samptg¢sSelP represents
media from cells induced to express SelP by ponasterone A whil&e(P
represents media from cells treated with EtOH (vehicle cgntrdhe selenium
difference between these concentrated media is highly isgmif(***, p<0.001).
Right Immunoblot analysis for SelP in these media samples.
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Figure 4.3 SelP protects HEK-293 cells from oxidation by thel@armacological
addition of 15-HpETE. (A) Time course oxidative changes measured by DPPP
fluorescence following 30 uM 15-HpETE addition in cells with stathdaedia
(blank, square), 100 nM sodium selenite (Na§egircle), concentrated control
media ((-) SelP, up triangle), and SelP enriched mediaSéH?, down triangle).
The (+) SelP condition is statistically different at athéi points (p<0.001).(B)
Dose response of 15-HpETE oxidative changes measured by DPP&sdkimre
(left), as well as 15-HETE at 30 pMdht). The (+) SelP condition is significantly
different from the other conditions at 30 and 100 uM 15-HpETE (***, p<0.001).
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resulted in a dose-dependent increase in DPPP fluorescence aetisivath SelP
enriched media demonstrated significant protection from oxidati@® and 100
UM 15-HpETE (Figure 4.3B). The addition of SelP reduced relativé®FDP
fluorescence compared to both standard (blank) medium and (-) cBaetPls
(~12% and ~7% reduction, respectively). Since some studies, witiityias an
outcome, have shown that both SelP and 100 nM sodium selenite can improve
viability following oxidative stress (Steinbrennet al, 2006a; Steinbrennet al.,
2006b), the effect of selenium supplementation with 100 nM sodium seleamste
also tested in this assay. However, in this case, the additisndaim selenite
exerted an oxidative effect, as evidenced by an increase atveelDPPP
fluorescence as compared to standard (identified as blank) con&diumm
following 15-HpETE addition. In addition, no increase in DPPP fluorescavas
observed following treatment with 30 uM of the less oxidative 134HHpid
metabolite (Figure 4.3B).

To determine if SelP could protect cells from oxidation following -1
catalysis of arachidonate, overexpression of 15-LOX-1 was achiesed an
ecdysone-inducible gene expression system (Figure 4.4A). Followdigoa of
arachidonic acid, the enzymatic activity of 15-LOX-1 was cordanthrough
detection of 15-HETE by enzyme immunoassay. Production of the mggabol
increased significantly following treatment of cells with thembination of
ponasterone A and arachidonic acid, but was observed at only a miewedl |
under control conditions (Figure 4.4B). DPPP was used to detect lipid

hydroperoxides following arachidonic acid metabolism by this syste A
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Figure 4.4 SelP can protect target cells from the oxidation by effectocells
following 15-LOX-1 catalysis of arachidonate. (A) Inducible expression of 15-
LOX-1 in 293-EcR cells with integrated 15-LOX-1. Four conditionseva@uated,;
vehicle control (EtOH), ponasterone A (PonA), arachidonic acid (Afy the
combination ponasterone A and arachidonate (PonA+A#). Production of the
15-LOX-1 metabolite 15-HETE under the four conditions just describgd)
Protection from oxidation, as measured by DPPP fluorescencetheitiddition of
SelP enriched media, (+) SelP, compared to the control concentrated (3) sk
(***, p< 0.001).



15-HETE (ng/ml)

Relative DPPP Fluorescence

350

300

N

n

o
|

N

o

o
|

[EnY

a1

o
|

100

50 +

*k*k

—

1.4 1

1.2 1

1.0

0.8+

EtOH  PonA  AA  POnA+AA

Treatment Condition

[_1(-) SelP
I (+) SelP

ok
B

ool HEEN | NN | NN |
AA

EtOH PonA
Treatment Condition

PonA+AA

132



133
transcellular assay in which DPPP-labeled HEK-293 cells added onto ECR-15-
LOX cells allowed for the measurement of lipid hydroperoxideseiis distant
from those that were responsible for metabolizing arachidonic &cidaving lipid
metabolites move through the extracellular environment prior tagaoth DPPP-
labeled cells, the ability of the predominantly extracellulaiPSe reduce the
reactivity of these metabolites was able to be evaluatd&tPPCfluorescence of the
HEK-293 cells increased following treatment of EcR-15-LOX cellgh the
combination of ponasterone A and arachidonic acid as compared to control
conditions (Figure 4.4C). The addition of 60 nM SelP attenuated theasetin

fluorescence as compared to (-) SelP control.

Discussion

The health effects of selenium have been studied in multiple distzss,
including cancer, cardiovascular disease, and inflammatory condi@tens et al,
1996; Market al, 2000; Nomuraet al, 2000; Brown and Arthur, 2001; Angstwurm
and Gaertner, 2006; Angstwuret al, 2007). Benefits of supplemental selenium
intake are believed to be due to antioxidant activity of selenoersz{ieadkar-
Navsariwala and Diamond, 2004; Diwadkar-Navsariwala .e2806; Ironset al,
2006); proteins capable of redox reactions through selenium atomparated as
the amino acid selenocysteine (Tujebajeval, 2000; Small-Howaret al, 2006;
Howard et al, 2007). Recent clinical trials have provided conflicting results
regarding many of the selenium-based health claims. Spdlgifithe anti-cancer

benefit from selenium appears to exist only for individuals with lesvum
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selenium levels (Bleyst al, 2008). Earlier dietary supplementation studies
demonstrated a decrease of cancer incidence that was most pezhoanc
individuals with lower serum selenium levdfSlark et al, 1996). Additionally,
serum selenium levels have been shown to be inversely cadrédatiee incidence
of certain cancers (Clarkt al, 1993; Market al, 2000; Nomuraet al, 2000).
Recent results of the Selenium and Vitamin E Trial (SELEdd)not support the
utility of supplemental selenomethionine in prostate cancer prewentiselenium
sufficient individuals (Lippmanet al, 2009). Still, the antioxidant activity of
selenoenzymes are likely important in human health.

While protection against oxidative injury by the glutathione pelaseés have
been extensively characterized (Arthur, 2000; Steinbrenner and 28i@9), the
antioxidant activity of SelP is less well characterized.ocBemical data have
supported a role for SelP as a phospolipid hydroperoxidase @&adh 1999;
Takebeet al, 2002). However, the reducing capacity of SelP in this assay was
measured to be two orders of magnitude lower than activity observed by
phospholipid hydroperoxide GPx (Ursiret al, 1985), suggesting that the
contribution of SelP as an antioxidant protein might be minimal agpared to
other selenoproteins.

This study attempted to directly link SelP and the reduction @t li
hydroperoxides derived from 15-LOX-1 catalysis. This study extevai& that
demonstrated that selenium supplementation of endothelial cells produce
significantly higher 15-HETE to 15-HpETE ratios, while selenigi@ficiency

increased oxidation of arachidonic acid to 15-HpETE (Weaver.,e2@)1). This
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activity appears to be distinct from GPx4 modulation of lipoxygengathways
involved in cell death (Seileet al, 2008). Further evidence supporting a lipid
hydroperoxidase function of SelP in a cell-based system includesort that lipid
hydroperoxides are increased in myofibroblasts when SelP exqoressknocked
down (Kabuyameet al, 2007). Loss of SelP also led to apoptosis and decreased
cell viability through activation of c-Jun N-terminal kinases histmodel. In
endothelial cells and astrocytes, SelP has been shown to protetdt &@HP-
induced cytotoxicity when cells were maintained in selenium ieeticmedium
(Steinbrenneet al, 2006a; Steinbrennet al, 2006b). SelP protected against cell
death to the same extent as selenium supplementation with 100 nM swdieunite
and this effect was attributed to increased expression andacofiviytosolic GPx.
Both SelP and sodium selenite increased this antioxidant proteinhane of a
GPx specific inhibitor, counteracted SelP-mediated cytoprotection.

Here it is shown that when HEK-293 cells were maintained imisgfe
sufficient medium, 60 nM SelP reduced lipid hydroperoxides following expasf
the cells to 15-HpETE. This SelP concentration is considerablehigian that
required to protect endothelial cells (0.6 nM) or astrocytes (2 fibth the
oxidative damage dfBHP (Steinbrenneet al, 2006a; Steinbrennet al, 2006b).
The normal physiological concentration of SelP in selenium-repletean serum is
estimated at 50 nM (Mostert, 2000). A decrease to less than 5% of selenium-replete
values has been observed in animals with severe selenium defi¢vamy et al

1989; Nakayameet al, 2007). This suggests that the discrepancy in SelP
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concentration required to exert antioxidant effects may béeceta whether cells
are maintained under selenium -sufficient or -deficient conditions.

The results presented here also show that reduction of lipid hydxoges in
HEK-293 cells was achieved when SelP and 15-HpETE were added emntigurr
In addition, short-term treatment with sodium selenite leads teased oxidative
tone in the cells, as reflected by an increase in lipid hydoamers following
simultaneous addition of sodium selenite and 15-HpETE. Protection of emaothel
cells and astrocytes againsBHP-induced cytotoxicity required pre-incubation
with SelP or sodium selenite and no protection was observed in endatbisiaf
SelP and t-BHP were added simultaneously (Steinbrenredr al, 2006a;
Steinbrenneet al, 2006b). This delayed effect would account for the time required
to synthesize cytosolic GPx, the enzyme ultimately responsbl&dIP-mediated
protection in this model. The reduction of lipid hydroperoxides that etserved
following short-term treatment with SelP likely representeaienzymatic activity
of the protein, rather than a genomic effect requiring the trgtiseri and
translation of secondary genes such as glutathione peroxidase.

The cellular protection from oxidation by lipid hydroperoxides aléor by
SelP observed in this study, while significant, was modest @fh12% reduction
as compared to control conditions). This level of antioxidant actwitgelP could
be a consequence of the extracellular localization of this prot&tracellular
reduced glutathione protects endothelial cells against 15-HpETEedaed! injury
and stimulates the conversion of 15-HpETE to 15-HETE (@thal, 1992).

Specifically, phospholipid hydroperoxide GPx has been shown to reduce the
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hydroperoxy ester lipids formed by 15-LOX-1 metabolism (Scheurl, 1996)
and is capable of inhibiting the activity of lipoxygenase enzy(rlemnget al,
1999). If intracellular selenoproteins including glutathione peroxidasesthar
primary source of antioxidant defense against the products of ligtabmlism, it is
possible that the reactivity of these metabolites is minidn@&r to reaching the
extracellular environment, therefore reducing the need for SelRctoas a
detoxifying protein.

In conclusion, SelP has been shown to reduce lipid hydroperoxides in HEK-
293 cells after exposure to 15-HpETE. This was observed following
pharmacological treatment with the metabolite, as well asgemims production
through ecdysone-inducible expression of 15-LOX-1. These results provide
evidence that the lipid hydroperoxidase activity of SelP ihtiabserved in
biochemical assays also occurs in a cell-based model of X¥5il @atalyzed
arachidonic acid metabolism. By reducing lipid hydroperoxides Viaiig cell
membrane metabolism, SelP may serve to decrease oxidative tissuet under
inflammatory conditions. This could provide protection against the &ffects of
lipid peroxidation, leading to a decrease in DNA damage and mutatimhs a
potentially contributing to any anti-carcinogenic effects of rsala

supplementation.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

Introduction
Selenium has been linked to potential beneficial health effectauitiple

disease states, including cancer, cardiovascular disease, a@ennafiory
conditions (Clark et al., 1996; Mark et al., 2000; Nomura et al., 2000; Brown &
Arthur, 2001; Angstwurm & Gaertner, 2006; Angstwurm et al., 2007); however,
recent clinical trials have provided conflicting results thatehdvought into
guestion the safety and efficacy of selenium supplementationg(Btegl, 2008;
Lippman et al., 2009; Stranges et al., 2007). Beneficial effectsipgfleanental
selenium intake have been attributed to antioxidant activity of salegymes
(Diwadkar-Navsariwala and Diamond, 2004; Diwadkar-Navsariwala.ef@06;
Irons et al, 2006); proteins capable of electron transfer through selenium atoms
incorporated as the amino acid selenocysteine (Tujebageva, 2000; Small-
Howardet al, 2006; Howarcet al, 2007). SelP is an extracellular glycoprotein that
plays a vital role in delivering selenium to extrahepatic tsg#&kesson et al.,
1994; Hill et al., 2003; Renko et al., 2008). An antioxidant function has also bee

observed for this protein (Burk et al., 1995; Arteel et al., 1998; Shadb,€1999;
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Traulsen et al., 2004; Steinbrenner et al.,, 2006a; Steinbrenner et al., 2006b).
Through an increased understanding of the mechanisms regulagngwetein P
expression and activity, it could be possible to gain insight into tlyeinvevhich
selenium exerts its physiological effects.

For this reason, the experiments presented in this dissertatiendesigned
to test the hypothesis that mechanisms regulating the expredsselenoprotein P
provide for modulation of this protein so it may function to provide antioxidant
protection in extrahepatic tissues. These studies charadteheeregulation of
selenoprotein P through glucocorticoid response elements and detethenede
of selenoprotein P in regulating the cellular oxidative stredsced by reactive
hydroperoxylipid intermediates. This chapter will summaireerajor findings of
these experiments. A brief discussion of the findings, asasefluggested future

research directions will also be included.

Summary

Chapters 2 and 3 of this dissertation focused on characteriangdghlation
of SEPP1 through both VgECR and GR. First, multiple electronic as¢abvere
utilized in order to identify putative TFBS within the SEPP1 pr@not
Identification of putative glucocorticoid and retinoid responsivenelgs supported
the usefulness of these bioinformatic tools, as transcriptiotighen by VgECR
involves binding of a heterodimer formed between GR and RXR (Saez et al., 2000).
Both a putative GRE at position -87 and a putative RRE at position -3 of

SEPP1 promoter were found to be necessary for transactivation &ERE1
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promoter by VgECR. These sites overlap with an active HXxBie involved in
modulating SEPP1 expression, suggesting this may be an important aggulat
region of the promoter potentially capable of promiscuous binding by muclea
receptors. A direct binding site for GR was not identified onSlBEP1 promoter
and it appears that SEPP1 repression may be mediated througtdigett
mechanism of the GR at GRE #1.

Antioxidant activity of SelP against reactive hydroperoxylipiceintediates
was evaluated through the experiments presented in Chapter 4. mdfzy
reduction of 15-HpETE, but not 15-HETE, was observed in a NADPH-coupled
biochemical assay. SelP was also effective at reducing hipdioperoxides
following exposure of cells to 15-HpETE. This was observed both wiihen
protein and metabolite were added simultaneously and in a trarnscelkday
where 15-LOX-1 was actively metabolizing arachidonic acid. Wihike effects
were modest, these results directly link SelP and the reductionipiof
hydroperoxides derived from 15-LOX-1 catalysis. This provides fushigtence
of the antioxidant activity of SelP and suggests that the toxectsfbf ROS formed
during inflammation could be reduced when SelP is present atopdyisal

concentrations.

Discussion
Despite the beneficial effects that have been noted, it apgedrshe data
regarding selenium supplementation is conflicting and inconclusivéhis

highlights the difficulty in translating results from vitro and animal models to
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clinical effects in humans. In addition, variability in the nutritioetatus and
predisposing disease factors among different human populations maki@sutt
to establish correlations in the available clinical data. Toerefurther studies are
required in order to fully elucidate the mechanism and exterglehism’s health
effects.

Because the benefits of supplemental selenium intake are believed to be due to
antioxidant activity of selenoproteins, it is thought that optimalthealtcomes are
achieved when the trace element is available in a supply adequmtvent it from
becoming the limiting factor in selenoprotein synthesis. Asntlagr selenium
supply protein of the body, SelP plays an important role in ensthratgadequate
tissue selenium levels are available for proper Sec ttarsland selenoprotein
synthesis. Understanding the regulatory and functional mechawisi®slP can
therefore provide evidence of the way in which selenium is distdbarte utilized
within the body.

Despite the fact that the VgECR system is not expecte@amsdctivate host
genes by itself, induction of SEPP1 was observed when this syseractivated
by PonA in HEK-293 cells. In an attempt to determine the mechaeisponsible
for this unexpected effect, electronic database analyses wse@ to identify
putative TFBS in the SEPP1 promoter. While these methods idenhiineling
sites that appeared likely candidates for mediating activasiofgkcR, in the end,
these sites were approximately 13 base pairs downstreamHeo@RE and RRE
shown to be responsible for transactivation. However, the TESSheemBRE

within Motif 6 of the MEME output did in fact correspond to a previously
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characterized FOXOla site (Speckmann et al. 2008; Waltdr 20@8), lending
support to a role for bioinformatics in identifying biologicallyleseant gene
features. While thesm silico techniques can identify candidate binding sites, it
should be recognized that their use is just one step in the procdsaratterizing
protein binding sites in genes. The inability of these tools toifgiehie actual
sites responsible for transcriptional activity observed here bigklthe importance
of using experimentation to verify outcomes of electronic database analyses

In addition to HNF-4,, the GR has now also been shown to play a role in
regulating SEPP1 expression. Regulation of SEPP1 by nucleaptarsce
(Speckmann et al. 2008; Rock and Moos 2009), as well as spatiotemporal
expression during embryogenesis (Thisse et al. 2003; Lee et al. 20pBhrts a
role for this protein in developmental processes. It is unclearhethetuch a
function is newly evolved or has been conserved across species.

Due to the proximity of GRE #1 and RRE to the candidate GRE and/RAR
binding sites identified in Chapter 2, these active sites félinvthe evolutionarily
conserved region of SEPP1 identified by ConSite analysis. Ihogdmetic
footprinting of human sequences, rodents are the most common speciesrused f
comparison as studies have revealed only a small portion of theodomgecegions
are conserved at this evolutionary distance. Additionallyethes species show
high similarity in distinguishable segments of the genome, whilegb&anked by
apparently random sequence (Lenhard et al., 2003; Miziara et al., 2@f}4these
reasons, the ConSite analysis described in Chapter 2 evaluatedioganjut

conservation between the human and murine SEPP1 genes. Once GRE #1 and
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RRE were shown to be necessary for transcriptional activatioBEHP1 by
VgECR, conservation of the sequence was evaluated across a greateer of
species ranging in evolutionary distance from humans. This wasnalshed
using the University of California, Santa Cruz (UCSC) GenonwewBer. This
database is a collection of genome assembly sequence data agchtedte
annotations for a large number of organisms (Kuhn et al.,, 2009). Theeébrows
represents annotations as a series of horizontal tracks laid outhevgenome
(Kent et al.,, 2002). The Conservation track displays the results Mtlaz
alignment, providing a view of the evolutionary relatedness of seggeacross a
wide range of animals (Kuhn et al., 2009). Sequence conservation acrossapecies
divergent as the primate, mouse, dog, elephant, opossum, and chicken was observed
when the reverse compliment of the SEPP1 promoter region corresptm@iRiE
#1 and RRE was queried (Figure 5.1). In particular, bases identified in Chapter 3 as
being responsible for VgECR transactivation were highly conservadselresults
support the idea that this region is an important regulatory regitdregromoter;
however, it should be noted that with the exception of the chickenpeaties
identified within this phylogenetic analysis are mammalst sounknown whether
this regulatory region is conserved in lower vertebrates.

Zebrafish express two SelP isoforms, each encoded by a digtinet One
isoform shares sequence and structural similarities with ulieleihgth human
protein, while the other lacks a Sec-rich C-terminus (Kryukov &i@shev 2000).
These two isoforms are also observed in pufferfish and correspond t@tthe

isoform that terminates at the second UGA of SelP. This consagrvacross
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Figure 5.1 Phylogenetic footprinting of GRE #1 and RRE binding $es. The
University of California, Santa Cruz (UCSC) Genome Browses waed to
evaluate evolutionary conservation of the GRE #1 and RRE sequences itdgspons
for VgECR transactivation of the SEPP1 promoter. The browseresemis
annotations as a series of horizontal tracks and the Conservationlisplays the
results of a Multiz alignment. Sequence conservation was oldsacvess multiple
mammalian species, as well as the chicken, for the reverspliment of the
SEPP1 promoter sequence queried.
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species supports the hypothesis of differential functions betiweetwbd domains
of human SelP.

The N-terminal domain of SelP is thought to be responsible for the
antioxidant activity of this protein, while data support a seleniunrilaligion
function for the C-terminal domain (Saito et al., 2004). The C-tetrdm@ain is
critical in preventing the developmental defects observed in SEPP1cknouice,
including neurological and fertility impairments (Hill et al., 200Additionally,
transgene expression of hepatic SEPP1 resolves the knockout phenotype (Renko e
al., 2008). Therefore, while evidence of the antioxidant activitgedP continues
to accumulate, it is clear that the selenium distribution effé¢his protein is of
paramount importance in preventing developmental defects.

It is unclear whether there is interplay between the antiok@etivity of SelP
and the proposed role of this protein in development. Evidence suggatts t
selenium is necessary for mammalian embryonic development @Bedmd
Bahuguna, 1994), a process that generates ROS through aerobic and @anaerobi
metabolic pathways (Ornoy, 2007). While antioxidant systems ilirdesteloping
at this stage of growth, expression of cytosloic GPx and superoisdeutase
MRNA has been noted in mouse embryos (El-Hage and Singh, 1990; Baek et
2005; Yon et al., 2008). Developmental studies have also shown spatiotemporal
expression of a SEPP1 ortholog in both zebrafish (Thisse et al., 2003nurine
model systems (Lee et al., 2008). It was suggested that thess®gn patterns
may correspond to a function for SelP in protecting against embrygmiative

damage (Lee et al., 2008).
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Figure 5.2 outlines a proposed mechanism by which SelP is regalated
subsequently exerts its physiological effects. In considettmgy model, it is
important to recall that the majority of SelP is synthesiredhe liver for the
purpose of delivering selenium throughout the body (Burk and Hill, 2005). eStudi
in knockout animals have shown that delivery to the brain and testesf are
particular importance (Hill et al., 2003; Burk et al., 2006), and ApoER2aappe
be responsible for SelP uptake into these tissues (Olson et al., R@d®7et al.,
2007). As the C-terminal domain is necessary to prevent neurdlagddertility
impairments under selenium-deficient conditions (Hill et al. 200 @pjitears that
this region of the protein is responsible for supplying seleniuthedissues once
uptake has occurred. It seems likely that SelP derived frohvénes degraded in
these tissues for the purpose of increasing the supply of wel@vailable for the
synthesis of other selenoproteins. This supply could also facilkiteé¢ de novo
synthesis of SelP, providing a mechanism for tissue-specifinigaieretention,
such as is observed in the brain and testes during selenium-deéorsttions
(Burk et al., 1972; Behne et al., 1988).

This proposed mechanism of selenium delivery by SelP to the bratesied
is in contrast to distribution in the kidney, where the C-terminalaiiorof SelP is
not required (Hill et al., 2007). In this case, it seems theriu@l domain is
sufficient, introducing the idea that the various SelP isoforms cawidtibn
differentially in tissues throughout the body.

Under selenium-sufficient conditions, where selenoprotein synthesistis

limited, locally expressed SelP may primarily function in antioxidantefe It is
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Figure 5.2 Proposed mechanism of selenoprotein P regulation andtiagy.
SEPP1 is upregulated in cells undergoing differentiation. Additignéhe
transcription factor hepatocyte nuclear factor (INF-4o) has been shown to
increase SEPP1. Multiple cytokines repress SEPP1 and expre$sgmiPois
decreased in sepsis, leading to the suggestion that SelP functemai@aste phase
protein during inflammation. Once synthesized, SelP is excretied the
extracellular space. SelP produced in the liver primarily fanstiin selenium
delivery to extrahepatic tissues, where the protein supplies w@lefor the
production of additional selenoproteins. Additionally, de novo synthesiglBf S
can occur in extrahepatic tissues, providing a mechanism for waleeitention
during deficiency. In selenium-sufficient conditions, where selenejpreinthesis
is not limited, SelP may function as an antioxidant protein.
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unclear whether this might be a tissue-specific effect. &Vine magnitude of
SelP’s antioxidant activity was nominal in HEK-293 cells, a enpronounced
effect could potentially be observed in cells of neuronal orctdati origin, tissues
where the protein seems to be of vital importance. The Sec in the N-terrginal re
of the protein is proposed to be responsible for the antioxidanityaatf SelP;
however, catalytic reduction of this Sec would be required in ordeatataim this
activity. The enzymatic system reponsible for catalyzing taduction has yet to
be identified, but could potentially involve the selenoprotein enzyme thiaredox
reductase. Alternatively, it is speculated that there could twde for the nine C-

terminal Sec residues in cycling electrons on the N-terminal Sec.

Future Directions

The GR was shown to modulate SEPP1 expression, but direct binding of this
protein to the promoter was not observed in the studies presentedTherefore,
further studies are required in order to fully characterize #gehanism responsible
for GR regulation of SEPP1. Greater GR-mediated repressioanafsferone A-
induced activation was observed on the -1652 to +247 fragment of the SEPP1
promoter as compared to the -109 to +247 fragment (Figures 3.2, 3.4 and 3.5),
suggesting additional repressive elements exist within theldnlith promoter.
While an attempt to identify potential putative binding sites resptans$or this
activity revealed additional GRE half-sites, no site corresponttinge classical
GRE consensus sequence was found. Based the activity of halitsstaved on

the -109 to +247 fragment, it seems prudent to test the activityeaddditional
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half-sites in the full promoter through similar methods, includirtg-directed
mutagenesis. Additionally, a complex DNA-repeat region within $PP1
promoter has demonstrated repression of SEPP1 expression witkn cert
polymorphisms (Al-Taie et al., 2002). These simple sequence rega@afanction
as binding sites for regulatory proteins (Kashi et al., 1997), and thutantorms
of this site should be evaluated to determine its effect on Glaed SEPP1
expression.

While conclusions are limited by the absence of a positive comtrtthe
EMSA, data presented here seem to support an indirect rdle &R in regulating
expression of SEPP1. An indirect mechanism of GR modulation of tigtisc
has been described previously through an interaction with CCAha&reer-
binding proteins (Rudiger et al.,, 2002) and subsequensilico analysis of the
SEPP1 promoter revealed the presence of a CCAAT/enhancer-bindieqsite
immediately downstream from GRE #1. Studies aimed at evaludiinmpterplay
between these two transcription factors may provide further eviddribe way in
which SEPP1 is regulated. Because CCAAT/enhancer-binding proseas
involved in development and differentiation (Ramji & Foka, 2002) these studie
could also provide insight into the function of SelP during development.

There are multiple ways in which to build upon the evidence of SelP’s
antioxidant activity. Data presented here are specifieimg of characterizing
activity against a particular oxidative metabolite (15-HpETEdwENVer, the ability
to consider this data in a biological context is limited by #e that it does not

account for the complex nature of the inflammatory process in wihighiple
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reactive metabolites are formed. In the future, studies couldnb@rich consider
this complexity. One approach would be to test alternative eicalsafmimed
during inflammation as substrates for SelP, using assays rstmilose described
here. Alternatively, the role of SelP on downstream effectgco§anoid signaling
could be evaluated. For example, metabolites of LOX- and CCalyset have
been shown to oxidize peroxiredoxins (Cordray et al., 2007). These proleares
role in regulating ROS signaling through their reduction of hyenogeroxide in
cells (Wood et al.,, 2003). SelP was found to be ineffective ateptiag the
oxidation of peroxiredoxins in metabolically active EcR-15-LOX cdtlata not
shown); however, SelP protection could potentially be observed in @eHamer
system, where oxidation is measured in cells distant from tbos@ng the reactive
metabolites.

Other general markers of oxidative stress, such as DNA admncation or
apoptosis could also be assessed. Specifically, SEPP1 knockdown halsdvaen s
to induce apoptosis through activation of c-Jun N-terminal kinasesu{idainet
al., 2007), so further characterizing the role of SelP in this patwayd be a
logical approach for future studies. The nuclear factor kappa gatavay is
another pathway under ROS-mediated control that could be evaluatecthn s
studies (Bubici et al., 2006).

Immunohistochemistry has previously been used to visualize Selk® tiss
expression (Burk et al. 1997). This method could potentially be useful i
determining whether there is tissue-specific expression of Ssbforms.

Antibodies specific for each of the isoforms would need to be deveiomeder to



159
run such a study; however, the outcomes could provide new insighh@tssue-
specific functions of SelP. In addition to providing information onftimetion of
extrahepatic SelP, this study could also work to further chaiaetdifferential
functions of the SelP isoforms.

Finally, using animal models would be an extremely effectivéhatk for
translating the results af vitro experiments to a more complete biological context.
The development of SEPP1 knockout mice has provided a very useful tool for
running such experiments. Application of emvivo model of inflammation in
these animals could provide a wider context in which to consider tiexidant

activity of SelP.
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NUCLEAR LOCALIZATION OF THE

GLUCOCORTICOID RECEPTOR
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Localization of GR following treatment of ECR-GR cells. ECR-GR cells
were treated with 10nM Dex, ftM PonA, or vehicle control for 24 hours in
order to evaluate GR localization under experimental treatment ticorsdi
Treatment with 10nM of the nuclear export inhibitor leptomycin B aE®
tested. Phase contrast images appear on the left and fluoresages appear
on the right. Black bars are equal to 1 millimeter. Fluorebectatieled GR is
shown in white and nuclei are indicated by arrows. Cytoplasmitizatian of
GR is observed with vehicle control, PonA, and leptomycin B treatments
Nuclear localization was observed only following the addition of ,Dex
confirming that the GR was not translocating to the nucleus inkibenae of
ligand.
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