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Liver x receptors (LXRs) are central regulators cholesterol homeostas
and the innate immune response. As modulators of inflammation and cholesterol
metabolism LXRs might diminish dyslipidemia and inflammation relate
pathologies caused by high fat (HF) diets or obesity. There is also data
demonstrating that LXRs can protect against progression of prostate (@agr
but little is known about the cholesterol modulating effects of LXRs in
transformed cells. The goal of this project is to characterize the choleste
modulating properties of LXRs in two models of PCa and the anti-inflammatory
properties of LXRs in swine bronchial alveolar macrophages (AMs). This projec
will also examine whether the anti-inflammatory and lipid lowering propedie
the dietary probiotic bacterlaactobacillus casefL. case), can interact with the
LXR axis in AMs. Studies in two PCa cell lines, LNCaP and PC-3, revealed that
LXR ligands regulate the LXR responsive geidBCAlandABCG1through the

LXRp isoform and not LXR in PC-3 cells, but onh)ABCG1in LNCaP. LXR-



ABCAL1 mediated reverse cholesterol transport (RCT) resulted in a desrease
plasma membrane lipid raft cholesterol domains in PC-3 cells, suggesting a
potential anti-cancer axis for LXR activation. Studies in LNCaP and Pds3 cel
also demonstrated that soy isoflavones can activate transcriptionatiaatiof
ABCAl1andABCG1in LNCaP and PC-3 cells through the LXRoform, but did
not lead to an increase in RCT. Metabolic and anti-inflammatory studies of LXR
in AM from Ossabaw pigs fed either a control (C) diet, HF, HF ploasei

(HFPB) orL. caseialone (CPB) diet revealed that AM from HF fed pigs had
significantly higher concentrations of cholesteryl-esters (CE) apeapwith AM
from control (C) diet fed pigsEx-vivoactivation of LXR with the LXR ligand
T0901317 opposed LPS mediated upregulatidh-dfs, IL-6, IL-8 andIL-10

MRNA levels in AM from HF, HFPB and CPB fed pigs. Finally, it was observed
that LPS stimulation lead to significant inhibition of LXR transcriptioh. xR,
ABCA1 ABCG] cholesterol 25 hydroxylas€H25H) andPPAR in AM. This
effect was abrogated by caseifor ABCAL CH25HandPPAR mRNA

expression.



CHARACTERIZATION OF LIVER X RECEPTORS IN PROSTATE CANCER
CHOLESTEROL METABOLISM AND PULMONARY IMMUNE RESPONSE.

By

Steven E. Trasino

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctorate of Philosophy
2011

Advisory Committee:
Professor David Lei , Chair
Dr. Wen-Hsing Cheng

Dr. Harry Dawson

Dr. Thomas Wang

Dr. Xiaoping Zhu



© Copyright by
Steven E. Trasino
2011



Acknowledgements

| would like to first thank my wife, Marie Thérese, for her infinite supportrauri

my doctoral research. Her wisdom and love provided me with firm ground during
the days, months and years leading to completion of this thesis. Without her |
could not have done it.

| would also like to sincerely thank my family and friends for their ongoing
encouragement through the years leading up to, and during my graduate training.

Finally, I would like to thank all of my PhD committee members for their
encouragement and support for my work. All of their constructive input is
reflected in the strength of this final body of work.



Table of Contents

ACKNOWIEAGEMENTS ...t e e e e e e e e e e ee e s i
Table Of CONIENLS ... ..o e e e e e e eeaanee i
LISt Of T@ADIES ...ttt viii
S o T [PPSR IX
List Of ADDIeVIations .........uueuein e Xil
Chapter 1: Literature Review of Liver X ReCeptOrS.......coooovvviiiiiiiiiiiiiiiiiieeeee e 1
Discovery Of Liver X RECEPLOIS .....uuuuuiiiiiiiieee ettt e e e e e e eeeeennnens 1
LXR Regulation of Whole Body Cholesterols Levels..........cccccoeeiiiiiiiiiiiiiiiinnnnns 5
LXRs are Anti-inflammatory and Cardio-Protective...............oouvviiiiiiiiniineeneenn. 9
LXR Regulation of the Innate Immune RESPONSE .........cccvvvevviirviiiiiiiiiieeeeeeeeen, 12
Liver X Receptors and Disruption of Lipid Raft Signaling..............ccoovvvvvnnnene 15
Prostate Cancer, Cholesterol and Liver X ReCEeptors .......ccceevveeeeeeeeiievieeeeinnnnns 19
Anti-Prostate Cancer and Lipid Lowering Properties of SOy ..........ccceeeeeeeeen. 21
Pulmonary Immunity, Cholesterol and Liver X Receptors ...........cccccevvvvvvvvnnnns 22
Significance of the Current Project to Human Health ................cccciennn. 25
Chapter 2: Studies of Liver X Receptors and Prostate Cancer .............cccc........ 25
Chapter 3: Studies of Isoflavones as LXR Modulating Agents...............cc....... 27
Chapter 4: Studies Examining the Effects of a HF Diet and Probiotics on the
LXR Axis and Inflammation in Alveolar Macrophages..........cccccuuvivuiiiiiinnnnnn. 28
Chapter 2: Characterization of Liver X Receptors in Prostate Canclekadit
IS ettt e e e e e e e e e e 31
INTRODUGCTION ...ttt e et et e e e e e e e e e e e e e e s s s 31
Experimental Rationale for LXR Studies in Prostate Cancer Cells.............. 31
Specific HYpothesSes TeSIEM .......uuvueuiiiiiiii e e e e e e 34



ABSTRACT .. e 35

MATERIALS AND METHODS......cutiiiiiieeeeeeeeeeee e 36
Chemicals and REAgENTS .........oooeiiiiiiiiiiiiiie e 36
Cell CUIUIE . 37

RNA Isolation and Real-Time Reverse Transcriptase Polymerase Chain

Reaction (RT-PCR) ..ot e e e e eeeeeennaees 37
Quantitation of Basal MRNA [eVelS..........coouuiiiiiii e, 38
Quantitation of Comparative Basal mMRNA Levels ........cccccoeeeiiiiiiiiiiiiieeennn, 39
Cell Transfection with Small Interfering RNA (SIRNA) .......ooovviiiiiiiiiinnnnnn. 39
Kinase INhibitor EXPeriments ...........oooiiiiiiiiiiiiiiii e 40
Cholesterol EffluX ASSAY ......ccoeuiiiiiiiiiiiiiiie e a e e e e 40
Gene Expression and Cellular Cholesterol Quantitation During Efflux....... 41
Fluorescent Staining of Cholesterol Rich Membrane Domains.................... 42
SHALISTICS ...t 42
RESULT S L. e et e e et e e e et e e e et e e e aa e eaaaas 43
Specificity of the Synthetic LXR ligand TO9 in PCa Cells..........cccccoeeeeee. 43
Basal Levels of LXR and Cholesterol Metabolism genes in PCa Cells ....... 43
Cholesterol Profile of PC-3 and LNCaP cellS...........coooviiiiiiiiiiiiiieeee 44

Concentration Effects of LXR Ligands &BCGlandABCA1mMRNA
012515 (o] OO U R PPPTPPPPRTRRN 45
Temporal Effects of LXR Ligands on ABCG1 and ABCA1 mRNA

0] (2515 (o] IO UUURPPPPPPPTPPPPRTTRN 46



Ligand and LXR Isoform Specific Regulation ABCA1andABCG1mRNA
Expression Varies between Cell TYPES.......ccoooiiiiiiiiiiiiiiiiiie e 46

Involvement of Kinase Signaling in LXR ligand Regulatiol/ABFCA1

MRNA N LNCaP and PC-3 CellS.........ooooiiiiiiieeeeeeeeeeeee e 47
Cholesterol Efflux in PC-3 CellS ... 49
Cholesterol Quantitation Prostate Cancer Epithelial Cells ...........cccccceeeeen. 50
Cholesterol Metabolism Gene Signature of PC-3 cells during Efflux.......... 51
Alexa Fluor Staining of Plasma Membrane Lipid RaftS..........cccccceevieinnnn. 52
DISCUSSION ..ottt e ettt e e et e eb e e e e eeern e aaeeenes 53
Specificity of Synthetic LXR ligand TO9 in PCacells .........c.oocovvviiiiieinennn. 53
List of FIgures With l€geNAS...........uuuiiiiiiiie e 66

Chapter 3: Isoflavone regulation of ABCA1, ABCG1 mRNA levels in Prostate
CANCEE CIIS ..t 78
INTRODUCTION ...ttt ettt e e e e et e e e e e e e eaa e e e e annnees 78

Experimental Rationale for studies of Isoflavones and Cholesterol

Metabolism in Prostate Cancer Cells...........ccccoviiiiiiii i 78
Specific HYpothesSes TeSIEM .......uuuueuiiiiiiiee e e e e e e 80
ABST R A CT e 81
MATERIALS AND METHODS. ... 82
Chemicals and REAJENTS ..........ccevvuiiiiiiiiiiiie e e e e e e e e e eees 82
Cll CUIUIE ... e 82

RNA Isolation and Real-Time Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR) .....ciiiiieiiiiiiie st e e e e e e e e e e e e eaeeaeannnes 83

Cell Transfection with Small Interfering RNA (SIRNA) .......coovvvvievciiinnennnn. 83



Cholesterol EffluX ASSAY ......ccouiiiiiiiiiiiiiieae ettt a e e e 84

SHALISTICS ... 85
RESULT S Lo e e e e e e e et e e e et e e e e e e eeaaas 85

Concentration Effect of Soy Isoflavones on ABCG1 and ABCA1 mRNA

0] (35S (o] SO UURPPPPPPPTUPPPRTTRN 85

Temporal Effect of Soy Isoflavones on ABCG1 and ABCAL1 mRNA

D 0] (25151 (o] ISP UURP PP PPPTPPPPRRTRN 86

LXRp Involvement in Isoflavones Regulation of ABCA1 and ABCG1

MRNA Expression Varies between Cell TYPesS ........ceevviiiiiiiiiiiiiiiiiiieeiiiiies 87

Involvement of Androgen Receptor in Isoflavone Regulation of ABCA1 and

ABCG1 mRNA Levels in LNCaP Cells. .........ouvieiiiiiiiiiiiiiii 88

Cholesterol Efflux from PC-3 CellS.........coooiiiiiiiiiiieeee 89
DISCUSSION ..ttt e ettt e e e e e et e e e e eeern e aaeaeees 90
List of FIgures With l€geNAS..........uuuuiiiiiiiiee e 95

Chapter 4: The Pro-Biotic, Lactobacillus casei, Prevents Cholestégyl-es

Accumulation and LPS modulation of the LXR and Inflammatory Axis in

Alveolar Macrophages from Ossabaw pigs fed a High Fat Diet. ...................... 101
INTRODUGCTION ...t e e e e e e e e e eennes 101
Experimental RatioNale..............uuiiiiiiiiiiec e e e e e 101
Specific HYpotheses TeSted: .......ccovveveeiiiiiieie e 105
ABSTRACT e enne 106
MATERIALS AND METHODS. ... e 107
ANIMAIS AN DIBTS ...t 107
Pulmonary Bronchial Alveolar Lavage.........ccccevveiieeeeeeiiiiiieieecee e 108

Vi



Unstimulated AM andEx-VivOAM EXperiments ...........ccoovvvvvvvivvivnnnnnennn. 108

Real-Time Reverse Transcriptase Polymerase Chain Reaction OR)189

Macrophage Cholesterol ANalySiS ..........ouuvuiiiiiiiiiiii e 110
Cell Culture Supernatant Protein ANalySiS ..........cooovvviiiiiiiiiiiiiiiiee e 111
SHALISTICS ..o 111
RESULT S L. e et e e e e e e e e e et e e e et e e e aaaaaae 112
Body Weight and Lipid Profile after 28 Weeks of HF diet ........................ 112
Cholesterol Analysis in Alveolar Macrophages ...........ccccvvvvviiiiiiiiiiccinnnn. 112
Gene Expression in Unstimulated AM cellS ..o, 113

Elevated mRNA Levels of Pro-inflammatory Mediators in LPS-tigkate

Alveolar Macrophages from High Fat and Pro-biotic fed pigs is Opposed by
LXR ACHVALION .....coiiiieeieeeeiit et e e e e e e e e e eeeeerennnnes 113
Protein Analysis of Cell Culture Supernatants ...........ccccceeeeeiiiiiiiiiiiiiinnnnnns 115

Effect of L caseiSupplementation on LPS Antagonism of LXR and

Cholesterol Metabolism Related Genes..............oooooiiiiiiiiiiiiiiieeeeen 116
DISCUSSION ..t e e e e e e e e e e e aaa s 117
List of FIgures With l€geNdS..........uueeeiiiiiie e 129

Chapter 5: PerSPECIIVES .......cevieiiiii it e e e e e e e e e e e e aeeeaeannnne 137
Studies of LXRs as Modulators of Lipid Raft Domains in PCa Cells............ 137
Studies of Isoflavones as Modulators of the LXR axis in PCa Cells ............. 138

vii



List of Tables

Chapter 3:

Table 1. List of Genes Measured in Unstimulated and p.129
Stimulated AMex vivo

Table 2. Body Weight, Serum Cholesterol and Triglyceridespri30

Ossabaw Pigs After 28 Weeks of Experimental Diets.

viii



Chapter 1:

Figure 1.

Figure 2.

Figure 3.

Figure 4

Figure 5.

Figure 6.

List of Figures

Structures of Oxysterols. p. 3

Source: Vejux, A.; et al. Side effects of oxysterols:
cytotoxicity, oxidation, inflammation, and
phospholipidosis. Braz J Med Biol Res 2008; 41.:
545-556.

Model of LXR transcriptional regulation of gene  p. 4
expression.

Source: Zelcer N, Tontonoz P. Liver X receptors as
integrators of metabolic and inflammatory signaling.
J Clin Invest. 2006; 3:607-14.

LXR mediates Reverse Cholesterol Transport. p.8

Source: Duffy, D, Dader, D. Nature Reviews
Cardiology. 2009; 6 455-63.

A model for cross talk between cholesterol p.14
metabolism and the innate immune response.

Source: Zelcer N, Tontonoz P. Liver X receptors as
integrators of metabolic and inflammatory signaling.
J Clin Invest. 2006 3:607-14.

Lipid Rafts. p.17

Sources A, B: Molecular Biology of the Cell. 4th
edition. Alberts B, Johnson A, Lewis J, et al.New
York: Garland Science; 2002. C: Kai Simons &
Mathias J. Gerl. Revitalizing membrane rafts: new
tools and insights. Nature Reviews Molecular Cell
Biology. 2010; 11: 688-99.

Two models for ABCAL disruption of Lipid Raft p.18
Domain Cholesterol.

Source: Tall AR, Costet P, Wang N. Regulation and
mechanisms of macrophage cholesterol efflux. Clin
Invest. 2002; 7:899-04.



Chapter 2:

Figure 1.

Figure 2.

Figure 3.

Figure 4

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9

Figure 10.

Figure 11.

Figure 12.

Interactions of T0901317 With Other Vitamin/lipid p.66
Members of the Type-2 Nuclear Receptor Family

Comparative Expression of LXR, Cholesterol p.67
Metabolism Related Genes and Cholesterol Levels in
LNCaP and PC-3 cells.

Concentration-dependent Effects of T09, 24,25EC,p.68
and 25HC on ABCA1 and ABCG1 mRNA
Expression.

Temporal Effects of T09, 24,25EC and 25HC on  p.69
ABCAL and ABCG1 mRNA Expression.

Effects of LXRx siRNA on Ligand-Mediated p.70
Expression of ABCA1 and ABCGL1 in LNCaP and
PC-3 cells. .

Effects of LXR siRNA Interference on Ligand- p.71
Mediated Expression of ABCA1 and ABCGL1 in
LNCaP and PC-3 cells.

Effects of p38, JNK, MAPK and PKA Inhibitors on p.72
T09 and 25HC Mediated Induction of ABCA1
MRNA.

Effects of SIRNA Against p38p on TO9 Mediated p.73
Induction of ABCA1 mRNA.

Effects of SIRNA against PKA on TO9 mediated p.74
induction of ABCA1 mRNA.

LXR-ABCA1 mediated Reverse Cholesterol p.75
Transport in PC-3 cells.

Cholesterol Levels and Gene Expression During p.76
RTC.

Effects of LXR mediated on Plasma Membrane Lipjl77
Raft Domains.



Chapter 3:

Figure 1. Concentration-dependent effects of Isoflavones orp.95
ABCA1 and ABCG1 mRNA expression.

Figure 2. Temporal effects of Isoflavones on ABCAl and p.96
ABCG1 mRNA Expression.

Figure 3. Effects of LXR siRNA on Isoflavone-Mediated p.97
expression of ABCA1 and ABCGL1 in LNCaP cells.

Figure 4 Effects of LXRx sSiRNA on Isoflavone-Mediated p.98
Expression of ABCA1 and ABCGL1 in PC-3 cells.

Figure 5 Effects of AR siRNA on Isoflavone-Mediated p. 99
Expression of ABCA1 and ABCGL1 in LNCaP cells.

Figure 6. Effects of Glyceollin on Apo A-l1 mediated Reversep.100
Cholesterol Transport.

Chapter 4:

Figure 1. AM Cholesterol Profile. p.129

Figure 2. Gene Expression of LXR and Lipid Metabolism Gep€el30
in Unstimulated AM from C, CPB, HF and HFPB Fed
Pigs.

Figure 3. Gene Expression of Inflammatory Mediators in p.131
unstimulated AM from C, CPB, HF and HFPB fed
pigs.

Figure 4. Gene Expression of Inflammatory Mediators in AM p.132
treated with LPS and a LXR ligand.

Figure 5. Cell Culture Supernatant Protein Expression of  p. 133
Inflammatory Mediators in AM from C, CPB, HF and
HFPB fed pigs.

Figure 6. L. caseiFeeding Prevents LPS Antagonism of LXR p. 134

and Lipid Related Gene Expression.

Xi



List of Abbreviations

24,24EC 24(S),25-epoxycholesterol

25HC 25-hydroxycholesterol

ABCA1l ATP-binding cassette, sub-family A1
ABCG1 ATP-binding cassette, sub-family G 1
AM Alveolar macrophages

Apo A-l Apolipoprotein A-I1

AR Androgen receptor

BAL Bronchiole alveolar lavage

CH25H Cholesterol 25- hydroxylase

CXCR4 Chemokine receptor CXC-4

CYP7Al Cholesterol a-hydroxylase

DR Direct repeat

DRMs Detergent resistant membrane fractions
EGFR Epidermal growth factor receptor

ER Estrogen receptor

ERK1/2 Extracellular signal-regulated kinase
FAS fatty acid synthase

HDL High density lipoprotein

HMG-CoA Hydroxymethyl glutaryl synthase/reductase
IL-10 Interleukin-10

IL-1 Interleukin-B

Xii



IL-6

IL-8

JNK

LCAT

LXRE

LDL

LXRs

NRTF

P38

PCa

PKA

PPARs

PXR

RARs

RCT

RXRs

SRB1

SREBP1/2

T09

THR

TLR4

TNF-a

VDR

Interleukin-6
Interleukin-8
c-Jun NH2-terminal kinase
Lecithin-cholesterol acyltransferase
Liver x receptor responsive element
Low density lipoprotein
Liver X receptors
Nuclear receptor transcription factors
Mitogen-activated protein kinase 14
Prostate cancer
Protein kinase A
Peroxisome-proliferator-activated receptors
Pregnane X receptor
Retinoic acid receptors
Reverse cholesterol transport
Retinoid x receptors
Scavenger receptor B1
Sterol response element-binding protein 1/2
T0901317
Thyroid hormone receptor
Toll like receptor -4
Tumor necrosis factat-

Vitamin D receptor

Xiii



Chapter 1: Literature Review of Liver X Receptors

Discovery of Liver X Receptors

Nuclear receptor transcription factors (NRTFs) are intraceltat@ptors
that bind to small lipophylic molecules, such as retinoids, fatty acids, vitamins
(vitamin D) and steroid hormones (estrogen, glucocorticoids), and can regulate
transcription of target genes by direct interaction with promoter region DNA
sequences known as response elements (1,2). The response element for all 48
members of the NRTF super family consists of a the DNA consensus sequence
(AGGTCA) which is found as either a direct repeat (DR) or inverted tepea
separated by 3, 4 or 5 base pairs known as DR-3, -4 and -5 elements. Genes
regulated by specific NRTF are identified and defined by the specifiX DR-
consensus sequence found in their transcription promoter region. For example,
androgen receptor (AR) and vitamin D receptor-(VDR) binds to DR-3 elements in
target genes, while thyroid hormone receptor (THR) and retinoic acid receptor

(RAR) bind only to DR-4 and DR-5 promoter elements respectively (1,2).

NRTF are further subcategorized whether or not they reside intisoty
(type 1) or nucleus (type Il). Type | NRTF translocate the nucleaoa®-dimers
and bind to promoter region DR-3 elements known as hormone responsive
elements (1,2) and are either recycled back to the cytosol or are marked for
ubiquitination and rapid proteosomal degradation (1,2). Type Il NRTF form
obligate heterodimers with another type Il NRTF member, retinoid x t@sep

(RXR), and reside in the promoter region of target genes in a transcriptionaly



repressed under the direction of numerous transcriptional co-repressor proteins
(1,2). Upon ligand activation, types Il NRTFs undergo conformational changes
that promote the exchange of transcription co-repressors with co-activators
allowing for transcriptional regulation of the target gene (1-3). TheltypRTF
subfamily includes RAR, THR, VDR, peroxisome-proliferator-activatedptecs

(PPARS), and liver X receptors (LXR) (1-3).

Liver x receptors, NR1H3 (LX& and NR1H2 (LX) are the newest
members to be added to the type Il family of NRTF. In 1994 two laboratories
separately discovered LXRand in 1995 four reported the discovery of IXR
initially coined ubiquitous receptor from screens of mouse liver and colon cDNA
libraries (3-5). In humans, the genesligiRz andLXRS are encoded on
chromosomes 11 and 19 respectively (3). Molecular weight of the protein
products are 45 kiloDaltons (kDa) for LX¥Rand 51 kDa for LXR (3). Both
share approximately 78% protein sequence homology in their DNA and ligand
binding domains (3-5). Expression patterns differ between each isoform, with
LXRp being expressed in all tissue, while LXB primarily expressed in liver,

kidney, adrenals, adipose, small intestine and macrophages (3).

Among the members of the NRTF superfamily, LXRs show the highest
sequence conservation across species with ~75% homology in the ligand binding
domains between human and non-mammals (6, 7). Sequencing data of LXRs
across mammalian and non-mammalian species demonstrates that mammals

posses two LXR genes (LXRand LXR3) while non-mammalian species have



only express LXI, and invertebrates none (6). A single LXR gene duplication

likely occurred before or in early mammalian evolution (6).

LXRs where initially coined orphan receptors until 1996 when oxygenated
cholesterol metabolites, known oxysterols, where identified as endogenous
ligands for LXRx and LXR3 (8). Oxysterols are generated from cholesterol either
enzymatically by sterol hydroxylases or auto-oxidation (8). The majufr
oxysterols are formed in the endoplasmic reticulum (ER) during chalkester
processing and are transported from the ER and golgi complex to the cytosol and
nuclear compartments by a family of highly conserved proteins called oXdyste
binding proteins (OSBP) and oxysterol related binding protein (OSBP-related
proteins (ORPSs) (9). Figure 1 shows some common structures of oxysterols

synthesized from cholesterol (9).

NApR 8 2% i
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211
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ik € HO

cholesterol

B S

S)-hydroxycholesterol 27-hydroxycholesterol

22(R)-hydroxycholesterol

Figure 1. Oxysterols, with hydroxyl groups typically added to the sterol side-
chain carbons, are robust LXR ligan8surce: J Med Biol Res 2008; 41: 545-556.

Oxysterols are found very low concentratiamsivo, typically at 1:1000
(~0.01uM vs. ~5000uM) compared to cholesterol, but being more hydrophic than
cholesterol, oxysterols can move more freely through cellular compartments

increasing their potential as robust signaling lipids (9). Binding studiesaiedi



that oxysterols can activate LXRand LXR3 at nanomolar concentrations and

with similar efficiency (8, 9).

Like other members of the type Il NRTF family, LXRs form obligate
heterodimers with RXR and reside in the promoter region of target genes bound
to a DR-4 consensus sequence, AGGTCAxxxxAGGTCA, known as a liver x
receptor responsive element (LXRE) (3). LXR: RXR heterodimers fortropa
protein complex of transcriptional co-repressors proteins such as silencing
mediator of retinoic acid and thyroid hormone receptor (SMRT) and nuclear
receptor co-repressor (N-CoR) (10). These complexes maintain tpaiosci
repression of LXR responsive genes in the absence of ligand activation (10).
Upon activation by oxysterols, LXRs undergo conformational changes that
promote dissociation of SMRT and N-CoR, and association with co-activator
proteins such as peroxisome-proliferator-activated receptor (PPARJctivator
la (PGC-1a} PPARGCL1), which facilitate the transcriptional activation of the
target gene (8, 10) (Fig 2). Transcriptional regulation of basaldtdRNA
levels are self-regulated (a number of LXREs have been in the promoter of the
LXRa gene) and protein levels of LXRare dependant on phosphorylation of a

number of key serine residues (11).

Cholesterol
metabolites Cix sterol

and oxysterols N cleus ° I
Corepressors o? (Coaclivators)
RXR Repression gxn ;)Q\/ Gene activation

o9
°
L X
==
—
[AGGTCANNNNAGGTCA | Target gene [AGGTCANNNNAGGTCA | Target gene
- LXRE LXRE

P

= =

Figure2. Model of LXR transcriptional regulation of gene expression.
Source: J Clin Invest. 2006 Mar; 116(3):607-14.



The initial discovery that LXRs are activated by cholesterol metabuolite
vitro and not cholesterol itself, lead to speculation that LXRs may act as sensors
of cellular cholesterol levels (12). Studies of lipid metabolism in & 4Rd
LXRp null mice confirmed that LXRs have a central role in the regulation of
cholesterol metabolisin vivo. Studies by Mangelsdorf et al. and Gustafson et al.
both demonstrated that LXR/- null mice fed a chow diet enriched with 2%
cholesterol presented with gross hepatic and peripheral accumulation of
cholesteryl-esters and elevated serum cholesterol levels (13, 14¢.4{XRice
had diminished hepatic expression of genes central to cholesterol and lipid
metabolism including cholesterad-hydroxylase (CYP7A1), hydroxymethyl
glutaryl (HMG)-CoA synthase/reductase, squalene synthase (SQ8)), ste
response element-binding protein 1 and 2 (SREBP1 and 2), sterol CoA desaturase
(SCD)-1, and fatty acid synthase (FAS) (13,14). Gustafson et. al. also
demonstrated that unlike LXR/- mice, LXR3 -/- null mice were not prone
developing hepatic cholesterol lipidosis and serum dyslipidemia on a cholesterol
enriched chow diet (14). The disparity between the lipid profile of &XRand
LXRp -/- mice is explained by the dominant role that laxifitas in hepatic
regulation of the bile synthesis enzyme CYP7A1 (14). BXRnull mice are
able to cope with the lipid burden of a high fat diet because they retained LXR

regulation of CYP7AL1 hepatic conversion of cholesterol to bile acids.
L XR Regulation of Whole Body Cholesterols L evels

By the year 2000, an expanded role for LXR regulation of cholesterol

metabolism outside of the liver was established when two studies demonstrated



that the transfection of RAW 264.7 cells and THP-1 macrophages with constructs
that lead to overexpression of LXRresulted in a strong mRNA and protein
upregulation of the cholesterol efflux transporters ATP-binding cassette, sub
family A, member 1 (ABCA1) and sub-family member G 1 (ABCG1) and an
increase in cholesterol efflux to lipid free apolipoprotein A-I (apo A-1)..(15)
Subsequent studies of cholesterol laden macrophages from low density
lipoprotein (LDL) -/- null mice also demonstrated that natural and synthefit LX
ligands can increase mRNA and protein expression of ABCA1, ABCG1

transporters and increase peripheral cholesterol affluko (16).

These studies, coupled with previous data from LXR -/- null mice, helped
construct a distinct role for LXR in regulating whole body cholesteralseWt is
now understood that among the numerous effectors involved in the regulation of
whole body cholesterol levels, LXRs exists as cellular cholesterolrsesnso
function to limit absorption of dietary cholesterol, protect cells from the cytotoxi
effects of cholesterol accumulation and permit for rapid catabolism and secreti
of hepatic cholesterol and bile acids. In the intestine, post-prandial cholesterol
absorption and reabsorption of hepatic cholesterol is regulated by LXR activation
of cholesterol efflux pumps ABCG5 and ABCG8 (15). In peripheral tissue and
cells such as smooth muscle or macrophages, excess cellular cholesterdl derive
from either plasma apolipoprotein B containing lipoproteindeonovaosynthesis
via the mevalonate pathway, is rapidly metabolized to oxysterols by a family
microsomal cytochrome P450 and mitochondrial hydroxylases such as CYP27A1,

CYP46, cholesterol 25-hydroxylase (CH25H) (15). Binding of oxysterols to LXR



leads to increased mRNA transcription and protein translation of cholesterol
transporters ABCAL, ABCGL1, which use energy from ATP hydrolysis to
transport plasma membrane free cholesterol to the outer plasma membftahe lea
where direct interactions with lipid poor apo A-l and immature HDL particles
permit efflux and adsorption of free cholesterol (17). The formation of imeatur
HDL particles occurs only after ABCA1 cholesterol efflux to lipid poor apo A-1,
which is followed by esterification of apo A-I bound cholesterol by the enzyme
lecithin-cholesterol acyltransferase (LCAT) (17). Newly efuaticholesteryl-

esters partition to the interior of the apo A-1 complex and results in the format
of a more spherical, immature HDL particle (17,18). These particlesmem
circulation and continue to remove excess cholesterol from other peripheral cells
through interactions specifically with the plasma membrane cholesterol
transporter ABCGL1 (17). Mature HDL particles can transport cholesstgts

to the liver in a process involving hepatic scavenger receptor B1 (SRB1), or
through exchange of cholesterol for triglycerides from very low density and low
density lipoproteins (VLDL and LDL), which deliver cholesterol to steroidageni
tissue or to the liver via LDL receptors (Fig 3). This process is collegtivel

referred to as reverse cholesterol transport (RCT).

Studies of mice with tissue specific knockouts of ABCAL have
demonstrated that hepatic and intestinal expression of ABCAL is a major
determinant of circulating apo A-1 protein and HDL levels (17, 18). This isalue t
a role for ABCAL in transportation of newly synthesized apo A-1 from the liver to

peripheral circulation (17, 18). Inheritance of a loss of function mutation of the



ABCA1 gene results in a rare disorder known as Tangier’'s diseasetehiaed
by peripheral cholesterol accumulation, severely depressed serum higk densi
lipoprotein, enlarged spleen and liver and risk for onset of atherosclerosis before

the age of 20 (19).
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Figure 3. LXR mediates Reverse Cholesterol Transport.
Source: Nature Reviews Cardiology. 6, 455-463, 2009
In the liver activation of LXR directs hepati@-oxidation of cholesterol

to the bile acids, cholic acid (CA) and chenodeoxcholic acid (CDCA) by the bile
acid synthesis enzyme cytochrome P450, member 3A4 (CYP3A4) (CYP7AL in
mice) (8). LXRu also directs the efflux of bile and free cholesterol via ABCG5/8
from the liver, through the hepatic bile duct, to the duodenum where bile salts
facilitate the absorption of post-prandial lipids and lipid soluble vitamins (e.g.
vitamin A, D, K and triacylglycerol) (8). The majority of cholesterol and bile
salts secreted into the small intestine are reabsorbed with littleflobslesterol

in the feces (13).

The gene duplication and evolution of both LXR isoforms as functionally
redundant paralogs within the higher vertebrate and mammal kingdom occurred in

parallel to appearance of the of the hepatobiliary tract and enterohepatic



circulation (6, 7). LXRs harmonize these pathways with two vital components of
mammalian lipid metabolism: 1) preventing cholesterol accumulation and toxicity
in peripheral tissue and 2) the need for hepatic cholesterol catabolism, synthes
of bile acids for assimilation of dietary lipids and lipid soluble vitamins.
Undoubtedly, the evolution of LXRs and other hormone NRTF that are activated
by cholesterol derivatives occurred in response to the increasing pregence o
dietary cholesterol from marine or terrestrial food sources as highemiadam

evolved.

Studies have also demonstrated an emerging role for hepatic &XR
nutrient sensor in the regulation of carbohydrate metabolism and energy
homeostasis (20). During post-prandial carbohydrate metabolism, D-glucose and
glucose-6-phosphate can act as direct LXR ligands with affinity equal to
oxysterols and increase expression of hepatic lipogenic enzymes such as sterol
regulatory element binding protein isoform 1-c (SREBP1-c), and fatty acid
synthase (FAS), as well genes involved in decreasing glucose output and
increasing glucose utilization, including glucokinase, phosphoenolpyruvate

carboxykinase and glucose 6-phosphatase (20).

L XRsare Anti-inflammatory and Cardio-Protective

Interest in the immuno-modulating properties of LXR grew after a number
of studies demonstrated that epidermal application of LXR ligands, 22(R)-
hydroxycholesterol and 24(S), 25-epoxycholesterol in a model of contact
dermatitis lead to inhibition of keratinocyte proliferation, differentiation and

normalization of epidermal barrier function (21). Consistent with this, another



study found that oxysterol administration to pregnant mice increased the
development rate of the fetal epidermal permeability barrier (22). BORuL
and LXR3 are expressed in epidermis, but it was demonstrated that epidermal
LXRp is responsible for the anti-inflammatory and anti-proliferative etiéct

LXR ligands on keratinocytas vivo (21).

A more expansive role for LXR in modulating inflammation was
demonstrated in 2002, when Totontoz et. al. reported that administration of the
synthetic LXR ligands, GW3965 or T0901317 (TQ9) to apo E -/- or LDLR -/- null
mice significantly diminished atherosclerotic plaques and atheromatiorm
(23). He went on to publish a report demonstrating that synthetic and natural LXR
ligands administered to apo E -/- or LDLR -/- null atherosclerotic cacsed
robust antagonism of lipopolysaccharide (LPS) mediated mRNA expression and
secretion of pro-inflammatory mediators such as iINOS,a[ME6, IL-1, MCP-

1 in peritoneal macrophages (24). Atherosclerotic plaques in TO9 treated mice
were significantly diminished and profiling of aortic lesions revealed adsed
expression of matrix metallopeptidase 9 (MMP-9), an enzyme involved in the
breakdown of extracellular matrix in normal tissue and implicated in thegjiol

of atheroma lesion formation (24). Numerous studies have since demonstrated a
cardio-protective effect of LXR ligands in cell and animals models of ylbasd
cardiovascular disease (25-27). A central molecular paradigm shared éy thes
studies is that LXR activation is cardio-protective because of itisyatoil i)

prevent macrophages foam cell formation by increasing cholesterol efflux via

ABCA1 and ABCG1 and ii) antagonize expression of pro-inflammatory
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mediators such as MCP-1, TNFand IL-18, that are positively associated with

atheroma formation (18).

LXR ligands can oppose LPS/toll like receptor -4 (TLR4) mediated
inflammation in macrophages isolated from LXR- and LXR3 -/- null mice, but
not from LXRu/B -/- double knockout mice demonstrating that both LXR
isoforms posses anti-inflammatory properties (24) The anti-inflammatfagt
of LXR activation is not exclusive to macrophages or the dermis, but occurs
systemically as it has been demonstrated that mice challenged withS.anidP
treated with LXR ligands have broad antagonism of inflammation in the liver,
kidney, small intestine, lungs and smooth muscle (28). Inflammatory mediators
opposed by LXR, such as TNE-L-6, and IL-18, do not posses LXREs in their
DNA promoter regions; therefore an indirect mode of LXR opposition of these
targets has been proposed. One model demonstrates that LXRs oppose pro-
inflammatory mediators by nuclear trans-repression of the transcriptitam fa

NF-kB (24).

LXR ligands only suppress inflammation in LPS or toll like receptor 3 or
4 (TLR3/4) stimulated macrophages, not in naive, unstimulated cells (24).
Furthermore, LXR antagonism of TLR3/4 signaling also protects macrophages
from LPS mediated suppression of cholesterol efflux, as it has been demonstrated
that LPS can inhibihBCA1 ABCG1mRNA expression and lead to pathological
cholesterol retention and apoptosis in macrophages in an LXR dependant manner
(24). The uncoupling of the anti-inflammatory properties of LXR in the absence

of an immune response likely occurs because of the high risk that phagoctytic
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cells such as macrophages have for accumulating pathological concentration of
cholesterol during phagocytosis of cellular debris. Cross talk between 4 BR@/

LXR mediated cholesterol efflux may provide new insight into mechanisms
through which pathogens evade immune detection and contribute to inflammatory

and metabolic related disease such as atherosclerosis.

LXRs are a vital molecular target in treatment of cardiovascularsgisea
because the potential for LXR ligands to increase cholesterol metabalism a
oppose the inflammatory response. However, one drawback in developing LXRs
as a cardio protective target is the increased serum triglyceridels atagompany
hepatic LXRx activation of lipogenic genes FAS and SREBP-1c (12, 20). The
information gap regarding LXR as a nutrient sensor is still closing, but the
observed triglyceridemia accompanying LXR activation is countetiveuand
probably underscores how little is understood about LXR biology. Development
of synthetic ligands specific for LYRwould allow for selective LXR activation
of only peripheral RCT and minimize hepatic expression of lipogenic genes.
Studies have already identified specific LXRgands which result in cardio-

protectionin vivo without affecting LXRx hepatic lipogenic genes (26).
L XR Regulation of the Innate Immune Response

Because LXR activation negatively regulates TLR4 mediated
inflammatory response, it has been suggested that LXR activation may
compromise host immunity. This question was examined in two studies on the
effects of LXR of pulmonary immunity. Birrell et. al. demonstrated a that

administration of the LXR ligands T09 or GW3965 to male Wistar rats was
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associated with decreased pulmonary neutrophilia in response to LPS challenge
(29). Neutrophils from LXR treated rodents showed decreased chemotaxis in
response to the chemokine interleukin 8 (IL-8). Expanding on these results, a
study by Smoak et. al. again demonstrated that administration of TO9 to mice for
5 days lead to robust antagonism of LP&scherichia colmediated pulmonary
inflammation, but left LXR ligand treated mice with significantly desed
pulmonary neutrophilia and a significantly increased susceptibility to iafeby
Klebsiella pneumoniaeompared to vehicle treated control mice 24 and 48 h post
infection (30). Moreover, T09 treated mice showed increased mortality post-
infection compared to vehicle treated controls. However, these studies did not
demonstrate whether the negative effect of LXR activation on pulmonary
immunity is related to inflammation or whether these observations where a
secondary effect of LXR mediated cholesterol modulation. Closer exaomirtti

the impact of LXR mediated cholesterol metabolism on pulmonary immunity may
be warranted in light of studies demonstrating that loss of lung expression of
ABCA1 or ABCG1 negatively alters pulmonary function, alveolar macrophage

immune response and potentially impairing pulmonary host immunity (31, 32).

Nevertheless, it is still unclear what role (negative or positi%j L
activation has on innate immunity. Further complicating the issue is data
demonstrating that loss of basal LXR gene expression negatively siibact
innate immune response. Valledor et. al demonstrated that LXR stimulated bone-
marrow-derived macrophages (BMDM) isolated from LaXR-/- null mice are at

increased risk for apoptosis from infectionBgcillus anthracisEscherichia
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coli, andSalmonella typhimuriur{83). BMDM from LXRa/B -/- null mice had
altered expression of genes directly involved in modulating macrophage survival
including pro-apoptotic effectors caspases 1, 4, 7 and 12 and Dnase 113, and anti-
apoptotic genes AIM/CT2, Bcl-XL, and Bircla (33). Loss of LaX& LXRp
expression in mice also increases the total burden of infection by intracellula
Listeria Monocytogengd.M) andMycobacterium tuberculos{3FB) compared to

WT mice and impairs macrophages clearance and phagocytosis of LM (33).
Moreover, peritoneal macrophages (PM) isolated from &gRull mice are less
resistant to anti-apoptotic factors secreted by LM due to loss of expressinen of
anti-apoptotic gene $H34). Sk is a LXR regulated gene in macrophages and
prevents macrophages apoptosis during LM infection (34). An expansive model
of the cross-talk between TLR3/TLR4 and LXR in regulating cholesterol

metabolism and inflammation is proposed in figure 4.
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Liver X Receptorsand Disruption of Lipid Raft Signaling

LXR-ABCA1 mediated efflux of free cholesterol from macrophages has
been vigorously studied, but broad knowledge of the mechanics involved in the
active transport of free cholesterol across the plasma membrane to icigculat
lipoprotein particles is still growing. However there is consensus that deainhg
steps of cholesterol efflux, ABCAL facilitates the “flipping” of chodzet and
other phospholipids from the inner to the outer membrane leaflet in a process
involving microdomains known as lipid rafts (35). Lipid rafts domains are
cholesterol rich, plasma membrane microdomains that contain a comparatively
higher concentration of neutral lipids (up to 50% higher) such as cholesterol and
saturated phospholipids, glycosphingolipids and sphingomyelin (36). In
macrophages and other metabolically active cells, there are a number of
intracellular and plasma membrane kinetic pools of cholesterol which are
segregated for efflux by ABCA1, and some data suggests that the Emgesbst

active pool of membrane cholesterol is derived from lipid rafts domains (37).

Lipid rafts were first identified in electron micrographs as nanescal
invaginations in the plasma membrane (Fig 5A). Cholesterol and the saturated
acyl chains of the phospholipids with these domains form strong hydrogen bonds
and permit formation of condensed protein lipid microdomains that appear as
“rafts” floating within the more loosely packed lipid bi-layer (38, 39). Raffig
raft proteins have been characterized by their propensity to resisitiextraom
membrane using conventional detergents such as triton-X 100, coining the term

detergent resistant membrane fractions (DRMs) (38). Visualizatiopidfraft in
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living cells has been aided by fluorescent labeling of raft associatednprotei
ganglioside m1 (Fig 5B) and fluorescence resonance energy trarRET )(F

From these techniques, rafts have been visualized as 50-70 nm structures which
continually come together and dissociate with other raft domains as transitory
membrane structures (38, 39). The presence of cholesterol’s rigid rinistruc
within these domains increases “liquid order” and is a vital part of maimggi

raft integrity, as disruption of membrane cholesterol diminishes the coptafuit

raft: raft membrane interactions (38-40).

Functionally, raft domains permit rapid, lateral co-localization of receptors
with other co-receptors, kinases and other signaling machinery in complex
referred to as a raft signalosome (40). Signalosomes form larger, niee sta
signaling platforms which facilitate the amplification of signal tractida from
scattered membrane receptors (38-40). An example of a raft associafgomrec
T cell antigen receptor (TCR), which, along with its co-activator CD-3, rapidl
move into lipid raft domains upon binding of a major histocompatibility complex
(MHC) from an antigen presenting cell (APC), where SRC protein tyrosine
kinases (LCK and FYN) phosphorylate the TCR-associated CD3 complex and
amplify signal transduction and T cell mediated adaptive immunity (44 6(F).
Other examples of membrane receptors associated with raft domains include
Immunoglobulin E (IgE) signaling, chemokine receptor CXQE&XCR4), C-C
chemokine receptor type 5 (CCR5), epidermal growth factor receptor (E£5ER)
interleukin-6 receptor (IL-6R) (42). The signal transduction and protein

trafficking occurring in cholesterol rich raft domains are not only relewant t
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normal cellular physiology, but have been shown to be constitutively active in a

number of transformed cells (36, 43-45).

Figure5. Lipid Rafts: A) Lipid rafts viewed under an electron microscope. B)
Fluorescent micrograph of lipid raft domains. C) T-Cell receptor (TCR)adicn
model. Upon ligand activation, individual TCRs mobilize into larger signaling
assemblies within lipid raft domainSources A, B: Molecular Biology of the Cell.
4th edition. Alberts B, Johnson A, Lewis J, et al.New York: Garland Scieaee. C:
Nature Reviews Molecular Cell Biology. 2010;11, 688-99.

Studies have demonstrated that LXR-ABCA1 mediated efflux lowers raft
cholesterol, alters membrane dynamics and interactions of raft domaimglead
suppression of raft dependant receptor assembly and signal transduction (45-49).
A profound example of this has been demonstrated in studies of human immuno-
deficiency virus 1 (HIV-1). HIV-1 infection of T cells involves a receptor
complex formed by CD4 and a lipid raft associated chemokine receptors CCR5 or
CXCR4 (45-47). It was recently demonstrated that the synthetic LXR ligg@d T
impairs CCR4/CXCR4 raft domain assembly with CD4 and HIV-1 entry into T-

cells through its upregulation of LXR-ABCA1 mediated cholesteroleff48).
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LXR-ABCA1 mediated cholesterol efflux has also been shown to prevent latera
assembly of TLR4 into raft domains and signal transduction to the pro-
inflammatory MyD88 pathway (49). Numerous studies have demonstrated that
administration of cholesterol binding agents can oppose a number of disease
specific raft signaling cascades (45-49). However the discovery of Xt L
ABCA1 may serve as an endogenous negative regulator of raft signaling
introduces the potential to exploit an endogenous pathway to oppose raft signal

transduction that is relevant to disease or other pathological conditions.

There are two models which are thought to most closely predict the
sequential order how ABCAL disrupts cholesterol from lipid raft domains. One
model asserts (Fig 6A), that ABCAL exists on a transition region of raftidema
and through its ATPase function, generates cholesterol rich export domains by
lateral translocation of cholesterol from lipid raft domains to adjacentafon-
domains (35). A second mod@Fig 6B), proposes that ABCAL1 effluxes free
cholesterol (FC) and phospholipids (PL) in two steps. ABCAL first interadts wit
circulating apo A-l particles which undergo conformational changes pegnitti

removal free cholesterol from adjacent lipid raft domains (35).

A )
@
Gny/al)
T Rt >
. <Rt
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PL = phospholipids

Figure 6. Two models for ABCAL1 disruption of Lipid Raft Domain Cholesterol.
Source: J.Clin Invest. 2002; 7:899-904.
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As modulators of lipid raft cholesterol levels, LXRs and ABCAL1 represent
a vital tool in the examination of raft: raft transient interactions andlinatoon
of membrane receptors into these domains during signal transduction.
Capitalizing on the raft disrupting effects of cholesterol efflux may etveal
that the partitioning of membrane cholesterol is equally important asugdsol
cholesterol levels are in the pathogenesis of disease. This would make nkRs a
ABCA1 an attractive clinical target for a number of diseases asusrant
understanding of the specific role that membrane lipid microdomains have in the

etiology of disease increases.
Prostate Cancer, Cholesterol and Liver X Receptors

In recent years a number of large epidemiological studies have
demonstrated an association between serum cholesterol levels and risk for
advanced PCa (50-54). Prostate tumors, compared to other tumor types, appear to
be specifically sensitive to growth inhibitory effect of either dietary or
pharmacological cholesterol lowering (50, 53). Cholesterol levels are
comparatively higher in normal prostatic tissue than other organs, which may
partly explain why prostatic tumors are prone to accumulate cholesterohgnd w
growth of PCa tumors are highly sensitive to cholesterol lowering agents)(60,54
The accumulation of cholesterol in prostate and other cancers might reflect
metabolic changes in transformed cells which support unchecked cell growth. The
current appreciation of cholesterol as promoter of advanced PCa growth provides
researchers the rationale to study the cholesterol metabolic pathways in

transformed cells as novel targets for therapy. Statin therapy is asdogith a
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decreased risk for advanced PCa and experimental evidence suggests that this
effect is associated with its cholesterol lowering properties (54).vitalgart of

the cellular axis for regulation of cellular cholesterol levels LXRas ats/e been
demonstrated to possess anti-cancer properties in models of PCa (54- 563. Studie
have demonstrated that oxysterols and the synthetic LXR ligand T0901317 can
inhibit growth of prostate carcinoma cells in culture and repress progression of
androgen dependent tumor xenografts to a more aggressive androgen independent
phenotype (54-56). The ability of LXR to inhibit PCa tumors to adopt a refractive,
hormone independent phenotype experimentally is in line with population data
demonstrating a specific relationship with cholesterol and advanced PCa and a
cholesterol steroid axis in advanced castration resistance PCa (54- 56nA re
demonstrated that LXR ligands can reduce AKT mediated signal transdunction i
cholesterol rich membrane raft domains in LNCaP aelsvo (57). There is

growing evidence that LXR ligands can modulate growth and cancer related
signalling in cancer others than prostate (58-59), however little if anymatomn

on the effects of LXRs on cholesterol metabolism in transformed cellHases

been extensively studied. Further characterization of LXR biology in tramstbr

cell lines will contribute the current knowledge gap on this topic, and more
importantly, understanding the cholesterol regulatory axis by LXR in tranefi

cells is vital given the current belief that serum and intra-tumor chalekteels

positively affect tumor growth (50, 59).
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Anti-Prostate Cancer and Lipid Lowering Properties of Soy

A number of population studies in East Asian males have found a
correlation between consumption of soy derived foods and a reduced risk for
developing prostate cancer (PCa) and other maladies (61-65). Isoflav®aes ar
class of compounds found at high concentrations in soy derived foods, and are
believed to be responsible for their anti-PCa properties (61-65). In some cohorts
isoflavones can be detected a micromolar concentration in plasma, urine and
prostatic fluid of Asian males consuming a soy rich diet (61-65). The most
commonly found isoflavones found in soya are genistein, daidzein and glycitein
(61-65). Equol, a metabolite of daidzein also found in biological specimens of
individuals with high soy consumption (63). Genistein, as the most abundant
isoflavone in soy, has been shown to be a robust inhibitor of protein tyrosine
kinase activity, which may inhibit cancer cell proliferation and increpsptasis
(66). Animal andn vitro studies have identified a number of anti-PCa properties
of isoflavones including, tyrosine kinase inhibition, modulators of angiogenesis
and apoptosis (66, 67). Work in this laboratory has demonstrated that some
isoflavones can specifically inhibit androgen receptor (AR) mediator signal
hormone responsive LNCaP cells (66). Androgenic hormones such as
dihydrotestosterone (DHT) signal their AR and are positively associatied wi
PCA risk and progression (67). Isoflavones can retard the growth of PCa tumors
experimentally, however doses experimentally administered aniowts loe 10
times higher than the equivalent for human consumption (61-65). Epidemiological

evidence is inconsistent as to whether these properties of soy or isoflaesules r
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in PCa prevention in individuals with high soy consumption or to healthy men

without evidence of clinical PCa (65).

In addition to the anti-PCa properties of soy isoflavones, these compounds
have also been reported to posses anti-atherogenic and cholesterol lowering
abilities (68-71). Animal and human studies have demonstrated that consumption
of soy and soy isoflavones can reduce risk factors for cardiovascularediseas
including lowering low density lipoprotein (LDL) cholesterol levels, inciregs
high density lipoprotein (HDL) cholesterol and increase HDL/LDL cholesterol
ratios (68-71). As with isoflavones and PCa, the relationship between isoflavones
and cholesterol modulation are controversial (68-71). Nevertheless, the
cholesterol lowering properties of soy isoflavones may provide a new pareaigm
analyze their anti-PCa properties as new data suggests that cholestisml is

involved in prostate carcinogenesis (68-71).
Pulmonary mmunity, Cholesterol and Liver X Receptors

LXR is also a major pillar in the regulation of the innate immune response
of pulmonary alveolar macrophages (AMs). In the lungs, LXR is expressed not
only by AMs, but a number of other immune cell types including, dendritic cells,
neutrophils, and type 2 alveolar cells (72). AMs are found in the alveolar spaces
of the lungs and function to destroy invading bacteria or other elicitors of the
innate immunity (72). The binding of bacteria, debris or immunogenic elicitors
trigger AMs to engulf bacteria or foreign particles and destroyed thémthe
aid of peroxides and other reactive oxygen specifies (72). Activation also causes

AMs to secrete pro-inflammatory cytokines and chemokines such g5 TINE-
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a, IL-6 and MCP-1 which stimulate the infiltration of other inflammatoryscel
such as monocytes, eosinophils, neutrophils, B cells, and T cells into the lungs
where they orchestrate a collective immune response (72). AMs agbintien

of the pulmonary inflammatory response by clearing cellular debris, afmoptot
immune cells and secreting anti-inflammatory mediators (72). Under
circumstances of acute pulmonary infection, the inflammatory response subside
once the stimulus is removed (72). However, there are circumstances where
pulmonary and systemic inflammation is chronic. Some causes are persigtence
immuno resistance pathogens, continued inhalation of foreign particles,
autoimmune disorders such as pulmonary fibrosis and morbid obesity (73, 74).
The danger in unresolved chronic pulmonary or systemic inflammation is the
onset of continuous tissue destruction and repair cycles which further damage
tissue and may contribute to altered pulmonary and systemic immunity and
metabolic disorders such as insulin resistance and type 2 diabetes (73). LXRs
oppose TLR4/NF-kappaB mediated release of immunogenic factors from both
peritoneal and AMs, such as II3-and TNFe (24). These inflammatory

mediators are essential to resolution of infection as they function to propel the
acute phase inflammation forward. However, in light of the current paradigm that
unchecked, chronic inflammation is associated with a number of metabolic
diseases, the anti-inflammatory properties of LXRs propel them to the oéater
debate. This relates to the role, if any, that LXRs have in stunting the
inflammatory response to diminish chromic inflammation, but not to the degree

which can compromise host pulmonary immunity. The data is clear that the net
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effect of the short term by LXR activation during pulmonary infection is anti-
inflammatory, but may compromise host immunity in the short term (72-73).
Therefore, the beneficial effects of LXR activation on the innate inflatory
response may depend on whether it is in the context of the chronic inflammation
or acute host infection. Examining the balance between these two extremes is
vital to understanding how LXRs may fit into therapeutic approaches to teitiga

inflammatory related conditions.

A second component of pulmonary immunity is the role of LXR in
regulating cholesterol metabolism (72-74). An important development in our
understanding of the etiology of atherosclerosis is that as a moleculestehol
is proinflammatory (76). The basis of this view comes from studies demangtrat
that monocytes recruited and activated at endothelial cell injury engdified
cholesterol molecules via their scavenger receptors CD36 and SCARB1 which
elicits an acute inflammatory response in macrophages marked by increased
secretion of inflammatory cytokines TNE4L-1 and IL-6 (76, 18). Loss of
CD36 auto regulation leads to continued cholesterol phagocytosis and foam cell
formation (18). Experimentally, impaired LXR mediated cholesterol efflagdde
to foamy macrophages which are associated with hyper secretion of irg#targm
mediators and impaired phagoctytic function (77). There is now evidence that
hypercholesterolemia can have a similar effect in AMs (72-75). As in pealpher
macrophages, activation of LXR in AMs results in increased expression of
ABCAL, ABCGL1 and cholesterol efflux (72-75). However loss of cholesterol

efflux capacity in mice genetically deficient in either ABCA1 or ABCGAdketo
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abnormal pulmonary function and formation of large populations of lipid-laden
AMs (72-77). Moreover mice lacking ABCG1 expression have chronic
pulmonary inflammation marked by increased mRNA expression of o, Nffip-

1, IL-1B (72-77). Similarly, LXRy null mice show pulmonary lipidosis,

inflammation and increased risk for pulmonary infection (72-77).

Collectively these studies suggest that the changes which peritoneal
macrophages (PM) undergo as results of hypercholesterolemia and foam cell
formation may also occur in AMs exposed to high serum cholesterol levels. As in
PM foam cells, AM foam cells may exhibit an altered immune response
characterized by a hypersensitivity to LPS. The risk of a heighteneshiméf#ory
response is that seen under condition of chronic inflammation where heightened
tissue destruction-repair cycles ultimately impair pulmonary fan&nd increase
host susceptibility to additional infection or pulmonary insult. Therefore it should
be examined whether dietary hypercholesterolemia can lead to foamy AMs and
subsequent changes in response to LPS. Furthermore, LXR activation in these
cells should be tested for any anti-inflammatory capacity. Such studies would be
the first characterization of dietary affects on pulmonary function and may
provide the basis to develop LXR ligands as anti-inflammatory agents in persons

with chronic pulmonary inflammation.
Significance of the Current Project to Human Health
Chapter 2: Studiesof Liver X Receptorsand Prostate Cancer
The current body of data demonstrating an association between cholesterol

and advanced PCa warrants the examination of cholesterol modulating therapies
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that could decrease the risk for advanced PCa. Population studies have already
demonstrated that long term use of the class of cholesterol lowering agents know
as Statins (HMG-CoA reductase inhibitors) among men is associated with
decreased risk for advanced PCa and experimental studies suggest that the
cholesterol lowering effect of statins specifically targets lipitldomain

cholesterol and associated membrane signaling (61, 62, 68). Lipid raft signaling
represents a potential target in cancer and other pathologies such as HIVel, whe
membrane raft signaling and integrity is linked to membrane cholesterld leve

and propagation of disease specific signaling (44, 45).

In light of data demonstrating that LXR ligands can oppose PCa
progression and disrupt lipid raft domains in macrophages and T-cells, chapter 2
of this project will specifically examine whether LXR ligands can modulat
cholesterol metabolism in PCa cells and lead to alterations in lipid raéiidom
cholesterol levels. | hypothesize that LXR activation in transformed PCa
epithelial cells will results in robust regulation of genes central to hidiated
cholesterol efflux, ABCA1 and ABCG1, and that LXR-ABCA1 mediated
cholesterol efflux will alter intra-cellular cholesterol levels and mdduipid raft

domains.

Data from this project could provide novel understanding of whether LXR
ligands could be developed as cholesterol and lipid raft modulating agents in
studies of PCa. This data would contribute to the growing body of data examining

the role that cholesterol has in progression of prostate and other solid tumors.

26



Chapter 3: Studies of | soflavones asL XR Modulating Agents

Studies of soy and soy isoflavones have been examined for more than a
decade for their cholesterol lowering and anti-PCa properties (76). Hothever
is a paucity of data examining whether the cholesterol lowering propefties
isoflavones involves interactions with the LXR axis and whether this can occur in
PCa cells. This is a vital question because of the current appreciation foethe rol
of cholesterol in promoting PCa and for the evidence suggesting that isoflavones
possess anti-PCa properties in humans (61, 72). Data from this project could
provide the basis to further study isoflavones for their LXR modulating pregperti
and for identifying dietary compounds which may interact with a particular LXR
isoform. There is some evidence that soy isoflavones can increase expression of
LXR responsive genes in liver (82), therefore | hypothesize that some isoiavone
which have been shown to possess anti-PCa properties, will increase expression
of LXR responsive genes in PCa cells. If so, | hypothesize that isoflawdhbs
able to increase LXR-mediated cholesterol efflux in PCa cells.

Chapter 3 will specifically examine whether soy derived isoflavoaes c
modulate gene expression of LXR responsive genes ABCA1 and ABCG1 and
LXR mediated cholesterol efflux in PCa cells. Data from this project could
provide important understanding of how dietary isoflavones might discharge their
anti-cancer effect in light of the positive relationship between chot¢sted
advanced PCa (61). Moreover, this project will seek to determine which LXR

isoform may be involved in regulation of LXR responsive genes. This is

27



important as a number of studies have attempted to identify ligands which can

specifically modulate ABCA1 and ABCGL1 through the LXRoform (83).

Chapter 4: Studies Examining the Effects of a HF Diet and Probiotics on the

LXR Axisand Inflammation in Alveolar M acrophages

HF diets can alter pulmonary cholesterol levels and pulmonary function,
but it is unclear if they can modulate pulmonary inflammatory response mediated
by AM (84-86). Experimental evidence also demonstrates that AM that lack the
capacity to efflux excess cholesterol via LXR accumulate excessstérolerich
lipid droplets and take on a foam cell macrophage phenotype (31,32). Foam cell
AM exhibit an exaggerated immune response and may provide a link between
hypercholesterolemia and altered pulmonary inflammatory response (31, 82). It i
unclear, however, if wild type animals on a HF diet also have evidence of AM

foam cell formation and whether this associated with an altered immune response

Therapies aimed at modulating inflammation and cholesterol metabolism
in the lungs might ameliorate or diminish inflammatory and lipid related
pathologies of the lung (30-32). Moreover, identifying novel therapeutidsarge
of lipid metabolism and inflammation may also be beneficial in cases otybesi
related pulmonary lipidosis that is to poor lung compliance and increased risk for
respiratory infection in some adults (88, 89). LXRs are ideal therapeuticstarget
for studying lipid and inflammatory related conditions due to their choléstero
lowering and anti-inflammatory properties (24). Another therapy actstatyied
for potential anti-inflammatory and lipid lowering properties in humans is

consumption of probiotic rich foods (90-93). Probiotics are lactic acid producing
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bacteria that have been demonstrated to result in a broad anti-inflamnitgoty e
of gut mucosal mediated immunity (90-93). There is also evidence that probiotic
can have systemic anti-inflammatory effects (90-93). Therelesilfiormation
however on whether probiotics can benefit pulmonary immunity and lipid
metabolism. As with LXRs, some probiotics strains posses anti-inflamyreatdr
lipid lowering properties (90-93) therefore also represent a valuabl@#utia

target for adults with pathologies involving chronic inflammation such as asthma

or dyslipidemia related to obesity, lifestyle or genetic factors.

Chapter 4 will examine whether a HF diet can lead to AM foam cells
formation and affect the inflammatory response in AM. This chapter will also
examine whether LXR activation can diminished the inflammatory response in
stimulated AM. Moreover, this project will also examine whether the probiotic
bacterial. caseiis associated with any anti-inflammatory or lipid lowering effects
in AM. Lastly, this project will also examine whether the endotoxin LPS, can
oppose LXR transcription in AM. This has been demonstrated to be a mechanism
through which pathogens can alter macrophage cholesterol metabolism leading to
a diminished immune response. There has been no examination of whether

probiotics can modulate the LPS antagonism of LXR in AM.

| hypothesize that HF feeding will lead to evidence of foam cells
formation in AM marked by CE accumulation in AM. | also hypothesize that
LXR activation will result in a broad anti-inflammatory effect in stinbedbAM.
Lastly, | hypothesize that, as it has been shown in macrophages, that LPS will

antagonize LXR transcriptional axis in AM.
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Data from this project can provide a better understanding of the role that
obesogenic diets, hypercholesterolemia and LXRs have on pulmonary lipid
metabolism and immunity. Moreover, data from this project will increase
understanding of the potential benefits of dietary probiotics on host immunity and
lipid metabolism and possibly justify further examination of LXRs and prabioti
bacteria as beneficial modulators of pulmonary lipid metabolism and

inflammation.
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Chapter 2: Characterization of Liver X ReceptorPinstate

CancelEpithelial Cells

INTRODUCTION
Experimental Rationalefor LXR Studiesin Prostate Cancer Cells

According to the American Cancer Society, advanced and metastatic
prostate cancer (PCa) remain the most prominent cancer type and the second
leading cause of all cancer deaths among males in the United States (94).
Although there are no established risk factors for PCa, epidemiological and
experimental studies have demonstrated a specific association betwe¢edelev
cholesterol levels and high grade and advanced PCa (61-64). A number of large
epidemiological studies demonstrated that men who maintain healthy ehallest
profiles, either through diet or pharmacological use of cholesterol lowagerg
3-hydroxy-3-methyl-glutaryl CoA (HMG-CoA) reductase inhibitors tigts),
have lower risk for developing advanced PCa (62-64). The mechanisms
surrounding the association between serum cholesterol and PCa are not well
understood, but there is evidence for more than 70 years that prostate and other
solid tumors accumulate higher levels of neutral lipids such as cholesterol and
triglycerides compared prostatic tissue from normal men and men with benign

prostatic hyperplasia (61).

Recent evidence demonstrated that cholesterol accumulation in PCa
tumors increases the content of plasma membrane cholesterol rich domains

known as lipid rafts (94, 95). Rafts are cholesterol rich lipid platforms in the
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plasma membrane involved in amplification of extracellular signal traneduxft
numerous biological pathways (36). Accumulation of cholesterol in PCa tumors
may be involved in a number of metabolic pathways required for unchecked
growth during cancer progression and recent evidence demonstrateatihsit st
specifically lower lipid raft cholesterol concentration and impair signal
transduction relevant to PCa progression (97). Experimental studies of h®w cel
regulate cellular and raft cholesterol levels may provide new insightiatmle

of cholesterol in PCa and other tumors.

Liver X receptors (LXRs: LXR and LXRB) are transcription factors that
regulate whole body cholesterol levels through transcriptional control of a numbe
of key cholesterol metabolizing proteins and enzymes (8). Expression patterns of
LXRa and LXR3 demonstrate that LXdris primarily expressed in liver, adipose,
and enterocytes where LXRs expressed ubiquitously (8). The natural ligands
for LXRa and LXR3 are oxygenated cholesterol intermediates such as 25-
hydroxycholesterol (25HC) and 24(S), 25- epoxycholesterol (24,25EC) known as
oxysterols, which are derived from both cholesterol catabolism and synthesis,
respectively (8). A highly specific synthetic LXR ligand TO9 has alembe

developed (98).

In the liver, activation of LXR by oxysterols results in the catabolism of
cholesterol by increasing expression of the rate limiting enzyme in bae aci
synthesis, CYP3A4 (CYP7AL in micahd hepatic-biliary duct transporters
ABCGS5 and ABCGS (14). LXR activation also increases the expression of

ABCA1, which is involved in hepatic export of circulating cholesterol acceptor

32



protein apo A-l (14). In macrophages and peripheral tissue, oxysterol activation of
LXRa or LXRp increases the mRNA and protein expression of reverse

cholesterol transporters ABCA1, ABCGL1 and the lipid acceptor apo E (14).
Excessive cellular cholesterol, derived from eitthemnovasynthesis or uptake

from circulating low density lipoproteins (LDL), is removed from macrophages
and peripheral cells by either non-energy dependant mechanisms or by energy
dependant ABCAL, ABCGL1 and circulating lipoprotein particles in a process
called reverse cholesterol transport (RCT) that is chiefly regulate XRs (14).

RCT is the major pathway involved in removal of excess cholesterol from
peripheral tissue and has been shown to involve removal of cholesterol

specifically from lipid raft domains.

Natural and synthetic LXR ligands also possess an anti-canceraffect
PCa and other cancers typevitro and inanimal studies, making LXR a
potentially new therapeutic target in PCa and other tumors where plasma and
intra-tumoral cholesterol levels are positively associated with advanseakéi
Therefore studies examining whether RCT involving LXR and ABCAL is
functional in transformed PCa cells and whether RCT can alter cholesterol

content of PCa cells and their lipid raft domains are warranted.

In light of the heterogeneity between LXRnd LXR3 signaling in other
cell types, and the link between tumor cholesterol levels and advanced PCa,
studies from this chapter sought to identify the relevant LXR isotypes amdllig
behavior of TO9, 25HC, and 24,25EC in the regulatioABEAlandABCG1

MRNA in two models of transformed prostatic epithelial cells - LNCaPPy3.
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This study also sought to explore whether LXR-ABCAL1 driven RCT is functional
in PCa cells and whether cholesterol efflux in these cells results igehm

cellular free cholesterol concentrations and to lipid raft domains.
Specific Hypotheses Tested

Studies will be performed on androgen responsive LNCaP and non-androgen
responsive PC-3 prostate cancer epithelial cells to examine the following

hypotheses relating to LXR biology:

a) To test the hypothesis thaBCGlandLXR5 mRNA levels are higher than

ABCAlandLXRux respectively in both LNCaP and PC-3.

b) To test the hypothesis that LRnd not LXR is the primary regulator of
MRNA levels of the cholesterol transport&BCAlandABCGLlin LNCaP

and PC-3 cells.

c) To test the hypothesis that LXR mediated cholesterol efflux is functional in

PC-3 cells.

d) To test the hypothesis that LXR mediated cholesterol efflux altersetitrkar

free cholesterol or cholesteryl-esters in PCa cells.

e) To test the hypothesis that LXR mediated cholesterol efflux can alter

cholesterol rich plasma membrane raft domains in PCa cells.
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ABSTRACT

Recent evidence suggests that the liver X receptor (LXR) is a potential
anti-cancer target in prostate carcinoma. There is little charattenzhowever,
of which of the two LXR isoforms, LX&or LXRp, regulates the LXR-
responsive genes ATP-binding cassette sub-family member&BQAD and G
1 (ABCG) in transformed prostatic epithelial cells. In this study, small iniadge
RNA (siRNA) was used to determine whether Lot& LXR} is involved in
regulatingABCA1andABCG1mRNA expression in LNCaP and PC-3 cells.
Treatment of both cell lines with the synthetic LXR ligand TO9 and oxysterols:
25-hydroxycholesterol (25HC) and 24(S), 25-epoxycholesterol (24,25EC),
resulted in more than a 10-fold increasé\BICA1andABCG1mRNA
expression. Transfection of LNCaP cells with SiRNA against eitherfL&R
LXRa failed to inhibit TO9 and 25HC-mediated increas@BCALImMRNA.

SIRNA silencing of LXR did, however, inhibiIABCAImMRNA expression in 24,
25EC-treated LNCaP cells. In contrast, LXRI3 siRNA inhibited T09, 25HC, and
24, 25EC induction cABCA1MRNA in PC-3 cells anABCG1mRNA in both
LNCaP and PC-3 cells. Additional experiments revealed that TO9 and 25HC
induction ofABCA1ImRNA expression was significantly inhibited by the p38
stress kinase antagonist SB203580 and PKA inhibitor H89. However, SIRNA
studies against pa8 and PKA revealed that p38 does not appear to be involved
in TO9 mediated regulation & BCAL1MRNA in LNCaP cells, but PKA is

involved in TO9 regulation AABCA1IMRNA in PC-3 cells. Treatment of PC-3

cells with 1uM of T0O9 resulted in cholesterol efflux to apo A-l and a decrease in
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cellular free cholesterol levels. This effect was not observed in LNGsRunder

the same efflux conditions. Analysis of fluorescence images of PC-3aijpid r
domains revealed that LXR mediated RCT resulted in a significant deanease i
cholesterol rich lipid raft domains only in the presence of the cholesterol acceptor

apo A-l.
MATERIALSAND METHODS
Chemicals and Reagents

Dharmacon ON-TARGEflus SMAR ool siRNA reagents targeting
LXRa (Dharmacon Catalog # L-003413-00) or LIKENM_007121) (Dharmacon
Catalog # L-003412-00) , androgen receptor (AR) (Dharmacon Catalog # L-
003400), MAPK11(p3B) (Dharmacon Catalog # L-003972), MAPK14(p33
(Dharmacon Catalog # L-003512), and PKA(cyclic AMP-dependent Protein
Kinase A catalytic subunit a) (Dharmacon Catalog # L-004649) were pudchase
from Thermo Fisher Scientific (Lafayette, CO). HiPerFect Trantisie Reagent
was purchased from Qiagen (Santa Clarita, CA). The selective inhilaitors f
p38u/B (SB203580), c-Jun N-terminal kinase (JNK) (SP600125), extracellular
signal-regulated kinases 1 and 2 (ERK1/2) (PD98059), cAMP dependent-protein
kinase A (PKA) (H89), the LXR ligand 24(S),25-epoxycholesterol, and the
synthetic pregnane x receptor (PXR) ligand (SR12813), were all purchased f
BIOMOL International (Plymouth Meeting, PA). The synthetic LXR tigalr09
was purchased from Cayman Chemical Company, (Ann Arbor, Ml). 25-
hydroxycholesterol, dimethylsulfoxide (DMSO) and, human purified apo A-I

were purchased from Sigma Chemical Co (St. Louis, M@)2§d(n)-H?] tritium
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labeled cholesterol was purchased from Perkin Elmer (Waltham, MA). Amplex
red cholesterol analysis kit and Vybrant ® Lipid Raft Labeling Kit were

purchased from Invitrogen (Carlsbad, CA).
Céell Culture

The human prostate cancer cell lines LNCaP and PC-3 were purchased
from the American Type Culture Collection (Manassas, VA) and maintained
RPMI-1640 medium Invitrogen (Carlsbad, CA), supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, Carlsbad, CA), 1% glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin (Invitrogen, Carlsbad, CA) (culture
medium). Cells were incubated in the presence of 5% carbon dioxide and air at 37

°C.

RNA Isolation and Real-Time Rever se Transcriptase Polymerase Chain

Reaction (RT- PCR)

For gene expression experiments, LNCaP and PC-3 cells were seededlin 6 wel
plates at a density of 0.5 x®1€ells/well and grown for 24 h in culture medium,
then treated with various concentrations (0.1/) of 25HC, 24,25EC, TQ9, or
vehicle (DMSO 0.05% v/v). After termination of experiments total RNA was
isolated using the TRIZBreagent (Invitrogen, Carlsbad, CA), and reverse
transcribed to complementary DNA (cDNA) using StrataScript® Firsing

cDNA Synthesis Kit (Stratagenka Jolla, CA). Real time PCR was carried out
using a TagMan Universal PCR Master Mix on an ABI Prism 7000 and TagMan
Fast Master Mix on a 7900 Sequence Detection System (Applied Biosystems,

Foster City, CA). The TagMan probes and primers were purchased from Applied
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Biosystems using inventoried TagMan gene expression asséys, (assay ID:
Hs00172885 m1),XRp (assay ID: Hs00173195 mMBBCG1(assay ID:
Hs00245154 m1ABCAl(assay ID: Hs01059122 mIJYP3A4(assay ID:
Hs01546612)CYP3AXassay ID: Hs00241417MW)DR1 (assay ID: Hs00184500),
PPAR: (assay ID: Hs00947537_mBPAR (assay ID: Hs01115513 m1),
CYP26Al(assay ID: Hs00175627 _mMDR (assay ID: Hs01045840 _m1),
HMGCR (assay ID: Hs00168352_mBQ%assay ID: Hs00926054 m1l), LDLR
(assay ID: Hs00181192 mBREBP{assay ID: Hs01088691 mBREBP2

(assay ID:Hs01081784 mXJYP27Al(assay ID: Hs01026016_m1), CH25H
(assay ID:Hs02379634_s1), human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (assay ID: Hs99999905) was used as an endogenous control for all
gene expression except for basal mMRNA quantitation in Figure 2, W88re
ribosomal RNA (18S rRNAassay ID: Hs99999901) was used as an additional
control. The following amplification parameters were used for gene expnessi
the ABI 7000: 50°C for 2 min, 95°C for 10 min, followed by 46 cycles of
amplification at 95°C for 15 sec and 60°C for 1 min and on the ABI 7900: 95°C
20 sec followed by 46 cycles of amplification at 95°C for 1 sec and 60°C for 20
sec. Quantitation of mMRNA fold changes were derived using the delta threshold

cycle (ACt) method (84).
Quantitation of Basal mMRNA levels

The largesi\Ct value of one gene was assigned as the control and

normalized the loweACt value of the second gene to determine a comparative
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AACt value LXRp ACt values were normalized kXRa ACt values (control), and

ABCG1ACt values were normalized &BCA1ACt values (control).
Quantitation of Compar ative Basal mMRNA Levels

The higher LNCaP cell&Ct values of each gene was assigned as the
control and normalized the lowACt value of corresponding genes in PC-3 cells
to determine a comparative\Ct value.ACt values folLXRx andLXRg in PC-3
cells were normalized toXRx andLXRS ACt values in LNCaP cells andCt
values forABCAlandABCGL1lin PC-3 cells were normalized At values for

ABCA1 ABCGLlin LNCaP cells.
Cell Transfection with Small Interfering RNA (ssRNA)

LNCaP and PC-3 cells were seeded in 6-well plates at a density of 0.2 x
10° cells/well and grown for 24 h in culture medium; then cells were switched to
serum free media in RPMI-1640 (without phenol red) containing 2.0 mM L-
glutamine and 1% penicillin/streptomycin (serum-free culture mediumls Cel
were transfected with Dharmacon ON-TARGETplus SMARTpool siRNA
oligonucleotides using the HiPerFect liposomal transfection reaQedé&n)
according to the manufacturer’s protocol. Preliminary experiments were
conducted for each gene target to determine optimal transfection conditions
without cytotoxicity. The concentrations of sSiRNA oligonucleotides used fdr eac
target were: 5 nM siRNA oligonucleotides for LXR.XR and androgen
receptor (AR), 100 nM siRNA oligonucleotides for p3833 and 25 nM for

cyclic AMP-dependent PKA, catalytic subunit a (PKACa). After 48 h of &iRN
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transfection, cells were switched back to culture medium and treated wahsvar

ligands as described in Materials and Methods for an additional 48 h.
Kinase Inhibitor Experiments

For kinase inhibition experiments, LNCaP and PC-3 cells were plated in
6-well plates as described above and pre-treated for 60 minutes wilh a0
one of the following: the p38 MAP kinase inhibitor SB203580, the INK MAP
kinase inhibitor SP600125, the ERK1/2 MAP kinase inhibitor PD98059, the PKA
inhibitor H89 or vehicle (DMSO 0.05% v/v). After 60 minutes cell culture media
was replaced and cells were stimulated with 5 uM T09, 25HC, or 24,25EC for an

additional 24 h.
Cholesterol Efflux Assay

PC-3 cells were plated in 10% fetal bovine serum (FBS) in triplicate and
loaded with 1Ci/mL of [°H] labeled cholesterol (Perkin Elmer) for 48 h. After 48
h PC-3 cells were washed thrice with PBS and switched to serum free conditions
(RPMI 1640 (phenol free) + 0.2% fatty acid free bovine serum albumin (BSA)
w/v). Cells were allowed 2 h to equilibrate cellular cholesterol in sereen fr
conditions, washed thrice with PBS and treated for 48 h with either vehicle
(DMSO 0.01% v/v) or 1M of the LXR ligand T09. After 48 h PC-3 cells were
washed thrice with PBS + 0.2% BSA and incubated with either RPMI + 0.2%
BSA plus 20ug/mL of the cholesterol carrier apo A-I or vehicle (1X PBS) to
initiate cholesterol efflux. Aliquots of 100 ul were collected at multiple time
points for 24 h, mixed with scintillation liquid and measured for radioactivity on a

scintillation counter. After 24 h cells were lysed with RIPA buffer (Therama)
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protein measured using the bicinchoninic acid (BCA) assay (Thermo) according
to the manufactures’ protocol. Efflux of vehicle treated cells will be subtracte

from efflux of all groups as background and efflux will be expressed as counts per
minute (CPM) of radioactivity in the cell culture medium per milligraincellular
protein. Mean differences in efflux between T09 + apo A-l and apo A-I alone will

be measured at time points within the linear range.
Gene Expression and Cellular Cholesterol Quantitation During Efflux

To analyze cellular cholesterol profile and gene expression during
cholesterol efflux, PC-3 cells were plated under the same conditionslastelol
efflux experiments except tritium cholesterol loading was excluded. A8tér of
cholesterol loading in 10% FBS, cells were washed and switched to seaum fr
medium as previously described and treated for 48 h. with 1 uM TO09. After 48 h
cells were washed with PBS and treated with either; vehicle (1X,BPB§mL
for 4 h or 20ug/mL apo A-I for 4 and 12 h. At time points of interest total cellular
cholesterol or total RNA were isolated as described in the matar@dinethods
section above. For total cellular cholesterol, lipids were extracted th&rieplch
method as previously described (99). Briefly, after termination of expetsme
cells were lysed with cold RIPA buffer (Thermo) using 1 mL of RIPA pér 10
cells. Cell homogenates were sonicated at 50% intensity for 30 seconds on ice
followed by incubation for 30 minutes on ice. Lipids were then extracted from
aliquots of cell homogenates using chloroform: methanol (2:1). Organic phase
solvents were evaporate from lipid extracts under nitrogen gas and resuspend in

0.5% v/v Triton X-100 solution in water. Total and free cholesterol were
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determined enzymatically using Amplex red cholesterol quantitation kit
(Invitrogen) according to the manufactures protocol. Cellular cholesterohtonte
was normalized to whole cell lysate protein concentrations. Protein was

determined using the acid (BCA) assay (Thermo).
Fluorescent Staining of Cholesterol Rich Membrane Domains

After treatments cells were washed three times in 1X PBS and iadubat
with 1ug/mL alexa flour conjugated cholera toxin subunit B (AF-CT-B) in 1X
PBS for 10 minutes at 4 °C. Cells were then washed three times with 1 X PBS
followed by incubation with 1 mg/mL anti-cholera toxin subunit B antibody
(anti.CT-B) for 10 minutes at 4 °C. Cells were then washed thrice in 1X PBS and
then counter stained with the nuclear fluorescent stain Hoechst 33258. Cells were
mounted on microscopic slides and rafts visualized by a Nikon TE-2000-S
fluorescence microscope. x and y coordinates for 10 random micrograjsh fiel
were derived from random numbers. Lipid raft positive cells were idehtiBeng
a signal to noise ratio cut off of 7 based on the florescence intensity of control
cells. Lipid raft positive cells were normalized as percent of totabeuof
nuclei positive cells in each field. All imaged were analyzed using Nikon NIS

elements imaging software version 3.2 (Nikon Inc., Hempstead, NY).
Statistics

Statistical analysis of data will be carried out with the GraphPad PRISM
program (GraphPad Software, Inc.). Contrasts of group means were computed
using one or two factor ANOVA followed by Bonferroni post hoc tests. The

unpaired Student's unpaired t test was used to compare experiments between two
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groups. Gene expression results is expressed as means + SE of compadative fol
differences. Mean differences of post-hoc analyses are considerdt@mgni

when p value is < 0.05.

RESULTS
Specificity of the Synthetic LXR ligand T09 in PCa Cells

To determine the specificity TO9 in LNCaP and PC-3 cells, mMRNA
expression of a panel of NRs and NR responsive genes were measured in LNCaP
and PC-3 cells treated with (i of TO9 for 48 h. Figure 1 demonstrates that
treatment of both cell lines with TO9 resulted in specific transcriptionaases
in LXR target geneABCAlandABCGJ while the mRNA expression of the
nuclear receptorBPAR, VDR were unchanged compared to vehicle controls (Fig
1). There was a ~80% significant decrease in MRNA expressPRAR, in
PC-3 cells treated with TO9 compared to vehicle treated conprel901).

MRNA levels for the specific target genes of PXRP3A4andMDR-1) and
RARs CYP26A) were also unaffected by treatment with pharmacological

concentrations of the LXR ligand T09 (Fig 1).
Basal Levelsof LXR and Cholesterol Metabolism genesin PCa Cells

PC-3 cells are bone derived metastatic PCa cells and do not rely on
steroids for maintenance of their growth program, where LNCaP cell<Cd®. P
cells have been characterized as a more aggressive phenotype of PCa campared t
LNCaP cells, and as bone metastasized cells, PC-3 cells represget af 1€a
most difficult to treat in men. Human studies demonstrated that cholesterol levels

are linked only to late stage advanced PCa; therefore it was examinedrwhethe
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PC-3 cells express higher basal levels of LXR and cholesterol metabel&edr
genes compared to the less aggressive LNCaP cells. Also total levels of fr

cholesterol and cholesteryl-esters were compared in both cell types.

As shown in Figure 2A and 2Bedata revealed that basal mRNA levels
of LXRS were significantly higher thaoXRa in both LNCaP and PC-3 cells, as
were basal levels &BCGlcompared t&ABCAL Across the cell types, PC-3
cells expressed significantly higher basal levels of all genésaniexceptionally

higher expression AdBCA1mMRNA (Fig. 2C and 2D).

To determine whether PC-3 cells express higher mRNA levels of a
number of other key cholesterol metabolism related genes, basal mMRNAdevels
genes related to cholesterol synthesis and uptid€R SREBP2FNTA SQS
LDLR, triglyceride synthesiSREBP1and cholesterol degradati@yYP27A1
CH25Hwere determined. Gene expression revealed that PC-3 cells express
significantly higher basal mRNA levels SREBP1SREBP2HMGR LDLR and
SQScompared to LNCaP cells (Fig 2E). Basal levels of two key enzymes
involved in cholesterol degradation and genesis of LXR ligands27Aland
CH25Hwere lower in PC-3 cells compared to LNCaP; however this difference

was not significantg > 0.05, Fig 2E).
Cholesterol Profile of PC-3 and LNCaP cells

Analysis of free cholesterol and cholesteryl-esters levels in PC-3 and
LNCaP demonstrated that free cholesterol levels were approximatefpid

higher in PC-3 cells compared to LNCaP after being cultured for 48 h in 10%
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FBS (p < 0.001, Fig 2F). Levels of cholesteryl-esters were not detectabléaen eit

cell type (Fig 2F).

Concentration Effects of LXR Ligandson ABCG1 and ABCA1 mRNA

Expression

To measure the concentration effects of synthetic and natural LXR ligands
on mMRNA expression A BCAlandABCG1 LNCaP and PC-3 cells were treated
with increasing concentrations (0.1-181) of T09, 24,25EC, and 25HC for 24 h.

In both LNCaP (Fig. 3A and 3B) and PC-3 cells (Fig. 3C and 3D), treatments
with T09, 25HC, and 24,25EC resulted in dose respongeB@AlandABCGL1
MRNA expression. LNCaP cells treated with the synthetic LXR ligé@td

resulted in a ~4 to 20-fold induction ABCA1mMRNA compared to ~4 to 10-fold
inductions in 24,25EC and in 25HC treated cells (Fig. 8CG1mRNA fold
induction in TO9 treated LNCaP cells was ~9 to 20-fold compared to ~2 to 8-fold
in oxysterol treated cells (Fig. 3B). PC-3 cells treated with incrgasin
concentrations of TO9 resulted in a ~12 to 25-fold inductiohB€AImMRNA
compared to 2 to 7-fold inductions in 24,25EC and 25HC treated cells (Fig. 3C).
In a similar manner tABCA1 ABCG1mRNA fold induction in TO9 treated PC-3
cells was ~8 to 15-fold compared to ~2 to 6-fold in 24,25EC and 25HC treated
cells (Fig. 3D). Between PC-3 and LNCaP cells, a significantlygaxBCAL
MRNA induction in PC-3 cells specifically within the TO9 concentration range of
0.1 and 1.uM was observed (~10 to 20-fold in PC-3 vs. ~3 to 5-fold in LNCaP)
(Fig. 3A and 3C)In PC-3 cells, the concentration plateau for TO9 induction of

ABCAImRNA began at 5 uM. In LNCaP cells, however, the dose- dependent
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effect of TO9 and all oxysterols was linear up tqul This trend was also
observed for LXR ligand induction &BCG1mRNA in LNCaP and PC-3 cells.
Fold changes foABCG1mRNA with increasing doses of all LXR ligands were

similar in both LNCaP and PC-3 cells (Fig. 3B and 3D).

Temporal Effectsof LXR Ligandson ABCG1 and ABCA1 mRNA

Expression

Temporal changes MBCA1andABCG1mRNA expression were also
determined by treating LNCaP and PC-3 cells wittivbof T09, 25HC, and
24,25 EC for 2-24 h. Fig. 4A and 4B show a significantly earlier change in
MRNA response 0ABCAlat 2 h compared tABCG1lin LNCaP cells (~3-fold
vs. 0-fold). The opposite effect was observed in PC-3 cells, with the change in
ABCG1ImRNA increasing dramatically between 2 and 4 h by almost 10-fold,
whereABCA1MRNA changes were approximately 5-fold less in the same time

frame (Fig. 4C and 4D).

Ligand and L XR Isoform Specific Regulation of ABCA1 and ABCG1 mRNA

Expression Varies between Cell Types

Given that both LXR isoforms are expressed in prostate cancer cells,
experiments were conducted to determine whetherd.R_XRp are required
for oxysterol- and T09- mediated inductionABCA1landABCG1mRNA using
SiRNA technology. siRNA transfection conditions resulted in ~70-80% silencing
of LXRx andLXRS mRNA expression levels in both LNCaP and PC-3 cells. In

both cell lines, all LXR ligands significantly increased basal level<& (Fig.
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5A and 5B, Fig. 6A and 6B), but had no significant effecLERx mMRNA levels

(Fig 5A and 5B, Fig 6A and 6B).

Surprisingly, LNCaP cells transfected with either SIRNA againSRxr
LXRa could not inhibit TO9 or 25HC induction BBCA1MRNA (Fig.5C and
6C). Use of siRNA against LXRwas able to inhibinABCA1ImMRNA in LNCaP
cells treated with 24,25EC only (Fig. 6C). A significant inhibitioiA8ICG1
MRNA induction by all LXR ligands in LNCaP cells transfected with I3XR
SsiRNA was observed (Fig. 6C); however LKRIRNA had no effect oABCG1
MRNA induction by any LXR ligand (Fig. 5C). In PC-3 cells, TO9 and oxysterol
regulation ofABCGlandABCA1ImMRNA expression was more straightforward.
The use of siRNA against LXRM inhibited the mRNA expression of ABIDG1
andABCALlin PC-3 cells exposed to T09, 25HC, and 24,25EC (Fig. 6D). siRNA

against LXRx also had no effect on these targets in PC-3 cells (Fig. 6D).

I nvolvement of Kinase Signaling in LXR ligand Regulation of ABCA1 mRNA

in LNCaP and PC-3 Cdlls

In observing that neither LXiRnor LXR(3 appeared to be involved in TO9
or 25HC regulation cABCA1mRNA expression, a number of kinase pathways
screened to determine whether TO9 or 25HC can reghB@A1MRNA
expression through a non-LXR mediated pathway involving kinase signal
transduction. LNCaP and PC-3 cells were pre-treated for 60 minutes wit¥i 10
of each of the following specific kinase inhibitors: ERK1/2 (PD98059), PKA (H-
89), p3&/p (SB203580) or JNK (SP600125); they were then treated with and

without 5uM of T09 and 25HC for an additional 24 h. Pre-treatment of LNCaP
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cells with the p38 antagonist SB203580 caused a ~45% inhibition of both T09
and 25HC induction cABCA1IMRNA expressiona(<0.01) (Fig. 7A). This was
specific toABCAlas there was no inhibition observedABCG1mRNA levels

(Fig. 7B). Inhibition of p38 in PC-3 cells only affected TO9-mediated induction of
ABCA1ImRNA (Fig. 7C), however unlike LNCaP cells, SB203580 also inhibited
T09 mediated increase ABCG1mRNA levels by ~ 36% in PC-3 cells (Fig 7D).
In contrast, inhibition of JINK kinase in both LNCaP and PC-3 cells resulted in a
~6-fold induction of basal mMRNA levels BBCA1(Fig. 7A and 7C). Moreover,
JNK inhibition produced an additive effect on T09- and 25HC-induced increase
of ABCALIMRNA in LNCaP cells (Fig. 7A). In PC-3 cells this effect was only
observed for TO9 induction &BCAL1MRNA (Fig. 7C). In both cell lines,

inhibition of ERK1/2 had no effect on mRNA expression of eithBCAlor
ABCG1(Fig. 7A-D). Lastly, the PKA inhibitor H89 strongly opposed T09
induction ofABCALImMRNA in PC-3 cells, but had no effect ABCG1(Fig 7C

and 7D).

To further test whether the pharmacological inhibition of LXR
transcription ofABCALlinvolved p38 in LNCaP and PKA in PC-3 cells, sSiRNA
oligonucleotides were used to transiently silence expression af p38§ in
LNCaP cells and PKA in PC-3 cells treated with and withoutM%f T09. With
two isoforms of p38, LNCaP cells were transfected concomitantly with SIRNA
oligonucleotides against p@8and p38. Optimal transfection conditions were
determined to yield approximately 70-80% silencing ofgathd p38 without

any cytotoxicity or off target effects (Fig 8). Contrary to the pharmgazdd
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inhibition of LXR mediated transcription of ABCAL1 that was observed with the
pan p38 inhibitor SB203580, silencing expression otypa&d p38 in LNCaP
cells failed to oppose T09 mediated regulatioABCA1IMRNA levels (Fig. 8),

suggesting that SB203580 can interact with other kinases or protein targets.

Data from experiments with PC-3 cells transfected with siRNA
oligonucleotides against the cAMP dependent kinase PKA demonstrated that
PKA is involved in LXR regulation cdABCAlin PC-3 cells. siRNA against the
alpha catalytic unit of PKA significantly inhibited TO9 mediated transacnmpaf
ABCAL1mMRNA (Fig 9). Also, PC-3 cells stimulated with the cAMP/PKA
activator forskolin had significant increasesABCA1IMRNA expression which
were also opposed by PKA siRNA silencing (Fig 9). The involvement of PKA in
regulating LXR mediated activation BBCAIMRNA does not appear to involve
expression oEXRa or LXRI( as no changes to mRNA levels of these genes were
observed in cells transfected with PKA siRNA (Fig 9). Consistent with the
pharmacological inhibitor studies using H89, siRNA against PKA did not

opposed TO9 regulation ABCGImRNA levels (Fig 9).
Cholesterol Efflux in PC-3 cells

Studies where carried out to establish whether LXR-ABCA1 mediated
cholesterol efflux was functional in PC-3 cells. Studies of cholesterakeffere
also attempted in LNCaP cells, however due to the labile nature of LNCaP
adhesion to the plastic cell culture plate surface, large cell losses wemeedbse

during efflux experiments due to the extensive washing steps required fiikhe |
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cholesterol loading and efflux assay. Due to this experimental constrams it

not possible to objectively measure cholesterol efflux in this cells line.

PC-3 cells loaded withyi/mL of tritium labeled cholesterol for 48 h
followed by 48 h treatment with 1 uM of the LXR ligand TO9 displayed a
significant rate of cholesterol efflux at 2 h of upon exposure to apo A-I (Fig.
10B). Cells pre-treated with vehicle and apo A-l were able to efflux dbodés
however this was not significantly higher than cells pre-treated with TO9 without
apo A-l. Under the present experimental conditions cholesterol efflux was
initiated by 2 h and was linear up to ~6 h of exposure to apo A-l (Fig. 10A). Cells
pre-treated with TO9 alone did not show significant rates of cholesterol efflux
demonstrating that efflux was dependant on the presence of apo A-l and therefore
specific to LXR-ABCA1 mediated efflux. SIRNA against LXRr LXRp were
performed to determine which receptor isoform was involved in mediating
cholesterol efflux from PC-3 cells. Optimal conditions for sSiRNA transfaabi
LXRa or LXRp were determined in previous experiments and produced 80-90%
silencing of these targets, however it was determined that the expetimenta
conditions of cholesterol efflux, i.e. loading of cells wittCl/mL of tritiated
cholesterol for 48 h in 10% FBS, was not sufficient to permit successful PC-3

transfection with siRNA oligos against LXFor LXR}.
Cholester ol Quantitation Prostate Cancer Epithelial Cells

To determine if LXR-ABCA1 mediated cholesterol efflux can leads to a
decrease in cellular cholesterol levels in PC-3 cells during cholestdux, &fC-

3 cells were plated for RCT as described in material and methods and RCT
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initiated with the addition of 5 and 2@/mL of apo A-I for 4 h and 12h. After 4h
and 12 h total lipids were isolated and cholesteryl-esters and free chdlestero
determined enzymatically. Figure 11A demonstrates that after R&o6f PC-3
cells chased with 5 and 2@/mL apo A-1 have significantly lower free
cholesterol levels compared to cells only pre-treated with TO9 alone. (F)g 11A
After 12 h of incubation with 2Qig/mL apo A-I free cholesterol levels in PC-3
cells significantly increased compared to cells treated with apamA4 h

(checked bars vs. solid black bar) suggesting a compensatory increase an cellul
cholesterol after RCT (Fig 11A). Cholesteryl-esters were not deteataB(@-3
cells under any of the experimental conditions (Fig 11 A). Treatmemtlwiv

of TO9 for 48 h was unable to alter cellular cholesterol levels in PC-3 cells
cultured with 10% fetal bovine serum (FBS) (Fig 11B); demonstrating th&t LX
ABCAL1 mediated RCT result in changes in cellular free cholesterol leveI€43

cells only in the presence of lipid free apo A-I.
Cholester ol Metabolism Gene Signature of PC-3 cellsduring Efflux

To determine the gene expression changes during RCT a panel of genes
related to LXR-mediated effluxle novocholesterol synthesis and cholesterol
uptake were measured at 4h and 12 h after RCT conditions. After 4 h of
cholesterol efflux, as expected, mRNA level A&CAlandABCGlincreased
significantly in cells pre-treated with TO9 compared to vehicle treatédFog!
11C and 11D), however in TO9 + apo A-I chased cells the mRNA levels of
ABCAlandABCG1were significantly higher than in cells treated with TO9 alone

(p < 0.001 angb < 0.05 respectively). After 12 h of RGABCALImMRNA levels
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were significantly lower than at 4h of RCT, whé&BCG1mRNA levels were
unchanged (Fig 11C and 11D). Three genes central de novo cholesterol synthesis
SREBP2HMGR and uptake of circulating cholesterol levels, low density
lipoprotein receptorl(DLR), were also measured during cholesterol efflux at 4h

and 12h. After 4 h of RCT there were no significant chang8REBP2HMGR
andLDLR mRNA levels (Fig 11E-G). After 12 h of RCT mRNA levels of
SREBP2andHMGR remained unchanged, however mRNA expressidrDaiR
significantly increased in TO9 + apo A-l treated cells compared to vehicle and

TO9 treated cellg( < 0.01, Fig 11G).

Alexa Fluor Staining of Plasma Membrane Lipid Rafts

To determine whether LXR-ABCA1 mediated cholesterol efflux can alter
plasma membrane lipid raft domains, PC-3 cells were labeledheitheta
subunit of cholera toxin (Ct-b) conjugated to Alexa fluor. Ct-b binds with high
affinity to lipid raft domains protein ganglioside gml1 (gm1) and anti-cholera
antibodies induce co-patching of raft positive domains (100). This process is
attenuated with perturbation to raft cholesterol level and is reflected ieaded
fluorescence intensity of Alexa fluor (100). Fluorescent micrograph€f ells
demonstrated that formation of lipid raft domains were significantly diminished i
TO9 + apo A-l treated cells compared to TO9 alone treated petl®.01, Fig 12),
suggesting that that LXR-ABCA1 mediated cholesterol efflux can disrugt lipi
raft formation. TO9 pre-treatment alone also appeared to decrease the number of
lipid raft positive cells, but this effect was not significgmt- 0.05Fig 12)

Collectively these findings suggest that increased ABCAL1 genesskgne in
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itself, can lead to early partitioning of cholesterol from raft to non-raftasiasn
but initiation of cholesterol efflux is necessary for significant disruptiaaibf

domains in PC-3 cells.

DISCUSSION

The recent emergence of data suggesting that LXR ligands activated an
anti-cancer effect in models of prostate carcinoma prompted us to examine the
regulation of LXR-mediated pathways in LNCaP and PC-3 human prostate cancer
cells (65, 66). This study specifically sought to characterize in thesgdraned
epithelial cells which LXR isoform is involved in the transcriptional reguabf
the LXR responsive gend8BCAlandABCGL.l hypothesized that the LXR
regulatory mechanisms in these models of prostatic carcinoma would be distinct
from other cell types and that a cell-specific response would have to be

considered in any future studies of the anti-cancer effect of LXR ligands.
Specificity of Synthetic LXR ligand T09 in PCa cells

There is data demonstrating cross talk between NR with the type 2 family
of NRTF (1). It was recently demonstrated that the synthetic LXRdiJ®9 can
activate PXR in other cell types (101). In the cell types used in the current
project, there was no evidence that the LXR ligand TO9 activates PXR based on
the absence of any mRNA changes to two known PXR responsive QéR8:\4
andMDR-1 However, there was evidence that TO9 can significantly reduce
MRNA levelsPPARx in PC-3 cells. There were no other NR targets affected by
TO9 treatment in either LNCaP or PC-3. Nevertheless, despite the lack of any

apparent interaction between TO9/LXR and PXR in these cell types. Results from
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experiments conducted using T09 in PC-3 cells should be weighed against any
possible involvement of PPARand the current experiment does reveal a lack of

specificity of TO9 in PC-3 cells when used aflD

PC-3 cells express higher levels of LXR and Cholester ol M etabolism Related

Genesand Cholesterol Levelsthan LNCaP célls.

LXR isoform mRNA profiling determined that relatizXR5 mRNA
expression is significantly higher thaXRx in both LNCaP and PC-3 cells. This
did not come as a surprise as most expression profiling has determinedRhat
is primarily expressed in liver, adipose and enterocytes, IIbéR8 is expressed
ubiquitously (6, 7). OuLXRx andLXRS mRNA profiling does conflict with a
previous study which reported that LXK the predominant isoform in LNCaP
cells and the ratio dfXRx to LXRS in PC-3 cells is approximately one (102). We
used a similar normalization method as this previous report (102), but found

LXRp to have higher relative mRNA levels in both LNCaP and PC-3 cells.

Our basal mMRNA measurements revealed disproportionally lA&€A1
MRNA expression compared ABCG1in both LNCaP and PC-3 cells. There is
evidence in some cell types that without functional ABCAL, that ABCG1 alone is
incapable of regulating the cholesterol efflux machinery due to the cowperat
requirement of ABCAL and apo A-l in formation of pre-HDL patrticles (18).
Further support for a critical role of ABCAL in HDL formation and cholesterol
efflux come from observations of severe HDL deficiency and pathological
cholesterol retention in persons with functional mutations oABE@Algene

(19). Carriers oABCAlmutations, such as those seen in Tangier disease, are
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largely incapable of normal reverse cholesterol transport despite camorimgl
copies of theABCG1gene (19). If ABCAL synergizes with ABCGL1 for
cholesterol removal in LNCaP and PC-3 cells as it does in other cell tiypas,

our data may have revealed a propensity for impaired cholesterol efflux in these
transformed cell models. This would support a body of data demonstrating

abnormal prostatic cholesterol retention in men with advanced PCa (61-64).

A number of epidemiological studies have demonstrated that the
association between cholesterol and PCa exists only for aggressive fé&t@a o
(61-64). It is not clear why the association between cholesterol and PCa only
appears in late stage and metastatic disease, but some data sugdastsstiage,
hormone refractory PCa is associated with increase the rate of cholesterol
synthesis, possibly to support increased prostatic steroidogenesis (103). This may
suggest that some metabolic genes involved in energy and lipid metabolism
would be a poor predictor of those at risk for advanced disease, but therapies
aimed at shifting the balance of cholesterol metabolism towards degradation a
removal may have a positive outcome of these aggressive stages of disease. Ther
is already epidemiological data supporting that either drug therapy thusegof
statins or lifestyle to control serum cholesterol levels protects agagstssive,
late stage PCa (61-64). In the current study, the two cell models used, LNCaP and
PC-3 have origins which link them to two clinically discrete stages armg)et
PCa. PC-3 cells are derived from grade IV, hormone refractive PCa bone
metastasis and display a more aggressive phenotype (33 h doubling time in nude

mice), and LNCaP cells isolated from lymph nodes of metastatic hormone
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sensitive PCa are relatively less aggressive (88 h doubling time in nude mice)
(104). Expression patterns of genes central to the LXR axideandvo

cholesterol synthesis revealed that PC-3 cells expression disproportidmgiey
levels ofLXRa, LXRS, ABCAlandABCGlcompared to LNCaP cells. The

relative difference was most striking faBCAlwhich had almost a 20 fold
greater mRNA level. Expression of genes related to choleSR#EBP2HMGR
andSQSand triglyceride synthes8REBPIwhere also significantly higher in

PC-3 cells. Expression of two genes central to oxysterol syntla&i?7Aland
CH25H were lower in PC-3 cells, but this was not significant. Cholesterol
analysis also revealed that PC-3 cells contain significantly highelslef/free
cholesterol compared to LNCaP. This observation supports data demonstrating
that PC-3 cell basal cholesterol synthesis is higher than LNCaP rogiés@amore
sensitively to sterol deprivation that LNCaP cells (105). Despite having
significantly higher levels of LXR responsive geneBCAlandABCGlthan
LNCaP, free cholesterol levels in PC-3 cells still remain higher tha@alP,
suggesting that the net cholesterol turnover remains lower in the more aggress
cell type. Nevertheless, it is not clear if the higher aggrieves phenotyjie-8f

cells and its higher rate of cholesterol synthesis are related, and studies t

determine this relationship are needed.
Expression Data from NCBI Gene Expression Omnibus Database

To further examine whether tRdBCA1, ABCGInRNA ratio profile in
these transformed cell lines differs to those found in normal prostate egpithel

cells, a query was performed using the National Center for Biotechnology
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Information’s(NCBI) Gene Expression Omnibus database
www.nchi.nlm.nih.gov/projects/geo (106). We found in two separate array
profiles of normal prostate epithelial cells tAdBCA1MRNA expression was
approximately 2 to 3-times greater thi/lBBCG1(GEO accessions: GDS1746 (37),
GDS1973 (38). We also found expression profile data in GEO accession:
GDS1746 which demonstrated that, similar to our findings, aAB®AL,
ABCG1mRNA ratio exists in LNCaP cells. Collectively, these data styong|
suggested that t®BCA1,ABCG1mRNA expression ratio is decreased in
transformed prostatic epithelial cells and supported data demonstratorghabn
prostatic cholesterol retention in PCa (61). Due to the integral role that h&R a
ABCA1 have in cholesterol efflux, it is warranted to determine whether
suppression of LXR-ABCAL1 function is another mechanism through which

transformed prostatic cells can increase their cholesterol pool.
I nvolvement of L XRp isdependant on Target and Ligand Tested

Data from our siRNA experiments supported our original hypothesis that
LXR biology in these transformed cells would be atypical. We found that the
synthetic and natural LXR ligands T09, 25HC, and 24,25EC showed distinct LXR
dependent and independent regulatioABCA1MRNA in both LNCaP and PC-
3 cells. The discovery that sSiRNA against LoXBr LXRI3 failed to inhibit TO9-
and 25HC-mediateABCA1mMRNA induction in LNCaP cells was compelling
and contrasts with reports from numerous LXR functional studies demonstrating
that TO9 and oxysterols are potent LXR ligands and incteBERA1IMRNA

expression through direct ligand activation of LXR (107). Although there are
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reports in macrophages and skin fibroblasts that TO9 can also activate the
xenobiotic transcription factor PXR, we found that LNCaP and PC-3 cellsdreate
for 24 h with multiple concentrations of TO9 had no effect on expression of the
PXR responsive gen€&YP3A4 CYP3A5andMDR-1.We also did not observe
anyABCAl1andABCG1mRNA changes in cells treated with multiple
concentrations of the PXR agonist SR12813. These experiments support that TO9
induction ofABCAlandABCG1mRNA is not mediated through PXR in LNCaP

or PC-3 cells.

These experiments revealed that, in comparison to other ligands tested,
24,25EC uniquely required LXRIM in regulating b&BBCA1andABCG1mRNA
expression in LNCaP cells. 24,25EC is synthesized exclusively in a shurmanreact
from the mevalonatde novocholesterol synthesis pathway and is believed to

permit cellular sensing of excess cholesterol biosynthesis (108).

It was observed th&BCG1mRNA regulation by synthetic and natural
LXR ligands in LNCaP cells strongly required the expression of LXR[3. Téss w
also observed fohBCGlandABCA1ImMRNA expression in PC-3 cells transfected
with siRNA against LXRR3. The lack of a consistent involvement of LXRIM in
ligand induction oABCA1mMRNA in LNCaP cells likely reflected the numerous
molecular distinctions between these two cells lines (104, 110). The most
prominent difference is the lack of functional AR and the need for androgen-
driven growth in PC-3 cells, which is suggestive of a relevant cross-talk between
androgen and LXR signaling in LNCaP cells (110). It has been reported in

LNCaP cells that androgens strongly suppress the expression of ABCA1, and that
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TO9 can act as an anti-androgen (102, 111). Conversely, the regulaABE G
MRNA by synthetic and natural LXR ligands in both LNCaP and PC-3 cells is
consistent with reports thABCG1mRNA transcriptional regulation comes
exclusively under LXR (112). Given that our siRNA transfections againsiLXR
and LXRM achieved 70-80% silencing of these genes, our data strongly support a
principal role of LXRM but not LXR in the regulation of induction &BCAland

ABCG1mRNA by T09 and oxysterols in these models.
The Stresskinase p38 isnot involved in regulation of ABCA1in LNCaP cells

Our pharmacological inhibitor studies initially suggest that T09 and 25HC
regulation ofABCAIMRNA expression may involve the kinases-mediated
pathway of p38, JNK and PKA. Both p38 and JNK mediate the cellular stress
response and are naturally activated by a variety of stimuli inclyatog
inflammatory cytokines, osmotic shock and ultraviolet irradiation (113rdIs
a report of TNFa induction ofABCAL1mMRNA expression in mouse peritoneal
macrophages through the stress kinase p38 (114). Nevertheless, the p38
antagonist used in our experiments, SB203580, has been shown to also activate
JNK and the ERK1/2 map kinase pathway (115, 116). The pleiotropic effect of
SB203580 raised the possibility that its inhibitory effect on TO9 and 25HC
induction ofABCA1mRNA could occur through uncharacterized targets other

than p38.

To add complexity to the regulation ABCA1ImMRNA, we also observed
that inhibition of INK with SP600125 raised basal and LXR ligand inducible

levels ofABCALIMRNA ~6 and 1.5-fold respectively in both LNCaP and PC-3
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cells (Fig 7A and Fig 7B). Both p38 and JNK are typically redundant members of
the stress-activated protein kinase pathway; however it has been shown that they
can oppose each other depending on the downstream target (117). The observed
induction ofABCAIMRNA by the JNK inhibitor could reflect a similar

antagonism of JNK towards p38 signaling and could represent be a molecular
“on” and “off” of ABCAlgene regulation. We observed a similar effect on
ABCA1ImRNA response in PC-3 cells pre-treated with p38 and JNK inhibitors
supporting a common regulation of ABCA1 gene expression by a signal

transduction pathway in both LNCaP and PC-3 cells.

SiRNA experiments confirmed that p38 does not appear to be required in
TO9 regulation oABCAlor ABCG1mRNA levels in LNCaP cells. To exclude
the possibility that SB203580 was acting through a specific p38 isoform, LNCaP
cells where transfected with a pool of SIRNA oligonucleotides ensuringitayget
of both p3& and p38. Despite the observed inhibitory effect of use of this
pharmacological inhibitor, data from these siRNA experiments contradict the
pharmacological inhibition that was observed with SB203580 and illustrates the
potential for pleiotropic effects of pharmacological inhibitors when targeting

disruption of signal transduction pathways.
PKA isinvolved in regulation of ABCAlin PC-3 cells.

Pharmacological inhibition of PKavith H89 strongly opposed T09
induction ofABCA1ImRNA. However, unlike our experiments using p38 siRNA,
transfection of PC-3 cells with siRNA oligonucleotides against PKA confirme

the involvement of PKA in this pathway. PC-3 cells treated with the cAMP
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agonist and PKA activator forskolin resulted in significant upregulatidB&Al
MRNA levels but noABCG1 This was reverse by siRNA against PKA
confirming that PKA can upregulate ABCAL1 in the absence of LXR ligand
activation. This data is consistent with studies demonstrating that CAMP/PKA
activation leads to upregulation ABCA1mRNA, protein phosphorylation and
cholesterol efflux in macrophages and lipid loaded fibroblasts (118). cAMP/PKA
is activated by apo A-l in macrophages and leads to incréd3€41mRNA
expression and stabilization of protein levels via serine phosphorylation (119).
PKA activation and stabilization of ABCAL1 initiates and enhances cholesterol
efflux even in the absence of LXR ligands (119). Our data are consistent with
studies demonstrating a role for PKA in LXR mediated activation of ABCAL and
regulation of basaABCA1mRNA levels (119). The observed differences in
regulation ofABCA1ImMRNA between PC-3 and LNCaP are likely a consequence
of the many molecular distinctions between these two cell types and warrants

further testing.

L XR mediated cholesterol efflux decreases plasma membrane cholester ol

raft domains.

Studies in lipid laden macrophage foam cells demonstrate that LXR
activation shifts the dynamic balance of cholesterol metabolism towdius ef
resulting in decreased cellular cholesterol levels and attenuation of &lam c
development. Experimental data suggests that transformed prostate tumors have
increased cholesterol levels compared to begin or normal prostatic tissue,

demonstrating that the balance of cholesterol metabolism (synthesis/apthke
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degradation/efflux) shifts towards increases retention, but it is not cledr whic
side of the dynamic regulation of intracellular cholesterol is alteredarsiage

PCa (61). There is some data demonstrating a discrete upregulad®nofo
cholesterol synthesis in men with hormone refractory resistant PCa (103), but this
may reflect a specific shift to prostatic cholesterol-steroid syr#thresesponse to
castration. Prostatic tissue, like many peripheral tissue, prefergadiggive
cholesterol from circulating lipoproteins, this supports the population data
demonstrating a positive correlation between risk of advanced PCa and serum
cholesterol levels (61-64). However, all cells in peripheral tissue possess the
machinery to remove excesses cellular cholesterol through reverseeawblest
transport mediated by LXR-ABCA1 (18). There is an information gap on whether
the efflux side of the cholesterol metabolic equation is compromised in advanced
PCa and equally important, whether increases cholesterol efflux can alter
intracellular cholesterol levels. This is vital to understand the role of camést
carcinogenesis and to aid in developing adjuvant therapies that can compliment
the current belief that lifestyle and/or use of cholesterol synthesis inhibétors

protect against advanced PCa.

This project demonstrated that LXR mediated cholesterol efflux is active
in PC-3 cells. PCR analysis demonstrated that the gene expressionriimgerp
during cholesterol efflux showed a strong increase in ABCAL1 mRNA levels, but a
dramatic induction oABCG1mRNA (~130 fold), a level not previously observed
in PC-3 or LNCaP cells. The hyper-augmem@&LCG1mRNA levels might

reflect higher ABCGL1 protein as ABCAL increased synthesis of immatute HD
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particles from apo A-I. ABCAL1 is considered the rate limiting step in HDL
synthesis, allowing immature HDL particles to specifically intevath ABCG1

and continue cholesterol removal (18).

Examining cellular cholesterol levels during efflux stimulation rexeale
that cholesterol efflux was associated with a significant dose dependantlapo A-
decrease in free cholesterol levels. The decrease in cellular clrallestsr
observed after 4 hr of efflux but appears to be reversed by 12 h. This pattern of
changes to cellular cholesterol levels corresponds to 4-6 h of linear cholesterol
efflux typically observed under the current protocol. The changes in cellular
cholesterol levels may not be a true reflection of the cellular responseRo LX
mediated efflux as serum free culture conditions deprive cells accesarto se

cholesterol to response to the shift towards cholesterol removal.

Analysis of genes related de novocholesterol synthesis and uptake
revealed that under the efflux conditions, PC-3 cells did not appear to initiate a
program ofde novocholesterol synthesis, but rather there was a small increase in
expression oEDLR mRNA after 12 h of efflux conditions. This is in line with
prostatic epithelial cells preferentially deriving cholesterol fitguoprotein
endocytosis, rather than the mevalonate pathway (18). This change in gene
expression does not likely reflect the increase in cholesterol levels that wa
observed by 12 hr because culture conditions where serum free, therefore the
observed increase may have been fdemovosynthesis or a reflection of basal
differences in cholesterol between the 4 and 12 h groups. Also, mRNA levels of

SREBP22andHMGR, both central actors in increasing cellular cholesterol
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synthesis, are not always indicating of activity and therefore ggmmesston is a

limited proxy to determine the response of PC-3 cells to cholesterol efflux.

Lipid raft domain cholesterol is a highly concentrated and metabolically
active depot of cellular cholesterol (36). Diffusion of a number of membrane
receptors and their adaptor proteins is dependent on the presence of cholesterol
with these domains and experiments have demonstrated that agents that target raft
cholesterol compromise membrane signal transduction because of disruption of
raft integrity (36). Studies examining the molecular dynamics of LXR-ABC
mediated cholesterol efflux have demonstrated that raft domain cholesterol is a
source of membrane cholesterol for efflux to lipid poor apo A-1 (18). Therapies
aimed at targeting raft associated signaling and adaptor proteintég$ave
demonstrated LXR mediated efflux can perturb raft integrity and asseftalit
adaptor receptors and protein complexes. Therefore a central question is whether
LXR mediated cholesterol efflux can alter raft cholesterol in PCa aetl

whether this might attenuate raft associated signaling.

Analysis of lipid raft images in PC-3 cells suggests that LXR-ABCA1
mediated cholesterol efflux does alter membrane raft domains in a pattdan simi
to those reported in macrophages. Live cell staining using the raft markersgm-1 i
a reliable and sensitive tool used by others to demonstrate dynamic chardies to r
architecture. Co-patching of gm-1 with other raft domains is highly dependant on
the cholesterol content of these domains (100). Images taken of live cells cultured
under efflux conditions demonstrated discrete changes to the number of lipid raft

positive cells. What was interesting was the administration of the LXR ligand
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alone, in the absence of apo A-I resulted in a slight but non-significant deicrease
raft positive cells. This effect might have been as a result of a proposed step b
ABCA1, which involves priming the membrane for efflux by re-location of
cholesterol from raft to non-raft domains. This effect would appear as a @ecreas
in raft domain cholesterol content in cells with high expression of ABCA1
without lipid acceptors. There was also a small but non-significant dedregedt
positive cells in apo A-lI and vehicle treated cells. This effect was qexs apo

A-l will interact ABCAL protein expressed in unstimulated cells and camit@iti
cholesterol removal (120). However, it was the combination of the LXR ligand
T09 and apo A-lI which demonstrated the strongest decrease in lipid raft positive
cells. The decrease in free cellular cholesterol and raft domain posits/arocder
ABCAL, apo A-l dependent cholesterol efflux conditions strongly suggests that
cholesterol efflux can lead to a decrease in raft domains in PC-3 cells. Ttese da
suggest that therapies aimed at increasing both LXR activation and circulating
apo A-l synthesis, could increase the rate of raft domain cholesterol remdval a
negatively impact signal transduction dependant on raft cholesterol content.

Further studies are needed to confirm or refute this.
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List of Figures with legends
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Figure 1. Interactions of TO901317 (T09) with other type 2 Nuclear Receptors

or Their Targets. LNCaP and PC-3 cells were seeded at a density of 0.5 x 10
cells/well and grown for 24 h in RPMI 1640 10% FBS and then treated for 48 h
with either vehicle or 10M T09. After treatments cells were subjected to RNA
isolation and RT-PCR as described in Materials and Methods. mRNA expression
is expressed as means = SE of fold change relative to vehicle treates c

(dotted line). Bar with an asterisk (*) denotes significant differencepaosd to
vehicle treated controls pt< 0.01. nd= not detectable.
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Figure 2. Compar ative expression of L XR, Cholesterol M etabolism Related
Genesand Cholesterol Levelsin LNCaP and PC-3 cells. mRNA levels are
expressed as means + SE of comparative fold differences. Data are regixesent
of three independent experimers.Relative mRNA levels of XRa, LXRp,
ABCA1,andABCGL1in LNCaP cellsB, Relative mRNA levels of XRu, LXRp,
ABCA1,andABCGL1lin PC-3 cellsC, Comparative mRNA levelsf LXRx, LXRS
between LNCaP and PC-3 cells. Comparative mRNA levelsf ABCAland
ABCGlbetween LNCaP and PC-3 celXC-3 cellABCA1landABCG1mRNA
expression levels were normalizeddBCA1andABCG1mRNA expression in
LNCaP cellsE, Relative mRNA levels of LXR and Cholesterol Metabolism
related genes are expressed as fold change relative to LNCafhsefiot
significant. F, Cellular cholesterol profile of PC-3 and LNCaP cells. Cells were
grown for 48 h in 10% FBS followed by lipid extraction and enzymatic
cholesterol determination. nd=not detectable.
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Figure 3. Concentration-dependent effects of T09, 24,25EC, and 25HC on

ABCAL1 and ABCG1 mRNA expression. LNCaP and PC-3 cells were seeded at a
density of 0.5 x 10cells/well and grown for 24 h in RPMI 1640 10% FBS and
then treated for 24 h with or without 0.1 todd T09, 24,25EC, or 25HC. After
treatments cells were subjected to RNA isolation and RT-PCR as desaribed
Materials and Methods. Results are expressed as means + SE of compalchtive f
differences relative to control. Data are representative of threeendept
experiments. Points with an asterisk (*) are significantly differemt tmatrol

(p < 0.05).A and B, Dose effects of T09, 24,25EC, and 25HCABCAland
ABCGI1mRNA induction in LNCaP cell€ and D, Dose effects of T09,

24,25EC, and 25HC oABCAlandABCG1mRNA induction in PC-3 cells.
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Figure 4. Temporal effects of T09, 24,25EC and 25HC on ABCA1 and

ABCG1 mRNA expression. LNCaP and PC-3 cells were seeded at a density of
0.5 x 16 cells/well and grown for 24 h in RPMI 1640 10% FBS and then treated
for 2 to 24 h with or without nM of T09, 24,25EC, or 25HC. After treatments
cells were subjected to RNA isolation and RT-PCR as described in Matadals a
Methods ABCA1, ABCGIRNA induction is expressed as means + SE of fold
change relative to control at each time point. Data are representativeeof thr
independent experiments. Points with an asterisk (*) are significantlyestfe

than controlp < 0.05)A and B, Temporal effects of T09, 24,25EC, and 25HC on
ABCAlandABCG1mRNA induction in LNCaP cell€ and D, Temporal effects
of T09, 24,25EC, and 25HC &BCAl1andABCG1mRNA induction in PC-3

cells
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Figure 5. Effectsof LXRa sSIRNA on ligand-mediated expression of ABCA1

and ABCG1 in LNCaP and PC-3 cells. LNCaP and PC-3 cells were transfected
with or without LXRu sSiRNA oligonucleotides for 48 h and then treated with or
without 5uM of T09, 24,25EC, or 25HC for an additional 48 h. Relative mRNA
levels are expressed as means * SE of fold change relative to control.eData ar
representative of three independent experiments. Error bars with a diféstent
indicate significant differences between groyps 0.05).A, Effects of LXRx
siRNA transfection on basal and ligand inducib¥Rx andLXRS mRNA levels

in LNCaP cellsB, Effects of LXRx siRNA transfection on basal and ligand
inducibleLXRx andLXRS mRNA levels in PC-3 cell€C, Effects of LXRux

siRNA transfection on basal and ligand inducihBCAlandABCG1mRNA

levels in LNCaP celld, Effects of LXRx SIRNA transfection on basal and
ligand inducibleABCAlandABCG1mRNA levels in PC-3 cells.
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Figure 6. Effectsof LXRp siRNA interference on ligand-mediated expression
of ABCA1 and ABCG1in LNCaP and PC-3 cells. LNCaP and PC-3 cells were
transfected with or withoutXRS siRNA oligonucleotides for 48h and then
treated with or without §M of T09, 24,25EC, or 25HC for an additional 48h.
Relative mRNA levels are expressed as means + SE of fold change relative
control. Data are representative of three independent experiments. Erroitbars w
a different letter indicate significant differences between grqups(05).A,
Effects of LXR3 siRNA transfection on basal and ligand inducib¥Rx and
LXRS mRNA levels in LNCaP celld, Effects of LXR3 siRNA transfection on
basal and ligand inducibleXRx andLXRS mRNA levels in PC-3 cell€, Effects
of LXRB siRNA transfection on basal and ligand induckBCAlandABCG1
MRNA levels in LNCaP cellD, Effects of LXR3 siRNA transfection on basal
and ligand inducibl&dBCAlandABCG1mRNA levels in PC-3 cells.
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Figure 7. Effects of p38, JINK, MAPK and PKA inhibitorson T09 and 25HC
mediated induction of ABCAL1 mRNA. LNCaP and PC-3 cells were pre-treated
with or without 10uM kinase inhibitors for p38 (SB203580), JNK (SP600125),
ERK1/2 (PD98059), or PKA (H89) for 60 minutes followed by treatmettt ou
without 5 uM of T09, 24,25EC, or 25HC for 24 h. Relati8BCAl ABCG1
MRNA levels are expressed as means + SE of fold changeeeia control.
Data are representative of three independent experiments. Em®rwith a
different letter indicate significant differences between grgpps 0.05).A and

B, Effects of various kinase inhibitors #aBCAlandABCG1mRNA expression

in LNCaP cells.C and D, Effects of various kinase inhibitors &kBCAl and
ABCG1mRNA expression in PC-3 cells.

72



A p38a p383

S
-
o

1

- p38a/p siRNA
N + p38a/B SIRNA

relative mRNA level
oooooo00
Porooipe

0.1

()} T

DMSO TO09 DMSO TO09
ABCA1 ABCG1

B ;s C ..
g 3.0 g 6-
2 254 o 5
% 2.0 g 2
€ 1.5 £ 3
[ [}
2 1.0 2 2
[} ©
S 0.5 ' 11

()} 0

DMSO T09 DMSO T09

Figure 8. Effects of SRNA against p38a/p on T09 mediated induction of
ABCA1 mRNA. LNCaP cells transfected with either: negative control
oligonucleotides (-p38) or with 100 nM MAPK14 (+ pd&nd MAPK 11 (+
p385) siRNA oligonucleotides for 48h followed treatment with either vehicle
(0.05% v/v DMSO) or 1M of TO9 48 h. After treatments, cells were subjected to
RNA isolation and RT-PCR as described in Materials and Methods. Relative
MRNA levels are expressed as means * SE of fold change relative to vehicle
treated control. Errors bars with an asterisk (***) indicates a signifidifierence
between negative control oligonucleotides (B8and (+ p38/5) SIRNA
oligonucleotidesA, Effects of p38/# sSIRNA on mRNA expression @38 and
p385 in PC-3 cellsB, Effects of p38/# sSIRNA on mRNA expression &BCA1

in PC-3 cellsC, Effects of p38/# siRNA on mRNA expression &BCG1lin

PC-3 cells.
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Figure 9. Effects of SRNA against PKA on T09 mediated induction of

ABCA1 mRNA. PC-3 cells were transfected with either: negative control
oligonucleotides (-PKA siRNA) or with 100 nM PKA siRNA oligonucleotides (+
PKA siRNA) for 48 h followed treatment with either vehicle (0.05% v/v DMSO),
5uM of T09, or 10uM of the PKA activator forskolin for 48 h. Relative mRNA
levels are expressed as means * SE of fold change relative to vehiclkd treate
control. Error bars with an asterisk (*) op&alue indicate significant differences
between (-PKA siRNA) and or (+ PKA siRNA) where ***pg=< 0.001.A,

Effects of PKA siRNA on mRNA expression BKA in PC-3 cellsB, Effects of
PKA siRNA on mRNA expression &fXRux in PC-3 cellsC, Effects of PKA

SIRNA on mRNA expression &fXRp in PC-3 cellsD, Effects of PKA siRNA on
MRNA expression oABCALin PC-3 cellsk, Effects of PKA siRNA on mRNA
expression oABCGL1lin PC-3 cells.
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Figure 10. LXR mediated Reverse Cholesterol Transport (RCT) in PC-3

cells. PC-3 cells were loaded witln@i/mL of [*H] labeled cholesterol. After 48 h
PC-3 cells treated with eithepM of the synthetic LXR ligand TO9 or vehicle
(DMSO 0.05% v/v) for 48 h in serum free, phenol free RPMI-1640 medium.
After 48 h cells exposed to either vehicle (PBS) on@®nL of human apo A-I

for 24 h in serum free medium. Aliquots of culture medium was collected every
2 h and radioactively determined using a scintillation counter. Data are
representative of three independent experiments. Error bars with an a%jerisk (
indicate significant differences between T09 and T09 + apopA<IJ.001) A,
Temporal changes in cholesterol efflux in PC-3 c8|Rate of cholesterol efflux
in PC-3 cells.
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Figure 11. Cdlular cholesterol levels and gene expression during RTC. PC-3

cells were seeded under efflux conditions as descried in materials and methods
RTC was initiated with 5 and 2@/mL of apo A-l in serum free conditions for

4 hand 12 h. At4 and 12 h cellular lipids isolated as described in materials and
methodsA, Cellular cholesterol levels after 4 and 12h of RTC in serum free
conditions. Error bars with an asterisk (*) indicate a significant differe

between T09 and T09 + apo A-l with *p=< 0.05 and *** =p < 0.001). Error

bars with a cross (1) indicate a significant difference between T09 + ajd A-I

12 h and TO9 + apo A-l at 4 h with Tp= 0.01. nd= not detectabl®, PC-3

cells were treated for 48 h with 1uM T09 in 10% FBS followed by total
cholesterol analysi€-G, PC-3 cells were seeded under efflux conditions as
descried in Materials and Methods. RTC was initiated withdfL of apo A-I

in serum free conditions for 4 h and 12 h. At4 h and 12 h total RNA was isolated
and used for analysis of gene expression. mRNA levels are expressemhastme
SE of fold change relative to vehicle treated control. Error bars with arskste

(*) indicate a significant difference between T09 and T09 + apo A-l with <=
0.01 and ** =p < 0.001). Error bars with a cross () indicate a significant
difference between T09 + apo A-l at 12h and T09 + apo A-l at 4 h witlp &=

0.01 and tt1$ < 0.001.
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Figure 12. Effects of LXR mediated on Plasma Membrane Lipid Raft

Domains. PC-3 cells were plated under conditions of cholesterol efflux as
described in Materials and Methods and treated wijthl bf the LXR ligand T09
for 48 h followed by 4 h of cholesterol efflux initiated with Z@mL apo A-I.
Following treatments lipid raft domains were labeled with Alexa Fluor cotgdga
cholera-toxin B-subunit (AF-CT-B) and visualized by immunofluorescence
microscopy. Images captured and analyzed using Nikon NIS elemegiagma
software. Images (40X, Micrographs of lipid raft domains in PC-3 cels
Percent of lipid raft positive cells in PC-3 cells.
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Chapter 3: Isoflavone regulation of ABCA1, ABCG1 MR

levels in Prostate Cancer Cells

INTRODUCTION

Experimental Rationalefor studies of I1soflavones and Cholesterol

M etabolism in Prostate Cancer Cells

A number of population studies in East Asian males have found a
correlation between consumption of soy derived foods and a reduced risk for
developing prostate cancer (PCa) and other maladies (72-77, 79-81). Isoflavones
are a class of polyphenols found at high concentrations in soy derived foods and
are believed to be responsible for their anti-PCa properties (72-77). Studies have
shown that habitual consumption of soy derived foods results in significantly
higher concentrations of isoflavones in plasma, urine, and prostatic fluid (76). The
most commonly found isoflavones found in soya are genistein, daidzein and
glycitein. Equol, a metabolite of daidzein also found in biological specimens of

individuals with high soy consumption (74).

Animal andin vitro studies have identified a number of anti-PCa
properties of isoflavones including, tyrosine kinase inhibition, modulators of
androgenic signaling, angiogenesis and apoptosis including inhibition of AR
signaling (72, 77). Isoflavones can retard the growth of PCa tumors
experimentally, however doses experimentally administered anioats loe 10
times higher than the equivalent for human consumption (76). Epidemiological

evidence is inconsistent as to whether these properties of soy or isofleesuées
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in PCa prevention in individuals with high soy consumption or to healthy men

without evidence of clinical PCa (76).

In addition to the anti-PCa properties of soy isoflavones, these compounds
have also been reported to posses anti-atherogenic and cholesterol lowering
abilities (79-81). This includes data demonstrating that consumption of soy and
soy isoflavones can reduce risk factors for cardiovascular diseasemgcludi
lowering low density lipoprotein (LDL) cholesterol levels, increasind lignsity
lipoprotein (HDL) cholesterol and increase HDL/LDL cholesterol ratios in
animals and humans (79-81). ltis still unclear how isoflavones discharge their
lipid lowering properties. Nevertheless, the cholesterol lowering prepartisoy
isoflavones may provide beneficial to males at risk for PCa, as new datatsugge
that cholesterol is involved in prostate carcinogenesis (61-64). Therefore
identifying pathways through which isoflavones might affect cholesterol

metabolism in PCa cells is warranted.

In light of the apparent relationship between cholesterol and PCa, this
study will examined whether isoflavones can modulate the mRNA expression of
cholesterol reverse cholesterol transporters, ATP-binding cassetfansipA,
member 1, (ABCA1) and sub-family member G 1, (ABCG1) in two cell models
of PCa, LNCaP and PC-3 cells. ABCA1 and ABCGL1 use energy from ATP
hydrolysis to efflux excess free cellular cholesterol to ciraudgipoprotein
particles such as apo A-l and HDL. Both ABCA1 and ABCG1 come under the
transcriptional regulation of the nuclear receptor transcription factorsxive

receptors (LXR, LXRp), which act to prevent accumulation of excess cellular
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cholesterol in peripheral tissue. Isoflavones will be tested for theityatoilalter

cholesterol efflux from PCa cells.

Specific Hypotheses Tested

Studies will be performed on LNCaP and PC-3 prostate cancer epithelidbcells

examine the following hypotheses relating to isoflavone and LXR biology:

a) To test the hypothesis that soy isoflavones can activate mRNA expression

of LXR responsive genesBCAlandABCG1lin LNCaP and PC-3 cells.

b) To test the hypothesis that LRnd not LXRx will be involved in any

isoflavone modulation cAABCA1landABCG1ImRNA levels.

c) To test the hypothesis that androgen receptor is involved in isoflavone

regulation ofABCA1andABCG1mRNA levels in LNCaP cells.

d) To test the hypothesis that isoflavones can increase the rate of clablester

efflux from PCa cells.
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ABSTRACT

Isoflavones are dietary compounds derived from soy foods studied
extensively for their anti-prostate cancer (PCa) and cholesteretifayv
properties. Although a strong link between cholesterol and PCa has been reported,
there has been no examination of whether isoflavones can modulate mRNA
expression of cholesterol metabolism related genes in prostate carcirfosna. T
study sought to examine whether five isoflavones, genistein, daidzein, equol,
glycitein and glyceollin could modulate mRNA expression of two LXR
responsive genes, ATP-binding cassette sub-family member&ABAAD and G
1 (ABCG) in LNCaP and PC-3 cells. Real time PCR data demonstrated that
treatment of LNCaP and PC-3 cells with all isoflavones resulted in a onenand te
fold increase in mMRNA expressionABCAJ ABCG1.In both cell lines, the
strongest inducers &BCA1andABCG1mRNA were glyceollin and equol; with
~8-15 fold mRNA induction oARBCA1 ABCG1lin LNCaP cells respectively and
~8 fold induction of botiARBCA1 ABCG1mRNA in PC-3 cells.ABCAl1 ABCG1
MRNA induction in cells treated with genistein, daidzein and glycitein were
weaker at ~1-3 fold. Using siRNA for LXR isoforms (L¥XRnd LXR3), it was
also observed that LXYRis required for isoflavone induction ABCGJ, but not
ABCA1lin LNCaP cells. mRNA silencing of LXRdid inhibit isoflavone
mediated induction of botABCA1andABCG1ImRNA in PC-3 cells. Tritium
labeled cholesterol efflux assays revealed that a mixture of thresodjigs did

not increase apo A-l induced cholesterol efflux from PC-3 cells.
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MATERIALSAND METHODS
Chemicals and Reagents

Dharmacon ON-TARGEJlus SMAR ool siRNA reagents targeting LXR
(NM_005693) (Dharmacon Catalog # L-003413-00), I{RM_007121)
(Dharmacon Catalog # L-003412-00) or androgen receptor (AR) (Dharmacon
Catalog # L-003400-00-0005) were purchased from Thermo Fisher Scientific
(Lafayette, CO). HiPerFect Transfection Reagent was purchased feganQ
(Santa Clarita, CA). The synthetic LXR ligand T09 was purchased frgm&a
Chemical Company, (Ann Arbor, Ml). Genistein, daidzein, equol, glycitein and
human purified apo A-l1 where purchased from Sigma Chemical Co. (St. Louis,
MO). [1a,20 (n)-H’] labeled cholesterol was purchased from Perkin Elmer
(Waltham, MA). Lipoprotein free serum was purchased from Intracel (Rtgkvi
MD). Amplex red cholesterol analysis kit was purchased from Invitrogen
(Carlsbad, CA). Glyceollins mixture (glyceolins I, Il and IIl) wexgift from Dr.

Steve Boue (SRRC, ARS, USDA, New Orlean, LA)
Cell Culture

The human prostate cancer cell lines LNCaP and PC-3 were purchased
from the American Type Culture Collection (Manassas, VA) and maintained i
RPMI-1640 medium (Invitrogen, Carlsbad, CA), supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, Carlsbad, CA), 1% glutamine and 100 U/mL
penicillin and 100 pg/mL streptomycin (Invitrogen, Carlsbad, CA) (culture
medium). Cells were incubated in the presence of 5% carbon dioxide and air at 37

°C.
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RNA Isolation and Real-Time Rever se Transcriptase Polymerase Chain

Reaction (RT- PCR)

For gene expression experiments, LNCaP and PC-3 cells were seeded in 6
well plates at a density of 0.5 x®1klls/well and grown for 24 h in culture
medium, then treated with various concentrations (0.tM)0of genistein,
daidzein, equol, glycitein, glyceollin or vehicle (DMSO 0.05% v/v). After
termination of experiments total RNA was isolated using the TR=zgent
(Invitrogen, Carlsbad, CA), and reverse transcribed to complementary DNA
(cDNA) using StrataScript® First Strand cDNA Synthesis Kit (S¢yate La
Jolla, CA) (21). Real time PCR was carried out using a TagMan Fast Universal
PCR Master Mix on an ABI 7900HT Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA). The TagMan probes and primers were purchased
from Applied Biosystems using inventoried TagMan gene expression assays:
LXRa, (assay ID: Hs00172883)XRp (assay ID: Hs00173195ABCAl(assay
ID: Hs01059122)ABCG1(assay ID: Hs00245154), Human glyceraldehyde-3-
phosphate dehydrogena$&APDH)(assay ID: Hs99999905) was used as an
endogenous control for all gene expression. The following amplification
parameters were used: 95°C for 20 sec, followed by 40 cycles of amplification at
95°C for 1 sec and 60°C for 20 sec. Quantitation of mMRNA fold changes were

derived using tha critical threshold ACt) method (22).
Cell Transfection with Small Interfering RNA (sSRNA)

LNCaP and PC-3 cells were seeded in 6-well plates at a density of 0.2 x

10° cells/well and grown for 24 h in RPMI-1640 10% fetal bovine serum (FBS)
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RPMI-1640 containing 1% glutamine and 1% penicillin/streptomycin. After 24 h
cells were switched to 10% charcoal dextrin treated serum (CDS) medtMh R
1640 (without phenol red) containing 1% glutamine and 1%
penicillin/streptomycin and transfected with 5 nM of Dharmacon ON-
TARGETplus SMARTpool siRNA oligonucleotides targeting LKR.XR} or
androgen receptor (AR) using the HiPerFect transfection reagent (Qiage
according to the manufactures protocol. Preliminary experiments detdrthate

5 nM siRNA oligonucleotides were optimal for 70-80% gene silencing without
any off target effects. After 48 h of siRNA transfection, cells wereche back

to 10% FBS and treated with various LXR ligands as described in Materials and
Methods for an additional 48 h. In experiments involving DHT, LNCaP cells after

transfection were kept in fresh 10% CDS and treated with 1 nM DHT for 48 h.
Cholesterol Efflux Assay

PC-3 cells were plated in 10% FBS in triplicate and loaded wi@h/thL
of [°H] labeled cholesterol (Perkin Elmer) for 48 h. After 48 h PC-3 cells were
washed thrice with PBS and switched to serum free conditions (RPMI + 0.2%
fatty acid free bovine serum albumin (BSA) w/v). Cells were allowed 2 h to
equilibrate cellular cholesterol in serum free conditions, washed thricé®&Bh
and treated for 48 h with eitheuM of the LXR ligand TO9 or 1M glyceollin.
After 48 h PC-3 cells were washed thrice with PBS + 0.2% BSA and incubated
with RPMI + 0.2% BSA plus 2Qg/mL of the cholesterol carrier apo A-1 to
initiate cholesterol efflux. Aliquots of 104 were collected at multiple time

points for 24 h, mixed with scintillation liquid and measured for radioactivity on a
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scintillation counter. After 24 h cells were lysed with RIPA buffer (Therama)
protein measured using the bicinchoninic acid (BCA) assay (Thermo) according
to the manufactures’ protocol. Efflux of vehicle treated cells will be subtracte
from efflux of all groups as background and efflux will be expressed as CPM of
radioactivity in the cell culture medium per mg of cellular protein. Mean
differences in efflux between isoflavone or T09 + apo A-l and apo A-l alone will

be measured at time points within the linear range of efflux.
Statistics

Statistical analysis of data was carried out with the GraphPad RRISM
program (GraphPad Software, Inc.). Contrasts of group means will be computed
using one or two factor ANOVA followed by Bonferroni post hoc tests. The
unpaired Student's t test will be used to compare experiments between two
groups. Gene expression results will be expressed as means + SE of comparative
fold differences. Mean differences of post-hoc analyses are considerditangni

whenp value is < 0.05.
RESULTS

Concentration Effect of Soy I soflavoneson ABCG1 and ABCA1 mRNA

Expression

To measure the concentration effects of soy isoflavones on mRNA
expression oABCAlandABCG] LNCaP and PC-3 cells were treated with
increasing concentrations (0.1-A®1) of genistein, daidzein, equol, glycitein or

glyceollin for 48 h. In both LNCaP (Fig. 1A) and PC-3 cells (Fig. 1C), all
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isoflavones resulted in a dose respons&@BCALIMRNA expression. Except for
glycitein, all isoflavones resulted in a dose dependant incre2d2GG1mMRNA

in both cell lines (Fig. 1B and 1D). LNCaP cells treated with various
concentrations of glyceollin resulted in a ~2-15 fold inductioABCALIMRNA
compared to a ~2-8 fold induction equol treated cells (Fig. 1A). Whereas, the
magnitude of genistein’s, daidzein’s and glycitein’s effecABCALIMRNA
expression in LNCaP cells was similar for each at ~0.5-3 fold incremsel ).
Glyceollin treatment resulted in a ~2-16 fold inductioMBICG1mRNA in
LNCaP cells, compared to a ~2-4 fold induction by equol and a ~1-2 fold

induction by genistein, daidzein and glycitein (Fig. 1B).

Glyceollin and equol resulted in ~2-8 and ~2-6 fold increagdBiGAl
MRNA expression respectively in PC-3 cells (Fig. 1C), where the effect of
genistein, daidzein and glycitein aBCA1mRNA induction was ~1-2 fold (Fig.
1C). In a similar pattern to LNCaP cells, glyceollin and equol treatnre®S-3
cells resulted in a ~2-7 and ~2-4 fold increasBRBCG1mRNA expression (Fig.
1D), however treatments with genistein, daidzein caused an ~1-2 fold change,
while glycitein had no effect cABCG1mRNA expression in PC-3 cells (Fig.

1D).

Temporal Effect of Soy Isoflavoneson ABCG1 and ABCA1 mRNA

Expression

Temporal changes RBCAlandABCG1mRNA expression in LNCaP
and PC-3 cells treated withy®/ of genistein, daidzein, equol, glycitein or

glyceollin for 8-72 h was also determined. Fig. 2A and B shows that glyceollin
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treatment in LNCaP cells lead to a significant increageB@AlandABCGL1

MRNA at 8 hcompared to cells treated with genistein, daidzein, equol, or
glycitein (~2-3 fold vs. ~0 fold). The same effect in glyceollin treateBREHS

was also observed, with relatidd8CA1 ABCG1ImRNA levels increasing
approximately 2 fold at 8 h with little or no fold changes in cells treated with all
other isoflavones (Fig. 2C and D). In daidzein and equol treated LNCaP and PC-
3 cells, relativeABCALMRNA levels significantly increased after 48 h (Fig. 2A
and C). LNCaP cells treated with genistein showed significant re RBGA1
MRNA changes at 24 h, where genistein’s effecABCALIMRNA in PC-3 cells

was apparent only at 72 h (Fig. 2A and C). Glycitein treatment in LNCaP and
PC-3 cells had no significant effect ABBCA1ImRNA levels at any time point

(Fig. 2A and C). In contrast glyceollin treated LNCaP and PC-3 cells; a
significant increase in relativBCA1, ABCG1mRNA levels at all time points

was observed (Fig. 2A-D). At 48 and 72 h equol treated LNCaP and PC-3 cells
showed ~3 and ~2 fold changes in relathBCG1mRNA respectively (Fig. 2B

and D). RelativdBCG1mRNA levels in PC-3 cells treated with genistein,
daidzein and glycitein showed no increases at any time point, where LNGaP cel
treated with the same isoflavones showed significant increases in rAlB(i@1

MRNA levels at 48 and 72 h (Fig. 2B and D).

LXRp Involvement in | soflavones Regulation of ABCA1 and ABCG1 mRNA

Expression Varies between Cell Types

Transfection of LNCaP cells with siRNA against LEKBr LXRa could

not inhibit isoflavone mediated increaseABCA1ImMRNA levels (Fig 3B and D).
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A significant increase IABCALmMRNA levels was observed in glyceollin treated
cells with siRNA againgdtXRp (Fig 3D). siRNA againdtXRg did significantly
inhibit isoflavone mediated induction ABCG1mRNA levels in LNCaP cells,
while siRNA against LXR had no effect (Fig 3B and D). In PC-3 celisth
ABCA1 and ABCGINRNA induction by all isoflavones was inhibited in cells
transfected with LXR siRNA (Fig. 4B and D); while LXR siRNA had no effect

on eitherABCAlor ABCG1mRNA induction by any isoflavones (Fig. 4D).

I nvolvement of Androgen Receptor in I soflavone Regulation of ABCA1 and

ABCG1 mRNA Levelsin LNCaP cdlls.

It has been reported and confirmed by this laboratory that androgens can
oppose the mMRNA expressionABCALin LNCaP cells (102). The antagonism
of ABCALIMRNA by androgen in LNCaP cells may provide a new mechanism
that can be tested in isoflavone regulatioMBCAL The lack LXRx or LXR
involvement in isoflavone regulation ABCALmMRNA in LNCaP cells suggests
an alternative pathway is involved. Work in this laboratory has demonstrated that
some isoflavones such as genistein, equol and glyceollin can oppose the
transcriptional program of AR (77, 121); therefore it was tested whether
isoflavone regulation cABCA1MRNA requires the presence of AR in LNCaP
cells. To test this LNCaP cells were transfected with either 5 nMAig&sinst
AR or vehicle negative control for 48 h, followed by treatment witih/5

isoflavones for an additional 48 h.

Transfection with AR siRNA lead to an increase in bA&CAIMRNA

levels, but this effect was not significant (Fig 5). AR siRNA significaofjposed
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ABCA1mMRNA induction by glyceollin and glyciteip & 0.001 ang < 0.05)
respectively. There was no significant effect by AR siRNAA&CALIMRNA

levels in genistein, daidzein and equol treated LNCaP cells. AR siRNA
significantly inhibitedABCG1mRNA induction by equol and glyceollirp €

0.001). AR siRNA lead to a significant increase in basal mMRNA level80iG1

in control cells, jf < 0.05). These data suggest that the steroid hormone pathway,
through AR, is involved in glyceollin and glycitein modulationPABCA1IMRNA

and equol and glyceollin regulation ABCG1mRNA levels in LNCaP cells,

where the regulation of these targets in PC-3 cells appears to be exclusively

through LXR3.
Cholesterol Efflux from PC-3 célls

To evaluate whether isoflavone mediated increagdBlGAIMRNA
levels can results in increased reverse cholesterol transport fromotnaed
epithelial cells, PC-3 cells loaded with tritium labeled cholesterol mer¢reated
with either vehicle, 1M TO09 or 10uM of glyceollin for 48 h and then
stimulated to begin cholesterol efflux with lipid poor, human apo A-l. Cholesterol
efflux was determined at multiple time points as described in Matennal
Methods. Pre-treatment with the synthetic LXR ligand TO9 resulted inisegmif
increase apoA-I mediated cholesterol efflux compared to vehicle treated control
(Fig 6) During initial experiments glyceollin significantly inased cholesterol
efflux from PC-3 cells, however this was not specific as it occurred with and

without the presence of the lipid carrier apo A-l. Further experiments showed no
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effect of glyceollin on increased cholesterol efflux with the mean chobéstee

of three independent experiments showing no effect in cholesterol efflug)(Fig
DISCUSSION

There is interest in identifying compounds from the diet which could
protect against the onset of prostate and other cancers. These compounds, labeled
as “bioactives” phytochemicals are believed to be responsible for health
promoting associations, lower cancer risk, decreased heart disease edsatnat
certain foods or dietary patterns. With the current interest in LXR asaaveut
anti-PCa target in models organism and cells, this arm of the study sought to
examine whether a number of isoflavones studied for their anti-PCa and lipid
lowering properties can active the LXR-ABCAL pathway and cholestdhok ef

in PCa cells.

Soy I soflavonesincrease MRNA levels of ABCA1and ABCG1in LNCaP and

PC-3 cdlls.

Isoflavones were first characterized for their potential estrogetity
due to their structural similarity to estradiol (122). There is a body of data
demonstrating that women have a lower risk of cardiovascular disease until they
reach menopause, therefore research examining estrogen and estrogenic
compounds as lipid lowering agents grew (122). Studies examining lipid lowering
effects of soy, soy protein isolate or soy isoflavones has produced mixed results
The lack of consistent effect of soy or it's derivatives on lipid metabolistittea
the FDA in 2008 to retract a health claim suggesting that 25 g of soy intake per

day can reduce the risk of cardiovascular disease (80). The new claim, suggests
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that soy or its derivatives, soy protein or isoflavones have only a modestag¢ffec
best on lowering serum cholesterol levels and attenuating risk for cardio vascula
disease. However, it is possible that soy or soy isoflavones could have
unmeasured effects on tissue lipid metabolism which may not be reflected by
serum cholesterol or triglyceride profile. Therefore tissue or celleéypenination

of the effects of isoflavones may reveal biological properties on targetseavol

in lipid metabolism. The effects of isoflavones such as genistein and daidzein on
activation of estrogen receptors have been well established (72), but lessns know
about promiscuous activation of other nuclear receptors such as PPARs, LXR and
FXR in liver or other metabolically active tissue. Ricketts et al. dermraiastthat

the isoflavones genistein, daidzein and glycitein all activated LXR mport

vectors in HepG2 cells as strongly as the endogenous LXR ligand 22(R)
hydroxycholesterol (82). In the current study we examined whether isofavone
could increase mRNA levels of LXR responsive gehBEAlandABCG1 Real

time PCR data demonstrated that all the isoflavones tested in this stutiydrasul

an increase in MRNA levels BBCAlandABCGL1lin both LNCaP and PC-3

cells. The effect of isoflavones on expression of ABCA1 and ABCG1 was dose
dependant and, for glyceollin, the most robust inducer of these genes, lead to a

significant increase in less than 24 h.
LXRp isrequired for isoflavoneregulation of ABCAl and ABCGL.

In a pattern that mirrored those observed in the synthetic LXR ligand
study, siRNA transfection studies revealed that isoflavones requir@ kXR

mediating their induction AABCA1andABCG1mRNA, but there were some
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exceptions with neither LXé&rnor LXRB appearing to be involved in isoflavone
regulation ofABCA1in LNCaP cells. The apparent lack of involvement of LXRs
in isoflavone regulation cABCA1mMRNA levels suggests a either non-genomic
regulation ofABCA1lor activation of other nuclear receptors. Pharmacological
inhibitor studies revealed the PKA inhibitor H89 might be involved in genistein
regulation ofABCA1 however these findings studies were inconclusive and

yielded data which was non-reproducible.

Androgen Receptor involvement in I soflavone Regulation of ABCA1 and

ABCGL

This study also examined whether isoflavones may influence expression
of ABCA1 and ABCG1 by blocking the AR antagonism on LXR responsive
genes ABCA1 and ABCGTransfection of the hormone responsive LNCaP cells
with siRNA against AR did significantly opposed glycitein and glyceollin
induction ofABCALIMRNA levels (Fig 5B) and equol and glyceollin induction of
ABCG1mRNA levels (Fig 5C). It was interesting to observe that silencidgRof
lead to a decrease in isoflavone inductioABCAlandABCG] because of the
clear increase that occurred in basal levels of these genes when cells where
transfected with AR siRNA. This data may suggest lack of AR also leads to
changes to ill-defined pathways which isoflavone interact with to increesse b
ABCA1/GImRNA levels. Nevertheless, because of the interest in isoflavones as
modulators of the sex steroid hormone axis, these data present a novel pathway to
interrogate in understanding the biological interactions between isoflavoties a

PCa hormone signaling.
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Glyceallin failed to increase LXR-ABCAL1 mediated Cholesterol Efflux

As the most robust activator ABCA1andABCG1mRNA levels in both
LNCaP and PC-3 cells, glyceollin was used to examine isoflavone effects on
cholesterol efflux in PC-3 cells. This study was essential to examinéeavhbe
observed upregulation &#BCAL ABCG1mRNA expression extended to
functional changes to cellular cholesterol efflux. Despite some experimental
evidence that treatment of PC-3 cells with glyceollin increased apo &dilated
cholesterol efflux, there was not consistent evidence of this with the aggregate of
data revealing no effect. This was not expected, as previous gene expression and
cholesterol efflux with the synthetic LXR ligand showed parity betweeeases
in ABCA/ABCGImRNA levels and cholesterol efflux. However, the post-
translational regulation and stability of ABCA1 protein levels involves a number
of adaptor proteins including PKA phosphorylation of ABCA1 at a number of
serine residues which help maintain ABCAL levels during cholesterol efflux. In
the current study neither ABCAL stability nor protein levels where assasse
therefore cannot make judgment about the effects of isoflavones on protein levels
of ABCAL, therefore it warranted to conduct further studies of ABCAL protein
stability and or phosphorylation status under the influence of isoflavones. Based
on the structural requirements for ligands of LXRs, it is highly unlikely that
isoflavones are direct activators of LXRs and therefore the increagsgssion
of ABCAlandABCG1mRNA might involve an indirect effect mechanism.
However there is no evidence based on mRNA expression that isoflavones

indirectly increase basal levels of either LXR isoform. Nevertheliedses not
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appear that isoflavones can act as modulators of LXR mediated choledtexol ef
in PC-3 cells. Despite the evidence that isoflavones might possess lipichigweri
effect, the current study does not demonstrate this extends to functional changes

to cholesterol efflux in PC-3 cells.
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Figure 1. Concentration-dependent effects of | soflavones on ABCA1 and

ABCG1 mRNA expression. LNCaP and PC-3 cells were treated for 48 h with or
without 0.1 to 1QuM genistein, daidzein, equol, glycitein or glyceolland B,
Dose effects of isoflavonesBCAlandABCG1mRNA induction in LNCaP cells.
ABCA1 ABCG1mRNA induction is expressed as means + SE of fold change
relative to control. Data are representative of three independent expsriment
Points with an asterisk (*) are significantly different than conpat 0.05).C

and D, Dose effects of isoflavones &#BCA1andABCG1mRNA induction in
PC-3 cells. Points with an asterisk (*) are significantly differeahtcontrol | <
0.05).
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Figure 2. Temporal effects of |1soflavoneson ABCA1 and ABCG1 mRNA
expression. LNCaP and PC-3 cells treated for 2 to 24 h with or withqui¥15of
genistein, daidzein, equol, glycitein or glyceollin. After treatments eetre
subjected to RNA isolation and RT-PCR as described in materials and méthods
and B, Temporal effect of isoflavones &BCA1landABCG1mRNA induction

in LNCaP cellsABCA1, ABCGInRNA induction is expressed as means * SE of
fold change relative to control at each time point. Points with an asteriake(*)
significantly different than contrgp < 0.05).C and D, Temporal effect of
isoflavones orABCA1landABCG1mRNA induction in PC-3 cell;ABCAL1,
ABCG1mRNA induction is expressed as means + SE of fold change relative to
control at each time point. Points with an asterisk (*) are significantlgrdift

than controlp < 0.05).
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Figure 3. Effects of LXRa SIRNA on isoflavone mediated expression of
ABCA1 and ABCG1 in LNCaP cells. LNCaP cells were transfected with or
without LXRa SiRNA oligonucleotides for 48 h and then treated with or without 5
uM genistein, daidzein, equol, glycitein or glyceollin for an additional 48 h.
Relative mRNA levels are expressed as means + SE of fold change relative
control. Error bars with a different letter indicate significant difiees between
groups p < 0.05).A, Effects of LXRx siRNA transfection and isoflavones on
LXRz, andLXR8 mRNA levels in LNCaP celld, Effects of LXRx SiRNA
transfection and isoflavones &BCAlandABCG1mRNA levels in LNCaP
cells.C, Effects of LXR3 siRNA transfection and isoflavones ABCAland
ABCG1mRNA levels in LNCaP cellD, Effects of LXR3 siRNA transfection
and isoflavones oABCA1andABCG1mRNA levels in LNCaP cells.
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Figure 4. Effects of LXRa SIRNA on isoflavone mediated expression of

ABCA1 and ABCG1 in PC-3 cells. PC-3cells were transfected with or without
LXRa siRNA oligonucleotides for 48 h and then treated with or withqu¥l5
genistein, daidzein, equol, glycitein or glyceollin for an additional 48 h. Relative
MRNA levels are expressed as means * SE of fold change relative to.control
Error bars with a different letter indicate significant differenoetsveen groupg(
< 0.05).A, Effects of LXRx siRNA transfection and isoflavones bXRu, and
LXRS8 mRNA levels in PC-3 cell8, Effects of LXRx siRNA transfection and
isoflavones orABCA1andABCG1mRNA levels in PC-3 cellC, Effects of
LXRp siRNA transfection and isoflavones ABCA1andABCG1mRNA levels

in PC-3 cellsD, Effects of LXR3 siRNA transfection and isoflavones ABCA1
andABCG1mRNA levels in PC-3 cells.
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Figure 5. Effectsof AR siRNA on isoflavone mediated expression of ABCA1
and ABCGL1in LNCaP cells. LNCaP cells were transfected with or without AR
SIRNA oligonucleotides for 48 h and then treated with or withqu¥i§yenistein,
daidzein, equol, glycitein or glyceollin for an additional 48 h. Relative mRNA
levels are expressed as means + SE of fold change relative to control. ESror ba
with an asterisk indicate a significant difference between —AR tratesfand
+AR siRNA transfected cells with =< 0.05, **=p < 0.01 and ***=p < 0.001.

A, Effects of AR siRNA orARmMRNA levels in LNCaP cell$, Effects of AR
SiRNA transfection and isoflavones ABBCA1andABCG1mRNA levels in
LNCaP cellsC, Effects of AR siRNA transfection and isoflavonesABCG1
MRNA levels in LNCaP cells.
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RPMI-1640 medium. After 48 h cells were exposed to either vehicle pg/AtL
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culture medium was collected every 2 h and radioactively determined using a
scintillation. Data are representative of the mean = SE of three imdiemte
experiments. Error bars with an asterisk (*) indicate significant difte®
between apo A-l1 and TO9 + apo Ap € 0.01). A, Temporal changes in
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Chapter 4: The Pro-Biotic, Lactobacillus caseiverdas
Cholesteryl-ester Accumulation and LPS modulatibthe
LXR and Inflammatory Axis in Alveolar Macrophagesii

Ossabaw pigs fed a High Fat Diet.

INTRODUCTION
Experimental Rationale

It is now well documented that obesity and hypercholesterolemia can
promote a pro-inflammatory state and contribute to inflammation related
morbidities such as atherosclerosis, stroke and cardiovascular disea3&€52).
is recent data demonstrating that obesity and hypercholesterolemiacchradls
to altered pulmonary immunity (53-55). Alveolar macrophages have a
fundamental role in pulmonary innate immunity through their ability to recognize
and phagocytose pathogenic organisms and to orchestrate and expand the adaptive
immune response through secretion of inflammatory mediators and antigen
presentation (50). As coordinators of immune surveillance and pulmonary
function, AM may contribute to altered pulmonary phenotype associated with

obesity and hypercholesterolemia.

High fat, obesogenic diets increase adiposity and elevate serum albleste
levels. Through a number of proposed mechanism discussed in more detail in
citation (123, 124), it is has been demonstrated that serum low density lipoprotein

cholesterol (LDL) can cross the sub-endothelial space of arterial $iggs Wis
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prone to oxidation and is readily internalized by macrophages via a number of
scavenger receptors (123,124). Macrophage endogenous cellular cholesterol
metabolism is balanced between uptake (via LDL receptors and scavenger
receptors) and efflux via LXR-ABCAL1 (18). However, it has been demonstrated
that feedback inhibition of scavenger receptors such as CD36 is impaired by
phagocytosis of modified LDL cholesterol, potentially disrupting the balahc
cholesterol removal and promoting cholesterol retention by macrophages (124).
LXRs exist to protect macrophages and other cells from unchecked accumulation
of cholesterol thought its ability to induce cholesterol efflux to lipid poor
lipoproteins (18). However, if the micro-environmental conditions favor
macrophage cholesterol retention due to either compromised efflux or increased
uptake of modified cholesterol, accumulation of cholesteryl-ester ricplegtoic

lipid droplets occurs and leads to onset on a macrophage foam cell development
(123, 124). Continued accumulation of lipids will eventually lead to macrophage
foam cell apoptosis and release of their internalized lipids and inflammatory
mediators. There is a large body of data detailing an altered immunoconypetenc
of peritoneal or atheroma derived foam cells macrophages aGaiashydia
pneumoniaenfection(125-127). However, in lungs, clinical detection of alveolar
lipid laden macrophages is associated with poor pulmonary host defense and

pulmonary function (128).

Experimental studies have led to the belief that hypercholesterolemia can
overwhelm LXR regulation of cholesterol metabolism and the immune response

and negatively impact both pathways (24). This may have overarching
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consequences in tissue such as the lungs where lipid accumulation and
inflammation can alter organ function and promote disease (51-54). Numerous
studies link bacterial infection with the onset of foam cell macrophage phenotype
(125-127). Pathogens can oppose LXR mediated cholesterol efflux in
macrophages through activation of TLR4 and TLR2 downstream effectors
MyD88 and IRF-3 and promote onset of a lipid laden foam cell phenotype (24,
128, and 130). Administration of LXR ligands can oppose this mechanism
through direct antagonism of IRF-3 and by increases removal of excess free
cholesterol (129, 130). This is the basis for intensive scrutiny of LXR as
atheroprotective target in treatment of cardiovascular disease. In pwmonar
macrophages it is less clear what role LXRs can have in attenuating either
bacterial or diet induced onset of a foam cell phenotype. Studies have
demonstrated that disruption of ABCAL or ABCG1 mediated efflux from
pulmonary AM leads impaired pulmonary function and leads to an augmented
release of pro-inflammatory mediators such asfiL 7INF-a, IL-6 and IL-8 in

response to bacterial endotoxin lipopolysacharide (LPS) (51-54).

Because AM macrophages contribute significantly to pulmonary
inflammation, they represent an important target of therapies aimed ahpngv
or diminishing lipid and inflammation related pathologies. In recent years, a
growing body of evidence has suggested that increased presence of some
intestinal probiotic bacteria is associated with a decreased risklfommftory
related conditions in the lungs such as asthma (131). Pro-biotics are host or

commensal-derived bacteria such.astobacillus reuteri, Lactobacillus casei
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andBifidobacterium longumyhich can form bio-films in the lower intestinal

tract of their host (132-134 Pro-biotic bacteria are defined by the World Health
Organization as “any live microorganism which, when administered in adequate
amounts, confer a health benefit on the host” (134). The basis for this definition
comes from a body of data demonstrating that accumulation of these probiotic
bacteria by diet can beneficially regulate host immunity in the gasisbimal

tract and in peripheral tissue (132-134). Clinical studies have demonstrated that
daily supplementation with some probiotic species can increase gene expression
of regulatory cytokines such 8s10 andTGF+4 and oppose expression pro-
inflammatory cytokines such @NF-« andlL-12 in the lamina propria of patients
with irritable bowel syndrome, Crohn’s’ disease and ulcerative colitis as
effectively as corticosteroids (132, 133). Supplementation with some strains of
probiotic bacteria has also been shown to decreases the magnitude of pulmonary
inflammation in patients with cystic fibrosis and lower serum cholesterol
lipoprotein levels (132, 133). However, this effect is strain specific as some
probiotic bacteria strains can actually increase systemic expression of
proinflammatory mediators such as IL-6 and TiWE35) The observed

disparities between some probiotic strains to benefits to host biology confounds
broad advocacy for use of these bacteria to ameliorate inflammatory or lipid
related maladies. Nevertheless, the evidence that some probiotic bateria ¢
positively affect inflammatory conditions outside of those observed in the gut and
to lower serum cholesterol levels, warrants examination of each spéeifies

determine the presence of unique biological properties. Furthermore, the potential
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for some probiotic bacteria to positively affect inflammation conditions and lowe
serum cholesterol levels make it an ideal therapy to test against conditiales whe

both dyslipidemia and inflammation are involved.

This study will examine whether alveolar macrophages (AM) from
juvenile Ossabaw pigs fed a HF diet undergo foam cell formation and exhibit and
exaggerated immune response to LPS stimulatxovivo.HF diets will also be
examined for any interactions with the LXR mediated pathways in light of the
central role that LXRs play in macrophage cholesterol metabolism (24). This
study will also examine whether daily supplementation with the probiotic
Lactobacillus casetan oppose any of the pro-inflammatory or lipid altering
effects of a HF diet. It will also be examined whether LXR activagiorivocan
oppose the inflammatory effect of LPS and whether this affect may intethct

either PB or HF diets.

Specific Hypotheses Tested:

a) To test the hypothesis that an obesogenic, high fat (HF) diet or a HF diet
supplemented with the probioti@ctobacillus casefHFPB) can modulate
cholesteryl-ester accumulation and the LXR dependant pathway in alveolar

macrophages (AM) isolated from juvenile Ossabaw pigs.

b) To test the hypothesis that HF feeding leads to an exaggerated immune

response in AM stimulated by LRS vivo

c) To test the hypothesis that LPS stimulatrvivocan oppose LXR

transcriptional activation in AM.
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d) To test the hypothesis that AM from HFPB fed pigs will have decreased gene

and protein expression of inflammatory mediators compared to HF fed pigs.

e) To test the hypothesis that LXR activatextvivois anti-inflammatory.

ABSTRACT

Liver X Receptors (LXRs) are important regulators of cholesterol
metabolism and the inflammatory response in macrophages. It is hypothesized
that hypercholesterolemia can lead to impaired cholesterol metabolisKRsy
leading to macrophage cholesteryl-ester (CE) accumulation and an altered
inflammatory response. High fat (HF) diets can lead to dyslipidemia andfgom
a pro-inflammatory phenotype marked by alterations of macrophage funietion a
increased expression of pro-inflammatory mediators. As modulators of
inflammation and cholesterol metabolism LXRs might prevent or diminish
dyslipidemia and inflammation related pathologies caused by HF diets.inCerta
probiotic bacteria also have anti-inflammatory properties but have not [sted te
for any interactions with the LXR pathway in macrophages. The present study
sought to determine whether dietary supplementation with the probiotics dacteri
Lactobacillus casefL.case) to Ossabaw pigs would oppose the pro-inflammatory
effects of a HF diet on expression of genes related to cholesterol metahots
the pulmonary innate immune response in isolated alveolar macrophages (AM).
AM isolated from pigs fed an HF diet had significantly higher concentratibns
CE compared with AM from control (C) diet fed pigs suggesting the formation of
a foam cell phenotype. AM from pigs fed HF diet supplementedlwitiasei

(HFPB) had no significant accumulation of CE. We observed that AM from pigs
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fed a control (C) diet supplemented withcasei(CPB), had significantly higher
MRNA levels ofiL-8 andIL-6 in response to LPS. Protein analysis cell culture
supernatants revealed that AM from HFPB fed pigs had significantly lower LPS
mediated protein expression of 13-than AM from HF fed pigsEx-vivo
activation of LXR with a specific LXR ligand T0901317 (T09) significantly
opposed LPS mediated upregulationlefl s, IL-6, IL-8 andIL-10 mRNA levels

in AM from HF, HFPB and CPB fed pigs. However, TO9 only opposed LPS
mediated protein expression of 13-in AM from HF fed pigs. Finally, it was
observed that LPS stimulation lead to significant inhibition of LXR transaripti
of LXRx, ABCAL ABCG], cholesterol 25 hydroxylas€H25H) andPPAR in

AM. This effect was abrogated hy caseifor ABCAL CH25HandPPAR

MRNA expression. This study demonstrates that a HF, obesogenic diet
supplemented with the probiotic caseican prevent CE accumulation in
pulmonary AM and dampen LPS mediated stimulation offiladd TNFe.
Moreover, dietary supplementation withcaseiopposed LPS antagonism of the
LXR and cholesterol metabolism related ged3CAl CH25HandPPAR.

Taken together these data demonstrate a new rdle éaseiin modulating

pulmonary inflammation and cholesterol metabolism.
MATERIALSAND METHODS
Animals and Diets

Twenty, 7 week old female Ossabaw pigs were obtained from Indiana
University Ossabaw production facility. Upon arrival pigs were housed in barn

stalls with a nonabsorptive concrete floor surface, with one pig per pen until
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adjustment to new surrounds. After adjustment, two pigs were placed in each pen
and had access to water ad libitum and feed was measured daily. Animals (n=20)
were randomly assigned to receive one of the following diets: i) control (n=10)

(C) diet at 2900 cal/ kg body weight per day [13% kcal fat, 22% kcal protein and
64% kcal carbohydrate] or ii), a high fat (n=10), (HF) diet at 3500 cal/kg body
weight per day [33% kcal fat, 17% kcal protein, 48% kcal carbohydrate]. Within
the C and HF diet groups, animals (n=5) where further randomized to receive
either a daily oral gavage of either 1 X46€olony forming units (cfu) of the
probioticLactobacillus casejadmixed in maltrodextindr vehicle placebo
(maltrodextin alone) . These dietary groups were further categorizethes it
control diet + probiotic (CPB), or iv) a HF diet + probiotic (HFPB). Animals were

maintained on each of the four diets for 28 weeks until study end.
Pulmonary Bronchial Alveolar Lavage

Alveolar macrophages (AM) were isolated from pigs at necropsy by
bronchial alveolar lavage (BAL) as previously described (136). Briefly, the right
lobe of a lung was gravity filled with 500 ml of PBS, followed by massaging for
30 s and draining of the cell suspension into 50 ml polypropylene tubes. The cells
were washed in PBS and resuspended in RPMI 1640 medium and used/ifco

experiments the same day.
Unstimulated AM and Ex-vivo AM Experiments

Cell counts and viability of AM isolated from BAL were determined using
trypan blue staining and hemocytometer counting. Determination of a digtt effe

on AM gene expression, 1 x ‘cells were counted from freshly isolated BAL
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fluid and immediately frozen at -80 °C without serum for future gene expression
analysis. Foex vivoexperiments, AM from each animal were resuspended in
macrophage culture medium [RPMI 1640, 10% FBS, 1% non-essential amino
acids, 1% sodium pyruvate, 10 mM HEPES, 100 U/mL penicillin, 100 pg/mL
streptomycin, 1.5 g/L sodium bicarbonate] and seeded at a density of 2.5 x 10
cells/mL in 6 well plates. AM from each animal were treated with eitredricle
(0.125% DMSO), 0.5 ng/mL lipopolysaccharide (LPS), @vbof the synthetic

LXR ligand TO9 or LPS + TO9 for 24 h. After 24 h, cell culture supernatants were
collected and frozen for subsequent protein analysis and cells where lysed with 2
mL of TRIzol® reagent (Invitrogen, Life Technologies, Carlsbad, CA), and frozen

for subsequent RNA isolation and gene expression analysis.
Real-Time Rever se Transcriptase Polymerase Chain Reaction (RT- PCR)

Total RNA from unstimulated arek vivoAM cell lysates was isolated
using the PureLink RNA isolation kit (Invitrogen, Life Technologies, Carlsbad,
CA) according to the manufacture’s protocol. Integrity and concentration of
purified RNA were determined using Experion™ RNA gel electrophoresis
analysis chips (Bio-Radjercules, CA). Sample RNA integrity was compared to
an intact RNA standard and scored using a validated RNA quality indicator (RQI)
assigned by the Experion RNA analyzer software, version 3.2. All the samples
scored between 9.6 and 10, with a score of 10 indicating no RNA degradation.
First-strand cDNA synthesis was made fromdlof total RNA using
Superscript™ Il reverse transcriptase according to the manuddstprotocol

(Invitrogen, Life Technologies, Carlsbad, CA). Real-time RT-PCR was used for
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amplification of panel of genes related to inflammation and lipid metabolism

listed in Table 1. All probes and primers for real-time RT-PCR were previously
designed using the Primer Express (Applied Biosystems, Foster City, @, US
software package and nucleotide sequences obtained from GenBank or the TIGR
porcine EST database. A list of the sequences used for primer design are
available online at the USDA Porcine Immunology and Nutrition (PIN) database
www.ars.usda.gov/Services/docs.htm?docid = 66&=al-time RT-PCR was
performed using a 25 ng of cDNA template (cDNA concentrations are based on
RNA concentrations determined from gel electrophoresis and assume 100%
conversion of total RNA to first strand cDNA) and j2%f Absolute™ QPCR

low ROX master mix (ABgene, Epsom, UK) per sample on an ABI PRISM 7500
sequence detection system (Applied Biosystems, Foster City, CA). Quantita

of MRNA fold changes was derived using the delta threshold cydl)(

method. Data are presented as the mean fold change in gene expression relevant

to either C fed animals or vehicle treated controls.
Macrophage Cholesterol Analysis

On the day of necropsy, 1 x®1€ells of AM were aliquoted and frozen at
-80° C for future analysis of cellular cholesterol levels. On the day of sisaly
cells were thawed on ice followed by lysis with cold RIPA buffer (Thermimgus
1 mL of RIPA per 16cells. Cell homogenates were sonicated at 50% intensity
for 30 s on ice followed by incubation for 30 min on ice. Total cellular cholesterol
and neutral lipids were extracted from cell lysates using the Folch method as

previously described (100). Briefly, total lipids were extracted froquats of
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cell homogenates using chloroform: methanol (2:1) and partitioned usp@y dH
Organic phase solvents containing lipids were evaporated under nitrogen gas and
resuspend in 0.5% (v/v) Triton X-100 solution in water. Total and free cholesterol
were determined enzymatically using Amplex red cholesterol quizmntiteat
(Invitrogen, Life Technologies, Carlsbad, CA) according to the manufacture’s
protocol. Cellular cholesterol content was normalized to whole cell lysatrprot

concentrations. Protein was determined using the BCA assay (Thermo).

Cell Culture Supernatant Protein Analysis

Protein expression of five pro-inflammatory mediators (..{1-6, IL-8,
TNF-o and IL-10) in AM cell culture supernatants collected at terminati@x-of
vivo experiments were measured using a multiplex Procarta® Cytokine Profiling
Kit (Affymetrix Santa Clara, CA) according to the manufacturerttqaol.

Profiling kits were processed on a Bio-Plex 200 multiplex bead-based array
system and analyte concentrations determined using Bio-Plex Managersof

suite version 6.0 (Bio-Rad, Hercules CA).
Statistics

Statistical and power analysis of data was carried out with the GrdphP
PRISM4 program and GraphPad Stat Mat 2 (GraphPad Software, Inc.). Gontrast
of group means were computed using one or two factor ANOVA followed by
Bonferroni post-hoc tests. Gene expression results will be expressed as means
+ SE of comparative fold differences. One and two factor repeat measures

ANOVA will be used to analyze BAL cell gene and protein expression from
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Ossabaw pigs. Diet, LPS and LXR were treated as independent variakdes. Me

differences of post-hoc analyses are considered significantpwedne is < 0.05.
RESULTS
Body Weight and Lipid Profile after 28 Weeks of HF diet

At the end of 34 weeks of HF feeding mean body weights were
significantly higher in pigs fed a HF and HFPB compared to pigs fed either a C or
CPB diet p < 0.01, Table 2). Serum cholesterol levels in HF and HFPB fed pigs
were significantly elevated compared to C and CPB fed anipma9(001, Table
2). Daily gavage witlh.. caseihad no effect on serum cholesterol levels in either
C or HF fed pigs. There were no differences in plasma triglycerides aatidhg

diet groups (Table 2).
Cholesterol Analysisin Alveolar Macrophages

To determine whether an obesogenic, HF diet led to abnormal lipid
accumulation in pulmonary macrophages, cellular CE and free cholesterol (FC)
were analyzed in AM from pigs fed a HF obesogenic diet. Our data reveated t
AM from HF fed pigs had significantly higher concentrations of CE and FC
compared to AM from C and CPB fed pigs<(0.001, Fig 1). However, AM
from pigs fed a HFPB diet did not have any increase in CE or FC compared to
AM from C, CPB or HF fed pigs (Fig 1). There were no significant differeimces
CE and FC concentrations between AM from C and CPB fed pigs. These data

suggest that daily gavage with the probidticaseican protect against AM lipid
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accumulation due to a HF, obesogenic diet, even in the face of higher serum

cholesterol levels.
Gene Expression in Unstimulated AM cells

In order to determine whether an obesogenic, HF diet or supplementation
with L. casej was associated with changes to gene expression of the LXR axis,
markers of foam cell development, and immune related genes (Table 1), RT-PCR
analysis of unstimulated AM cells was undertaken. Figure 2A demosstinate
animals fed a HF diet showed no significant changes to LXR or foam et#del
marker gene expression compared to C fed pigs. However two genes related to
cholesterol uptakd,DLR and esterification of free cholesterAlCATwere
significantly decreased in AM from CPB fed pigs compared to AM from C fed
pigs { < 0.05). Gene expression©¥P27Ala gene involved in metabolism of
cholesterol to the oxysterol 27, hydroxycholesterol, was increased 5-6 fol2) (Fig
in AM from HF and HFPB fed pigs, but this was not significant. Analysis of a
panel of genes (Table 1) associated with onset of foam cell phenotype did not
reveal any dietary effects on these markers in AM from any of the oepgr
(Fig 2B). Analysis of gene expression of inflammatory mediators alsd t&
demonstrate any dietary effect either from HF or ftamaseisupplementation

(Fig 3).

Elevated mRNA Levels of Pro-inflammatory Mediatorsin L PS-treated
Alveolar Macrophages from High Fat and Pro-biotic fed pigsis Opposed by

LXR Activation
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Augmented responsive of LPS mediateddImmRNA levels in AM from HF fed
pigs.

Others have reported that genetic ablation of ABCAL leads to macrophage
foam cell formation and an increased sensitivity to LPS. We observed that AM
isolated from HF and HFPB fed pigs had a 1.9 and 2.4 fold greater mRNA
expression ofL-14 in response to LPS stimulation compared to AM from C fed
pigs (Fig 4A) p < 0.05). There was no evidence that the LPS mediated mRNA
increase iflL-6, IL-10 or TNF-« was augmented in AM from HF fed pigs
compared to AM from C fed pigs (Fig 4B-E). The statistical differemterden
LPS mediated expressionlaf1s mRNA in AM from HF compared to C fed
pigs does suggests an augmented response due to diet. Two-way ANOVA,
however, did not reveal a significant interaction between HF diet and LPS

mediatedL-15 mRNA response.p(= 0.117).

We also observed that LPS stimulation resulted in significantly stronger
MRNA response diL-6, IL-8 in AM isolated from CPB fed pigs compared to C
fed pigs, p < 0.001 ang < 0.05 respectively (Fig 4B and C). This effect was
most pronounced for LPS stimulationlbf6 (Fig 4B).IL-10 mRNA levels also
where elevated in AM from CPB fed pigs compared to C fed pigs (~9 fold vs. ~4
fold), however this difference was not significant. There was a strong and
significant interaction between CPB diet and LP8.#6 mMRNA responsep(=
0.0003). Except for AM from HFPB fed pigs, LPS did not significantly increase

MRNA levels ofTNF- in any of the diet groups.
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Anti-inflammatory Effect of LXR activation.

Activation of LXR opposed the effects of LPS on mRNA expression of
IL-14 in AM from HF and HFPB pig9(< 0.001), but not in AM from C or CPB
fed pigs (Fig 4A). The hyper-responsive mRNA expressidh-6fandIL-10 in
AM from CPB fed pigs was significantly inhibited by LXR activatign<0.001,
p < 0.05), respectively (Fig 4B and 4D). LXR activation significantly opposed
LPS stimulation ofL-8 in AM from HF and CPB fed pigg& 0.01,p < 0.05),

respectively, (Fig 4C).
Protein Analysisof Cell Culture Supernatants

To examine whether AM from HF fed pigs also had heightened secretion
of pro-inflammatory mediators, protein expression of cytokinespILFNF-, IL-
6, IL-8 and IL-10 were analyzed in cell culture supernatants after 24 h of LPS and
LXR stimulation from AM in each dietary group. The analysis revealed that
protein expression of ILflwas significantly increased by LPS stimulation in AM
from all dietary groups (Fig 5A). ILfllprotein level from HF fed pigs was ~1.6
fold higher than AM from C fed pigs, however this difference was not significa
(Fig 5A,p = 0.021). There was no significant difference between LPS mediated
increase in TNFe: protein between AM from C or HF fed pigs (Fig 5B). LPS
mediated protein levels of TNéprotein was ~2 fold lower in HFPB fed pigs
compared to AM from HF fed pigs, this difference was marginally sgamtfip =
0.09). No significant differences were observed for protein levels of IL-8,dL-

IL-10 from any treatments or diet groups (Fig 5C-E).
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L casei supplementation opposed LPS mediated [hrdtein levels

Protein levels of LPS mediated II3-protein expression in AM from
HFPB was 2.5 fold lower than LPS mediated protein levels from AM HF fed pigs,
(p < 0.05, Fig 5A black bars). LPS mediated Tl protein levels where 2.1 fold
lower in AM from HFPB fed pigs compared to AM from HF fed pigs, however

this effect was not significant (Fig 5= 0.08).
Anti-inflammatory Effect of LXR activation

The LXR ligand TO9 significantly opposed LPS induced fLptotein
expression in AM from HF fed pigs onlg € 0.05, Fig 5A). No significant anti-
inflammatory effect of LXR was observed for LPS mediated stimulafi@iNg-

a, IL-6, IL-8 and IL-10 in AM from C, CPB, HF and HFPB fed pigs (Fig 5B-E).

Effect of L casel Supplementation on L PS Antagonism of LXR and

Cholesterol M etabolism Related Genes

Data from RT-PCR revealed that TO9 mediated transcriptitXBé
MRNA was opposed by LPS in AM from HF and HFPB fed pigs (Fig6A,
0.001 andp < 0.05 respectively). LXR activation ABCAIMRNA was
significantly inhibited by LPS in AM from C and HF fed pigs<0.01 ang <
0.05) respectively, but not in AM from CPB or HFPB fed pigs (Fig 6C). LPS also
significantly inhibited LXR activation ocABCG1mRNA in HF fed pigsyg <
0.001, Fig 6D). This was not observed in AM from any other diet group (Fig 6D).
LPS treatment had no effect bXRS mMRNA levels either alone or in TO9 treated

AM from any of the diet groups (Fig 6B).
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L. casei supplementation prevents LPS suppression of LXR mediated transcription

of PPAR and CH25H in AM from HF fed pig

25-hydroxycholesterol (25HC) is an LXR ligand synthesized from
cholesterol by the microsomal enzyme CH25H (9, 56). We observed that LPS
opposed LXR activation dEH25HmRNA in AM from C and HF fed pigs, but
not in AM from CPB or HFPB fed pigp & 0.001 vs. ns, Fig 6E). LPS also
significantly oppose LXR activation fPAR mRNA in AM from C and HF fed
pigs { < 0.05), this was not observed in AM from either CPB or HFPB fed pigs

(Fig 6E).
DISCUSSION

There is growing evidence that supplementation with some probiotic
bacteria can positively modulate gut immunity and have a positive clinfeat ef
on treatment of inflammatory bowel diseases such as Crohn'’s, infectious @jarrhe
andClostridium difficileinfection (90-93). The beneficial effects of probiotic are
strain specific as some have been shown to positively influence inflammation
(135). Until recently it was believed that the mechanisms of action of probiotic
bacteria were limited to the gastrointestinal tract, but recent findunggest that
probiotics may lead to systemic benefits on host immunity and inflammatory
conditions outside of the gut (90-93). In the present study we report that dietary
supplementation with the probiotic bactdriecaseils significantlyassociated
with decreased CE accumulation in AM. We also report that dietary
supplementation with. caseiopposed LPS mediated gene suppression of

ABCA1] an LXR responsive genes vital to maintaining cholesterol homeostasis in
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pulmonary AM and pneumocytes (3Q).caseialso significantly decrease the
protein expression of LPS mediated Ig{irotein levels. Collectively, these data
demonstrate a role fdr. caseiin modulating AM cholesterol metabolism, LXR
responsive genes and pro-inflammatory cytokine expression. This suihpgésts
supplementation with. caseimay benefit pulmonary abnormalities where both

hypercholesterolemia and chronic inflammation are involved.
HF feeding was associated with Cholesteryl-ester Accumulation in AM

The hallmark of foam cell formation is accumulation of CE in
macrophages (137). Analysis of cholesterol extractions from AM from BAd flui
lysates revealed that AM from pigs fed a HF diet had significantly highe
concentrations of CE compared to AM from control diet fed animals (Fig 1). This
strongly suggests an increase in the presence of foam cell AM in bronchaalveol
passages of HF fed pigs for three reasons: i. It is well documented that the
majority of cells isolated from BAL lavage are AM, ii. Contamination freither
epithelial cells, or other immune cells in the lavage would have little contribution
to the cholesterol analysis because these cell types typically do not aatgumul
CE, and iii: The majority of cholesterol found in type 2 pneumocytes is

unesterified and associated with lamellar body surfactant proteins (138-141).

The presence of foamy AM in BAL fluid of HF fed animals is consistent
with the significant increase in serum levels of cholesterol observed in these
animals (Table 1) and consistent with data demonstrating that dietary lpids c
positively increase lipids levels in the alveolar compartment (138-141).

Moreover, the CE concentration in AM from HF fed animals (xd/ng protein)
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is consistent with the CE concentrations observed in foam cell macrophages
isolated from high fat fed mice (18). Future studies will be conducted to
determine if the AM cholesterol profile is also mirrored in the AM within the lung

parenchyma.

However an unanswered question is whether the source of excess
cholesterol in AM was derived directly from the diet (i.e. LDL or scavenger
receptors) or from a source of pulmonary cholesterol associated with sarfacta
protein (SAP). SAP is synthesized by pulmonary type 2 pneumocytes (type 2
cells), and is composed of 90% lipids, the majority of which is phospholipids and
10-15% neutral lipids, almost all of which are in the form of FC (138). Pulmonary
surface SAP can be recycled and reused by type 2 cells or catabolized by AM.
Internalization of adsorbed surfactant proteins and lipids is a vital function of AM
and the cycle of maintaining pulmonary surface tension (138). Although both type
2 cells and AM can internalize SAP and lipidg,vivostudies have demonstrated
that AM typically internalize three to four times more surfactant pratedclipid
than type 2 cells (138-141). SAP bound cholesterol represents approximately 80%
of the cholesterol found in the lungs and the majority of this cholesterol is derived
from circulating lipoprotein particles (138-141). Type 2 cells expreds armdl
VLDL receptor in their basolateral membrane where they can rapidly inctepora
serum cholesterol and triglyceride from circulating lipoprotein pasti188-

141). Therefore the largest pool of cholesterol that AM in the alveolar space
would be exposed to is potentially from internalization of lipids associated with

lamellar body surfactant proteins. Studies of rat lung perfusions with radledabe
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lipoproteins demonstrated that surfactant cholesterol concentrations agesettr

by exogenous cholesterol incubations and type 2 cells preferentially incorporate
cholesterol from serum lipoproteins, with less than 1% being derived from de
novo cholesterol synthesis (138-141). Animal models have also demonstrated that
obesogenic diet and hyperlipidemia can increase lipid uptake by type 2 cells and
increased the deposition of SAP lipids on the surface of alveoli (138-141).
Collectively, these data suggest that the source of the increased CE inAM fr

HF fed animals could be derived from type 2 cell surfactant lipids. This nvay ha
overarching consequences not only to normal lung physiology, but to the innate
immune response of AM as it has been demonstrated that increased surfactant
lipids can negatively impact AM innate immunity and that foam cell macrophages
are, immuno-compromised, highly unstable, atherogenic and prone to apoptosis

(18).

Gene expression profiling of AM from BAL fluid did not reveal any
significant differences in relative mRNA levels of scavenger recgguch as
CD36 CD209 MSR-1andSCARB2n AM of HF fed pigs (Fig 2B), but there was
a significant decrease IDLR andACATmMRNA in AM from CPB fed pigs
compared to C fed pigs (Fig 2A). The decreased expresslddlLd® andACAT
MRNA was not reflected in the cholesterol profile of these cells (Fig 1), and also
does not correlate with what would be expected in cells with lower cellular
cholesterol levels, because decreased levels of cholesterol in the endoplasmic
reticulum (ER) leads to an increase in LDLR receptor expressioACHT

MRNA levels might not necessary be reflected in the cholesterol pobfiese
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cells as it has been demonstrated in other cell types (142). However, if
mechanisticallyL. caseisupplementation resulted in a net decrease in cholesterol
uptake by AM, this may not have been reflected in the gene expression changes in
AM from HFPB fed pigs because of the dynamics nature of cholesterol
metabolism under a HF diet. It would also be important to examine the effects of
L. caseisupplementation on hepatic expression of cytochrome P-450 cholesterol
7-alpha-hydroxylase (CYP7A1). CYP7AL is responsible for the rate limiting
conversion of hepatic cholesterol to bile acids and is also under the transcriptional
regulation of LXRx (9). There is experimental evidence demonstrating that the
probiotic bacterid.actobacillus plantaruncan modulate cholesterol levels by
increasing hepatic conversion of cholesterol to bile salts through upreguéti

CYP7AL (146).

Two studies have demonstrated that mice lacking expression of either
ABCAL or ABCG1, present with gross pulmonary lipidosis and the presence of
lipid-laden foamy AM (51-54). This demonstrates a role for LXR and the
ABCA1/GL1 efflux pathway for maintain normal lung cholesterol homeostasis.
Gene expression analysis did not reveal any significant differentedRin
LXRB, ABCAlandABCG1mRNA expression between AM from HF fed pigs and
C fed pigs demonstrating that the observed accumulation of CE in AM is not
reflected by mRNA changes to expression of LXR or ABCA1/G1 transporters.
This does not rule out the involvement of the LXR-ABCA1 pathway in
development of a lipid laden AM phenotype because mRNA and protein levels of

ABCAL and LXR expression in human atheromas do always not correlate (146).

121



L. casal Supplementation Prevents Cholesteryl-ester Accumulationin AM

from HF fed pigs.

Analysis of lipid extracts from BAL fluid in HF fed pigs supplemented
with L.caseirevealed a significantly lower concentration of CE compared to AM
from HF fed pig. There was no effectlotaseialone on cholesterol
accumulation in AM from control fed pigs, which may suggest that any hypo-
cholesterolemic effect of this strainlof caseioccurs onlyin thecontext of gross
lipid burden. It is also important to note that the serum cholesterol profile of
HFPB fed pigs significantly elevated (~100 ng/dl higher) than HF fed(pajde
1, p < 0.05), and despite this difference, the AM of HFPB clearly showed less
evidence of CE accumulation (Fig 1). Thigygests that the cholesterol lowering
effect of this strain of. caseimay be cell specific and is not reflected by the
serum cholesterol profile. Two primary mechanisms for the lipid lowerifegtef
of probiotics have been proposed. The first involves probiotic assimilation of
intestinal lipids, thus decreasing the availability pool of post prandial steodd
lipids for absorption (90). The second involves an increase in probiotic bile salt
hydrolase (BSH) activity (90-93). Bacterial BSH catalyzed themagation of
the two major bile salts; cholic and chenodeoxycholic acid, which decithases
reabsorption across the entire length of small intestine and increasesrtiwiar
in feces (93). It is estimated that approximately 5% of all bile acidsraad f
cholesterol secreted in the small intestine are removed in the feces by this
mechanism, which has been shown to have modest effects on serum cholesterol

levels (93). However these mechanisms do not appear to be involved in the
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cholesterol lowering effect observed in this study bechusasei

supplementation had no effect on serum lipids in either PB or HFPB fed pigs.
The findings in the current study may reflect a unique lipid modulating property
of this strain ol.. caseiand sugges t that studies reporting strain specific effects
on serum cholesterol in human and animals may overlook tissue or cell specific

lipid modulating properties.
Increased L PS mediated IL-1p mRNA Expression in AM from HF Fed Pigs

Gene expression and protein analysis revealed that a HF diet was
associated with a significantly higher mRNA expressioldff in response to
LPS in AM from HF fed pigs compared to C fed pigs; however this effect did not
carry over to the protein levels (Fig 4A and 5A). AM from HF had approximately
a 2 fold increase in LPS mediatikd1 mRNA levels compared to AM from C
fed pigs (Fig 4A). This is consistent with the increased levels observed iesstudi
of lipid laden-AM from ABCGL1 -/- null mice which display an augmented
response to LPS (53). Still, in this study we did not observe the broad
augmentation of LPS mediated induction of inflammatory mediators asedport
in studies of lipid laden LPS or bacterial challenged macrophages (53-p63t-A
hoc power analysis suggests that the current study design with a 4 diet groups and
a sample of 5 animals, is approximately 30% underpowered to detect small
differences between LPS mediated responsive gene expression acrasstfour
groups and might explain the absence of a strong interaction between a HF diet

and AM inflammatory response in the current study. This information is
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important in for design of future studies designed to examine the same questions

in the current pig model.

Despite the limitations of the current study design on these parameters, the
significant increase itL-15 mMRNA levels in HF fed pigs suggests that animals on
this diet would experience an augmented pulmonary immune response if
challenged with an airborne pathogen. It is tempting to hypothesize that this
would enhance host pulmonary immunity as it has been demonstrated in mice
models of pulmonary lipidosis; however these studies also demonstrated that
increased presence of AM foam cells is positively associated witlagezte
pulmonary defects and host mortality. Future studies should be undertaken to
determine whether HF feeding adversely affects pigs challengedinitbrae
pathogens. However deeper examination of the interactions between diet,
pulmonary lipid accumulation and pulmonary inflammatory response, would
require a larger cohort of animals in order to detect any small but significa

differences which may occur due to these experimental parameters.

Effects of L. casel Supplementation on Expression of Inflammatory

Mediators

Post-hoc analysis revealed that LPS mediated3lpritein expression in
AM from HFPB fed pigs was significantly lower than that in AM from HF fed
pigs { < 0.05, Fig 5A). LPS mediated TNFprotein expression was also
decreased two fold in HFPB compared to HF fed pigs, but this effect was nearly
significant atp < 0.08, Fig 5B). Protein expression of other cytokines did not

reveal further evidence thiat caseihad any anti-inflammatory effect in AM.
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However, taken together the decreasedfiladd TNFe protein levels do suggest
thatL. caseidischarged an anti-inflammatory effect in AM from HFPB fed pigs.
Both IL-1B and TNFe are integral mediators of the innate immunity and
remediation of pathogenic infection (51-54). However some conditions such as
obesity, pulmonary cystic fibrosis or chronic obstructive pulmonary disorder
(COPD) are associated with elevated levels of systemic and pulmonakineyt
levels and this is believed to have adverse effects on host immunity and normal
tissue function (51-54). The observed anti-inflammatory effect ohseiadds to

a growing body of data demonstrating that probiotic bacteria can modulate
systemic ant-inflammatory mediators outside of gut mediated muousainity
(90-93). L. caseimay prove to be beneficial in ameliorating inflammation in
pathologies where chronic inflammation has been observed. A fundamental
guestion is whether the dampened immune response in AM from HFPB fed pigs

would translate to an impaired immune response.

AM from PB fed pigs showed augmented mRNA expressidh-6f IL-8
andIL-10, however, these mRNA changes where not reflected in supernatant
protein levels. Future studies examining this effect should examine darber t
points as other have demonstrated thataseiinoculated mice have augmented
release of IL-6 and TNk-up to 8 h post-infection compared to control mice but
have better clearance of air borne pathogens than non inoculated litter mates (143,

144).
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L. casal Supplementation Prevents L PS Antagonism of ABCA1 and ABCG1

Expression

It is recognized that cholesterol plays an integral role in the pathogenesis
of atherosclerosis and replication of human immunodeficiency virus -1 (HIV-1) in
host cells (45, 46). Foam cells are highly apoptotic and undergo necrosis and
calcification leading to release of their cholesterol and cytokine richoles
(18). This cascade is central to the pathogenesis of atheroma formation, but may
also negative impact host immunity as foam cell macrophage may be immuno-
compromised (126, 127). Both viral and bacterial pathogenic products lead to
impaired cholesterol metabolism in macrophages and lead to foam celliformat
suggesting a potential mechanism for bacterial suppression of innate immunity

(126).

In the current study we observed that the TLR4 ligand LPS opposed LXR
transcription oABCA1 ABCGLlin AM. This is consistent with a study by
Tontonoz et. al. that demonstrated TLR3 and TLR4 activation strongly oppose
transcriptional activation of LXR responsive genes ABCA1 and ABCG1 in
macrophages through a mechanism involving IRF3 trans-repression of LXR
transcriptional activation (130). Others have demonstrated associationsmetwe
viral and bacterial products and foam cell formation in macrophages, but the
study by Tontonoz et. al. was the first to characterize specific cthdsetaveen
TRL4 and LXR in antagonism of macrophage cholesterol metabolism and
cholesterol efflux (130). Other studies have subsequently shown that both IRF3

and MyD88 are involved in antagonism of LXR signaling (129, 130). Our data is
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the first to demonstrate that LPS/TLR4 can oppose LXR transcription in AM, but
it is unclear what affect this may have on AM cholesterol metabolism. Loss of
ABCA1 negatively impacts cholesterol efflux and can lead to macrophage foam
cell transformation when accompanied by increased serum cholesterol levels.
Therefore, this data suggests that if exposed to chronic TLR4 challengegthat pi
fed a HF fed diet may be at increased risk for AM foam cell development.
Further experiments should be conducted to examine the effect that LPS
antagonism may have on AM cholesterol metabolism and any potential

involvement of LXR-ABCAL1lin vivo.

Gene expression analysis also revealed that AM from both CPB and
HFPB fedpigs were resistant to LPS antagonism of LXR mediated transcription
of ABCALMRNA revealing a potential novel mechanism behind the cholesterol
lowering effect ofL. casei. This finding was interesting because TLR4
antagonism of LXR responsive genes in peritoneal macrophages is unopposed by
LXR ligand activation. Our data is the first to demonstrate probiotic opposition of
TLR4 mediated suppression of the LXR axis. This effedt.bgseimight
specifically involve antagonism of MyD88 or IRF3 suppression of LXR since it
has been demonstrated that both pathways can oppose LXR and MyD88 is
involved in some of the immune-modulating properties of some lactobacillus
bacteria (131). The diminished LPS mediated cytokine secretion ¢f ind
TNF-a in AM from L caseisupplemented animals (Fig 6), does suggest an
interaction betweeh. caseiand TLR4 signaling and therefore provides the

rationale to examine interactions betwéemgaseion some of the downstream
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effectors of TLR4. However gene expression in unstimulated AM did not
demonstrate any antagonism of the TLR4 mediated expression of inflarpmator
mediators by.. casej therefore a MyD88 independent pathway involving IRF3
might be equally involved. The apparent lack of LPS antagonism of LXR
mediated transcription &#BCAlandABCGLlin AM from PB and HFPB fed
supports a specific involvement lof caseiin antagonizing LPS suppression of

the LXR axis.

Expression oPPAR, andCH25H,two genes involved in cholesterol
metabolism, was antagonized by LPS in T09 stimulated AM, however this was
not observed in AM from PB and HFPB fed pigs. PRAGanN indirectly promote
cholesterol efflux in macrophages through increased regulation oL Rereas
CH25H is a key enzyme in metabolism of cholesterol to the LXR ligand 25HC
(18). This data supports a broader mechanism through Wwhadseican exert its

modulation of lipid and cholesterol axis in AM.

It is feasible that hypothesize thatcaseiantagonism of LPS/TLR4
suppression of the LXR axis is a mechanism supporting the decreased
accumulation of CE in HFPB fed pigs. However future studies should examine
whether LXR mediated cholesterol efflux is antagonized by LPS treaimdnt
whetherl. caseisupplementation can abrogate that. Nevertheless, the data in the
current study collectively these data demonstrate a cell specific lipeditoyv

effect ofL. caseiand a potential mechanism involving the LXR axis.
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List of Figures with legends

LXR/Lipid Related Genes Nuclear receptor subfamily 1, group H, member 3 NR1H3
Nuclear receptor subfamily 1, group H, member 2 NR1H2
ATP-binding cassette, sub-family A member 1 ABCA1
ATP-binding cassette, sub-family G member 1 ABCG1
Apolipoprotein E APOE
Fatty Acid Synthase FAS
Sterol-regulatory element binding protein, type 1 (SREBP-1) SREBF1
Sterol-regulatory element binding protein, type 2 (SREBP-2) SREBF2
Low density lipoprotein receptor LDLR
Scawvenger receptor, type | (SR-BI) SCARB1
Scawvenger receptor class B, member 2 SCARB2
Monocyte/macrophage serine esterase 1A CES1A
Monocyte/macrophage serine esterase 1B CES1B
Acyl-Coenzyme A: cholesterol acyltransferase) 1 ACAT1
Cytochrome P450-sterol 27-hydroxylase CYP27A1
25 cholesterol hydroxylase CH25H
Sulfotransferase family cytosolic 2B member 1 SULT2B1
Cluster determinant 36 CD36
Peroxisome proliferator-activated receptor, (PPAR) gamma PPARG

Innate Immunity Related Genes | Tumor necrosis factor-a TNFA
Interleukin 1, B IL1B
Interleukin 6 IL6
Interleukin 8 L8
Interleukin 10 IL10
Interferon-gamma IFNG
Inducible NOS iNOS
Cyclooxygenase 2 COX-2
Dendritic Cell-Specific Intercellular adhesion molecule CD209
Macrophage scavenger receptor 1 MSR1
Macrophage receptor with collagenous structure MARCO
CD5 antigen-like (scavenger receptor cysteine rich family) ) CD5L

Housekeeping genes Cyclophilin A PPIA
60S ribosomal protein L32 RPL32
Ubiquitin C UBC

Table 1: List of Genes Measured in AM Isolated from Ossabaw Pigs
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Figure 1. AM Cholesterol Profile. Total lipids were extracted from 1 x%.AM
isolated from Ossabaw pigs fed either a control diet (C), control + probiotic
(CPB), high fat (HF) or high fat + probiotic(HFPB) and used to determinke tota
cellular cholesterol-esters and free cholesterol. Cholesterysestee calculated

by subtracting the concentration of free cholesterginig cellular protein) from
total cholesterol concentrationg/mg cellular protein). Data are representative of
the mean + SE of (n=5) animals per dietary group. Error bars with arskagteri
indicate significant difference between HF and C wherp £9.05. Error bars

with a number sign (#) indicate a significant difference between HREBiI&

where # =p < 0.05.
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Figure 2. Gene Expression of LXR and Lipid Metabolism Genein

unstimulated AM from C, CPB, HF and HFPB fed pigs. Total RNA was

extracted from freshly isolated BAL cells, reversed transcribed toAcand

analyzed for genes expression using RTPCR as described above. Grouged gene
surround by yellow box are related to LXR and cholesterol metabolism. Grouped
genes surrounded by a blue box are markers of foam cells development. Gene
expression is reported as means + SE of fold change relative to C fed animals
Error bars with an asterisk (*) indicate a significant difference betvizand

CPB fed pigs witlp < 0.05.
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Figure 3. Gene Expression of Inflammatory Mediatorsin unstimulated AM

from C, CPB, HF and HFPB fed pigs. Total RNA was extracted from freshly
isolated AM, reversed transcribed to cDNA and analyzed for gene expression
using RTPCR as described in Materials and Methods. Gene expression is reported
as means = SE of fold change relative to C fed anirAals\RNA expression of

IL-$ in unstimulated AMB, mRNA expression of NF-- in unstimulated AM.

C, mRNA expression dlL-6 in unstimulated AMD, mRNA expression o£OX-

2 in unstimulated AME, mRNA expression diL-8 in unstimulated AMF,

MRNA expression df_-10 in unstimulated AM.
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Figure 4. Gene Expression of Inflammatory Mediatorsin AM treated with
LPSand aLXR ligand from C, CPB, HF and HFPB fed pigs. AM were

seeded at a density of 2.5 XX 1@lls/mL and treated with either: vehicle (0.125%
DMSO), 0.5 ng/mL LPS, 2.pM of the synthetic LXR ligand TO9 or LPS + T09
for 24 h. Gene expression is reported as means + SE of fold change relative to
vehicle treated control. Error bars wijilvalues are contrasts between LPS and
vehicle treated AM. Errors bars with an asterisk (*) represents a sagntifi
difference between LPS from either: HF, HFPB or CPB and LPS froed @ifs
with p < 0.05. Error bars with a number sign (#) indicate a significant difference
between LPS and T09 + LPS treated AM with 4 0.05, ## < 0.01, and ###

< 0.001 or not significant, n&,, mRNA expression dlL-4 in AM. B, mMRNA
expression ofL-6 in AM. C, mRNA expression dlL-8 in AM. D, mRNA
expression ofL-10 in AM. E, mRNA expression of NF- in AM.

134



C IL-8

[JDMSO 00
HLPS =1 6o00]
A IL1- [JT09 +LPS £
P<0.001 Q 50001
800, 7 mT09 £ w00
7004 P<0.001 H
a 3000
. 600+ 2000
% 500 1000
£ 400 ol
£ 300] c cPB HF  HFPB
2004 D IL-6
100 %
50
o
c CPB HF HFPB “
- 1
g 35
2 304
-g 2
o
B TNF-a 8 .l
13000, P<0.01 P<0.001 12
12000 .
11000 P<0.01
oot c CPB HF  HFPB
2 o0 i
2 7000 o008 IL-10
£ 6000 : 5
50
45
- 1
g 36
> -
c CcPB HF HFPB =
o 2
e 154
104
s
0
C CPB HF HFPB

Figure 5. Cell Culture Supernatant Protein Expression of | nflammatory
Mediatorsin AM from C, CPB, HF and HFPB fed pigs. AM were seeded at a
density of 2.5 x 1Dcells/mL and treated with either: vehicle (0.125% DMSO),
0.5 ng/mL LPS, 2.5M of the synthetic LXR ligand TO9 or LPS + TQ9 for 24 h.
Cell culture supernatant were collected and analyzed for protein expression on a
Bio-Rad Protein Bio-plex system. Protein is expressed as pg/mL and degorte
means + SE. Error bars wiphvalues are contrasts between LPS and vehicle
treated AM. Errors bars with an asterisk (*) represents a signifiliifetence
between LPS from HFPB and LPS from HF fed pigs with0.05. Error bars
with a number sign (#) indicate a significant difference between LPSGhd T
LPS treated AM with # 9 < 0.05. A, Supernatant protein expression offilia
AM from. B, Supernatant protein expression of TRk AM. C, Supernatant
protein expression of IL-8 in AMD, Supernatant protein expression of IL-6 in
AM. E, Supernatant protein expression of IL-10 in AM.
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Figure6. L. casel prevents L PS antagonism of LXR and Lipid Related Gene
Expression. AM from C, CPB, HF and HFPB fed pigs were seeded at a density
of 2.5 x 16 cells/mL and treated with either: vehicle (0.125% DMSO) u@/nL
LPS, 2.5uM of the synthetic LXR ligand TQ9, or LPS + TO09 for 24 h. Gene
expression is reported as means + SE of fold change relative to vehidd treat
control. Error bars witlp values indicate significant differences between T09 and
T0O9 + LPSA, LPS modulation oEXRex mRNA in TO9 stimulated AMB, LPS
modulation ofLXRS mRNA in TO9 stimulated AMC, LPS modulation of
ABCA1ImRNA in T09 stimulated AMD, LPS modulation oABCG1mRNA in

TO9 stimulated AME, LPS modulation oPPAR mRNA in TO9 stimulated

AM. F, LPS modulation o€H25H mRNA in TO9 stimulated AM.
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Chapter 5. Perspectives

Studies of LXRsasModulators of Lipid Raft Domainsin PCa Cells

The current study clearly demonstrated that under conditions of LXR-
ABCA1 mediated cholesterol efflux, that lipid raft domains are negatively
affected in PC-3 cells. There are still a number of questions that need to be
examined if LXR ligands are to be categorized as modulators of lipid raft
signaling in PCa. The first and the most important is disruption of raft domain
patching under LXR-ABCAL1 or ABCG1 mediated cholesterol efflux results in a
decrease in raft associated receptor signal transduction. More spbgific
whether there is a decrease in the presence of receptors such as CXCR4 and IL-
6R in raft domains during ligand activation and whether this is associated with
attenuation of downstream signaling. Freeman et al. demonstrated that rmadulat
of de novo cholesterol synthesis by statins specially reduced assemblgRf IL-
into raft domains and AKT mediated signaling in LNCaP cells (97). Pomndier A
et al. took this further and demonstrated that mice injected with LNCaP cell
xenografts and treated with the LXR ligand TO9 showed a significant reduction i
raft domain integrity and AKT mediated survival. Unlike previous studies of the
anti-PCa effect of LXR ligands, the current study demonstrates forshérhe
that raft domains in PC-3 cells are specifically impacted by chabéstifiux

conditions involved apo A-l.

An inverse association between serum HDL cholesterol and risk for

prostate and other cancers has been reported (64). These data would suggest
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therapies aimed at increasing either circulating apo A-l or LXR aedliRCT

would also be protective because ABCA1 mediated cholesterol efflux is rate
limiting in HDL genesis. The current project potentially ascribes daresm to

the anti-PCa effect of increased HDL cholesterol, since raft domaing whiy
negatively impacted when both apo A-1 and TO9 where present. Future studies
examining the specific effects of LXR mediated cholesterol efflux drdcahain
dependant signal transduction are warranted. Moreover, animal studies examining
the effects of LXR mediated HDL biosynthesis on PCa progression would also
increase understanding of the potential impacts that LXRs can have in not only
protectively against atherosclerosis but also PCa and other cancers ynversel

affected by serum HDL levels.
Studies of | soflavones as M odulators of the LXR axisin PCa Cédlls

Despite the significant increase in ABCAL1 and ABCG1 mRNA levels in
both PCa cells line, a significant increase in cholesterol efflux was not observed.
One reason this might have occurred is because that protein levels of ABCA1 and
ABCG1 were not significantly increased by isoflavones. This would need to be
confirmed in future studies examining the effects of these compounds on the LXR
axis. Secondly, ABCAL stability is positively regulated by phosphorylatyom b
PKA during cholesterol efflux (118). The current study did not examine whether
ABCA1 protein stability is varied compared to those observed when induced by
endogenous or synthetic LXR ligands. Nevertheless if ABCA1 or ABCGL1
protein levels are significantly increased by isoflavones, further stuxh@si@ng

other biological effects of these transporters in PCa cells are wetraittis
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comes at a time when there is interest in developing novel ligands where are
capable of activation LXR responsive genes specifically throughpLtg§Rrevent
LXRa driven hepatic lipidosis. The current study did demonstrate a role for only
LXRp in isoflavone regulation of ABCA1 and ABCGL. Future studies examining
specific interactions between isoflavones and the ligand binding domain ¢f LXR
could also determine whether there is a direct interaction between isoflarahes

LXRp or whether the observed effects are indirect.

Studies of HF diet and Probioticson LXR and Inflammatory Mediatorsin

AM

The current study examined a number of important questions involving
both HF diets and dietary supplementation with probiotic bacteria. One important
observation was the increased accumulation of CE in AM from HF fed pigs. This
may have implications to human health for a number of reasons. If left
unresolved, AM foam cells (defined by accumulation of CE) clearly have an
altered immune response. This has been demonstrated in studies of animals with
genetically impaired LXR mediated cholesterol efflux and shows that AM foa
cells are hyper-responsive to the presence of pathogens. Although in the short
term these animals appear to have better clearance of intra-traciesd der
bacteria, long term survival of animals with AM foam cells is signifigantl
decreased post-infection. This is intuitive and may provide new insight to the
deleterious effects of obesogenic diets and hyper-cholesterolemia on human

health. The strength of the current project lies within the use of wild typeabmi
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to demonstrate this effect of HF feeding on AM cholesterol profile, while other

studies have used genetically altered mice to achieve similarseffect

Another important finding in this study was the apparent lack of
antagonism of LPS on LXR mediated transcription of ABCAL1 and ABCG1 in
AM from CPB and HFPB fed pigs. This observation is relevant to human health
because of the body of data demonstrating that bacteria and viral antagonism of
LXR mediated transcription impairs macrophage cholesterol efflux and insrease
formation of foam cell an immunocompromised phenotype. The observations
from this study demonstrate tHatcaseifeeding abrogated LPS mediated
suppression of the LXR axis. This would be a novel finding as other studies have
failed to demonstrate that synthetic LXR ligands can oppose LPS mediated
suppression of ABCAL1 and ABCG1. Moreover, these observations may also
provide a mechanism for the lack of CE accumulation in AM from HFPB fed
pigs. The current data suggests an enhanced effect of LXR ligand against the
response of LPS. Future studies specifically examining whetloaseifeeding
can inhibit LPS mediated opposition to LXR mediated cholesterol efflux should

be considered.
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