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ABSTRACT

The bone marrow stroma is composed of a diverse array of cell types that have unique
functions. Of the different types, the adipocyte is the most abundant. It is not clear what
purpose adipocytes serve in the bone marrow. They may simply~occupy space in the
marrow cavity or they may play active roles in systemic lipid metabolism and provide an
energy reservoir in the bone marrow. Marrow adipocytes also appear to contribute
growth factors and cytokines that directly promote hematopoiesis and influence
osteogenesis. The enzyme lipoprotein lipase (LPL) is an early marker of adipogenesis and
its regulation is complex. It is the enzyme responsible for the hydrolysis of triglycerides
into free fatty acids and the clearance of chylomicrons from the blood. It is regulated by a
variety of transcription factors. The nuclear hormone receptor superfamily consists of an
immense number of genes and is accepted as the largest transcription factor family in
eukaryotes. We determine that peroxisome proliferator activated receptors (PPARs) with
their ligands induce adipogenesis in bone marrow stromal cells and that they bind and
activate the LPL gene promoter in vitro. The chicken ovalbumin upstream promoter
transcription factors (Coup-TFs) are orphan receptors that bind certain DNA direct
repeats as homodimers and heterodimers with other steroid receptor molecules such as the
retinoid X receptor (RXR) and are accepted as repressors of other nuclear hormone
receptors. We determine that Coup-TFs bind the LPL promoter in vitro and demonstrate
in cotransfection analysis that they act in concert with the PPARY2 and RXRa proteins to
multiplicatively activate its transcription. Recently, new regulatory proteins have been

described that affect the interaction of nuclear hormone receptors with the transcriptional
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apparatus. We determine that the co-regulators of nuclear hormone receptors SMRT
(silencing mediator for retinoid and thyroid-hormone receptors) and steroid receptor
coactivator (SRC-1) help regulate the LPL promoter in conjunction with PPARy2, RXRa
and Coup-TFII (ARP-1) in negative and positive fashion respectively. Improved
understanding of the mechanisms regulating stromal adipocyte differentiation may lead to
therapeutic interventions that can enhance osteogenesis and hematopoiesis in afflicted

individuals.
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INTRODUCTION

The bane marraw strama is campased of a diverse array of cell types that have unique
functians. It is hypathesized that a single mesenchymal-derived precursar gives rise ta the
adipacytes, asteablasts and hematapaietic-supparting cells within the bane marraw strama
(9,13,42,46,52,143). Of the different types, the adipacyte is the mast abundant. While it
is not campletely established what roles bane marraw adipacytes play in the strama, a
number of reviews have been written an the subject (42,46,132). Bane marrow
adipacytes may simply accupy space in the bane marraw cavity. They may alsa play
active rales in systemic lipid metabalism and pravide a lacalized energy reservair in the
bane marraw (90). Finally, marraw adipacytes appear ta cantribute grawth factars and
cytakines that directly pramate hematapaiesis and influence asteagenesis (67,68). It is
gradually becoming accepted that the bone marrow adipacyte plays an impartant rale in
health and disease. With the new interest in bane marraw adipagenesis, malecular and
biachemical analyses of marraw adipagenesis has begun using bath primary bane marraw
cultures and clanal cell lines (8,42,46) far study. A drawback of primary bane marraw
cultures is their greater phenatypic heterageneity. Stromal stem cell clanes affer the
advantage of relatively greater hamageneity, but can present unrecagnized artifacts as a
consequence of the ariginal claning pracedure. The hematapaietic and asteagenic
literature reparts an impressive array of stramal cell lines with aver 50% exhibiting

preadipacyte praperties (see Ref. (30) for a camprehensive review). The BMS-2 (bane



marraw suppart-2) cell has many of the characteristics of a multipatential stem cell in the
bane marraw strama. It has hematapaietic suppart capacity (110), can display asteablast-
specific gene markers (33,45), and undergaes adipogenesis in respanse ta a cacktail of
aganists (methylisabutyxanthine, hydracartisane, indamethacin, (MHI)) (43) and fo the
thiazalidinediane compounds BRL 49653 and piaglitazane (47). Thus, the BMS-2 cell

pravides a useful madel far monitaring adipagenic events in the bane marraw strama.

The enzyme lipapratein lipase (LPL: EC 3.1.1.34) is an early marker of adipagenesis and
its regulation is camplex. It is the enzyme respansible far the hydralysis of triglycerides
inta free fatty acids and the clearance of chylamicrans fram the blaad. It is an essential
gene praduct. In LPL knackaut mice, death accurs during the neanatal periad due ta a
massive hypertriglyceridemia (21). In man, hereditary deficiencies in LPL activity cause
extreme pastprandial hypertriglyceridemia (151) and increased marbidity due ta
cardiavascular disease (36). Excess LPL activity is alsa detrimental. Elevated levels of
LPL expressian are found in macraphages of inbred strains of mice susceptible ta
atherasclerasis (114). The LPL gene is regulated by a variety of transcription factars.
LPL is expressed in numeraus tissues (36-38,121). Analysis of transgenic mice with the -
1824 ta +187 bp regian of the LPL pramater fused ta a luciferase reparter canstruct (44)
revealed high levels of LPL pramater activity in the murine brain as well as in adipase and
liver with a low level of activation in the kidney. We believe that the LPL pramater offers

a useful taol for manitaring adipagenic events in the bane marraw strama.

o



The nuclear harmane receptar superfamily cansists of an immense number of genes and is
accepted as the largest transcription factar family in eukaryates. The peraxisame
praliferatar activated receptars (PPARs) with their ligands induce adipagenesis in cells
that can praceed alang the adipagenic pathway (reviewed in (119) and (51)). They form
heteradimers with the retinaoic acid X receptars (RXR) prateins and bind ta DNA elements
knaw as DR-1s (6 nucleatide direct repeat with a 1 nucleatide spacer) (88,106,140).
Ligands far the PPARs increase LPL mRNA levels and adipagenesis in pre-adipacyte cell
madels (reviewed in (119)). These ligands include natural compaunds such as certain
prastaglandin’s and lang chain fatty acids, as well as synthetic drugs such as the fibrates
and thiazalidinedianes (119). In preadipacyte cell madels, adipagenesis has been
assaciated with increased PPARY2 (12,15,16,47,136,137,147), PPARa (12,16), and
PPARGS (2,59) mRNA levels, suggesting that each of these prateins may help regulate the
prateins activated during adipagenesis, including LPL. mPPARa. is predaminantly
expressed in liver, heart, kidney and brawn adipase tissue (119) while mPPARS
demanstrates a high level of expressian in brain and fat, with a low level of expressian in
the liver (119). PPARY2 is predominantly expressed in adipase tissue (15,136,137,154)

and is a strang candidate as a regulatar of LPL transcriptian.

The Chicken Ovalbumin Upstream Pramater Transcription Factars (Caup-TFs) are
arphan nuclear harmane receptors that bind direct repeats of AGGTCA matifs with
spacing from O ta 12 nucleatides (DR-1 ta DR-12) as hamadimers and heteradimers with
ather steraid receptor malecules such as the retinoid X receptor (RXR). Coup-TF was

ariginally cloned based an its ability to pramate transcriptian of the chicken avalbumin



gene (107,116,142) and has became accepted as a repressar of ather nuclear harmane
receptars (22,23). It was independently claned via homolagy ta erb A and called erb A
related pratein 3 (Ear3) (92). Samewhat later, Coup-TFII (ARP-1) was claned fram a
HeLa cell cDNA library thraugh its homolagy ta hCaup-TFI (141) and fram a placental
library as apalipapratein Al regulatary pratein-1 (ARP-1) (78). Anather family member,
erbA related pratein 2 (Ear2) was claned in the same way as Ear3 (92). In humans,
Caups are expressed in a variety of cell lines (92). Caup-TFs are highly expressed in
argans such as lung, testis, prastate, skin, intestine, pancreas, stamach, and salivary gland
(62,85,108) and have recently been shawn ta be present in adipacytes (11). Caup-TFs
bind PPAR respanse elements an DNA and exert a repressive farce an the respective
pramater (3,11,93). With these facts in mind, we decided ta test if members af the Caup-

TF family cauld bind the LPL pramater and influence regulatiaon of its expressian.

It is becaming recagnized that ather prateins affect the interaction of nuclear harmane
receptars with the transcriptional apparatus. Once a nuclear harmane receptar is bound ta
its DNA respanse element, it either activates or represses gene transcription depending on
what the cell needs. Transactivation by nuclear harmane receptars can accur thraugh
direct interaction with companents of the transcriptional apparatus such as TFIIB
(4,10,60). It is alsa suspected that other factars can act as bridges between nuclear
harmane receptars and the transcriptional apparatus. The caregulatars of nuclear
harmane recebtors SMRT (silencing mediatar for retinaid and thyroid-harmane receptars)
(18)and SRC-1 (steraid receptar coactivatar-1) (104) help regulate nuclear receptar

action in a negative or positive fashian (for reviews, see (57)). SMRT interacts with



unliganded nuclear harmane receptars ta function as adapters that canvey a repressive
signal to the transcriptianal apparatus (57,152). Upan binding of ligand, a canfarmatianal
change accurs in the receptar that allows the carepressar ta dissaciate (57,152). In
nuclear harmone receptars, there is a carboxyl terminal amphipathic a-helix that is known
as AF2 (activation functian-2) (27). When ligand is baund, AF2 serves ta trigger the
release of carepressar (5,18) and helps recruit a caactivatar (6,27,35) such as SRC-1
which has recently been demanstrated ta be a caactivatar of PPARy on a PPAR respanse

element (155).

This dissertatian explares the activatian of the adipagenic pathway in the bane marraw
strama thraugh the actions of the nuclear harmane receptar family members PPAR, RXR
and Caup-TFs an transcription directed by the LPL promater, and the caregulatian of
these actions by SMRT and SRC-1. Impraved understanding of the mechanisms
regulating stramal adipacyte differentiation and regulatian of the lipapratein lipase gene
may lead ta therapeutic interventians that can enhance asteogenesis and hematapaiesis

and limit atheragenesis.
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Summary:

The thiazalidinedianes imprave insulin sensitivity in animal models and have
pramise as patent aral antidiabetic agents. Ta date, their clinical use has been limited due
to anemia and cardiac hypertraphy. Same campaunds of this class have been reparted ta
induce bane marraw fat accumulation in animals and this effect cauld accaunt far the
abserved anemia. This wark examines the bialagical mechanism cantributing ta this
phenamenan. The thiazalidinediones, BRL49653 and piaglitazane, induced adipacyte
differentiation in the BMS2 bane marraw stramal cell line in a dase- and time-dependent
manner. These actians were further enhanced by the presence of glucacarticaids and ather
adipogenic aganists. The thiazolidinedianes increased the mRNA levels of adipacyte-
specific genes, including that of their receptar, the peroxisome proliferator-activated
receptar Y (PPARY). In contrast, mRNA levels of genes encading ather PPAR family
members (Pi’ARa, PPARS ar NUC-1) were unchanged ar decreased. Thiazalidinediane
treatment of primary bane marraw stromal cells elicited a comparable dase-dependent
respanse. Using a palyclanal antibady, PPARy was detected in pratein lysates from
adipase-rich boﬁe marrow. Thus, thiazalidinedianes directly regulate bane marraw stromal
cell differentiation; induced PPARY expressian may play a key regulatory rale in this

process.



The thiazalidinedianes are patent aral antidiabetic agents. However, the clinical
application of thiazalidinedianes has been limited by their potential effects an blaad cell
praduction and cardiac hypertraphy. In bath radent and canine madels, administration of
thiazolidinedione; was accampanied by fat accumulatian in the bane marrow cavity and
impaired hematapaiesis, resulting in anemia (29,146).

In vitro, thiazalidinedianes have been faund ta induce adipacyte differentiation in
pre-adipacyte cell lines derived fram murine fetal tissue (3T3-L1) ar ab/ab mice (Ob17)
(123). Recently, the thiazalidinedianes have been identified as ligands far the peraxisome
praliferator-activated receptar Y (PPARY) (82). This pratein was ariginally identified as
an adipagenic transcription factor (136,137). The PPARY gene is subject ta alternative
pramater usage and splicing, giving rise ta the tissue-specific subtypes, PPARYy1 (liver)
and PPARY2 (adipase) (17,136,137,154,156). Like ather PPAR family members (PPARa,
PPARSJ), the PPARY isafarms are members of the steraid receptar family and are clasely
related ta the retinaid, vitamin D3, and thyroxine receptars (140). In its ligand-bound
form, PPARY regulates transcription from adipacyte-specific genes and will induce
adipacyte differentiatian in fibrablasts (53,72,136,137).

The mechanism underlying the bane marrow effects of the thiazalidinedianes
remains unknawn. Narmally, the bane marraw strama cansists of a heterageneaus
papulation of hematopaietic supporting fibrablasts, adipacytes and bane-farming
asteablasts (42,69). It is hypathesized that this phenatypically diverse graup of cells
derives fram a multipatent stramal progenitar cell (7,105). The murine BMS2 bane
marraow stromal cell line pravides a well characterized in vitro madel for this pragenitor

cell. The BMS2 cells suppart lymphohematapaiesis (110), display asteablast specific gene



markers (33,45), and underga accelerated adipagenesis in response ta a cacktail of
aganists (glucacarticaids, methylisabutylxanthine, indomethacin) (48). The current wark
determines that the thiazalidinedianes, piaglitazane and BRL49653, inducé BMS2
adipagenesis in a dose- and time-dependent manner. This carrelates with increased levels
of PPARY mRi\IA. Thiazalidinedianes exert a similar effect an primary cultures of bane
marraw stromal cells. Mareaver, the PPARY protein is detected in adipase-rich bane
marraw. Taogether, these data indicate that bane marraw stromal cells are a direct target

for thiazalidinediane actians in vivo.
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Materials and Methods:

Cell Culture: Reagents were abtained fram Sigma Chemical Ca. (St. Lauis MO) ar
Fisher Scientific (Dallas TX) unless aotherwise nated. The BMS2 cell line was ariginally
claned by limiting dilution fram the adherent papulation of murine bone marraw stromal
cells (110). The cells were selected based an their ability ta suppart the praliferation of
stramal-dependent B lineage lymphaid cell lines in culture (110). In these experiments, the
BMS?2 cells (110) were plated at a density af 4 x 10* cells/35 mm dish and cultured in
Dulbecca’s Madified Eagle’'s Medium (Mediatech, Washington DC) supplemented with
10% fetal bavine serum (Hyclane, Logan UT), 1 mM Na pyruvate, 50 uM 2-
mercaptaethanal, 100 mg/ml streptamycin and 100 units/ml penicillin; this is referred ta as
“standard medium.” Canfluence was achieved within 7 days. Piaglitazane and BRL49653
were dissalved in dimethylsulfaxide (DMSO) and added at the indicated cancentrations
with a canstant final cancentration of 0.5% DMSQO. The DMSO carrier alone had no
effect an cell differentiation. An adipagenic agonist cacktail, MHI (500 uM
methylisabutylxanthine, 0.5 uM hydracartisane [Elkin Sinn, Cherry Hill NJ], 60 uM
indamethacin), was used as a cantral (33). Canfluent cultures were maintained in the
presence of thiazolidinediones or MHI for 3 days. The medium was remaved and replaced
with “standard medium.” Individual 35 mm plates were harvested after an additional 3
days in culture (day 6). Cell densities at this time averaged 4.7 x 10° cells/35 mm plate,
independent of culture canditians (range: 4.2 - 5.2 x 10°). Primary bane marrow stramal
cells were harvested from the femurs and tibia of 6 week ald female Balb/c mice in -
“standard medium.” The mice were euthanized by CO, asphyxiation in accardance with an

institutianally-appraved protacal and the lang banes of the lower extremities remaved

10



under sterile conditions. The marraw cavity was flushed with “standard medium” using a
#25 gauge needle. 107 cells were cultured in a 25 cm” flask. After 2 haurs in culture, the
nonadherent (primarily hematapoietic) cells were remaved and the medium replaced. This
step enriches far the adherent stramal papulation which includes fibrablasts, adipacytes,
asteablasts, and macraphages. Twa weeks after the cultures were established, celis were
treated with thiazalidinedianes far ane week, phatagraphed using a Zeiss IM35
micrascape (magnified X 102 under phase contrast), and harvested far tatal RNA. Cell

densities were nat determined in these studies.

Fluorescence-Activated Cell Sorting: The BMS2 were plated at a density of 10*
cells/well in 24-well plates. After seven days in culture, the cells were induced with agents
far three days and the medium changed. After an additional three days of culture, the 24-
well plates cantaining BMS2 cells were harvested by treatment with 0.25% trypsin/1 mM
EDTA, washed in phasphate-buffered saline (PBS), and fixed with the addition of a final
cancentration of 0.5% paraformaldehyde (33,124). A stack solution of Nile red (1 mg/ml
DMSO) was diluted 1:100 and added ta the cells at a final concentratian of 1 ug/ml. Cells
were analyzed on a FACscan (Bectan-Dickinsan, San Jase CA) multiparameter flow
cytometer. Gald fluarescence emissian was detected between 564 nm and 604 nm with a

bandpass filter 585/42. Sample sizes af 7.5-10 x 10° cells were analyzed from each well.

Northern Blot Analysis: RNA was harvested from BMS2 cells cultured in 35 mm plates
as described under “Cell Culture” abave and analyzed as previausly described (20,64).

Narthern blats were hybridized with the fallowing prabes: aP2 (courtesy H. Green,

11



Harvard University) (127), actin and adipsin (caurtesy W. Wilkison & B.M. Spiegelman,
Dana Farber Cancer Center) (145), lipapratein lipase (LPL) (ATCC 63117) (48), C/EBPa
(caurtesy S. Enerback & K. Xanthapaulas, University Gatesbarg) and PPARY2 (136).
The PPARY2 prabe was claned by reverse transcription palymerase chain reaction (PCR)
using murine brown adipase tatal RNA and the fallowing specific primers: N Terminal
primer 5' TTTGAGCTC GCTGTTATGGGTGAAACTCTG 3'(bp 34-54); C Terminal
primer 5 TTTGAGCTC CCTGCTAATACAAGTCCTTGTA 3’ (bp 1540-1561) (136).
Intensity of mRNA signals an narthern blats was quantitated using an Eagle Eye II Still

Videa System (Stratagene, La Jalla, CA).

Semi-quantitative PCR: Reactions were performed accarding ta published methads
(95). Aliquats containing 5 pg of tatal RNA in a 12.5 ul volume were heated far S min at
65°C. The cDNA was reverse transcribed in a 30 pl volume of 50 mM Tris-HCI, pH 8.3,
50 mM KCl, 10 mM MgCl,, 10 mM DTT, 1 mM dNTP, 0.5 mM spermidine, containing
RNasin (1.25 units), random hexamer and aligo-dT prime.rs (100 ng each), and AMV RT
(2.5 units). The reaction was incubated far 60 min at 42°C, 30 min at 52°C, and 5 min at
95°C. Palymerase chain reactians were canducted in 100 pl volumes with oliganucleatide
primers specific for PPAR«, PPARS, PPARY1, PPARY2, and B-actin (Table 1); a
reaction cycle cansisted of 45 sec at 94°C, 45 sec at 62°C, and 2 min at 72°C using a
Perkin-Elmer-Cetus DNA Thermal Cycler (Narwalk CT). Aliquats (12 ul) were remaved
at 3-cycle intervals between cycles 17 ta 35 and examined on 3% agarose gels stained
with ethidium bromide.

Polyclonal Antibody Preparation: A multiple antigenic peptide (111) was synthesized



based an the PPARY2 amina acids 482-499 (136): HVIKKTETDMSLHPLLQE. Eight
identical peptides were attached ta a single poly lysine-resin matrix care, praviding a
patent antigen (111). After the callection of pre—immune serum, the goat was injected with
1 mg of the multiple antigenic peptide with incomplete Freund’s adjuvant. Faur weeks
later, the animal was boasted with 1 mg of peptide alone. Immune serum was harvested
weekly after the fifth week. Antibady was prepared by ammanium sulfate precipitation and
affinity purified aver a column prepared with the multiple antigenic peptide caupled ta

cyanagen bromide activated Sepharase 4B.

Transfections: The PPARY2 cDNA was subclaned inta the pSGS and the PPARY1
c¢DNA (pravided caurtesy of Drs. F. Chen and B. O’Malley, Baylar Callege of Medicine)
(17) inta the pEF-BOS eukaryatic expressiaon vectars (pravided by Dr. K. Oritani,
Oklahama Medical Research Faundatian) (94). The plasmids were transiently transfected
inta the human kidney 293 T cell line by calcium phasphate precipitatian. Cell lysates from
the transiently transfected 293 T cells pravided an enriched saurce of the PPAR y2

pratein. The nan-transfected 293T cell lysates pravided an apprapriate negative caontral.

Western Blot Analysis: Cells ar tissugs were hamagenized in lysis buffer (50 mM Tris-
HCI [pH 7.5], 150 mM NaCl, 50 mM iadoacetamide, 0.1% NaNs, 5% apratinin, | mM
PMSF, .1% Triton X-100, saybean trypsin inhibitor [25 pg/ml], leupeptin [10 pug/ml]).
Equal pratein aliquats were loaded per lane and separated by sodium dodecylsulfate-
palyacrylamide gel electropharesis (SDS-PAGE), transferred ta nitracellulase membranes

(BioRad, Richmand CA), and blacked overnight in buffer (10 mM sodium phasphate, 150



mM NaCl, 0.5% gelatin, 0.05% Tween 20, 0.1% merthialate) (79). Blats were
sequentially incubated with goat primary antibady (21 pg/ml) and an anti-goat harseradish
peraxidase caupled secandary antibady for 1 hr, follawed by three washes (10 min) in
phasphate-buffered saline 0.05% Tween 20, and visualized by chemiluminescent reagents

accarding ta the manufacturer’s instructions (Amersham, Arlington Heights IL).
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Results and Discussion:

Dose-dependent Effects of Thiazolidinediones on the BMS2 Bone Marrow Stromal
Cell Line. The BMS2 cell line was used as an in vifro madel ta examine the response of
bane marraw stromal cells ta thiazalidinedianes. Canfluent cultures of BMS2 stramal cells
were treated with varying cancentrations aof the thiazaolidinediones BRL49653 and
piaglitazone. Cellular accumulation of lipid vacuales after 6 days in culture was quantified
by staining with a lipophilic dye, Nile red, and fluarescence-activated cell sarting (FACS)
analysis (Figure 1, Table 2 A). In the absence of inducing factars, the cells did naot
cantatn lipid vacuales after 6 days. As previausly reparted, a cacktail of adipogenic
aganists (MHI: methylisabutylxanthine, hydracartisane, indamethacin) induced lipid
draplets in aver 50% af the cells (33). Bath piaglitazane and BRL49653 induced
adipacyte differentiation in a dose-dependent manner; the cell respanse was greater ta
BRL49653 than piaglitazane at equal malar cancentrations. At cancentrations of 5 uM
BRL49653 ar 25 uM piaoglitazane, up ta 40% of the cells cantained lipid vacuales. The
actions of the thiazalidinediones were partially additive with thase of the MHI cacktail
(Table 2 B). While 50% af the cells cantained lipid vacuales fallawing treatment with the
MHI cacktail alone, treatment with either thiazolidinediane in combinatian with the MHI
cochail induced adipogenesis in up ta 70% of the BMS2 cell population. Similar
abservatians have been made in the ab/ab derived pre-adipacyte cell line, Ob1771, where
glucacarticoids further enhanced the actions of BRL49653 an expressian of adipacyte
markers (59). This suggests that thiazalidinedianes and glucacarticoids may activate

distinct as well as comman signaling pathways during adipogenesis. Evidence from
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previaqus studies supparts this hypathesis. Far example, dexamethasane upregulated

PPARc mRNA levels in hepatic cells (129).

Thiazolidinedione Induction of Adipocyte Gene Markers in BMS2 Cells. The
temparal dependent expressian of adipacyte mRNAs was examined in thiazalidinedione-
treated BMS2 cells. Canfluent BMS2 cultures were treated with “standard medium” alane
(Contral) ar medium supplemented with either piaglitazane (25 uM) or BRL49653 (5
uM). Northern blat analyses were perfarmed using tatal RNA harvested daily fram the
cells fallawing treatment initiation (Figure 2). The blats were hybridized with a B-actin
prabe ta cantral far the relative RNA loading between lanes. The signal intensity of each
mRNA aon day 6 relative ta B actin was quantitated (Table 3A). Twa relatively late
adipacyte differentiation marker genes, the fatty acid binding pratein aP2 and adipsin,
were nat detected in cantral cells. The thiazoﬁdinediones increased bath mRNAs which
reached maximal levels after 3 ta 5 days. Althaugh the relatively early adipacyte
differentiation marker gene, lipapratein lipase (LPL), was present in contral cells, its level
was further induced and sustained by treatment with the thiazalidinediones; near maximal
levels were reached after 3 days of treatment. These same genes exhibited a similar
expressian pattern in 3T3-derived and Ob1771 pre-adipacyte cell lines following induction
with thiazalidinediones and ather adipogenic agents (2,15,16,59,136).

The transcription factars C/EBPc and PPARY are bath knawn to regulate
adipacyte differentiation (123). While cantral cells cantained a detectable signal for each
gene, thiazalidinedianes accelerated the rate and extent of their accumulation by up ta

nine-fold (Figure 2, Table 3A). In 3T3-derived pre-adipacytes, adipogenic agents were

16



found to induce PPARY expression in a similar time-dependent manner (15,16,136).
Hybridization of the Narthern blats with prabes for PPARa and PPARS detected a weak

mRNA signal at best.

Specific Induction of PPARY mRNA Le\.'els in BMS2 Cells: Twa distinct murine
PPARY subtypes have been detected in adipase tissue (PPARY2) and liver (PPARY1),
respectively. The PPARY2 isaform utilizes an alternative pramater and 5’ nan-cading
regian and cantains an additional 30 amina acids in camparisan toa PPARY1
(17,'136,154,156). Ta determine if BMS2 cells expressed bath PPARY isoforms and to
exar‘nine the PPARa and PPARS genes mare clasely, specific aliganucleatides (Table 1)
weré synthesized for semi-quantitative palymerase chain reactions (PCR) (95). The -
actin gene was used as an internal standard ta allow camparison between samples (Figure
3). The signal intensity of each PCR product at 32 cycles under individual treatment
canditions was quantitated and narmalized relative ta cantral levels based an densitometry
(Table 3 B); these values are intended anly as an aid faor camparative purpases and should
nat be viewed és quantitative. The cantrol cells expressed detectable levels of mRNA far
PPARc, PPARY, and bath PPARY isaforms (Figure 3). After induction with either MHI
ar thiazalidinedianes, the signal intensities of bath PPAR« and PPARS were reduced
relative ta cantrol levels. In caontrast, follawing 6 days of expasure ta adipagenic
agonists? PPARY1 and PPARY2 levels were equal ta ar greater than contral signals; the
anly exceptian was the PPARY1 level in respanse ta pioglitazane (Table 3B). These
findings dacument that BMS2 adipacytes express bath the PPARY1 and PPARY2

isaforms.



While the signals for PPAR and PPARS are detected in BMS2 cells, adipagenesis
reduces the levels of these rare mRNAs. This pattern of PPARS expression differs from
that reparted in 3T3-derived and Ob1771 pre-adipacytes (2,16,136). In 3T3-L1 cells,
PPARS mRNA levels increased with adipacyte differentiation (16). Recently, Amri and
calleagues claned the murine PPARS cDNA (alsa knawn as Fatty Acid-Activated
Receptar, FAAR). Based on transfection experiments, they concluded that PPARS
mediated the transcriptianal effects of fatty acids an Ob1771 adipacyte differentiatian (2).
Since their previaus wark indicated that fatty acids and thiazalidinediones share a commaon
mechanism of actian, this indicates that PPARS mediates the effects of thiazolidinedianes
in epididymal-derived Ob1771 cells (59). The current results in bane marraw stramal cells
are cansistent with the ariginal abservatians of Tantanaz and calleagues, indicating that
the PPARY isofarms are induced during adipagenesis (136). This suggests that PPARY is

partially respansible far the thiazalidinediane effects an bane marraw abserved in vivo.

Thiazolidinedione Induction of Primary Murine Bone Marrow Stromal Cells. To
mare clasely appraximate the in vivo bane marrow micraenvironment, the respanse of
primary murine stramal cells ta thiazalidinediones was examined. Treatment of canfluent
primary stramal cultures for ane week with BRL49653 (0.005 uM ta 5 uM) ar
piaglitazane (0.025 puM ta 25 uM) increased the number of adipacytes relative ta cantral
cultures (Figure 4 A). Based an visual examinatian, up ta 15% of the stramal cells
cantained lipid vacuales in the presence of 5 UM BRL49653 ar 25 uM piaglitazone. This
was accampanied by increased mRNA levels far the adipacyte gene markers aP2, adipsin,

and lipapratein lipase, as well as the transcription factor, PPARY (Figure 4 B, Table 4).
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Levels of inductian were dase-dependent. Based an quantitatian relative ta the {3 actin
cantral, maximum mRNA induction was achieved with cancentratians of 0.5 uM
BRL49653 ar 2.5 uM piaglitazane (Table 4). Thus, these results demonstrate PPARY
expressian in primary stramal cells and are cansistent with those abtained using the BMS2
stramal cell clane. However, the passibility cannat be excluded that macraphages in the

heterageneaus primary cultures may account far same of the PPARY signal.

Antibody Detection of PPAR Protein in Bone Marrow. Additianal experiments were
undertaken ta dacument the presence of the PPARY in the bane marraw in vivo. Ta
directly detect the PPARY pratein, a palyclonal antibady was prepared using a PPARy C
terminal peptide as antigen. Previm;sly, a peptide from the camparable region of the
retinaic acid receptar y had been emplayed successfully far this same purpase (115). The
final affinity-purified «-PPARY antibady was tested an Western blats prepared with
extracts fram cells transfected with a PPARY2 expressian vectar. The antibady
specifically detected an approxirﬁately 63 kDa pratein (Figure 5). The pratein was nat
detected in antisense ariented cantral expressian canstructs nar by the pre-immune serum.
Cantral studies determined that the a-PPARY antibady detected an identically
sized pratein an Western blats of bath murine and rat white adipase tissues (data nat
shawn). Rats were used instead of mice ta examine PPARY pratein expression in bane
marraw due ta their greater size and the relative praminence of adipacytes in their marraw
cavity. Of caurse, the marraw is heterogeneaus, containing macraphages and ather blaad
cell lineages in addition to the stramal cells themselves. It cannat be ruled out that prateins

derived from the hematapaietic cell population might account for some companent of the



signal abtained from the bane @arrow specimens. On Western blats prepared with bane
marraw (BM), white (WAT) and brawn (BAT) adipase tissue specimens, the antibady
detected a majar pratein of 63 kDa (Figure 6 A). This was identical in size ta the
transfected PPARY2 cantral vectar and was nat detected by pre-immune antibady.
Addition of the multi-antigenic peptide (MAP) antigen specifically campeted away the
protein signal in bane marraw (Figure 6 B). Similar abservatians were made with WAT

protein lysates (data nat shawn).



Conclusions:

The current study has examined the mechanism underlying the effects of the
thiazalidinedianes an bane marrow. Bath clanal and primary bane marraw stromal cell
cultures underwent adipacyte differentiation in a time- and dase-dependent manner
fallawing thiazalidinediane treatment (Figure 1, Table 2). This induction was similar ta
that described in ather murine pre;adipocyte cell lines (56,71,82,125). In the BMS2 cells,
adipogenesis carrelated with a specific increase in the mRNA levels of the
thiazalidinediane receptar, PPARY (82), while ather PPAR mRNAs were unchanged ar
decreased. It is likely that the thiazalidinedianes, acting as PPARY ligands, directly induce
transcription of adipacyte-specific genes (Figures 2 and 4). In transient transfection
assays, expression of PPARY and its heteradimerization partner, RXRe, increases reparter
gene expressian under the regulation of the aP2 enhancer (136) ar the LPL promater
[unpublished abservatians, CER & JMGJ]. Using an antibady reagent, the PPARY
pratein was detected in bone marraw tissue extracts (Figure 6). Tagether, these findings
suggest that thiazaolidinediane interactions with PPARY as appased to.other receptar
prateins underlies bane marrow stramal cell adipagenesis. In the future, it may be passible
ta decrease these bane marraw effects thraugh the develapment of thiazalidinediane

derivatives that do not activate PPARY prateins in the marrow stromal cell lineages.
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Table 1. Primers for Semi-Quantitative PCR Analyses.

Gene
& (ref)

PPARa (61)

PPARS (2)

PPARy1(17,1
54)

PPARY2
(136)

B-actin (134)

5’ Oliganucleatide
CGACAAGTGTGATCGGAGCT
GCAAG bp 574-598

GGCCAACGGCAGTGGCTTCGTC
bp 912-933

TTCTGACAGGACTGTGTGACAG
bp 391-412

GCTGTTATGGGTGAAACTCTG
bp 34-54

CCTAAGGCCAACCGTGAAAAG
bp 414-434

3’ Oligonucleatide

GTTGAAGTTCTTCAGGTAGGC
TTC bp 800-777

GGCTGCGGCCTTAGTACATGT
CCT bp 1390-1367

ATAAGGTGGAGATGCAGGTTC
bp 745-725

ATAAGGTGGAGATGCAGGTTC
bp 384-364

TCTTCATGGTGCTAGGAGCCA
bp 1059-1039




Table 2. FACS Analysis of Thiazolidinedione Induction of Adipocyte
Differentiation.

Table 2 A. Dose-Dependent Adipagenic Response to Thiazolidinediones.

OuM 0.005uM 0.05uM 0.5 uM 5 uM 25uM  MHI

PIO 000 ND. 24:3.1 42+24 185+57 345+32 53.6+3.2

BRL 0.00 0.00 13.6 + 6.8 25.1+99 429+.7 N.D. 53.4+4.1

(In all studies, values are reparted as percentage of all cells staining pasitive for Nile Red
based on fluarescence intensity. P values are <0.0001 relative ta the MHI paint far all

cancentrations of thiazolidinediones. The results are the mean + S.D. from 10 data points
callected in faur experiments. Abbr. BRL = BRL49563; MHI = methylisabutylxanthine/-

hydracartisane/indamethacin; N.D. = nat dane; PIO = piaglitazane.)



Table 2 B. Additive Effects of Thiazolidinediones and MHI as Adipogenic
Agonists.

CONTROL 0
MHI 50.5 +£12.2
MHI + BRL 5 uM 70.6 £ 2.2°
MHI + PIO 25 uM 689 + 5.9

(‘indicates a P value <0.0001 relative ta the MHI paint. Values are expressed as the
percentage of all cells pasitive far Nile red fluarescence. The results are the mean + S.D.

fram 14 data paints callected in four experiments.)



Table 3. Densitometric Quantitation of BMS2 mRNA Levels on Day 6 Relative to
Actin.

A. Based on Northern Blot Analysis (Figure 2)

Gene: aP2 Adipsin LPL C/EBPa  PPARy Actin
Agent
Cantral 0 0 0 0 0.2 1.0
PIO 2.6 25 0.9 0.2 1.9 1.0
BRL 0.8 1.3 0.5 0.1 0.9 1.0

B. Based on PCR Analysis at 32 Cycles (Figure 3) and Normalized Relative to
Control.

Gene: PPARc PPARS PPARY1 PPARY2 Actin
Agent
Contral 1.0 1.0 1.0 1.0 1.0
MHI 0.6 0.7 1.2 1.6 1.0
BRL 0.2 0.1 1.0 1.1 1.0
PIO 0.2 0.2 0.5 1.0 1.0

Abbreviatians: BRL =5 uM BRL49653; MHI = 0.5 mM Methylisabutylxanthine, 60 uM
indamethacine, 5 x 10-7 M hydracortisone; PIO = 25 uM piaglitazane. Values are based
an the signal intensity of the pasitive image from narthern blats (A) ar the negative image
from PCR gels (B), measured using a Stratagene Eagle Eye Videa System as described in
Materials and Methads. All signal intensities are narmalized relative ta actin at an

equivalent day (A) and cycle number (B).



Table 4. Densitometric Quantitation of Primary Stromal Cell mRNA Levels
Normalized Relative to Actin mRNA Signal Intensity.

Agent BRL (uM) PIO (pM)
Gene C D .005 .05 5 5 025 25 25 25
apP2 0 0 0 0.3 1.1 1.3 0 0 1.0 1.1
Adipsin 0 0 0 0.7 0.5 0.5 0 0.4 0.9 0.1
LPL 0 0 0 0.4 0.3 0.6 0.1 0.3 0.9 0.9
PPARy 0 0 0 0.1 0.6 03 0 0 0.1 0.2
Actin 1 1 1 1 1 1 1 1 1 1

Abbreviatians: C = Cantral, D = DMSO vehicle alane, BRL = BRL49653 treated cells at
indicated pM cancentrations, PIO = piaglitazane treated cells at indicated pM
cancentrations. Values are derived from data presented in Figure 4 as described in

Materials and Methads.
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FIGURE LEGENDS:

FIGURE 1. FACS ANALYSIS OF BMS2 STROMAL CELL ADIPOGENESIS IN

RESPONSE TO THIAZOLIDINEDIONE COMPOUNDS.

Canfluent, quiescent cultures of BMS2 stramal cells were untreated (CTRL) ar induced
with the thiazalidinedione campaunds BRL49653 (BRL) ar piaglitazane (PIO) at
increasing cancentrations for 3 days. The cells were returned ta standard medium far an
additianal 3 days, at which time they were fixed, stained with the lipaphilic fluarescent dye
Nile red, and manitared by FACS far enhanced fluarescence in the gald wavelength (cells
in the M1 regian of the praofile). This percentage value of the tatal cell papulation is

reparted in TABLE 2 A.
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FIGURE 2. NORTHERN BLOT ANALYSIS OF ADIPOCYTE-SPECIFIC GENES

INDUCED BY THIAZOLIDINEDIONES.

Confluent, quiescent BMS2 stromal cells were cultured without inducing factars in
“standard medium” (Cantral) ar in the presence of either 25 uM pioglitazane (PIO) ar §
uM BRL49653 (BRL) for 3 days; at this time, all cultures were canverted ta “standard
medium” alone. Individual cultures were harvested daily fram day 0 to day 6. Narthern
blats prepared with total RNA from these cells were hybridized with the following cDNA
prabes and the autaradiographs expased for the number of days indicated within the
parentheses: the fatty acid binding pratein aP2 (1); adipsin (1); lipaopratein lipase, LPL (1);
CAAT/enhancer binding pratein ., C/EBPe (9); peraxisame praliferatar-activated

receptar Y, PPARY (8); B-actin (1).
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FIGURE 3. SEMI-QUANTITATIVE PCR DETECTION OF PEROXISOME

PROLIFERATOR-ACTIVATED RECEPTOR mRNA.

Tatal RNA was prepared fram BMS2 cells 6 days after treatment initiatian. Cells were
cultured in standard medium alane (Cantral), with the classical adipagenic agonists
(methylisabutyl-xanthine, hydracartisane, indomethacin: MHI), with 5 uM BRL49653
(BRL), or with 25 uM piaglitazane (PIO). Equal aliquats of tatal RNA were reverse
transcribed and amplified with aliganucleatide primers specific for PPARc«, PPARS,
PPARY1 and PPARY2 (described in TABLE 1). The (-actin gene was used as a cantral.
Aliquats were removed fraom each reactiaon valume at 3-cycle intervals and examined an

3% agarase gels ta compare the relative signal intensity.
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FIGURE 4. RESPONSE OF PRIMARY BONE MARROW STROMAL CELLS.

A. Canfluent cultures of primary murine bane marraw stramal cells were cultured in the
absence (Cantral) ar presence of thiazaolidinediones (0.5 uM BRL49653 ar 2.5 uM
piaglitazane) far ane week. Cultures were phatagraphed under phase cantrast at X102

magnificatiaon.

B. Tatal RNA harvested fram primary stramal cell cultures after ane week in the
presence of inducing agents (LM) was examined an Narthern blats hybridized with the
fallowing cDNA prabes, and the autaradiographs were expased for the number of
days indicated in parentheses: 3-actin (1), aP2 (1), adipsin (1), lipapratein lipase (LPL)
(1) ar peroxisame praliferatar activated receptar y (PPARY) (5). Cells were cultured
in standard medium (Cantral, C), in the presence of vehicle alane (0.25% DMSO, D),
in the presence of BRL48653 (BRL 0.005 ta S M), ar in the presence of piaglitazane

(PIO 0.025 ta 25 uM).
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FIGURE 5. ANTIBODY DETECTION OF THE RECOMBINANT PPARY

PROTEIN.

Equal aliquats of tatal cell lysates (51 ug) fram transiently transfected 293 T kidney cells
were examined on Western blats prabed with either the goat pre-immune antibady or the
affinity- purified «-PPARY antibady. Eukaryatic expressian vectars cantained the murine
PPARY?2 full-length cDNA in the sense arientation or the murine PPARY!1 full-length
cDNA in the antisense arientation. The empty pEF-BOS vectar served as an additiaonal

cantral. Antibady complexes were detected using chemiluminescent reagents.
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FIGURE 6. ANTIBODY DETECTION OF THE NATIVE PPARY PROTEIN IN

BONE MARROW AND ADIPOSE TISSUE.

A. Tatal tissue lysates were prepared fram rat bane marrow (BM), brawn adipase tissue
(BAT) and white adipase tissue (WAT). Equal aliquats of tissue pratein (124 pg)
were examined an Western blats with the «-PPARYy antibady ar pre-immune antibody
and camplexes detected using chemiluminescent reagents. Lysates (25 pg) fram 293T
cells transfected with the PPARY2 expressian canstruct served as a contral. The

arraws indicate the PPARY specific pratein of approximately 63 kDa.

B. Western blats prepared with rat bane marraw pratein lysates were examined with the
anti-PPARY antibady in the absence ar presence aof increasing pug cancentrations of the
multiple antigenic peptide antigen (MAP). The arrow indicates the PPARY specific

pratein complex.
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ABSTRACT

Lipapratein lipase (LPL) gene expressiaon is camplex and reflects the influence of
multiple tissue-specific transcriptian factars. The navel steroid receptars, the
peraxisame praliferatar activated receptars (PPARs), and their ligands induce
adipacyte differentiation accompanied by increased LPL mRNA levels. The
caregulatars of steraid receptar action SMRT (silencing mediatar for retinaid and
thyroid-harmaone receptors) and SRC-1 (steraid receptar coactivatar-1) are thought
ta help regulate nuclear receptar actian in a pasitive or negative fashion. Based an
this and the identificatian of a putative PPAR recagnition element canserved within
the murine and human LPL pramaters, we examined the effect of each PPAR pratein
on LPL transcription in cotransfection experiments and the ability of SMRT and
mSRC-1 ta influence this effect.  Using a full-length (-1824/+187 bp) murine LPL
pramater/luciferase reparter canstruct, the PPARe/RXRa heteradimer increased
transcription by 2-3 fold activation while PPARS alane inhibited the reparter
canstruct below baseline levels. Based an deletion analyses, the PPAR« recagnition
element fell between -564 ta -181 bp and was subject ta negative regulatian. The
PPARY2/RXRa heteradimer induced transcriptian by 13-fald from the full-length
pramater in the absence of exagenaus ligand; further increases were abserved with
thiazalidinedione campaunds. Increasing addition of SMRT vectar decreased the
activation by the PPARY2/RXRa heteradimer ta baseline levels in a dase-dependent
manner. With increasing amaunts of SRC-1 vectar, na increase in the level of

activation by the PPARY2/RXRa. heteradimer was abserved. However, addition of
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SRC-1 ta PPARY?2 in the presence of ligand activated the LPL pramater ta the level
abserved with the PPARy2/RXRa heteradimer. The addition of ligand ta the
PPARY2/RXRa heteradimeric complex increased activatian 2.5 fald aver the
PPARY2/RXRa heteradimer alane. Addition of SRC-1 ta this system did nat further
increase activation. Based on deletion and mutatiaon analyses as well as
electromability shift assays, the PPARY2 DNA recagnition site was localized ta a
palypyrimidine tract between -171 bp and -156 bp. Upan binding, the
PPARYy2/RXRa pratein heteradimer causes distartian of the DNA. This DNA
recagnition element is canserved between the murine and human pramaters and
resembles the palypyrimidine sequences identified as single stranded DNA binding
sites within the pramaters of the adipsin and c-myc genes. These data suppart a rale
far PPAR prateins and the caregulatars SMRT and SRC-1 in the regulation of LPL

transcription.



INTRODUCTION

The enzyme lipaprotein lipase (LPL: EC 3.1.1.34) is respansible for the hydralysis of
triglycerides inta free fatty acids and is necessary for the clearance of chylamicrans
fram the blaadstream (36,37). In mice where the LPL gene has been inactivated by
haomalagaus recambination, death accurs during the neanatal periad due ta a massive
hypertriglyceridemia (21). Inbarn errars of metabalism reveal similar defects in man;
hereditary deficiencies in LPL activity cause increased marbidity due ta
cardiavascular disease (36). Lipid-lowering agents such as the fibrate campaounds are

used in the treatment of these disarders (36,119).

The LPL gene is subject ta transcriptianal regulation (37) and serves as ane of the
earliest markers of adipacyte differentiation, exhibiting increased mRNA levels less
than 4 haurs after cell expasure ta adipagenic aganists (26). Both the human and
murine LPL genaomic genes have been cloned (28,38,58,70,153)and these sequences
exhibit >65% identity within the initial 1.5 kb of their 5' flanking regions (58). This
degree of evalutianary canservation suggests that important cis-acting DNA elements
exist within the promoter regian (58). In vivo and in vitro studies support this
hypathesis. Analysis of transgenic mice has shawn that the -1824 bp ta +187 bp
region of the murine LPL pramater is required ta drive the carrect tissue specific
expression of a luciferase reparter gene; sharter regions of the LPL promater were
nat sufficient (44). /n vitro transfection studies have demanstrated the impartance of

a number of positive transcription factors in the expression of the LPL gene. These
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include the actamer binding prateins, the CAAT bax binding pratein NF-Y, and the
hepatic nuclear factar-3/farkhead family of prateins, all of which bind directly ta the
LPL pramater and increase transcriptiaonal rates (25,38,101,113). In contrast, a
silencer element has been identified between -169 bp and -152 bp of the human LPL
pramater which is baund by unidentified nuclear prateins (131). This DNA sequence
is evalutianarily canserved and consists of a palypyrimidine “cading” strand and its
palypurine “nan-cading” complement. Prateins respansible for the silencing activity
and binding specifically to the “nan-cading” palypurine sequence were detected in
nuclear extracts from HeLa cells, a cell which daes nat express the LPL gene

canstitutively (131).

Other transcription factars have been implicated as direct or indirect regulatars of
LPL transcription. Of particular interest are the peraxisame praliferatar activated
receptars, navel members of the steraid receptor gene superfamily (reviewed in
(50,120)) which include PPARa (61), PPARS (2,34,73,118)and PPARY
(17,136,154). The PPARs act as transcriptional regulatars, farming heteradimers
with the retinoic acid X receptars (RXR) prateins and binding ta DNA elements
based on the direct-repeat 1 (DR-1) sequence “TGACCTnTGACCT"” comman to
many steraid receptors (73,135,140). Ligands for the PPARs induce bath LPL
mRNA levels and adipagenesis in pre-adipacyte madels
(40,47,54,56,59,72,74,82,137,150). These ligands include natural compaunds, such
as prastaglandin J and long chain fatty acids, as well as synthetic lipid-lowering drugs,

such as the fibrates and thiazolidinediones. Recently, indomethacin and other nan-



steraidal anti-inflammatary drugs have been shoawn ta activate PPAR y2 and o (81).
In representative cell madels, adipagenesis has been assaciated with increased
PPARY2 (12,15,16,47,136,137,148), PPAR« (15,148), and PPARS (2,59) mRNAs

levels, suggesting that each of these proteins may regulate LPL expressian.

Evidence is accumulating that nuclear harmane receptars are further regulated in their
actians by malecules that act as coactivatars and carepressars of their' function (see
(57) far reviews). SMRT (silencing mediatar for retinaid and thyraid hormane
receptar) (18) was isalated by yeast twa-hybrid screening using an unliganded
hRXRa ligand binding domain fusion pratein as bait. It is cansidered a corepressar
pratein because it interacts with unliganded nuclear harmane receptars to transmit a
repressive signal to the transcriptional apparatus. It is thought that binding of ligand
ta the nuclear receptar results in dissaciation of the carepressar. When this accurs,
prateins knowp as coactivatars of steraid receptar function such as SRC-1 (104) are
able ta bind ta the nuclear receptar and enhance transcription. SRC-1 was isalated by
a yeast twa-hybrid screening of a human cDNA library using the ligand binding
domain of the human progesterane receptar as bait (104). It is widely distributed
amang different cell types and enhances the activity of ligands that are baund by
nuclear harmane receptars. Recently, murine SRC-1 (mSRC-1) was claned (155). It
was demanstrated ta act as a coactivatar toa PPARY activatian of a PPAR respanse

element (155) in the presence of ligand.

We nated that the polypyrimidine sequence between -169 bp ta -152 bp of the murine
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and human LPL pramaters exhibited similarity ta the cansensus PPAR recagnition
element identified in the pramaters of ather adipacyte-inducible genes (131,135).
Based an this abservation and the fact that PPAR ligands induce LPL expression, we
set aut to determine whether the PPAR prateins and their ligands directly regulated
transcription from the murine LPL pramater using a catransfection approach. Upan
confirmation of PPARY2 regulation of the LPL pramater, we devised experiments ta
determine the role that the caregulatars of nuclear harmane receptar function SMRT

and SRC-1 play in the activation of the LPL pramater.
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MATERIALS AND METHODS

Materials: All reagents were abtained from Sigma Chemical Ca. (St. Lauis MO) ar
Fisher Scientific (Dallas TX) unless nated aotherwise. Oliganucleatides were
synthesized by Dr. Ken Jacksan, Oklahoma Center far Malecular Biology, Oklahoma

City OK.

Plasmid Canstructs: Canstructs containing varying segments of the wild type murine
LPL pramater linked ta the luciferase reparter gené were prepared in the p19Luc
vectar (pravided caurtesy of D. R. Helinski, UCSD) (32) as previausly described
(44). Mutatians in the pramater were introduced by PCR using the fallawing specific
primers anchared at the -181 bp relative ta the transcription start site:

(MUT1) TTTGTCGACGCTTTCCTTAAAAAAATTTCCCCTTCTT

MUT2) TTTGTCGACGCTTTCCTTCCTGAAAAAAACCCTTCTTCTCG
(MUT3) TTTGTCGACGCTTTCCTTCCTGCCCTAAAAAAATCTTCTCGCTGG
MUT4)
TTTGTCGACGCTTTCCTTCCTGCCCTTTCCAAAAAAACTCGCTGGCACC
(MUTS)
TTTGTCGACGCTTTCCTTCCTGCCCTTTCCCCTTAAAAAAACTGGCACCGTT
G

Each PCR reaction was canducted with the fallawing aligonucleatide anchared at

+187 bp relative to the transcriptian start site:
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TTTGGTACCCCCTTCTGCTTTGCTGCTGG.
The resulting PCR praducts were subcloned inta pBluescript SKII, sequenced with
Sequenase 2 (Amersham, Arlington Ht. IL) and subsequently subcloned inta the

Sall/Kpnl site of the p19Luc vectar.

Eukaryatic expressiaon vectars were prepared by excising the murine PPAR¢,
PPARY2 and PPARS (82)and RXRa cDNAs (kindly pravided by Dr. Ran Evans,
Salk Institute) (87) fram their ariginal vectars, ligating the fragments to BstXI linkers

and subclaning these praducts inta the BstXI site of the pEF-BOS vectar (94).

Bacterial expression canstructs were prepared using the M13mp18 derived pET-
11cHRAP30 vectar (kindly pravided by Ran and Jaan Canaway, OMRF) (130). This
vectar cantains a (histidine)s tag followed by a Sall/BamHI cloning site. The
following primers were designed ta prepare in-frame inserts of the PPARY?2 and
RXRe cDNAs by PCR amplificatian; the cDNA cading sequences are underlined:
(PPAR-1) GCAACGTCGACATGGGTGAAACTCTGGGAGA ;

(PPAR-2) GCAGCCCCGGGTCACTAATACAAGTCCTTGTAGAT;

(RXR-1) GCAACGTCGACATGGACACCAAACATTTCCT;

(RXR-2) GCAGCAGATCTTCACTAGGTGGCTTGATGTGG.

The PCR praducts were then digested with apprapriate enzymes (PPARY2,
Sall/Smal; RXRe, Sall/BglIl) priar ta subcloning inta the Sall/BamHI site of the

vectar.



Transient Transfections: The human embryanic kidney cell line, 293T (49)
(abtained caurtesy Kenji Oritani, OMRF), was maintained in Dulbecca’s Madified
Eagle’s Medium supplemented with 10% fetal bavine serum (Hyclane, Lagan UT),
penicillin 100 units/ml and streptamycin 100pug/ml. A tatal of 8 X 10* cellsina 2 ml
valume were plated in 35 mm dishes 18 haurs priar ta transfection. Cal.cium
phasphate/DNA ca-precipitates (117) were prepared by mixing a tatal of (LPL
reparter + receptar expression vectar + empty pEF-BOS vectar) up ta 24 ug of DNA
in 1/10 TE (1mM Tris-HCI (pH 8.0); 0.1 mM EDTA (pH 8.0)), adding 23 pul of 2M
CaCl; with 183 pl of 2X HEPES buffered saline (280 mM NaCl, 10 mM KCI, 1.5
mM NaPO,, 12 mM dextrase, 50 mM HEPES pH 7.05) 25 minutes prior to equal
additians ta twa 35 mm plates. Fallowing an avernight incubatian, the cells were fed
with fresh medium, incubated an additional 24 hours and harvested in a 100 ul
valume of 25 mM glycylglycine, 15 mM MgSQO,, 1 mM dithiathreital and 1% Tritan
X-100 (84). Protein concentrations were determined by the bicinchanic acid methad
(Pierce, Rackfaord IL) and adjusted ta 3.5 pg/ul. Luciferase assays were perfarmed
aver a 20 secand periad using a 25 pl (87.5 ug) aliquat of pratein and 100 pl of
reaction buffer (0.5 mM D-luciferin, 2.5mM ATP, 7.5 mM MgSO,, 100 mM
KH,PO,) in a Monalight 2010 Luminometer (Analytical Luminescence Labaratary,

San Diega CA) as previausly described (58).

Ligand treatment of transient transfections: Ligands were obtained from the

fallowing saurces: BRL49653 and pioglitazone from Glaxo/Wellcome; Wy14653 (4-
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chlara-6-(2,3-xylidina)-2pyrimidinylthia acetic acid), 9-cis retinaic acid (9-Cis RA)
and ETYA (5,8,11,14-eicasatetraynaic acid fram Biomal (Plymauth Meeting, PA);
fenofibrate (FF) and dacosahexanaic acid (DHA) from Sigma. Each ligand was
prepared as a cancentrated stack in dimethyl sulfaxide (DMSO). The 293T cells
were transfected in bulk (4 X 10° cells/10 cm plate, in triplicate) with the full length
LPL reparter construct and bath the PPARY2 and RXRe expressian constructs. One
day after transfectian, the cells were released by trypsin digestian, poaled, and plated
at equal cell numbers in 96 well plates. Cantral wells were treated with vehicle
(DMSO) alane. Treatment aof the -1824 ta +187 LPL pramater/luciferase reparter
canstruct resulted in na activatian aver baseline activatian of the canstruct in the
absence of added ligand ar receptar canstructs (data not shawn). Duplicate
experimental wells were treated with varying cancentrations of each ligand; a

minimum of n = 3 studies were perfarmed.

His-tagged protein expression and purification: Recombinant PPARY2 and RXRa
his-tagged prateins were expressed and purified accarding ta the methad of Tan et al
(130). The E.coli strain IM109(DE3) was cultured ta a ODge=0.6 in LB brath,
inaculated with cells infected with the M 13 canstructs and incubated an additional 3
haurs. The cultures were then induced with 0.4 mM isoprapyl-1-thia-p-D-
galactoﬁde (IPTG) priar ta an additional 7 hour incubatian. Cells were callected by
centrifugation at 1500 X g, 4°C, resuspended in sanication buffer (20% sucrase, 40
mM Tris pH 8.0, 1 mM EDTA, 0.5 mM PMSF, 1.25 mg/ml lysazyme), and incubated

60 min anice. After a 30 sec sanication, the cell supernatant was collected by



centrifugation far 20 min at 2000 X g, 4°C, loaded an a TALON (Clanetech, Pala
Alta CA) calumn, washed with sanicatian buffer and eluted with single calumn
valume step gradients containing 2, 15 and 80 mM imidazole. The pratein
purification was follawed by western blat using goat palyclanal antibadies directed
against the C terminal peptides of the PPARy and RXRa prateins; the PPARY
antibady and the immunablatting methads have been described previously (47).

Routinely, the his-tagged prateins eluted in the 15 mM imidazale fractions.

Electromobility shift assays (EMSA): The DNA electromability shift assays were
perfarmed using a 67 bp HindIII/SspI DNA fragment spanning bp -181 ta -113 of the
LPL promater ar camplementary aligonucleatide primers based an the same sequence
between bp -181 and -145. DNA labeling was performed using T4 palynucleatide
kinase and y**P d-ATP (ICN, Irvine CA). Prabes were labeled ta a specific activity
of 10°-10° cpm/pmal. Reactians were canducted in a 30 pl volume cantaining 10
mM Tris pH8.0, 0.1 M KCI, 0.05 % NP40, 1 mM DTT, 6% glyceral, 1 ng PPARY,
0.2 ng RXRe, and 2-10 X 10° cpm of prabe far a 20 min periad at raom temperature.
Valumes were immediately separated on a 5% acrylamide/bis-acrylamide (24:1) gel
by electrapharesis at 100 v far 3 haurs. The gels were dried at 80°C far 90 min and

expased on Kadak XAR film for 18 hours without an intensifying screen.

The falloawing camplementary oliganucleotides for the cading (¢) and non-cading

(nc) strands were used as competitars in these reactians:
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IL6 C/EBP (c) TAAACGACGTCACATTGTGCAATCTTAA

IL6 C/EBP (nc) TTAAGATTGCACAATGTGACGTCGTTTA (1)

IL6 NFkB (c)AAATGTGGGATTTTCCCATGAG

IL6 NFkB (nc) CTCATGGGAAAATCCCACATTT (122)

LPL (cj GCTTTCCTTCCTGCCCTTTCCCCTTCTTCTCGCTGG

LPL (nc) CCAGCGAGAAGAAGGGGAAAGGGCAGGAAGGAAAGC (58)

PPRE (¢) AGCTACCAGGTCAAAGGTCACGT

PPRE (nc) AGCTACGTGACCTTTGACCTGGT (40)

Circular permutation experiments: The 67 bp HindIII/Sspl fragment of the LPL
pramater spanning -181 bp ta -113 bp was blunted by reaction with the Klenaow
fragment of DNA palymerase, ligated ta Xbal linkers and subcloned inta Xbal site of
the pBend2 vectar (pravided caurtesy Dr. C. Webb, OMRF) (65). Equal sized
restriction fragments were prepared with the following enzymes: BglII, Xhal,
EcoRYV, Sspl and BamHI. Electromability shift assays using the recambinant
PPARY2/RXRa pratein heteradimers were perfarmed with each fragment and the
mability of the bound camplex measured relative ta that of the free probe. The
degree of DNA distortion () was estimated based on the equation pan/pe = cas(/2)
where py and pg are the mabilities of the pratei/DNA camplex with the protein

lacated at the middle (5f) or end (g) of the DNA fragment (133).



RESULTS

Two members of the PPAR family activate the LPL promeoter: Our initial
experiments set qut ta determine if any member of the murine PPAR family («,y2, ),
either alane ar in combinatian with RXRe, regulated transcriptian fram the full length
(-1824 bp ta +187 bp) LPL promater. The human embryanic kidney cell line, 293 T,
was chasen far its ease of transfection and the absence of LPL expressian in its tissue
of arigin (44). Catransfectian with expressian canstructs far the different PPAR
and/ar RXRa expressian vectars revealed the following pattern of LPL
transcriptional regulation. The PPARY2/RXRa heteradimer induced the highest
transcriptianal rate, inducing the luciferase reparter gene by 13-fold aver baseline
(Figure 1). Likewise, catransfection with either PPARY2 alane ar PPARa/RXRo.
resulted in statistically significant induction’s of appraximately 2-fold aver baseline.
No ather expressian canstruct significantly altered LPL transcription, with the
exception of PPARS which reduced expressian of the luciferase reparter by

appraximately 60% relative ta baseline.

Addition of exogenous ligands increase activation of the full-length LPL
promoter by the PPARY2/RXRa heterodimer: The next experiments were
designed ta ask if the addition of exagenous PPAR ligands would further increase
transcriptional activation by the transfected PPARY2/RXRa heteradimer of the LPL
pramoter. Ta contral for equivalent transfection efficiency, cells were transfected in

bulk with the full-length promater construct and the PPARY2/RXRa expression
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canstructs priar to expasure ta varying cancentrations of exagenaus ligands (Figure
2). Inthe absence of any added ligand, the luciferase expressian in this system was
already 13-fald greater than the baseline described in Figure 1. The addition of the
thiazalidinedione compaunds BRL49653 ar piaglitazane resulted in a further 2.5-
fold activation. The presence of ETYA, an arachidanic acid analag, caused a smaller
(1:3-fald) but significant increase. However, fenafibrate, dacasahexanaic acid and
Wy 14643 did nat change the level of luciferase expressian. In cantrast, the addition
aof 9-cis retinaic acid, the RXRe ligand, significantly decreased expressian levels by
aver 50%. Preliminary experiments determined that there was anly a slight activation
of PPARa/RXRa by the campaunds fenafibrate and dacasahexanaic acid (data nat
shawn) and na activation of PPARS/RXRa by the compaunds BRL 49653,

fenofibrate, ETYA, Wy 14643, ar carbacyclin (data nat shawn).

Deletion analysis of the LPL promoter localizes the sites of PPARx and PPARY2
heterodimer binding:  Ta lacalize the sites of PPAR recognition elements and ta
determine if negative regulatary elements might be present, we analyzed a series of
lucife'rase reparter constructs with pragressive deletions of the LPL promater
between -1824 bp and -101 bp 5' ta the transcriptian start site (Figure 3). Each
reporter canstruct was transfected alane ar cotransfected with the appropriate
eukaryatic expressian canstructs for the individual PPAR/RXRa heteradimers.
Deletion of the LPL promater between -1824 and -181 did nat alter the high level of
PPARY2/RXRa activation. Hawever, the deletion between -181 and -101 bp

significantly reduced the level of PPARY2/RXRa induction from 14-fold to 2-fold
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relative to baseline (Figure 3 A). In caontrast, activation by the PPARa/RXRe
heteradimer increased with deletions between -1824 and -564 bp and decreased with
further deletions ta -181 bp (Figure 3 B). Independent aof the length of the pramater
canstruct, the PPARS/RXRe heteradimer consistently had na significant effect an
luciferase levels (Figure 3 C). These findings suggest that at least twa members of
the PPAR family recagnize unique DNA elements within the LPL promoter and that

both pasitive and negative cis-acting regulatary elements exist.

EMSA and transfection an;llyses identify the PPARY2 DNA recognition
element: Since the greatest activation of the LPL pramater was abserved with the
PPARY2/RXRa heteradimeric camplex, further experiments were designed ta
determine the site of PPARY2/RXRa DNA binding and na further experiments were
performed with PPARa or PPARS. Electramability shift assays were perfarmed
using a DNA prabe spanning bp -181 ta -113 of the LPL pramater and bacterially
expressed, histidine tagged PPARY2 and RXRa proteins (Figure 4). The presence of
the RXRa pratein alone did nat shift the DNA prabe while the PPARY2 pratein alone
resulted in a weak signal of mability shifted band “A”. In cantrast, bath prateins
tagether yielded a strong signal for twa mability shifted bands, “A" and “B". The
binding activity demanstrated specificity. Dauble stranded aligonucleatide probes
based an the IL6 NFkB (122)ar IL6 C/EBP (1) binding sites failed ta compete for
pratein binding. In contrast, dauble stranded oliganucleatide prabes based an an
aptimal PPAR recognition element (40) or on bp -180 ta -145 bp of the LPL

pramaoter (58) competed far binding in a cancentration dependent manner.



This regian of the LPL promater contains a palypyrimidine-rich sequence which
shares features exhibited by the cansensus PPAR recagnitian element. Ta define the
PPARY2/RXRea recagnition site, w;e prepared a series of five averlapping mutatians
spanning -171 ta -149 bp of the §' flanking region (Figure SA). In EMSA analyses,
nane of the mutations specifically campeted far DNA binding except far that
spanning bp -155 ta -149 (Mutant E, Figure 5 B ). In catransfection analyses, the
mutants decreased the level luciferase induction by PPARY2/RXRea by 50-90%
relative ta the wild type contral (Figure SC). Tagether, these experiments lacalize
the minimal PPARy2/RXRa recagnition element between -171 ta -156 bp. Hawever,

additional flanking sequences remain impartant for transcriptianal activity.

Circular permutation experiments reveal DNA distortion due to binding of the
PPARY2/RXRa heterodimer: Many DNA binding prateins regulate transcriptian by
changing the DNA conformation. Experimentally, the presence of a DNA bend is
reflected by altered electrapharetic mability of the pratein/DNA camplex. Fragments
migrate slower when the DNA recagnition element is lacated at the center of the
DNA fragment rather than the ends. We examined the mability of the LPL
promater/heteradimer camplex using circular permutation analysis using DNA
fragments generated from pBend2 constructs (Figure 6). The extent of DNA
distartian was estimated ta be appraximately 46° for the LPL promater fragment
(Figure 6 A,B). These results were comparable ta circular permutation analyses of

an aptimal PPAR recognition sequence which displayed DNA distartion of
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appraximately 56° (Figure 6 C,D).

Coregulators of steroid receptor action modify the ability of PPARy2/RXRa to
activate the LPL promoter: Ta determine if caregulatars of steroid receptar actian
interact with the PI_’ARyZ/RXRot system, a carepressar pratein SMRT (silencing
mediator for retinaid and thyraid-harmane receptars) and a coactivator pratein,
steraid receptar coactivatar (SRC-1) wére expressed in 293T cells with PPARY2 +/-
RXRa and the -1824 LPL promater/luciferase reparter canstruct with ar without
addition of ligand (Figure 7). Ta test the regulatary effect of the SMRT prétein,
catransfections were perfarmed with a canstant cancentration of the PPARy2 and
RXRa expression vectars as indicated, with increasing amaunts of the SMRT
(Figure 7A) expression vectar with the -1824 LPL/luciferase reparter construct. The
SMRT vectar inhibited transcriptian from the LPL pramater ta near baseline level of
expression at the highest dase. This finding demanstrates that the SMRT pratein
disrupts the ability of PPARy2/RXRa ta activate the LPL promater in the absence of
added ligand. In experiments with hSRC-1, increasing cancentratian of hRSRC-1 with
a canstant concentration of PPARY2/RXRa in the absence of added ligand
demanstrated na significant increase in the activation of the LPL promater (data nat
shown). When PPARY2 was transfected by itself in the presence of BRL 49653, a
six-fold induction of the LPL pramater was abserved (Figure 7B). This is
approximately a 2.5-fald increase aver the induction of the pramater by PPARy2 by

itself in the absence of added ligand (see fig. 1). When a DNA concentration of SRC-



1 twice that of PPARy2 was added ta the PPARY2/BRL transfection the activation
increased ta 13-fald, the level of activation abserved when PPARY2 was transfected
with RXRa alane in the absence of added ligand (Figure 7B). When lﬁgand.was
added ta the PPARY2/RXRa transfection, a 30-fald induction was abserved as in
figure 2. Addition of SRC-1 ta the BRL treated PPARy2/RXRa transfection did nat
further increase activation. These experiments pravide evidence of the ability of

SRC-1 ta enhance regulatian of the LPL promater by liganded PPARy2.
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DISCUSSION

The enzyme lipapratein lipase plays a critical rale in the clearance of plasma
triglycerides. Adipacytes, macraophages, lactating mammary tissue and the central
nervaus system express the highest levels of this pratein; ather sites including the liver
express the pratein at lower levels. The camplex tissue-specific regulation of the LPL
pramater reflects the simultaneous input of multiple transcription factars (37).

Several of these have been examined in same detail. The actamer binding prateins
re.cognize the sequence ATTTGCAT which is perfectly canserved at bp -46 in the
murine (58,153) and human (28,70) LPL pramaters and bp-42 in the chicken (24)
LPL promater. This site and its immediate flanking sequences are critical for LPL
transcriptian; when it is mutated, expression is reduced by 75% (25,113). Evidence
suggests that the actamer pratein regulates transcriptian initiation through
pratein/pratein interactions with TFIIB, a companent of the RNA palymerase I1
camplex (101). The protein factar NF-Y recagnizes the canserved CAAT box
lacated af -66 bp in the murine and human LPL pramaters and -68 bp in the chicken
LPL prombters. Tumar necraosis factar, an inhibitar of LPL transcriptian, reduces
binding of bath NF-Y and the actamer binding prateins ta their recagnition elements
in adipacytes (96). In contrast, exposure of macrophages ta lipapalysaccharide,
which inhibits LPL mRNA levels while inducing expression of tumar necrasis factar,
increases binding of octamer binding prateins to the LPL recagnition element (55).
Additianal proteins belonging ta the hepatic nuclear factar 3/forkhead related

activator family bind ta DNA recognition elements lacated at approximately -669 bp
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and -440 bp of the human LPL promater (38,109). However, camparisan acrass
species reveals less canservatian pressure at these sites and their rale in the cantral of

the murine LPL promoter remains unknown.

The current wark extends these earlier studies an LPL transcription by demanstrating
a rale far bath PPARY2 and PPARa heteradimers in the regulation of the murine
LPL pramater as well as examining the rale of the caregulators SMRT and SRC-1 in
modulatihg this effect. The actions of PPARY2 may invalve distortian ar bending of
the DNA. We alsa determine that the PPARa daes nat activate transcription as
strangly as PPARY2 and that PPARa may be subject ta bath pasitive and negative
regulation. In cantrast, we find that PPARS daes nat activate the LPL promater in
the region from -1824 ta +187 bp. Our findings confirm and extend those of
Schaanjans et al. (120) wha have recently reparted that PPARY binds ta the highly
canserved carrespanding regian of the human LPL pramater. Tagether, these
findings pravide a mechanistic explanatian for the effect of thiazaldidinedianes an
LPL expressian in bane marraow stramal cells and ather pre-adipacyte madels

(47,120,136,137) and the ability of caregulatar prateins to madify this effect.

Previaus studies by Tanuma et al. (131) demanstrated that HeLa cell extracts baund
the identical palypyrimidine region of the human LPL pramater. However, in their
hands, the binding proteins acted as negative regulatory factars by binding ta the
single-stranded polypurine “nan-cading” strand. Qur preliminary experiments have

failed to prove that the PPARY2/RXRa heteradimer exhibits single-stranded DNA
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binding activity (data nat shawn). Hawever, single-stranded DNA binding activity
has been attributed ta at least ane ather steraid receptar, the estrogen receptor
(80,97,98). Likewise, the steral respanse element (GTGGGGTG), recagnized by the
transcriptian factor knawn as bath “steral respanse element binding factor 1"
(SREBP-1) and “adipacyte determinatian- and differentiation-dependent factor 1"
(ADD1) (66,126,138,149), is bound bath as a single- and dauble-stranded DNA
element by nuclear extract prateins (128). Other single-stranded DNA binding
prateins include the heterageneaus nuclear ribanucleaprotein K (hnRNPK) (91), the
nuclease-sensitive element protein-1 (NSEP-1)(75), and the zinc finger proteins Sp1

and ZF87/MAZ (31).

Transcription of genes by the RNA palymerase II complex requires assembly at the
transcriptional start paint of multiple factars that compase the initiation complex at
the TATA bax. While there is evidence that nuclear receptars themselves cantact
same of the factars of the initiation camplex directly (4,19,60), it is thodght that
gertain cafactars can farm a bridge between a nuclear harmane receptor and the
transcriptional apparatus. While the coactivatar RIP 140 has recently been |
demonstrated nat to bind TFIIB (14), the coactivatar CBP/p300 daes bind TFIIB
(76). Evidence is accumulating that DNA bending by nuclear receptars is caupled to
transcriptiona-l inductian (for review, see (102)). Thus, the stage is set for new
findings invalving nuclear harmane receptors and their coactivatars activating the
transcriptianal apparatus thraugh direct and indirect cantact with members of the

initiation complex thraugh bending of the DNA to which they are bound.
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Based an the current data, we can now add the PPARa and PPARY2 prateins ta the
grawing list of transcription factars which cantribute ta LPL regulation. A madel
autlining the lacation of known DNA/pratein interactian sites within the LPL
pramater is shown in Figure 7. The relative ratia of positive and negative
regulatary proteins in a given cell may alter the DNA canfarmation and determine the
level of LPL transcriptian and elangation. Clearly, the regulation of the LPL
pramater is complex and is mast likely defined by the tissue-specific expression of
multiple transcriptian factars; it is unlikely that any single factar determines the level

of LPL expressian in all tissue sites.
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FIGURE LEGENDS

Figure 1. Activation of the lipoprotein lipase gene promoter by the peroxisome
proliferator activated receptor family. Cultures of 293T cells (5 x 10°/35 mm
plate) were all transfected with 1 ug of the full-length (-1824/+187) LPL
pramoater/luciferase canstruct by calcium phasphate precipitation. Cells were
additianally transfected with 4 pg each of pEF-BOS expressian vectars cantaining
either PPAR and/ar RXRe and cultured in the presence of fetal bavine serum.
Numbers at the ends of the bar graph indicate the fald-activatiaon relative ta the
luciferase baseline activity in the absence of PPAR ar RXRa expression canstructs,
defined as “1". Data is normalized relative ta a constant pratein concentration per
assay (87.5u.g) and represents the mean + SE of n=3 experiments. Data were
analyzed by One Way ANOVA and the Student-Neuman Keuls multiple comparisan

test was performed.
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Figure 2. Increased activation of the LPL promoter by treatment of
PPARY2/RXRa transfected ceI!s with PPAR ligands. Cultures of 293T cells (2 x
105100 mm plate) were transfected with 2.5 ug of the full-length LPL
pramater/luciferase reparter canstruct and 10 pg each of PPARY2/RXRa expressian
canstructs in bulk and equal numbers aof cells cultured in individual wells an a 24 well
plate. Individual wells were treated with agents at the following concentratians: 9-cis
retinaic acid (9-Cis RA), 1 uM; dacasahexaneaic acid (DHA), 10 uM; fenaofibrate
(FF), 150 pM; piaglitazane (P10), 10 uM; BRL49653 (BRL), 1 pM; 4-chlora-6-
(2,3-xylidina)-2-pyrimidinylthicacetic acid (Wy14643), 10 uM; 5,8,11,14-
eicasatetraynaic acid (ETYA), 50 pM. Data represents the mean + SE of n =3
experiments. Data were analyzed by One Way ANOVA and the Student-Neuman

Keuls multiple comparisan test was performed.
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Figure 3. Deletion analysis of the LPL promoter: activation by each PPAR
heterodimer. 1 pg of deletian constructs linking fram -1824 bp, -564 bp, -181 bp
and -101 bp ta +187 bp of the LPL promater ta the luciferase reparter gene were
catransfected inta 293T cells (5 x 10°/ 35 mm plate) in the absence ar presence of 4
ug each of the RXRa and individual PPAR expressian canstructs. Catransfectians
were perfarmed with PPARY2 (A), PPAR« (B), and PPARS (C) expressian vectars.
Results are narmalized relative ta pratein concentration (87.5 [Lg/rxn) and represent
the mean + SE of n=3 experiments. The fald-induction was determined relative ta the
baseline activity of each reparter canstruct in the absence of RXR and PPAR
expressian canstructs and is indicated by numbers at the end of the bar graphs. Data
were analyzed by One Way ANOVA and the Student-Neuman Keuls multiple

camparisan test was perfarmed.
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Figure 4. EMSA analysis of the LPL promoter. A 67 bp fragment spanning -181
bp ta -113 bp of the LPL promater was used as a prabe in EMSA experiments with
recambinant RXRa and PPARY2 prateins in the absence and presence of specific
(LPL, PPREap) and nan-specific (NfkB, C/EBP) dauble stranded aligonucleatide
campetitars. “Free” represents the free labeled prabe while “A” and “B” represent the
slaw and fast migrating pratein/DNA camplexes. Representative of n =2

experiments.
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Figure 5. Effect of mutations of the PPARY2 recognition element on EMSA and
cotransfection assays. Mutatians intraduced inta the LPL pramater spanning -171
bp ta -149 bp are outlined in (A). DNA fragments containing each of the mutations
were used as competitars in EMSA assays performed using the 67 bp wild-type LPL
pramater prabe emplayed in Figure 4 (B). Reparter constructs linking -181 bp ta
+187 bp of the LPL promoter ta the luciferase reparter were prepared with either the
wild type (WT) or mutant (MUT) DNA sequences. 1 pug of these were transfected in
the absence and presence of 4 ug each of the RXRa and PPARY2 expressian
canstructs an 35 mm dishes containing 5 x 10° 293T cells. Fald induction was
determined relative ta the baseline activity of each reparter canstruct in the absence of
RXR and PPAR expression canstructs. Data is normalized relative ta pratein
cancentratian (87.5 pg/assay) and represents the mean + SE of n=3 experiments.
Data were analyzed -by One Way ANOVA and the Student-Neuman Keuls multiple

camparisan test was perfarmed (C).
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Figure 6. Circular permutation analysis of DNA distortion by PPARY2/RXRa
heterodimers. Circular permutation analysis was perfarmed using the 67 bp LPL
pramater and an optimal PPRE sequence subclaned inta the pBend2 vectar.
Restrictian digests with a battery of enzymes generated a single sized DNA fragment
in which the pratein recagnition site was lacated at varying distances from the ends.
The resulting DNA/pratein camplexes were analyzed by EMSA (A & C) and the

relative mability’s examined (B & D).
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Figure 7. SMRT inhibits the activation of the LPL promater by the
PPARY2/RXRa heteradimer while SRC-1 enhances activation in the presence of
ligand. 293T cells (5 x 10°/35 mm plate) were catransfected with the 1 pg of the -
1824 ta +187 LPL/luciferase reparter canstruct with ar without 4 ug each of the
PPARY2 and RXRa expressian vectars in the presence of increasing cancentratians
(0.2 - 16 pug) of the SMRT expressian canstruct (7A). 1 pg of the -1824 LPL
pramater was cotransfected with 4 ug each of the PPARY2 and/ar RXRa expressian
canstructs in the presence ar absence of a 2-fald cancentration (8 pg) of SRC-1
(relative ta the concentration of PPAR and RXR) plus ar minus addition of 5 uM
BRL 49653 (7B). Fold induction was determined relative ta the baseline activity of
the -1824 LPL promater/luciferase reparter canstruct in the absence of added
expression canstructs. Data is narmalized relative ta pratein cancentration (87.5
pg/assay) and represents the mean of n=3 experiments. Data were analyzed by One
Way ANOVA and the Student-Neuman Keuls multiple comparison test was

perfarmed.
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Figure 8. Map of known transcriptional regulatory sites within the LPL
promaoter.

The lacation of knawn transcriptional regulatary pratein binding sites within the LPL
pramoter is qutlined. Abbreviations: HNF3, hepatic nuclear factor 3; Octl, actamer
binding pratein 1; NF-Y, nuclear factar-Y; PPAR, peraxisome praliferatar activated

receptar; TSP, transcriptional start paint.



98

Lipoprotein Lipase Promoter

HNF3/Forkhead 560PPAF% 180
O\ Sa/' PPAR NF-y oct TSP
-669 -440 -169 -150 60  -46
Negative
Factor

(HelLa extract)



Title: Chicken Ovalbumin Upstream Pramater Transcription Factars are Present during
Adipagenesis and act with Peraxisome Praliferatar Activated Receptar v, Retinaic Acid
Receptar a and the Ca-regulatars of Steraid Functian SMRT and SRC-1 ta Regulate
Transcriptian from the Murine Lipapratein Lipase Pramater

Authars: Claudius E. Robinsan'?, Xiying Wu', Sergia Onate®, Zafar Nawaz®, Rick B.
Vega’, Daniel P. Kelly’, David C. Marris® and Jeffrey M. Gimble'***

! Immunabialogy & Cancer Pragram, Oklahama Medical Research Foundation, Oklahoma
City, OK; 2 Zaalagy Department, University of Oklahama, Narman OK; * Departments af
Cell Biolagy & Malecular Pharmacalogy, Glaxa/Wellcame, Research Triangle Park NC;
Departments of * Pathalagy and * Micrabialogy & Immunalagy, University of Oklahoma
Health Sciences Center, Oklahama City OK.

Running Title: Caup-TF Regulatian of LPL Transcriptian

Address carrespandence ta: Dr. Jeff Gimble, Immunabiolagy & Cancer Pragram, OMRF,
825 NE 13th St, Oklahama City, OK 73104. Phane: (405) 271-790S, FAX (405) 271-
8568

Key Wards: Adipacytes, Bane Marraw Strama, Lipapratein Lipase, Peraxisome

Praliferator Activated Receptars, Steroid Receptars, Thiazalidinediones, Transcription

Faatnate: This wark is submitted as partial fullfillment of the Ph.D. thesis requirement far
C.ER. in the Department of Zaalagy, University of Oklahama.

87



ABSTRACT

Regulatian of lipapratein lipase gene expressian during adipagenesis is intricate and
invalves many tissue-specific transcription factars. Coup-TFs are arphan members of the
nuclear hormane receptar family that have been shown ta dawn-regulate induction by
ather nuclear harmane receptars involved in differentiation. The peroxisame praliferator
activated receptars induce adipacyte differentiatian in respanse to ligand treatment. The
caregulatars of nuclear harmane receptar action SMRT (silencing mediatar for retinaid
and thyraid-harmane receptars) and SRC-1 (steraid receptar coactivator) are thaught ta
caregulate nuclear receptar actian in a pasitive ar negative fashian. With the discavery of
a PPARY2 recagnitian element within the LPL pramater, we examined the ability of
members of the Caup-TF family of nuclear harmane receptar malecules and the
caregulators SMRT and SRC-1 ta modulate this effect. Utilizing a -1824 bp ta +187 bp
partian of the murine LPL promater attached ta a luciferase reparter canstruct, we
determined that addition of Coup-TFII (ARP-1) ta the PPARY2/RXRa heteradimer in
transfection assay increased activation of the LPL pramater by greater than 7 fald. The
effect was greater than the activation abserved by PPARy2/RXRa in the presence of
thiazalidinedione ligands. Caup-TFI (Ear3) did nat significantly activate the LPL
pramater mare than the level seen with PPARy2/RXRa alane. Ear2 activated the
PPARY2/RXRa system abaut 50% as well as Caup-TFII (ARP-1). The activation of the
PPARY2/RXRa heteradimer by Caup-TFII (ARP-1) is dose-dependent. When
thiazalidinediones are added to the PPARY2/RXRo/Caup-TFII (ARP-1) transfection,

activation is further increased. The carepressar protein SMRT inhibits the activation of
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the LPL pramater by the PPARyZ/RXRor/Coup-ﬁ’II (ARP-1) prateins in a dase-
dependent manner. The caactivatar protein SRC-1 daes nat further activate the
PPARY2/RXRo/Caup-TFII (ARP-1) system in either the presence ar absence of added
ligand. Based on deletion analysis and EMSA and transfection analysis of mutants of the
LPL promater, the PPARy2/ RXRa/ Caoup-TFII (ARP-1) mediated activation of the LPL
pramater is dependent an a palypyrimidine tract fram -171 ta -156 bp of the LPL
pramater that cantains the PPARy2/RXRa recagnition sequence. The palypyrimidine
DNA sequence is navel in that it appears ta cantain averlapping DR-1 elements and the
sequence resembles the palypyrimidine sequences identified as single stranded DNA
binding sites within the promaters of the adipsin and c-myc genes. These data suppart a
rale far Caup-TF family members as well as the caregulatars SMRT and SRC-1 in

madulatian of the PPARY2/RXRa mediated regulation of LPL transcriptian.
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INTRODUCTION

The enzyme lipapratein lipase (LPL: EC 3.1.1.34) hydralyzes triglycerides inta free fatty
acids for transpart acrass cell membranes and is respansible far the clearance of
chylomicraons fram the bloadstream (36,37). Hereditary deficiencies of LPL activity cause
increased marbidity in man due to cardiavascular disease (36) and in murine madels where
the LPL gene has been inactivated by hamalogaus recambination, death results during the

neanatal periad due ta an averwhelming hypertriglyceridemia (21).

The LPL gene is ane of the earliest markers of adipacyte differentiation, with its mRNA
level increased in less than 4 haurs after preadipacytes are expased ta adipogenic aganists
(26). It is expressed in numeraus tissues including a high level of developmental
expressian in heart, brawn adipase, mammary tissue and alsa in skeletal muscle (37).
There is a medium level of developmental expressiaon in lung and brain, with a low level of
expressian in liver, kidney and spleen (37). In transgenic mause madels expressing
portions of the LPL pramater fused ta a luciferase reporter gene, brown adipase tissue
activity was 269-fald and brain 200-fald higher than the level of promoter activity in the
liver (44). The human and murine LPL genamic genes have been claned
(28,38,58,70,153) and exhibit greater than 65% identity within the first 1.5 kb of the
transcriptional start paint (TSP) (58). This suggests that there is evolutionary
canservation of regulatary sequences thraugh this area of the promater (58). Some of the
transcription factors that regulate the LPL promater in this region have been identified.

These include the actamer binding proteins, the CAAT box binding protein nuclear factor
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Y (NF-Y), the hepatic nuclear factor-3/farkhead and the peraxisome praliferatar activated
receptars o and y2 which all increase the transcriptional rate of the LPL promater

(25,38,101,113)

The Chicken Ovalbumin Upstream Pramater Transcriptian Factar (Caup-TFI) is an
arphan receptar that was ariginally claned based on its ability to promate transcription of
the chicken avalbumin gene (107,116,142). It was independently cloned via homalagy ta
erb A and called erb A related pratein 3 (Ear3) (92). Samewhat later, Caup-TFII (ARP-
1) was claned from a HeLa cell cDNA library through its hamalagy ta hCaup-TFI (141)
and from a placental library as apalipapratein Al regulatary pratein-1 (ARP-1) (78).
A;lother family member, erbA related protein 2 (Ear2) was cloned in the same way as
Ear3 (92). In humans, Caups are expressed in a variety of cell lines (92). Caup-TFs are
highly expressed in argans such as lung, testis, prastate, skin, intestine, pancreas, stamach,
and salivary gland (62,85,108) and have recently been shawn ta be present in adipacytes
(11). The irﬁportance of the Caup-TFs is suggested in studies an the hamazygaus null
mutatians of the Caup-TFI and Caup-TFII genes. In bath cases, the null mutation is

lethal (83).

It is becaming apparent that nuclear harmane receptars are further regulated in their
actions by prateins that act as coactivatars and carepressars of their function. These
prateins may serve as links between ather transcriptian factars and the transcriptional
apparatus (see (57) far reviews). SMRT (silencing mediatar for retinoid and thyraid

harmane receptar) (18) was isolated by yeast twa-hybrid screening using an
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unliganded hRXRa ligand binding damain fusion pratein as bait. It is cansidered a
carepressar pratein because it interacts with unliganded nuclear harmane receptars ta
transmit a repressive signal ta the transcriptional apparatus. It is thought that binding
of ligand ta the nuclear receptar results in dissaciatian of the carepressar. When this
accurs, prateins knawn as coactivatars of steraid receptar function such as SRC-1
(104) are able ta bind ta the nuclear receptar and enhance transcription. SRC-1 was
isalated by a yeast twa-hybrid screening of a human cDNA library using the ligand
binding domain of the human pragesterane receptar as bait (104). It is widely
distributed amang different cell types and enhances the activity of ligands that are
baund by nuclear harmane receptars. Recently, it was claoned in the mause (mSRC-
1) and demanstrated ta be a coactivatar of PPARY activation of a PPAR respanse

element in the presence of ligand (155).

Because Caup-TFs have been generally described as inactivatars of transcription
(23,41,77,78,83,100,103,139,144), and mare infrequently as transcriptional activatars
(86,112) we set out to determine how they interact with the PPARY2/RXRo
activating system of the LPL gene promater. Based an our results of Coup-TFII
(ARP-1) enhancing PPARY2/RXRa induced activation of the LPL promater, and
because caregulatars of nuclear harmane receptar action are becoming recagnized as
impartant players in transcriptianal events, we tested if the prateins SMRT or SRC-1

interacted with the Coup-TF/PPARy2/RXRa system.



MATERIALS AND METHODS

Materials: All reagents were purchased fram Fisher Scientific (Dallas, TX) ar Sigma
Chemical Ca. (St. Lauis, MO) unless atherwise nated. Oliganucleatides were synthesized

by Dr. Ken Jacksan, Oklahama Center far Malecular Bialagy, Oklahoma City, OK.

Plasmid Constructs: Canstructs cantaining partians of the wild type mause LPL
pramater fused ta the luciferase reparter gene were prepared in the p19Luc vectar
(pravided by D. R. Helinski, UCSD) (32) as previausly described (44). Mutations in the
murine LPL pramater were intraduced as described . Eukaryatic expressian vectars for
PPARYy2 and RXRa (a gift from Dr. Ran Evans, Salk Institute (87)) were prepared as
described . Caup-TFII (Arp-1), Caup-TFI (Ear3) and Ear2 (Kindly provided by Dr. John
Ladias, Harvafd) (78) were excised fram their origix;al vectars, the fragments ligated to
BstXI linkers and subclaned inta the BstXI site of the pEF-BOS vectar (94). Eukaryatic
expressian vectars for SMRT (silencing mediatar far retinaid and thyraid-harmane
receptars) and SRC-1 (steraid receptar coactivatar-1) were prepared as previausly
described (18,104). Recambinant PPARY2 and RXRa were prepared and purified as
described . A recambinant bacterial expressian canstruct for Coup-.TFH (Arp-1) pratein
was prepared by creating a expression vectar cor.ltaining the Caup-TFII cading sequence

with a c-myc tag and affinity purifying the pratein.

Transient Transfections: The human embryanic kidney cell line, 293T (49) (obtained

caurtesy of Kenji Oritani, OMRF), was maintained in Dulbecca’s Madifed Eagle’s



Medium supplemented with 10% fetal bavine serum (Hyclane, Lagan, UT), penicillin 100
units/ml and streptomycin 100 ug/ml. A total of 8 X 10* cells in a 2 ml valume were
plated in 35 mm dishes 18 haurs priar to transféction. A calcium phosphate/DNA ca-
precipitate was prepared by mixing a tatal of up ta 24.4 pg of DNA in 1/10 TE (ImM
Tris-HCI (pH 8.0); 0.1 mM EDTA (pH 8.0)), adding 23 ul of 2M CaCl; with 183 ul of
2X HEPES buffered saline (280 mM NaCl, 10 mM KCl, 1.5 mM Na,PQ,, 12 mM
dextrase, 50 mM HEPES pH 7.05)25 minutes priar ta equal additians ta twa 35 mm
plates. Following an avernight incubatiaon, the cells were fed with fresh medium,
incubated an additional 24 haurs and harvested fn a 100 ul valume of 25 mM
glycylglycine, 15 mM MgSO,, 1 mM dithiathreitol and 1% Tritan X-100. Pratein
cancentratians were determined by the bicinchanic acid methad (Pierce, Rackfard, IL)
and adjusted to 3.5 pg/ul. Luciferase assays were performed aver a 20 secand periad
using a 25 ul (87.5 ug) aliquat of pratein and 100 pl of reactian buffer (0.5 mM D-
luciferin, 2.5 mM ATP, 7.5 mM MgSO,, 100 mM KH,PO,) in a Manalight 2010
Luminometer (Analytical Luminescence Labaratary, San Diega, CA) as previously

described (44).

Protein expression and purification: Recambinant PPARy2 and RXRa His-tagged
prateins were expressed and purified as described . Recambinant Coup-TFII (ARP-1) c-
myc tagged prateins were expressed and purified by attaching a c-myc tag ta the Coup-
TFII (ARP-1) cDNA and expressing the fusion pratein in a bacterial system. A lysate was
prepared from the induced bacterial culture and the proteins isolated by ammanium sulfate

precipitation. The precipitated proteins were then affinity purified over a c-myc calumn.
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Electromobility shift assays (EMSA): DNA electramability shift assays were perfarmed
with a 67 bp HindIII/SspI DNA fragment spanning bp -181 ta -113 of the LPL promater.
DNA labeling was perfarmed using T4 palynucleatide kinase and y*2P-ATP (ICN, Irvine,
CA). Prabes were labeled ta a specific activity of 10>-10° cpm/pmal. Reactions were
canducted in a 30 pl valume cantaining 10 mM Tris-HCI (pH 8.0), 0.1 M KCl, 0.05%
NP40, 1 mM DTT, 6% glyceral, with ane ar mare of the fallowing: 1 ng PPARY, 0.2 ng
RXRa, 0.5 ng Caup-TFII (Arp-1), and 2-10 X 10° cpm of prabe far a 20 min periad at
room terﬁperature. Samples were separated an a 5% acrylamide/bis-acrylamide (24:1) gel
by eléctrophoresis at 100 v for 3 haurs. Gels were dried at 80° C far 90 min and expased

an Kadak XAR film for 18 haurs withaut an intensifying screen.



RESULTS

Accumulation of Coup-TFII message with adipocyte differentiation: The tempaoral-
dependent expression of Caup-TFII mRNA in pre-adipacytes and adipacytes was
examined in methylisabutylxanthine /hydracartisane / indamethacin (MHI) ar 1,25-
dihydraxyvitamin D3 (VD;) treated BMS-2 preadipacytes (Figure 1). Canfluent BMS-2
cultures were treated with standard medium alane (contral) or medium supplemented with
either MHI or VD;. Reverse transcriptase PCR analyses were performed using total RNA
harvested daily fram the cells after treatment initiation (Figure 1). PCR was performed
with PPARY2 and Caup-TFII (ARP-1) specific primers. PCR was alsa perfarmed an the
RNAs with B-actin primers ta cantral faor the relative RNA loading between lanes.
Treatment with the adipagenic cacktail MHI but nat the asteagenic VD; increased the

amaount of Coup-TFII mRNA relative ta contral.

Members of the Coup-TF family act in concert with PPARy2 and RXRa to activate
the LPL promoter: The next experiments were designed ta ask if any of the Caup-TF
family ( Caup-TFI, Caup-TFII, Ear2), alone ar in combinatian with RXRa, PPARY2 ar
PPARY2/RXRa , regulated transcriptian fram the full length (-1824 bp to +187 bp) LPL
promoter. The experiments were carried aut in the human embryaonic kidney cell line,
293T, because of its ease of transcriptian and low level of LPL expressian in its tissue of
arigin (5). Cotransfection with expression canstructs for the different Caup-TF family

members with or without PPARy2, RXRa ar the cambination PPARyi/RXRa revealed
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the fallawing pattern of LPL transcriptional regulation. With na added Caup-TF vectar,
the PPARY2/RXRa heteradimer induced the highest transcriptional rate as previausly
described (Figure 2). Catransfection with PPARY?2 alane resulted in statistically
significant induction aver baseline while transfection with an RXRa vectar did.not ’
activate significantly aver baseline as previausly described . Of the Caup-TF family
members transfected alane with the LPL pramater canstruct, only Caup-TFII (Arp-I) and
Ear2 significantly activated the LPL promoter aver baseline. In cambinations with either
PPARY2 ar RXRa, the Coup-TF family members activated the LPL pramater anly
minimally with respect ta baseline activation. However, when bath PPARY2 and RXRa
were present with a Coup-TF family member, activation increased for all three Coup-TFs
with Caup-TFII (ARP-1) activating the highest at aver 100 fold, Ear2 next with 50 fald
activation and finally Caup-TFI (Ear3) activating 25 fold which was nat significantly

different from the activation seen with PPARy2/RXRa alone.

Dose-dependent increase in the PPARy2/RXRa activation of the LPL promoter by
Coup-TFII: Ta canfirm the pasitive regulatory effect of Coup-TFII (ARP-1),
catransfectians were perfarmed with a canstant cancentration of the PPARy2/RXRa
gxpression vectars and increasing cancentration of the Coup-TFII (ARP-1) vectar
(Figure 3). At the highest concentration, the Caup-TFII (ARP-1) vectar increased
transcription of the -1824 ta +187 LPL pramater by 7.5 times the level of activatian by
PPARYy2/RXRa alone. These findings demanstrate that the Coup-TFII (ARP-1) protein

can pasitively enhance PPARY2/RXRa activation of the LPL promater.
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Dele.tion analysis of the LPL promoter localizes the region of Coup-
TFI/PPARY2/RXRa interaction: Ta lacalize the pasition of Coup-TF recagnition
elements and ta determine if negative regulatory elements might be present, we analyzed a
series of luciferase reparter canstructs with progressive deletians of the LPL pramater
between -1824 bp and -101 bp 5’ ta the transcriptianal start paint (TSP) (Figure 4). Each
reparter construct was transfected alane ar catransfected with the apprapriate expression
constructs for the PPARY2/RXRa heteradimer and Coup-TF pratein. With Coup-TFII
(ARP-1) (Figure 4a), deletion of the promater canstruct from -1824 ta -564 bp and ta -
181 from the TSP resulted in a decrease in activation of approximately 50% (fram >80
fold to approximately 40 fold). Further deletian to -101 bp from the TSP resulted in a
decrease in activation of the promater construct ta the level seen with Caup-TFII alane
from the -1824 LPL pramater/luciferase reparter canstruct. Coup-TFI (Ear3) activated
the -1824 LPL/luciferase repofter at a level similar ta PPARY2/RXRa alane (Figure 4b).
Successive deletian of the promater ta -564, then -181 from the TSP resulted in slightly
increased activatian of the pramater with the combination of Coup-TFI
(Ear3)/PPARY2/RXRa with each deletion in a manner similar ta the effect abserved with
PPARa/RXRa and PPARS/RXRa indicating a tendency taward a release of inhibitian
from the -1824 promoter construct. Ear2 (Figure 4c) activated the deleted LPL promater
canstructs in a manner nearly identical ta Coup-TFI (Ear3) except that it demonstrated a

higher activation of the -1824 construct.
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EMSA analysis identifies a region of the LPL promoter that is bound by Coup-
TFII; transfectioﬁ analysis reveals that Coup-TF binding to the element may not be
important to function: Experiments were performed ta determine if Coup-TFII (ARP-1)
binds the LPL pro.moter in the same regian as PPARY2/RXRa. . Electramability shift
assays were perfarmed using a DNA prbbe spanning bp -181 ta -113 of the LPL promater
and bacterially expressed, c-myc tagged Coup-TFII pratein (Figure §). A series of five
averlapping mutations spanning -171 ta -149 of the 5’ flanking reéion (Figure SA) were
used as campetitars in EMSA analysis against recambinant Coup-TFII (ARP-1) pratein
(Figure 5B). Nane of the mutatians specifically competed far DNA binding except for
thase spanning bp -162 ta -149 (Mutants D and E, Figure 5B). In catransfection
analysis, none of the mutants decreased the Coup-TFII (ARP-1)/PPARY2/RXRa-induced
activation except far mutant D which repressed activation by 40% relative ta the wild type
cantral (Figure 5C). Ta test if Coup-TFII (ARP-1) cauld bind the LPL DNA element
simultaneou'sly with the PPARY2/RXRa heteradimer, EMSA experiments were perfarmed
where recombinant PPARy2 and RXRa prateins were added with recombinant Caup-TFII
(Ai{P-l) protein and the 67 bp LPL prabe (Figure SD). During caompetition experiments
with the LPL mutant competitars, separate bands of differing mability are present far each
camplex (Figure 5D) indicating that under these canditians the three prateins da nat bind
the LPL pramater simultaneously. These experiments demanstrate that Caup-TFII (ARP-
1) binds a DNA element that spans fram -180 bp ta -163 bp from the LPL TSP that -
includes part of the PPARy2./RXRa recagnition element -169 ta -155 and an additional
region from -180 ta -170. There is alsa evidence that Coup-TFII (ARP-1) daes not bind

the DNA element at the same time as the PPARY2/RXRa heteradimer.
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Coregulators of steroid receptor action madify the ability of Coup-TFII (ARP-1) to
activate the LPL promoter in concert with PPARy2/RXRa: Ta determine if
caregulatars of steraid receptar action interact with the Coup-TFII/PPARYy2/RXRa
system, a carepressar pratein SMRT (silencing mediatar for retinaid and thyroid-harmane
receptars) and a caactivatar pratein, human steraid receptar coactivatar (hSRC-1) were
expressed in 293T cells with Coup-TFII (ARP-1)/PPARY2/RXRa and the -1824 LPL
promater caonstruct (Figure 6). Ta canfirm the regulatory effect of the SMRT pratein,
catransfections were perfarmed with a canstant amaunt of the PPARy2, RXRa and Caup-
TFII (ARP-1) expressian vectars as indicated, with increasing amaunts of the SMRT
expressian vectar with the -1824 LPL/luciferase repaorter canstruct (figure 6A). The
SMRT vectar inhibited transcription from the LPL promoter ta nearly baseline level of
expressian of the LPL pramater canstruct at the highest dase. This finding demanstrates
that the SMRT pratein can disrupt the ability of Coup-TFII (ARP-1) to enhance the
activation of the LPL pramater by PPARY2/RXRo. In experiments with hSRC-1,
increasing cancentration of hSRC-1 with a canstant cancentratian of PPARy2, RXRa and
Caup-TFII (ARP-1) in the absence of added ligand demanstrated na significant increase in
activation of the LPL promater (data nat shawn). When Coup-TFII (ARP-1) was
transfected with PPARy2 and RXRa, activatian of the LPL pramater was abserved
similar ta the level abserved with PPARy2 and RXRa in the presence of BRL49653
(Figure 6B). When BRL 49653 was added to the PPARy2/RXRa/Caup-TFII (ARP-1)

transfection, induction of the LPL promater was further increased. Addition of a two-
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fald excess of SRC-1 ta the BRL treated PPARY2/RXRo/Caup-TFII (ARP-1)
transfectians reduced activatiaon of the LPL pramater ta the level seen befare addition of

ligand.
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DISCUSSION

The enzyme lipapratein lipase is an impartant enzyme that gaverns the clearance of
plasma triglycerides and chylomicrans. It is expressed in a wide variety of tissues
including adipacytes, macrophages, lactating mammary tissue and the central nervaus
tissue. The varying expression of LPL message in different tissue types is a direct
reflection of the complex regulatian of its pramater by the archestrated input of numeraus
transcriptian factars (reviewed in Enerback and Gimble, (37)). The actamer prateins bind
the sequence ATTTGCAT at bp -46 in bath the human (28,70) and murine (58,153) LPL
pramaters and at bp -42 in the chicken (24) LPL pramater. When this site ar its flanking

regions are mutated, expressian is reduced by 75% (25,113).

Caup-TFs are arphan nuclear harmane receptars that bind a variety of AGGTCA repeats
and repress the actions of many ather steraid harmane receptars. Caup-TFs inhibit
expressian of twa genes that are considered ta be antaganistic ta adipase differentiation,
myaD, a master-regulatar gene of myagenesis (99), and bane marphagenetic pratein 4
(BMP4), a cytakine that induces bane grawth (39). Generally, Caup-TFs are recognized
as prateins that downregulate expressian fram target genes but evidence is accumulating
that Caup-TFs may pasitively regulate certain systems. We have discavered that Caup-
TFII (ARP-1) helps the PPARY2/RXRa heteradimer ta increase activation of the
pramater of the LPL gene, a marker of adipogenic differentiatian. We believe this accurs
independently aof its ability ta bind ta the regian of the DR-1 that PPARY2/RXRa bind. In

general, binding of Coup-TF ta a pramoter respanse element is antagonistic to expressian
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of the gene praduct. Baes et al. (3) cancluded that Caup-TF antaganized the
PPARa/RXRa induced activation of the malic enzyme gene pramater by binding ta the
Malic enzyme PPRE and that reversal of this effect depended an the presence aor absence
of 9-Cis RA. In the hydratase-dehydragenase promater, Miyata et al. (93) faund that
Caup-TFI binds to its PPRE and antagaonizes PPAR-dependent activation. Bradie et al
(11) in the first repart of Coup-TF presence in adipacytes demanstrated that inhibitars of
preadipacyte differentiation induced Caup-TF ta bind ta a PPAR/RXR respanse element,
and repress transcription. We believe that the activatian observed in the LPL pramater by
Caoup-TFII (ARP-1)/PPARY2/RXRa is nat accurring through direct binding of Caup-TF
ta the LPL PPRE but instead thraugh pratein/pratein interactions invalving the
transcriptional apparatus. This is supparted by recent evidence fram Marcus et al. (89)
wha faund thraugh yeast twa hybrid claning, a cellular factar that binds Caup-TFII in
vitro and allows it ta function as a transcriptional activatar independent of DNA binding.
The factar is identical ta a recently described ligand of the tyrasine kinase signaling
malecule p56'* (63). The factar, called ORCA (arphan receptar coactivatar) appears ta
mediate interactions between mitagenic and nuclear harmane receptar signal transduction
pathways (89). In their hands, ORCA selectively activated Coup-TFII (ARP-1).versus
Caup-TFI (Ear3) in catransfectian experiments with the hydratase-dehydragenase PPRE
(93). ORCA had a stimulatary effect an Caup-TFI (Ear3) but the effect was nat as
pronaunced as the effect an Caup-TFII (ARP-1). These results are similar to aur awn in
the LPL promoter where we find minor activation of the pramater by Caup-TFI (Ear3)
aver the effect of PPARY2/RXRa but a dramatic increase in activation of the system by

Caup-TFII (ARP-1). We hypathesize that Coup-TFII (ARP-1) induction of the
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PPARYy2/RXRa system accurs thraugh such a mechanism of interaction with
transcriptianal cafactars. Alternatively, Caup-TFs cauld be acting directly through parts
of the transcriptional apparatus. It has been shawn that Caup-TF assaciates with the
Octamer binding prateins (112)and that it binds TFIIB (60) implying that it can help
stabilize the transcriptional apparatus for ather nuclear hormane receptars including

PPARY2/RXRa..

Based an this data, we can add Caup-TFII and the coregulatox"s of nuclear hormane
receptar action SMRT and SRC-1 ta the numbers of transcriptian factars that regulate
LPL gene regulatian. The coactivatian of the pramater by Caup-TFI/PPARY2/RXRa is
a navel finding in that there is evidence of activation by COUP-TFII in the absence of

Caup-TF binding of DNA. .

104



ACKNOWLEDGEMENTS

We thank Drs. S. Enerback, M.R. Hill and C.F. Webb for their comments and critical
review of this manuscript; Ms. P. Andersan and the OASIS staff for editarial and
phatagraphic assistance; Ms. L. Smith and S. Wassan for secretarial assistance; Dr. J.
Marrissey far use of the luminameter; Drs. R. Evans, S. Kliewer, J. Lehmann, and C.
Webb faor cDNAs and vectars; and Dr. K. Jackson, Oklahama Center far Molecular
Medicine, far the synthesis of the aliganucleatides. This wark was supparted in part by
Public Health Service grant CA-50898 fram the Natianal Cancer Institute (J.M.G.) as well

as the Oklahama Medical Research Faundatian.

105



FIGURE LEGENDS

Figure 1. PCR analysis of Coup-TFII and PPARy2 mRNA levels during
adipogenesis. Tatal RNA was prepared fram BMS2 cells 6 days after treatment was
initiated. BMS2 cells were plated at a density of 4 X 10° and were cultured in standard
medium alane (Cantral), with the classical adipagenic aganists (methylisobutylxanthine,
hydracartisone, indomethacin: MHI), ar with 1, 25-dihydroxy vitamin' D;. 2 ug of total
RNA was reverse transcribed far each sample and amplified with aliganucleatide primers
specific for PPARY2 and B-actin or Coup-TFII (ARP-1). The B-actin gene was used as a
cantral. Aliquats of each reactian were examined an 6% acrylamide gels ta campare the
relative signal intensity. A ¢$X174 Haelll DNA size marker was run an the gel ta confirm

the size of the expected fragments.
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Figure 2. Activation of the lipoprotein lipase gene promoter by Coup-TFs in
conjunction with PPARy2 and RXRa.. Cultures of 293T cells (5 x 10%/35 mm plate)
were transfected with 1 pug of the full-length -1824 ta +187 LPL promater/luciferase
reparter construct by calcium phasphate caprecipitatian. Cells were additionally
transfected with 4 ug each of pEF-BOS expressian vectars cantaining either PPARy2 +
RXRa + Caup-TFII (ARP-1), Coup-TFI (Ear3), or Ear2 and cultured in the presence of
fetal bavine serum. Fald activation is calculated relative ta the luciferase baseline activity
in the absence of nuclear harmane receptar expressian canstructs, defined as “1”. Data is
narmalized relative ta a canstant protein cancentration per assay (87.5ug) and represents
the mean + S.E. of n=3 experiments. Data were analyzed by One Way ANOVA and the

Student-Neuman Keuls multiple camparison test was perfarmed.
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Figure 3. Dose-dependent activation of the LPL promoter by Coup-TFII (ARP-1) in
the presence of PPARy2 and RXRa. Cultures of 293T cells (5 x 10°/35 mm plate) were
catransfected with 1 pg of the full-length LPL pramater/luciferase reparter canstruct and
4 pug each of the PPARY2 and RXRa expressian constructs and increasing cancentratians
(0.4 - 16 pg) of the Coup-TFII (ARP-1) expression canstruct. The tatal amount of DNA
in each transfectian was kept canstant by the addition of the apprapriate amount of the
empty pEF-BOS vectar. Fald activatian is calculated relative ta the luciferase baseline
activity in the absence of nuclear hormane receptar expressiaon canstructs, defined as “1”.
Data is normalized relative ta a constant praotein cancentratian per assay (87.5ug) and

represents the mean + S.E. of n=3 experiments. Data were analyzed by One Way

ANOVA and the Student-Neuman Keuls multiple comparisan test was perfarmed.
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Figure 4. Deletion analysis of the LPL promoter: activation by each Coup-TF
family member in the presence of PPARy2 and RXRa. 1 pg each of deletian
canstructs that link portians of the LPL pramater from -1824 bp, -564 bp, -181 bp, and -
101 bp ta +187 ta the luciferase reparter gene were catransfected inta 293T cells (5 x
10°/35 mm plate) in the presence ar absence of 4 ug each of PPARy2, RXRa and ane of
the Caup-TF family member(Caup-TFII (ARP-1)(A), Caup-TFI (Ear3)(B), ar Ear2 (C))
expressian canstructs. Results are normalized ta pratein cancentration (87.5 pg/rxn) and
represent the mean + SE of n=3 experiments. Fald induction was determined relative ta
the baseline activity of each reparter construct in the absence of nuclear harmane
receptar expressian canstructs. Data were analyzed by One Way ANOVA and the

Student-Neuman Keuls multiple comparisan test was perfarmed.
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Figure §. Effect of mutations of the PPARY2 recognition element on EMSA and
cotransfection assays with Coup-TFII (ARP-1). Mutatians of the LPL promoter that
span bp -171 ta -149 are autlined in (A). DNA fragments that contain each of the
mutations were used as competitars in EMSA assays perfarmed using a 67 bp wild-type
LPL promater prabe spanning -181 ta -113 of the LPL pramater (B) & (D). 1 pg each of
reparter canstructs that link -181 bp ta +187 bp of the mutant (MUT) and wild-type (WT)
DNA sequences ta the luciferase reparter were transfected inta 293T cells (5 x 10%/35 mm
plate) +4 ug each of the PPARy2, RXRa and Caup-TFII (ARP-1) expressian canstructs.
Fald induction was determined relative ta the baseline activity of each reparter canstruct
in the absence of nuclear harmane receptar expressian canstructs. Data is narmalized
relative to pratein cancentration (87.5 pg/assay) and represents the mean * SE of n=3
experiments. Data were analyzed by One Way ANOVA and the Student-Neuman Keuls

multiple comparisan test was perfarmed (C).
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Figure 6. SMRT and SRC-1 modulate the effect of Coup-TFII (ARP-1) on
PPARY2/RXRa induction of the lipoprotein lipase promoter: effect of
thiazolidinedione treatment. 293T cells (5 x 10°/35 mm plate) were catransfected with
1 pug of the -1824 ta +187 LPL/luciferase reparter canstruct + 4 ug each of the PPARYy2,
RXRa and Caup-TFII (ARP-1) expressian vectars in the presence of increasing -
cancentratians (0.4 - 16 pg) of the SMRT expressian caonstruct. The tatal amaunt of
DNA in each transfection was kept canstant by the additian of the appropriate amaount of
the empty pEF-BOS vectar (A). 1 pg of the -1824 LPL praomater was catransfected inta
S x 10° 293T cells/35 mm dish with 4 pg each of PPARY2 + RXRa + Caup-TFII (ARP-
1) + a 2X (8 pg) concentration of SRC-1 in the presence ar absence of 5 uM BRL 49653.
The tatal amount of DNA in the transfectians was kept canstant by adding the apprapriate
cancentration of the empty pEF-BOS vectar (B). Fald induction was determined relative
ta the baseline activity of the -1824 LPL promater/luciferase reparter canstruct in the
absence of added expressian constructs. Data is narmalized relative ta pratein
cancentration (87.5 pg/assay) and represents the mean + SE of n=3 experiments. Data
were analyzed by One Way ANOVA and the Student-Neuman Keuls multiple comparisan

test was perfarmed.
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SUMMARY

The purpase of this thesis has been ta investigate the malecular mechanisms governing the
pracess of nuclear harmane receptar regulation of adipagenesis in the bane marrow
strama and the transcriptianal regulation of the enzyme lipapratein lipase, a marker of
adipagenesis. The wark put taogether in the thesis has established that members of the
nuclear harmane receptor family called peraxisame praliferatar activated receptars
(PPARSs) do, in the presence of ligand and the retinaid X receptar, activate the adipagenic
pathway in bane marrow preadipacytes. The malecular pracesses that accur during this
differentiation event were investigated using the madel of the lipopratein lipase gene
promater as the system far study. It is demanstrated that PPARy2 and PPARa in the
presence of RXRa activate the LPL promoter and that activatian increases in the presence
of PPARY2 ligands. The DNA binding element ta which PPARY2 binds is identified

thraugh mutant electramability shift assay and transfection analysis.

In the wark, we alsa determine that a member of the chicken avalbumin upstream
pramater transcriptian factor (Caup-TF) subfamily of nuclear hormane receptars, Caup-
TFII, acts as an auxiliary cafactar far PPARy2 and RXRa in activatian of the LPL
pramater. We determine that the effect is nat thraugh Coup-TFII binding ta the LPL
DNA element, but through another mechanism of interactian with the transcriptional

apparatus. [n attempting to determine the means through which Coup-TFII helps activate



the LPL pramoter, we emplay the caregulatars of nuclear harmane receptar action SMRT
(silencing mediatar far retinaid and thyraid harmane receptar) and steraid receptor
caactivatar 1 (SRC-1). We determine that SMRT inhibits the activation of the LPL
pramater by the PPARY2/RXRa system in the absence of ligand. We find that it alsa
tatally inhibits the ability of Coup-TFII ta assist in activatian of the LPL pramater. SRC-
1 helps ta activate the liganded PPARY2 receptar in the absence of RXRa.. The activation
is on the arder of that seen by PPARy2 with RXRa in the absence of added ligand.
Addition of SRC-1 ta the liganded PPARY2/RXRa camplex daes nat further increase
activation. Addition of SRC-1 ta the Caup-TFI/PPARY2/RXRa system alsa has na
effect an the activation of the LPL promaoter. We interpret this ta mean that coactivatars
da interact with the nuclear harmane receptar system, and they da sa in a manner that is
dependent an which ather factars are present in the system as well as whether ligand has

baund and changed the canfarmation of the receptar.

We determine that Coup-TFs may play a rale in the adipagenic pathway by helping ta
activate the LPL pramater. We recognize that Caup-TFs are found abundantly in neural
tissue and that the LPL pramater is very active in neural tissue. Thus, we hypathesize that

Caup-TFs may alsa play a rale in activation of the LPL pramater in neural tissue.

Future directians of this wark include a search for additional coactivating factars far this
system invalving screening of preadipacyte and adipacyte lineages. With the BMS-2 cell,
we believe we have a system that will enhance discavery of new PPAR and Coup-TF

interacting factors since both of these molecules appear ta play an impaortant rale in the



adipacyte. An examinatian of the adipogenic pracess in Coup-TF null mice might lead to

further understanding of the adipogenic differentiation pathway.

This dissertation has attempted ta answer navel questions abaut the regulation of the LPL
pramater in adipagenesis by members of the nuclear harmane receptar family and the
actians of caregulatars of these receptars an this effect. We feel that the findings are
impartant because of the implications they carry in terms of human abesity, hemapaiesis,
asteagenesis and atheragenesis. We hape that aur findings help ta elucidate the malecular
mechanisms gaverning these canditians sa that, ane day, therapeutic interventions may be

devised for human disease.
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Appendix I: Steroid Receptor cDNAs

INSERT soln SPECIE VECTOR PROMOTER in

# pEF-BOS
ARP-1 5073 human PMT2 Adeno Major vyes

(COUP-TFII) source: John Ladias. JBC 269 5944~51. 1994.

Coup-TFI 6100 mouse pABgal Sv40 no
(llgand blndlng domain "’) Source: Ming-Jer Tsai. Baylor COM

EAR2 5071 human PMT2 " yes

Source: John Ladias. JBC 269 5944-51. 1994

EAR3 5072 human PMT2 h yes

(COUP-TFI) source: John Ladias. JBC 269 5944-51. 1994

PPAR( 5021 human PSG3 T7/SV40 no

Scurce: Frank Gonzalez NCI NIH.

PPARx 5396 mouse PECE SV40 yes

Source: Steve Kliewer. GLAXO Pharmaceuticals

PPARB/d 5052 human PJ3Q SV40 no

(hNUC‘l) Source: Schmidt et al. Mol. Endo. 6(4) 1634. Merck Pharm.

PPARB/6 5387 mouse PSG5 T7/SV40 yes

Source: Steve Kliewer. GLAXO Pharmaceuticals

PPARY1 5085 mouse bluescript T7 yes

Source: Bert O'Malley. Baylor University

PPARY2 5083 mouse PSG5 T7/SV40 yes

Source: Steve Kliewer. GLAXO Pharmaceuticals

PPARY2 5492 mouse bluescript T7 yes

Source: direct PCR of S08:

PPARY2 6117 mouse pCMX T7/CMV no

Scurce: Mitchell Lazar. UPenn
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soln

5270

5928

5930

5639

5642

5224

5637

5636



INSERT soln SPECIE

VECTOR PROMOTER

#

PPARY2SA 6116 mouse

Source: Mitchell Lazar. UPenn

RAR 3970 human

Source: ATCC

RXRa 5204 mouse

Source: Ron Evans. Salk Institute

RXRo 5493 mouse

Source: direct PCR of 5204

RXRf 5373 mouse

Source: Ren Evang. Salk Institute

RXRY 5374 mouse

Source: Ron Evans. Salk Institute

SMRT 6119 mouse

Source: Zafar Nawaz. Baylor COM

SRC-1 6138 human

Source: Sergio Onate. Baylor COM

VDR 3972 human

Source: ATCC

pCMX T7/CMV

PTZ19R T7

pCMX T7/CMV

bluescript T7

pCMX T7/CMV

pCMX T7/CMV

pABDgal CMV

pCR3.1 T7/CMV

PGEM3 T7
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in

pEF-BOS

no

yes

yes

no

no

no

no

no

yes

soln

5222

5312

5163



