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ABSTRACT  To gain insight into the function of peroxi-
some proliferator-activated receptor (PPAR) isoforms in mam-
mals, we have cloned and characterized two PPARa-related
cDNAs (designated PPARy and -8, respectively) from mouse.
The three PPAR isoforms display widely divergent patterns of
expression during embryogenesis and in the adult. Surpris-
ingly, PPARY and -8 are not activated by pirinixic acid (Wy
14,643), a potent peroxisome proliferator and activator of
PPARa. However, PPARY and -8 are activated by the struc-
turally distinct peroxisome proliferator LY-171883 and linoleic
acid, respectively, indicating that each of the isoforms can act
as a regulated activator of transcription. These data suggest
that tissue-specific responsiveness to peroxisome proliferators,
including certain fatty acids, is in part a consequence of
differential expression of multiple, pharmacologically distinct
PPAR isoforms.

Peroxisome proliferators are a structurally diverse group of
compounds which, when administered to rodents, elicit dra-
matic increases in the size and number of hepatic and renal
peroxisomes as well as concomitant increases in the capacity
of peroxisomes to metabolize fatty acids via increased ex-
pression of the enzymes required for the B-oxidation cycle
(for review, see refs. 1-3). Chemicals included in this group
are the fibrate class of hypolipidemic drugs, herbicides, and
phthalate plasticizers (4). Peroxisome proliferation can also
be elicited by dietary or physiological factors such as a
high-fat diet and cold acclimatization.

Insight into the mechanism whereby peroxisome prolif-
erators exert their pleiotropic effects was provided by the
identification of a member of the nuclear hormone receptor
superfamily activated by these chemicals (5). This recep-
tor, termed peroxisome proliferator-activated receptor «
(PPARa), was subsequently shown to be activated by a
variety of medium- and long-chain fatty acids and to stim-
ulate expression of the genes encoding rat acyl-CoA oxi-
dase and hydratase-dehydrogenase, enzymes required for
peroxisomal B-oxidation, as well as rabbit cytochrome
P450446, a fatty acid w-hydroxylase (6-10). These data
support a physiological role for PPAR« in the regulation of
lipid metabolism. PPARa activates transcription by binding
to DNA sequence elements, termed peroxisome prolifera-
tor response elements (PPREs), as a heterodimer with the
retinoid X receptor (RXR), itself a receptor for 9-cis-
retinoic acid (11-15). As the PPARa-RXR complex can be
activated by peroxisome proliferators and/or 9-cis-retinoic
acid, the retinoid and fatty acid signaling pathways con-
verge in modulating lipid metabolism.

Several PPARa-related proteins have been described in
Xenopus and human; unlike PPARa, these additional iso-
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forms are only weakly activated by peroxisome proliferators,
raising the question of their physiologic function (16, 17). In
this report, we describe the identification and characteriza-
tion of two PPARa-related gene products present in mouse.$

MATERIALS AND METHODS

Screening of cDNA Libraries. PPARy was isolated by
screening an adult mouse liver AZAP cDNA library (Strata-
gene) with a synthetic oligonucleotide, 5'-GGNTTYCAY-
TAYGGNGTNCAYGC-3', under conditions previously de-
scribed (18). This oligonucleotide is a mixture of all possible
DNA sequences encoding the amino acid sequence GF-
HYGVHA, a sequence present in the loop of the first zinc
finger in the Xenopus PPARa, -8, and -y isoforms. PPARS
was isolated by screening a 6.5-day embryonic mouse AZA-
PII cDNA library (a gift of D. E. Weng and J. D. Gerhart,
The Johns Hopkins University) under low stringency with a
cDNA fragment encoding the human retinoic acid receptor a
DNA-binding domain (19). In both screens, positive clones
were converted to plasmids by the automatic excision pro-
cess.

Cotransfection Assay. The mammalian expression vectors
pCMX-PPARa, pCMX-PPARYy, and pCMX-PPARS were
constructed by inserting the ¢cDNA inserts of PPARa,
PPARY, and PPARS into pCMX (20). Construction of the
reporter PPRE;-TK-LUC (luciferase gene under control of
the herpes simplex virus thymidine kinase promoter and
three PPREs) has been described (11). Cotransfection assays
in CV-1 monkey kidney cells were done in 48-well plates by
using N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammo-
nium methyl sulfate (DOTAP) according to the manufactur-
er’s instructions (Boehringer Mannheim). Transfection mix-
tures contained 10 ng of receptor expression plasmid vector,
20 ng of the reporter PPRE;-TK-LUC, 60 ng of pPCMX-BGAL
(B-galactosidase) as an internal control, and 210 ng of carrier
plasmid pGEM. Cells were incubated in the presence of
DOTAP for 8 hr, washed, and incubated in the presence of
peroxisome proliferators or fatty acids for 36 hr. Cell extracts
were prepared and assayed for luciferase and B-galactosidase
activity as described (20). All experimental points were done
in triplicate.

Northern Analysis. Preparation of poly(A)™ RNA from rat
tissues and Northern analysis were performed as described
21).

DNA Binding Assays. Gel mobility-shift assays were per-
formed as described (11). PPARa, -, and -8 and RXRa, -8,
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a 10 30 50
MVDTEMPFWPINFGISSVDLSVMEDHSHSFDIKPFTTVDFSSTSAPHYEDT PETRADEMY

70 90 110
ADYKYDLKLQEYQSATKVEPASPPYY SEKTOLYNRPHEEPSNSI MATECRVCGDKASGFH

130 150 170
YGVHACEGCKGFFRRTTRLKLIYDRCDLNCRTHKKSRNKCQYCRFQKCT AVGMSHNATRF

% 210 230
GRMPQAEKEKLI AETSSDIDQLNPESADLRALAKHLYDSYTKSFPLTKAKARATLTGKTT

250 270 290
DKSPFVIYDMNSLMMGEDK TKFKHI TPLOEQSKEVATRTFQGCQFRSVEAVOETTEYAKN

310 330 350
TPGFINLDLNDQVTLI KYGVHET TYTML AST MNKDGVL.ISEGQGFMIREFLKSLRKPFGD

370 390 410
FMEPKFEFAVKFNALEL DDSDLATFTAVI IT.SGDRPGLINVKPTEDIQINLI QALET QLK

430 450 470
LNHPESSQLFAKVLOKMITLROTVTEHVOLL HVIKKTETIMSLHPLL QETYKDLY

b 10 30 50
MEQPQEETPEAREEFEKEEVAMGDGAPEL NGGPEHTLPSSSCADLSONSSPSSLLDQL MG

70 90 110

190 210 230
TYNAYLKNFNMIKKKARSILTGKSSHNAPFVIHDIETLWQAEKGLVWKQLVNGLPPYNET

250 270 290
SVHVFYRCQSTTVETVRELTEFAKNI PNFSSLFLNDQVTLLKYGVHEATFAMLASTVNKD

310 330 350
GLLVANGSGFVTHEFLRSLRKPFSDI IEPKFEFAVKFNALELDDSDLALFTAATTT.CGDR

370 390 410
PGLMNVPQVEATQDTTLRALEFHLQVNHPDSQYL FPKLLOKMADLROLVTEHACMMONLK

430

KTESETLLHPLLQETYKIMY
C 1 72 137 245 440
1 73 138 246 441
130 95 201 396
-
1 108 173 279 474

xPPAR« “ 85 - 72
1 101 166 273 468

mPPARo “ 86 - 70
1 108 173 280 475
1 112 177 284 477

Fi1G. 1. Three mPPAR isoforms. (a) Sequence of the mPPARYy
protein. (b) Sequence of the mPPARGS protein. (c). Schematic com-
parison of the members of the PPAR gene family using PPARS as a
reference. Comparisons among the different domains of the proteins
are expressed as percent amino acid identity.
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and -y were synthesized in vitro by using the TNT coupled
transcription/translation system (Promega) according to the
manufacturer’s instructions.

RESULTS

Isolation of Three Murine PPAR Isoforms. The function of
peroxisome proliferators has been most extensively studied
in rodents, where treatment with these compounds results in
marked increases in peroxisome size and number and con-
comitant increases in the expression of the genes encoding
the enzymes of the peroxisomal B-oxidation pathway. To
gain insight into the function of PPAR isoforms in rodents, we
screened mouse embryonic and adult liver libraries for
PPARea-related gene products. In addition to PPARa, two
types of PPARa-related clones were isolated. The first can
encode a 475-amino acid protein that is 56% identical to
mouse (m) PPAR« and 76% identical to Xenopus (x) PPARY,
as this clone is 97% and 84% identical to the DN A-binding
and ligand-binding domains of xPPARY, respectively, we
designate it mPPARy 1 (Fig. 1A). The second clone can encode
a 440-amino acid protein that is closely related to NUC-1
(Fig. 1 B and C), a PPARa-related receptor isolated from a
human osteosarcoma library (17). As this second clone is not
highly homologous to mPPARa or the XPPARa, -8, and -y
isoforms (Fig. 1C), we believe it represents a novel receptor
and designate it mPPARS. Of the =50 positive clones char-
acterized during the course of screening, no mouse homolog
of xPPARP was identified.

PPARa, -7, and -8 Are Differentially Expressed in the Adult
and Embryo. The expression patterns of the murine PPAR
isoforms were examined in the embryo and adult. Northern
analysis of poly(A)* RNA isolated from adult male rat tissues
revealed differential yet overlapping patterns of expression of
the three isoforms. Both PPARa and -8 were widely ex-
pressed, with PPARa message levels highest in the liver,
kidney, heart, and adrenal, and PPARS message highest in
the heart, adrenal, and intestine (Fig. 2A). In contrast,
PPARydisplayed a more restricted distribution pattern, with
abundant expression in only the adrenal and spleen, although
message was also detected in the heart, kidney, and intestine
(Fig. 2A).

The developmental expression of the PPAR isoforms was
also examined through Northern analysis of whole mouse
embryo RNA. PPARa and -y displayed similar expression
patterns during mouse embryogenesis, with message first
appearing at day 13.5 postconception and increasing until
birth (Fig. 2B). In contrast, PPAR § message was abundant at
all the embryonic time points tested, suggesting a broad role
for this isoform during development (Fig. 2B). Thus, the
PPAR isoforms are differentially expressed in both the em-
bryo and the adult.

Evidence for Pharmacological Differences Between PPAR«,
-v, and -8. The relatively high degree of conservation within
their ligand-binding domains suggested that the PPAR iso-
forms might respond to the same activators. Accordingly,
each of the PPAR isoforms was first tested for responsiveness
to Wy 14,643, a peroxisome proliferator and potent activator
of PPAR« (5). Cotransfection of PPAR« expression plasmid
resulted in a >100-fold increase in activation of a reporter
construct containing three copies of the acyl-CoA oxidase
PPRE upstream of the thymidine kinase promoter driving
luciferase expression (PPRE;-TK-LUC) in response to Wy
14,643 (Fig. 3). In contrast, no activation of reporter expres-
sion was seen in the presence of Wy 14,643 upon cotrans-
fection of PPARyor -8 expression plasmids (Fig. 3). This lack
of activation is unlikely to reflect differences in binding-site
specificity, as each of the PPAR isoforms bound efficiently to
the acyl-CoA oxidase PPRE as a heterodimer with RXR (Fig.
4). Additional experiments revealed that overexpression of
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Fic. 2. Northern blot analysis of PPAR mRNA in adult and
embryonic tissue. Adult male rat tissues (2) and mouse embryos from
gestation days 9.5 to 18.5 (b). The exposure time for each of the blots
was 48 hr. Sizes of the transcripts based on RNA size markers were
8.5 kb (PPARa), 1.9 kb (PPARY), and 3.5 kb (PPARJ).

PPARyand -8 interfered with the ability of PPARa to activate
through the acyl-CoA oxidase PPRE (Fig. 5). Thus, both
PPARY and -8 are expressed and can function as dominant
repressors of PPAR a-mediated responsiveness to Wy 14,643.

As we failed to detect activation of PPARyand -8 with Wy
14,643, other potential activators were tested, including a
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FiG. 3. PPARy and -4 fail to respond to peroxisome proliferator
Wy 14,643. CV-1 cells were cotransfected with reporter plasmid
PPRE;-TK-LUC and either no receptor expression plasmid (—),
CMX-PPARa, CMX-PPARY, or CMX-PPARS and then incubated in
either the absence (=) or presence (+) of 5 uM Wy 14,643. Luciferase
activities are expressed as percentages of the activity obtained with
PPARa in the presence of 5 uM Wy 14,643.
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PPARc. PPARy PPARS

o0

FiG.4. PPARa, -7, and -8 bind to the acyl-CoA oxidase PPRE as
heterodimers with the RXR. Gel mobility-shift assays were done
using in vitro synthesized PPAR«, -, and -8, with or without RXRy
as indicated, and 32P-labeled acyl-CoA oxidase PPRE oligonucleo-
tide. The positions of the PPAR-RXR-oligonucleotide complexes
are indicated by the bracket. Similar results were obtained when
either RXRa or -8 was substituted for RXRy (data not shown).

broad spectrum of peroxisome proliferators and fatty acids.
Significant activation of PPARy was obtained upon treatment
with LY-171883 (Fig. 6), a leukotriene antagonist and per-
oxisome proliferator which lacks the carboxyl group typically
found in this class of compounds (22). No activation of
PPARYy was seen in the presence of linoleic acid (Fig. 6). In
contrast, PPARS was activated in the presence of linoleic
acid but not upon treatment with L'Y-171883. Both LY-
171883 and linoleic acid are strong activators of PPAR« (Fig.
6). Interestingly, each of the three PPAR isoforms was
activated with a distinct rank order of efficacy by these
compounds (PPARa, Wy 14,643 > LY-171883 > linoleic
acid; PPARy-LY 171883 > linoleic acid > Wy 14,643; PPARS
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FIG. 5. PPARyand -8 can repress PPARa-mediated responsive-
ness to Wy 14,643. CV-1 cells were cotransfected with reporter
plasmid PPRE;-TK-LUC and either no receptor expression plasmid
(NONE) or CMX-PPAR« (10 ng) in either the absence or presence
of CMX-PPARY (100 ng) or CMX-PPARS (100 ng). Cells were then
incubated in either the absence (—) or presence (+) of 5 uM Wy
14,643. Luciferase activities are presented as fold activation relative
to cells which were not transfected with receptor expression plasmid
and were not treated with Wy 14,643.
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FiG. 6. PPAR isoforms are pharmacologically distinct. CV-1
cells were cotransfected with reporter plasmid PPRE;-TK-LUC and
either no receptor expression plasmid (—), CMX-PPARa, CMX-
PPARY, or CMX-PPARAJ in either the absence or presence of 5 uM
Wy 14,643 (WY), 30 uM linoleic acid (C18:2), or 30 uM LY-171883
(LY). Luciferase activities are presented as the fold activation
achieved in compound-treated versus mock-treated cells. Similar
results were obtained in triplicate in three independent experiments.

linoleic acid > L.Y-171883 and Wy 14,643) (Fig. 6). These
data provide evidence that PPARYy and -8 can function as
regulated activators of gene expression and that the three
PPAR isoforms are pharmacologically distinct.

DISCUSSION

To further understand the basis for the effects of peroxisome
proliferators in rodents, we have cloned and characterized
two PPARea-related receptors in mouse. The three PPAR
isoforms display marked differences in their responsiveness
to peroxisome proliferators and fatty acids as well as differ-
ences in their temporal and spatial patterns of expression.
These observations suggest a broad role for the PPAR family
during development and in adult physiology.

What is the significance of multiple PPAR isoforms with
distinct expression patterns? One possibility is that the three
isoforms have different ligand specificities. Indeed, we have
shown that the PPAR isoforms are pharmacologically dis-
tinct. PPARa, -y, and -8 are most efficiently activated by Wy
14,643, .Y-171883, and linoleic acid, respectively. Remark-
ably, Wy 14,643, which results in an =100-fold induction in
reporter expression in the presence of PPARa, fails to
activate either PPARYy or PPARS. With regard to this differ-
ential responsiveness to activators, the relationship among
the PPAR isoforms may be analogous to that between the
glucocorticoid and mineralocorticoid receptors (GR and MR,
respectively). While both receptors can bind to the same
response elements and respond to mineralocorticoids and
corticosteroids, the MR and GR display differential-sensi-
tivities to aldosterone and specific glucocorticoids such as
dexamethasone, respectively (23). Thus, the ratio of these
receptors and their ligands provide a means of determining
tissue-specific expression of target genes. Similarly, the
existence of multiple PPAR isoforms with overlapping ligand
specificities may provide the means for tissue-specific regu-
lation of gene programs regulated by peroxisome prolifera-
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tors and fatty acids, such as the peroxisomal B-oxidation
cycle.

In addition to their differential responsiveness to peroxi-
some proliferators, the three PPAR isoforms also display
distinct yet overlapping expression patterns. As previously
shown, PPARa mRNA is abundant in liver and kidney (5, 24),
tissues in which peroxisomes proliferators result in dramatic
increases in the numbers of peroxisomes and concomitant
increases in peroxisomal B-oxidation (3). In contrast, the
message levels of PPARy and -8, which can act as dominant
repressors of PPARa-mediated responsiveness to Wy 14,643,
are low in these tissues. Thus, a pattern emerges in which
tissues that are most responsive to peroxisome proliferators
such as Wy 14,643 express high amounts of PPAR«a RNA and
relatively low amounts of PPAR yand -6 (Fig. 2A). These data
suggest that the ratio of the PPAR isoforms is likely to play
a critical role in establishing the degree of responsiveness of
tissues to specific peroxisome proliferators.

The widespread expression of PPARS both in the embryo
and in adult tissues suggests that this isoform may play a
general ‘‘housekeeping’ role. In contrast, PPARYy is selec-
tively expressed in the adrenal and spleen. The expression of
all three PPAR isoforms in the adrenal is particularly intrigu-
ing, as diseases which result in peroxisome dysfunction (e.g.,
adrenoleukodystrophy and Zellweger syndrome) cause gross
morphological changes in adrenal cells and, eventually, ad-
renal deficiency, suggesting a critical role for peroxisomes in
this tissue (reviewed in ref. 2). Interestingly, peroxisomes can
be induced to proliferate in hamster adrenals in response to
treatment with adrenocorticotropic hormone and corticoste-
roids (25), indicating the presence of adrenal-specific signal-
ing pathway(s) for peroxisome proliferation. The differential
expression of PPAR yin the adrenal suggests that this isoform
may respond to an adrenal-enriched ligand.

We and others have recently shown that PPARa binds to its
cognate response elements as a heterodimer with the RXR
(11-13); the PPARa-RXR complex can respond to both per-
oxisome proliferators and 9-cis-retinoic acid (11). Likewise,
PPARY and -6 coeperate in binding to DNA as heterodimers
with RXR. Thus, the identification of multiple PPAR isoforms
clearly further augments the complexity of retinoid signaling.
Ultimately, the regulation of peroxisome physiology is likely
to be a consequence of a complex interplay among the multiple
PPAR and RXR isoforms and the ligands for these receptors.

Finally, we note that while this manuscript was in prepa-
ration, two additional groups reported the cloning -of mP-
PARY (26, 27).
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