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The nuclear receptor superfamily of transcription factors, which includes the retinoic acid receptors and
v-erb A, play important roles in the molecular control of hematopoiesis. To identify nuclear receptors
expressed in hematopoietic cells, we screened a human bone marrow ¢cDNA library using a degenerate
oligonucleotide and isolated a 1.85-kb full-length cDNA encoding a new human member of this superfam-
ily, the peroxisome proliferator activated receptor gamma (hPPAR~). Two different hPPAR~ transcripts
were expressed in hematopoietic cells: a 1.85-kb transcript, which corresponds to the full-length mRNA
(PPARy1), and a 0.65-kb transcript (PPARY2), which cannot encode all of the nuclear receptor functional
domains. Normal neutrophils and peripheral blood lymphocytes, as well as circulating leukemic cells from
patients with AML, ALL, and CML, express only PPARY2 on Northern blot analysis. In contrast, only
the PPAR~y1 transcript was detected in a variety of human leukemia cell lines and in cultured normal
primary bone marrow stromal cells. Both transcripts were detected in various fetal and adult nonhemato-
poietic tissues. We mapped the location of the hPPAR~y gene to human chromosome 3p25 by somatic cell
hybridization and linkage analysis. PPARs have been shown to be activated by peroxisome proliferating
agents, long-chain fatty acids and arachidonic acid. Human PPAR¢Y, although homologous to the
PPAR~s of other species, has unique sequence and amino acid differences. Identification of hPPAR~y will
allow further understanding of its role in human cellular leukotriene, prostaglandin, and peroxide degra-
dative or synthetic pathways, as well as its role in lipid metabolism and regulation of adipocyte differentia-
tion.
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THE nuclear hormone receptor superfamily of li- as well as long-chain fatty acids and arachidonic
gand modulated transcription factors can directly acid derivatives (Gottlicher et al., 1992). These re-
connect the cellular transcriptional response to ex- ceptors have been shown to regulate a number of
tracellular signals such as retinoids and steroids, major cellular processes including reproduction,
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development, homeostasis, differentiation, and
oncogenesis (Forman and Samuels, 1990). Studies
of the role of these receptors in hematopoiesis
have focused primarily upon the retinoic acid re-
ceptor alpha (RAR«) and v-erb A genes because
of their important effects on hematopoietic cell
differentiation (Desbois et al., 1991; Kakizuka et
al., 1991).

The RAR« gene on chromosome 17 is translo-
cated to chromosome 15 and fused with the PML
gene in virtually all cases of human acute promy-
elocytic leukemia (APL) (Rowley, 1988). This gen-
erates two fusion proteins, containing RAR« and
PML sequences, that have different transcrip-
tional activating properties than the wild-type pro-
teins (Kakizuka et al., 1991). Treatment of APL
patients with the RAR« ligand, all-frans retinoic
acid, results in complete remissions in nearly all
patients (Meng-er et al., 1988). V-erb A, an aber-
rant version of a thyroid hormone receptor, can
block erythroid differentiation and induce malig-
nant transformation, an ability that is correlated
with the repression of retinoic acid receptor func-
tion (Schule et al., 1991; Sharif and Privalssky,
1991). Both the RARs and v-erb A can interact
with other transcription factors such as fos, jun
(Desbois et al., 1991; Schule et al., 1991; Sharif
and Privalsky, 1991), or other nuclear hormone
receptors [e.g., retinoid X receptors (RXRs)]
leading to heterodimer formation (Leid et al.,
1992). RXRs can also heterodimerize with a num-
ber of different nuclear hormone receptors in
vitro, including the peroxisome proliferator acti-
vated receptors (PPARs) (Kliewer et al., 1992).

Several different PPARs have been described:
murine PPAR alpha (Issemann and Green, 1990)
and gamma (Zhu et al., 1993), rat PPAR alpha
(Gottlicher et al., 1992), human PPAR alpha
(Sher et al., 1993), and Xenopus PPAR alpha,
beta, and gamma (Dreyer et al., 1992), and we
now report a human PPAR gamma. These are
referred to as PPAR«, 3, and v, and a fourth
member of this family is represented by hNUCI,
isolated from human osteosarcoma cells, which
has some unique sequence characteristics (Schmidt
et al., 1992). The «, 3, and v forms share signifi-
cant amino acid identity, particularily in the DNA
binding (C) and ligand binding (E) domains, but
they are located on different chromosomes (Sher
et al., 1993), have different A/B and D regions,
have different expression patterns, and activate
transcription differently in response to various li-
gands and PPAR response elements (Kliewer et
al., 1994; Marcus et al., 1993; M. Greene, unpub-
lished data).
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Identification of the natural ligand(s) for the
PPARs is not complete. Members of this family
are known to be activated by the presence of per-
oxisome proliferator agents (Dreyer et al., 1992;
Issemann and Green, 1990), fatty acids, and ara-
chidonic acid (Banner et al., 1993; Gottlicher et
al., 1992; Issemann et al., 1993). Serum activates
the PPARs, and a study of HPLC fractionation
of serum indicates that the activating compounds
are arachidonic, oleic, linoleic, and palmitic acids
(Banner et al., 1993). The peroxisome proliferator
agents are a structurally diverse group of com-
pounds and include fibrate hypolipidemic agents
such as the pharmaceutical clofibrate and the syn-
thetic compound WY-14643 (Auwerx, 1992; Beier
et al., 1988; Dreyer et al., 1993; Issemann and
Green, 1990), phthalate ester plasticizers, herbi-
cides, and leukotriene D4 inhibitors (Zhu et al.,
1993). These agents induce the proliferation of
peroxisomes and peroxisomal enzymes, with sub-
sequent hepatocellular carcinoma in rodents
(Lock et al., 1989). Humans, primates, pigs, and
dogs treated with clofibrate show distinct hypolip-
idemic effects, but they do not show dramatic per-
oxisomal proliferation in their hepatocytes, nor do
they develop hepatocellular carcinoma (Auwerx,
1992; Blaauboer et al., 1990). Hepatic peroxi-
somal proliferation can also be elicited by high
lipid diet or metabolic dysregulation to increase
input of fatty acids to the liver (Auwerx, 1992;
Kliewer et al., 1994). The peroxisome proliferating
compounds have in common the fact that treat-
ment with members of this diverse group of com-
pounds results in intracellular accumulation of
fatty acids (Auwerx, 1992). Activation of the
PPARs by the addition of fatty acids, particularily
arachidonic acid, at relatively high concentrations
of approximately 150 mM, suggests that the natu-
ral ligand for the PPARs may be a long-chain
fatty acid or arachidonic acid derivative, or that
the natural ligand(s) are rapidly metabolized (Got-
tlicher et al., 1992). Activation studies in the pres-
ence of cyclooxygenase inhibitors suggest the nat-
ural ligand(s) are not products of this metabolic
pathway (Gottlicher et al., 1993), and one of the
most potent activators of PPARs is 5,8,11,14-
eicostetraynoic acid (ETYA), a blocker of lipoxy-
genases and cyclooxygenases, which fully activates
xPPARe at a concentration of 1 uM, with an ED;,
of 200 nM (Keller et al., 1993).

PPARs, as ligand-activated transcription fac-
tors in the steroid hormone receptor superfamily,
modulate gene transcription in response to fatty
acids, and interact with other members of the su-
perfamily, including the retinoid receptor (Keller
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et al., 1993; Kliewer et al., 1992, 1994; Leid et al.,
1992; Marcus et al., 1993) and thyroid hormone
receptor subfamilies (Auwerx, 1992; Bogazzi et
al., 1994; Qi et al., 1995), supporting the concept
that there are important cross-signaling effects be-
tween the various steroid-related signaling path-
ways in the body. There is evidence that PPARs
play important roles in gene regulation during de-
velopment as well as providing a link between nu-
tritional status and changes in gene expression in
the adult organism (Auwerx, 1992; Blumberg et
al., 1992; Beck et al., 1992).

To identify known or novel nuclear receptors
expressed in the bone marrow compartment, a de-
generate oligonucleotide was designed that could
detect a variety of nuclear receptors, especially
those in the thyroid-retinoid branch of the super-
family (Blumberg et al., 1992; Evans, 1988;
Forman and Samuels, 1990; Wahli and Martinez,
1991). A normal human bone marrow aspirate
c¢DNA library was constructed and screened, and
among the receptors obtained, two PPARy cDNA
clones (one full length) were isolated. The expres-
sion pattern of this gene was examined using RNA
from a variety of normal and malignant hemato-
poietic cells and cell lines, and from adult and
fetal nonhematopoietic tissues. Somatic cell hy-
brids and linkage analysis in multigeneration fam-
ilies were used to regionally map the chromosomal
location of the hPPARYy gene.

MATERIALS AND METHODS

Generation and Screening of Human Bone
Marrow cDNA Library

Oligo(dT)-primed first-strand ¢cDNA was pre-
pared from 2.6 mg poly(A) selected normal hu-
man bone marrow aspirate RNA (see below). The
oligo(dT) primer (5'-ACTAGTGCGGCCGCCT
AGGCCTCGAGTTTTTTTTTTTTTTT-3') was
designed to create an oriented cDNA library, us-
ing the method described by Blumberg et al.
(1992). 5-Methyl dCTP was incorporated during
first-strand synthesis to protect internal Xho I
sites by hemimethylation interference. Residual 5-
methyl dCTPs were removed, and second-strand
synthesis was performed, incorporating the 3’
Xho I site. Internal EcoR I sites were then pro-
tected by EcoR I methylase treatment, the cDNA
ends were made blunt-ended, and EcoR I linkers
were added. After combined EcoR I and Xho I
digestion, the cDNA was purified by Sepharose
CL-4B chromatography and double-stranded
c¢DNAs approximately 500 base pairs or greater in
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size were ligated to 1 ZAP II arms (Stratagene) and
packaged in vitro with Gigapack II Gold (Strata-
gene). This library contained 7.4 X 10’ indepen-
dent clones and was screened unamplified. The
library was screened in duplicate with an HPLC-
purified **P-labeled synthetic 512-fold degenerate
oligonucleotide (TGYGARGGNTGY-AARGGN
TTYTT) under low-stringency conditions (1 M
NaCl, 0.1 M Tris-HCI, pH 8.0, 6 mM EDTA, 125
units of heparin per ml, 0.05% sodium pyrophos-
phate, 100 mg/ml yeast RNA, 0.1% sodium dode-
cyl sulfate, at 46°C). Filters were washed at high
stringency [two 15-min room temperature washes,
one in 6 X SSC/0.05% sodium pyrophosphate,
and one in 3 M tetramethylammonium chloride/
0.05 M Tris-HCI (pH 8.0)/0.2 mM EDTA (3 M
TMACQ), then two 20-min washes at 58°C in 3 M
TMAC, and one 15-min wash at room tempera-
ture in 6 X SSC/0.05% sodium pyrophosphate].
The degenerate oligonucleotide is a mixture of all
possible DNA sequences encoding the highly con-
served amino acid sequence CEGCKGFF, found
in the first cysteine finger of the members of the
thyroid-retinoid branch of the nuclear receptor
superfamily (Blumberg et al., 1992; Evans, 1988;
Wahli and Martinez, 1991). Positive plaques from
the initial high-density screen of 1 x 10° clones
were purified on secondary and tertiary screens
and converted to plasmids by the automatic exci-
sion process (Stratagene Unizap) (Short et al.,
1988). Purified plasmids were sequenced using a
modified dideoxy chain termination method (Ta-
bor and Richardson, 1989) and the screening oli-
gonucleotide as the initial primer. Clones showing
similarity to nuclear receptors were further char-
acterized.

DNA sequences were analyzed using programs
of Staden (1986), University of Wisconsin Genet-
ics Computer Group (Devereaux et al., 1984),
Feng and Doolittle (1987), DNASIS (Hitachi),
GeneWorks release 2.2 (IntelliGenetics), and
DNA Strider release 1.0 (Commissariat a 'Energie
Atomique, France).

Preparation of RNA

Bone Marrow Aspirate RNA. Bone marrow
(30 ml) was aspirated from the posterior iliac crest
of a normal volunteer donor with a Jamshidi nee-
dle using standard sterile procedures. The aspirate
was immediately placed on ice and allowed to clot.
After the serum was removed, the remainder of
the sample was transferred rapidly to 50-ml sterile
tubes containing 1.5 volumes of 4 M guanidine
isothiocyanate solution (4 M guanidine isothiocya-
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nate, 0.5% N-lauroylsarcosine, 25 mM sodium ci-
trate, 0.1 M 2-mercaptoethanol). Samples were
immediately homogenized with a NaOH-cleaned,
high-speed (Polytron) tissue homogenizer, and
360 ug total cellular RNA was prepared using a
modified Chirgwin procedure (Chirgwin et al.,
1979). Poly(A)* RNA was selected according to a
method by Cho (Blumberg et al., 1992) and its
integrity was confirmed by gel electrophoresis.

Fractionated Peripheral Blood Cell RNA. Sev-
eral leukapheresis packs were obtained from the
American Red Cross to isolate monocytes, lym-
phocytes, and neutrophils. A Ficoll-Hypaque sep-
aration procedure (Kitano et al., 1991) was used
to separate neutrophils from the mononuclear
fraction, and the monocytes and lymphocytes
were separated by overnight adherence to plastic.
The monocytes were lysed in situ on the tissue
culture dishes using the 4 M guanidine isothiocya-
nate solution following an overnight adherence
step in Iscove’s modified Dulbecco’s media IMDM
(Gibco) with 15% fetal bovine serum (Gemini)
and 5% heat-inactivated human AB serum. Lym-
phocyte and monocyte total RNA was prepared
and poly(A)* RNA was then isolated using either
the Fastrack kit (Invitrogen) or oligo(dT) columns
(Pharmacia).

Leukemic Cell Line RNA. RNA (and DNA)
was isolated from the following human hemato-
poietic cell lines: T-cell lines: CCRF-HSB-2,
CCRF-CEM, MOLT-4, Jurkat; B-cell lines: Raji
and NOR 25 (an EBV transformed normal adult
peripheral blood B-cell line kindly provided by
Nancy Perillo); myeloid leukemia cell lines: HL60,
KG-1, K562, and THP-1. RNA was also prepared
from the murine pre-B-cell lines 18.81, WEHI
231, and 70Z3 (kindly provided by O. Witte).
These cell lines were cultured in IMDM with 10%
fetal bovine serum, 100 U/ml penicillin G, 0.1
mg/ml streptomycin, and L-glutamine 0.4 mM.
The NOR-25, THP-1, 18.81, WEHI 231, and
70Z3 media contained 5 x 10™° M B-mercap-
toethanol and the NOR-25 media also contained
0.01 M HEPES (Gibco). Poly(A)-selected RNA
(20-40 mg) was prepared from 1 x 10® cells using
the Fastrack kit.

Bone Marrow Stromal Cell RNA. Bone mar-
row stromal cells (kindly provided by J. Nolta and
D. Kohn, M.D., L. A. Children’s Hospital) were
obtained from a 200-um wire mesh screen that
was used to filter bone marrow obtained during a
normal human donor bone marrow harvest. The
cells were washed with saline and suspended in
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IMDM containing 15% horse serum, 15% fetal
calf serum, 5 x 107° M B-mercaptoethanol, 103
M hydrocortisone, penicillin, and streptomycin.
Cells were grown for a total of four passages be-
fore harvesting. Collagenase was used during the
passaging of the cells to allow them to retain their
ability to differentiate towards adipose as well as
fibroblast cells (Nolta et al., 1992). Poly(A)-
selected RNA was obtained from 1 x 10° cells us-
ing the Fastrack kit.

Patient Sample RNA. Patients seen at UCLA
with active acute leukemia or chronic myeloge-
nous leukemia provided informed consent (ap-
proved by the UCLA Human Subject Protection
Committee) and donated 15-30 ml of peripheral
blood. The mononuclear cell fraction was isolated
by Ficoll-Hypaque density separation and total
RNA was prepared as above.

Fetal RNA. This study reutilized existing
Northern blots, previously prepared by KK, as
part of an approved clinical study of the UCLA
Clinical Genetics Laboratory (under the direction
of B. Crandall). These blots were prepared as fol-
lows. Tissue samples from fetuses with no known
genetic abnormality or chemical exposure were
provided by elective surgical abortions performed
between 11 and 24 weeks postconception, after
obtaining the patient’s informed consent. Samples
were obtained within minutes of pregnancy termi-
nation and were frozen immediately in liquid ni-
trogen and stored at —80°C. The conceptional
age of abortuses was determined by measurement
of fetal foot length. Prior to freezing, samples of
fetal cortex were dissected away from the central
diencephalon and the basal ganglia, and were
freed of membrane and choroid plexus; the me-
ninges were removed from spinal cords. Samples
of placental tissue were obtained from the fetal
aspect following removal of the amnion and
chorion. Total RNA was prepared from frozen
fetal cortex, cerebrum, pooled intact and partial
spinal cords, kidney, lung, placenta, and liver tis-
sue by homogenization in GITC using the meth-
ods of Chirgwin et al. (1979) or Chomczynski and
Sacchi (1987); poly(A)* RNA was isolated from
total RNA by affinity chromatography (Aviv and
Leder, 1972). Preparation of an additional North-
ern blot containing fetal liver RNA was as pre-
viously described (Kronquist et al., 1990).

Northern Blot Analysis

Formaldehyde agarose gels were loaded with ei-
ther methyl mercury or heat-denatured total cellu-
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lar or poly(A)-selected RNA. Gels were trans-
ferred to either Hybond (Amersham) or Nytran
(Schleicher and Schuell) membranes using stan-
dard platform transfer techniques in 10 X or 20 X
SSC. Prehybridizations and hybridizations were
performed in 7% SDS, 0.5 M Na,PO,, pH 7.2,
with 100 mg/ml salmon sperm DNA at high strin-
gency (65°C) (Blumberg et al., 1992). A 1.6-kb
PPARy cDNA fragment was random prime la-
beled (Feinberg and Volgelstein, 1983) with a *?P
dCTP, with specific activities from 0.4 to 1.0 X
10° cpm/mg (Pharmacia Oligolabeling kit) and
was used as the probe for all Northern and South-
ern blot analyses (McBride et al., 1989) at concen-
trations of 3-5 x 10° cpm/ml of hybridization so-
lution. Exposures ranged from overnight to 10
days with Kodak XAR film, and 2 Dupont Quanta
III screens, at —70°C.

Southern Blot Analysis

Genomic DNA was isolated from peripheral
blood leukocytes of 10 normal volunteers. DNA
from the normal volunteers was digested with re-
striction endonucleases EcoR I, Bam HI, Hind
III, Xba I, Sac I, Taq I, Pvu II, Pst I, Bgl II,
Msp I, EcoR V, and Kpn I. DNA fragments were
fractionated by 0.7% or 0.8% agarose gel electro-
phoresis and transferred to positively charged ny-
lon membranes in 0.5 N NaOH as described (Mc-
Bride et al., 1989). A 0.8-kb Xho 1/EcoR 1
fragment containing the A, B, C, and D regions of
hPPAR~ was used as the probe for hybridization
to normal volunteer DNA for Southern blot
RFLP analyses. Probes were labeled as described
above. The membranes were hybridized (at 42°C
in 50% formamide) and washed (in 0.1 x SSC at
55-58°C) at high stringency, allowing less than
10% sequence divergence as described (McBride et
al., 1989).

Somatic Cell Hybrids

The isolation and characterization of a panel
of human-rodent somatic cell hybrids retaining
subsets of human chromosomes have been de-
scribed previously (McBride et al., 1982). Hybrid
cell lines were characterized for the presence of all
human chromosomes except Y by standard isoen-
zyme analyses, by Southern analysis with probes
from previously localized genes, and, frequently,
by cytogenetic analysis.

Linkage Analysis

Southern blots of Xba I digests of DNAs from
40 large, three-generation CEPH families (Daus-
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set et al., 1990) were used for hybridization with a
0.8-kb A/B, C, and D region hPPARy (PPARG)
¢cDNA probe. RFLP typing was performed by
standard Southern blot analysis under high-
stringency conditions. All parental DNAs were
initially examined, and all family members from
informative matings (i.e., those with one or both
heterozygous parents) were then examined. Two-
point and multipoint linkage analysis of PPARG
versus loci typed in the CEPH data base version 5
were performed using LINKAGE version 5.1 for
microcomputers (Lathrop et al., 1984). An infre-
quent Taq I polymorphism (B1:B2 = 7.1:5.3 kb)
detected in one CEPH parent was used to geno-
type CEPH family 1413 and the results with Xba I
and Taq I were combined as a haplotype in this
family.

GenBank Accession Number

The full-length nucleotide sequence for hP-
PAR¢~ has been submitted to GenBank.

RESULTS

Isolation and Sequencing of the Human
PPAR~ ¢cDNA

Two PPARy clones were identified from the
degenerate oligonucleotide screen of the normal
human bone marrow ¢DNA library. A full-length
PPAR«y cDNA (clone 14) was isolated and se-
quenced from both ends (Fig. 1). This clone was
1844 base pairs (bp) long, and contained 5’ and 3’
flanking sequences, an open reading frame begin-
ning at bp 173, and an in-frame stop codon at bp
1607. The 1434-bp OREF is predicted to encode a
478 amino acid nuclear receptor protein, with a
predicted molecular weight of approximately 54.2
kDa. The beginning of the A/B region of the pre-
dicted PPAR« protein contains the amino acid se-
quence MVDT, as has been reported for other
members of this family (Fig. 2A). Clone 14 con-
tains all functional components characteristic of
nuclear receptors, and shows similarities and con-
servative base changes with all other reported
PPARs. Clone 14 shows the greatest similarity
(96% overall amino acid identity) to murine
PPARy, and the next highest similarity (73%
overall amino acid identity) to the Xenopus
PPARy c¢cDNA (Fig. 2B) and is therefore identi-
fied as the human version of the PPAR~y gene.

The second clone (clone 22) was incomplete,
containing an artifactual splice at a Hind III site
(bp 597) in the C region with loss of nine highly
conserved C region amino acids. The next 1247 bp
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61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801

I 10
ccgaccttac
ggttctctcet
ggtcggecte
GGTTGACACA
CGTAATGGAA
CAGCATTTCT
AGATTACAAG
ATCTCCACCT
CAACTCCCTC
TGGAGTTCAT
TATCTATGAC
GTACTGTCGG
GCGGATCGCA
GCTGAATCCA
CATAAAGTCC
AGACAAATCA
CAAGTTCAAA
TCAGGGCTGC
CATTCCTGGT
CCACGAGATC
CGAGGGCCAA
CTTTATGGAG
CGACTTGGCA
TGTGAAGCCC
GCTGAACCAC
CAGACAGATT
CATGAGTCTT
gagccactgce
aagaaattta
atgcatattg
tatgaaattg

[ 10

| 20
cccaggcggc
gagtctggga
gaggacaccg
GAGATCGCAT
GACCACTCCC
ACTCCACATT
TATGACCTGA
TATTATTCTG
ATGGCAATTG
GCTTGTGAAG
AGATGTGATC
TTTCAGAAAT
CAGGCCGAGA
GAGTCCGCTG
TTCCCGCTGA
CCATTCGTTA
CACATCACCC
CAGTTTCGCT
TTTGTAAATC
ATTTACACAA
GGCTTCATGA
CCCAAGTTTG
ATATTTATTG
ATTGAAGACA
CCTGAGTCCT
GTCACGGAAC
CACCCGCTCC
caacatttcc
ctgtgaaaaa
tttataaaga
caaaaaaaaa

} 20

| 30
cttgacgttg
attcccgagce
gagaggggcyg
TCTGGCCCAC
ACTCCTTTGA
ACGAAGACAT
AACTTCAAGA
AGAAGACTCA
AATGTCGTGT
GATGCAAGGG
TTAACTGTCG
GCCTTGCAGT
AGGAGAAGCT
ACCTCCGTCA
CCAAAGCAAA
TCTATGACAT
CCCTGCAGGA
CCGTGGAGGC
TTGACTTGAA
TGCTGGCCTC
CAAGGGAGTT
AGTTTGCTGT
CTGTCATTAT
TTCAAGACAA
CACAGCTGTT
ACGTGCAGCT
TGCAGGAGAT
cttcttccag
gcgttttaaa
cacatttaca
aaaaaaaaaa

| 30

| 40
gtcttgtcgg
ccgagecgca
ccacgccgcec
CAACTTTGGG
TATCAAGCCC
TCCATTCACA
GTACCAAAGT
GCTCTACAAT
CTGTGGAGAT
TTTCTTCCGG

GATCCACAAA

GGGGATGTCT
GTTGGCGGAG
GGCCCTGGCA
GGCGAGGGCG
GAATTCCTTA
GCAGAGCAAA
TGTGCAGGAG
CGACCAAGTA
CTTGATGAAT
TCTAAAGAGC
GAAGTTCAAT
TCTCAGTGGA
CCTGCTACAA
TGCCAAGCTG
ACTGCAGGTG
CTACAAGGAC
ttgcactatt
aagaaaaggg
atttactttt
aaaaaaaaaa

| 40

| 50
caggagacag
gcegeegect
gtggccgcag
ATCAGCTCCG
TTCACTACTG
AGAACAGATC
GCAATCAAAG
AAGCCTCATG
AAAGCTTCTG
AGAACAATCA
AAAAGTAGAA
CATAATGCCA
ATCTCCAGTG
AAACATTTGT
ATCTTGACAG
ATGATGGGAG
GAGGTGGCCA
ATCACAGAGT
ACTCTCCTCA
AAAGATGGGG
CTGCGAARAGC
GCACTGGAAT
GACCGCCCAG
GCCCTGGAGC
CTCCAGAAAA
ATCAAGAAGA
TTGTACTAGC
ctgagggaaa
tttagaatat
aatattaaaa
aaaa

[ 50

| 60
caccatggtg
ggggggcettg
aaATGACCAT
TGGATCTCTC
TTGACTTCTC
CAGTGGTTGC
TGGAGCCTGC
AAGAGCCTTC
GATTTCACTA
GATTGAAGCT
ATAAATGTCA
TCAGGTTTGG
ATATCGACCA
ATGACTCATA
GAAAGACAAC
AAGATAAAAT
TCCGCATCTT
ATGCCAAAAG
AATATGGAGT
TTCTCATATC
CTTTTGGTGA
TAGATGACAG
GTTTGCTGAA
TCCAGCTGAA
TGACAGACCT
CGGAGACAGA
agagagtcct
atctgaccat
gatctatttt
attaccatat

| 60
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60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1844

FIG. 1. DNA sequence of the full-length human PPAR+y cDNA (clone 14). The 1434-bp open
reading frame is predicted to begin at bp 173 and end at bp 1607, producing a 478 aa nuclear
receptor protein with a predicted mol. wt. of approximately 54 kDa.

are identical to clone 14, confirming the accuracy
of the DNA sequencing of clone 14.

Analysis of Hormone Receptor Functional
Regions

The various regions of the PPARy ¢cDNA are
identified, according to Dreyer et al. (1992) (Fig.
2B). Comparison (not shown) with the murine
PPAR<y shows 96% identity at the amino acid
level and 71% identity at the nucleotide level (Zhu
et al., 1993). Comparison with the other known
members of the PPAR family (Fig. 2A,B) reveals
other similarities at the amino acid level.

A/B Region. The 108-110 amino acid (aa) A/B
region is approximately the same size as the mu-
rine PPAR« (102 aa) (Issemann and Green, 1990)
and the Xenopus PPARy A/B region (112 aa)
(Dreyer et al., 1992). It is 93% identical to the
murine PPARYy receptor in this region, and 57%
identical to the Xenopus PPARy A/B region.

C Region. The highly conserved C region
(containing the DNA binding and dimerization
domains) has 100% identity with murine PPARy

and 97% identity with the Xenopus PPARy re-
ceptor.

D Region. The D region, which contains the
nuclear localization domain, is also referred to as
the ligand 1 domain (Forman and Samuels, 1990)
and is generally conserved in subfamilies binding
the same ligand. The D region is 96% identical to
the murine PPARy D region and 70% identical to
the Xenopus PPARy D region.

E Region. The E regions (containing the li-
gand binding, dimerization, nuclear localization,
and transactivation domains) of the murine and
human PPARYy are 98% identical, whereas Xeno-
pus and human PPARys share 75% identity.
Comparison of the Xenopus PPAR«y with the hu-
man and murine PPARy within the E region
shows 7% identity in the first 49 aa after the D
region, 90% identity in the 42 aa T1 transactiva-
tion silencing subdomain (Forman and Samuels,
1990), and 91% identity in the region extending
from the ligand binding and dimerization domains
to the carboxyl-terminus (148 aa). Although the
murine and human PPAR+y putative proteins are
100% identical in the first 49 aa after the D region,
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DGLTLNRTQM HNAGFGPLT. DLVTATANQL LPLEMDDAET GLLSAICLIC CDRQDLEQPD RVDMLQEPLL EALKVYVRKR RPSRPHMTPK MLMKITDLRS
NGTITRETLK SLRKPIGKMM EPKTETAMKT NALELDDSDL SLTVAALICC GDRPGLVNIP SIEKMQESIV HVLKLHLQSN HPDDSFLTPK LLQKMADLRQ
NGTITRETLK NLRKPTCDIM EPKTDTAMKT NALELDDSDI SLTVAALICC GDRPGLLNIG YIEKLQEGIV HVLKLHLQSN HPDDTFLTPK LLQKMVDLRQ
NGTITRETLK SLRKPTCDIM EPKTDTAMKT NALELDDSDI SLTVAALICC GDRPGLLNVG HIEKMQEGIV HVLRLHLQSN HPDDIFLTPK LLQKMADLRQ
SGTVTRETLR SLRKPTSDII EPKTETAVKT NALELDDSDL ALTIAAIILC GDRPGIMNVP RVEAIQPTIL RALEFHLQAN HPDAQYLTPK LLQKMADLRQ
RGTVTRETLR SLRQPTCHIM EPKTHTASKT NALELNDSDL ALTVILCILC GDRPGLINPS QVEDIQEGIL GALRRHLKAS HTDAPFLTPK LLHKMADLRQ
QGTMTRETLK SLRKPTSDTM EPKTETAIRT NSLELDDSDL AITVAVIILS GDRPGLLNVK PIEDIQDSLL QALELQLKLN HPDSAQLTAK LLQKMTDLRQ
QGFMTRETLK SLRKPTGDTM EPKTETAVKT NALEIDDSDL AITIAVIILS GDRPGLLNVK PIEDIQDNLL QALELQLKLN HPESSQLTAK LLQKMTDLRQ

DIMERIZATION DOMAIN
AN S NN R N

I1SAKGAER.V ITLKMEIPGS MPPLIQEMLE NSEGLDTLSG QPGGGGRDGG GLAPPPGSCS PSLSPSSNRS SPATHSP*
LVTEHAQLVQ TIKKTETDAA LHPLLQEIYR DMY*
LVTEHAQLVQ VIKKTESDAA LHPLLQEIYR DMY*
LVTEHAQLVQ IIKKTESDAA LHPLLQEIYR DMY*
LVTEHAQMMQ RIKKTETETS LHPLLQEIYK DMY*
LVTEHAELVQ SIKRTESSAA LHPLLQEIYR DMY*
WTEHVQLLQ LIKKTEADMC LHPLLQEIYK DLY*
IVTEHVQLLQ VIKKTETDMS LHPLLQEIYK DLY*

FIG. 2A. Comparison of the amino acid sequence of human PPAR7 with its nearest relatives in the nuclear receptor superfamily,
Xenopus PPARa, 0, 7 (Dreyer et al., 1992), murine PPARa (Issemann and Green, 1990), and human NUC1 (Schmidt et al., 1992),
PPARa (Sher et al., 1993), and RARa (Giguere et al., 1987; Petkovich et al., 1987). The nuclear receptor superfamily structural
regions are indicated by the shaded blocks as per Dreyer et al. (1992). The putative conserved tau 1 silencing domain (TI) (Forman
and Samuels, 1990) is indicated. The location of a partially conserved activating motif (CAF) (Danielian et al., 1992) is within the
last 20 amino acids of this family of receptors. Bold letters indicate amino acids identical to IPPAR7 .
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AMINO ACID IDENTITY AMONG MEMBERS OF THE PPAR FAMILY
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FIG. 2B. Comparative amino acid identity between hPPAR«y, other members of the PPAR
family, and hRARa. The schematic amino acid alignment was prepared according to Fig.
2A. The percentage of amino acid identity among the various receptors and hPPARY is
indicated for each domain. The E domain is further subdivided to indicate the location of a
highly conserved (tau 1 putative silencing) domain (Forman and Samuels, 1990). h = hu-

man, m = murine, X = Xenopus.

the Xenopus v receptor is much more divergent in
this region. In the remaining E region, beginning
with the T1 domain, all three receptors share 90-
91% identity.

Expression Pattern of PPARy

Northern blot analysis revealed the presence of
two different PPARy mRNA transcripts in hema-
topoietic cells; two PPARy transcripts of similar
size are also present in the Xenopus system
(Dreyer et al., 1992). The human 1.85-kb tran-
script is large enough to contain all the functional
regions present in the 1428-bp open reading frame
of the cDNA cloned from the bone marrow library
(Figs. 1 and 2). The 0.65-kb transcript cannot con-
tain all the functional regions of a nuclear receptor
(e.g., the ligand binding domain is 678 bp, the
DNA binding domain is 195 bp, and a short linker
region would be 220-234 bp for a total of 1.1 kb).
[The partial clone (clone 22) was not considered to
represent the short 650-700-bp transcript based on
length, because it contained 1010 bp identical to
clone 14 full-length receptor open reading frame.]

The larger transcript (PPAR«y1) is expressed in
a variety of malignant hematopoietic cell lines,

normal peripheral blood monocytes cultured over-
night, and primary cultured stromal cells (Fig. 3).
No PPARy mRNA was detected in the Jurkat,
MOLT4, CEM-CRFF, CCRF-HSB-2, Raji, K562,
or KG-1 cell lines.

The shorter 0.65-kb transcript (PPAR%2) is the
only form seen in freshly isolated peripheral blood
neutrophils, lymphocytes cultured overnight (Fig.
3), and in the mononuclear fraction obtained from
the peripheral blood of adult patients with acute
myeloid leukemia (AML), chronic myeloid leuke-
mia (CML), CML in blast crisis, and acute lymph-
ocytic leukemia (ALL) (Fig. 4). Not all patient
samples showed expression of PPARy; mRNA
was detected in the mononuclear fractions of 5/11
cases of the AML, 7/8 of the CML, 1/5 of the
CML in blast crisis, 5/7 of the ALL, and weakly
detected in one NK cell leukemia (Table 1). Blast
counts varied somewhat in these samples. To ex-
clude the possibility that some of the hybridization
signal could have come from the few normal lym-
phocytes or monocytes remaining after a Ficoll-
Hypaque separation, we prepared 20 mg total
RNA from normal peripheral blood lymphocytes
and found no signal under the same hybridization
conditions (data not shown) [The lanes in Fig. 3
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FIG. 3. Northern blot analysis of hPPAR/y mRNA expression in hematopoietic cell lines and pri-
mary peripheral blood cells as indicated. Mo = monocytic cell line, T = T-cell line, My = myeloid
cell line, AML = acute myelogenous leukemia cell line, E/M = erythroid or myeloid cell line, B =
B-cell line, PMN’s = polymorphonuclear leukocytes. Each lane contains 5 /*g poly(A)-selected RNA.
Probe shown is IPPAR7 1.6-kb (full-length) cDNA, hybridizing to liPPARYy transcripts either 1.8 kb
or 0.65 kb in size. Control probe (/3-actin, 1.85 kb) is shown below.



290

800 YO0
~OT

".*_EH
g_l.\l_?go
S ml?
g
N
O

GREENE ET AL.

1.85 kb

0.65 kb

FIG. 4A. Northern blot analysis of hPPAR.7 in eight fresh acute lymphoid leukemia (ALL)
cells, using the 1.6-kb (full-length) hPPAR/y cDNA as probe. Each lane contains 10 /xg total
RNA isolated from the peripheral blood mononuclear cell fraction. Morphologic ALL sub-
classification (L1-L2) is listed according to the French American British (FAB) classification
(Sun, 1983). A Tdt (terminal deoxyribonucleotide transferase) negative, natural killer (NK)
cell leukemia sample is included. The amount and integrity of the RNA in each lane of Figs. 4
and 5 were confirmed by ethidium bromide staining and by hybridizations with other probes
(data not shown). Darker exposures failed to reveal hybridization in the 1.85-kb region for any

of these blots (Figs. 4 and 5).

contain 5 mg poly(A)+ RNA.] Primary bone mar-
row stromal cells cultured for a total of four pas-
sages expressed only the 1.8-kb transcript
(PPARTI). In contrast to isolated hematopoietic
cell populations, other human organ systems (co-
lon, bladder, kidney, skeletal muscle, liver,
spleen, placenta, and stomach) show expression of
both transcripts, with the 1.85-kb mRNA being
dominant in colon, muscle, placenta, and bladder
(Fig. 5A,B). Both transcripts were also seen in fe-
tal organs (16-19 gestational weeks); the 1.85-kb
transcript was dominant in fetal kidney, and the
0.65-kb transcript was dominant in fetal liver and

lung (Fig. 5B). Fetal liver specimens (19.2 and 16.4
weeks) contain significant amounts of hematopoi-
etic cells, as the liver is the main source of hema-
topoesis at that time (Schwartz and Gill, 1983).

Chromosomal Localization of the hPPARyY
Gene (PPARG)

The gene was localized by Southern blot analy-
sis of a panel of EcoR I-digested human-rodent
somatic cell hybrid DNAs with a iPPARy cDNA
probe. The three hybridizing bands in human
DNAs were readily distinguished from cross-
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FIG. 4B. Northern blot analysis of iIPPARy RNA expression in the peripheral blood mononuclear fraction isolated from patients
with chronic myelogenous leukemia (CML); 10 or 20 /xg of total RNA was loaded per lane (as indicated).

hybridizing bands in rodent DNAs (not shown).
All human bands cosegregated and the gene could
be unambiguously assigned to human chromo-
some 3 (Table 2); it segregated discordantly
(> 16%) with all other human chromosomes. The
gene was further localized on the short arm of

2 T-  to cM cM cM T-
« 4 2 23 3 2 2
1 2 3 4 5 6 7

’*-;*V cxar W

(10 pg total RNA per lane)

chromosome 3 by examination of two hybrids
containing spontaneous breaks or deletions in-
volving this chromosome. One hybrid contained a
large deletion in the short arm with loss of distal
3p markers RAFI (3p25), THRB (3p24.1-p22),
and ACYI (3p21), but retention of DNF15S2
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FIG. 4C. Northern blot analysis of iPPARy RNA expression in peripheral blood mononuclear fractions from patients diagnosed
with acute myeloid leukemias (listed according to the FAB classification). Lanes contain 10 or 20 /xg total RNA as indicated. RAEB
(lane 9) is from a patient with refractory anemia with excess blasts (Sun, 1983). Lane 8 has an artifact above the true signal.
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TABLE 1
SUMMARY OF HPPARy AND RAR« EXPRESSION IN HUMAN HEMATOPOIETIC CELLS
PPARy1 PPAR~y2 RAR«a
Lineage Name (1.85 kb) (0.65 kb) (3.6and 2.4 kb)
Cultured Malignant Hematopoietic Cell Lines (Detectable Expression on 5 ug mRNA Northern Blots)
Lymphoid
T-Lymphoblastoid HSB-2 - - +++
MOLT-4F - - +++
CCRF-CEM - - +++
T-cell JURKAT - - +++
B-cell (Burkitts) RAJI — - +++
B-cell (peripheral blood, EBV transformed) NOR-25 +++ - +++
Myeloid
Promyelocytic HL60 +++ - +++
Myeloid-monocytic, (histiocytic, FC receptors, U937 +++ - +++
phagocytic, AML) THP-1 +++ - +++
KG-1 - - + 4+ +
Erythroid
Myeloid-erythroid heme + expression K562 - - +++

Peripheral Blood, Bone Marrow Compartments (1-5 ug poly(A) or 10-20 ug total RNA Northern Blot Expression)

Peripheral blood PMNs - ++++ +++++++
(fractionated, normal) Lymphocytes (95% T) - +++ ++ +
Monocytes (adherence + ++ +++
purified, in culture
overnight)
Total bone marrow aspirate stroma and ++++ + ++ +
hematopoietic cells
Cultured primary bone marrow stromal cells, +++ - +++
fibroblastic and adipocytic differentiation
Peripheral blood, leukemic patients
AML M1 0/2- 0/2— ND
M2 0/4— 2/4+ ND
M3 ND ND ND
M4 0/2— 172+ ND
M5 0/1- 1/1+ ND
Unspecified 0/2- 172+ ND
CML 0/8-— 7/8+ ND
CML in blast crisis 0/5- 1/5+ ND
ALL L1 0/1— 1/1+ ND
L2 0/4- 2/4+ ND
Biphenotypic 0/2- 2/2+ ND
NK cell, TDT - 0/1- M/1+ ND

Relative strength of signal is approximately indicated on a + to + + + + subjective scale, with + + + + equal to a fourfold
increase in signal strength relative to +. The PMN signal indicated as + + + + + + + + is at least eightfold stronger than a +
signal. ?/1+ signal for the NK leukemia indicates a very faint signal. ND = not done. Adjustments are made to normalize

differences in exposure times and amounts of RNA.

(3p21.2-21.3) and CCHL1A2 (3p14.3) (Chin et
al., 1991) as well as two other more centromeric
3p markers and all loci on 3q. The other hybrid
contained a break in proximal 3q with retention of
long arm markers and loss of all short arm mark-
ers. The hPPARy gene was absent from both of
these hybrids, indicating that it must be located in
the region 3p21-p25.

The gene could be further localized to band
3p25 by genetic linkage analysis after identifica-

tion of a high-frequency Xba I RFLP at the hP-
PARy locus (PPARG) using the 0.8-kb hPPARYy
cDNA probe; allelic bands of 4.0 kb (A2) and 9.0
kb (A1) were found in addition to constant bands
of 3.0, 4.4, and 7.2 kb lengths. In 80 CEPH par-
ents, the allele frequencies were: Al:A2 = 0.5:
0.5. The Xba I polymorphism was used for link-
age analysis in the CEPH families. One or both
parents was a heterozygote in 34 of the 40 total
families, and both parents were heterozygotes in
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FIG. 5A. Northern blot analysis of hPPARYy mRNA expression in adult human organs.
Each lane contain 5 fig poly(A)-selected RNA. The position of the two transcripts, 1.85
kb and 0.65 kb, is indicated. Hybridization using (3actin cDNA is shown below.

18 of these families. All family members were ex-
amined in the informative families and the geno-
types were entered into the CEPH data base and
used for linkage analysis with other published
markers from chromosome 3p (Table 3). Several

errors were detected and corrected (see Table 3
footnotes).

The results of two-point linkage analysis of
PPARG with other published markers (Tory et
al., 1992) in the 3p26-p22 region are shown in Ta-
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FIG. 5B. Northern blot analysis of IPPAR?7 expression in human fetal organs. Lanes contain
either 10 /xg or 2 /xg of poly(A)-selected RNA as indicated. Cortex refers to the cerebral cortex.

ble 3. Multipoint linkage analysis was used to or-
der PPARG with respect to these other loci (Fig.
6). The results do not permit ordering of PPARG
and RAF1 (odds of reversal only 1.4), but both
loci are centromeric to genetic marker D3S18
(odds of reversal 2.3 X 105 and telomeric to
D3S588 (odds of reversal 1.9 X 1027, and the thy-
roid hormone receptor /? gene, THRB (odds of
reversal 4.2 X 109, within band 3p25. Multipoint
linkage analysis therefore establishes the location
of IPPAR7Y within band 3p25.

DISCUSSION

We have isolated a new, functional member of
the human nuclear receptor family of steroid hor-

mone receptor transcription factors, liPPARy.
HPPAR7 appears to be widely expressed in the
human hematopoietic system, and in a variety of
both human adult and fetal organs. The ratio of
the two transcripts, 1.85 kb (liPPARyl) and 0.65
kb (LPPAR72), varies from organ to organ, and
in different populations of hematopoietic cells.
Two predominant transcripts are also seen in the
Xenopus system (Dreyer et al., 1992) with the
larger transcript (2.2 kb) seen in a variety of or-
gans (e.g., liver, kidney, testes) and abdominal fat
body, and the small transcript seen in Xenopus
oocytes. In the human hematopoietic system, nor-
mal peripheral blood lymphocytes and neutro-
phils, and circulating leukemic cells from patients
with AML, ALL, CML, and CML in blast crisis,
express only the shorter 0.65-kb PPAR72 tran-
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TABLE 2
SEGREGATION OF hPPARy GENE IN SOMATIC CELL HYBRIDS, SHOWING
hPPARy SEGREGATES WITH HUMAN CHROMOSOME 3

hPPAR~y Gene/Chromosome

Human Discordancy
Chromosome +/+ +/- —-/+ -/- (")
1 19 8 13 45 25
2 17 10 9 49 22
3 27 0 0 58 0
4 26 1 24 34 29
S 18 9 5 53 16
6 21 6 25 33 36
7 11 16 26 32 49
8 18 9 15 43 29
9 20 7 13 45 24
10 11 16 5 53 25
11 17 10 11 47 25
12 12 15 14 44 34
13 14 13 20 38 39
14 13 14 29 29 51
15 17 10 30 28 47
16 11 16 25 33 48
17 21 6 32 26 45
18 21 6 22 36 33
19 20 7 8 50 18
20 21 6 17 41 27
21 25 2 30 28 38
22 16 11 11 47 26
X 18 9 24 34 39

+/+ = number of somatic cell hybrids in which the hPPARy gene was detected, and
human chromosome z was present; +/— = hPPAR<y gene detected, chromosome z not pres-
ent; —/+ = hPPAR gene not detected, but chromosome z present; —/ — neither hPPARy
gene nor chromosome z present. The human PPARG gene was detected as 1.35-, 3.4-, and
16.5-kb bands in EcoR I digests of human DNA and human-rodent somatic hybrid cell DNAs
after Southern hybridization with a 0.8-kb cDNA probe. The human bands were all well
resolved from cross-hybridizing 2.85-, 4.3-, and 15.3-kb, or 2.8- and 10.9-kb bands in EcoR
I-digested Chinese hamster and mouse DNAs, respectively. The three human bands were either
all present or all absent in any hybrid cell line. Detection of the human gene is correlated with
the presence or absence of each human chromosome in the group of somatic cell hybrids.
Discordancy represents presence of the gene in the absence of the chromosome (+/-), or
absence of the gene despite the presence of the chromosome (- /+), and the sum of these
numbers divided by the total number of hybrids examined ( X 100) represents percent discord-
ancy. The 41 human-hamster hybrids consisted of 29 primary hybrids and 12 subclones; 12
were positive. The 44 human-mouse hybrids contained 16 primary clones and 28 subclones; 15
were positive.

script. In contrast, human acute myeloid leukemia
cell lines (e.g., HL60, U937, or THP-1) express
only the larger 1.85-kb mRNA, and cultured stro-
mal cells also only express the 1.85-kb transcript,
raising the possibility that some aspect of culture
conditions, such as rapid cell division, or the rela-
tive abundance of different growth factors or lip-
ids may influence diffential expression of the two
PPARy transcripts. Another possibility is that
metabolites produced following interactions be-
tween different cell types influence the expression
of the short or the long transcript.

The likely explanation is that the transcript ex-

pressed reflects both cell type- and cell environ-
ment-specific requirements for PPAR function.
Peripheral blood lymphocytes separated from
monocytes by overnight adherence in culture me-
dia express the smaller transcript, whereas the
monocytes express predominantly the larger tran-
script under identical culture conditions.

The 1.85-kb ¢cDNA clone that we isolated is a
full-length ¢cDNA that corresponds to the 1.85-kb
PPARy1 mRNA and contains all functional nu-
clear receptor domains. Preliminary cotransfec-
tion studies with the hPPAR+y ¢cDNA and the acyl-
coA PPRE luciferase reporter plasmid (Kliewer et
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TABLE 3
TWO-POINT LOD SCORES FOR hPPARy VERSUS OTHER LOCI ON CHROMOSOME 3p22-p26
Z at ©*
Confidence Physical

Locust 0 0.05 0.1 0.2 0.3 0.4 Onax Z,ax Interval} Location

D3S191 - 3.6 5.2 5.2 39 2.1 0.143 5.5 0.077-0.255 pter-p25
(0.092,0.196) (5.7

D3S18 —oo 19.5 20.6 18.1 13.0 6.5 0.096 20.6 0.055-0.139  p26-p25
(0.048,0.143)  (21.3)

RAF1 - 17.1 16.8 13.6 9.0 4.0 0.065 17.2 0.040-0.118  p25
(0.056,0.071) (17.2)

D3S154 - 7.9 7.6 5.4 2.9 0.8 0.059 8.0 0.020-0.153 p25
(0.119,0.001)  (8.1)

D3S588 — o0 11.6 15.8 15.7 11.7 6.1 0.142 16.5 0.097-0.203 p24
(0.136,0.146) (16.5)

THRB — 4.6 9.1 10.0 7.5 3.8 0.162 10.3 0.109-0.229  p24.1-p22
(0.116,0.213)  (10.6)

*The LOD scores (Z) at selected recombination fractions (6) are shown. The most likely recombination fraction (6,,,) and
LOD scores (Z,,,) are also shown. [All values are computed assuming no sex difference in recombination frequencies except
values in parentheses, which give sex-specific (male-female order), recombination fractions, and Z,,,.]

tProbe-enzyme combinations for these loci are: D3S191 = 38-96 with Msp I; D3S18 = L162 with Bam HI and Dra I
enzymes combined as haplotype; RAF1 = = p628 with Taq I and Bgl I enzymes combined as a haplotype; D3S154 =
LIB34-60 with Bgl II; D3S588 = LIB12-69 with Hind III; THRB = pBH302 with Hind III.

{Confidence intervals for recombination fractions over a 10-fold range of likelihood.

Technical comments: Several errors were detected and corrected. The genotypes for paternal grandparents 133311 and
133312 with L162/Dra 1 were deleted due to incompatibility. Genotypes for individuals 1204, 1208, 1703, and 1704 were
omitted from the D3S18 haplotype because these individuals were recombinant between genotypes with Bam HI and Dra 1.
Individuals 6605 and 133208 were recombinant between RAF1/Bgl I and RAF1/Taq I, and these individuals were deleted
from the RAF1 haplotype. Finally, a phase error was detected in CEPH family 1420 between hPPARy (PPARG) and both
RAF1 and THRB. No errors could be found on reexamination of the autoradiographs for hPPAR+y/Xba I in this family. This
phase error was eliminated by the conservative change involving deletion of genotypes for paternal grandparents 142009 and

142010 for hPPARYy/Xba I.

Genotypes for all loci except PPARG were contributed to the CEPH data base by the laboratory of Dr. B. Zbar.

al., 1992) show activation of the reporter gene in
the presence of the peroxisome proliferator WY
14643 (to be published separately). Although it is
possible there is mRNA-specific rapid degradation
of hPPARYy, we believe we have eliminated the
possibility that the 0.65-kb message RNA reflects
only general artifactual partial degradation of the
RNA, because mRNA of this size is present on
multiple human Northern blots, and hybridization
of these blots with other cDNAs (c-fos, c-jun,
RARa, and B-actin) showed no evidence for deg-
radation of those mRNAs. In addition, a tran-
script of this size has been seen in the Xenopus
system (Dreyer et al., 1992). Cloning and sequenc-
ing the short 0.65-kb mRNA will reveal whether it
can bind DNA, or bind ligand, and whether it
retains the heptad repeats or transactivating or si-
lencing domains that permit functional protein-
protein associations in transcriptional complexes.
Additional studies will also reveal whether the
short transcript is translated into protein.

The hPPARYy ¢cDNA probe appears to detect
a single copy gene (PPARG) located on human

chromosome 3, although the presence of more
than one gene copy at a single locus has not been
rigorously excluded. A high-frequency, two-allele
polymorphism (Xba I RFLP) has been identified
at this locus, and it has been used to regionally
localize the gene to band 3p25 in close proximity
to RAF1 (Fig. 6). There is definite linkage between
PPARG and all six of the loci in Table 3. PPARG
is closely linked to RAF1, and the indicated re-
combination fraction between these two loci is
probably an overestimate. No recombinants be-
tween these two loci were found in 68 informative
meioses in 15 informative families, and a single
recombinant was observed in each of three addi-
tional families. In contrast, at least four recombi-
nants were found in a single family (CEPH 17).
This suggests the presence of errors in family 17
but no correction was made because no error was
found on CEPH 17 Xba I-digested DNA probed
with the 0.8-kb hPPARy cDNA. Despite this
problem, PPARG and RAFI1 could be ordered
with respect to the other loci on chromosome 3.
Human PPAR« was localized to a region
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D3S18 ——————— (RAF1, PPARG) ————___D3S588 —_____ THRB
Odds against (2.3 x105) 1.4) (1.9 x1027) (4.2x109)
reversal of order
©males 0.019 0.032 0.054 0.045
Ofemales 0.055 0.066 0.131 0.055
BOsex average 0.038 0.050 0.104 0.049

FIG. 6. Multipoint linkage analysis of loci in the telomeric region of chromosome 3p. The
result of the analysis of these values indicate that the most likely order of these loci is as
shown. Note that based on all information available PPARG and RAFI cannot be ordered.
The values in parentheses indicate the odds against reversing the order of the adjacent loci.
The most likely sex-specific recombination fraction (Q) between each locus is shown. Sex
average values represent most likely recombinationfractions assuming no sex difference.
PPARG = hPPARy gene; RAF1 = RAFI gene; THRB = thyroid hormone receptor, beta

gene; D3S### = genetic marker, single copy DNA fragments, human chromosome 3.

slightly telomeric to 22ql12-q13.1 (Sher et al.,
1993), establishing these two human PPARs as
separate genes on different chromosomes. The lo-
calization of hPPAR#y to 3p25 has interesting im-
plications. 3p deletions are commonly seen in a
variety of carcinomas (Seizinger et al., 1991)
whereas the 3p25-p21 deletion has been reported
infrequently in patients with chronic lymphoproli-
ferative disorders, including non-Hodgkins lym-
phoma (Mitelman et al., 1991). Whether loss or
disruption of hPPARYy contributes to any human
malignancy remains to be proven.

Studies demonstrate that PPARs heterodimer-
ize with the 9-cis-retinoic acid receptor (RXR) and
synergistically induce gene expression (Keller et
al., 1993; Kliewer et al., 1992; Krey et al., 1993).
These studies demonstrate a convergence between
the retinoid-responsive pathways and the long-
chain fatty acid/arachidonic acid-responsive path-
ways. The precise effects of PPARs in peroxide-
and leukotriene-mediated aspects of host defense
are unknown. Recent studies of the cellular re-
sponse to PPAR activation have focused on fatty
acid 3 oxidation and « hydroxylation, and adipo-
cyte differentiation (Chawla et al., 1994; Tonto-
noz et al., 1994). Target genes transcriptionally
activated by PPARs include acyl-coA oxidase, the
key enzyme regulating the fatty acid 8 oxidation
pathway (Tugwood et al., 1992), peroxisome bi-
functional enzyme (Zhu et al., 1993), the adipo-
cyte P2 lipid binding protein gene (Tontonoz et
al., 1994), mitochondrial HMG-CoA synthase
(control site of the ketogenesis pathway) (Rodri-
quez et al., 1994), and CYP4A6 (cytochrome P-
450 fatty acid w hydroxylase), a key enzyme cata-
lyzing the w hydroxylation of arachidonic, lauric,
and palmitic acids (Muerhoff et al., 1992).
CYP4AG is induced in rabbit liver in response to
treatment with clofibric acid. In neutrophils, P-
450 cytochrome(s) catalyze successive oxidations

at the w position to inactivate leukotriene B,,
which is‘a potent stimulator of degranulation, che-
motaxis, and adherence (Curnutte and Babior,
1990). Patients with peroxisome deficiency disor-
ders do show impaired degradation of leuko-
trienes and excrete LTB, in their urine (Mayatepek
et al., 1993). The effect of peroxisome proliferator
agents on LTB, levels, or neutrophil w oxidation,
is not yet known.

Recently, the HIV-1 gene LTR modulatory re-
gion was identified as having a multiple nuclear
receptor-responsive element activatable by PPAR/
RXR heterodimers with increased expression in re-
sponse to clofibric and 9-cis-retinoic acid (Ladias,
1994).

Specific hematopoietic gene promoters have
not been tested for PPAR activation. Possible
PPAR-responsive genes include many retinoid-
responsive genes such as CD18, the leukocyte inte-
grin 8 subunit, which has multiple combinations
of imperfect PPAR/RAR/RXR type binding
half-sites (TGACCT or AGGTCA) (Laudet et al.,
1992; Umesono et al., 1991) and is retinoic acid
inducible (Agura et al., 1992). The effects of
PPAR upon myeloperoxidase, chloroacetate es-
terase, or catalase expression in myeloid cells also
have not yet been examined.

Further study of the two forms of the PPARy
mRNA will be extremely useful for understanding
their functions in hematopoietic cells as well as
other organ systems.
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