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The nuclear receptor peroxisome proliferator-activated receptor y (PPARvy) is essential for placental
development. Here, we show that the mucin gene Mucl is a PPARvy target, whose expression is lost in PPARy
null placentas. During differentiation of trophoblast stem cells, PPARY is strongly induced, and Mucl expres-
sion is upregulated by the PPARYy agonist rosiglitazone. Mucl promoter is activated strongly and specifically
by liganded PPARYy but not PPAR« or PPARS. A PPAR binding site (DR1) in the proximal Mucl promoter acts
as a basal silencer in the absence of PPARY, and its cooperation with a composite upstream enhancer element
is both necessary and sufficient for PPARy-dependent induction of Mucl. In the placenta, MUCI1 protein is
localized exclusively to the apical surface of the labyrinthine trophoblast around maternal blood sinuses,
resembling its luminal localization on secretory epithelia. Last, variably penetrant maternal blood sinus
dilation in Mucl-deficient placentas suggests that Mucl regulation by PPARYy contributes to normal placental
development but also that the essential functions of PPARYy in the organ are mediated by other targets.

Peroxisome proliferator-activated receptor y (PPARY) is an
orphan nuclear receptor with diverse biological activities of
prime clinical importance (20). It heterodimerizes with RXR
to regulate transcription of target genes through response ele-
ments (PPREs) comprised of direct repeats of a core motif
spaced by 1 bp (underlined) (AGGTCA N AGGTCA; DR1)
(15). PPARY is the molecular target for the thiazolidinedione
class of insulin sensitizers, which are widely prescribed for the
treatment of type II diabetes (9). It is also a key regulator of
adipocyte differentiation and regulates genes mediating lipid
homeostasis pathways in adipocytes and macrophages (4, 6,
30). In addition, PPARYy has been implicated as a differentia-
tion factor and a potential anti-oncogenic target in breast and
colon cancer (27).

PPARY deficiency results in death by the 10th day of gesta-
tion (E10.0) (3). At this developmental stage, PPARYy is ex-
pressed abundantly and exclusively in the placenta, and rescue
of PPARYy null embryos to term by tetraploid chimeras shows
that its essential functions are confined to the trophoblast (3).
During placentation, structures transducing either maternal or
fetal blood interdigitate to form a labyrinthine network of
vessels. Histological studies reveal that PPAR+y null placentas
fail to form this vascular labyrinth (3). Fetal blood circulates in
the placenta in endothelium-lined vessels that adhere inti-
mately to the trophoblast. In PPAR«y-deficient placentas, the
tight interface between the trophoblast and the fetal endothe-
lium is severely disrupted, and consequently, fetal vessels ar-
rest at the chorionic plate. Once in the placenta, maternal
blood leaves the arterial system and bathes the trophoblast
through a series of small blood pools, or lacunae, that are lined
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immediately by the labyrinthine trophoblast (2). These blood
pools are dilated and torn in PPARy null placentas, forming an
abnormal, continuous blood sinus on the maternal side of the
labyrinth, with overt phagocytosis of maternal erythrocytes by
junctional zone trophoblasts (3). Normal labyrinthine tropho-
blast differentiates into a barrier epithelium that separates the
maternal and fetal circulations while performing the essential
exchange of metabolites between the two (7). This differenti-
ation is critical for vascular remodeling, as demonstrated in
various mouse mutants (21). However, the labyrinthine tro-
phoblast of PPAR«y null placentas fails to undergo typical
morphological and cellular changes, such as compaction, syn-
cytium formation, and lipid droplet accumulation (3). Embryos
deficient for RXRa, alone or in combination with RXR},
exhibit defects that are similar to those seen in PPARYy null
placentas, demonstrating the functional dependency of
PPARy on RXR (22, 31).

Although the list of defects in PPARy null placentas is
extensive, no specific target genes have been established for
these phenotypes. Here, an effort to identify and characterize
transcriptional targets of PPARy revealed that the mucin gene
Mucl is a tightly regulated PPAR'y target in the placenta and
differentiated trophoblast stem cells. This regulation is medi-
ated by the cooperative action of PPARy-binding and non-
binding elements in the proximal part of the Mucl promoter,
whose protein product is confined to the trophoblast layer
surrounding the maternal lacunae. This asymmetric distribu-
tion is analogous to the previously established localization of
MUCI1 protein on luminal surfaces of simple secretory epithe-
lia (5) and implicates the maternal lacunae in the placenta as
the anatomical analogues of secretory lumens. About half of
Mucl null placentas exhibit dilation of the maternal lacunae,
suggesting that Mucl may participate in this aspect of the PPARy
null phenotype. Our data provide new mechanistic insights into
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FIG. 1. PPARy and RXRa are obligatory for placental Mucl ex-
pression. Northern blot analysis of RNA from pools of genotypically
identical placentas at E9.5 reveals Muc! expression in wt placentas and
its loss in both PPARy (A) and RXRa (B) null placentas. Placentas
heterozygous for either nuclear receptor (+/—) express roughly half the
wt level of Mucl. A Mash2 probe was used for quantitative normalization.

PPARY action in trophoblasts, both by implicating it in shared
biological regulation of epithelia and trophoblast and by revealing
novel combinatorial interactions of PPARy in target regulation.

MATERIALS AND METHODS

Preparation of placental RNA. Individual placentas were isolated from E9.5
embryo progeny of either PPARy™~ (3) or RXRa "/~ (28) breeder pairs and
kept frozen at —80°C. The corresponding genotypes were determined by PCR of
yolk sac DNA, as described previously (3), at which stage placentas with similar
genotypes were pooled in groups of four, and RNA was extracted with Tri-
Reagent. RNA preparations were further purified by treatment with RNase-free
DNase and reextraction.

RDA. Total RNA (1 pg) from either wild-type or PPARy ™/~ placentas was
converted to double-stranded cDNA, using the SMART PCR c¢DNA synthesis
kit (Clontech). This cDNA was amplified through several rounds of long-range
PCR, using Advantage Tag polymerase mix (Clontech). The amplified full-length
c¢DNA was digested with DpnlI and used to carry out reciprocal representational
difference analysis (RDA) essentially as described previously (11), except that
amplification of subtracted products was performed by using Advantage Tag
polymerase mix and for 13 to 17 amplification cycles only. An additional modi-
fication was the supplementation of the subtracted driver cDNA population with
Sau3Al-digested PPARy (added to null driver) or lacZ and neo (added to the
wild-type [wt] driver) to circumvent differential recloning of these genes. At the end
of three rounds of subtraction-amplification, individual bands could be discerned on
agarose gels, from which they were isolated and subcloned into pBluescript. Ten
plasmid clones from each band were sequenced to determine its predominant com-
position, and sequences iterated more than once were subjected to BLAST analysis
with the National Center for Biotechnology Information database to determine
identity as well as being reprobed against RNA from PPARy™*, PPARy"/~,
and PPARy ™/~ placentas to confirm true differentials.

Trophoblast stem (TS) cell culture. GFP-Trf mouse trophoblast stem cells
(29) were cultured on a feeder layer of embryonic fibroblasts in RPMI 1640
medium containing 20% serum, fibroblast growth factor 4 (FGF4; 25 ng/ml;
Sigma), and heparin (1 pg/ml), with medium change every other day. Cells were
passaged once in the absence of feeder cells in a similar medium supplemented with
70% embryonic fibroblast conditioned medium and then split for the various exper-
iments. Differentiation was accomplished by withdrawing conditioned medium,
FGF4, and heparin from the medium. Where appropriate, cultures were supple-
mented with 1 uM rosiglitazone.

Northern blots, EMSA, transfections, and reporter assays. Northern blots and
an electrophoretic mobility shift assay (EMSA) were carried out as described pre-
viously (3, 10). Supershift was performed using concentrated polyclonal a-PPARYy
(H-100) or a-RXRa (D-20) antibodies (SantaCruz Biotech). Transfections of CV1
cells and reporter assays were carried out with a 48-well format as described previ-
ously (9), with some modifications. In short, wells containing 50 to 70% confluent
CV1 cells were lipofected with the indicated plasmid combinations, using DOTAP
(Avanti Polar Lipids, Inc.). Receptors, reporters, and cytomegalovirus (CMV)-lacZ
controls were transfected at 25, 62, and 125 ng/well, respectively. Lipofection me-
dium was replaced 3 to 5 h after transfection with Dulbecco’s modified Eagle’s
medium containing 2% fetal calf serum and the indicated ligand combinations. Cells
were extracted 24 to 36 h later and assayed for luciferase and pB-galactosidase
activities. Data shown reflect averages and standard deviations for normalized
luciferase activity divided by B-galactosidase activity in triplicate wells from one
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representative experiment out of at least four repeats with qualitatively similar
results.

Histology and immunofluorescence. C57BL/6J Mucl*/~ breeder pairs (26)
were intercrossed, and pregnancies were timed by monitoring coital plugs. Em-
bryos and placentas were retrieved from pregnant females at the indicated
gestational day, and respective genotypes were determined by PCR of DNA from
embryonic matter. For histology, placentas were fixed for 24 h in 10% formalin,
embedded in paraffin, sectioned at 5 pm, and stained with hematoxylin and
eosin. For immunofluorescence, placentas were fixed overnight in Bouin’s solu-
tion, washed with running water for 6 h, embedded in paraffin, and sectioned at
5 pm. MUC1 was detected using a diluted hybridoma supernatant containing an
Armenian hamster-derived monoclonal antibody against the short cytoplasmic
tail (CT2) (S. J. Gendler, unpublished data) and secondary Cy3-conjugated goat
anti-Armenian hamster antibody (10 pg/ml; Jackson Immunoresearch). Caveo-
lin-1 was detected by using a polyclonal rabbit antiserum (5 wg/ml; Transduction
Labs) and Alexa488-linked goat anti-rabbit antibody (5 pg/ml; Molecular Probes,
Inc.). All incubations and washes were carried out in phosphate-buffered saline
containing 0.05% Tween 20 and 5% normal goat serum.

RESULTS

Mucl expression is lost in PPARy null placentas. To iden-
tify PPARy target genes in trophoblasts, we screened for
mRNA species enriched in wt versus PPARy null placentas by
using RDA (11). This screen identified the mucin-1 gene,
Mucl (25). Northern blot analysis confirmed that Muc! is ex-
pressed in wt placentas at E9.5 (Fig. 1A, lanes 1 to 2, and 1B,
lane 1) and is virtually absent from either PPAR+y null or
RXRa null placentas (Fig. 1A, lanes 5 and 6; Fig. 1B, lane 3,
respectively). Moreover, placentas heterozygous for either
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FIG. 2. PPARYy and Mucl induction during TS cell differentiation.
(A-D) TS cells were grown continuously in the presence of FGF4 and
embryonic fibroblast conditioned medium (lane 1) or induced to dif-
ferentiate by factor withdrawal in the absence (lanes 2 to 5) or pres-
ence of 1 uM of the PPAR'y agonist rosiglitazone (+rosi; lanes 6 to 9).
RNA was extracted at daily intervals after the onset of differentiation
(top), and expression of the spongiotrophoblast differentiation marker
4311 (A) and those of PPARy (B), Mucl (C), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (D) were analyzed by Northern
blotting. (E-F) TS cells were induced to differentiate for 4 days and
then treated with 1 pm rosiglitazone for the indicated durations (top).
Expression of Mucl (E) and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (F) was analyzed.
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FIG. 3. Robust, PPARy-specific activation of the Muc! promoter by PPARy/RXRa heterodimers. CV1 cells were transfected with luciferase
reporters driven by either a trimerized consensus PPRE sequence (3xDR-1) (A, C) or a Mucl promoter fragment stretching from —715 to +33 (Mucl
—715) (B, D). Luciferase activity was measured 24 to 48 h posttransfection and normalized to B-galactosidase activity of a cotransfected CMV-lacZ
construct. (A, B) The indicated combinations of PPARs and RXRa were cotransfected with the reporters in the absence or presence of 1 pM
rosiglitazone (rosi) as labeled. The canonical PPRE reporter responds strongly to endogenous PPARvy, while the Muc! promoter requires transfection
of both PPARy and RXRa into the cells. (C, D) RXRa was cotransfected alone or with each of the PPARs in the absence or presence of ligands
(1 uM LG268, 5 uM Wy-14,643, 1 uM rosiglitazone, and 1 uM cPGI for RXR alone, PPARa, PPARYy, and PPARS, respectively). The canonical PPRE
reporter responds to all three PPARs (see inset for enhanced PPARS data), while the Muc!l promoter is entirely refractory to PPARa and PPARS.

PPARYy or RXRa express intermediate levels of Mucl (Fig.
1A, lanes 3 and 4, and 1B, lane 2), suggesting that Mucl
expression is directly proportional to the amount of PPAR«y-
RXRa heterodimers in trophoblasts.

A PPARYy agonist stimulates Mucl induction in murine tro-
phoblast stem cells. TS cells proliferate and retain stem cell
status as long as they are supplemented with FGF4, heparin,
and embryonic fibroblast conditioned medium (29). Once the
additives are withdrawn, these cells undergo terminal differ-
entiation, as manifested by the induction of the spongiotro-
phoblast-specific marker 4311 4 days later (Fig. 2A, lanes 5 and
9). While PPARY is only minimally expressed in proliferating
TS cells, it is dramatically induced with the onset of differen-
tiation (Fig. 2B, lanes 1 to 5), recapitulating its association with
trophoblast differentiation in the intact placenta (3). Interest-
ingly, rosiglitazone treatment of differentiated TS cells atten-
uates PPARYy expression (Fig. 2B, compare lanes 6 through 9
to lanes 2 through 5), suggesting that PPARYy engages in neg-
ative autofeedback regulation.

Muc] expression is detected in TS cells 3 days after the onset
of differentiation (Fig. 2C, lane 4). When rosiglitazone is ad-

ministered throughout differentiation, Mucl is still induced
only at the third day of differentiation but much more robustly
(Fig. 2C, lanes 8 and 9), consistent with the notion of respon-
siveness to PPARY. In contrast, if TS cells were allowed first to
differentiate for 4 days, Mucl can be induced as early as 4 h
after rosiglitazone administration (Fig. 2E, lane 5); MucI tran-
scripts continue to accumulate in predifferentiated TS cells for at
least 48 h following ligand treatment (Fig. 2E, lanes 6 and 7; also
data not shown). These observations suggest that Mucl re-
sponds directly to liganded PPARYy in differentiated TS cells
and that its failure to express prior to the third day of differ-
entiation likely reflects delayed acquisition of transcriptional
competence rather than a slow or indirect response to PPARy.

Robust activation of the Mucl promoter by PPARy. The
Mucl promoter was next characterized for response to PPARy by
reporter assays with CV1 cells. As shown previously (10), mul-
timerized consensus PPAR response elements (3XDR1) respond
readily to rosiglitazone in CV-1 cells in both the absence and
presence of cotransfected RXRa and PPARYy (Fig. 3A). In con-
trast, the proximal Mucl promoter (—715 to +33, with +1 de-
noting the 5" end of Mucl mRNA) required cotransfection of
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FIG. 4. A PPARYy binding site in the proximal Muc! promoter mediates basal repression. (A) Sequence alignment of mouse and human Muc!
promoter sequences, highlighting the reverse DR1 element at the —65 position (boxed). Sequences shown are identical to the plus strand of
oligonucleotides used in panels C to E and H. The consensus PPRE sequence is aligned at the bottom. M1, M2, ADR-1 are the mutations
introduced experimentally into the sequence in the context of either oligonucleotide probes or full promoter constructs. Equal quantities of in
vitro-translated PPARs (B) were mixed with RXRa and used to shift oligonucleotides containing the Muc! —78——51 promoter sequence with
either a consensus PPRE core or the native mouse Muc! DR1 element (C). RXRa-PPAR« or -8 heterodimers were used either without or with
their cognate ligands (lanes 3 to 6 and 9 to 12), which reportedly improve DNA binding (10). (D) Complexes of RXRa-PPAR heterodimers with
labeled consensus oligonucleotide were competed with 10X and 100X molar unlabeled excess of either the same oligonucleotide or the native
Mucl DR1 sequence. A tenfold excess of the consensus probe (lanes 2, 7, and 12) competes for any of the PPARSs as effectively as a 100-fold excess
of native Mucl DR1 (lanes 5, 10, and 15), consistent with a ~10-fold-lower affinity of Mucl DR1 compared to that of consensus PPRE towards
any of the PPARs. NS, nonspecific gel-shift activity. (E) Basal and PPARy-induced activities of mouse Mucl —715 reporter fragments containing
the original DR1 sequences, deletion of DR1 (ADR-1), or two mutations (M1 and M2; see panel A). All transfections include CMV-lacZ, RXRa,
and the respective reporter plasmid, with PPARy and PPARY plus rosiglitazone as variables. Fold induction, ratio of reporter activity to its activity
with RXRa alone. (F) Complexes of RXRa-PPAR+y with labeled native Mucl oligonucleotide were competed with 10X and 100X
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both PPARYy and RXRa to induce strong reporter activity (Fig.
3B). Unlike 3xDR1, Muc! was induced weakly, albeit signifi-
cantly, by PPARy-RXRa even in the absence of an exogenous
agonist (three- to fivefold in different experiments), and 1 wM
rosiglitazone augmented its activity by an additional three- to
fivefold (Fig. 3B). Similar response patterns and magnitudes were
exhibited by fragments stretching from the +33 position to as far
as —1836 or as near as the —535 position (data not shown). Thus,
the proximal 535 bp of the Mucl promoter contain sequence
information that is necessary and sufficient for activation by
PPARY. In aggregate, the data presented thus far provide genetic,
pharmacological, and transcriptional evidence that Muc! is a pri-
mary PPARvy target gene.

The Mucl promoter is refractory to PPARa and PPARS.
The distinct biological functions of PPARa, -y, and -3 (14)
imply that each must have at least some unique transcriptional
targets. However, the promoters of PPAR targets identified so
far, such as acyl-coenzyme A oxidase, aP2, lipoprotein lipase,
CD36, LXRa, and ADRP, are at least in part responsive to
more than one PPAR. This pan-specificity is exemplified by the
3xDR1 reporter, which is activated by any of the PPARs in the
presence of their corresponding ligands, as shown previously
and reiterated here (10) (Fig. 3C). In contrast, the Mucl pro-
moter is induced solely by PPAR'y and is entirely refractory to
either free or ligand-bound PPAR« and PPARGS (Fig. 3D). The
lack of compensatory activation of the Mucl promoter by
PPARa and PPARS is unique so far among established PPAR
targets but is consistent with the cessation of Mucl expression
in PPARY null placentas despite ongoing expression of the two
other PPARs (data not shown).

A DRI element in the proximal Mucl promoter is a low-
affinity PPAR+y-binding site. To understand how Mucl is reg-
ulated by PPARYy, we first scanned its promoter for potential
PPAR response elements (PPREs). A reverse DR1 sequence
(5" AGGTGA C AGGTAA 3’; Fig. 4A) was found ~65 bp
upstream of the murine Mucl transcription start site. The
orthologous human Muc! promoter sequence is highly similar
(5" AGGTGA C AGGTGA 3') (17). A synthetic oligonucleo-
tide duplex spanning the Mucl DR1 was bound by a combina-
tion of in vitro-translated PPARy and RXRa (Fig. 4C, lane 8)
but not by RXRa or PPARy alone (lane 7; also data not
shown). However, combinations of RXRa with similar quan-
tities of either PPARa or PPARS (see Fig. 4B) exhibited only
residual binding to the same sequence (Fig. 4C, lanes 9 to 12).
Reverting the DR1 sequence to a consensus PPRE sequence
(5" AGGTCA C AGGTCA 3') within the Mucl promoter
sequence context significantly improved PPARy-RXRa bind-
ing (Fig. 4C, lane 2) and restored ligand-stimulated binding of
PPARa-RXRa and PPARS-RXRa (lanes 3 to 6). Template
competition experiments demonstrated that a 10-fold excess of
unlabeled consensus DR1 competed for binding to any of the
PPAR-RXRa heterodimers as effectively as a 100-fold excess
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of native Mucl DR1 (Fig. 4D, compare lanes 5 to 2, 10 to 7,
and 15 to 12). Thus, the two-base variation of the Mucl/ PPRE
compromises its affinity towards all three PPARs equally; its
poor interaction with PPARa and PPARS simply reflects their
lower inherent DR1 binding potential relative to that of
PPARYy (Fig. 4C, compare lanes 4 and 6 to lane 2).

The proximal DR1 element mediates basal silencing of
Mucl. To examine the role of the proximal DR1 element in the
response of Mucl to PPARYy, we assayed a series of reporter
constructs, where this element was inactivated by various mu-
tations in the context of the —715—+33 promoter fragment
(Fig. 4A). Surprisingly, basal Mucl promoter activity was
increased by either complete deletion of the DR1 or point
mutations to either of its halves (Fig. 4E), both of which com-
pletely eliminated PPARy binding (Fig. 4F). Although activi-
ties of DR1-deficient promoter mutants in the presence of
PPARY and rosiglitazone were moderately higher than that of
the native Mucl promoter, the overall effect of PPAR<y was
significantly blunted (Fig. 4E, bottom [fold induction]). These
results demonstrate that Mucl DR1 harbors a basal repressor,
and Mucl expression depends in part on derepression of this
element by PPARvy. This dependence can be alleviated by
eliminating basal repression at the outset.

The human DR1 ortholog (5" AGGTGA C AGGTGA 3')
retained robust response to PPARy despite a threefold in-
crease in basal activity (Fig. 4G), demonstrating that Mucl
DRI is functionally conserved during evolution. In contrast,
altering Mucl DR1 into a consensus PPRE increased basal
promoter activity by ~50-fold, and while maximal activity in
the presence of liganded PPAR<y was 12-fold higher than that
of the native Mucl promoter, the response differential was
blunted from 32X to 7.2X over the basal level (Fig. 4G). Thus,
the deviation of Mucl PPRE from the consensus is critical for
basal repression and in turn for tighter dependence of Mucl on
PPARy-mediated derepression, albeit at the expense of max-
imal expression.

DRI sites are established repression targets for members of
the COUP-TF family of orphan nuclear receptors (32). How-
ever, while COUP-TFs bind to a consensus DR1, none bound
to the Mucl variant (data not shown). Moreover, cotransfec-
tion of COUP-TFI and -II did not further repress basal or
PPARYy-dependent activity of the Mucl promoter (data not
shown), suggesting that repression of Mucl DRI is mediated
by a different factor. To test whether trophoblasts contain
activities that correlate with the basal DR1 repression activity
from CV1 cells, electromobility shift assays were carried out
with extracts of TS cells at various stages of differentiation.
Two major DNA-binding activities were observed (Fig. 4H and
I). The first activity interacted readily with consensus PPRE
and substantially less with Mucl DRI1. It was identified as
endogenous PPARy-RXRa heterodimers by mobility that was
identical to that of in vitro-translated PPARy-RXRa, relative

molar unlabeled excess of either the same oligonucleotide, PPRE consensus, or M1 and M2 mutant oligonucleotides (see panel A). M1 and M2
fail to compete at up to 100X molar excess. (G) Activities of reporters with human Mucl DR1 or a PPRE consensus. Conditions are as for panel
E. (H, I) EMSA of consensus and Mucl DR1 probes with extracts of TS cell differentiated for the indicated durations with or without rosiglitazone.
IVT, in vitro-translated PPARy/RXRa. Arrowheads, RXRa-PPARy-probe complexes (H, lanes 1 to 6 and 12; I, lanes 1 and 4) that are shifted
by antibodies to either PPARy or RXRa (I, filled circles, lanes 2 and 5 and lanes 3 and 6, respectively). Asterisk, endogenous DNA-binding activity

with preference for Mucl DR1 over consensus PPRE sequence.
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abundance which mirrored PPAR+y expression during TS cell
differentiation (see Fig. 2), and full attenuation by either anti-
PPARYy or anti-RXRa antibodies (Fig. 41, lanes 5 and 6).
Most importantly, the extracts contained an additional
DNA-binding activity, which migrated slower than PPARYy-
RXRa heterodimers and was refractory to antibodies against
either receptor (Fig. 4H, lanes 1 to 5 and 7 to 11; Fig. 41, lanes
4 to 9, asterisks). This activity exhibited marked preference
towards Mucl DR1 over the consensus PPRE counterpart,
similar to the basal repression pattern in CV1 cells. It peaked
at the second day of differentiation, declining by the fourth; a
repressor with such a temporal profile would potentially ac-
count for the delay in Mucl expression until later in differen-
tiation despite the earlier induction of PPARy (see Fig. 2).
These observations correlate Mucl DR1-binding activity from
TS cells to basal silencing activity in CV1 cells.

Induction of Mucl by PPARY requires both the DR1 motif
and a composite enhancer element. Although DR1 mutations
blunted the response of the Mucl promoter to PPARYy, a
considerable response was nevertheless retained, implicating
additional elements in coregulating Mucl with PPARy. This
notion was confirmed by a series of successive 5’ truncations of
the promoter. Fragments extending from as near as —76 or as
far as —512 to +33, all containing an intact DR1 element,
exhibited a markedly compromised response to PPARy (Fig.
5A; also data not shown). Finer truncation experiments (data
not shown) narrowed the critical element to a 56-bp sequence
between positions —535 and —480 (56U) (Fig. 5B). Systematic
point mutations along the entire length of this element (data not
shown), as well as partial truncations (e.g., the —531—+33 frag-
ment in Fig. 5A), caused only partial loss of the response to
PPARY, suggesting that 56U comprises several additive en-
hancer modules.

When placed directly upstream of the basal Mucl promoter,
the 56U element drove robust luciferase expression (Fig. 5C)
(56U/—45), indicating that it docks an endogenous transcriptional
activator present constitutively in the cells. Although not harbor-
ing a recognizable PPRE, the 56U/—45 promoter construct still
displayed modest three- and sixfold responses to free and ligand-
stimulated PPARY, respectively (Fig. 5C). However, placing the
56U element upstream of a 108-bp proximal Mucl promoter
fragment that includes the DR1 motif (56U/—108) restored
basal silencing and in turn an ~70-fold response to ligand-ac-
tivated PPARY. These analyses indicate that regulation of the
Mucl promoter by PPARYy is mediated cooperatively by two
distinct elements, a low-affinity PPRE that serves as a basal si-
lencer at ~—65 and a composite enhancer at —500. Each of these
elements is modestly responsive to PPARy on its own, and to-
gether they control a robust and specific response to PPARvy.

Analogous localization of MUCI in the placenta and lumi-
nal epithelia. The MUCI protein is localized to the apical-
luminal surface of simple secretory epithelia, such as the milk
ducts of the mammary gland (5, 19), as shown in Fig. 6A. To
understand the biological significance of MUCI expression in
the placenta, we sought to determine whether it is localized in
this organ to a comparable luminal structure.

Figures 6C and D demonstrate that the maternal lacunae in the
labyrinth qualify as a lumen analog. Placental MUCT1 is confined
to the apical surface of layer I trophoblasts in the labyrinth,
surrounding the lacunae, and is absent from the fetal endothe-
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FIG. 5. A 56-bp upstream element mediates the PPAR<y response
of the Mucl promoter. (A) Truncation analysis of the Muc! promoter.
Numbers indicate 5’ termini of each fragment relative to the transcrip-
tion start site. All fragments stretch to the +33 position of the Mucl
gene. (B) Nucleotide sequence of the murine 56-bp upstream element
(56U) element, aligned with its human ortholog. Gray boxes mark
mouse-human homologies. Note the apparent insertion within the
human sequence. (C) Basal and PPARy-dependent activities of “ab-
breviated” Mucl promoter constructs. The 56U element was appended
directly to either the basal —45 promoter fragment or the DR1-con-
taining —108 one. Resulting reporter activities were compared to those
of the corresponding —45 and —108 control fragments. Note the dif-
ferent scale compared to that for panel A.

lium, as well as layer II or III cells and the spongiotrophoblast.
The immunofluorescent signal is absent from placentas of
Mucl ™'~ embryos (Fig. 6E and F), confirming that the signal
observed in wild-type placentas is specific to MUCL. Double
immunofluorescence with anti-caveolin 1 antibodies, whose pres-
ence in the placenta is confined to the fetal endothelium, further
demonstrates that MUCI completely segregates to the maternal
interface of the placenta (Fig. 6G). Thus, the maternal blood
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FIG. 6. MUCI is localized to the trophoblast lining of maternal
blood pools in the placenta. Paraffin sections of mammary glands (A,
B) and E11.5 placentas (C to F) were probed with anti-MUC1 mono-
clonal antibody and a cy3-conjugated secondary antibody. In the preg-
nant mammary gland, MUCI is restricted to the luminal surface of
milk ducts (arrows in panels A and B). In the placental labyrinth (C,
D), MUCI is localized exclusively to the apical surface of layer I
trophoblasts, surrounding the maternal blood pools (MV), and is not
associated with fetal blood vessels (FV). Signal specificity is confirmed
by its absence in placentas of Mucl '~ littermates (E, F). (A, C, and E)
Fluorescence; (B, D, and F) corresponding Nomarski images. Scale
bars, 50 um. (G) Coimmunofluorescence with anti-MUCI antibodies
(red) and anti-caveolin-1 antibodies (green). Caveolin-1 is confined to
the fetal endothelium and exhibits no signal overlap with MUCI,
demonstrating the complete sequestration of MUCI to the maternal
side of the labyrinth. Scale bar, 50 wm.

e

FIG. 7. Maternal blood pool defects in Mucl '~ placentas. (A to
D) Hematoxylin and eosin-stained paraffin section of wt (A, C) and
Mucl™'~ labyrinths (B, D) at E12.5 (A, B) and E18.5 (C, D). Arrows
point to dilated maternal lacunae within the mutant placentas. Note
that the more dilated spaces in the E12.5 wt placenta (A) are mostly
fetal blood vessels containing nucleated erythrocytes. Fetal vessel
space is actually shrunken in the Mucl '~ placenta (B), perhaps due to
excessive space allocation to the dilated maternal lacunae. Scale bars,
100 wm. (E) A hematoxylin- and eosin-stained E14.5 Mucl '~ pla-
centa. Arrow points to a massive hemorrhage at the interface of the
labyrinth and the spongiotrophoblast. Scale bar, 500 pm.

pools in the placenta share anatomical properties with secretory
lumens, and by inference, PPAR<y emerges as a potential com-
mon regulator of these analogous properties.

Low-penetrance maternal vascular defects in the Mucl null
labyrinth. We next assessed the contribution of MUCI to
placental functions downstream of PPARy by histological
analysis of Mucl null placentas. The normal Mendelian distri-
bution and birth size, as well as the full viability of Muc! null
pups (26), provided no prior evidence of defects in Muc! null
placentas. Our analyses confirmed this notion, although de-
tailed histological inspection revealed minor dilations and
tears in the maternal lacunae of ~50% of Muc! null placentas
between E12.5 and E18.5 (Compare Fig. 7B and D to Fig. 7A
and C, respectively). Two out of nineteen Muc! null placentas,
but none of the wild-type placentas, exhibited expansive
thrombi (see Fig. 7E), which could represent harsher manifes-
tations of the same defect. Association of these defects with
the maternal lacunae is consistent with the localization of
MUCT to layer I of the labyrinth, around these lacunae. Thus,
MUCI may cooperate with additional targets downstream of
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PPARvy to maintain the integrity of maternal blood pools,
which are severely torn and hemorrhagic in PPAR+y null pla-
centas (3). All other PPAR~y-dependent histopathies, including
labyrinthine trophoblast differentiation, fetal vessel perme-
ation, and lipid droplet accumulation, were normal in Mucl
null placentas (data not shown). These last functions are likely
regulated by other PPAR'y target genes.

DISCUSSION

Here we use gene-targeted mice as a differential platform in
order to understand the molecular functions of PPARYy in
embryonic development. Our studies identify the Mucl gene as
a PPARY target in trophoblasts, reveal a novel combinatorial
mechanism of gene regulation by PPARvy, and implicate
PPARY in regulating epithelial functions of trophoblasts. Im-
portantly, Mucl is the only direct PPARy target so far with no
obvious ties to lipid or energy metabolism, demonstrating the
versatile, nonredundant functions of this nuclear receptor in
different biological systems.

Novel insights into gene regulation by PPARvy. The depen-
dence of Mucl expression on PPARYy is manifested in every
regulatory parameter tested. These include the complete shut-
down of Mucl expression in PPAR+y null placentas, its strong
upregulation by an agonist in TS cells, and the robust PPAR~y-
specific response of its promoter. Muc! thus provides a new,
biologically relevant template for mechanistic studies of PPAR'y-
regulated transcription.

Before discussing the details of Muc! regulation by PPARYy, it
is important to address the issue of cell type specificity. Because
Mucl is not expressed in all PPARy-expressing tissues, most no-
toriously adipocytes or macrophages (data not shown), it is clear
that its regulation by PPARY in trophoblasts is tissue specific.
Therefore, the activation of its promoter in kidney-derived CV1
cells is surprising. However, this activation is robust, specific for
PPARY over PPAR« and PPARS, and involves complex interac-
tions between two cis regulatory elements, arguing that it is nei-
ther coincidental nor promiscuous. Most importantly, a DNA
binding activity from TS cells (Fig. 4H and I), whose preference
for Mucl DR1 over consensus PPRE mirrors that of the basal
silencing activity in CV1 cells, suggests that components of the
Mucl regulatory network are likely shared between trophoblasts
and CV1 cells. In hindsight, the ability of CV1 cells to support the
Mucl response to PPARy may not be as surprising, considering
their reported renal epithelial origin (13) and the notion that
emerges here of molecular and cellular similarities between tro-
phoblasts and epithelia.

The response of Mucl to PPARy is an interplay between two
cis elements: a direct repeat sequence (DR1) that comprises a
variant PPRE and a composite 56-bp-wide enhancer (56U).
The 56U element drives robust transcription independently of
PPARY, suggesting that it constitutively docks active transcrip-
tion factors. However, in the basal state, such as in undiffer-
entiated trophoblasts or nontransfected cells, PPARYy is ab-
sent, and the DR1 element dominantly silences the promoter.

PPARvy-RXRa heterodimers can bind the variant DR1, al-
beit with a 10-fold-lower affinity than consensus PPRE. The
affinity of RXRa-PPARa and RXRa-PPARS heterodimers is
reduced similarly, suggesting that preferential activation of Mucl
by PPARYy is likely not due to deviation from the consensus.
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Mutating the DR1 motif not only increases basal MuclI pro-
moter activity but significantly attenuates the response differ-
ential, indicating that PPAR'y regulates derepression of this el-
ement. Surprisingly, when canonical PPRE is restored in place
of the original DR1, basal repression is lost and the degree of
response to PPARvy is blunted. Thus, silencing and temporally
controlled PPARy-mediated derepression are critical for Muc!
regulation and require modification of the PPRE sequence.
However, cell type specificity and expression intensity must be
provided elsewhere. We hypothesize that this crucial biological
context for Mucl induction, as well as its remarkably specific
response to PPARYy, are mediated by the 56U element, where
an epithelium-specific enhancer has been previously character-
ized (1, 16, 23, 24).

One means of achieving transcriptional cooperativity be-
tween the 56U and DRI1 elements is for a constitutive, tissue-
specific 56U-bound transcription complex of factors and co-
factors to tether PPARy-RXR heterodimers to the Mucl
promoter. Ligands increase the interaction of PPAR<y with
various coactivators and could accordingly enhance cooperat-
ivity by recruiting PPAR<y to an integral coactivator compo-
nent of the 56U-bound complex. Such model would explain the
puzzling ability of PPAR'y and rosiglitazone to directly activate
the 56U element (see Fig. 5C, 56U/45). Tethering through 56U
should in turn greatly facilitate interaction of the PPAR<y-
RXR heterodimer with its low-affinity DR1 target, which would
further cement an active transcription complex on the Mucl
promoter. This model envisions PPARy agonists as mediators
of cooperativity between promoter elements, and hence in the
control of transcriptional context and specificity, beyond their
known role as transcriptional pacemakers.

The combinatorial complexity of Muc! regulation by PPARYy
has not been documented previously with other PPAR~y-regu-
lated promoters. Future studies should reveal whether this
form of regulation is unique to Mucl or whether it has simply
been overlooked heretofore.

PPARYy, MUCI1, and the analogies between trophoblast and
epithelia. The identification of Mucl, a classical marker of lu-
minal epithelia, as a PPARy target in trophoblasts suggests an
analogy between the placenta and prototypic luminal epithelia.
In the placenta, MUCI is confined exclusively to the apical
surface of the labyrinth, surrounding the lacunae that conduct
maternal blood. This pattern reiterates the luminal localization
of MUCT in prototypic glandular epithelia (5). Although glan-
dular lumens contain gland secretions, and the placental “lu-
mens” conduct blood, the analogous distribution of MUCI in
both highlights their architectural similarities and suggests that
they share additional properties. The analogy extends to the
induction of Muc! expression upon differentiation of the mam-
mary gland during pregnancy and lactation (19), which resem-
bles its induction during trophoblast differentiation. PPARYy is
expressed abundantly in the mammary epithelium and other
luminal epithelia (12, 18), and it is therefore plausible that its
role in these tissues may resemble its placental function.

Mucl deficiency is not lethal, and does not cause classical
manifestations of placental defects, such as intrauterine growth
retardation. Approximately 50% of MucI-deficient placentas
exhibit mild structural anomalies in the maternal lacunae,
which could reflect a partial role of Mucl down-regulation in
the overt dilation and breakage seen in the lacunae of PPARYy
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null placentas (3). It is equally possible that the major function
of Mucl downstream of PPARY is nonstructural. For example,
the MUCI protein may primarily function to protect the pla-
centa against other genetic or maternally borne insults, such
as bacterial pathogens (8). The incomplete penetrance of the
phenotype may reflect the variable extent or frequency of these
putative insults. The full function of Muc!l has yet to be re-
vealed, but regardless, its elaborate regulation by PPARYy sug-
gests that it is a functionally important target rather than a
coincidental one. At the same time, the mild Mucl null phe-
notype implies that additional targets transduce the essential
developmental signals of PPARy in the placenta.

This study finds that the expression of PPARYy is tightly
regulated in TS cells. In undifferentiated TS cells, PPARYy
expression is minimal and is confined to rare cells that have
differentiated spontaneously (immunofluorescence data [not
shown]). Within hours of FGF4 and conditioned medium de-
privation, PPAR~y expression is induced dramatically in the
vast majority of cells in the culture, suggesting that it is an early
determinant in the differentiation of all trophoblast lineages.
These observations align with the importance of PPAR~y for
trophoblast differentiation and placental development in the
whole animal (3). The rapid induction of PPARYy in differen-
tiating TS cells is reminiscent of its early induction during
adipogenesis in vitro and in vivo (30). In contrast, Mucl is
expressed neither in nascent nor in mature adipocytes, whereas
adipogenic PPARYy target genes, such as aP2, CD36, LXRa
and lipoprotein lipase, are either absent from the placenta or
impervious to the status of PPARYy in the organ (data not
shown). These differences suggest that while PPARY is inti-
mately involved in early differentiation of both trophoblasts
and adipocytes, its mechanisms of action and downstream tar-
gets are distinct in each cell type.
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