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In the human placental syncytiotrophoblast, C19 steroids are converted to estrogens by aromatase P450,
product of the CYP19 gene. When human cytotrophoblasts, which lack the capacity to express aromatase, are
cultured in 20% O2, they spontaneously fuse to form a multinuclear syncytiotrophoblast and CYP19 expression
is markedly induced. On the other hand, when cytotrophoblasts are cultured in 2% O2, syncytiotrophoblast
differentiation and induction of CYP19 expression are prevented. We previously observed that expression of the
transcription factor Mash-2 (mammalian achaete/scute homologue 2), which is elevated in human cytotro-
phoblasts and maintained at elevated levels by hypoxia, declines with syncytiotrophoblast differentiation.
Overexpression of Mash-2 prevents syncytiotrophoblast differentiation and induction of CYP19 expression. In
the present study, we observed that unexpectedly immunoreactive Mash-2 protein was localized predominately
to the cytoplasm of human cytotrophoblasts. Elevated cytoplasmic levels of Mash-2 were maintained when
trophoblasts were cultured in 2% O2 and declined to undetectable levels upon culture in 20% O2. Previously,
we found that Mash-2 inhibited CYP19 promoter activity through sequences within a 350-bp region upstream
and within placenta-specific exon I.1 containing three E boxes (E1 at �325 bp, 5�-CACTTG-3�; E2 at �58 bp,
5�-CACATG-3�; and E3 at �26 bp, 5�-CACGTG-3�). In this study, we found that trophoblast nuclear protein
binding to these E boxes declined with syncytiotrophoblast differentiation in 20% O2 and was induced by
hypoxia; however, Mash-2 did not appear to bind to any of these E boxes. On the other hand, the basic
helix-loop-helix leucine zipper transcription factors upstream stimulatory factors 1 and 2 (USF1 and USF2)
did bind to E2 and E3 but not E1. Nuclear levels of USF1 and USF2 and DNA-binding activity declined with
syncytiotrophoblast differentiation and were maintained at elevated levels by hypoxia and overexpression of
Mash-2, whereas USF1 mRNA levels were unaffected. Finally, USF1 overexpression in cultured human tro-
phoblasts markedly inhibited endogenous CYP19 expression, differentiation of cultured human trophoblast
cells, and CYP19 promoter activity. These findings suggest that increased protein levels and DNA binding of
USF1 and USF2 mediate the inhibitory effects of hypoxia and of Mash-2 on CYP19 gene expression in human
placenta.

The chorionic villi of the human placenta are comprised of
two morphologically and functionally distinct cell types: a core
of proliferating mononuclear cytotrophoblasts and an outer
layer of multinuclear syncytiotrophoblast. The replication of
cytotrophoblasts, which drives placental growth, is regulated by
autocrine and paracrine factors (35). As cytotrophoblasts ma-
ture, they stop dividing and spontaneously fuse to form the
terminally differentiated syncytiotrophoblast layer. The syncy-
tiotrophoblast, which is bathed in maternal blood, functions in
nutrient and gas exchange, in the production of steroid and
polypeptide hormones required for fetal growth and develop-
ment, and in the maintenance of uterine quiescence (38).

The human placenta has a remarkable capacity to aromatize
C19 steroids, produced by the fetal adrenals, to estrogens. This
reaction is catalyzed by aromatase, an enzyme complex of the
endoplasmic reticulum that contains a unique form of cyto-
chrome P450 (P450arom, product of the CYP19 gene). In pla-

centa, CYP19 gene expression is restricted to the syncytiotro-
phoblast layer. Human CYP19 is a single-copy gene that spans
�130 kb (28). The aromatase protein is encoded by exons II to
X. Expression of CYP19 mRNA transcripts in various estro-
gen-producing tissues (including gonads, brain, adipose tissue,
and placenta) is driven by tissue-specific promoters which lie
upstream of unique first exons. These alternative first exons are
spliced onto a common site just upstream of the translation
initiation codon in exon II (28). Interestingly, the placenta-
specific first exon (exon I.1) lies �100 kb upstream of the start
site of translation in exon II.

In studies with transgenic mice, we found that human
CYP19I.1�501:hGH fusion genes containing 501 bp of genomic
sequence flanking the 5� end of placenta-specific exon I.1 were
highly expressed in a developmental and placenta-specific
manner. Furthermore, transgene expression was localized ex-
clusively within the labyrinthine trophoblast (27), which shares
many properties with the human syncytiotrophoblast in that it
contains syncytial cells, is highly vascularized, and is bathed in
maternal blood. We also observed that placental transgene
expression was initiated as early as E10.5 (27). Interestingly,
the temporal pattern of induction of estrogen biosynthesis by
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the human placenta (after the 9th week of gestation), as well as
the initiation of transgene expression in mouse placenta, coin-
cides with the time that placental vascularization and O2 avail-
ability are markedly increased. The molecular mechanisms that
promote and maintain syncytiotrophoblast differentiation and
mediate increased expression of a number of genes, including
CYP19, are not completely understood; however, it is evident
that O2 tension plays an important role in trophoblast differ-
entiation and function (3, 13, 15).

In previous studies, we observed that cytotrophoblasts iso-
lated from midterm human placenta have low or undetectable
levels of aromatase activity and P450arom mRNA transcripts
(26). When cultured in a 20% O2 environment, the cytotro-
phoblasts fuse to form syncytiotrophoblast and aromatase ac-
tivity and CYP19 gene expression are markedly increased (26).
In contrast, when the cells are cultured in a 2% O2 environ-
ment, they fail to fuse and aromatase activity and CYP19 gene
expression are not induced (24). We also found that syncy-
tiotrophoblast differentiation and induction of CYP19 gene
expression in 20% O2 were associated with a marked decline in
expression of the basic helix-loop-helix (bHLH) transcription
factor Mash-2 (mammalian achaete/scute homologue 2) (24).
When the human trophoblast cells were cultured in a hypoxic
(2% O2) environment, Mash-2 mRNA levels remained ele-
vated. Interestingly, we also observed that overexpression of
Mash-2 markedly inhibited human trophoblast cell fusion and
CYP19 gene expression (24). Mash-2 is highly expressed in
early mouse placenta; expression is diminished as trophoblast
cells differentiate into giant cells (17). Targeted mutation of
the Mash-2 gene in mice results in midgestation lethality asso-
ciated with complete absence of spongiotrophoblast formation,
impaired development of the labyrinthine layer, and increased
numbers of giant cells (17). Mash-2 appears to act in a cell-
autonomous fashion to maintain the diploid trophoblast cells
within the spongiotrophoblast layer, either by stimulating their
replication or by inhibiting their differentiation into giant cells
(42). The absence of a spongiotrophoblast layer, in turn, results
in the impaired development of the labyrinthine trophoblast, a
major cause of embryonic lethality (42).

Our previous findings suggest that Mash-2 is a hypoxia-
inducible transcription factor that inhibits syncytiotrophoblast
differentiation and CYP19 gene expression (24). The objective
of the present study was to define the mechanisms whereby
hypoxia and elevated expression of Mash-2 prevent tropho-
blast cell fusion, differentiation, and the induction of CYP19
gene expression. We made the surprising observation that the
inhibitory effects of hypoxia and Mash-2 on syncytiotropho-
blast differentiation and on CYP19 gene expression are directly
mediated by the binding of the bHLH-leucine zipper (bHLH-
Zip) transcription factors upstream stimulatory factors 1 and 2
(USF1 and USF2) to two E boxes at �58 and �26 bp upstream
and within placenta-specific CYP19 exon I.1.

MATERIALS AND METHODS

Primary culture of human trophoblast cells. Middle-trimester human placen-
tal tissues were obtained in accordance with the Donors Anatomical Gift Act of
the State of Texas after obtaining consent in writing. In all cases, consent forms
and protocols were approved by the Institutional Review Board of the University
of Texas Southwestern Medical Center at Dallas. A placental primary culture
system (29) was modified for isolation and culture of cytotrophoblasts from

midgestation human placenta (26). Briefly, the placental tissues were washed
with Hanks’ balanced salt solution, pH 7.4 (GIBCO, Grand Island, N.Y.), and
then finely minced and digested with 0.125% trypsin in Hanks’ balanced salt
solution at 37°C for 20 min. This procedure was repeated twice. At the end of
each digestion step, the supernatant was collected, layered over 10 ml of serum,
and then briefly centrifuged. The pellet was suspended in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO), filtered, and layered over a Percoll gradient
(70 to 5%). The gradients were centrifuged at 1,200 � g for 20 min at room
temperature, and cells in the middle layer (density, 1.045 to 1.062) were col-
lected, washed, and counted. The cells were then resuspended in DMEM sup-
plemented with 10% fetal bovine serum (FBS) and 1.2% antibiotic-antimycotic
solution (GIBCO) and plated at a density of 2 � 106 cells per dish in 35-mm-
diameter culture dishes or 15 � 106 cells per dish in 100-mm-diameter dishes.
They were then incubated at 37°C in a humidified atmosphere of 95% air–5%
CO2 (20% O2) or placed in a modular incubator chamber (Billups-Rothenberg,
Inc., Del Mar, Calif.) in an atmosphere containing 2% O2, 93% N2, and 5% CO2.
Cells were cultured overnight, and the medium was then changed to DMEM
containing 2% FBS. Cells that were cultured in either 20 or 2% O2 were
harvested at ambient O2 tension. To ensure that the findings obtained with cells
cultured at 2% O2 were not altered by harvesting in room air, a parallel exper-
iment was performed in which cells cultured in 2% O2 were harvested in 2% O2

by using a glove box.
Cloning of the human ortholog of rat Mash-2 (rMash-2). Total RNA was

isolated from freshly harvested cytotrophoblast cells, as previously described (5,
9). The RNA (5 �g) was reverse transcribed into double-stranded cDNAs with
SuperScript II reverse transcriptase and RNase H (GIBCO, Carlsbad, Calif.).
The double-stranded cDNAs were then used as a template to amplify human
Mash-2 (hMash-2) cDNA by PCR with 5� primer 5�-CGGGTGGATGCAGGC
GCGATGGAC-3� and 3� primer 5�-TAGGTCGAGGGCGCTCAGTAGC-3�,
which were designed to amplify the complete coding sequence of the human
achaete-scute homologue 2 (ASCL2) gene (GenBank accession no. U77629), and
Advantage2 GC Taq polymerase (Clontech, Palo Alto, Calif.). PCR products
were subcloned into pT-Adv vector (Clontech).

Purification of a GST fusion protein comprised of the N-terminal 51 amino
acids of hMash-2 (N51) and generation of hMash-2 antibody. A 153-bp se-
quence encoding the N-terminal 51 amino acids of hMash-2 (N51) was amplified
by PCR (5� primer, 5�-GAATTCTAATGGACGGCGGCACACTG-3�; 3�
primer, 5�-AAGCTTGGCCGCTGCGCCGCCTCC-3�) and subcloned directly
into pGEX-KG in frame with an N-terminal glutathione S-transferase (GST) tag
(GST-N51). The recombinant plasmid (pGEX-KG/GST-N51) was used to trans-
form Escherichia coli that was subsequently treated with IPTG (isopropyl-�-D-
thiogalactopyranoside; 1 mM; GIBCO) to induce high levels of GST-N51 ex-
pression. GST-N51 fusion protein was purified using glutathione-Sepharose 4B
(Pharmacia Biotech, Piscataway, N.J.). Purified hMash-2 fusion protein (300 �g)
was then injected intradermally into a rabbit with complete Freund’s adjuvant for
the first immunization and with incomplete Freund’s adjuvant at 2-week intervals
for a total of three immunizations to generate hMash-2 antiserum. Immune
serum was collected, and anti-GST antibodies were removed by adsorption to an
immobilized GST column (Pierce, Rockford, Ill.); immunoglobulin (IgG) was
purified on an immobilized protein A column (Pharmacia Biotech). The Mash-2
IgG was characterized by immunoblot analysis of primary cultures of human
trophoblast cells and of purified GST-N51 fusion protein used to immunize
rabbits. In the case of the trophoblast cells, the antibodies reacted with a 32-kDa
protein, which is the expected size of Mash-2 (Fig. 1A). Analysis of the purified
expressed bacterial proteins revealed that the antibodies reacted with the GST-
N51 fusion protein and with a thrombin-released �6-kDa fragment (data not
shown).

Immunoblot analysis. Nuclear and cytosolic proteins were extracted from
freshly isolated cytotrophoblasts or from trophoblast cells that had been cultured
in 2 or 20% O2 for 3 days. Briefly, �108 trophoblast cells were homogenized in
buffer A (10 mM HEPES [pH 7.4], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
dithiothreitol) containing protease inhibitors (Roche, Mannheim, Germany) and
centrifuged at 2,000 rpm (700 � g) for 2 min. The supernatants were retained for
analysis of crude cytosolic proteins. Pellets were used for extraction of nuclear
proteins as follows: crude nuclei were resuspended in buffer C (20 mM HEPES
[pH 7.4], 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol,
20% glycerol) and centrifuged at 60,000 rpm (100,000 � g) for 5 min. The
resulting supernatant was retained for analysis of crude nuclear proteins. Nuclear
and cytosolic proteins (20 �g) were electrophoresed on sodium dodecyl sulfate–
12% polyacrylamide gels and electrophoretically transferred to nitrocellulose
membranes (Midwest Scientific, Valley Park, Mo.). Membranes were blocked
with 5% nonfat dry milk in TBS-T (20 mM Tris base, 137 mM NaCl, 0.1% Tween
20, pH 7.6) and incubated for 60 min with hMash-2 antibody (2.5 �g/ml) or with
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antibodies to either human USF1 (hUSF1) or hUSF2 (1 �g/ml) (Santa Cruz
Biotechnology, Inc., Santa Cruz, Calif.). A donkey anti-rabbit IgG, horseradish
peroxidase-linked F(ab�)2 fragment (Amersham Pharmacia Biotech Inc.) was
used as secondary antibody. Protein was detected using an ECL kit (Amersham
Pharmacia Biotech Inc.) according to the manufacturer’s protocol.

Immunofluorescence staining. Freshly isolated cytotrophoblast cells were ei-
ther made to directly adhere to glass slides by Cytospin (Miles Scientific) or
cultured for 3 days on glass coverslips in DMEM containing 2% FBS in atmo-
spheres of 2 or 20% O2. Cells were fixed with methanol at �20°C for 6 min and
then incubated with hMash-2 antibody (10 �g/ml) in phosphate-buffered saline
containing 0.5% bovine serum albumin (Sigma, St. Louis, Mo.) for 45 min. Goat
anti-rabbit IgG-fluorescein conjugate (Molecular Probes, Eugene, Oreg.) was

used as secondary antibody. Slides were examined by immunofluorescence mi-
croscopy by using a B-2 filter for fluorescein isothiocyanate (Nikon, Kanagawa,
Japan).

Electrophoretic mobility shift assay (EMSA). Nuclear proteins were purified
from freshly isolated cytotrophoblast cells and from cultured trophoblasts (main-
tained in 2 or 20% O2 for 3 days) as described above. Double-stranded oligo-
nucleotides corresponding to three E-box sequences (E1 at �325 bp, E2 at �58
bp, and E3 at �26 bp) identified within placenta-specific exon I.1 (GenBank
accession no. M30795) and its 5�-flanking region were synthesized by GIBCO
and IDT (Coralville, Iowa). The upper-strand sequences of the double-stranded
oligonucleotides used as probes (E-box sequences are underlined) are as follows:
E1, 5�-ACTCCCATGACACTTGCTGAGGTCTT-3�; E2, 5�-TTTGTTCAATC

FIG. 1. Mash-2 protein levels, which decline in human trophoblast cells upon differentiation in a 20% O2 environment and are maintained in
trophoblast cells cultured in a hypoxic environment, are primarily localized to the cytoplasm. (A) Immunoblot analysis of hMash-2 protein in
nuclear and cytosolic fractions (20 �g/lane) from human cytotrophoblasts before culture (Cyto) and after 3 days of culture in a 20% O2
environment (Syn) (left panel) or in human trophoblasts cultured in either 2 or 20% O2 for 3 days (right panel). C, cytoplasmic; N, nuclear.
(B) Immunofluorescence staining of hMash-2 protein in freshly isolated cytotrophoblasts (Cyto) or in trophoblast cells cultured for 3 days in either
a 2 or a 20% O2 environment.

VOL. 23, 2003 HYPOXIA INHIBITION OF TROPHOBLAST DIFFERENTIATION 6119



ACATGCTTCAGTCAT-3�; and E3, 5�-GAGGGCTGAACACGTGGAGGCA
AACA-3�.

For EMSA, the double-stranded oligonucleotides were end labeled with
[�-32P]ATP by using T4 kinase (GIBCO) and incubated with trophoblast nuclear
proteins (3 �g) for 30 min at room temperature in binding buffer (20 mM
HEPES [pH 7.4], 12% glycerol, 84 mM KCl, 1 mM EDTA, 1 mM dithiothreitol)
and 1 �g of poly(dI-dC)–poly(dI-dC) (Pharmacia) as nonspecific competitor.
The DNA-protein complexes were resolved on 5% nondenaturing polyacryl-
amide gels and visualized by autoradiography. For supershift EMSA, the nuclear
proteins were incubated for 1 h at 4°C in binding buffer in the absence or
presence of IgG (1 �g) for hMash-2, hUSF1, or hUSF2 (Santa Cruz Biotech-
nology, Inc.). Labeled E1, E2, or E3 oligonucleotides were added to the reaction
mixture, and the incubation was continued for another 30 min at room temper-
ature, before separation on 5% native polyacrylamide gels and visualization by
autoradiography.

Northern blot analysis of RNA isolated from trophoblast cells infected with
recombinant adenoviruses. Freshly isolated trophoblast cells were infected with
recombinant adenoviruses expressing either cytomegalovirus Mash-2 (CMV-
Mash-2) (24), CMV-USF1, or CMV �-galactosidase (CMV-�-Gal) (2) at a
multiplicity of infection (MOI) ranging from 0.5 to 10. After 72 h of culture, total
RNA was isolated as described above and 20 �g was size fractionated on a 7.4%
formaldehyde–0.9% agarose gel. The RNA was transferred to Zeta-Probe blot-
ting membrane (Bio-Rad Laboratories, Inc., Hercules, Calif.) and hybridized
overnight at 65°C to radiolabeled cDNA probes encoding human aromatase (11)
and hUSF1 (kindly provided by Michele Sawadogo, M. D. Anderson Cancer
Center, Houston, Tex.). The cDNAs were 32P labeled with a Prime-It RmT
random primer labeling kit (Stratagene, La Jolla, Calif.). After washing, the
relative levels of mRNA were assessed by autoradiography. The Northern blots
were stripped and reprobed using a radiolabeled �-actin cDNA (American Type
Culture Collection, Manassas, Va.) to assess loading and transfer of RNA.

Morphological analysis. Cytotrophoblasts cultured on glass coverslips in
DMEM containing 2% FBS were infected with adenoviruses expressing either
CMV-USF1 (MOI 	 5 or 10) or CMV-�-Gal (MOI 	 10). After culture for 72 h
in 20% O2, cells were rinsed with phosphate-buffered saline and fixed in 75%
ethanol. Hematoxylin and eosin Y were used to stain nuclei and cytoplasm,
respectively. Morphology was analyzed by light microscopy.

RESULTS

Mash-2 protein is primarily localized in the cytoplasm of
freshly isolated cytotrophoblasts and of trophoblasts cultured
under hypoxic conditions. We previously observed that Mash-2
is expressed in human cytotrophoblasts and that expression
declines during syncytiotrophoblast differentiation (24). When
trophoblasts were cultured under hypoxic conditions, Mash-2
expression was maintained at high levels and syncytiotropho-
blast differentiation and the induction of CYP19 gene expres-
sion were blocked. Furthermore, overexpression of rMash-2
inhibited syncytiotrophoblast differentiation and the associated
induction of hCYP19 gene expression (24). In the present
study, we raised antibodies against hMash-2 to study protein
levels and subcellular localization during syncytiotrophoblast
differentiation. We first cloned a full-length cDNA encoding
hMash-2 by reverse transcriptase PCR by using total RNA
from freshly isolated human cytotrophoblasts and primers that
corresponded to the 5� and 3� untranslated regions. To deter-
mine whether hMash-2 has the same inhibitory action as does
rMash-2, we subcloned hMash-2 cDNA into the expression
vector pCMV5 and cotransfected BeWo choriocarcinoma cells
with the pCMV5:hMash-2 plasmid together with a reporter gene
construct containing 501 bp of DNA flanking the 5� end of pla-
centa-specific exon I.1 of the hCYP19 gene (CYP19I.1�501:hGH).
pCMV5 vector was cotransfected as a control. hMash-2 mani-
fested the same inhibitory action on CYP19I.1�501:hGH fusion
gene expression as did rMash-2 (data not shown).

To investigate hMash-2 protein levels in human trophoblast

cells before and after culture in different oxygen environments,
polyclonal antibodies were raised in rabbits against a bacteri-
ally expressed GST fusion protein containing the N-terminal
51 amino acids of hMash-2. As shown in the immunoblot in
Fig. 1A (left panel), an immunoreactive band (32,000 Da)
comparable in size to the deduced Mr of hMash-2 protein was
present at relatively high levels in cytoplasmic fractions of
freshly isolated cytotrophoblasts and only at relatively low lev-
els in nuclear fractions. Mash-2 protein levels were greatly
reduced in both cytoplasmic and nuclear fractions upon syn-
cytiotrophoblast differentiation after 3 days of culture in 20%
O2. When the trophoblast cells were cultured in 2% O2 for 3
days, Mash-2 protein was maintained at elevated levels com-
pared to cells cultured in 20% O2 and again was primarily
localized to the cytoplasm (Fig. 1A, right panel). Similar results
were obtained by immunofluorescence staining (Fig. 1B). In
freshly isolated cytotrophoblasts, intense immunostaining for
hMash-2 was evident in the cytoplasm of the majority of the
cells (Fig. 1B, top panel). In a small population of cells,
hMash-2 was detectable at low levels in nuclei. When tropho-
blasts were cultured in 2% O2 for 3 days, immunoreactive
hMash-2 protein remained highly expressed in the cytoplasm
and again was detectable at lower levels in nuclei (Fig. 1B,
bottom left panel). Immunostaining was essentially undetect-
able in multinuclear syncytiotrophoblast that had been cul-
tured in 20% O2 for 3 days (Fig. 1B, bottom right panel). In
other experiments, trophoblast cells were both cultured and
harvested under hypoxic (2% O2) conditions with a glove box.
Under these conditions, Mash-2 was still primarily localized to
the cytoplasm (data not shown).

Binding activity of trophoblast nuclear proteins for three E
boxes upstream of placenta-specific exon I.1 of the hCYP19
gene is elevated in freshly isolated cytotrophoblasts and is
reduced upon syncytiotrophoblast differentiation. Mash-2 is a
bHLH transcription factor that forms a heterodimer with ubiq-
uitously expressed E proteins (e.g., E12) and is reported to
bind to a MyoD response element (E box), such as that found
in the muscle creatine kinase promoter (25). We examined a
501-bp region flanking the 5� end of the placenta-specific exon
I.1 of the hCYP19 gene that we previously found to be required
for placenta-specific expression (27) and identified three po-
tential E boxes (E1, �325 bp; E2, �58 bp; and E3, �26 bp
within placenta-specific exon I.1) (Fig. 2A). By EMSA, using
the E1, E2, and E3 boxes as probes, we compared DNA-
binding activities of nuclear extracts from freshly isolated cy-
totrophoblasts with those of syncytiotrophoblast that had been
cultured for 3 days in a 20% O2 environment. As can be seen
in Fig. 2B, binding activity for all three E boxes was readily
detectable in nuclear extracts from cytotrophoblasts but was
markedly reduced when cells differentiated to form syncy-
tiotrophoblast. Binding was effectively competed by a 500-fold
molar excess of the corresponding nonradiolabeled E box but
not by a comparable amount of a nonradiolabeled unrelated
oligonucleotide.

Binding activity of nuclear proteins from human tropho-
blast cells is increased by hypoxia. The effects of hypoxia on
binding activity of nuclear proteins for the E2 box were ana-
lyzed in trophoblast cells cultured for 3 days in either a 2 or a
20% O2 environment. As can be seen in Fig. 2C, binding
activity for the E2 box was markedly increased in nuclear
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proteins from trophoblasts that were cultured in 2% O2 for 3
days, compared to cells that were cultured for the same period
in 20% O2. Binding activity of trophoblast nuclear proteins for
E1 and E3 boxes was not affected by hypoxia (data not shown).

These findings suggest that different complexes of proteins
bind to these elements and that only those that bind to the E2
box are induced by hypoxia.

To determine whether Mash-2 protein has the capacity to

FIG. 2. Binding activity of human trophoblast nuclear proteins for the E1, E2, and E3 boxes upstream and within hCYP19 placenta-specific exon
I.1 is elevated in cytotrophoblasts, declines with syncytiotrophoblast differentiation in a 20% O2 environment, and is maintained at elevated levels
by hypoxia (2% O2). (A) Schematic of three E-box consensus sequences at �325 bp (E1), �58 bp (E2) upstream, and �26 bp (E3) within hCYP19
placenta-specific exon I.1. (B) EMSA of binding of nuclear proteins from freshly isolated human cytotrophoblasts (Cyto) and from syncytiotro-
phoblast (Syn) after 3 days of culture in a 20% O2 environment to 32P-labeled oligonucleotides containing the E1, E2, and E3 boxes in the absence
(�) or presence of a 500-fold excess of nonradiolabeled (Cold) E1, E2, or E3 or nonrelated (non-spec) oligonucleotides. (C) EMSA of binding
of nuclear proteins from human trophoblast cells after 3 days of culture in a 2 or 20% O2 environment to a 32P-labeled oligonucleotide containing
the E2 box in the absence (�) or presence of a 500-fold excess of nonradiolabeled (Cold) E2 or nonrelated (non-spec) oligonucleotides. Binding
of nuclear proteins to the E1 and E3 boxes was not affected by hypoxia (data not shown).
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bind directly to the E1, E2, or E3 boxes, we implemented
hMash-2 antibody-mediated supershift EMSA by using nuclear
proteins from freshly isolated cytotrophoblasts and from tro-
phoblast cells cultured for 3 days in 2 or 20% O2. Mash-2
antibody was unable to supershift the protein complexes bound
to the three E boxes (data not shown), suggesting that Mash-2
may be incapable of binding to these sites. This could also be
due to the inability of the antibodies to supershift the protein-
DNA complexes or to the relatively small amounts of Mash-2
protein present within the nucleus, which could possibly be
caused by its association with another protein that blocks nu-
clear translocation and/or its ability to bind to DNA.

In this regard, the repressor protein I-mfa, which is highly
expressed in extraembryonic lineages in the mouse, has been
reported to interact with Mash-2 and inhibit its nuclear local-
ization, DNA-binding, and transcriptional activities (31). In
preliminary studies, we found that I-mfa mRNA and protein
levels in human trophoblasts appeared to be unaffected during
differentiation to syncytiotrophoblast or by changes in O2 ten-
sion (B. Jiang and C. R. Mendelson, unpublished observations)
(I-mfa cDNA and antibodies were generously provided by
D. N. Kraus, Boehringer Ingelheim Pharma KG, Ingelheim,
Germany). Despite the findings that I-mfa expression was not
altered by trophoblast differentiation, changes in O2 tension,
or Mash-2 overexpression, we cannot discount the possibility
that increased expression levels of I-mfa in human trophoblast
cells may retain the majority of Mash-2 in the cytoplasm. On
the other hand, in a transient-transfection assay of BeWo cells,
overexpression of I-mfa increased expression of a CYP19I.1�501:
hGH fusion gene, whereas overexpression of Mash-2 prevented
this stimulatory action of I-mfa (data not shown). These findings
suggest that I-mfa may have the capacity to antagonize the inhib-
itory effects of endogenous Mash-2 on CYP19I.1 promoter
activity.

USF1 and USF2 protein levels decline during syncytiotro-
phoblast differentiation and are kept elevated by hypoxia and
by overexpression of Mash-2. In examining the E boxes up-
stream of hCYP19 exon I.1, it was apparent that the core
sequence of the E2 and E3 boxes contains a consensus binding
site for a subfamily of bHLH transcription factors that contain
a leucine zipper (bHLH-Zip) motif. These include USF1 and
USF2, Myc, Max, and Mad (8). As can be seen in Fig. 3A (left
panel), USF1 and USF2 proteins were expressed at relatively
high levels in cytotrophoblast nuclei but declined markedly in
syncytiotrophoblast after culture for 3 days in a 20% O2 envi-
ronment. By contrast, when trophoblasts were cultured in 2%
O2, nuclear protein levels of USF1 and USF2 were maintained
at elevated levels compared to those of cells maintained in
20% O2 (Fig. 3A, right panel). In contrast to the predominately
cytoplasmic localization of Mash-2, USF1 and USF2 were
strictly localized to trophoblast nuclei. Furthermore, protein
levels of USF1 appeared to be more abundant than those of
USF2 in the human trophoblasts before or after culture. To-
gether these findings suggest that USF1 and USF2 decline with
trophoblast differentiation and are maintained by hypoxia.

It was of interest to determine whether the stimulatory ef-
fects of hypoxia and Mash-2 overexpression on USF protein
levels are mediated by effects on USF gene expression. There-
fore, RNA isolated from human trophoblast cells cultured for
72 h in an atmosphere of 2 or 20% O2 or from trophoblast cells

cultured in 20% O2 and infected with recombinant adenovi-
ruses containing CMV-�-Gal or CMV-Mash-2 at an MOI of
0.5 to 5.0 was analyzed for hUSF1 mRNA levels by Northern
blotting. Surprisingly, neither hypoxia nor Mash-2 overexpres-
sion had an effect on USF1 mRNA levels (Fig. 3C). This suggests
that Mash-2 may enhance USF1 protein levels through effects on
protein stability and/or mRNA translatability.

Since the regulation of expression of USF1 and USF2 mim-
ics that of Mash-2, it was of interest to determine whether
expression of USFs is regulated by Mash-2. Freshly isolated
cytotrophoblasts were infected immediately after plating with
recombinant adenoviruses expressing either rMash-2 (CMV-
rMash-2) or �-Gal (CMV-�-Gal) at an MOI of 5. The cells
were cultured in a 20% O2 environment for 3 days, and the

FIG. 3. Nuclear levels of USF1 and USF2 proteins decline with
syncytiotrophoblast differentiation and are maintained at elevated lev-
els by hypoxia and Mash-2 overexpression, while USF1 mRNA levels
are unaffected. (A) Nuclear (N) and cytoplasmic (C) fractions were
prepared from human trophoblasts before (Cyto) and after (Syn) cul-
ture for 3 days in 20% O2 or in an independent experiment after 3 days
of culture in an atmosphere of 2 or 20% O2. Twenty micrograms of
protein was analyzed for USF1 (43 kDa) and USF2 (44 kDa) by
immunoblotting. (B) Nuclear (N) and cytoplasmic (C) fractions were
prepared from human trophoblasts before culture (Cyto) or from
trophoblasts that were infected with recombinant adenovirus express-
ing either Mash-2 (CMV-Mash-2; MOI 	 5) or �-Gal (CMV-�-Gal;
MOI 	 5) and analyzed for USF1 and USF2 by immunoblotting (20 �g
of protein/lane). (C) Total RNA isolated from human trophoblast cells
cultured for 72 h in an atmosphere of 2 or 20% O2 or from trophoblast
cells cultured in 20% O2 and infected with recombinant adenoviruses
containing CMV-�-Gal or CMV-Mash-2 at an MOI of 0.5 to 5.0 was
analyzed for hUSF1 mRNA levels by Northern blotting.
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levels of USF1 and USF2 were analyzed by immunoblotting.
We previously observed that overexpression of Mash-2 blocks
syncytiotrophoblast differentiation and the induction of CYP19
gene expression (24). As can be seen in Fig. 3B, overexpression
of rMash-2 caused a marked increase in the levels of immu-
noreactive USF1 and USF2 compared to cells infected with the
recombinant adenovirus containing CMV-�-Gal. Since the an-
tibodies raised against the N-terminal 51 amino acids of
hMash-2 do not cross-react with rMash-2 protein, we were
unable to ascertain whether the endogenous hMash-2 and
transfected rMash-2 proteins colocalized to the same subcel-
lular compartments. Nonetheless, it should be noted that the
effects of overexpressed rMash-2 are highly similar to those in
cells where endogenous hMash-2 was upregulated by hypoxia.
In the latter case, Mash-2 protein was predominantly localized
to the cytoplasm.

USF1 and USF2 bind directly to the E2 and E3 boxes. We
next wanted to determine whether USF1 and USF2 bind to the
E1, E2, and E3 boxes present in the 5�-flanking region and in
exon I.1 of the hCYP19 gene. Radiolabeled E1, E2, and E3
oligonucleotides were incubated with nuclear extracts from
freshly isolated cytotrophoblasts or syncytiotrophoblast after
culture for 3 days in 20% O2, in the absence or presence of
antibodies to hUSF1 or hUSF2. Nuclear extracts from cytotro-
phoblasts manifested much stronger binding activity for all
three probes than did those from syncytiotrophoblast (Fig. 4).
Interestingly, antibodies to USF1 and USF2 caused a strong
supershift of the lowest-mobility complex binding to the E2
and E3 probes; however, no supershift was observed with ei-
ther antibody when the E1 box was used as a probe (Fig. 4).
USF1 and USF2 antibodies did not bind directly to any of the
probes. Thus, USF1 and USF2 bind to E2 and E3 boxes and
binding activity declines with syncytiotrophoblast differentia-
tion. This suggests that USFs may play an inhibitory role in the
induction of CYP19 gene expression that occurs with syncy-
tiotrophoblast differentiation. Furthermore, these results sug-
gest that cytotrophoblast nuclear proteins other than USF1

and USF2 with potentially inhibitory transcriptional activity
bind to the E1 box.

Overexpression of Mash-2 increases binding activity of tro-
phoblast nuclear proteins for E2 and E3 boxes. Freshly iso-
lated cytotrophoblasts were infected with recombinant adeno-
viruses carrying CMV-rMash-2 or CMV-�-Gal (MOI 	 5) and
cultured for 3 days in a 20% O2 environment. Nuclear extracts
from the infected cells were incubated with E1, E2, and E3
probes in the absence or presence of antibodies to hUSF1 and
hUSF2 and analyzed by EMSA. Overexpression of Mash-2
caused a marked increase in binding activity of nuclear pro-
teins for the E2 and E3 boxes, compared to nuclear extracts
from cells infected with CMV-�-Gal; no effect of Mash-2 over-
expression on binding for the E1 box was observed (Fig. 5).
The lowest-mobility complex binding to E2 and E3 was super-
shifted by USF1 and USF2 antibodies. These findings suggest
that Mash-2 exerts its inhibitory effects on CYP19 gene expres-
sion by increasing expression of USF1 and USF2, which bind
directly to the E2 and E3 boxes.

USF1 overexpression inhibits endogenous CYP19 expres-
sion. Since USF1 and USF2 binding to E2 and E3 boxes was
increased by Mash-2 overexpression, which we previously
found to inhibit CYP19 gene expression (24), it was of interest
to determine whether USF overexpression inhibits endoge-
nous CYP19 gene expression, as well as promoter activity in
cultured human trophoblast cells. Freshly isolated human cy-
totrophoblasts were infected with adenoviruses expressing ei-
ther USF1 (MOI 	 5 or 10) or �-Gal (MOI 	 10) and cultured
for 3 days in a 20% O2 environment. As can be seen in Fig. 6A,
USF1 overexpression (middle panel) caused a pronounced in-
hibition of CYP19 mRNA levels compared to cells infected
with control adenoviruses (top panel). These findings suggest
that USF1 mediates hypoxia and Mash-2 inhibition of CYP19
gene expression in human trophoblast cells.

To analyze the effects of USF1 overexpression on CYP19I.1
promoter activity, freshly isolated cytotrophoblasts were coin-
fected with a USF1-expressing recombinant adenovirus (MOI

FIG. 4. USF1 and USF2 in trophoblast nuclear extracts bind to the E2 and E3 boxes upstream and within hCYP19 exon I.1, respectively, but
not to the E1 box; endogenous USF binding activity declines with syncytiotrophoblast differentiation. Nuclear extracts from human cytotropho-
blasts before (Cyto) and after 3 days of culture in a 20% O2 environment (Syn) were incubated with 32P-labeled oligonucleotides containing the
E1, E2, and E3 boxes in the absence (�) or presence (�) of antibodies specific for USF1 and USF2 and analyzed by EMSA.
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	 0.5, 1, 5, or 10) and with a recombinant adenovirus contain-
ing a fusion gene comprised of 501 bp of DNA flanking the 5�
end of placenta-specific CYP19 exon I.1 linked to the hGH
structural gene, as reporter (CYP19I.1�501:hGH; MOI 	 0.5)
(26). CMV-�-Gal adenovirus (MOI 	 10) was coinfected as a
control. As can be seen in Fig. 6B, overexpression of USF1
markedly inhibited fusion gene expression in a dose-dependent
manner. This suggests that USF1 overexpression inhibits en-
dogenous CYP19 gene expression through the inhibition of
CYP19 promoter activity.

USF1 overexpression inhibits syncytiotrophoblast differen-
tiation. To investigate the effects of USF1 overexpression on
trophoblast differentiation, human cytotrophoblasts were
plated onto glass coverslips and infected with recombinant
adenoviruses expressing USF1 (MOI 	 5 or 10) or �-Gal
(MOI 	 10), as a control. After 3 days of culture in a 20% O2

environment, there was clear evidence of syncytium formation
in the cells infected with recombinant adenovirus containing
CMV-�-Gal (Fig. 7). By contrast, when the cells were incu-
bated with adenovirus expressing USF1 (MOI 	 5 or 10),
syncytium formation was markedly inhibited (Fig. 7). These
results suggest that USF1 mediates hypoxia and Mash-2 inhi-
bition of human trophoblast differentiation.

DISCUSSION

The human placenta has a remarkable capacity to produce
estrogens by aromatization of C19-steroid precursors secreted
by the fetal adrenals. Estrogen biosynthesis by the human
placenta increases markedly after the 9th week of gestation
(38). This coincides with the time that cytotrophoblast inva-
sion, remodeling, and enlargement of uterine arterioles are
initiated, resulting in a pronounced rise in placental O2 tension
and induction of antioxidant enzymes (23). Oxygen has been
suggested to play an important role in the regulation of tro-
phoblast differentiation. When cytotrophoblasts from midges-

tation human placenta are placed in monolayer culture in a
20% O2 environment, they rapidly fuse to form syncytiotro-
phoblast (24, 26, 29). This is associated with the induction of
CYP19 gene expression and of aromatase activity (24, 26). On
the other hand, when these cells are cultured in a hypoxic (2%
O2) environment, cell fusion and the induction of aromatase
mRNA levels and activity are prevented.

In previous studies, we observed that the effects of hypoxia
on syncytiotrophoblast differentiation and on CYP19 gene ex-
pression in human trophoblast cells in primary culture were
mediated by the bHLH transcription factor Mash-2 (24). We
found that Mash-2 mRNA levels were relatively high in cy-
totrophoblasts and declined as a function of syncytiotropho-
blast differentiation in a 20% O2 environment. On the other
hand, when human trophoblast cells were maintained in a
hypoxic environment, Mash-2 mRNA levels remained ele-
vated. Furthermore, Mash-2 overexpression in cultured human
trophoblast cells inhibited cell fusion and the induction of
CYP19 gene expression. In transfection studies of human tro-
phoblast cells, we observed that the inhibitory effect of Mash-2
on CYP19I.1 promoter activity appeared to be mediated by
sequences within 125 bp upstream of the transcription start site
in exon I.1 (24).

Mash-2 was previously reported to bind as a heterodimer
with E12 to an E-box sequence in the muscle creatine kinase
promoter that is known to serve as a binding site for MyoD
(25). In the present study, we identified three E boxes at �325
bp (E1), �58 bp (E2), and �26 bp (E3) upstream and within
placenta-specific CYP19 exon I.1. Using antibodies raised
against hMash-2, we observed that hMash-2 protein mimicked
Mash-2 mRNA in that protein levels were relatively high in
freshly isolated cytotrophoblasts and declined upon syncy-
tiotrophoblast differentiation in a 20% O2 environment. When
the cells were cultured in 2% O2, the levels of hMash-2 protein
remained elevated. The finding that binding activity for these E
boxes was higher in nuclear extracts from cytotrophoblasts

FIG. 5. Mash-2 overexpression increases binding activities of USF1 and USF2 proteins for the E2 and E3 boxes upstream and within hCYP19
exon I.1. Freshly isolated cytotrophoblasts were infected with recombinant adenoviruses expressing either Mash-2 (CMV-Mash-2; MOI 	 5) or
�-Gal (CMV-�-Gal; MOI 	 5) and cultured for 3 days in a 20% O2 environment. Nuclear proteins isolated from the cultured cells were incubated
with 32P-labeled oligonucleotides containing the E1, E2, and E3 boxes in the absence (�) or presence (�) of antibodies specific for USF1 and
USF2 and analyzed by EMSA.
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than in extracts from syncytiotrophoblast and was greatly in-
creased by hypoxia suggested that one or more of the E boxes
mediate the inhibitory actions of Mash-2 protein on CYP19
promoter I.1 activity. However, in immunocytochemical stud-
ies, we made the surprising observation that hMash-2 protein
was predominately localized to the cytoplasm of cytotropho-
blasts before and after culture in 2% O2, although some nu-
clear staining was evident. Furthermore, in antibody-mediated
supershift EMSA, we were unable to detect binding of
hMash-2 to the three E boxes. These findings suggested that
hypoxia and Mash-2 inhibition of CYP19 gene expression in

human placental cells might be mediated by Mash-2 regulation
of another protein.

We noted that the E2 and E3 boxes at �58 and �26 bp
contained the consensus binding motifs for the bHLH-leucine
zipper (bHLH-Zip) transcription factors USF1 and USF2 (C
ACATG and CACGTG, respectively). The sequence of the E1
box predicted that it would not likely serve as a USF-binding
site. Interestingly, like Mash-2, USF1 and USF2 protein levels
were found to be elevated in cytotrophoblasts, declined upon
syncytiotrophoblast differentiation, and remained elevated un-
der hypoxic conditions. However, unlike Mash-2, USF1 and
USF2 were exclusively nuclear in their cellular localization.
Furthermore, in antibody-mediated supershift EMSA, USF1
and USF2 in human cytotrophoblast nuclear extracts were
found to bind specifically to the E2 and E3 boxes; USF1-USF2
did not appear to bind to the E1 box. Additionally, Mash-2
overexpression in primary cultures of human trophoblast cells
markedly increased nuclear levels of USF1 and USF2 proteins
and their binding to the E2 and E3 boxes. The finding that
USF1 overexpression inhibited trophoblast cell fusion, induc-
tion of aromatase expression, and CYP19 promoter I.1 activity
in primary cultures of human trophoblast cells suggests that
USFs directly mediate the inhibitory effects of Mash-2 and
hypoxia on syncytiotrophoblast differentiation and CYP19 gene
expression.

USF1 and USF2 are structurally related bHLH-Zip tran-
scription factors of 43 and 44 kDa, respectively (12, 22, 34).
Although USF1 and USF2 are ubiquitously expressed (12, 40),
they appear to be involved in the regulation of developmental
and tissue-specific expression of a number of genes, including
those for surfactant protein A (12), steroidogenic factor 1 (18),
and carboxyl ester lipase (4). The finding that embryonic le-
thality occurred in mice homozygous for targeted deletion in
the usf2 gene and either homozygous or heterozygous for a
mutation in the usf1 gene suggests that USF proteins are es-
sential for embryonic development (39). The cause of embry-
onic death in these mutant mice was not reported. On the
other hand, USFs have been reported to serve as repressors of
a number of target genes, including the ABCA1 transporter
(45) and Xenopus MyoD (32). USF1 was found to inhibit
transcription of the rabbit CYP19A1 gene by competing with
the aryl hydrocarbon receptor (AhR)-AhR nuclear transloca-
tor (ARNT) for binding to the promoter (41).

Although USF1 and USF2 have not previously been impli-
cated in the hypoxic response, a number of bHLH transcrip-
tion factors that contain a PAS (Per-ARNT-Sim) domain are
upregulated by hypoxia and mediate enhanced expression of
target genes, including those encoding glycolytic enzymes, glu-
cose transporters, and growth factors that induce erythropoi-
esis and angiogenesis (6, 10, 37). These bHLH-PAS domain
transcription factors, which bind to E boxes, include hypoxia-
inducible factor 1
 (HIF-1
), human endothelial PAS domain
protein 1 (EPAS-1/HIF-2
), and their common heterodimeric
partner ARNT/HIF-1�. HIF-1
 and EPAS-1 protein levels
decline under normoxic conditions (37, 44) because of in-
creased proteasomal degradation (44). This occurs as a result
of increased ubiquitination upon O2-mediated hydroxylation
of a proline residue in HIF-1
 and EPAS-1 proteins, which
promotes recruitment of von Hippel-Lindau tumor-suppressor
protein (VHL; recognition component of an E3 ubiquitin-

FIG. 6. USF1 overexpression prevents the induction of endoge-
nous CYP19 gene expression in cultured human trophoblast cells and
causes a dose-dependent inhibition of expression of a transfected
CYP19I.1�501:hGH fusion gene. (A) Northern blot analysis of endog-
enous CYP19 mRNA levels in cultured human trophoblast cells in-
fected with recombinant adenoviruses expressing either USF1 (MOI 	
5 or 10) or �-Gal (MOI 	 10). The cDNA probes used were specific
for hCYP19, hUSF1, and �-actin mRNAs. (B) hCYP19 promoter I.1
activity in cultured human trophoblasts coinfected with a recombinant
adenovirus containing a CYP19I.1�501:hGH fusion gene and increasing
MOI of a recombinant adenovirus expressing hUSF1 (MOI 	 0.5, 1, 5,
or 10), or �-Gal (MOI 	 10). Data are the means � standard errors
of the means of the hGH secreted into the medium between 48 and
72 h of incubation (n 	 3).
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protein ligase) (19, 21). HIF-1
 protein and mRNA levels were
reported to be elevated in first-trimester human placenta (5 to
8 weeks) and to decline markedly at later stages of gestation
(7). When human trophoblast villous explants were cultured
under hypoxic conditions, there was upregulated expression of
HIF-1
 (7), VHL, and EPAS-1 (14), whereas these proteins
were downregulated when explants were cultured in 20% O2.

Interestingly, mice that are homozygous for targeted dele-
tion of Vhl die because of a failure in placental development
(16). These mice appeared to develop normally until E9.5 to
10.5 when there was a failure of placental vasculogenesis.
Arnt�/� embryos also die by E10.5 because of a complete
failure in placental vascularization (30, 33) with markedly re-
duced labyrinthine and spongiotrophoblast layers and in-
creased numbers of giant cells (1). It is possible that these
defects resulted from impaired function of HIF-1
 or EPAS-1,
which requires heterodimerization with ARNT for transcrip-
tional responses to hypoxia. However, Hif-1
�/� embryos,
which are developmentally arrested at E9.0 because of en-
hanced mesenchymal cell death and defects in vascular devel-
opment, manifest no apparent defects in placental develop-
ment (20, 36). Furthermore, Epas-1�/� mice die after E12.5,
presumably due to a defect in catecholamine homeostasis; no
morphological defects in placental development were evident
(43). In the present study, we observed that EPAS-1 levels
declined during differentiation of human trophoblasts cultured
in a 20% O2 environment and were increased by hypoxia and
by Mash-2 overexpression (data not shown). This suggests that,
like USFs, EPAS-1 may also be a target of Mash-2. On the

other hand, we were unable to detect EPAS-1 binding to the
E2 and E3 boxes surrounding the hCYP19 placenta-specific
promoter, although this could have been due to the properties
of antibodies that were utilized. We also have assessed the
binding of ARNT to the E2 and E3 boxes using antibody-
mediated supershift assays. However, antibodies to ARNT
only modestly lightened the complex of proteins binding to
these E boxes without causing a detectable supershift (Jiang
and Mendelson, unpublished). This suggests that ARNT likely
does not bind to this site.

Although the detailed mechanisms for O2 regulation of hu-
man trophoblast differentiation and CYP19 gene expression
remain to be determined, the present findings suggest a novel
signal transduction cascade that culminates in trophoblast dif-
ferentiation and the induction of CYP19 gene expression (Fig.
8). During the first trimester of gestation, the villous cytotro-
phoblast stem cells exist in a relatively hypoxic environment,
resulting in increased expression of Mash-2 and an associated
increase in cytotrophoblast proliferation and inhibition of cell
fusion and differentiation. The increased levels of Mash-2
cause enhanced expression of USF1 and USF2, which bind to
the E2 and E3 boxes upstream and within placenta-specific
exon I.1 of the hCYP19 gene, resulting in repression of hCYP19
gene expression. We suggest that this possibly may be caused
by USF recruitment of corepressors, which prevent hCYP19
promoter activation by trophoblast-specific and general en-
hancer factors. The rapidly proliferating cytotrophoblasts ag-
gregate to form columns and invade the decidua and part of
the myometrium, resulting in remodeling and enlargement of

FIG. 7. USF1 overexpression prevents trophoblast cell fusion and differentiation. Freshly isolated cytotropholast cells were cultured on
coverslips and infected with different amounts of recombinant adenovirus expressing either USF1 (MOI 	 5 or 10) or �-Gal (MOI 	 10). After
72 h, the cells on the coverslips were stained with hematoxylin and eosin. Magnification, �200.
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the spiral arterioles. This, in turn, leads to a marked increase in
O2 tension within the placenta, causing a pronounced decline
in Mash-2 and USF1 and USF2 expression with associated
syncytiotrophoblast differentiation. The decreased binding of
USF1-USF2 heterodimers to the E2 and E3 boxes also results
in activation of hCYP19 gene expression, possibly by recruit-
ment to the hCYP19 promoter of activating transcription fac-
tors and coactivators. Studies are in progress to decipher the
interrelationships between the different families of bHLH
transcription factors in placental differentiation and induction
of CYP19 gene expression and the mechanisms whereby
changes in O2 tension effect their expression and activation.
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