Human Cytotrophoblasts Adopt a Vascular Phenotype as They Differentiate

A Strategy for Successful Endovascular Invasion?
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Abstract

Establishment of the human placenta requires that fetal cy-
totrophoblast stem cells in anchoring chorionic villi become
invasive. These cytotrophoblasts aggregate into cell col-
umns and invade both the uterine interstitium and vascula-
ture, anchoring the fetus to the mother and establishing
blood flow to the placenta. Cytotrophoblasts colonizing spi-
ral arterioles replace maternal endothelium as far as the
first third of the myometrium. We show here that differenti-
ating cytotrophoblasts transform their adhesion receptor
phenotype so as to resemble the endothelial cells they re-
place. Cytotrophoblasts in cell columns show reduced E-cad-
herin staining and express VE-(endothelial) cadherin, plate-
let-endothelial adhesion molecule-1, vascular endothelial
adhesion molecule-1, and a4-integrins. Cytotrophoblasts in
the uterine interstitium and maternal vasculature continue
to express these receptors, and, like endothelial cells during
angiogenesis, also stain for aV(33. In functional studies,
aVB3 and VE-cadherin enhance, while E-cadherin re-
strains, cytotrophoblast invasiveness. Cytotrophoblasts ex-
pressing a4 integrins bound immobilized VCAM-1 in vitro,
suggesting that this receptor-pair could mediate cytotro-
phoblast-endothelium or cytotrophoblast—cytotrophoblast
interactions in vivo, during endovascular invasion. In the
pregnancy disorder preeclampsia, in which endovascular
invasion remains superficial, cytotrophoblasts fail to ex-
press most of these endothelial markers (Zhou et al., 1997.
J. Clin. Invest. 99:2152-2164.), suggesting that this adhe-
sion phenotype switch is required for successful endovascu-
lar invasion and normal placentation. (J. Clin. Invest. 1997.
99:2139-2151.) Key words: placentation « trophoblast « en-
dothelium - integrins « cadherins

Introduction

Human placental development depends critically on the differ-
entiation of the placenta’s specialized epithelial cells, cytotro-
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phoblasts (CTB).! Two differentiation pathways exist (see Fig.
1). In one, CTB remain in the fetal compartment and fuse to
form multinucleate syncytiotrophoblasts that cover the float-
ing chorionic villi. These villi, which are in direct contact with
maternal blood in the intervillous space, perform nutrient and
gas exchange for the fetus. In the other pathway, the focus of
this paper, a subset of CTB in anchoring chorionic villi aggre-
gate into cell columns that attach to the uterine wall. From
there, CTB invade the uterine wall (interstitial invasion, see
Fig. 1 A) and its blood vessels (endovascular invasion, see Fig.
1 B) as far as the first third of the myometrium. Anchoring villi
thus attach the fetus to the uterus and establish the flow of ox-
ygenated maternal blood to the intervillous space (1-4, re-
viewed in 5, 6).

CTB differentiation along the invasive pathway is a com-
plex, multi-step process. CTB within cell columns lose the abil-
ity to divide (7; Genbacev and Fisher, unpublished data). As
they invade the uterine wall, CTB upregulate expression of
MMP-9, the 92-kD matrix metalloproteinase (8), HLA-G, a
trophoblast-specific HLA class I molecule that is likely to be
important in avoiding rejection of the conceptus by the mater-
nal immune system (9, 10), and specific hormones, including
human placental lactogen (hPL).

Relationships of differentiating CTB with extracellular ma-
trix (ECM) and with other cells also change. For example,
CTB intricately regulate expression of ECM ligands and their
integrin receptors. CTB villus stem cells express the a6p34 inte-
grin laminin receptor strongly. As they differentiate, CTB
downregulate o634 and sequentially upregulate expression of
fibronectin and the a5B1 fibronectin receptor in cell columns,
and the a1B1 laminin/collagen receptor in the uterine wall (11,
12). CTB stem cells can be isolated from placental tissue and
when plated on Matrigel, they recapitulate their differentia-
tion program. Although we do not understand the signals that
promote this differentiation program (see reference 13), we
can use function-perturbing antibodies in conjunction with this
in vitro model of invasion to determine which molecules are
responsible for mediating the changes in migration and inva-
sion. We have shown that interactions of 581 with fibronectin
restrain invasion, and that interactions of a1B1 with collagen
type IV and laminin promote CTB invasion in this system (13).
We hypothesize that CTB balance invasion-restraining and in-
vasion-promoting adhesion mechanisms as they differentiate,

1. Abbreviations used in this paper: CTB, cytotrophoblasts; ECM, ex-
tracellular matrix; HUVEC, human umbilical vein endothelial cells;
MYO, myometrium; PECAM-1, platelet-endothelial cell adhesion
molecule-1; VEGF, vascular endothelial growth factor; VCAM-1,
vascular cell adhesion molecule-1.
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which may help regulate the depth of CTB invasion into the
uterus (13).

The significance for normal placentation of this CTB dif-
ferentiation program is highlighted by the fact that in the preg-
nancy disorder preeclampsia, in which both interstitial and en-
dovascular invasion are abnormally shallow (14-17), CTB
show significant defects in differentiation. For example, levels
of MMP-9, HLA-G, and hPL in preeclamptic CTB are abnor-
mally low (17, 18; Lim et al.)2 Furthermore, CTB in pre-
eclampsia increase expression of the a5B1 fibronectin recep-
tor, but fail both to upregulate a1p1 and to downregulate a634
(Lim et al., 19). Thus, they appear arrested in their differentia-
tion program and they express an ECM receptor phenotype
that may not be optimal for invasion to the appropriate depth.

In continuing to search for fundamental insights into CTB
differentiation during placentation, we have focused recently
on the virtually unique ability of CTB to invade maternal
blood vessels, to replace the maternal endothelium within the
spiral arterial segments as far as the myometrium (MYO), and
to remodel the muscular walls (tunica media) of these arteries.
We hypothesized that to accomplish this, differentiating CTB
stem cells must lose their epithelial phenotype and transform
their cell—cell adhesion molecule phenotype dramatically, both
to become invasive and to be able to interact with, and ulti-
mately mimic certain behaviors of, the endothelial cells they
displace. We therefore examined the phenotype of differenti-
ating CTB for loss of epithelial adhesion receptors and the on-
set of expression of adhesion receptors characteristic of endo-
thelium, or of leukocytes that are interacting with endothelium.
Our results document that CTB undergo a comprehensive
transformation of their adhesion molecule repertoire so as to
mimic that of endothelial cells. Furthermore, in functional
studies we show that the newly expressed adhesion receptors
contribute to enhanced motility and invasiveness of differenti-
ating CTB. Since CTB in preeclampsia are defective in endo-
vascular invasion and colonization (16, 17, 19) and do not exe-
cute the switch to a vascular adhesion phenotype (20), we
propose that this switch observed in normal CTB, which re-
sults in mimicry of vascular cells, is a fundamental requirement
for normal placentation in humans.

Methods

Cell culture and isolation of CTB. JEG-3 choriocarcinoma cells were
cultured in Dulbecco’s MEM with 4.5 g/liter glucose (DME-high glu-
cose), containing 10% FBS. Cultures of human foreskin kerati-
nocytes and human umbilical vein endothelial cells (HUVEC) were
kindly provided by Dr. Randall Kramer and Dr. Kee-Hak Lim,
UCSF, San Francisco, CA, respectively.

Normal CTB were isolated from chorionic villi by established
procedures (8, 21). Briefly, placentas from normal uncomplicated
pregnancies were obtained immediately after early gestation termina-
tions (7-22 wk) or after delivery at term (34-40 wk). After initial pu-
rification of CTB on Percoll gradients, remaining leukocytes were re-
moved with an antibody to CD-45 coupled to magnetic beads.
Purified cells were used immediately or cultured on Matrigel-coated
substrates (Collaborative Biomedical Products, Bedford, MA) for
varying lengths of time in serum-free DME-high glucose, with 2%
Nutridoma (Boehringer Mannheim Biochemicals, Indianapolis, IN).

2. Lim, K.-H., Y. Zhou, M. Janatpour, M. McMaster, K. Bass, S.-H.
Chun, and S.J. Fisher, manuscript submitted for publication.
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Normal CTB from 7-22 wk placentas differentiate over 24-72 h, as
shown previously by increased production of «a181 (13, Lim et al.),?
the MMP-9 metalloproteinase (8) and HLA-G (10), and they invade
Matrigel in an established invasion assay (8).

To assure that endothelial cells in the maternal decidua do not ex-
press epithelial antigens in common with CTB stem cells (in particu-
lar E-cadherin), cultures of primary decidual endothelium were gen-
erated as described by Gallery et al. (22). Briefly, 0.5 mm?® pieces of
decidual tissue from placental bed biopsies were treated with trypsin
and pronase, and then squeezed with the blunt end of a scalpel blade.
The extruded cells were filtered through gauze and incubated on ice
with magnetic beads coated with the ulex europaeus-1 lectin (E.Y.
Laboratories, Inc., San Mateo, CA). Bound cells were plated on gela-
tin-coated petri dishes in DME-H21/Ham’s F-12 (1:1), with 20% FBS
supplemented with ITS (Collaborative Research, Inc., Lexington,
MA). Cells were grown to confluency and passaged three times be-
fore performing immunocytochemistry.

Antibodies. Antibodies against adhesion receptors were ob-
tained from the following sources: Integrin a1, TS2/7, T Cell Sciences,
Inc., Cambridge, MA; integrin a4, HP1/2, Dr. R. Lobb, Biogen, Cam-
bridge, MA; integrin aVB3, complex-specific function perturbing
monoclonal antibody LM609, Dr. David Cheresh, Scripps Research
Foundation, La Jolla, CA; integrin B3, 1I344; integrin V5, com-
plex-specific function perturbing monoclonal antibody, P3G2, Dr.
Elizabeth Wayner, Fred Hutchinson Cancer Center, Seattle, WA in-
tegrin 36, E7P6, Dr. Robert Pytela, UCSF, San Francisco, CA; E-selec-
tin, S25, Dr. M. Gimbrone, Brigham and Women’s Hospital, Boston,
MA; E-cadherin, E9, (23), for immunoblotting and staining, and poly-
clonal anti-GP-80, made against purified 80 kD fragment of E-cad-
herin (24), for function perturbation; VE-cadherin, BV6, BV9 and
TEA 1.31, Dr. E. Dejana (25, 26); P-cadherin, 6A9, Dr. M. Wheelock;
platelet-endothelial cell adhesion molecule-1 (PECAM-1), 390, Dr.
H.S. Baldwin, Univ. Pennsylvania, Philadelphia, PA; vascular cell ad-
hesion molecule-1 (VCAM-1), 11/26 for staining, Dr. T. Yednock,
(Athena Neurosciences, Inc., S. San Francisco, CA), and 4B9 for
function-perturbation, Dr. R. Lobb, Biogen; cytokeratin, 7D3 (rat
anti-human, 7D3;13) and K8.13 (mouse anti-human; Sigma Immu-
nochemicals, St. Louis, MO); human von Willebrand Factor, F/8/86
(DAKO A/S, Glostrup, Denmark).

Immunocytochemistry. Chorionic villi with attached decidua were
dissected from placentas immediately after elective terminations or
delivery. Placental bed biopsy tissues were obtained from the site of
implantation immediately after cesarean delivery (see description of
informed consent procedures in 20). Tissues were processed for dou-
ble indirect immunocytochemistry as described previously (11, 19).
Briefly, tissues were fixed in 3% paraformaldehyde for 30 min, infil-
trated with 5-15% sucrose followed by OCT, and frozen in liquid ni-
trogen. Sections (5-7 pm) were cut on a Hacker-Slee cryostat. Iso-
lated CTB plated on Matrigel-coated coverslips for varying times
were fixed in 3% paraformaldehyde for 10 min, and permeabilized
with cold methanol. Fixed tissue sections or cell cultures were stained
with a mixture of two primary antibodies (rat or mouse anti-human
cytokeratin to mark CTB, and an antibody of a different species ori-
gin against individual adhesion receptors of interest) for 1 h to over-
night, washed, and incubated with secondary antibodies conjugated
to fluorescein or rhodamine (Jackson ImmunoResearch Labs, Inc.,
West Grove, PA). The secondary antibodies were cross-absorbed
against nonimmune IgG of other species to eliminate cross-reactivity.
Samples were viewed with the Zeiss Axiophot Epifluorescence mi-
croscope equipped with filters to selectively view the rhodamine and
fluorescein images with no cross-contamination.

Cell extraction and immunoblotting. Immunoblotting was carried
out to determine the steady state levels of cadherins present during
CTB differentiation. Freshly isolated CTB or CTB cultured on Matri-
gel-coated tissue culture wells were washed 2X with PBS and ex-
tracted with 200 p.l of lysis buffer (50 mM Tris buffer, pH 8.0, contain-
ing 0.1% SDS, 0.5% NP-40, 120 mM NacCl, 100 wm PMSF, 20 U/ml
aprotinin, 10 pg/ml leupeptin). Cell extracts were centrifuged at
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Figure 1. (A) Diagram of a longitudinal section of an anchoring chorionic villus (A V) at the fetal-maternal interface at ~ 10 wk gestational age.
The anchoring villus (A V) functions as a bridge between the fetal and maternal compartments, whereas floating villi (FV) are suspended in the
intervillus space and are bathed by maternal blood. CTB in AV (Zone I) form cell columns (Zones II & IIT). CTB then invade the uterine inter-
stitium (decidua and first third of the myometrium, (Zone V) and maternal vasculature (Zone V), thereby anchoring the fetus to the mother and
accessing the maternal circulation. Zone designations mark areas in which CTB have distinct patterns of adhesion receptor expression as de-
scribed in the text and in reference 11. (B) Diagram of a spiral artery in which endovascular invasion is in progress (10-18 wk gestation). En-
dometrial and then myometrial segments of spiral arteries are modified progressively. In fully modified regions (a) the vessel diameter is large.
CTB are present in the lumen and occupy the entire surface of the vessel wall. A discrete muscular layer (funica media) is not evident. (b) Par-
tially modified vessel segments. CTB and maternal endothelium occupy discrete regions of the vessel wall. In areas of intersection, CTB appear
to lie deep to the endothelium and in contact with the vessel wall (20). (¢) Unmodified vessel segments in the myometrium. Vessel segments in
the superficial third of the myometrium will become modified when endovascular invasion reaches its fullest extent (by 22 wk), while deeper seg-
ments of the same artery will retain their normal structure.
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12,000 g for 5 min to remove insoluble material. Samples containing
equal amounts of protein were mixed with SDS sample buffer, ana-
lyzed by SDS-PAGE under reducing conditions, and transferred to
nitrocellulose. The nitrocellulose membranes were incubated with
primary antibodies (E9, rat anti-human E-cadherin; BV9, mouse anti-
human VE-cadherin, and 6A9, mouse anti-human P-cadherin) and
peroxidase-conjugated secondary antibodies by standard procedures.
Immune complexes were visualized using an enhanced chemilumi-
nescence procedure and Hyperfilm (Amersham Life Sciences-USB,
Arlington Heights, IL).

Invasion assays. Invasion assays were conducted as described
previously (7, 8, 13). Briefly, isolated CTB (2.5 X 10°) were plated on
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Transwell inserts (6.5 mm; Costar Corp., Cambridge, MA), contain-
ing polycarbonate filters with 8-wm pores, that had been coated with
Matrigel. After 48 h in the presence of 100 wg/ml control IgG or func-
tion-perturbing antibodies against « VB3 (LM609: 50 pg/ml), E-cad-
herin (E9: 50 pg/ml), or VE-cadherin (BV6; 100 pg/ml), the cultures
were fixed with paraformaldehyde, permeabilized with cold metha-
nol, and stained with the 7D3 antibody against human cytokeratin.
The filter inserts, with the CTB cultures, were excised with a scalpel
blade and mounted on polylysine-coated slides, with the underside of
the filter facing upward. The Matrigel-coated and underside surfaces
of the filters were distinguishable when viewed under the Zeiss Axio-
phot Epifluorescence microscope, and therefore cytokeratin-positive

Figure 2. CTB switch
the pattern of expres-
sion of aV-family inte-
grin receptors during
differentiation in vivo.
Sections of 2nd trimes-
ter (18-22 wk) placental
tissue were double
stained with anti-cyto-
keratin (CK, 7D3) to
mark CTB (A, C, E, and
G), and with anti-aVB5
(P3G2, B); anti-aVB6
(E7P6, D); or anti-

o VB3 (11344, F, H).

o VS5 is detected on
CTB in chorionic villi
(AV), but not in other
locations. a V6 is de-
tected only on villus
CTB at sites of column
formation, and on the
first layer of cell col-
umn. aVB3 is detected
on column CTB near-
est the uterine wall and
on interstitial and endo-
vascular CTB (Zones
III-V). BV, maternal
blood vessel; EC, en-
dothelial cells.



cell processes and whole cells that had penetrated the Matrigel could
be counted. In all invasion assays, the total number of processes plus
cells on the underside of each filter were counted. In the case of the
anticadherin assays, three filters were used for each condition in each
experiment. The VE-cadherin assay was repeated five times, and the
E-cadherin assay was repeated four times. Data are expressed as per-
cent control. In the anti-a VB3 invasion assays, four filters were used
for each experimental condition. The experiment was repeated two
times. The statistical significance of the data was analyzed by a Stu-
dent’s ¢ test.

Adhesion assay. A substrate of immobilized VCAM-1 was pre-
pared by incubating 8-well chamber slides overnight at 4°C with 200
wl protein A (Sigma Chemical Corp., St. Louis, MO) at 1 pg/ml in
PBS, pH 7.4. After nonspecific staining was blocked with 1% BSA in
PBS, 200 pl/well of purified soluble chimeric VCAM-1-IgGFc (1.5
pg/ml in PBS: gift of Dr. Ted Yednock, Athena Neurosciences, Inc.)
was added to the protein A-coated wells for 5 h at 24°C, or overnight
at 4°C. This results in the binding of the VCAM-1 chimera to protein
A via its Fc end, leaving the adhesive domains of VCAM-1 available
for interaction with counter-receptors. CTB (10°) were then added to
the VCAM-1-coated wells in 250 pl serum-free DME containing
control IgG or either anti-VCAM-1 (100 pg/ml) or anti-integrin a4
(80 pg/ml) IgG (four samples of each condition/experiment), and in-
cubated at 37°C for 1h. The samples were washed with PBS to re-
move nonadherent cells, fixed and adherent cells counted. The exper-
iment was repeated three times. The statistical significance of the
data was analyzed by a Student’s ¢ test.

Isolation of RNA and Northern blotting. RNA was extracted from
freshly isolated or cultured CTB by the method of Chomczynski and
Sacchi (27), as described previously (13). Total RNA (10 pg/lane)
was separated by formaldehyde-agarose gel electrophoresis, trans-
ferred to Nytran membranes (Schleicher & Shuell, Keene, NH) and
analyzed by Northern blot hybridization as described previously (28).
Probes were synthesized by random priming of a 2.4 kb fragment of
human VE-cadherin and a 2.5 kb fragment of E-cadherin (gift of Dr.
D. Rimm, Yale University, New Haven, CT) using «[*?P]dCTP and
the Klenow fragment of DNA polymerase-1 according to standard
methods. Final posthybridization was carried out in 0.3X SSC (45
mM NaCl, 15 mM sodium citrate) and 0.1% SDS at 65°C (13). In all
experiments, gels were stained with acridine orange prior to transfer
to ensure integrity of the RNA samples, and to confirm that equal
amounts of RNA had been loaded onto each lane.

Results

There are several critical stages in the differentiation of CTB
stem cells along the invasive pathway: (a) conversion of chori-
onic villus CTB from a monolayer to a cell column; (b) their
invasion of the uterine wall and its vascular bed (Fig. 1 A); and
(c) their interaction with maternal endothelium in spiral arteri-
oles (Fig. 1 B). It is likely that significant switches in adhesion
receptor phenotype are important for enabling CTB to exe-
cute this complex morphogenetic program. In this study, we
tested the hypotheses that CTB mimic broadly the adhesion
phenotype of the endothelial cells they replace, and that the
changes in adhesion phenotype have the net effect of enhanc-
ing CTB motility and invasiveness. To test these hypotheses,
we first stained tissue sections of the fetal-maternal interface
for specific integrins, cadherins, and immunoglobulin family
adhesion receptors that are characteristic of endothelial cells
and leukocytes. We then tested the functional consequences
for CTB adhesion and invasion of expressing the particular ad-
hesion receptors that were upregulated during CTB differenti-
ation.

The aV B3 integrin is spatially regulated on differentiating
CTB and promotes their invasiveness. The distribution pat-

terns of oV integrin family members were examined because
of their regulated expression on endothelial cells during angio-
genesis (29) and their upregulation on some types of meta-
static tumor cells (e.g., melanoma; 30, 31). «V family members
displayed unique and highly specific spatial staining patterns
on CTB in anchoring villi and the placental bed (Fig. 2). The
aVB5-complex-specific antibody (Fig. 2, A and B) stained the
CTB stem cell monolayer in chorionic villi. Staining was uni-
form over the entire cell surface. At sites of column initiation
in first trimester tissue (10 wk), «VBS staining extended to the
first 2-3 layers of column CTB. The syncytiotrophoblast layer,
and CTB in more distal layers of cell columns and in the pla-
cental bed, did not stain for «VB5. In contrast, anti-a V6 did
not stain most villus CTB: only villus CTB that were at sites of
column formation stained (Fig. 2, C and D). The CTB layer
still in contact with basement membrane at sites of column ini-
tiation stained brightly for «VB6. In second trimester tissues
(18 wk; Fig. 2, C and D), the next layer of the CTB within the
column showed reduced staining. In first trimester tissues
(10 wk), the first 2-3 layers of CTB in cell columns also stained
strongly for B6 (not shown), as was observed for a«VBS. The
rest of the CTB stem cells in chorionic villi, CTB in more distal
regions of cell columns, and CTB within placental bed and vas-
culature did not stain for a V6, documenting a specific associ-
ation of this integrin with initiation of column formation.

In yet a different pattern, staining for anti-« V33 was weak
or not detected on villus CTB or on CTB in the initial layers of
cell columns. However, strong staining was detected on CTB
within the uterine wall and vasculature (Fig. 2, E and H). Thus,
individual members of the oV family, like those of the 31 fam-
ily, are spatially regulated during CTB differentiation. Of par-
ticular relevance to this study is the observation that «V33 in-
tegrin, whose expression is stimulated on endothelial cells by
angiogenic factors (29, 32), is enhanced on CTB that have in-
vaded the uterine wall and maternal vasculature.

Blocking a VB3 function suppresses endothelial migration
during angiogenesis (29). To determine whether perturbing
the function of VB3 also affects CTB invasion in vitro, freshly
isolated first trimester CTB were plated for 48 h on Matrigel-

120 4 Figure 3. Antibody
'|' against « VB3 strongly
100 - inhibits invasion of iso-

*p<0.05 lated CTB. CTB iso-
lated from first trimes-
80 ter placental villi were
cultured for 48 h on

Matrigel-coated Tran-

60 1 swell inserts in the pres-
. ence of control mouse
40 - IgG or complex-spe-

Invasion (% control)

cific anti-a' VB3 anti-
body LM609 (50 p.g/ml)
20 - as described in Meth-
ods. Cells and pro-
cesses that had invaded
the Matrigel, and were
visible on the under-
sides of the filters, were
counted. Four wells of each condition were counted in each experi-
ment. The experiment was conducted twice. Data were analyzed by
the Student’s ¢ test. Bars indicate standard error of the mean.

Control Anti-a V/B 3
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coated Transwell filters in the presence of control mouse IgG
or the complex-specific anti-a VB3 IgG, LM609. CTB invasion
was evaluated by counting cells and cellular processes that had
invaded the Matrigel barrier and extended through the holes
in the Transwell filters (7, 13). LM609 reduced CTB invasion
by more than 75% in this assay (Fig. 3), indicating that this re-
ceptor, like the a1B1 integrin (13), contributes significantly to
the invasive phenotype of CTB.

Cadherin switching accompanies CTB differentiation in
vivo. In first and second trimester chorionic villi, the CTB epi-
thelial monolayer stained strongly for the ubiquitous epithe-
lial cadherin, E-cadherin, in a polarized pattern (Fig. 4). Stain-
ing was strong on the surfaces of CTB in contact with one
another and with the overlying syncytiotrophoblast layer, and
was absent at the basal surface of CTB in contact with base-
ment membrane (most evident in Fig. 4 F). In cell columns,
E-cadherin staining intensity was reduced on CTB near the

uterine wall and on CTB within the decidua (Fig. 4, A, B, E,
and F). This reduction in staining was particularly pronounced
in second trimester tissue (Fig. 4 F). At this stage, E-cadherin
staining was also very weak or undetectable on CTB that had
colonized maternal blood vessels and on CTB in the surround-
ing myometrium (Fig. 4, G and H). All locations of reduced
E-cadherin staining were areas in which invasion is active dur-
ing the first half of gestation. Interestingly, staining intensity of
E-cadherin was strong on CTB in all locations in term placen-
tas (34-40 wk, not shown), at which time CTB invasive activity
is poor (8, 13). With the exception of uterine gland epithelium,
maternal cells in these tissues, including decidual endothelium,
did not stain for E-cadherin at any stage of gestation. Taken
together, these data are consistent with the idea that CTB
transiently reduce E-cadherin function at times and places of
their greatest invasive activity.

Cadherin switching occurs frequently during embryonic de-

E-Cadherin

Figure 4. E-cadherin staining is reduced in normal differentiating 1st and 2nd trimester CTB. Sections of 1st trimester (10 wk, A-D) and 2nd tri-
mester (22 wk, E—-H) placental bed tissue were stained with antibody against cytokeratin (CK, 7D3, A, C, E, and G) or E-cadherin (E9, B, D, F,
and H). E-cadherin staining was strong on anchoring villus (AV), CTB, and syncytium, and on CTB in the proximal portion of cell columns
(Zone II). Staining was sharply reduced on CTB in the distal column (Zone III) and in the uterine interstitium (Zone IV). Staining was not de-
tected on CTB within maternal vessels (Zone V). COL, column; BV, blood vessel.
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velopment when significant morphogenetic events take place
(33). We therefore stained sections of first and second trimes-
ter placental tissue with antibodies to other classical cadherins.
These tissues did not stain with antibodies against P-cadherin
(not shown). However, they did stain with three different mono-
clonal antibodies that recognize the endothelial cadherin, VE-
cadherin (cadherin-5; 26, 34, 35). In chorionic villi, antibody to
VE-cadherin did not stain villus CTB, although it stained the
endothelium of fetal blood vessels within the villus stroma.
In contrast, anti-VE-cadherin stained CTB in cell columns
and in the decidua (Fig. 5, A, B, E, and F). These are just the
areas in which E-cadherin staining was reduced. VE-cadherin
staining was stronger in second trimester tissues in these areas.
In maternal vessels that had not yet been modified by CTB,
VE-cadherin stained the endothelial layer strongly (i.e., at 10
wk gestation, Fig. 5, C and D). To confirm that maternal decid-

ual endothelial cells expressed VE-cadherin, but not E-cad-
herin, these cells were isolated from decidual tissue fragments
as described previously (22), and stained with antibodies
against E-cadherin, VE-cadherin, and the endothelial marker,
von Willebrand Factor (vVWF). The decidual endothelial cul-
tures stained strongly for both VE-cadherin and vWF, but not
for E-cadherin (data not shown). Following endovascular inva-
sion, CTB lining maternal blood vessels stained strongly for
VE-cadherin (Fig. 5, G and H). They did not stain for vVWF
(not shown; see companion paper, 20). Thus, CTB that invade
the uterine wall and vasculature express a cadherin character-
istic of endothelial cells.

Normal CTB upregulate VE-cadherin in vitro. To determine
the functional consequences for CTB differentiation/invasion
of expressing VE-cadherin, it was important to show that CTB
could modulate their cadherin repertoire in vitro. CTB were

Figure 5. VE-cadherin (VE-cad) staining is detected on differentiating and endovascular CTB. Sections of 1st trimester (/0 wk, A-D) and 2nd
trimester (22 wk, E-H) placental bed tissue stained with antibody against cytokeratin (CK, A, C, E, and G) or VE-cadherin (BV6, B, D, F, and
H). VE-cadherin is not detected on CTB in AV(although fetal blood vessels in villus stromal core are stained). VE-cadherin is detected on col-
umn CTB (B and F) and on interstitial and endovascular CTB (G and H). VE-cadherin is also detected on maternal endothelial cells (EC) in
vessels that have not been modified by CTB (C and D). VE-cadherin staining was more intense on 2nd trimester CTB than 1st trimester column
CTB, and in the uterine wall VE-cadherin staining was more intense on endovascular than interstitial CTB.
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Figure 6. VE-cadherin protein and mRNA are upregulated in CTB
differentiating in vitro. (A) CTB were isolated from 2nd trimester
chorionic villi and lysed immediately or after culture for the times in-
dicated. Lysates of CTB, human umbilical vein endothelial cells
(HUVEC),JEG-3 choriocarcinoma cells and primary human foreskin
keratinocytes were analyzed by immunoblotting using (a) anti-E-cad-
herin (E9); (b) anti-VE-cadherin (BV9); or (c) anti-P-cadherin
(6A9). (B) RNA was isolated from first and second trimester CTB
immediately after isolation from chorionic villi or after culture for the
times indicated. The RNA samples were analyzed by Northern blot-
ting using o[**P]dCTP-labeled cDNA probes for E-cadherin or VE-
cadherin. PBL, peripheral blood lymphocytes (negative control used
for E-cadherin); FIB, placental fibroblasts (negative control used for
VE-cadherin). Lines indicate positions of 28S and 18S RNA.

therefore isolated from first and second trimester placentas.
At several time points after plating, extracts of isolated CTB
were separated by SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with antibodies to E- and VE-cadherin
(Fig. 6 A). Anti-E-cadherin recognized an 80 kD band in
freshly isolated CTB and a band of similar density at 120 kD at
all subsequent time points (Fig. 6 A, a). These data indicate
that CTB express similar levels of total E-cadherin protein
throughout their differentiation. The 80-kD band observed at
0 time reflects the presence of a large, stable E-cadherin frag-
ment that is generated when cells are exposed to trypsin in the
presence of Ca?* (e.g., 24), as occurs for a brief period during
the cell isolation period. The anti—-VE-cadherin antibody did
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not bind to anything in extracts of freshly isolated CTB. How-
ever, by 10 h, this antibody recognized a single band at 140 kD,
which increased in intensity at 36 h (Fig. 6 A, b). This band co-
migrated with a 140-kD band recognized by anti-VE-cadherin
in extracts of human umbilical vein endothelial cells (HUVEC;
Fig. 6 A, b). Both the full length VE-cadherin and a large pro-
teolytic fragment at about 100 kD, analogous to the 80 kD
E-cadherin fragment, were detected in HUVEC. However,
neither HUVEC (Fig. 6 A, a) nor cultured decidual endothe-
lial cells (not shown) expressed E-cadherin. Interestingly, both
E-cadherin and VE-cadherin were detected in extracts of the
JEG-3 choriocarcinoma cell line (Fig. 6 A, a and b). Neither
CTB, nor JEG-3 and HUVEC expressed P-cadherin, although
this cadherin was expressed prominently by keratinocytes (Fig.
6A,c).

To determine whether cadherin modulation by differenti-
ating CTB was reflected at the mRNA level, Northern blotting
was carried out on RNA extracted from cultured first and sec-
ond trimester CTB (Fig. 6 B). Steady state levels of E-cadherin
mRNA were either somewhat reduced (as shown in Fig. 6 B)
or remained unchanged during the first 12 h of culture. In con-
trast, when the same blots were stripped and reprobed for VE-
cadherin, the VE-cadherin mRNA levels were consistently
very low in freshly isolated CTB and increased over the next
24 h. 28S ribosomal RNA was monitored by acridine orange
prior to transfer of the gel to assure uniform loading of sam-
ples (not shown). Taken together, these results indicate that
normal CTB continue to produce E-cadherin mRNA and pro-
tein as they differentiate, but upregulate expression of VE-
cadherin at both mRNA and protein levels.

E-cadherin and VE-cadherin have opposing effects on CTB
invasion in vitro. Next, we used function-perturbing anti—cad-
herin antibodies, in conjunction with the Matrigel invasion as-
say, to assess the functional consequences of cadherin modula-
tion for CTB invasiveness (Fig. 7). We plated isolated second
trimester CTB for 48 h on Matrigel-coated filters in the pres-
ence of control IgG or function-perturbing antibodies against
VE-cadherin or E-cadherin. By 48 h significant invasion was

Figure 7. E-cadherin
and VE-cadherin have
opposing effects on
CTB invasion. CTB iso-
lated from 2nd TM
chorionic villi were
plated on Matrigel-
coated filters in Tran-
swell inserts and cul-
tured for 48 h in the
presence of control IgG
(100 pg/ml), anti—
VE-cadherin IgG
(BV6, 100 pg/ml) or
anti-E-cadherin IgG
(anti-GP80, 50 pg/ml).
Cells and processes
that had invaded the
Matrigel and were visible on the undersides of the filters were
counted. Triplicate wells were counted in each experiment. The ex-
periment was repeated four times for E-cadherin and five times for
VE-cadherin. Data were analyzed by the Student’s ¢ test. Bars indi-
cate standard error of the mean.
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Table I. Staining Patterns of Adhesion Molecules in Normal
CTB at the Fetal-Maternal Interface In Situ

Normal 10-18 wk placental tissue

Zonel Zonell 111 Zone IV \'

Column CTB Placental bed CTB

Adhesion Villus Maternal

receptor CTB Proximal Distal Interstitial Endovascular endothelium
4 integrin* + + +/— - - -
B6 integrin® —/+* —/+f - - - -
B3 integrin - - + + + +
5 integrin + - - - - -
Bl integrin®* —/+% —/+% + + + +
al integrin* - - - + + +/—
E-cadherin + + +/— +/— - =
VE-cadherinl - + + + + +
a4 integrin + + + + + +/=
VCAM-1 - +/= + + + +/—
PECAM-1 - - + + + +
E-selectin! + + + + + +/—

*Data from refs 11, 19. Antibodies against all other receptors are listed
in Methods. #Stains villus CTB only at sites of column formation in 2nd
trimester tissue. In 1st trimester tissue, 36 staining was also detected on
the first 2-3 layers of column CTB. *Not detected in 1st trimester villus
or proximal column CTB: staining for 31 was detected at these sites in
2nd trimester and term tissue. |Staining pattern indicated was for 2nd
TM tissue. Not all column and uterine wall CTB stained for VE-cad-
herin in 1st trimester tissue. P- and L-selectin were not detected on CTB.

evident in control CTB. In cultures treated with anti-E-cad-
herin, CTB invasiveness increased more than threefold, sug-
gesting that the E-cadherin normally has a restraining effect on
CTB invasiveness. In contrast, antibody against VE-cadherin
reduced the invasion of CTB to about 60% of control (Fig. 7).
This suggests that the presence of VE-cadherin normally facili-
tates CTB invasion. Taken together, these functional data sug-
gest that as they differentiate, CTB modulate their cadherin
repertoire to one that contributes to their increased invasive-
ness.

Differentiating CTB undergo a comprehensive switch in
cell-cell adhesion molecule expression such that they mimic the
adhesion phenotype of endothelial cells. Our data thus far in-
dicate that, as they differentiate, CTB downregulate adhesion
receptors highly characteristic of epithelial cells (integrin a634
[11] and E-cadherin) and upregulate analogous receptors that
are expressed on endothelial cells (integrins a181 [11, 13] and
aVB3, and VE-cadherin). These observations support our hy-
pothesis that normal CTB undergo a comprehensive switch in
phenotype so as to resemble the endothelial cells they replace
during endovascular invasion. To investigate this possibility
further, we stained sections of first and second trimester nor-
mal placental bed biopsies with antibodies against cell—cell ad-
hesion molecules characteristic of quiescent or activated en-
dothelial cells, or against leukocyte cell adhesion molecules
that are involved in transendothelial trafficking. The data are
summarized in Table 1.

E-selectin was expressed constitutively by normal first and
second trimester CTB in all compartments, including CTB
stem cells in the chorionic villi (Table I). However, chorionic

villus CTB did not stain for most of the other vascular adhe-
sion molecules examined. In contrast, CTB in cell columns
stained for VCAM-1 (Fig. 8, A-D), and the o4 subunit of its
integrin counter-receptors (a4f1 and «4B7; Fig. 8, E-H), as
well as PECAM-1 (Fig. 9, A-D). These receptors were also de-
tected on CTB within the uterine wall and staining for all three
was particularly strong on endovascular CTB (Fig. 8, C, D, G,
and H and Fig. 9, C and D). These three regulated adhesion
molecules, like VE-cadherin, were all detected on isolated
CTB within 12 h of culture in vitro (not shown). Furthermore,
the a4-containing complexes on CTB were functional, as de-
termined by the ability of isolated CTB to adhere to a sub-
strate coated with VCAM-1-IgGFc in an in vitro adhesion
assay. This interaction was blocked by both anti-a4 and anti-
VCAM-1 (Fig. 10). These data suggest that CTB could use
their a4-integrins to interact either with VCAM-1 on other
CTB, or with VCAM-1 expressed by maternal endothelial cells.

Discussion

During the first half of gestation, a subset of chorionic villus
CTB leave the fetal compartment and invade the uterine wall
and its vascular network, thereby anchoring the fetus to the
mother and colonizing the maternal spiral arteries as far as the
first third of the myometrium. CTB replace the maternal en-
dothelium on the vessel walls in the process. In order to ac-
complish this extraordinary feat, it is likely that this subset of
CTB must not only acquire an invasive phenotype (8, 13, 21),
but must also transform their adhesion molecule phenotype in
a comprehensive manner so as to mimic that of cells of the vas-
cular system, particularly endothelial cells. Our data, both in
vivo and in vitro, strongly support this idea. First, we found
that CTB in vivo show reduced staining for adhesion receptors
characteristic of stable epithelial monolayers (e.g., a634 [11]
and E-cadherin) and show enhanced staining of adhesion mol-
ecules characteristic of endothelial cells and certain leuko-
cytes. These include the integrins a1B1 (11, 19) and « VB3, VE-
cadherin, the receptor—counter-receptor pair integrin a4f1
and VCAM-1, and PECAM-1. Second, invasion and cell adhe-
sion assays using isolated CTB in conjunction with function-
perturbing antibodies indicated that the newly expressed adhe-
sion receptors are functional and enhance the net invasiveness
of the differentiating CTB.

This tilt toward greater invasiveness is well illustrated for
both cadherins and integrins. Antibodies against E-cadherin
enhanced CTB invasion, indicating that this cadherin normally
restrains invasion. This result is consistent with a large body of
literature indicating that E-cadherin and its associated catenin
complexes function to stabilize epithelia (reviewed in 36, 37).
In contrast, antibodies against VE-cadherin reduced CTB in-
vasiveness. This suggests that the downstream consequences of
adherence via VE-cadherin are distinct from those of E-cad-
herin, even though they are closely related proteins. In support
of this, Navarro et al. (38) reported that when transfected into
CHO cells, which do not express cadherins, VE-cadherin can
promote cell-cell recognition and cell aggregation, even when
expressed as a truncated protein lacking the COOH-terminal
portion of the cytoplasmic domain required for interaction
with catenins. This is the case, even though full-length VE-cad-
herin, like other classical cadherins, is able to interact with the
cytoplasmic complexes containing o- and {3-catenin. In con-
trast, E-cadherin requires interaction of its cytoplasmic do-
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Figure 8. CTB stain for VCAM-1 and the a4 subunit of its integrin counter-receptors. Sections of placental tissue from 22 wk (2nd trimester) an-
choring villi (A, B, E, and F) and placental bed biopsies (C, D, G, and H) stained with antibodies against cytokeratin (CK, A, C, E, and G),
VCAM-1 (11/26, B and D) or integrin-a4 (HP1/2, F and H). Villus CTB did not stain for VCAM-1 or integrin a4, but both were expressed by
CTB in cell columns, and by interstitial and endovascular CTB. Both were expressed on some, but not all, maternal vessels before modification
by CTB (not shown). DC, decidua.
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Figure 9. CTB stain for PECAM-1. Sections of placental tissue from 22 wk (2nd trimester) anchoring villi (A and B) and placental bed biopsy (C
and D) were stained with antibody against CK (7D3, A and C) and PECAM-1 (390, B and D). PECAM-1 was detected on fetal blood vessels

within the AV, but on not villus CTB. (B) Arrow marks site of column initiation. PECAM-1 was detected on CTB in the uterine decidua (DC, B),
myometrium (MYO, D), and on CTB within maternal blood vessels: the wall of the vessel in (C and D) contains endothelial cells (EC) as well as

CTB. BV, blood vessel; COL, cell column.

main with catenins in order to promote tight adhesion. The
presence of significant levels of VE-cadherin in differentiating
CTB may interfere with the ability of E-cadherin to establish
the appropriate interactions with catenins, thereby undermin-
ing its ability to establish tight adhesion. Reduction of E-cad-
herin anchorage to the cytoskeleton is likely to enhance its
turnover rate (39). Enhanced E-cadherin turnover may in turn
account for the reduced staining for E-cadherin observed in

i Figure 10. 041 on
CTB interacts with im-
250 | l mobilized chimeric
gt VCAM-1/IgGFc.

200 | Freshly isolated CTB
were plated in serum
free medium, contain-
ing control IgG or anti-
VCAM-1 (4BY) or anti—
1 integrin a4 (HP1/2)

Number of Bound CTB
g

- IgG, on VCAM-1/Ig-
50 * GFc that had been bound
- - to a Protein A-coated
ol substrate. After 1 h at
Control Ant-cc 4 Anti-VCAM-1 37°C, wells were washed

with PBS and fixed.
Bound cells were counted. Triplicate samples were analyzed for each
condition and the experiment was repeated three times. Error bars
show standard error of the mean. Statistical significance was deter-
mined using the Student’s ¢ test.

column and placental bed CTB in situ, despite the similar lev-
els of E-cadherin protein observed throughout CTB differenti-
ation in vitro. Whatever the mechanism, however, upregula-
tion of VE-cadherin in differentiating CTB helps to tip the
balance towards increased invasiveness. Thus, cadherin modu-
lation, like B1-integrin modulation (13), contributes to the ac-
quisition of an invasive phenotype by differentiating CTB.

Switching the profile of aV-associated integrins during
their differentiation also supports increased invasiveness of
CTB. In this case, expression of a V5 is reduced and that of
a VB3 is enhanced as CTB differentiate. Since treatment of iso-
lated CTB with anti-aVB3 suppresses their invasion signifi-
cantly, its increased expression by differentiating CTB in vivo
is highly likely to stimulate motility and invasiveness. This ob-
servation is consistent with studies implicating VB3 in endo-
thelial cell migration in response to angiogenic stimuli both in
vitro and in vivo (29, 31), and in the transition of melanoma to
an invasive phenotype in vivo (30, 31). Since several aVB3
substrates, including fibrinogen, are expressed by differentiat-
ing CTB (12), the enhanced levels of « VB3 detected in placen-
tal bed CTB are likely to affect their motility or invasiveness in
vivo as well as in vitro.

In addition to their contributions to CTB invasiveness, the
integrins, VE-cadherin and other vascular adhesion receptors
detected on differentiated CTB are likely to play significant
roles in the process by which CTB replace the endothelium in
the maternal spiral artery network. Based on studies of those
primates in which placentation is most similar to the human,
CTB invade the post-capillary venule and arteriole networks
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in the superficial decidua and, in the case of arteries, but not
veins, travel upstream through the endometrial and myome-
trial vessel segments, replacing the maternal endothelium and
remodeling the tunica media of the vessel wall. This process
results in conversion of these highly muscular, high-resistance
arterial vessels into large-bore, low-resistance vessels that will
conduct maternal blood efficiently to the intervillous space (4,
40, 41). Although the endothelial replacement process is
poorly understood mechanistically, immunocytochemical data
suggest that CTB and endothelium can transiently coexist in
discrete patches on the walls of partially modified vessels (see
companion paper; 20). If an early step of the replacement pro-
cess involves direct binding of CTB to endothelial cells, CTB
could utilize integrin a4p1 or PECAM-1 to interact, respec-
tively, with VCAM-1 or with PECAM-1 or V3 on the ma-
ternal endothelium. In support of this idea, we have now
shown that the integrin a4p1 on CTB can bind to immobilized
VCAM-1 in vitro. Instead, or in addition, these same recep-
tors, along with VE-cadherin, could be involved in mediating
CTB-CTB interactions, as these cells form a monolayer on the
subendothelial ECM of the vessel wall after displacing the ma-
ternal endothelium. Once maternal endothelial cells are dis-
placed, the a1B1 integrin collagen/laminin receptor, which is
upregulated in interstitial and endovascular CTB (11, 19),
could be critical for the attachment of CTB to subendothelial
ECM and subsequent invasion of the tunica media (42).

Having described this remarkable switch in adhesion re-
ceptor phenotype executed by CTB, it is now critical to under-
stand how this program is regulated. CTB express endothelial
adhesion receptors (e.g., PECAM-1 and VE-cadherin) that are
expressed at very early stages of endothelial cell differentia-
tion in the yolk sac and early embryo (vasculogenesis, re-
viewed in 43-45), and during angiogenesis (a«V3; 29, 32). This
suggests that receptors for vasculogenic/angiogenic factors,
such as vascular endothelial growth factor (VEGF) family
members, may also be expressed by differentiating CTB. In-
terestingly, there are several reports that CTB in cell columns
and in the placental bed express the Flt-1 VEGF receptor, and
that VEGF itself is expressed by CTB, as well as by fetal mac-
rophages in chorionic villi and by maternal macrophages in the
uterine wall (46-48). Thus, CTB could respond in either a
paracrine or autocrine fashion to VEGF. We hypothesize that
the wave of endovascular invasion and blood vessel coloniza-
tion, which peaks during second trimester, resembles a vascu-
logenic/angiogenic response on the part of CTB differentiating
along the invasive pathway. This most unusual response, to-
gether with the highly invasive behavior of these CTB, may ac-
count for the virtually unique ability of CTB to enter blood
vessels, displace resident endothelial cells, and colonize and re-
model the arterial wall. In contrast, metastatic tumor cells en-
ter and then extravasate, leaving the vessel wall relatively in-
tact.

In summary, we have described a remarkable transforma-
tion in adhesion phenotype for those CTB that differentiate
along the invasive pathway during formation of the functional
human placenta. Together with our earlier studies document-
ing the intricate regulation of 81 integrins (11, 19, Lim et al.),?
the present studies demonstrate the profound importance of
regulating the adhesion phenotype of the cells that are involved
in interstitial and endovascular invasion. Since important preg-
nancy disorders in the human, including preeclampsia, are as-
sociated with defects in the placenta in general, and with faulty

2150 Zhou et al.

CTB invasion in particular, we also have the opportunity to
test the in vivo relevance of the changes reported herein. In
the accompanying paper (20), we document that the switch to
a vascular adhesion phenotype that accompanies the differen-
tiation of CTB in normal pregnancy is defective in preeclamp-
sia, suggesting that this switch is part of the strategy used by
CTB for successful endovascular invasion.

Acknowledgments

The authors appreciate the outstanding technical assistance of Ms.
Rebecca Joslin. We thank Mr. Chanh Dinh for excellent assistance
with preparation of figures, and Ms. Evangeline Leash for editing the
manuscript. We appreciate the generous gifts of antibodies, purified
VCAM-1/Fc chimera and cDNA probes from our colleagues in the
cell adhesion field, as indicated in Methods.

This work was supported by National Institute of Child Health
and Human Development HD22210 and HD30367. Y. Zhou was sup-
ported by a Postdoctoral Fellowship from The Rockefeller Founda-
tion.

References

1. Brosens, 1., and H.G. Dixon. 1966. The anatomy of the maternal side of
the placenta. J. Obstet. Gynaecol. Br. Commonw. 73:357-363.

2. Boyd, J.D., and W.J. Hamilton. 1967. Development and structure of the
human placenta from the end of the 3rd month of gestation. J. Obstet. Gynae-
col. Br. Commonw. 74:161-226.

3. Enders, A.C. 1976. Anatomical aspects of implantation. J. Reprod. Fertil.
(Suppl.)1-15.

4. Enders, A.C., and B.F. King. 1991. Early stages of trophoblastic invasion
of the maternal vascular system during implantation in the macaque and ba-
boon. Am. J. Anat. 192:329-346.

5. Damsky, C.H., A.E. Sutherland, and S.J. Fisher. 1993. Adhesive interac-
tions in early mammalian embryogenesis, implantation and placentation.
FASEB J. 7:1320-1328.

6. Cross, J.C., Z. Werb, and S.J. Fisher. 1994. Implantation and the pla-
centa: key pieces of the development puzzle. Science (Wash. DC). 266:1508—
1518.

7. Genbacev, O., R. Joslin, CH. Damsky, B.M. Polliotti, and S.J. Fisher.
1996. Hypoxia alters early gestation human cytotrophoblast differentiation/in-
vasion in vitro and models the placental defects that occur in preeclampsia. J.
Clin. Invest. 97:540-550.

8. Librach, C.L., Z. Werb, M.L. Fitzgerald, K. Chiu, N.M. Corwin, R.A. Es-
teves, D. Grobelny, R. Galardy, C.H. Damsky, and S.J. Fisher. 1991. 92-kD
type IV collagenase mediates invasion of human cytotrophoblasts. J. Cell Biol.
113:437-449.

9. Kovats, S., C. Librach, P. Fisch, E.K. Main, P.M. Sondel, S.J. Fisher, and
R. DeMars. 1990. Expression and possible function of the HLA-G chain in hu-
man cytotrophoblasts. Science (Wash. DC). 248:220-222.

10. McMaster, M.T., C.L. Librach, Y. Zhou, K.H. Lim, M.J. Janatpour, R.
DeMars, S. Kovats, C. Damsky, and S.J. Fisher. 1995. Human placental HLA-G
expression is restricted to differentiated cytotrophoblasts. J. Immunol. 154:
3771-3778.

11. Damsky, C.H., M.L. Fitzgerald, and S.J. Fisher. 1992. Distribution pat-
terns of extracellular matrix components and adhesion receptors are intricately
modulated during first trimester cytotrophoblast differentiation along the inva-
sive pathway, in vivo. J. Clin. Invest. 89:210-222.

12. Vicovac, L., CJ. Jones, and J.D. Aplin. 1995. Trophoblast differentia-
tion during formation of anchoring villi in a model of the early human placenta
in vitro. Placenta. 16:41-56.

13. Damsky, C.H., C. Librach, K.H. Lim, M.L. Fitzgerald, M.T. McMaster,
M. Janatpour, Y. Zhou, S.K. Logan, and S.J. Fisher. 1994. Integrin switching
regulates normal trophoblast invasion. Development (Camb.). 120:3657-3666.

14. Brosens, 1., W.B. Robertson, and H.G. Dixon. 1972. The role of the spi-
ral arteries in the pathogenesis of pre-eclampsia. Obstet. Gynecol. 83:876-881.

15. Roberts, .M., R.N. Taylor, S.A. Friedman, and A. Goldfien. 1990. New
developments in pre-eclampsia. In Fetal Medical Review. W. Dunlop, editor.
Edward Arnold, London. 125-141.

16. Redman, C.W. 1991. Current topic: pre-eclampsia and the placenta. Pla-
centa. 12:301-308.

17. Redline, R.W., and P. Patterson. 1995. Pre-eclampsia is associated with
an excess of proliferative immature intermediate trophoblast. Hum. Pathol. 26:
594-600.

18. Damsky, C.H., and S.J. Fisher. 1994. Changes in integrin expression re-
flect a stepwise differentiation program in mouse and human trophoblast. In



Endocrinology of Embryo-Endometrium Interactions. S.R. Glasser, J. Mulhol-
land, and A. Psychoyos, editors. Plenum Publishing Corporation, New York.
353-364.

19. Zhou, Y., C.H. Damsky, K. Chiu, J.M. Roberts, and S.J. Fisher. 1993.
Preeclampsia is associated with abnormal expression of adhesion molecules by
invasive cytotrophoblasts. J. Clin. Invest. 91:950-960.

20. Zhou, Y., C.H. Damsky, and S.J. Fisher. 1997. Preeclampsia is associ-
ated with failure of cytotrophoblasts to mimic a vascular adhesion phenotype:
one cause of defective endovascular invasion in this syndrome? J. Clin. Invest.
99:2152-2164.

21. Fisher, S.J., T-Y. Cui, L. Zhang, L. Hartman, K. Grahl, J. Tarpey, and C.
Damsky. 1989. Adhesive and degradative properties of human placental tro-
phoblast cells in vitro. J. Cell Biol. 109:891-902.

22. Gallery, E. 1991. Isolation and purification of microvascular endothe-
lium from human decidual tissue in the late phase of pregnancy. Am. J. Obstet.
Gynecol. 165:191-196.

23. Wheelock, M.J., C.A. Buck, K. Bechtol, and C.H. Damsky. 1987. The 80
kD glycopeptide fragment of cell CAM 120/80 inhibits cell-cell adhesion. J.
Cell. Biochem. 34:187-204.

24. Damsky, C.H., J. Richa, D. Solter, K.A. Knudsen, and C.A. Buck. 1983.
Identification and purification of a cell surface glycoprotein involved in cell-cell
interactions. Cell. 34:455-466.

25. Lampugnani, M.G., M. Corada, L. Caveda, F. Breviario, O. Ayalon, B.
Geiger, and E. Dejana. 1995. The molecular organization of endothelial cell to
cell junctions: differential association of plakoglobin, beta-catenin, and alpha-
catenin with vascular endothelial cadherin (VE-cadherin). J. Cell Biol. 129:203—
217.

26. Leach, L., P. Cleark, M.G. Lampugnani, A.G. Arroyo, E. Dejana, and
J.A. Firth. 1993. Immunoelectron microscope characterization of the inter-
endothelial junctions in human term placenta. J. Cell Sci. 104:1073-1081.

27. Chomcezynski, P., and N. Sacchi. 1987. Single-step method of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

28. De, S.K., M.T. McMaster, S.K. Dey, and G.K. Andrews. 1989. Cell spe-
cific metallothionein gene expression in mouse decidua and placentae. Devel-
opment (Camb.). 107:611-623.

29. Brooks, P.C., R.A'F. Clark, and D.A. Cheresh. 1994. Requirement of
integrin o'V B3 for angiogenesis. Science (Wash. DC). 264:569-571.

30. Albelda, S.M., S.A. Mette, D.E. Elder, R. Stewaart, L. Damjanovich, M.
Herlyn, and C.A. Buck. 1990. Integrin distribution in malignant melanoma: as-
sociation of the beta 3 subunit with tumor progression. Cancer Res. 50:6757—
6764.

31. Felding-Habermann, B., B.M. Mueller, C.A. Romerdahl, and D.A.
Cheresh. 1992. Involvement of integrin alpha V gene expression in human mel-
anoma tumorgenicity. J. Clin. Invest. 89:2018-2022.

32. Brooks, P.C., AM.P. Montgomery, M. Rosenfeld, R.A. Reisfeld, T. Hu,
G. Klier, and D.A. Cheresh. 1994. Integrin « VB3 antagonists promote tumor
regression by inducing apoptosis of angiogenic blood vessels. Cell. 79:1157—

1164.

33. Takeichi, M. 1995. Morphogenetic roles of classic cadherins. Curr. Opin.
Cell Biol. 7:619-627.

34. Suzuki, S., K. Sano, and H. Tanihara. 1991. Diversity of the cadherin
family: evidence for eight new cadherins in nervous tissue. Cell Regul. 2:261—
270.

35. Lampugnani, M.G., M. Resnati, M. Raiteri, R. Pigott, A. Pisacane, G.
Houen, L.P. Ruco, and E. Dejana. 1992. A novel endothelial-specific mem-
brane protein is a marker of cell-cell contacts. J. Cell Biol. 118:1511-1522.

36. Birchmeier, W. 1995. E-cadherin as a tumor (invasion) suppressor gene.
Bioessays. 17:97-99.

37. Gumbiner, B.M. 1996. Cell adhesion: the molecular basis of tissue archi-
tecture and morphogenesis. Cell. 84:345-357.

38. Navarro, P., L. Caveda, F. Brevario, L. Mandoteanu, M.-G. Lampu-
gnani, and E. Dejana. 1995. Catenin-dependent and catenin-independent func-
tions of vascular endothelial cadherin. J. Biol. Chem. 270:30965-30972.

39. Hinck, L., I.S. Nathke, J. Papkoff, and W.J. Nelson. 1994. Dynamics of
cadherin/catenin complex formation: novel protein interactions and pathways
of complex assembly. J. Cell Biol. 125:1327-1340.

40. Blankenship, T.N., A.C. Enders, and B.F. King. 1993. Trophoblastic in-
vasion and the development of uteroplacental arteries in the macaque: immu-
nohistochemical localization of cytokeratins, desmin, type IV collagen, laminin,
and fibronectin. Cell Tissue Res. 272:227-236.

41. Blankenship, T.N., A.C. Enders, and B.F. King. 1993. Trophoblastic in-
vasion and modification of uterine veins during placental development in
macaques. Cell Tissue Res. 274:135-144.

42. Belkin, V.M., A.M. Belkin, and V.E. Koteliansky. 1990. Human smooth
muscle VLA-1 integrin: purification, substrate specificity, localization in aorta,
and expression during development. J. Cell Biol. 111:2159-2170.

43. Risau, W., and I. Flamme. 1995. Vasculogenesis. Annu. Rev. Cell Dev.
Biol. 11:73-91.

44. Heyward, S.A., N. Dubois-Stringfellow, R. Rapoport, and V.L. Bautch.
1995. Expression and inducibility of vascular adhesion receptors in develop-
ment. FASEB J. 9:956-962.

45. Vittet, D., M.-H. Prandini, R. Perthier, A. Schweitzer, H. Martin-Sis-
teron, G. Uzan, and E. Dejana. 1996. Embryonic stem cells differentiate in vitro
to endothelial cells through successive maturation steps. Blood. 88:3424-3431.

46. Ahmed, A., X.F. Li, C. Dunk, M.J. Whittle, D.I. Rushton, and T. Rolla-
son. 1995. Colocalisation of vascular endothelial growth factor and its Flt-1 re-
ceptor in human placenta. Growth Factors. 12:235-243.

47. Clark, D.E., S.K. Smith, A.M. Sharkey, and D.S. Charnock-Jones. 1996.
Localization of vascular endothelial growth factor and expression of its recep-
tors flt and KDR in human placenta throughout pregnancy. Hum. Reprod.
(Oxf.). 11:1090-1098.

48. Shiraishi, S., K. Nakagawa, N. Kinukawaf, H. Nakano, and K. Sueishi.
1996. Immunohistochemical localization of vascular endothelial growth factor
in the human placenta. Placenta. 17:111-121.

Cytotrophoblasts Mimic a Vascular Phenotype 2151



